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Polycyanurates, which are produced from cyanate ester re-
sins by the high-temperature catalytic polycyclotrimerization 
process, represent a  relatively new class of high-performance 
polymer matrices for high-temperature printed wiring board 
laminates and structural composites. Polycyanurates possess 
a  unique combination of low dielectric loss characteristics, 
low water and moisture adsorption, dimensional stability, and 
excellent adhesion to conductive metals up to 250 °C. Unu-
sually, the low capacitance properties of polycyanurates and 
associated low dissipation factors make them at the moment 
irreplaceable as matrix resins for applications in constructions 
of radomes and aircrafts with reduced radar signatures. Since 
the late 1970s, cyanate ester resins have been used with glass 
or aramid fiber in high-speed multilayer circuit boards, which 
remains their primary application. Polycyanurates have al-
ready flown in radomes and high gain antennae for primary 
and secondary structures of the High-Speed Civil Transport 
and Fighter Aircraft. The main drawback of such polymer ma-
trices is the high brittleness inherent to high-crosslink-density 
polymer networks. To solve this problem, polycyanurates are 
used in combination with epoxy oligomers, engineering ther-
moplastics and rubbers. In 1994 the leading scientists working 
in the field of cyanate ester resins published the book entitled 
“Chemistry and Technology of Cyanate Ester Resins” edited by 
I. Hamerton (Glasgow: Chapman & Hall), where the most in-
teresting and useful published information on polycyanurates 
synthesis, processing, modification, characterization, and pro-
perties was reviewed. That monograph has become a  hand-
book for many scientists specializing in the field. In 2000 Nair, 
Mathew and Ninan published a review on the advantages in of 
cyanate ester resins in Adv. Polym. Sci. 

PREFACE



PREFACE

In the early 1990s, my team started research on polycyanurates, and later 
colleagues from Greece, Italy, France, Great Britain etc. joined this research. In 
2010 we published a  book entitled “Thermostable Polycyanurates. Synthesis, 
Modification, Structure and Properties” edited by A. Fainleib (Nova Science 
Publishers, Inc., New York) containing the results of our studies on synthesis, 
modification, and characterization of polycyanurate networks, their co-net-
works with other monomers, interpenetrating polymer networks, and (nano)
composites based on them.

Since 2010 many publications have appeared on nanocomposites based on 
сyanate ester resins (polycyanurates). A  specific direction of research in this 
field is the synthesis and characterization of nanoporous polycyanurates. The 
present book contains the results of our studies in the framework of the in-
ternational collaboration of the Institute of Macromolecular Chemistry of the 
National Academy of Sciences of Ukraine mainly with Institut de Chimie et 
des Matériaux Paris-Est from Thiais, France, and other French partners on 
the gene ration of nanoporous structure in polycyanurate films using different 
chemical and physical approaches and investigation of the structure-properties 
relationships in these new materials. 

I  would like to express my gratitude to my co-authors for their valuable 
contributions.

 Alexander Fainleib
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INTRODUCTION

Seven complementary methods have been developed for pre-
paring nanoporous film systems based on thermostable polycy-
anurates (PCNs). Three methods were based on the modifica-
tion of PCN networks by a reactive porogen (i.e., poly(ε-capro-
lactone), PCL), which was partially chemically incorporated 
into the PCN network framework. Porous structures were 
then created either by extraction of the non-incorporated part 
of PCL or by partial hydrolysis of PCL, followed by removal 
of hyd rolysis products from the system. Alternatively, ther-
mal degradation of polyester sub-chains at 250 °C (tempera-
ture much lower than the onset temperature for degradation 
of the PCN matrix) also allowed for the creation of nanopo-
rous frameworks. Furthermore, four other original methods 
for pore generation were developed: 1 — the synthesis of PCN 
networks in the presence of high-boiling-temperature liquids 
(phthalates), and their subsequent removal upon extraction, 
2 — the synthesis of PCN networks with different degrees of 
conversion of cyanate groups, followed by the extraction of 
un reacted monomer or PCN fragments non-incorporated in-
to the network structure, 3 — the synthesis of PCN networks 
in the presence of ionic liquids and their subsequent removal 
upon extraction, and 4 — the preparation of track-etch mem-
branes from PCN-based films via irradiation by α  particles, 
followed by an alkaline etching to reveal the tracks created after 
the bombing.

Novel nanoporous film thermosets were developed from 
PCN obtained by polycyclotrimerization of dicyanate es-
ter of bisphenol E  in the presence of hydrolytically labile 
poly(ε-caprolactone). During the synthesis of PCL-modified 
PCN networks, it was established that PCL was partially incor-
porated into the PCN structure. Porous frameworks were then 
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derived from such PCN/PCL-based hybrid networks by selective hydrolysis of 
a significant part of PCL sub-chains under mild conditions. The structure and 
properties of the precursory networks as investigated by FTIR, solid-state 13C 
NMR, DSC, TGA, and pycnometry were compared to those of the resulting 
porous materials. Thermogravimetric analyses showed that the porous hybrid 
systems were characterized by thermal and thermal oxidative stabilities higher 
than those of their non-hydrolyzed homologues. The porosity of the resulting 
hydrolyzed networks was examined by SEM and DSC-thermoporometry: pore 
sizes ranging from 10 to 150 nm at most were thus determined.

The nanoporous structure was also generated in PCN/PCL hybrid networks 
after extraction of unreacted free PCL sub-chains, which were not chemi cally 
incorporated into the PCN crosslinked framework. Structure-property rela-
tionships for precursory and porous PCN/PCL hybrid networks were inves-
tigated using a  large array of physicochemical techniques. The porosity asso-
ciated with the networks after extraction was evaluated by SEM and DSC-based 
thermoporometry: pore sizes around 10—90 nm were determined along with 
pore volumes as high as about 0.3  cm3 · g–1. Density and dielectric measure-
ments strongly suggested the occurrence of closed pore structures. Due to their 
high thermal stability as investigated by TGA, nanoporous PCN/PCL hybrid 
crosslinked films could be considered promising materials for potential appli-
cations as thermostable membranes.

Original mesoporous PCN films were generated by polycyclotrimerization 
of dicyanate ester of bisphenol E in the presence of varying amounts of inert 
high-boiling-temperature liquids, i.e. dimethyl phthalate, dibutyl phthalate, or 
dioctyl phthalate followed by their quantitative extraction after complete for-
mation of PCN crosslinked frameworks. The chemical structures of precursory 
networks and resulting porous thermosetting films were confirmed by FTIR 
analysis and gel fraction determination. The porosity of the latter was examined 
by SEM and DSC-based thermoporometry. Average pore diameters were found 
to be smaller than 50 nm and pore volumes as big as 0.16 cm3 · g–1. The density 
of porous samples was found to be lower than that of non-porous pure PCN 
synthesized as a model system, thus suggesting the occurrence of closed pore 
structures. Moreover, the thermal properties of PCN-based films were investi-
gated by DSC and TGA. The high-boiling-temperature liquids decreased their 
glass transition temperatures (Tg) and their degradation temperatures by acting 
as plasticizers. This plasticizing effect logically disappeared after the removal of 
pore-forming phthalates from the networks: the Tg values of the mesoporous 
films were even higher than those of non-porous neat PCN, while their thermal 
stability turned out to be nearly identical to that of neat PCN.

The annealing behavior and thermal stability of nanoporous film mate-
rials based on cyanate ester resins (CERs) obtained by the chemically induced 
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phase separation technique through the use of porogenic molecules of diffe-
rent sizes and concentrations were studied. Measurements were performed by 
the thermogravimetric analysis in dynamic and isothermal modes as well as by 
FTIR spectroscopy. Isothermal annealing in the temperature range from 50 to 
150 °C led to mass losses observed at temperatures far below the glass transi-
tion. They were associated with the desorption of moisture and residual poro-
gen molecules trapped in the bulk. Therefore, these processes were described by 
diffusion laws, and the values of the basic kinetic parameters were determined. 
Further, thermal-oxidative degradation took place in the glass transition tem-
perature domain (expected between 220 and 250 °C) during isothermal annea-
ling at 250 °C. The gas transport properties of CER films were analyzed after the 
different processing steps, and relationships between the material structure and 
the main gas transport parameters were established.

Novel nanoporous film materials of thermostable CER were generated by 
polycyclotrimerization of dicyanate ester of bisphenol E in the presence of va-
rying amounts (from 20 to 40 wt%) of an ionic liquid (IL), i.e. 1-heptylpyri-
dinium tetrafluoroborate, followed by its quantitative extraction after complete 
CER network formation. The completion of CER formation and IL extraction 
was assessed using gel fraction content determination, FTIR, 1H NMR, and 
EDX. SEM and DSC-based thermoporometry analyses demonstrated the for-
mation of nanoporous structures after IL removal from CER networks, thus 
showing the effective role of IL as a  porogen. Pore sizes varied from ~20 to 
~180 nm with an average pore diameter of around 45—60 nm depending on 
the initial IL content. The thermal stability of nanoporous CER-based films was 
investigated by thermogravimetric analysis.

A  straightforward and effective method for producing nanoporous ther-
mosetting CERs with controlled conversion of the reactive groups of cyanate 
monomer has been developed by varying polymerization temperature and 
duration of CER synthesis, followed by a simple extraction procedure. Using 
FTIR spectroscopy, the conversion degree ranging from about 79 to 96 % was 
determined. DSC-based thermoporometry and SEM analyses evidenced the ge-
neration of nanoporous structures in the crosslinked CER films produced. The 
pore size distribution varied from ~10 to 220 nm with an average pore diameter 
of within 20—45 nm, and the porosity was comprised between 2.8 and 7.4 % 
for all the nanoporous CERs studied. It has been established that the thermal 
stability of nanoporous CERs remains high enough and depends on the final 
conversion of cyanate groups in the partly cured CER networks.

Thermally stable nanoporous polymer films have been created as promi-
sing materials for track membranes and filters using nuclear technologies. Ther-
mosetting CERs with 10 wt% of linear polyurethane (LPU) were combined by 
stepwise thermal curing, and the films of resulting hybrid polymers were irradi-
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ated with α-particles followed by chemical etching. Well-defined highly regular 
nano porous structures were developed in the films as evidenced by SEM. No 
signi ficant changes in the chemical structure of the polymer systems obtained 
after α-irradiation were observed by FTIR spectroscopy measurements. The 
polymer films obtained from CER/LPU grafted semi-IPNs had narrow pore 
diameter distribution with an average pore diameters of around 12 nm. DSC 
and TGA measurements showed that the thermal characteristics of the nano-
porous films were sufficiently high (Тg ~ 167 °C to ~199 °C Тd5% ~ 293—359 °C, 
and Тd max ~ 429—457 °C). The CER/LPU nanoporous thermosetting materials 
demonstrated effective gas transport properties tested with such gases as О2, 
СО2, N2, and СН4. The combination with an additional sensitization step using 
γ-rays and a  longer time of chemical etching improved the properties of the 
nanoporous systems developed. Such materials open the way to numerous ap-
plications, for example, as ultrafiltration membranes for advanced technologies, 
especially under extreme conditions.
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CHAPTER 1
NANOPOROUS THERMOSETS  
CREATED BY PARTIAL HYDROLYSIS  
OF POLY(εε-CAPROLACTONE) FRAGMENTS  
IN POLYCYANURATE-BASED  
HYBRID NETWORKS

1.1. Introduction

Porous polymer films are widely used in many branches of 
industry as membranes, adsorbents, and filters for separa-
tion, depuration or filtration, as well as low dielectric permit-
tivity films for microelectronics [1, 2]. Numerous advanced 
technolo gies require a combination of properties for polymer 
films, including high thermal stability, inertness, excellent re-
sistance toward solvents and aggressive media, etc. Polycya-
nurates (PCNs) represent a family of thermosetting polymers 
that meet such requirements, in addition to their attractive in-
trinsic features, i.e. excellent dimensional stability, high purity, 
low dielectric constants (2.6—3.2), inherent flame-retardancy, 
and high adhesion to metals and composites [3, 4]. Therefore, 
they constitute promising materials for producing membranes, 
adsorbents, and filters working under severe conditions (high 
temperatures, corrosive media, etc.). Porous materials based on 
thermostable polymers are generally prepared either through 
the irradiation of their thin films by ions of heavy metals, fol-
lowed by a track-etching procedure [5—8], or by in situ synthe-
sis of them in the presence of different porogens (for example, 
gases, solvents, and thermally or photochemically labile ther-
moplastic polymers) with further removal of the latter [9—14]. 
Nevertheless, forming porous PCN thermosetting films still 
remains a key challenge, as to the best of our knowledge, only 
a few reports on the design and synthesis of porous PCNs have 
been published so far [15—17].

Interestingly, Kiefer et al. [15, 16] synthesized such po-
rous systems from dicyanate ester of bisphenol E (DCBE) us-
ing cyclohexane as a porogen. The generation of foam struc-
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tures was accomplished by removing the nonreactive liquid porogen having 
a low boiling point upon heating. Hedrick et al. [17] described the synthesis 
of PCN systems with thermally labile fragments by polycyclotrimerization 
of 4,4′-(hexafluorineisopropylidene) diphenyl dicyanate in the presence of 
poly(propylene oxide) or propylene oxide-urethane copolymer. The propy-
lene oxide-based oligomers were molecularly miscible with the cyanate mon-
omer over the entire range of compositions studied but developed a two-phase 
structure upon the reaction to form a thermoplastic modified PCN thermo-
set. Upon thermolysis of the propylene oxide segments, the foam generated 
was found to collapse, which might be related to an increase of polymer chain 
mobility in the PCN network at temperatures close to Tg. Accordingly, it is ob-
vious that detailed studies on porous thermosets derived from PCNs remain 
scarce. In this context, we have undertaken a  thorough investigation of the 
scope and limitations associated with the use of miscellaneous PCN systems 
for the design of (meso)porous crosslinked film materials. One of our groups 
has reported several works on the modification of PCNs with telechelic ther-
moplastic poly mers [18—24], and we have recently broadened this family of 
modified PCN networks through the synthesis and characterization of the 
PCN/PCL systems [25]. Herein, we propose an alternative route to porous 
PCN networks without using high temperatures, where hybrid networks can 
be effectively employed as precursors. Indeed, under mild hydrolytic condi-
tions, the hydrolyzable PCL segments can be selectively removed, thus  playing 
the role of porogens.

The present chapter is essentially concerned with the preparation of such 
porous PCN networks and their characterization by different physicochemical 
techniques, namely Fourier transform infrared (FTIR) spectroscopy, solid-state 
Carbon-13 nuclear magnetic resonance (13C NMR), differential scanning calo-
rimetry (DSC), thermogravimetric analysis (TGA), and pycnometry. The po-
tentialities afforded by the envisioned approach are addressed, and we particu-
larly focus our attention on the correlations between the structure and proper-
ties of the precursory networks and those of the resulting porous materials, as 
well as their morphology as examined by scanning electron microscopy (SEM) 
and DSC-based thermoporometry. 

1.2. Synthesis and generation  
of porous thermosetting materials

The PCN(DCBE)/PCL mass compositions ranged from 
95/5 to 50/50 wt%, and the two neat partners were also considered. The sys-
tems prepared were step-by-step cured in the temperature range 150—210 °C, 
and the resulting film thickness was in the range of 45—60 μm [26]. The films 
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of PCN/PCL networks were immersed in a 50/50 vol.% mixture of phosphate 
buffer solution (5 · 10–2 mol · L–1 KH2PO4, 4.9 · 10–2 mol · L–1 NaOH, pH = 8.2)/
ethanol and maintained for 15 days at 70 °C. The samples were then rinsed 
with distilled water up to neutral pH and dried to constant weight under vac-
uum at 60 °C.

Some time ago we demonstrated [18—24] that the in situ synthesis of PCN 
networks in the presence of thermoplastic modifiers, such as polyesters and 
polyurethanes, led to the formation of the so-called hybrid networks. In fact, 
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the aforementioned reactive modifiers were partly chemically incorporated 
into the network structure through the condensation reaction of their termi-
nal hyd roxyl or urethane groups with cyanate (—O—C≡N) functions of the 
growing PCN network. In our previous work [25], we have investigated the 
structure and properties of PCN/PCL hybrid networks derived from DCBE and 
a dihyd roxy-telechelic oligomer of PCL. Fig. 1.1 shows the process of chemical 
incorporation of PCL oligomeric sub-chains into the PCN structure during the 
polycyclotrimerization reaction of dicyanate monomer (DCBE) in the presence 
of one such reactive oligomer.

FTIR spectra of the pure PCN network, PCL oligomer, and two representa-
tive PCN/PCL samples are presented in Fig. 1.2. In the spectra of the pure PCN 
and PCN/PCL networks, the absence of strong absorption bands at 2272—
2236 cm–1 corresponding to C≡N stretching vibrations from O—C≡N groups [3], 
along with the appearance of strong absorption bands at 1358 and 1557 cm–1 asso-
ciated with the stretching vibrations of cyanurate rings (C=N in triazine and 
phenyl-oxygen-triazine, respectively), clearly indicated the completion of the 
DCBE polymerization process. Moreover, the occurrence of the strong carbo-
nyl absorption band at 1729 cm–1 in the FTIR spectra of all PCN/PCL samples 
confirmed the presence of PCL sub-chains. Nevertheless, the absence of the ab-
sorption band at 1293 cm–1  arising from C—O and C—C stretching vibrations 
of PCL crystallites [27, 28], revealed that PCL fragments did not crystallize 
within the PCN network. In these systems, PCL sub-chains are either covalent-
ly incorporated within the PCN network or constrained within the matrix (free 
PCL oligomers), preventing any PCL crystallization [25]. 

The advantage of the hydrolytic degradability of PCL was taken to pro-
duce porous PCN-based networks through the selective hydrolysis of PCL 
sub-chains from PCN/PCL hybrid systems. This hydrolysis was conducted at 
70 °C  under mild conditions, namely by using a  mixture of phosphate buff-
er and ethanol. We adopted similar experimental conditions to those utilized 
elsewhere for the partial degradation of oligoester-derivatized networks [29]. 
Under the basic conditions chosen, it was checked by FTIR and gravimetry that 
the pure PCN network was unaffected after 15 days. In contrast, the PCL oli-
gomer was completely degraded as expected. According to the mass loss values 
determined for PCN/PCL networks after hydrolysis, the PCL degradation pro-
cess was not quantitative, and the degree of hydrolyzed PCL was lower than 60 
wt%, regardless of the initial PCL content (Table 1.1). These results suggest that 
PCL segments are difficult to access within the PCN network, thus illustrating 
its protective role.

Thus, after partial hydrolysis of PCL, FTIR spectra of PCN/PCL systems still 
displayed the presence of the characteristic bands associated with PCL  segments, 
even though a significant decrease in their intensity was noticed  (Fig.1.2b, c). 
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Moreover, proton nuclear magnetic resonance (1H NMR) and size-exclusion 
chromatography (SEC) analyses of degradation products gave evidence that 
not only the PCL oligomer but also smaller fragments of oligo(ε-caprolac-
tone) (Mn ~ 300 g · mol–1  Mw/Mn ~ 1.5), and 6-hydroxyhexanoic acid were 
removed [26].

Fig. 1.3 depicts the solid-state 13C NMR spectra of the PCN/PCL system 
characterized by an initial PCL content of 30 wt%, before and after hydrolysis. 
For the sake of comparison, the 13C NMR spectra of the neat PCN network and 
PCL oligomer were recorded under the same experimental conditions.

The assignments of the 13C NMR lines in Fig. 1.3 are in agreement with 
those reported in the literature [30—32]. The 13C NMR peaks of the spectrum 
associated with the pure PCN network (Fig. 1.3a) are rather broad, as expec-
ted for a polymer system in the glassy state. For the semi-crystalline PCL ho-
mopolymer at room temperature, the 1H-13C dipolar couplings for the carbons 
in the crystalline regions are higher than those in the amorphous domains. 
In addition, the 1H spin-lattice relaxation signal in the rotating frame is not 
monoexponential and may be described by two T1p(1H) components [32]. The 
fast (slow) relaxing component is related to a dominant amount of amorphous 
(crystalline) domains. For both reasons, the 1H → 13C CP efficiency is much 
higher for the PCL carbons in the crystalline regions. Thus, the 13C NMR spect-
rum recorded on the neat PCL (Fig. 1.3b) with a crystallinity of 51 % could 
mainly result from the contributions of the carbons involved in the crystalline 

Table 1.1. Characteristics of PCN/PCL networks after hydrolysis a

Initial PCL content  
in PCN/PCL samples  

wi , wt%
Mass loss  
∆m b, wt%

Degree  
of hydrolyzed PCL  

w h
c, wt%

PCL content in PCN/
PCL samples after  
hydrolysis w f

d, wt%

0 0 — —
5 <1 <20 ~4

10 4 40 6
15 6 40 9
20 11 55 10
30 18 60 15
40 22 56 23
50 17 34 40

100 100 100 0
а Hydrolysis conditions: phosphate buffer/ethanol 50/50 vol.%, T = 70 ° C, t = 15 days; 
b ∆m = (m0 –md) / m0 · 100, where m0 and md stand for the initial mass of the sample and 
the mass of the residual network after vacuum drying, respectively; c wh = ∆m / wi · 100; 
d wf = (wi – ∆m) / (wPCN + wi – ∆m) · 100, where wPCN stands for the initial PCN content.
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Fig. 1.3. 13C CP/MAS/DD spectra of (a) pure PCN network, (b) PCL 
oli gomer, PCN/PCL 70/30 wt% hybrid network (c) before and (d) after 
hydrolysis. The asterisks stand for the first-order spinning side bands 
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regions, and this feature might well account for the relatively low line width of 
the peaks observed.

The peaks observed on both the PCN network and PCL oligomer spectra 
were also detected on the 13C CP/MAS/DD NMR spectrum recorded for the 
PCN/PCL (70/30 wt%) system. The line at 64.0 ppm, related to the carbons 
from —OCH2— groups of the PCL monomeric unit, does not superimpose 
with any contribution from the PCN component. It is worth remarking that 
this peak displays a stronger broadening by comparison with that obtained 
in the spectrum of the neat PCL. This broadening is somehow consistent 
with the absence of PCL crystallization within the PCN network, as revealed 
by FTIR [26].

Let us now consider the 13C CP/MAS/DD NMR spectrum of the corre-
sponding PCN/PCL system after hydrolysis. The intensity of the 13C NMR peak 
at 64 ppm, characteristic for the PCL component, was significantly reduced, 
suggesting that most of PCL oligomers had been removed during the hydroly-
sis. The same result was also obtained by considering the 13C MAS/DD NMR 
spectra recorded during 13C direct polarization experiments, which confirmed 
that a great proportion of the PCL component was indeed extracted from the 
network after hydrolysis [26].

1.3. DSC investigation

The solid-state arrangement of the PCN/PCL systems was in-
vestigated by DSC [26]. Fig. 1.4 shows the DSC traces for the PCL oligomer, 
pure PCN, and PCN/PCL sample with 30 wt% of PCL before and after hydroly-
sis; their main thermal characteristics are summarized in Table 1.2. 

As shown, the DSC thermogram of the neat PCL exhibits the typical beha-
viour of a semi-crystalline polymer with the occurrence of a well-defined glass 
transition temperature (Tg) at –66 °C and an intensive endothermic peak with 
a maximum at melting temperature Tm = 49 °C resulted from the melting of 
PCL crystallites.

On the other hand, the pure PCN network is an amorphous polymer with 
a Tg onset at 219 °C and a fairly narrow Tg range (ΔTg) of 34 °C. Interestingly, no 
endothermic peak is observed in the thermograms of PCN/PCL systems, thus 
corroborating the conclusions inferred from the FTIR and solid-state NMR 
spectra: the presence of the PCN network prevents the crystallization of both 
chemically incorporated and unreacted free PCL oligomers. Furthermore, sing-
le glass transitions were detected for PCL contents varying from 5 to 50 wt%.

As a matter of fact, the presence of PCL as a low-Tg component in the hybrid 
networks generally caused both a shift of Tg toward lower values and a wide ning 
of ΔTg, as well as an increase in the heat capacity jump (ΔCp), compared to 
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the situation found for pure PCN. Such a broadening of Tg is consistent with 
the noticeable extent of structural heterogeneity in the PCN/PCL networks, as 
previously evidenced by dynamic mechanical thermal analysis (DMTA) [25]. 
After partial hydrolysis of the PCL fragments from PCN/PCL hybrid networks, 
the Tg,onset dramatically increased and ΔTg narrowed, due to the removal of sub-
stantial amounts of PCL. Even though the Tg ranges were quite close to that 
determined for pure PCN, the Tg values were significantly lower than the cor-
responding one for the latter network. This strongly suggests that the residual 
PCL sub-chains in the hydrolyzed networks were chemically incorporated and, 
on the contrary, most of the PCL sub-chains hydrolyzed were not covalently 
attached to the precursory network.

Fig. 1.4. Typical DSC thermograms (second 
heating scan) for PCL oligomer, (1) pure 
PCN network and PCN/PCL hybrid net-
work with a PCL content of 30 wt% (2) be-
fore and (3) after hydrolysis. The DSC traces 
are shifted vertically for the sake of clarity
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Table 1.2. DSC data for PCN/PCL systems before and after hydrolysis

System PCL content, 
wt% Tg,onset

a , °C ∆T g
b , °C ∆C p

c ,  
J ·  g–1 ∙ °C–1

PCN 0 219 34 0.29
PCN/PCL

before hydrolysis 30.0 79 51 0.85
after hydrolysis 14.6 150 26 0.36

PCLd 100 –66 17 0.05
a Tg,onset: value associated with the intercept of the tangent to the midpoint of the spe-
cific heat increment with glassy baseline; b∆Tg = Tg,end – Tg,onset: width of glass transition 
temperatures, where Tg,end is associated with the intercept of the tangent to midpoint of 
specific heat increment with the viscous baseline; c∆Cp = Cp, v – Cp, g: heat capacity jump at 
Tg, where Cp is the heat capacity, and the subscripts v and g refer to the viscous and glassy 
states, respectively; d thermal characteristics of PCL oligomer: Tm = 49 °C, ∆Hm = 72 J × 
× g–1, degree of crystallinity: Xc = 51%; Xc is equal to ∆Hm / ∆Hm0 × 100, where ∆Hm and 
∆Hm0 correspond to the melting enthalpy of PCL oligomer and 100 % crystalline PCL 
sample, respectively (∆Hm0 = 142 J × g–1 [33]).
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1.4. Thermal stability by thermogravimetric analysis

1.4. Thermal stability  
by thermogravimetric analysis

Fig. 1.5 displays typical TGA curves of mass loss for different 
PCN/PCL systems, before and after hydrolysis, during thermal (under a nitro-
gen atmosphere) and thermal-oxidative (under an oxygen atmosphere) deg-
radation. The main thermal characteristics of the samples studied are listed in 
Table 1.3. The peculiarities of thermal stability of PCN/PCL precursors depen-
ding on the PCL content have recently been investigated in detail [25]. Also, we 
have analyzed the influence of hydrolysis on the thermal behavio r of PCN/PCL 
hybrid networks [26].

An inspection of the data for the 30 wt% PCL-containing system clearly 
showed that the thermal stability under oxygen was lower than that under 
nit rogen, due to the occurrence of oxidation in the former case. Besides, 
both the thermal and thermal-oxidative stabilities in the precursor and in 
the resulting network after hydrolysis were lower than that of the neat PCN 
network. Nevertheless, such stabilities were significantly higher than those 
for pure PCL, and the hybrid networks could be considered thermally stable 
polymers. After partial removal of PCL fragments through hydrolysis, the 
thermal stability of the residual network was logically higher than that of 
the precursory network: the partially hydrolyzed sample displayed higher 
values of temperature degradation for the first two stages (Td1 and Td2) and 
for a 50% mass loss (Td (50%)), and correspondingly lower values of mass loss 
m1 and m2, as well as a higher value of the char residue. Interestingly, the Td2 
value (431 °C, N2 atmosphere) for the hydrolyzed network with a residual 

Fig. 1.5. Mass loss curves from TGA for PCL oligomer, pure PCN network, and PCN/
PCL hybrid networks with a PCL content of ( ) 15 wt% before hydrolysis, and 30 wt% ( ) 
before and ( ) after hydrolysis: a — nitrogen atmosphere, b — oxygen atmosphere

PCN

PCLSa
m

pl
e m

as
s, 

%

200          400          600           800 

100

80

60

40

20

Temperature, °C
ba

PCN

PCL

0 200          400          600           800 0



26

Chapter  1. NANOPOROUS THERMOSETS CREATED BY PARTIAL HYDROLYSIS 

PCL content of 14.6 wt% was close to that determined for pure PCN and 
higher than that found (419 °C, N2 atmosphere) for the homolog network 
non-subjected to hydrolysis with a close PCL content (15 wt%).

1.5. Morphological analysis  
of porous networks

The morphologies of PCN-based networks, before and after hy-
drolysis, were examined by SEM (Fig. 1.6) [26]. Regardless of the initial PCL con-
tent, the non-degraded samples displayed compact and non-porous structures. 

Fig. 1.6. SEM micrographs of different PCN/PCL sys-
tems: a — pure PCN network, b — PCN/PCL hybrid 
network with a PCL content of 30 wt% before hydrolysis, 
PCN/PCL hybrid networks with a PCL content of 30 wt% 
(c) and 40 wt% (d) after hydrolysis

200nm
a b c

d

Fig. 1.7. DSC melting thermograms of water associated with porous samples from PCN/
PCL hybrid networks with different compositions (wt%): a — 95/5, b — 90/10, c — 80/20, 
and d — 70/30
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1.6. DSC-based thermoporometry

The pure PCN network, after undergoing the hydrolysis conditions afore-
mentioned, did not exhibit any pore either, indicating a high compacity in this 
type of network. After partial PCL hydrolysis from the PCN/PCL hybrid systems 
(15 days), the residual networks revealed porous structures with pore diameters 
(Dp) ranging from 10 to 150 nm, depending on the PCN/PCL composition. 
Pore sizes generally increased and pore size distributions (dV/dR) widened with 
increasing the PCL content (Table 1.4).

1.6. DSC-based thermoporometry

Although SEM is a common and easy tool to observe porous 
materials, it is not a very precise technique to determine pore sizes smal ler 
than a  few tens of nanometers. Accordingly, we resorted to an alternative 
technique, namely DSC-based thermoporometry [26], which is a quantitative 
and sensitive technique allowing for the precise determination of pore size 
distributions in a wide array of (meso)porous materials, provided pore diame-
ters are smaller than 200—300 nm. It relies on the melting temperature (Tm) 
depression and the Gibbs-Thompson effect shown by a solvent constrained 
within the pores [34—37]. When applying thermoporometry through DSC 
measurements using water as the penetrant solvent to the porous networks 
under study, we detected two endothermic peaks, i.e. one related to the mel-
ting of bulk water with a maxi mum around 1 °C and a second one, not fully 
resolved, at lower tempe ratures arising from the melting of water confined 
within the pores (Fig. 1.7). 

Pore size distributions are plotted in Fig. 1.8  and the corresponding 
pore diameter ranges are listed in Table 1.4. Whatever the PCL content, 
fairly narrow pore size distributions were obtained. In addition, a  higher 

Table 1.4. Pore diameters of porous networks as determined by SEM and DSC-based 
thermoporometry after hydrolysis of PCN/PCL systemsa

Initial PCN/ 
PCL composi-

tion

Dp, nm
Initial PCN/

PCL composi-
tion

Dp, nm

SEM b
DSC-ther-

moporome-
try c

SEM b
DSC-ther-

moporome-
try c

5 / 95 — 25—65 30 / 70 10—100 20—120
10 / 90 20—50 20—80 40 / 60 20—100 20—100
15 / 85 — 25—80 50 /50 15—150 15—120
20 / 80 15—100   15—115

а Hydrolysis conditions: phosphate buffer/ethanol 50/50 vol.%, T = 70 °C, t = 15 days; 
b calculated from SEM; c calculated from DSC-thermoporometry analysis.
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PCL content in the hybrid networks was generally associated with an in-
crease in the peak intensity in the dV/dR vs. Dp curves, in agreement with 
the increase in the peak intensity due to the melting of confined water in 
the DSC thermograms. This indicates the presence of higher pore volumes 
in the residual porous networks with increasing PCL contents in the hybrid 
precursors. Due to the high hydrophobicity of the PCN matrix, one cannot 
discard that water does not probe all the pores of the analyzed samples. 
Nevertheless, the results of for pore sizes determined by thermoporometry 
match those obtained from SEM, thus illustrating the reliability and com-
plementarity of both techniques.

1.7. Density measurements  
on porous networks

Fig. 1.9 displays the composition dependence of the density for 
hybrid PCN/PCL systems before and after hydrolysis. After partially remov-
ing PCL segments from hybrid networks, the density slightly decreased. Such 
a decrease might account for the formation of closed pore structures. Indeed, if 
the residual networks after hydrolysis were constituted of interconnected open 
pores, their density values would be equal or close to those of non-hydrolyzed 
networks with the corresponding compositions. The conclusion drawn from 
the density measurements is supported by SEM analyses (cf. Fig. 1.6), in spite of 
their qualitative character. 

Fig. 1.8. Pore size distribution profiles of porous samples as determi ned by DSC-ba sed 
  ther  moporo met ry for PCN/  PCL hyb rid networks with dif   ferent compo sitions (wt%):   
( ) 95/5, ( ) 90/10, ( ) 80/20, ( ) 70/30 

Fig. 1.9. Dependence of density on PCL content for hybrid PCN/PCL networks: ( ) be-
fore and ( ) after hydrolysis
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1.8. Conclusions

1.8. Conclusions

This study has expanded the scope of the use of PCN-based 
networks as nanostructured precursors to (meso)porous thermosets. Novel na-
noporous films have been prepared from thermostable PCN/PCL-based hybrid 
networks synthesized by polycyclotrimerization of DCBE in the presence of 
dihydroxytelechelic PCL. As a matter of fact, the advantage of the hydrolytic 
degradability of PCL is taken to generate porous networks through the selective 
hydrolysis of a significant part of PCL sub-chains from PCN/PCL hybrid sys-
tems. Interestingly, TGA analyses have shown that the porous hybrid systems 
can still be considered thermally stable polymers, and they are characterized by 
thermal and thermal-oxidative stabilities higher than those of non-hydrolyzed 
homologues with similar compositions. The porous thermosetting films display 
quite narrow pore size distributions with pore diameters ranging from 10 to 
150 nm at most. The development of more efficient pore-generation methods 
is currently in progress. Novel nanoporous PCN films may find miscellane-
ous applications, and especially in membrane technologies requiring polymeric 
materials with high thermal and dimensional stability.
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CHAPTER 2
NANOPOROUS POLYCYANURATE/POLY- 
(εε-CAPROLACTONE) HYBRID NETWORKS 
GENERATED USING NON-INCORPORATED 
POLY(εε-CAPROLACTONE) AS A POROGEN

2.1. Introduction

In Chapter 1 we have reported a novel approach to porous PCN 
frameworks via the selective hydrolysis of PCL sub-chains from 
PCN/PCL hybrid networks. During the synthesis of PCL-mo-
dified PCN networks, it was established that PCL oligomers 
were partially incorporated into the PCN crosslinked structure 
through the condensation reaction of their terminal hydroxyl 
groups with cyanate functions of the growing PCN network. 
Porous frameworks were then derived from such PCN/PCL-
based hybrid networks by alkaline hydrolysis of a  significant 
part of PCL sub-chains under mild conditions.

As PCL oligomers are partly chemically incorporated into 
the network structure, the question that arises is whether (na-
no)pores can be generated due to the removal of the non-in-
corporated part of PCL without resorting to the hydrolysis of 
PCL fragments. In this context, the present chapter focuses on 
an alternative and easier route toward nanoporous PCN-based 
films through the mere extraction of unreacted free PCL in 
PCN/PCL hybrid networks.

The potentialities offered by this straightforward and ef-
fective approach are addressed: in particular, we report the 
correlations between the structure and properties of the pre-
cursory hybrid networks and those of the resulting porous sys-
tems as investigated by various physicochemical techniques, 
as well as the pore morphology as evaluated through SEM, 
DSC-based thermoporometry, as well as density and die  lectric 
measurements.

The PCN/PCL hybrid networks were synthesized as de-
scribed in Chapter 1. 
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2.2. Generation of porous structure  
in PCN-based films

For the generation of porous structures, PCN/PCL films were 
extracted with acetone using a Soxhlet apparatus for 16 h and then dried un-
der vacuum. The degree of PCL incorporation into the network was calcula ted 
based on suggestions that (i) 98.7 wt% of DCBE participated in network forma-
tion and 1.3 wt% of DCBE is extracted from the PCN network (gel fraction of 
pure PCN network was found to be 98.7 wt%), and (ii) unreacted (free, non- 
incorporated into the network structure) PCL is completely extrac ted from 
the system.

The experimental values of gel fractions, wg(t), were determined as the in-
soluble contents of completely extracted samples using the equation:

   
wg(e) (wt%) =  —  × 100 ,

m2

m1   
                                  (2.1)

where m1 and m2 stand for the mass of dried samples before and after extrac-
tion, respectively.

The theoretical values of gel fractions, wg(t), were calculated considering the 
hypothesis that no PCL sub-chains were covalently linked to the PCN network 
structure by using the equation:

wg(t) (wt%) =  wg(e)PCN – wPCL ,                                     (2.2)

where wg(e) PCN and wPCL stand for the experimental values of gel fraction for pure 
PCN (98.7 wt%) and the PCL content in the initial DCBE/PCL mass composi-
tion, respectively.

The content of PCL (αPCL) chemically incorporated into PCN/PCL hybrid 
networks, namely the PCL mass percentage in the hybrid networks after extrac-
tion, was calculated using the equation:

wg(e) – wg(t)

wg(e)
αPCL (wt%) =  ——————  × 100 ,

 
                       (2.3)

The PCL incorporation degree (βPCL) was calculated as the fraction of 
chemically incorporated PCL compared to the initial mass fraction of PCL in 
the system after extraction using the equation:

wg(e) – wg(t)

wPCL
βPCL (wt%) =  ——————  × 100 ,

  
                      (2.4)

In previous reports [23, 25, 38], it has been demonstrated that dihydroxy-
tele chelic polyesters are able to react with dicyanate esters during their poly-
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cyclotrimerization through the reaction of hydroxyl end groups with cyanate 
functions of the growing PCN network. The sol-gel analysis is a good meth-
od for investigating the reactivity of PCL in the dicyanate ester/PCL systems. 
The extent of PCL chemical incorporation into PCN structures was established 
by comparison of experimental and theoretical values of gel fraction contents 
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Fig. 2.1. Dependence of (a) contents of: 1 — non-incorporated PCL (wPCL — αPCL); 2 — 
chemically incorporated PCL (αPCL) and (b) PCL incorporation degree (βPCL) on the ini-
tial PCL content in PCN/PCL hybrid networks

Table 2.1. Characteristics of PCN/PCL hybrid networks before and after extraction

PCN/PCL hybrid network  
before extraction

PCN/PCL hybrid network  
after extraction

Composition, 
wt%

Density a,  
g · cm–3

Gel fraction 
content b, 

wt%

Composi-
tion c,  
wt%

Density a,  
g · cm–3

Porosity (P) 

Experimental Theoretical d

100 / 0 1.266 98.7 100/ 0 1.258 0.05 0.01
95 / 5 1.261 97.9 97 / 3 1.246 0.06 0.02

90 / 10 1.257 94.9 95 / 5 1.248 0.07 0.06
85 / 15 1.255 94.3 90 / 10 1.243 0.09 0.06
80 / 20 1.250 92.1 87 / 13 1.246 0.11 0.09
70 / 30 1.249 83.8 84 / 16 1.238 0.13 0.17
60 / 40 1.243 82.1 73 / 27 1.232 0.16 0.19
50 / 50 1.233 77.7 64 / 36 1.223 0.15 0.24
0 / 100 1.158 0 — — — —

a True density determined by Archimedes’ balance method; b See Eq. 2.1 for calculation; 
c See Eq. 2.3 for calculation; d Theoretical P values calculated taking into account the vol-
ume fraction released by the uncrosslinked polymer extracted from the network.
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(Eqs. 2.3 and 2.4). As illustrated in Table 2.1 and Fig. 2.1 regardless of the initial 
PCN/PCL composition, the experimental value of gel fraction was higher than 
that calculated. Moreover, the higher the PCL content in the initial composi-
tion, the greater the difference between experimental and theoretical values. 
These results confirm that a significant part of PCL was covalently linked to the 
PCN network structure and so could not be extracted from the system.

The chemical reactions running during PCN/PCL hybrid network syn-
thesis are detailed in Section 1.1 (Fig. 1.1) [25]. Due to the rapid decomposi-
tion of the intermediate product, namely iminocarbonate (IC), a specific band 
of one such a product could not be observed by FTIR. The specific character 
of the subsequent reaction of the IC into the triazine ring consists in the pos-
sibility of the exchange of hydroxyl and cyanate groups between the reacting 
units [1]. Grigat and Putter [39] observed that the most acidic phenol was 
released, and consequently, a  substituting triazine ring should be obtained 
with the release of the monophenol from DCBE (MCBE). In the case of such 
an exchange, the oligomeric dicyanate (ODC) derived from PCL had to be 
obtained simultaneously. Thus, three kinds of cyanate molecules, i.e. DCBE, 
MCBE, and ODC (formed from IC) participate in the cyanurate-containing 
network formation.

In our previous work, described in Section 1.1 the pore generation in PCN/
PCL films was carried out by partial hydrolysis of PCL fragments under mild 
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Fig. 2.2. FTIR spectra of (1) pure PCN, (2) PCL oligomer, and PCN/
PCL samples with an initial PCL content of 20 wt% (3) before and (4) 
after partial extraction of PCL
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alkaline conditions [26]. In order to develop an easier and faster route, we de-
cided to take advantage of the simple acetone extraction used in the sol-gel 
analysis of PCN/PCL hybrid networks to investigate the plausible porosity crea-
ted due to the removal of unreacted PCL. We assume that free PCL oligomers 
are totally removed as acetone is an excellent solvent of PCL, and the Soxhlet 
extraction is fulfilled up to constant mass for each sample (generally reached 
within 16 h). It is noteworthy that the chemically incorporated PCL segments 
cannot be degraded during the extraction process, thus not contributing to the 
creation of porosity.

Analyses of sol fractions associated with PCN/PCL samples after PCL ext-
raction by acetone were performed using 1Н NMR and SEC techniques. It was 
found that in the extraction process, pure PCL macromolecules (Mn ~ 2 100 g × 
× mol–1 Mw/Mn ~ 2.03) were mainly removed from the samples. Additionally, 
some minor amounts of polymers with Mn ~7 800 g · mol–1 were detected. Ac-
cording to 1H NMR spectra (not shown here), these soluble polymers arise from 
the chemical reaction of PCL with cyanurate-containing pre-polymers.

FTIR spectra of the pure PCN network, PCL oligomer, and a typical PCN/
PCL hybrid network before and after extraction are shown in Fig. 2.2. 

The correlations of between the changes in FTIR spectra and the che mical 
reactions during synthesis of the PCN-based systems have been analyzed in 
detail in Section 1.1. It should be noted that for all the samples after extraction 
of free PCL sub-chains, a decrease in the νC=O intensity is observed, which con-
firms a significant lowering of PCL content in these samples compared to that 
in non-extracted analogs [40].

2.3. Phase  
structure investigation

It was reasonable to investigate by DSC the solid-state arrange-
ment of PCN/PCL hybrid networks before and after extraction as a function of 
the initial PCL content in different systems under study (Table 2.2 and Fig. 2.3). 
A sing le glass transition as detected for PCL contents varying from 5 to 50 wt% 
[25]. Moreover, regardless of the mass composition, it is noteworthy that the 
films were transparent before and after extraction, thus suggesting the absence 
of macrophase separation between PCL sub-chains and the PCN crosslinked 
matrix. Considering the difference between the refractive indices of both com-
ponents significant (nD

25 (PCL) = 1.49 and nD
25 (PCN) = 1.53), the transparency 

of all samples was at least indicative of the occurrence of microdomains smaller 
than a few hundred nanometers [40]. As indicated in Table 2.2 the hybrid sys-
tems display two types of microphases. At low PCL initial content (i.e. up to 
20 wt%), the glass transition associated with a single PCN-rich phase, mainly 
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constituted of PCN crosslinked sub-chains modified by PCL embeddings is ob-
served. The sole Tg (Tg1) detected for these samples nearly corresponds to that 
of the neat PCN network. Still, the Tg1 value slightly decreases with increasing 
PCL contents, due to the incorporation of soft PCL segments into the rigid PCN 

Fig. 2.3. Typical DSC thermograms (second heating scan) for (a) PCL oligomer and pure 
PCN network, as well as (b) PCN/PCL hybrid networks after extraction with various 
PCL contents (wt%): 1 — 5; 2 — 13; 3 — 16; 4 — 27; 5 — 36. The DSC traces are shifted 
vertically for the sake of clarity
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Table 2.2. DSC data for PCN/PCL hybrid networks after extraction

PCN/PCL hy-
brid network 
composition 
after extrac-
tion a (wt%)

PCN-rich microphase b PCN/PCL mixed microphase b

T c
g, onset 1,  
°C

∆T d
g 1,  

°C
T e

g 1,  
°C

T c
g, onset 2,  
°C

∆T d
g 2,  

°C
T e

g 2,  
°C

100/0 f 187 (219) 18 (34) 201 (233) — — —
97/3 (95/5) 184 (186) 32 (46) 199 (204) — — —

95/5 (90/10) 182 (176) 28 (41) 198 (196) — — —
90/10 (85/15) 181 (156) 34 (48) 196 (184) — — —
87/13 (80/20) 180 (162) 31 (36) 194 (179) — — —
84/16 (70/30) — — — 24 (79) 105 (51) 77 (104)
73/27 (60/40) — — — 10 (72) 110 (38) 66 (90)
64/36 (50/50) 180 (—) 30 (—) 200 (—) 9 (66) 120 (38) 62 (83)

0 / 100 1.158 0 — — —
a In the brackets: the initial compositions of hybrid networks before extraction; b In the 
brackets: the data corresponding to the compositions before extraction; c Tg,onset: the tem-
perature associated with the intercept of the tangent to midpoint of the specific heat 
increment with the glassy baseline; d ∆Tg = Tg,end – Tg,onset: the Tg range, where Tg,end is 
the temperature associated with the intercept of tangent to midpoint of specific heat in-
crement with the viscous baseline; e Tg: the temperature determined at the midpoint of 
the specific heat increment; f Pure PCN sample after extraction in acetone in conditions 
identical to those used for other samples studied.
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structure. For the samples with initial PCL contents higher than 20 wt%, the 
PCN/PCL mixed phase formed by the PCL-modified PCN network becomes 
predominant over the PCN-rich microphase, therefore only the Tg (Tg2) of the 
hybrid network can clearly be observed.

No visible specific heat increment associated with Tg1 was detected for the 
samples with an initial PCL content of 30—40 wt%. Due to the chemical incor-
poration of PCL into PCN structures, we observed a compatibilization effect of 
components, and broad glass transition zones situated between the Tg values of 
individual components could be determined: the higher the PCL content, the 
broader the Tg2 range [40]. Such wide distributions of polymer chain mobility 
strongly indicate a substantial heterogeneity of composition in PCN/PCL hy-
brid networks with an initial PCL content of higher than 20 wt%.

As expected, the Tg values for the hybrid networks after extraction of free 
PCL were higher than those obtained for the PCN/PCL hybrid networks be-
fore extraction, due to the removal of non-incorporated PCL sub-chains ha-
ving their own low Tg and acting as plasticizers [25]. All DSC data are in good 
agreement with the results previously obtained for non-extracted PCN/PCL 
networks using a dynamic mechanical thermal analysis [25].

2.4. Porosity analysis  
of PCN/PCL hybrid networks  
after extraction

The morphology associated with extracted PCN/PCL hybrid 
networks was assessed using SEM and DSC-based thermoporometry. The 
presence of pores in PCN/PCL samples after the extraction of unreacted free 
PCL was experimentally confirmed through SEM observations as illustrated 
in Fig. 2.4. The pore size and density depended on the initial PCL content in 
PCN/PCL networks. By means of the Origin 7  software, SEM micrographs 
were transformed into pixel matrices that allowed for the determination of 
pore diameters, as well as pore size distributions (Fig. 2.5a) [40]. Previous cal-
culations have shown that the relative error of such measurements is in the 
range of 3.0—7.5 % [41—43], which may attest to the reliability of the results 
obtained. For the typical samples investigated, it was found that the average 
pore diameters were equal to 2—25 nm and the corresponding pore size dis-
tributions were in the range of 5—90 nm (Table 2.3). It is noteworthy that pore 
diameters smaller than 50 nm represented up to 95 % of all pore sizes. As ex-
pected, the total pore volume increased with increasing the initial PCL content 
(means the porogen content).

DSC-based thermoporometry allowed for the quantitative determina-
tion of the characteristics of porous structures, such as pore diameter (Dp) 
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Fig. 2.4. SEM micrographs of (a) precursory PCN/PCL 
hybrid network with PCL content of 30 wt% and porous 
hybrid networks with different PCN/PCL compositions 
after partial extraction of PCL (wt%): b — 84/16 (70/30); 
c — 73/27 (60/40); d — 64/36 (50/50) (in the brackets, the 
initial compositions of the precursory hybrid networks are 
indicated)

200nm
a cb

d

Fig. 2.5. Pore size distribution profiles obtained from (a) SEM analysis (the term “pore 
proportion” represents the mole percentage of pores for a given pore diameter) and (b) 
DSC-based thermoporometry: the neat PCN film (after extraction) and porous films of 
hybrid networks with different PCN/PCL compositions (wt%): 1 — 73/27 and 2 — 64/36
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Table 2.3. Porosity characteristics for typical porous hybrid networks

PCN/PCL  
hybrid network 
composition a, 

wt%

Average pore  
diameter, Dp(av) , nm

Pore size distribution, 
Dp , nm Total pore 

volume,  
сm3 · g–1

Percentage 
of pores with 
Dp ≤ 50 nm, 

%SEM DSC SEM DSC

73 / 27 (60/40) 22 26 3—90 15—90 0.25 95
64 / 36 (50/50) 25 28 5—80 15—70 0.28 94

a In the brackets, the initial compositions of hybrid networks before extraction are 
indicated.
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and pore size distribution (dV/dR). 
The pore size distributions for typical 
samples investigated are presen ted 
in Fig. 2.5b. 

When using water as a  penet-
rating solvent for porous networks, 
two endothermic peaks appear in the 

DSC thermograms (Fig. 2.6), which evidence the melting of both water con-
fined within the pores (Tm) and bulk water (Tm0) [34—36]. 

It should be noticed that PCL segments could not be hydrolyzed in the con-
ditions employed for preparing the samples for DSC-based thermoporo metry, 
i.e. pure water at room temperature for 2 weeks. Therefore, porous frameworks 
could only be obtained by acetone extraction of free PCL sub-chains. As discussed 
above, the higher the initial PCL content in the PCN/PCL system, the higher the 
amount of unreacted PCL extracted from the network matrix. Consequently, 
a higher porosity was expected for the resulting porous material (Table 2.3). As 
a result, the maximum intensity on the curve dV/dR = f (Dp) for such a sample was 
higher (Fig. 2.5). The calculations showed that the average pore diameters were 
centered around 26—30 nm. Thus, the data obtained using thermoporometry are 
in good agreement with those derived from SEM analysis.

The porosity for the PCN/PCL hybrid networks after extraction was de-
termined from density measurements [40] (Table 2.1). It can be seen that the 
higher the amount of extracted PCL from the network, the higher the porosity 
of the resulting porous film. In parallel, the porosity was calculated theoreti-
cally for each sample taking into account the volume fraction released by the 
uncrosslinked polymer extracted from the network. Both sets of values are in 
good agreement.

Dielectric measurements showed that the value of dielectric permittivity 
εʹ (at 106 Hz) for the neat PCN was 2.56 (after extraction). For the PCN/PCL 
70/30 wt% sample before extraction, the εʹ value was equal to 2.90 due to the 
presence of PCL fragments of higher εʹ (the values for polyesters are known 
to be comprised between 3.12 and 4.00) [44]. After partial PCL extraction, εʹ 
decreased to 2.64, which is a quite low value and close to that of the pure PCN. 
Such a  decrease might account for the occurrence of closed pore structures. 
The concomitant decrease in the density values (Table 2.1) tends to corroborate 
this assertion. Indeed, if the residual networks after extraction were constituted 

Fig. 2.6. DSC melting thermograms of wa-
ter associated with porous films of hybrid 
networks with different PCN/PCL compo-
sitions (wt%): 1 — 73/27 and 2 — 64/36 
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of interconnected open pores, their density values would be equal or closer to 
those of non-extracted samples with the corresponding compositions. The con-
clusion drawn from the density and dielectric measurements was supported by 
SEM analysis, despite their qualitative character.

2.5. Thermal stability by TGA

The thermal stability associated with initial and porous films of 
PCN/PCL hybrid networks was investigated by TGA. The TGA curves of typi-
cal samples are given in Fig. 2.7 and the main thermal features are summarized 
in Table 2.4. 

 As previously described in detail [24], the thermal stability of PCN/PCL 
hybrid samples is lower than that of the pure PCN network, due to the incor-

Fig. 2.7. Typical mass loss curves from 
TGA for PCL oligomer, pure PCN net-
work, as well as precursory PCN/PCL hy-
brid network of 70/30 wt% composition 
(1) and resulting porous sample after ex-
traction (2, actual PCN/PCL composition 
of 84/16 wt%)
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Table 2.4. Thermal properties of typical PCN/PCL hybrid networks 
 before and after extraction as investigated by TGA

PCN/PCL hybrid  
network composition,  

wt%

T a 
d (5%),  
°C

T b
d (max)  / ∆m c  

(°C) / (wt%)
T d

d (50%),  
°C

Char 
residue,  

%

90/10 (before extraction) 389 421 / 28 470 35
95/5 (after extraction) 394 424 / 26 481 40
70/30 (before extraction) 268 409 / 49 411 20
84/16 (after extraction) 335 415 / 47 415 21
50/50 (before extraction) 252 396 / 51 396 4
64/36 (after extraction) 355 413 / 46 414 16
100/0 (pure PCN) 411 427 / 17 698 46
0/100 (pure PCL) 280 393 / 67 381 2

a Td (max), temperature of maximum degradation rate; b Td (5%), temperature for a 5% mass loss; 
c ∆m, mass loss at degradation temperature Td (max); d Td (50%), temperature for a 50% mass loss.
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poration of soft PCL fragments into the network structure, and also may be 
due to the formation of less regular structures with a lower crosslink density. 
As expected, the degradation temperature for the frameworks after extraction 
is higher than that of the corresponding non-extracted samples, due to the ab-
sence of free PCL sub-chains (thermally labile component) in the resulting sys-
tems. For a 5% mass loss, it is noticeable that the higher the initial PCL content, 
the greater the difference between the temperatures of 5% mass loss for the 
samples before and after extraction. In contrast, for a 50% mass loss, no remar-
kable dependence of the difference between the degradation temperatures for 
extracted and non-extracted samples was noticed with varying PCL contents. 
Overall, porous PCN/PCL hybrid crosslinked films were characterized by high 
thermal stability, and thus can be considered promising materials for applica-
tions involving thermostable membranes.

2.6. Conclusions

A straightforward and effective route to nanoporous film ther-
mosets has been implemented through the partial removal of PCL sub-chains 
from PCN/PCL hybrid networks. Such crosslinked structures have been syn-
thesized by in situ polycyclotrimerization of DCBE in the presence of varying 
amounts of PCL oligomers. The advantage of the non-quantitative chemical 
incorporation of PCL into the growing network structure was taken to generate 
nanoporous networks through the Soxhlet extraction of a  significant part of 
PCL sub-chains. SEM and DSC-based thermoporometry analyses clearly show 
the formation of nanoporous frameworks with a maximal pore size lower than 
90 nm and an ave rage pore diameter of around 30 nm. The density and dielec-
tric measurements strongly suggest the occurrence of closed pore structures.

In addition to their low average pore diameters and narrow pore size dist-
ributions, such novel porous PCN/PCL hybrid films are characterized by high 
glass transition temperatures and high thermal stability. All these important 
structural and physico chemical features make them suitable candidates for mem-
brane technology requiring especially high dimensional and thermal stability.
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CHAPTER 3
NOVEL MESOPOROUS HIGH-PERFORMANCE 
FILM MATERIALS FROM CYANATE ESTER RESINS 
AND INERT HIGH-BOILING-TEMPERATURE 
PHTHALATES AS POROGENS

3.1. Synthesis and nanoporous  
structure generation

Different methodologies have been reported to produce porous 
polymers [45]. Thermally and chemically induced phase separa-
tion is a very convenient method for preparing porous thermosets. 
Solvents are often used as porogens in synthesis of porous thermo-
sets. Chemically induced phase separation was first proposed by 
Kiefer et al. in 1996 for epoxy resins [15, 16]; they used low molar 
mass liquids, i.e. hexane and cyclohexane, as the solvents for epoxy 
precursors. During the curing process, the homogeneous precur-
sory system undergoes a  phase separation into a  polymer-rich 
continuous phase and a  solvent-rich dispersed phase. The sol-
vent-rich droplets subsequently grow and merge with each other. 
After the removal of the solvent, a porous structure is formed [46]. 

The main thrust of the present work relies on the implementa-
tion of an unprecedented methodology for the formation of meso-
porous pure PCN films. First, a PCN network is synthesized in the 
presence of an inert liquid having a high boiling temperature and 
solely acting as a porogen that is not evaporated from the system 
before the completion of the polymerization process. Dimethyl 
phthalate (DMP) and dibutyl phthalate (DBP) are selected as po-
rogenic agents. Such liquids are then extracted using a low-boil-
ing-temperature solvent, i.e. acetone, thus leaving behind empty 
mesopores after drying. The scope and limitations associated with 
this straightforward and effective approach are addressed: in par-
ticular, we report on the correlations between the structure and 
properties of the precursory networks and those of the resulting 
porous systems as investigated by various physicochemical tech-
niques, inclu ding gel fraction determination, FTIR, DSC, SEM, 
DSC-based thermoporometry, pycnometry, and TGA.

The PCN/DMP and PCN/DBP polymer systems were syn-
thesized by step-by-step heating in a temperature interval of 150—
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210 °C for ~10 h. PCN/DMP and PCN/DBP films with a phthalate content of 5 10, 
15, and 30 wt% were prepared. To accelerate the polycyclotrimerization of DCBE, 
3 mol.% of triethy lamine was added. The films with a thickness varying from 45 
to 150 μm were removed from the oven and subjected to extraction [47, 48]. Then 
PCN/DMP and PCN/DBP films were extracted with acetone in a Soxhlet apparatus 
for 16 h followed by drying under vacuum at 50 °C up to the constant mass. The 
total extraction of the high-boiling-temperature liquids thus led to the creation of 
porous PCN materials. 

The polycyclotrimerization of cyanate ester monomer results in the forma-
tion of a PCN network (Fig. 3.1).

Fig. 3.1. Reaction scheme associated with polycyclotrimerization of DCBE cyanate monomer
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3.1. Synthesis and nanoporous structure generation

The mechanism proceeds through a  step-growth process that is carried 
out via step-by-step heating described in detail in Chapter 2. After the first 
heating stage, a PCN gel possessing a moderate Tg value is generally formed. 
To increase the conversion of cyanate groups, and therefore the crosslinking 
degree of PCN, the polymerization temperature should be increased over the 
Tg of the gro wing network [49, 50]. At a higher reaction temperature, the net-
work rea ches higher Tg, and the next heating step has to be applied to reach the 
completion. Such a stepwise process results in the generation of a rather regu-
lar and fully crosslinked structure. Consequently, in order to generate pores in 
this structure by the phase-induced separation technique, the porogen should 
stay within the network up to the final stage of curing, and then has to be 
extracted from the resulting network. If the pore-forming solvent evaporates 
from the network during the intermediate stages of the curing procedure, the 
pores generated will collapse after the next heating step, i.e. at a temperature 
higher than the Tg of the growing network. Thus, the porogenic solvent should 
possess a higher boiling temperature than that of the last step of PCN curing, 
i.e. 210 °C in the present case, and be inert toward cyanate ester resins to avoid 

Fig. 3.2. Design of porous PCN networks using high-boiling-temperature liquids as po-
rogenic agents
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chemical grafting onto the network. 
Certainly, a  two-phase morphology 
structure will be genera ted during cu-
ring as the forming PCN framework is 
insoluble in the porogen (poor solvent 
for PCN), while the  cyanate monomer 
forms a  homogeneous solution with 
the porogen (good solvent).

To ensure the compatibility of DCBE with high-boiling-temperature poro-
gens, the solubility parameters associated with the different components were 
first calculated according to [51]. Since the solubility parameters of phthalates, 
in particular DMP (δ (DMP) = 21.9 MPa1/2) and DBP (δ (DBP) = 19.0 MPa1/2), 
turned out to be close to the value for DCBE (δ (DCBE) = 22.1 MPa1/2) as well as 
to that for acetone, i.e. the extracting solvent (δ = 20.3 MPa1/2), these high-boil-
ing-temperature liquids were used as porogenic agents. To generate nanopo-
rous film structures, a  mere extraction of the porogen-containing PCN net-
works in acetone was applied. Fig. 3.2 schematically depicts the formation of 
porous PCN networks.

3.2. Determination  
of gel fraction contents 

The gel fraction content associated with PCN samples was de-
termined after acetone extraction [47]. As shown in Fig. 3.3  the experimen-
tal data on gel fractions are close to the theoretical values, which confirms the 
chemical inertness of phthalates and strongly attests to their quantitative ex-
traction from the PCN-based networks. The experimental and theoretical va-
lues of gel fractions were calculated using Eqs. 2.1 and 2.2 given in Section 2.2.

Interestingly, for the PCN/DBP 70/30 wt% sample, the gel fraction was 
found to be equal to 50 wt%. In addition to the total extraction of DBP, some 
precursory material (20% of the total sample mass) was also extracted. This 
fact suggest that the presence of 30 wt% of DBP in the initial system limits the 
formation of a regular crosslinked PCN structure, thus the network synthesized 
probably possessed a higher degree of irregularity. This decrease in the gel frac-
tion might arise from a lower rate of DCBE polymerization, due to a dilution 
effect. As a result, soluble uncrosslinked cyanurate pre-polymers were removed 
during the extraction process, according to an FTIR analysis (not shown here).
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3.3. FTIR analysis

3.3. FTIR analysis

FTIR spectra of the neat PCN and PCN/DMP (or DBP) samples 
(Fig. 3.4) give evidence of the absence of absorption bands at 2272—2236 cm–1 
corresponding to stretching vibrations of cyanate groups of DCBE [3], along 
with the appearance of intensive bands at 1358 and 1557 cm–1 associated with 
—C=N— and phenyl-oxygen-carbon valence vibrations of cyanurate units, re-
spectively [3, 4, 18, 26].

Fig. 3.4. FTIR spectra of (a) pure PCN network (1), pure DMP (2), 
PCN/DMP 70/30 wt% (3), resulting PCN network after DMP extrac-
tion (4), and (b) pure DBP (1), PCN/DBP 70/30 wt% (2), resulting PCN 
network after DBP extraction (3). The spectra are shifted vertically for 
the sake of clarity
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Therefore, one can conclude that DCBE was fully converted into PCN net-
works. The presence of phthalates (DMP or DBP) in the corresponding PCN 
systems is confirmed by the occurrence of the strong carbonyl absorption bands 
at 1724 and 1721 cm–1 respectively. The slight frequency shift of the νC=O ab-
sorption maxima observed in the FTIR spectra of PCN/DMP (or DBP) samples 
in comparison with the absorption bands for pure phthalates is obviously due 
to the PCN component surroundings [28].

Moreover, one can clearly observe the disappearance of the νC=O absorption 
bands in the spectra of the resulting PCN samples after extraction of DMP (or 
DBP) by acetone, thus confirming the complete removal of high-boiling-tem-
perature liquids from the PCN networks. 

3.4. Glass transition behavior

The thermal behavior of PCN/DMP (or DBP) systems be-
fore and after extraction of the phthalates used has been investigated by the 
authors using DSC [47]. Typical thermograms are shown in Fig. 3.5 and the 
Tg values determined for all the systems under investigation are given in 
Table 3.1.

Table 3.1. DSC data for PCN-based films before and after extraction

Initial  
composition 

(wt%)

Samples before extraction Samples after extraction

Тg
a, °С ∆Тg

b, °С ∆Cp
c,  

J · g–1 · K–1
Тg

a, °С ∆Тg
b, °С ∆Cp

c,  
J · g–1 · K–1 

PCN 100 192 20 0.33 201 13 0.32
PCN/DMP

 95/5 180 21 0.34 214 16 0.27
 90/10 168 22 0.33 213 16 0.25
 85/15 119 31 0.37 213 20 0.31
 70/30 111 33 0.34 210 21 0.31

PCN/DBP
 95/5 179 24 0.33 219 14 0.24

 90/10 179 28 0.32 222 18 0.24
 85/15 160 34 0.32 208 25 0.29
 70/30   70 45 0.35 207 18 0.25

a Value determined at the midpoint of specific heat increment; b∆Тg = Tg,end – Tg,onset: width 
of Tg range, where Tg,end and Tg,onset are associated with intercepts of the tangent to the 
midpoint of specific heat increment with the viscous and glassy baselines, res pectively; 
c∆Cp = Cp,v – Cp,g: heat capacity jump at Tg, where Cp is the heat capacity,  and the sub-
scripts v and g refer to the viscous and glassy states, respectively.
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First, in PCN-based samples before extraction, it is noteworthy that no 
melting endotherm of individual DMP (or DBP) (m.p.: ~0—1  °C  for DMP, 
~–35 °C for DBP) is detected (Fig. 3.5a). This suggests that the formation of 
PCN network prevents phthalate crystallization, and DMP (or DBP) is in the 
amorphous state in the crosslinked systems. The transparency of phthalate-

Fig. 3.5. Typical DSC thermograms: (a) first heating scan of pure DMP and DBP, (1) 
PCN/DMP 70/30 wt%, and (2) PCN/DBP 70/30 wt% before extraction; (b) second heat-
ing scan of (1, 2) pure PCN network, (3, 4) PCN/DMP 85/15 wt%, (5, 6) PCN/DMP 
70/30 wt%; (c) second heating scan of (1, 2) PCN/DBP 85/15 wt%, (3, 4) PCN/DBP 70/30 
wt%. In (b) and (c), the solid lines correspond to the data before extraction, while the 
lines with symbols represent the data after extraction. The DSC traces are shifted verti-
cally for the sake of clarity
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contai ning samples can be explained by the insignificant difference between 
the refractive indices of PCN and phthalates (nD

25(PCN) = 1.53, nD
20 (DMP) = 

= 1.49,  nD
20(DBP) = 1.51) [52, 53].

Second, the presence of DMP or DBP in PCN-based samples before ex-
traction is reflected by a substantial decrease in the Tg values and a widening 
of the glass transition zone (ΔTg), as compared to the pure PCN (Fig. 3.5b, c). 
The higher the phthalate content, the lower the Tg value and the broader the 
ΔTg range, thus clearly indicating that phthalates act as plasticizers for the PCN 
crosslinked structure [47]. The lowest Tg value (70 °C) was obtained for the 
PCN/DBP 70/30 wt% sample, which correlates well with the previous data on 
gel fraction contents: for the latter system, not only DBP but also uncrosslinked 
cyanurate-containing macromolecules formed during the initial steps of the 
polymerization process induce a dramatic lowering of the Tg associated with 
the PCN network.

One can assume that, in addition to their plasticizing effect, the porogenic 
phthalates behave like diluents, thus facilitating the diffusion of growing chains 
and, consequently, the formation of a PCN network with a higher crosslink de-
gree and structure regularity during the DCBE polycyclotrimerization.

In another work [48], three samples were investigated by DMTA 
(Fig.  3.6) to check the effect of DMP on their viscous-elastic properties 
(i.e. glass transition temperature, Tg). The DMTA for the initial PCN/DMP 
50/50 wt% sample before extraction of porogen confirmed a significant de-
crease in the glass transition temperature of the PCN matrix (Tg ≈ 61 °C, Fig. 
3.6 curve 1), due to the presence of a high amount of DMP. For the extracted 
PCN/DMP 50 wt% sample, two glass transition regions with Tg1 ≈ 151  °C 
and  Tg2 ≈ 245 °C as well as the corresponding two step-drop mechanisms in 
the storage modulus (log Eʹ =  f (T)) were observed (Fig. 3.6 curve 2). The 
presence of the two Tg values can be explained by the occurrence of a micro-

Fig. 3.6. Temperature de-
pendence of storage modulus 
(Eʹ) and tangent delta (tan δ) 
for the samples studied: 1 — ini-
tial PCN/DMP 50/50 wt%, i.e. 
before extraction of porogen; 
2  — nanoporous PCN/DMP 
50/50 wt% after extraction, 1st 
heating run; 3 — PCN/DMP 
50/50 wt% after extraction, 2nd 
heating run
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phase-sepa rated morphology with domains containing both PCN and resid-
ual DMP (Tg1) along with the pure PCN microphase (phthalate-free) with 
a higher Tg2 value. For the extrac ted PCN/DMP 50/50 wt% sample after the 
se cond hea ting DMTA run, only one Tg value was observed (Tg ≈ 266 °C, 
Fig. 3.6 curve 3), which evidences the absence of the plasticizer in the sam-
ple. One can conclude that in such a sample, DMP is completely evaporated 
from the PCN matrix.

3.5. Characterization of porous structure

The occurrence of a porous morphology in the extracted PCN 
films was evi denced by SEM as illustrated in Fig. 3.7. Pore sizes varied from 
about 10 to 140 nm, and the average pore diameter in most of the samples was 
around 40 nm (Table 3.2). For instance, the SEM micrograph associated with 
the cross-section of porous PCN after extraction of 30 wt% of DMP (Fig. 3.7b) 
reveals the presence of longitudinal channels (dark cylindrical regions), which 
originated from the porogen tracks. Similar images were observed for the other 
samples with different initial PCN/DMP (or DBP) compositions (Fig. 3.7a as 
an example). It was found that neither the chemical structure of the porogenic 
phthalate (DMP or DBP) nor its initial content significantly influenced the ave-
rage pore diameter in the resulting porous PCN films.

Additional confirmation of nanopore generation in PCN samples after 
phthalate extraction was provided by DSC-based thermoporometry described 
in Sections 1.1 and 2.2. Typical melting thermograms of water in the tempera-
ture region between –5 and +5 °C for porous PCN films are given in Fig. 3.8a, 
and the corresponding profiles of pore size distributions are shown in Fig. 3.8b. 
The peak intensity strongly depends on the initial phthalate content: a higher 

Fig. 3.7. Cross-sectional SEM micrographs of porous PCN-based networks: a —  PCN/
DBP 90/10 wt% and b — PCN/DMP 70/30 wt% after extraction

a b
200nm 200nm

Pores Pores
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Fig. 3.8. Typical DSC melting thermograms of water associated with pure PCN and po-
rous samples after extraction (a): 1 — PCN/DMP 95/5 wt%, 2 — PCN/DBP 95/5 wt%, 
3 — PCN/DMP 70/30 wt%, 4 — PCN/DBP 70/30 wt%; b — corresponding pore size 
distribution profiles as determined by DSC-based thermoporometry
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Table 3.2. Main porosity characteristics for typical  
porous PCN films after phthalate extraction

Initial 
phthalate 
content, 

wt%

Average pore diameter, Dp(av), nm Pore size distribution, nm

SEM DSC SEM DSC

DMP DBP DMP DBP DMP DBP DMP DBP

5 — — 33 29 — — 15—150 25—145
15 40 32 37 42 10—140 20—130 15—150 15—150
30 44 45 50 45 10—140 20—135 20—150 15—150

Initial 
phthalate 
content, 

wt%

Total pore volume a Vp , 
cm3 · g–1

Porosity, P
Experimental b Theoretical c

DMP DBP DMP DBP DMP DBP

  5 0.09 0.07 0.05 0.04 0.08 0.07
15 0.11 0.14 0.14 0.13 0.19 0.15
30 0.12 0.16 0.15 0.17 0.26 0.49

a Values calculated from the eq: Vp = 1/ds × (qw –1), where ds is the solvent density (water), 
qw is the water uptake; b Values calculated from eq: P = 1 – dapp/dtrue, where dapp and dtrue 
stand for the apparent and true densities of PCN matrices, respectively; c Values calculat-
ed by taking into account the soluble fractions after extraction in acetone.
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porogen content is associated with an increase in the peak intensity, due to the 
melting of a higher volume of confined water. 

Therefore, increasing porogenic phthalate contents resulted in an increase 
in the peak intensity of dV/dR vs. Dp curves, thus affording higher pore volu-
mes. A reference experiment was also realized with the neat PCN film to verify 
that it was basically non-porous, even after extraction.

Even though pore size distributions of PCN/DMP (or DBP) films were in 
the range of 15—150 nm, their average pore diameters were centered around 
30—50 nm (Table 3.2). It should be stressed that pore diameters smaller than 
50 nm represented up to 90 % of all pore sizes. The data thus determined using 
thermoporometry match pretty well the results obtained by SEM.

The porosity associated with the porous PCN films were evaluated from 
water uptake calculations and density measurements (Table 3.2). As expected, 
the higher the initial phthalate content in the precursor, the higher the porosity 
of the resulting porous film. Simultaneously, the porosity ratios were calculated 
theoretically by taking into account the soluble fraction content after acetone 
extraction. The theoretical values were systematically higher than the experi-
mental ones. The discrepancy between both sets of results might probably stem 
from the fact that water did not probe all the pores of the analyzed films due to 
the high hydrophobicity of PCN matrices.

Fig. 3.9 displays the composition dependence of the density for PCN/DMP 
and PCN/DBP films before and after the extraction of phthalates from the net-
works. All porous samples exhibit density values lower than those of the corre-
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sponding phthalate-containing precursors. The former have density even lower 
than that of non-porous neat PCN. Such a density decrease might account for 
the occurrence of a closed pore structure. Indeed, if the residual films after po-
rogen extraction were constituted of interconnected open pores, their density 
values would be equal or closer to those of the non-porous neat PCN films. 

3.6. Thermal stability and annealing  
behavior of nanoporous polycyanurate films

The influence of pores formed in PCN structures on the ther-
mal stability of polymer films was investigated through TGA analyses. Typical 
curves of mass loss for different PCN-based samples, before and after extrac-
tion of the phthalates, are presented in Fig. 3.10, and the main thermal charac-
teristics are listed in Table 3.3. The thermal stability of the PCN/phthalate pre-
cursory networks was significantly lower than that of non-porous neat PCN, 
due to the plasticizing effect induced by phthalates. PCN/DMP and PCN/DBP 
films before extraction showed an additional degradation stage with maxima at 
Td1 ~ 210 °C and 250 °C, respectively, which corresponded to the onset of phtha-
late evaporation. Moreover, the porogen-containing samples lost 15—30% of 
their mass in the temperature interval of 130—345 °C depending on the initial 
phthalate content. Interestingly, the temperature of the maximum degradation 
rate Td2 associated with these samples was only a few degrees lower than that 
for the pure PCN reference. This confirms the absence of any strong interaction 
between phthalates and PCN networks.

It is more noteworthy that, after the quantitative removal of DMP or DBP 
from PCN networks, the thermal stability of the residual porous samples was 
nearly identical to that of non-porous pure PCN. One can conclude that pore 
formation had no influence on the thermal stability of PCN networks; therefore, 
mesoporous PCN films may be considered promising materials for high-per-
formance technology requiring high thermal stability.

Later on, we enlarged the concentration range and the phthalate types used 
for pore generation [62]. Moreover, a highly efficient catalytic complex instead 
of trimethylamine was used. Finally, a series of nanoporous PCN was synthe-
sized with 20—50 wt% of porogen (dioctyl phthalate (DOP), DBP, or DMP) 
[54]. For the sake of clarity, in the further studies, a common coding for all the 
extracted and nanoporous samples was given, namely PCNAB, where the sub-
scripts A and B indicate the type (DMP, DBP, or DOP) and the initial content 
(from 20 to 50 wt%) of the porogen used, respectively.

The main porosity characteristics of the nanoporous PCN-based samples 
are given in Table 3.4. Further isothermal annealing was carried out in a pro-
grammable oven at temperatures (Ta) equal to 50, 100, or 150 °C for 48 h as 
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well as at 250 °C for 24 h under an air atmosphere. Since significant darkening 
and brittleness of the samples were observed after 24 h at 250 °C, subsequent 
annealing was discontinued. To determine the mass evolution with time at 
a given temperature, the samples were periodically removed from the oven and 
weighed [54].

Fig. 3.10. Typical mass loss curves from TGA for non-porous PCN network, (a) PCN/
DMP 70/30 wt% (1) before and (2) after extraction, as well as (b) PCN/DBP 70/30 wt% 
(1) before and (2) after extraction
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Table 3.3. Thermal properties of typical PCN-based films before  
and after extraction as investigated by TGA

Thermal  
characteristic

PCN/DMP 70/30, wt% PCN/DBP 70/30, wt% PCN 100

 before 
extraction 

 after  
extraction 

before 
extraction

 after  
extraction 

 before 
extraction 

 after  
extraction 

Td1
a, °C 210 — 250 — — —

Td2
a, °C 429 440 426 438 427 435

Td3
a, °C 535 543 541 553 — 547

Td(5%)
b, °C 176 305 198 294 411 310

Td(50%)
c, °C 434 579 434 571 698 589

m1
d, %   11 —   14 — — —

m2
d, %   23   27   44   26   17   27

m3
d, %   44   45   63   45 —   46

mchar
e, %   30   43   30   42   46   44

a Tdi: temperature of maximum degradation rate for stage i considered; b Td(5%): temper-
ature for a 5 % mass loss; c Td(50%): temperature for a 50 % mass loss; d mi: mass loss at 
degradation temperature Tdi; e mchar: mass corresponding to char residue.
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Prior to annealing studies, the thermogravimetric curves were obtained for 
these materials (Fig. 3.11). For the low-temperature range (<250 °C), a zoom 
of the data was included in the Figure. For all the systems, two main mass loss 
stages were observed [54], namely one of low magnitude (with a mass loss of 
around 2%) close to 100 °C followed by a plateau, then a second one centered 
at 450—470 °C  (taking the extremum value on the corresponding derivative 
curve) with a 50—60% mass loss. At higher temperatures (~700 °C), about 40% 
of char residues was still present.

It is clear that all the samples exhibit similar thermal behavior, which is con-
sistent with the fact that their chemical structures are very close. These results 
are also in good agreement with those for the neat PCN networks, as already 
observed by Korshak et al. [55, 56] and Ramirez et al. [57]. Although the curves 
are similar, some deviations arising from the structural differences caused by 

Fig. 3.11. TGA mass loss 
curves for the initial na   - 
no po rous samples: 1 —  
PCNDOP20, 2 — PCNDBP30, 
3  — PCNDMP30, and 4 — 
PCNDMP50
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Table 3.4. Main porosity characteristics of nanoporous  
PCN-based samples under investigation

Sample 
code 

DSC-based  
thermoporometry N2 sorption

Sample 
code 

DSC-based  
thermoporometry N2 sorption

Dp(av), 
nm

Pore 
volume a, 
cm3 · g–1

Specific sur-
face area b, 

m2 · g–1

Dp(av), 
nm

Pore 
volume a, 
cm3 · g–1

Specific sur-
face area b, 

m2 · g–1

PCNDOP20 33 0.08 58 PCNDMP30 33 0.19 30
PCNDBP30 49 0.12 61 PCNDMP50 34 0.34 77

a Values determined according to the technique previously described [48]; b Values de-
termined from nitrogen sorption measurements at 77 K by the BET method with relative 
pressure (P/P0) values ranging from 0.05 to 0.30.
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the porogen used should be pointed out. For the low-temperature stage of mass 
losses, the curves obtained for the PCNDOP20 and PCNDMP30 samp les are qua-
si superimposed, and a plateau at around 100—250 °C is clearly observed be-
fore the occurrence of the second mass-loss stage (in the temperature range 
~250—450 °C). For the nanoporous PCNDMP50 sample such a plateau is less pro-
nounced, and it is quasi absent for the PCNDBP30 network. Thus, the thermal sta-
bility in terms of mass loss at temperatures varying from 30 to ~100 °C seems to 
be identical for all the samples investigated, while within 100—250 °C thermal 
behavior of the nanoporous PCNs studied strongly depends on both the type 
and amount of the porogen used. 

The results of thermal stability studies of the nanoporous PCN-based film 
materials associated with further isothermal annealing in the temperature range 
from 50 to 250 °C for 24—48 h are displayed in Fig. 3.12. 

As seen, during annealing at Ta = 50 °C (Fig. 3.12a), all the curves are su-
perimposed, and a very small mass loss of ~1% (quasi negligible) occurs after 

Fig. 3.12. Isothermal thermogravimetric curves for nanoporous samples: PCNDOP20 (1), 
PCNDBP30 (2), PCNDMP30 (3), and PCNDMP50 (4). Annealing was performed at Ta equal to 50 
°C (a), 100 °C (b), and 150 °C (c) for 48 h or 250°C for 24 h (d)
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1  h  which can be attributed to some 
moisture evaporation from the sam-
ple surface [18]. When the annealing 
temperature reaches Ta = 100 °C  the 
mass of the PCNDMP30 sample remains 
quasi constant as compared to that af-
ter 48 h at Ta = 50 °C. Nevertheless, for 
the other samples, the mass loss chan-
ges are more apparent. The samples 
 PCNDOP20 and PCNDBP30 reach a plateau 
with a  mass loss of around 6%, while 
the PCNDMP50 network displays a  pla-
teau with ~8% mass loss. Annealing of 
the PCNDMP30 sample at Ta = 150 °C for 
48 h was performed without any essen-

tial mass variations (a steady state was reached with ~2 % mass loss), whereas 
for the three other samples, more significant mass los ses un der different kinet-
ic behaviors were observed. For instance, the nanopo rous PCNDOP20 reached 
a steady state with ~5% mass loss after 2 h of annea ling  at Ta = 150 °C while 
rela tively constant mass loss values for PCNDBP30 and  PCNDMP50 samples (~15—
17%) were reached after more than 10 h of annealing at the same Ta. 

It is noteworthy that after 24 h of annealing at Ta = 250 °C for all the com-
positions investigated, no constant mass loss was achieved. A significant dar-
kening and an increase in the fragility of the samples were also noticed. In this 
case, thermal-oxidative degradation occurred. Such results are consistent with 
the literature data published previously on the same family of nonporous PCN-
based materials [55—57]. 

To have a better insight into the mass stability for all the nanoporous samp-
les investigated, we have replotted the evolution of mass loss using the cumula-
tive mass loss (CML) coefficient as a function of Ta applied. The CML param-
eter represents itself as a  sum of mass loss values determined at the plateaus 
from the isothermal thermogravimetric curves (Fig. 3.12). The dependence 
presented in Fig. 3.13 allowed a comparative assessment of the PCN samples 
investigated and consequently of the equivalence of processes running after iso-
thermal annealing.

The figure makes it possible to affirm that PCNDMP30 is quasi-stable during 
annealing at Ta ranging from 50 to 150 °C but that is not the case for all the 
other samples. For low annealing temperatures, we might accept the idea that 
the mass losses observed correspond to the bulk and confined water within the 
nanoporous materials. However, a mass loss of 20 % is too high to justify only 
a water evaporation process. 

Fig. 3.13. Dependence of cumulative 
coefficient on annealing temperature 
for nanoporous samples: PCNDOP20 (1),  
PCNDBP30 (2), PCNDMP30 (3), and PCNDMP50 (4)
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Consequently, we investigated the effect of annealing on the chemical struc-
ture of these nanoporous PCN samples by means of FTIR spectroscopy (Fig. 3.14).

All the spectra evidence only marginal differences for the nanoporous 
PCNs after annealing at 50—150 °C for 48 h (Fig. 3.14) as compared to their 
non-annealed analogs. Therefore, the chemical structures of the nanoporous 
PCNs studied are not significantly affected by the annealing conditions used. 
However, after 24 h at 250 °C distinctive stretching vibrations with maxima at 
1650 cm–1 and 1732 cm–1 corresponding to –C=N– and –C=O groups, respec-
tively, appear in the FTIR spectra of all the samples. Moreover, redistribution 
and a significant decrease in the characteristic triazine peaks in the wavenum-
ber range of 1100—1240 cm–1 and 1450— 1620 cm–1 are established. The growth 
of the intensity of bands within 3100—3800 cm–1 reflecting the changes in both 
OH and NH groups was also found. The revealed changes confirm the propaga-
tion of thermal-oxidative degradation of PCN triazine skeleton through the for-
mation of at least carbamate derivatives [57]. At the same time, the significant 
decrease in the intensities of all the absorption bands in the middle IR range 

Fig. 3.14. FTIR spectra of nanoporous samples after annealing at different temperatures 
for PCNDOP20 (1), PCNDBP30 (2), PCNDMP30 (3), and PCNDMP50 (4). The curves are shifted 
vertically for the sake of clarity
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allows assuming the generation of numerous gaseous degradation products in-
vestigated in detail in [55—57]. 

The main thermal characteristics of the annealed samples were also inves-
tigated by DSC and TGA (Table 3.5). The glass transition temperatures (Tgs) 
of all the nanoporous film samples annealed at 50—150 °C are found in the 
temperature range from 204 to 226 °C. For the samples annealed at 250 °C it is 
possible to determine the glass transition under the DSC conditions used. 

Concerning the TGA results for the samples after annealing at 50, 100, 
and 150 °C one can observe the high thermal stability of the samples regard-
less the porogen used. The temperatures of the most distinctive stages of mass 

Table 3.5. Main thermal characteristics for the nanoporous  
PCNs annealed at different temperatures

Annealed samples
Glass transition 

temperature 
Tg, °C

Temperature of maxi-
mum degradation rate c Mass loss at Tdmax Char 

residue, 
%Tdmax1, °C Tdmax2, °C Δm1, % Δm2, %

PCNDOP20

  50 °C a 225 85 458 1 31 47
100 °C 221 77 458 1 30 48
150 °C 225 80 451 1 32 44
250 °C  — b 107 396 2 23 46

PCNDBP30

  50 °C 209 88 459 1 34 45
100 °C 208 80 456 1 36 43
150 °C 209 83 449 1 34 45
250 °C — b 105 396 2 18 48

PCNDMP30

  50 °C 207 88 457 1 30 47
100 °C 208 75 462 1 30 48
150 °C 212 84 454 1 32 46
250 °C — b 101 395 2 19 48

PCNDMP50

  50 °C 204 79 462 1 34 41
100 °C 206 82 460 1 40 44
150 °C 207 80 455 1 33 40
250 °C — b 92 395 2 20 46

a annealing temperature, Ta; b value not determined in the investigated temperature range 
(20—260 °C); c maximum values determined from derivative curves in the temperature 
range up to 500 °C.
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losses with maxima at Tdmax1 and Tdmax2 are ~75—88 °C and 449—462 °C res-
pectively, corresponding to the mass losses ~1% and 30—40 % (Tab le 3.5). 
The char residues are equal to 40—48 % for all the PCN-based nano  po-
rous samples. The values of Tdmax1 for the films annealed at Ta = 250 °C for 
24 h were ~13—30% higher than those of the samples isothermally treated 
for 48 h at 50—150 °C. However, Tdmax2 decreased from 450—460  °C to 395—
396  °C  apparently, due to the partial degradation of the network skeleton 
during annealing at 250 °C.

By coupling TGA and FTIR results and keeping in mind that the anneal-
ing process was performed far below the glass transition region (Ta ≤ Tg), one 
could conclude that the mass loss observed at Ta up to 150 °C did not concern 
the degradation of any chemical bond in the PCN network skeleton. Therefore, 
only the porogen and some volatile molecules should be taken into account, 
i.e., a temperature-induced desorption took place. This conclusion gave us the 
possibility to apply basic laws describing the diffusion processes to estimate the 
impact of the porous structure on the annealing behavior of the nanoporous 
PCN-based materials investigated. For this, Fick’s second law was implemented 
as commonly used in similar cases. In this regard, the isothermal gravimet-
ric curves were replotted in terms of conversion (α) as a  function of annea-
ling duration, where “zero-point” represents the initial mass of the nanoporous 
PCN sample investigated and 100 % conversion stands for the mass value after 
48 h of annealing at 50, 100, or 150 °C (Fig. 3.15). Since the release of degra-
dation products was detected after annealing at 250 °C no further calculations 
were considered.

The apparent diffusion coefficient, Dka, was determined from the depen den-
ce of √

–
t on   using the following equation:

α =  –    ———  , for α < 0.5,4
L

D · t
π√      

                             (3.1)

where L is the thickness of the sample, and t stands for the duration of annealing.
For α > 0.5 α values were theoretically determined as follows:

π2Dt
L2α = 1– —exp  – ———     .8

π2   
                               (3.2)

Fig. 3.15 reflects strong direct relationships between the annealing tem-
perature and the α  values, for all the samples. All the curves have similar 
features allowing assuming that their kinetic behaviors follow identical laws. 
The theoretical curves obtained by using Eqs. 3.1  and 3.2  are drawn with 
dashed lines. Based on the results obtained, the apparent diffusion coeffi-
cients Dka were calculated for all the samples as a function of annealing tem-
perature (Fig. 3.16).
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Fig. 3.15. Dependence of conversion (α) on t 0.5/L for nanoporous PCNDOP20 (a), PCNDBP30 (b), 
PCNDMP30 (c), and PCNDMP50 (d) samples during annealing. Symbols represent the experi-
mental data and dashed curves correspond to the theoretical values (as determined by 
Eqs. 3.1 and 3.2). Annealing was performed at 50 °C (1, 2), 100 °C (3, 4), and 150 °C (5, 6)
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The absolute uniformity of the relationships between the Ta and Dka val-
ues for all the nanoporous samples studied thus confirms the similarity of 
the processes running during their annealing. Since no significant changes in 
chemical structures were found, the differences in Dka values could rise from 
the structural changes in the nanoporous PCN samples (Fig. 3.16). We found 
nearly identical Dka values for nanoporous PCNDBP30 and PCNDMP50 samples at 
any Ta applied, while for PCNDOP20, the Dka factor was the highest as compared 
to the other samples. Finally, for the nanoporous PCNDMP30 film material, the 
Dka va lues were the lowest in comparison with those measured for the other 
nano porous PCNs. It is clear that the sequence from the lowest to the highest 
values of Dka is directly related to the data presented in Fig. 3.13, in particular 
they are associa ted with the cumulative lost masses obtained for each anneal-
ing tempe rature.
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The Dka values were mainly affec ted by the template of the nanopo rous struc-
ture of the PCN-based samples prescribed by thermodynamic miscibi lity bet-
ween the initial components (determined through the solubility para meters δ), 
the size of the porogen molecules, and the initial composition. In this regard, 
the most thermodynamically stable system was the DCBE/DMP mixture (of the 
hthalates used, the δ va lue of DMP was the clo sest to that for PCN monomer) 
while the DCBE/DOP composition display the lowest stability. Consequently, 
the chemically-induced phase separation in the DCBE/DMP mixture could oc-
cur later than in both DBP and DOP-containing DCBE mixtures under the same 
experimental conditions. Moreover, DMP molecules were the smallest poroge-
nic agents, thus the generation of the most densely crosslinked PCN network 
after high-temperature synthesis was expected in this case, and consequently 
the lowest Dka value for the final nanoporous PCNDMP30 sample was obtained. 
Increasing the initial DMP content up to 50 wt% facilitated the phase separa-
tion process (due to dilution effect), thus resulting in higher pore volume and 
Dka values for the nanoporous PCNDMP50 sample as compared to the PCNDMP30 
film with an invariable pore diameter. Replacing DMP with DBP caused a re-
duction in the thermodynamic stability of the initial DCBE-contai ning mixture, 
as mentioned above. Therefore, pore sizes in the PCNDBP30 sample increased, but 
pore volume appeared to be lower (due to the lower initial DBP content in the 
mixture) as compared to the PCNDMP30 sample. Since the δ value of pure DOP is 
lower by ~5.3 MPa1/2 than that for individual DCBE component, the DCBE/DOP 
mixture possessed the poorest thermodynamic miscibi lity as compared to both 
DMP and DBP-containing DCBE compositions. The size of DOP molecules was 

Fig. 3.16. Dependence of Dka on 1/T for nanoporous samples during isothermal annea-
ling: PCNDOP20 (1), PCNDBP30 (2), PCNDMP30 (3), and PCNDMP50 (4)
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15—35 % larger than that of the other porogens used. Therefore, a rapid phase 
separation process could occur for the DCBE/DOP mixture under the same syn-
thesis conditions. As a result, only 20 wt% of DOP could be successfully intro-
duced into the PCN film material, and the final nanoporous PCNDOP20 sample 
had quite large pore sizes and the highest Dka value, but the lowest pore volume 
as compared to the other PCN-based samples investigated. 

Dielectric properties of the series of PCN/phthalate samples after thermal 
annealing were studied as well [48]. The neat PCN film presented a permitti vity 
εʹ at 1 kHz equal to 3.29 (Fig. 3.17, curve 1), which is relatively low and is known 
for polycyanurates [3]. It is noteworthy that the neat PCN sample was extrac ted 
in the same conditions as those used for the other samples. In the case of PCN/
DBP 30 wt% (Fig. 3.17, curve 2 at 1 kHz, εʹ ~ 3.31), the εʹ values were slight-
ly higher than those for the neat PCN film, which were probably wit hin the 
range of experimental errors or due to the presence of DBP traces. For typical 
nano porous PCN-based films, the permittivity values εʹ of PCN/DMP 30 wt% 
and PCN/DMP 50 wt% samp les were equal to 3.20 and 3.13, respectively (at 
1 kHz, Fig. 3.17, curves 3 and 4). They were a little bit lower than the value 
of permittivity for the neat PCN, thus indicating the presence of pores in the 
films, but in relatively small content. Such results are in accordance with the 
formation of nanosized pores associated with relatively low values of the total 
pore volume in the PCN-based samples, as shown above by SEM and DSC-
based thermoporometry (see Table 3.2).

By using the mixing rules (log εʹ = x × log εʹ1 + (1 – x) × log εʹ2 with x the 
pore content, εʹ1 and εʹ2 the dielectric constants of air (pores) and matrix, res-
pectively), it as is possible to assess that nanoporous PCN-based matrices con-
tained about 5 % of pores, thus corresponding to a slight decrease in the effec-
tive permittivity of the medium. Evidently, some pores collapsed after annea-
ling of the samples at T = 250 °C for 2 h. Finally, it can be concluded that the 
nanoporous films studied exhibit dielectric properties typical for PCN matrices 
with low pore contents.

The specific surface area (Sp) is one of the most important features in the 
characterization of porous materials, and the Brunauer-Emmett-Teller (BET) 
analysis is the standard method for its determination from nitrogen adsorption 
isotherms [58]. When the BET method was applied to some nanoporous PCN-
based samples developed, it was found that thermal annealing increased their Sp 
values, as expected, due to the increase in the Vp values. For example, for the na-
noporous PCNDMP30 sample, the Sp value was equal to around 30 m2/g while after 
annealing at 150 °C, it increased up to 70 m2/g. Similarly, for the nanoporous 
PCNDBP30 sample, after annealing at 150 °C, the Sp value increased from 61 to 
167 m2/g. Correspondingly, such results are in accordance with the conclusions 
inferred from the DSC-based thermoporometry and SEM data.
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3.7. Gas transport properties

Gas transport properties in polymers are governed by a diffu-
sion/solubility mechanism which is closely related to the polymer chain mobility 
and to free volumes available for gas sorption and diffusion process. Although 
some gas sorption data have recently been determined for micro- and meso-
porous polycyanurate networks [59, 60], no data concerning both gas diffusion 
and sorption properties have hitherto been reported for such PCN networks. 
It is worth noting that both parameters are important and useful to probe the 
structure and chain mobility of thermosets. As an example, previous studies 
performed on glassy epoxy networks [61] showed that increasing the network 
crosslink degree leads to an increase in gas solubility. It was observed that the 
gas diffusion simultaneously dropped due to the increase in the glass transition 
temperature. Also, there was revealed an increase in the diffusion coefficient 
within the network in the presence of a plasticizer (dibutyl phthalate) associated 
with a decrease in the gas solubility. These results were assigned to the rise of 
chain mobility and descent of the free voids available for gas sorption [61].

In our work [62] concerning nanoporous PCN films obtained through the 
use of phthalates as high-boiling-temperature porogens, gas transport proper-
ties, namely diffusion coefficient, solubility coefficient, and resulting permea-
bility coefficient, were determined for a series of gases of different kinetic dia-
meters, and the evolution of gas transport parameters of nanoporous PCNs as 
a function of the initial porogen content and the processing steps applied was 
discussed regarding the network structure.

Permeation measurements were performed at 20 °C for helium (He), oxy-
gen (O2), and carbon dioxide (CO2) with respective kinetic diameters of 2.60, 
3.46, and 3.30 Å respectively [63]. The PCN-based samples with a useful area 
of 3 cm2 and a constant thickness of around 150 μm 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 was measured under an upstream pressure, P1, equal to 3 bars. 
The downstream pressure, P2, was estimated as a function of time. The permea-
bility coefficient, P was calculated from the slope of the linear time dependence 
of P2 in a steady state, and the diffusion coefficient, D was deduced from the time 
lag, θ as determined by the extrapolation of the steady state line on the time axis: 

D = —  ,e2

6θ   
                                              (3.3)

where e is the film thickness in cm, and D is expressed in cm2 · s–1.
Assuming the Fickian transport mechanism, the solubility coefficient, 

S was calculated from the following equation [63]:
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        P = D · S ,                                                     (3.4)
where S is expressed in cm3

STP · cm–3 · cmHg
–1 and P — in barrers.

The sorbed CO2 concentration (CCO2) was calculated from the solubility 
parameter by taking into account the gas pressure P1 at which the permeation 
experiments were performed:

CCO2
 = S × P1 ,                                                  (3.5)

The transport coefficient accuracy was estimated to be equal to ±8 %.
The ideal selectivity for a gas pair (αA/B) was also calculated by the ratio of 

the gas permeability coefficients as follows:

αA/B = — ,PA

PB     
                                               (3.6)

The gas transport parameters measured for different PCN films are listed 
in Table 3.6 [62]. It was impossible to determine the diffusion coefficient for 
helium with a high accuracy because the low kinetic diameter of He molecule 

Table 3.6. Gas transport parameters for PCN films under investigation

Sample code
PHe,  

barrer
PO2

, 
barrer

DO2
 10–8, 

cm2 · s–1

SO2
 10–2,  

cm3
STP  · cm–3 · cmHg

–1

PCO2
,  

barrer

PCN/DBP (70/30) 4.49 0.61 4.55 0.13 3.69
PCN/DMP (70/30) 3.14 0.37 2.00 0.18 1.40
PCN/DMP (50/50) 4.13 0.56 4.66 0.12 2.87
PCNDBP30 6.82 0.61 0.58 1.05 3.15
a-PCNDBP30 7.30 0.45 0.64 0.70 1.46
a-PCNDMP30 7.30 0.72 0.94 0.76 2.28
a-PCNDMP50 7.00 1.08 1.10 0.98 3.13

Sample code
DCO2

 10–8, 
cm2 · s–1

SCO2
 10–2,  

cm3
STP  · cm–3 · cmHg

–1

CCO2
,  

cm3
STP · cm–3 αHe/O2

αHe/CO2

PCN/DBP (70/30) 1.56 2.40 5.62 7.4 1.2
PCN/DMP (70/30) 0.52 2.70 6.07 8.5 2.2
PCN/DMP (50/50) 1.21 2.37 5.33 7.4 1.4
PCNDBP30 0.22 14.20 32.17 11.2 2.2
a-PCNDBP30 0.16 9.30 20.92 16.2 5.0
a-PCNDMP30 0.22 10.10 22.81 10.1 3.2
a-PCNDMP50 0.26 12.10 27.22 6.5 2.2

The prefix ‘a-’ in sample codes distinguishes the annealed nanoporous PCN films.
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made its diffusion rate high, leading to very low time lag values caused by the 
thickness of the films investigated. 

Different trends can be observed from the transport parameters (Table 
3.6). In particular, for all the membranes studied, the permeability coeffi-
cient increased going from O2 through CO2 to He. These variations are in 
agreement with the general trends observed for polymers. The high perme-
ability level obtained for helium can be assigned to its low kinetic diameter 
and high diffusion rate. Oxygen exhibited lower permeability due to the 
combination of its low diffusion rate and low solubility. The intermediate 
values of permeability obtained for CO2 can be assigned to the high solubil-
ity of this molecule.

In the film series investigated, the lowest gas permeability and solubility 
coefficient along with the highest gas diffusion rate were obtained before the 
Soxhlet extraction step. The phthalate molecules occupied the network’s  free 
volumes, which therefore were not available for gas sorption. It should also be 
noticed that increasing the DMP content in the PCN network had a much hig-
her impact on the diffusion coefficient than on the solubility coefficient. In the 
non-extracted network series, the permeability seems to be governed by the 
kinetic parameter of the transport. 

The high diffusion rate can be assigned to significant network chain mo-
bility due to the plasticizing effect induced by the phthalate moieties. Indeed, 
the non-extracted networks exhibited low glass transition temperature with 
respect to the extracted ones (Table 3.7). After extraction, a  narrowing of 
the ΔTg range and a shift of the glass transition temperature to higher values 
were observed for all the samples studied. The interpretation of the ΔTg va-
lues presented by Saiter et al. [64] indicates the fact that the higher the ΔTg 
values, the larger the width of time distributions characterizing molecular 

Table 3.7. DSC data for PCN-based samples under investigation

Sample code
Glass transition temperature, Tg, °C

onset midpoint end ΔTg
a

PCN/DBP (70/30)   80 104 129 49
PCN/DMP (70/30)   74   96 119 45
PCN/DMP (50/50)   88 105 123 35
PCNDBP30 214 225 236 22
PCNDMP30 210 224 238 20
PCNDMP50 204 214 224 28

a The glass transition temperature range (ΔTg) calculated as the difference between end 
and onset temperatures associated with the glass transition zone.
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dynamics, and therefore the higher long-scale structural disorder in the ma-
terials is expected.

The impact of the extraction step was investigated on the PCN/DBP (70/30) 
sample (Table 3.6). Indeed, the previous analysis performed on PCN films 
based on higher porogen contents evidenced the presence of a certain degree 
of heterogeneity after the Soxhlet extraction [48]. This could make difficult the 
interpretation of the gas transport behavior. The data presented in Table 3.6 re-
veal that the extraction performed on the PCN/DBP film has a significant effect 
on He permeability, whereas it only slightly modifies O2 and CO2 permeability 
values. The low variation of the oxygen and carbon dioxide permeability values 
observed for this network can be explained by the opposite variation of the 
diffusion and solubility coefficients. The extraction step led to the formation of 
nanosized pores, thus explaining the significant increase observed in gas solu-
bility. However, the loss of DMP simultaneously led to a significant decrease in 
the chain mobility, thus making the diffusion rate slower.

The significant impact of the extraction step observed on He permeabi-
lity can be assigned to the small kinetic diameter of this molecule and its lo-
wer sensitivity to variation of polymer chain segmental mobility. The expected 
decrease in the diffusion coefficient due to chain mobility restriction should 
then be much less important for this gas in comparison with gases constituted 
of larger molecules. As a result, a significant increase in helium permeability 
was observed for the films after extraction causing an increase in the He/CO2 
and He/O2 selectivity by a factor of ~1.5—1.8 with respect to the non-extracted 
analog. Last, it is noteworthy that the amount of CO2 sorbed in the PCNDBP30 
film (e.g., CCO2 ~32 cm3

STP · cm–3 Table 3.6) is close to those reported on mi-
cro- and mesoporous polycyanurate networks, despite different pore contents 
and sizes. Indeed, the films prepared by Yu et al. [59, 60] were characterized by 
smaller pore sizes but bigger total pore volumes as compared to those investi-
gated in our work [62].

The effect of additional heating of the nanoporous films above their glass 
transition temperatures (i.e., at 250 °C) was also estimated. Comparative stud-
ies of transport properties of PCNDBP30 membranes before and after annealing 
showed that one such a post-treatment does not significantly modify He per-
meability; it rather leads to a decrease in CO2 and O2 permeability coefficients. 
Taking into account the uncertainty, one can conclude that O2 and CO2 diffu-
sion coefficients did not vary, whereas the gas solubility diminished after the 
annealing step. It was shown that during annealing at 250 °C porogen evapo-
ration occurred, and post-curing of dangled PCN chains might also take place. 
As the PCN crosslink degree was already high before the annealing step, it can 
be assumed that the variation of the Tg value induced by the additional thermal 
post-curing was not high enough to have a significant impact on the D values. 
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3.8. Conclusions

However, as the annealing at 250 °C took place in the rubbery state, changes in 
porosity occurred due to possible chain rearrangement within the PCN net-
works. The decrease in the gas solubility indicates hat a decrease in the global 
pore volume and an increase in the gas selectivity can be related to the decrease 
in the average pore sizes.

The CO2 and O2 transport parameters measured for the a-PCNDMP30 samp le 
were systematically slightly higher than those determined for a-PCNDBP30. The 
lower molecular mass of DMP as compared to that of DBP as well as the lower 
affinity of DBP to PCN monomer (DCBE) [48, 54] led to the introduction of 
a higher number of porogen molecules in the PCN/DMP samples than that in 
the PCN/DBP ones. After porogen desorption, these facts resulted in higher 
pore volume contents for PCN/DMP samples as compared to PCN/DBP ones. 
This effect was emphasized by increasing the DMP amount from 30 to 50 wt%. 
A certain growth of the pore volume had a higher impact on the behavior of 
CO2 and O2 in comparison with He, thus showing again the importance of the 
diffusant kinetic diameter for the transport mechanism in the nanoporous ther-
mosetting polymer series studied.

3.8. Conclusions

The synthesis of polycyanurate networks in the presence of 
high-boiling-temperature liquids, such as dimethyl phthalate, dibutyl phtha-
late, or dioctyl phthalate, followed by their quantitative extraction with acetone 
and drying of the resulting films, enables the straightforward and effective for-
mation of mesoporous PCN thermosetting films. Such frameworks have fully 
been characterized by gel fraction determination, FTIR, DSC, SEM, DSC-based 
thermoporometry, and pycnometry. Pore sizes ranging from 10 to 150 nm can 
be generated. Although phthalates act as plasticizers by decreasing the thermal 
features of the modified PCN networks such as Td (TGA) and Tg (DSC), the 
removal of porogenic liquids in porous frameworks leads to the recovery of 
thermal characteristics compared with those of the neat PCN.

Thermostable nanoporous polycyanurate films possessing high glass tran-
sition temperatures and low dielectric constants are expected to be promising 
materials for advanced applications in many branches of industry, including 
microelectronics, airspace technology, and the automotive industry.

This chapter has reported the annealing behavior and thermal stability 
of nanoporous thin-film materials based on cyanate ester resins synthesized 
via chemically induced phase separation using high-boiling-temperature 
(Tb ~ 282—384 °C) low-molecular-mass (M ~ 194—310 g · mol–1) phthalates 
as porogens with different sizes of molecules (r  ~  4.05—5.45 · 10–10 m). The 
response of the materials investigated to isothermal annealing (in an air atmo-
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sphere) in the temperature range from 50 to 250 °C  for up to 48 h has been 
analyzed in detail. It was found that depending on the type and amount of the 
porogen used, a steady state during isothermal treatment at temperatures below 
the glass transition (i.e., up to ~200—220 °C) in the final nanoporous films is 
reached after 5—20% loss of the initial mass associated with the desorption pro-
cess of both moisture and porogen molecules trapped in the densely crosslinked 
CER matrix. It has been established that isothermal annealing has no influence 
on the chemical structure and thermal performances of the annealed PCN-
based samples, which allowed for applying the desorption law to describe the 
kinetics of annealing of the nanoporous PCNs studied using the proposed mo-
del in a quantitative manner. The values of the apparent diffusion coefficient 
have shown a strong influence of the molecule size and amount of the porogen 
used on the desorption behavior of the nanoporous PCN-based films during 
isothermal annealing at 50—150 °C.

The increase in annealing temperature to 250 °C resulted in an unceasing 
mass loss tendency accompanied by irreversible changes, such as darkening, 
increasing fragility, and some changes in chemical structure, in all the nano-
porous samples studied, as confirmed by the FTIR spectroscopy measurements, 
which were associated with the thermal-oxidative degradation process. Thus, 
the methodology applied and the numerous dependences revealed can be useful 
in terms of understanding and prediction of high-temperature short-term and 
long-term application of nanoporous thin-film materials based on high-per-
formance cyanate ester resins under both isothermal and dynamic conditions. 

Interestingly, the nanoporous thermosetting materials demonstrated a sig-
nificant increase in He permeability after porogen extraction. Moreover, all 
membranes exhibited higher CO2 and O2 sorption abilities and increased He/O2 
and He/CO2 selectivity factors after porogen desorption (i.e., after the annea-
ling step). It has been shown that both the chain mobility and free volume gov-
ern the gas transport properties before porogen extraction, whereas the pore 
volume content and pore size become predominant factors in the case of the 
PCN membranes obtained. Additional annealing of these high Tg systems in the 
rubbery state clearly leads to the modification of the porous network structure, 
which allows for an increase in the separation ability between low- and high-
sized gas molecules in the glassy state.



69

CHAPTER 4
CREATION OF NANOPOROUS  
POLYCYANURATE THERMOSETS  
BY USING IONIC LIQUIDS

4.1. Introduction

Ionic liquids (ILs) are organic salts that typically consist of 
bulky, asymmetric organic cations and inorganic symmetric 
anions. Room-temperature ILs are defined as salts with mel-
ting points below or equal to room temperature [65, 66]. ILs 
have attracted widespread interest in polymer science due to 
their versatile properties, such as negligible saturated vapor 
pressure, wide liquid-state temperature range, non-flammabi-
lity, incombustibility, high electrical conductivity, and good 
stability to oxidation [67—71]. They have progressively been 
used as solvents and catalysts for polymerization reactions [71] 
as well as additives in the design of polymer materials [72]. 
Their peculiar structure enables easy separation, recovery, and 
recycling of the catalyst from the reaction mixtures. In the case 
of membrane processes, ILs are used in the design and modi-
fication of advanced materials that enable performance levels 
not typical for conventional materials [73]. Another applica-
tion of ILs consists in using them as effective and reusable po-
rogens in vinylic networks [74]. When ILs are used as poroge-
nic solvents, during the in situ formation of polymer networks, 
chemically-induced phase separation occurs. To act as efficient 
porogens, ILs have to possess: (i) high-boiling temperature to 
avoid any premature evaporation, (ii) high thermal stability to 
remain unchanged up to the complete curing of the polymer 
networks, and (iii) easy extractability to be readily removed 
from the cured networks, thus affording porous thermosetting 
materials. Porous polymeric materials have a  large variety of 
applications in many areas as highly selective membranes, ad-
sorbents, and filters, porous electrodes for fuel cells, sensors or 
insulators, etc. [44]. 
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Recently, we have investigated the catalytic effect of ILs on the curing process 
of CERs, and an acceleration effect has clearly been highlighted in the polycylotri-
merization of dicyanate ester of bisphenol E in the presence of a specific IL [75]. 

In papers [75, 76], we have informed about our engineering novel nano porous 
CER-based thermosetting films by using a room-temperature IL, namely 1-heptyl-
pyridinium tetrafluoroborate ([HPyr][BF4]), as a porogen, and investigation of the 
effect of porogen content on the structure and properties of resulting porous CERs.

DCBE was mixed with [HPyr][BF4] in a given ratio (the content of  [HPyr][BF4] 
was equal to 20, 30, and 40 wt%), and the homogeneous mixtures were subject-
ed to an ultrasonic bath at 60 °С for 30 min. These solutions were then poured 
into a PTFE-coated mold and cured over the temperature range from 25 to 250 
°С with a heating rate of 0.5 °С/min. The generation of nanoporous thermo-
setting films was accomplished through the formation of CER-based thin films 
derived from the in situ polycyclotrimerization of DCBE in the presence of 

[HPyr][BF4] with further removal of the 
latter. The CER formation in the pre-
sence of [HPyr][BF4] and subsequent 
pore generation are schematically pre-
sented in Fig. 4.1) [76].

For the generation of a porous struc-
ture, the films obtained with a thickness 
of around 100 µm were subjected to ext-

Fig. 4.1. Representative scheme of CER formation in the presence of [HPyr][BF4] and 
subsequent pore generation
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4.2. Spectroscopic analysis of network structure

raction with ethanol in a Soxhlet apparatus for 16 h. After extraction, the sam-
ples were dried at 25 °С up to a constant mass. The following codes were applied 
to the samples under investigation: CERext, CER20ext, CER30ext, and CER40ext for 
the extracted CER sample synthesized without IL and for extracted CER sam-
p les synthesized in the presence of IL, where the subscripts indicate the ini-
tial content of [HPyr][BF4]. The code CER40 was applied to the non-extracted 
 sample with a [HPyr][BF4] content of 40 wt%; it was used as a reference sample 
for the sake of comparison.

 The gel fraction contents associated with CER samples were determined 
after ethanol extraction [76]. Fig. 4.2 shows that the experimental and theore-
tical values of the gel fraction content nearly, coincide thus strongly suggesting 
the completion of CER formation and [HPyr][BF4] extraction from CER-based 
networks and confirming the chemical inertness of the IL toward CER. It should 
be noted that even a [HPyr][BF4] content as high as 40 wt% in the initial system 
did not hinder the formation of a highly crosslinked CER structure.

4.2. Spectroscopic analysis  
of network structure

In order to evaluate the effect of [HPyr][BF4] on the network 
structure and further confirm its chemical inertness to DCBE, the FTIR analy-
sis was performed [76]. Fig. 4.3 displays FTIR spectra of CERext, CER40ext, CER40, 
and pure [HPyr][BF4]. The FTIR analysis of the CER40ext sample (and of the 
other extracted CER samples, not shown here) demonstrates the presence of 
C=N—C  and N—C—O/N=C—O  stretching absorption bands of cyanurate 
repea ting units at 1356 cm–1  and 1558 cm–1  respectively, and does not indi-
cate  any stretching absorption bands of unreacted cyanate groups at 2272—
2236 cm–1 thus corroborating the formation of CER network.

It should be pointed out that, for both the CER40 and the pure [HPyr][BF4], 
the band at 1490 cm–1 and the broad band with a maximum at 1058 cm–1 corre-
sponding to the stretching mode of pyridinium cation [77] and the asymmetric 
stretching of BF4

– anion of the IL, respectively, were observed. Logi cally, af-
ter [HPyr][BF4] extraction, such absorption bands disappeared from the FTIR 
spectrum of the CER40ext sample, while the intensities of the bands at 1558 cm–1 
and 1356 cm–1 did not change significantly. It is noteworthy that the well-de-
fined bands in the region of 1100—1000 cm–1  in the spectra of CERext and 
 CER40ext corresponded to the C—O—C bonds in the CER network structure. 
Consequently, the FTIR analysis confirmed the chemical inertness of IL to the 
CER network and the efficient removal of [HPyr][BF4] from the CER matrix. 

1H NMR spectra of [HPyr][BF4] and a typical sol fraction obtained after 
CER extraction are shown in Fig. 4.4. The resonance signals at 0.84, 1.28, 1.91, 
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3.34, and 4.60 ppm can be assigned to the protons from -C7H15, and the pre-
sence of protons from pyridinium ring is observed with chemical shifts equal 
to 8.16, 8.60, and 9.08 ppm [76]. Obviously enough, the 1H NMR spectrum of 
the sol fraction closely matches that of [HPyr][BF4], only traces of unreacted 
DCBE and/or soluble low molar mass cyanurate fragments non-incorpora-

Fig. 4.4. 1H NMR spectra of [HPyr][BF4] (a) and sol fraction after CER40 extraction (b)

Fig. 4.3. FTIR spectra of ionic liquid [HPyr][BF4] and typical CER net-
works before and after extraction
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4.3. SEM, EDX, and DSC-based thermoporometry studies

ted into CER network are observed in the interval of 6.62—7.08 ppm. Once 
again, this spectroscopic analysis confirms that [HPyr][BF4] was undoubtedly 
removed from CER networks.

4.3. SEM, EDX, and DSC-based 
thermoporometry studies

Typical SEM images of CER films before and after extrac-
tion of [HPyr][BF4] are presented in Fig. 4.5. As expected, both CERext and 
CER40 samples (Fig. 4.5a, c, respectively) exhibit compact and non-porous 
structures, whereas CER20ext and CER40ext samples (Figs. 5b and 4.5d, respec-
tively) display a nanoporous structure with pore diameters ranging from 25 
to 170  nm, depending on their CER/IL composition. Pore sizes generally 
increase and pore size distributions widen with increasing the porogenic sol-
vent (i.e. [HPyr][BF4]) content (Table 4.1) in the IL-filled CER precursors. 
The micrographs were carefully analyzed using the ImageJ software. Most 
pore area fractions fall in the range of 500 to 5000 nm2 (Fig. 4.6), which cor-
responds to pore dia meters (Dp) from ~25 to 80 nm. The quantity of larger 
pores (with pore area higher than 5000 nm2, i.e. Dp > 80 nm) turned out to 
be negligible. The values of ave rage pore diameters were found to be around 
40, 60, and 65 nm for CER20ext, CER30ext, and CER40ext, respectively (Table 4.1). 
It is noteworthy that the porosity ratio values as determined from SEM data 
are in excellent agreement with expected values, considering the complete 
removal of IL initial content.

Besides SEM micrographs, Fig. 4.5 also shows corresponding EDX spec-
tra. As expected, the absence of B and F elements of [HPyr][BF4] is observed 
in the porous samples studied, which confirms the complete extraction of IL 
from CER/IL precursor samples. Table 4.2 summarizes the experimental and 
theoretical values of element contents in the CER-based samples under study. 
Interestingly, both sets of values are in good agreement.

Table 4.1. Main porosity characteristics for nanoporous СER-based films

Porous 
films

SEM DSC-based thermoporometry

Average pore  
dia  meter, 

nm

Pore size 
distribution, 

nm
Porosity 

Average pore  
diameter, 

nm

Pore size 
distribution, 

nm

Total pore 
volume,  
cm3 · g–1

CER20ext 40 ~25—100 0.18 45 ~20—105 0.037
CER30ext 60 ~25—165 0.30 60 ~20—175 0.120
CER40ext 65 ~25—170 0.39 60 ~20—180 0.124
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The melting thermograms of water in nanoporous CER samples in the tem-
perature region between –3 and 4 °С and the corresponding profiles of pore size 
distributions are given in Fig. 4.7a, b, respectively. 

Fig. 4.5. Typical SEM micro-
graphs of CER-based samples: 
CERext (a), CER20ext (b), CER40 
(c), CER40ext (d) and corre-
sponding energy dispersive 
X-ray (EDX) spectra (e)
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Table 4.2. Experimental and theoretical values  
of element contents in typical CER-based samples

Samples

Element contents (wt%)

Experimental (EDX) Theoretical (calculated)

C N O F B C N O F B

CERext 76.0 12.0 12.0 0 0 76.2 11.1 12.7 0 0
CER20ext 75.8 12.1 12.1 0 0 76.2 11.1 12.7 0 0
CER30ext 76.8 11.5 11.7 0 0 76.2 11.1 12.7 0 0
CER40ext 77.3 11.7 11.0 0 0 76.2 11.1 12.7 0 0
CER40 67.1  9.0  7.1  14.4  2.4 69.3  9.0  7.7  12.1  1.8

Fig. 4.7. DSC melting thermograms of water confined within the pores of nanoporous 
CERs (a) and the corresponding pore size distribution profiles (b)
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In the thermograms of CER samples, two endothermic peaks were detec-
ted: one with a maximum, Tm, between –2 and 0 °С corresponding to the mel-
ting of water constrained within the film pores, and the other with a maximum, 
Tm0, between 0 and 2 °С related to the melting of bulk water (Fig. 4.7a). It was 
found that pore size distributions for the porous CER-based films were in the 
range of ~20—180 nm (Fig. 4.7b), and their average pore diameters were around 
45—60 nm, depending on the initial IL content in the CER precursors (Table 
4.2). It is noteworthy that an increase in the [HPyr][BF4] content resulted in in-
creasing pore diameters and a broadening pore size distributions, along with in-
creasing pore volu mes. These results are in close agreement with those obtained 
from SEM analysis. The minor discrepancies between the pore characteristics 
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determined by both techniques can be explained by the difference between real 
pore shapes of CER structures and circular ones used for the mathe matical data 
processing in SEM analysis.

4.4. Thermal stability  
of CER-based films by TGA

The influence of [HPyr][BF4] on the thermal stability of nano-
porous CER networks has been investigated by the authors using TGA [76]. 
Mass loss and corresponding derivative curves are presented in Fig. 4.8 and the 
main corresponding data are summarized in Table 4.3. For the neat CER sam-
ple, the first step of the intensive mass loss was observed in the temperature 
range of ~390—490 °C which was associated with the degradation of the skele-
ton of crosslinked CER network, and the second step was observed at higher 
temperatures with a small mass loss. For pure [HPyr][BF4], we could observe 
a single degradation stage in the temperature interval from ~350 to 438 °C with 
an intense mass loss of ~94%.

In contrast to pure CER, the thermal decomposition of nanoporous CER 
films was more complex and involved more stages, especially in the lower tem-
perature range. A slight initial mass loss of ~2—5% below 280 °C might arise 
from the removal of entrapped moisture within the CER network. The first 
decomposition step for CER20ext, CER30ext, and CER40ext really occurred in the 
temperature range of 285—395 °C with a mass loss of ~14—17% corresponding 
to the degradation of porous and defective network regions of CER structures. 
Near 400 °C the onset temperature of intensive degradation with higher mass 
loss (~29—30%) occurred, which can be attributed to the destruction of tria-
zine cycles of CER skeleton. The overall decomposition led to 40—42% char 
residues. Surprisingly, the thermal stability of the nanoporous CER-based net-
works decreased compared to that of pure CER, although they had the same 
chemical structure: the temperature for the onset of intensive degradation (Td1) 
and 50% mass loss (Td50%) decreased respectively from 425 °C and 694 °C for the 
CER sample to 395 °C and 503 °C for the  CER40ext sample (Table 4.3). The higher 
the initial [HPyr][BF4] content in the CER precursors, the lower the thermal 
stability of the nanoporous films obtained.  Nevertheless, the temperatures of 
maximum mass loss (Tdmax) are nearly identical for the CER, CER20ext, CER30ext, 
and CER40ext films. The presence of IL in the CER40 sample led to a significant 
reduction of Tdmax by 50 °C and one such film degraded in a single step. One 
could suppose that one such strong dilution (40 wt% of IL) hindered the DCBE 
polycyclotrimerization, as the probability of the elementary reaction step might 
decrease, i.e. the reaction of three cyanate groups together to afford the forma-
tion of cyanurate rings. The presence of DCBE monomer molecules or other 
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intermediate oligomeric molecules that were not incorporated into the CER 
network (as confirmed by 1H NMR spectrum of the sol fraction, see Fig. 4.4), 
along with IL, might drastically decrease the Tdmax value of CER40 sample. After 
extraction of all the soluble fragments, the final nanoporous  CER40ext sample 
was characterized by a high Tdmax value comparable to that of the other nanop-
orous materials obtained (Tdmax = 435 °C).

Removing IL from CER precursory networks afforded nanoporous films, 
which degraded in two steps corresponding to the destruction of the defec-
tive CER network at lower temperatures and the degradation of the regularly 
crosslinked network regions with Td max equal to that of the nonporous CER 

Fig. 4.8. Mass loss (a) and corresponding derivative (b) curves as determined by TGA for 
[HPyr][BF4] and typical CER-based films 
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Table 4.3. TGA data obtained for CER-based networks and pure [HPyr][BF4]

Samples T a
d1, °C T b

d max, °C T c
d50% , °C Mass loss at  

Td max , %
Char residue, 

%

CER 425 435 694 16 50
CER20ext 399 435 538 32 42
CER30ext 396 434 528 33 42
CER40ext 395 435 503 35 40
CER40 340 385 393 42 25
[HPyr][BF4] 376 416 407 67   2

a Td1: onset temperature of intensive degradation as determined by value for intersec-
tion of the tangents to curve at the first inflection point; b Td max: temperature of maxi-
mal degradation rate; c Td50%: temperature of 50% mass loss.
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analog. Consequently, applying [HPyr][BF4] as a porogen reduced the thermal 
stability of resulting nanoporous films compared to that of the neat CER proba-
bly, due to the formation of less regular CER structures.

4.5. Conclusions

Novel nanoporous film materials based on thermostable poly-
cyanurates generated in situ by polycyclotrimerization of DCBE in the presence 
of ionic liquid [HPyr][BF4] have been developed. Nanoporous CER-based films 
were obtained by extraction of the ionic liquid from CER networks. Complete 
IL removal was confirmed by the determination of gel fraction contents, FTIR, 
1H NMR, and EDX spectroscopic analyses. SEM and DSC-based thermoporo-
metry were used as complementary techniques for nanopore characterization. 
Depending on the IL porogen content, the average pore diameter was found in 
the range of 45—60 nm with pore size distributions of ~20—180 nm. It is also 
noteworthy that an increase in the [HPyr][BF4] content resulted in increasing 
pore diameters and broadening pore size distributions. The TGA curves showed 
high thermal stability of the nanoporous films obtained with an onset decom-
position temperature of near 300 °С. It should be stressed that the synthesis of 
CERs in the presence of IL was carried out without using any additional solvent 
or specific catalyst, the ionic liquid being highly thermostable and potentially 
being utilized repeatedly.
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CHAPTER 5
STRUCTURE-PROPERTY RELATIONSHIPS  
FOR NANOPOROUS THERMOSETTING  
CYANATE ESTER RESINS VIA INCOMPLETE 
MONOMER CONVERSION

5.1. Synthesis

The synthesis of CER-based polymer networks (polycya-
nurates, PCN) is generally carried out by polymerizing di-
cyanate ester monomers using a  step-by-step heating proce-
dure [3, 4, 78]. Each curing step brings a higher temperature, 
and subsequently, a higher conversion degree for the cyanate 
groups of dicyanate monomer. The gel point at conversion 
around 50—60 % is reached, and curing promotes simultane-
ous increase in the conversion degree, crosslink density, and 
glass transition temperature of the CER network formed. Such 
a stepwise process eventually results in the generation of rat-
her regular and fully crosslinked structures. A reaction scheme 
associated with the polycyclotrimerization of pure dicyanate 
monomer (DCBE) leading to the network formation is shown 
in Fig. 3.1. Therefore, the curing rate and crosslink density as 
well as the final properties of the CER synthesized depend on 
the temperature-time schedule. However, the polycyclotrimeri-
zation process is rather slow, and it is usually difficult to attain 
high degrees of conversion. Hence, curing catalysts, e.g. comp-
lex catalysts combining transition metal salts or chelates with 
alkylphenols or other active hydrogen sources, are widely used 
to reach quasi-completion [3, 4].

DCBE was mixed with the catalytic complex (a  mixture 
of cobalt acetyl acetonate (0.017 phr) and nonylphenol (2 phr) 
to CER amount), poured into a PTFE-coated mold, and then 
heated according to different step-by-step schedules. The code 
of samples prepared and the corresponding temperature-time 
schedules are given in Table 5.1.

The thickness of as-obtained CER films was around 
150 μm. Porous structures were generated via acetone extrac-
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tion of partially cured CER films using a Soxhlet apparatus for 16 h followed by 
drying under vacuum up to constant mass. Below, index in sample codes will 
refer to the extracted samples. 

To acquire information on conversion degree of cyanate groups in the CER 
films synthesized, FTIR studies were carried out. The FTIR results for the CER 
samples after each temperature step showed the presence of strong absorption 

Table 5.1. Temperature-time schedules for synthesis  
of CERs with controlled monomer conversion

Sample 
code

Temperature step,  
Ti , °С

Duration of curing  
at Ti , h

Total  
polymerization 

time, h

CER1 150 + 180 5 + 0.5 5.5
CER2 150 + 180 5 + 1.5 6.5
CER3 150 + 180 5 + 3 8.0
CER4 150 + 180 + 210 5 + 3 + 1 9.0
CER5 150 + 180 + 210 + 230 5 + 3 + 1 + 1 10.0
CER6 150 + 180 + 210 + 230 + 250 5 + 3 + 1 + 1 + 1 11.0
CER7 150 + 180 + 210 + 230 + 250 + 270 5 + 3 + 1 + 1 + 1 + 0.5 11.5

Fig. 5.1. FTIR spectra of CER samples synthesized with varying conversion 
of cyanate groups. The spectra are shifted vertically for the sake of clarity
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bands at 1360 and 1560 cm–1  arising from stretching vibrations of cyanurate 
rings (triazine and phenyl-oxygen-triazine bands, respectively) (Fig. 5.1). On 
the other hand, in the spectra of the CER samples with the lowest temperature 
of the final heating step (Table 5.1 CER1–CER3 samples), the bands with maxi ma 
at 2266 and 2234 cm–1 associated with stretching vibrations of cyanate  (O—C≡N) 
groups are present, thus denoting the incompletion of polycyclotrimerization 
reaction. After curing at 210 °C (CER4 sample), some residual cyanate groups 
of CER monomer are observed. In contrast, for the samples with higher final 
heating temperatures (CER5-CER7 samples), these bands were hardly detected 
in the corresponding FTIR spectra and a magnification of the spectral region 
between 2400 and 2100 cm–1  was needed to clearly detect the traces of O—
C≡N groups and quantify monomer conversion. Therefore, one can anticipate 
that the higher the curing temperature and/or the duration of curing, the higher 
the conversion degree of cyanate groups and the higher the crosslink density of 
the resulting CERs.

However, after the extraction of unreacted monomer and chemically 
non-incorporated soluble CER fragments from the rigid networks, the genera-
tion of porous structures in all the cases is expected. FTIR analysis of extracted 
samples gave evidence of the absence of absorption bands corresponding to the 
non-reacted OCN groups at 2266—2234 cm–1. On the opposite, the residual 
monomer and aforementioned uncrosslinked fragments were found in the sol 
fractions, as expected.

5.2. Determination of conversion  
degree and gel fraction content 

The time dependence of DCBE conversion as determined 
from FTIR measurements showed that the degree of conversion increased 
from ~79  % for the CER1 sample up to 96% for the CER7 one (Fig. 5.2). 
Moreover, each heating step brought close to the linear growth of cyanate 
conversion. The additional heating of CER samples to 180—210 °C resulted 
in increasing the conversion degree by ~9%, while the subsequent stages of 
heating (230—270 °C) for 2.5  h  allowed conversion to be additionally in-
creased by only ~8%. According to the literature data [3], it was impossible 
to reach the highest conversion of OCN groups at relatively low tempera-
tures since at each curing stage, a CER system with limited crosslink degree 
could be achieved. As a matter of fact, to allow the polymerization process 
to be continued, the curing temperature had to be increased over the Tg of 
the growing network [78]. By such step-by-step curing, nearly complete mo-
nomer conversions associated with high crosslink degrees could be achieved 
for CER systems.
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The conclusions inferred from the FTIR studies were confirmed by the re-
sults of gel fraction determination (Fig. 5.2). The gel fraction content appeared 
to be high, i.e. ranging from 95.8 % for the CER1e sample up to 99.5 % for the 
CER7e network. This can be explained by the presence of a  highly efficient 
catalytic complex providing a high curing degree of CER monomer, even after 
short-term treatment at 180 °C. Therefore, high thermal stability of nanopo-
rous CER samples along with a slight variation in porosity characteristics can 
be achieved. Similar time dependences of the gel fraction and the conversion 
degree were noticed. Thereby, it can be assumed that, after reaching 99.5 % gel 
fraction, an almost completely cured CER network would be generated. The 
corresponding sol fraction content would tend to zero, thus resulting in a sig-
nificant decrease in the created porosity and even the formation of a non-po-
rous material after the further extraction procedure.

5.3. Morphology and porosity parameters

The morphology and porous structure of all extracted CER 
films produced were investigated by SEM (Figs 5.3 and 5.4) and by DSC-based 
thermoporometry (Fig. 5.5). The main porosity characteristics for typical sam-
ples are summarized in Table 5.2. 

First, non-extracted CER samples do not exhibit any porous structure, as 
shown in our previous reports [26, 40]. As expected, for the CER1 sample (with 
the lowest final degree of OCN conversion) after extraction, a  nano porous 
structure with the highest porosity equal to 7.4 % was found (cf. Fig. 5.3 and 
Tab le 5.2 CER1e sample). After extraction of the other CER samples with hig-
her final conversion of OCN groups, nanoporous structures could also be 
crea ted (Fig. 5.3 CER6e and CER7e samples); however, the porosity decreased 

Fig. 5.2. Time depen-
dence of cyanate con-
version and gel fraction 
content after extraction 
for the CER samples syn-
thesized
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down to 4.9% for CER3e, and even to 2.8% for the CER7e sample. According 
to Zhu et al. [79], one can assume that the occurrence of nanopores in CER 
samples is due to not only the removal of non-embedded CER fragments but 
also the own intrinsic porosity associated with the triazine framework. The 
average pore sizes as measured by SEM varied from 10 to 230 nm for all the 
CERe samples studied.

Consequently, varying the temperature-time schedule of CER curing, fol-
lowed by an extraction procedure, allows for tunable variation of the main po-
rosity characteristics of the CERe films, namely pore sizes and their distribution 
as well as the porosity value. 

The micrographs obtained were carefully analyzed using the ImageJ soft-
ware. As seen, most of the area fractions are occupied by pores ranging from 
~60 to 2000 nm2, which corresponds to the diameters of circle-shaped pores 
(Dp) from ~10 to 50 nm (Fig. 5.4). The quantity of larger pores (with pore 
 area > 5000 nm2, i.e. Dp > 80 nm) appeared to be negligibly small. The ave-
rage pore diameters Dp(av) were found to be ~20—45 nm for all the CERe 
films investiga ted (Table 5.2). Moreover, the higher the curing temperature, 
the lower the pore sizes and the narrower the pore size distribution in the 
final nanoporous CERe sample. The increase in the synthesis duration resul-
ted in decreasing porosity (Table 5.2), which can be explained by the trans-
formation of a loose CER network into a denser structure at a higher conver-
sion degree of OCN groups.

200nm

Pores

200nm200nm300nm

Pores Pores Pores

Fig. 5.3. Typical SEM micrographs for the nanoporous CER 
samples studied. Some pores are indicated with white arrows
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The occurrence of a nanoporous structure in the CER1e-CER7e samples 
was confirmed by DSC-based thermoporometry measurements (Figs. 5.5 and 
5.6 Table 5.2). In contrast to the single melting of crystallites in the bulk water 
(Fig. 5.5a), two well-defined overlapping endothermic peaks indicating melting 
of the frozen bulk water (Tm0) and crystallites confined within the pores (Tm) 
are distinctly seen in the DSC thermograms of the porous CER samples stu-
died (Fig. 5.5b). Finally, pore diameters (Dp) and pore size distributions (dV/
dR) were also determined (Fig. 5.6).

Fig. 5.4. Pore area distributions derived from SEM data (ImageJ analysis) 
for the nanoporous CER samples studied
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Fig. 5.5. Typical DSC melting thermograms of (a) bulk deionized water and (b) water con-
fined within the pores of different nanoporous CER structures investigated
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The results obtained by DSC-thermoporometry clearly show that pore 
characteristics are in good agreement with those determined by SEM (Tab-
le 5.2). The minor discrepancies can be explained by the difference between 
po re shapes of the real CER structures and those used for the mathematical data 
processing in SEM analysis. 

Table 5.2 and Fig. 5.6 also demonstrate that changes in synthesis conditions 
bring a slight narrowing in pore size distribution and an insignificant variation 
in average pore diameters, due to a possible increase in CER shrinkage during 
synthesis. Therefore, the structure of the CER samples after extraction can be 
considered nanoporous, and their porosity can be controlled to some extent by 
varying the temperature and duration of high-temperature polymerization.

Table 5.2. Main porosity characteristics of several nanoporous  
CER films as determined by SEM and DSC-based thermoporometry

Sample 
code

SEM a DSC-thermoporometry b

Average pore 
diameter,  

Dp(av) (nm)

Pore size  
distribution, 

Dp (nm)

Pore  
circularity 

(a.u.)
Porosity,  

%
Average pore 

diameter,  
Dp(av) (nm)

Pore size  
distribution, 

Dp (nm)

CER1e  45  10—220  0.83  7.4 45  10—160
CER3e  35  15—230  0.85  4.9 30  10—120
CER5e  30  10—220  0.80  3.0 40  10—100
CER7e  20  10—125  0.90  2.8 30  15—165

a The values calculated using ImageJ 1.48v software; b The values determined from DSC 
thermograms

Fig. 5.6. Typical pore size distribution profiles as determined by DSC-based 
thermoporometry for nanoporous CERs studied
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5.4. Thermal characterization  
of nanoporous CER networks 

Previous studies on the thermal stability of crosslinked CERs 
showed that the thermal degradation process of a completely cured CER consisted of 
two main degradation stages with maxima at ~420—430 °C and ~540—560 °C [55—
57]. Fig. 5.7 and Table 5.3 represent the typical TGA results for the nanoporous CER 
samples under investigation. The data obtained show that the temperatures for 5 % 
(Td5%) and 40 % (Td40%) mass losses increase respectively from 199 °C and 466 °C for 
the CER1e sample up to 326 °C and 503 °C for the CER7e sample (Table 5.3). 

The generation of a nanoporous structure also resulted in the appearance 
of a  slight mass loss (~1—2%) at ~86—90 °C  corresponding to the removal 
of adsorbed moisture (not shown here). The maximal degradation rate for the 
CER1e-CER7e samples was observed at Td max ~426—432 °C due to the brea-
kage of bonds between phenyl and triazine cycles, followed by the degradation 
stage with the maximal rate at Td max ~543—547 °C which testifies the intensive 
decomposition of triazine cycles of CER skeleton (Fig. 5.7). Char residues for all 
the samples investigated varied from 44 to 48 %. 

It is noteworthy that a much lower thermal stability was found for the na-
noporous CER samples cured at 180 °C, which obviously reflects the imperfec-
tion of the CER structure formed due to lower conversion degrees of cyanate 
groups of DCBE as compared to all other CER samples synthesized. Therefore, 
one can suppose that DCBE monomers as well as CER fragments incorporated 
into the CER frameworks by at least one reactive group strongly affect the ther-
mal behavior of the final materials.

As noted above, there are different degrees of completion of the polycyclo-
trimerization reaction for all the nanoporous CER samples. Therefore, along 
with the characterization of the glass transition behavior for all the extracted 

Fig. 5.7. Typical mass loss 
curves from TGA for the nano-
porous CER samples under in-
vestigation 
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CERs, the possibility of a post-curing reaction at temperatures above the glass 
transition was also examined.

Fig. 5.8 discloses the DSC results for the nanoporous CERs studied, and 
Table 5.4 summarizes their main thermal characteristics as determined by DSC. 
The DSC thermograms reveal the presence of an exothermic transition star ting 
from ~190 to ~290 °C depending on the sample, which corresponds to the ad-
ditional curing (post-curing) of the nanoporous CERs produced. Moreover, the 
lower the final temperature of synthesis, so in turn, the lower the conversion de-
gree in the final CER (Table 5.1 and Fig. 5.2), the lower the onset temperature of 
post-curing (Tpostcur), and the higher the exothermic effect. Such a tendency can 
be explained by the generation of a more rigid CER structure with higher con-
version of cyanate groups (Fig. 5.2) and crosslink density in the CER5e-CER7e 
samples as compared to the “less cured” CER1e-CER4e networks formed at 
lower temperatures (Table 5.2). However, for samples with a quite high degree 
of conversion (CER5e-CER7e samples), a  slight post-curing effect at Tpostcur 
~260—290 °C was still recorded. The negligibility of the mass loss at Tpostcur for 
all the samples investigated, as determined by TGA, precluded the possible at-
tribution of the effect observed to any degradation process.

The same dependence of the main glass transition characteristics on the 
final curing temperature in a sequence from CER1e to CER7e samples was al-
so noticed (Table 5.4). The glass transition behavior was expressed by a sharp 
endothermic transition with an onset temperature (Tg onset) ranging from 167 °C 

Table 5.3. Main TGA data on characteristic nanoporous CER films studied

Sample Td5%
a, °C Td40%

a, °C Td max
b, °C Mass loss at 

Td max , %
Char residue, 

%

CER1e 199 466 426 23 44
CER3e 272 471 431 27 46
CER5e 313 487 431 23 48
CER6e 316 499 431 26 47
CER7e 326 503 432 23 47

a Td5% and Td40%  are temperatures for % and 40 % mass losses, respectively; b Td max, tem-
perature of maximal degradation rate

Table 5.4. DSC data for the nanoporous CER samples investigated

Sample code Tg onest , 
°C Tg , °C Tpostcur , 

°C Sample code Tg onest , 
°C Tg , °C Tpostcur , 

°C

CER1e 167 171 190 CER5e 223 235 262
CER2e 182 187 203 CER6e 224 237 264
CER3e 185 199 209 CER7e 227 246 289
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for the CER1e sample to 227 °C for the 
CER7e network (Fig. 5.8). As seen, the 
glass transition temperature, Tg, regu-
larly increases from 171 °C for CER1e 
to 246 °C for CER7e samples, due to the 
formation of a much den ser CER struc-
ture in the latter. The results obtained 
correlate with the FTIR and TGA da-
ta. Therefore, a  simple, easy-handling, 

and effective method for generating well-defined nanopo rous crosslinked CER 
thin films through network formation with incomplete conversion of cyanate 
groups, followed by an extraction procedure, has been developed with a signifi-
cant loss in thermal characteristics compared to those of non-porous high-per-
formance CER thermosets.

5.5. Conclusions

The present investigation reveals the possibility of genera ting 
nanoporous film materials based on thermosetting cyanate ester resins by 
merely varying the degree of completion associated with the polycyclotrimeri-
zation of dicyanate monomer. A series of nanoporous CER films obtained by 
this incomplete conversion technique were thus synthesized. The nanoporous 
structures were generated by the extraction of unreacted monomer or/and 
soluble oligomeric and/or polymeric CER fragments non-incorporated into 
the growing CER networks. Depending on the temperature-time schedule of 
CER synthesis, the peculiarities of porous structures as well as the thermal 
features of nanoporous CER samples were different. It was established that 
the lower the conversion degree, the higher the porosity of nanoporous struc-
tures. TGA studies on nanoporous networks have shown that their thermal 
stability strongly depends on the final curing temperature of network synthe-
sis and its duration, considering that the conversion degree and crosslinking 
density of CERs increase while temperature and time rise. It is noteworthy 
that the thermal stability decreases significantly for nanoporous CERs cured 
at 180 °C due to lower conversion degree as compared to the other samples 
cured at higher temperatures.

Fig. 5.8. Typical DSC thermograms for the 
nanoporous CER samples investigated
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CHAPTER 6
THERMALLY STABLE NANOPOROUS  
CYANATE ESTER RESIN/LINEAR 
POLYURETHANE GRAFTED SEMI-
INTERPENETRATING POLYMER NETWORKS 
CREATED BY IRRADIATION TECHNOLOGIES

6.1. Introduction

The pioneering studies by Fleischer and co-authors on track 
etching in thin sheets of materials [80, 81] exploded a  huge 
trend in further development of physics and chemistry of po-
rous polymer materials, in particular the generation of no vel 
track-etched membranes (TMs), also known as Nuclepore 
membranes [82—84]. 

Nowadays, the track-etching technology is extensively 
used on an industrial scale for producing multipurpose poly-
mer-based membranes for micro- and ultrafiltration, gas and 
liquid separation, and water purification [82—86], as well as 
in the areas of medicine, biotechnology, and genetics [87]. The 
essence of the technology lies in the irradiation of thin poly-
mer films with charged particles of high energy (ions, protons, 
α-particles, γ-irradiation, etc.) or with fragments of heavy nu-
clei 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 ma-
terial fragments are washed out from the tracks, and a regular 
through porosity is formed [82—94]. 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 structure with 
well-defined pore size, pore shape, and density, ensuring the 
required controllable transport and retention charac teristics 
[83, 84, 94—96]. Moreover, the nuclear technology developed 
is quite universal and can be widely applied to most polymers 
and polymer blends [82—87].
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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 physicochemical properties of the final material can be varied in a very wide 
range. To change pore size and shape, pore size distribution, and correspond-
ingly, the final permeability of the membrane produced, an additional sensiti-
zation of the irradiated film can be fulfilled, prior to etching. Sensitization is 
carried out through exposure to ultraviolet, plasma, or γ-irradiation, additional 
temperature treatment, etc., thus resulting in increasing defectiveness of mac-
romolecules and growth of the etching rate inside the tracks formed [82—84, 
92]. 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, con-
centration of etching solution, etc.) [82, 96].

In addition to conventional polyethylene, poly(vinylidene fluoride), poly-
propylene, and polyester-based TMs [85, 89], 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 
[87, 94—96]. However, producing TMs based on high-performance crosslinked 
polymers remains largely unexplored yet. 

To the best of our knowledge, our research results are among the first at-
tempts to produce track membranes from nanoporous materials on the basis 
of high-performance thermosetting polymers. Such materials are usually char-
acterized by high glass transition temperature and temperature of degradation 
(in both inert and air atmospheres) of water resistance and resistance to aggres-
sive media (acids, alkalis, etc.). Indeed, crosslinked cyanate ester resins (CERs) 
have higher thermal characteristics compared to PE, PET, and polyesters, much 
better water resistance compared to polyamides, and easier processing com-
pared to polyimides (CER-based films can be produced by reactive forming 
with no toxic solvent). 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 [17, 78], we have 
studied various combinations of CERs with some monomers, oligomers, and 
polymers, as well as the effect of the modifier type, chemical structure, and 
concentration on the basic physical properties of the modified CER-based net-
works. Semi-IPNs from cyanate ester resin/linear polyurethane compositions 
have appeared to be the most suitable as they improve mechanical properties 
without any significant loss in thermal stability.

Earlier, we published the pioneering results of our successful attempt to 
develop a highly porous structure in hybrid polymer networks of cya nate ester 
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resins modified with 30 wt% of poly(tetramethylene glycol) or poly(ε-caprol-
actone), which were chemically incorporated into the growing polycyanurate 
network. The encouraging results showed the potential of such an innovation 
[97]. Accordingly, the present detailed investigation is focused on the gen-
eration of track-etched membranes based on promising high-performance 
grafted semi-IPNs formed by CERs and linear polyurethane (LPU) possess-
ing high thermal and chemical resistance, low dielectric loss, and moisture 
absorbance as potential membranes for multipurpose applications, especially 
in extreme conditions.

6.2. Synthesis of CER/LPU  
grafted semi-IPNs and generation  
of porous structure

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), fol-
lowed by degassing of the mixture under vacuum for τ ≈ 5 min at T ≈ 100 °C. 
10 wt% of LPU was then dissolved completely in the melt of DCBA (or DCBE). 
The mixture was 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. Finally, 
the CER-A/LPU and CER-E/LPU grafted semi-IPNs derived from DCBA and 
DCBE, correspondingly, were synthesized. The thickness of all the CER-based 
films was around 30—50 µm.

Our previous studies showed that the introduction of 30 wt% of a ther-
moplastic modifier and the final curing at 180 °C does not provide the desired 
mechanical strength of the resulting porous films after etching [17]. There-
fore, then we involved a more effective catalytic complex along with increa-
sing the final curing temperature up to 210 °C and decreasing the modifier 
amount to 10 wt%.

Irradiation. The CER-based films obtained were irradiated with α-particles 
of 27.2  MeV using a  Cyclotron U-120 device (Institute of Nuclear  Research, 
 Ky iv). The density of α-particles that passed through the samples was va ried 
from 2.65 × 1010 to 5.53 × 1010 particles/cm2. In the technology developed, 
the deviation of holes (cylinders) from the vertical direction does not exceed 
8—12 deg depending on the film thickness and the polymer nature. Note that 
the tracks were end-to-end, which was confirmed by the sensors detecting the 
same number of α-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 here).

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

Etching. After irradiation, sensitized and non-sensitized films were etched 
using two different approaches named as a  short-term and a  long-term etc-
hing. During the short-term etching procedure, polymer films were treated 
with a solution of 5% KOH in ethanol at T ~70 °C and mixed with a magnetic 
stirrer for 30 min (sample code has subindex τ1), whereas during the long-term 
etc hing procedure, polymer films were etched at the same conditions for 180 
min (sample code has subindex τ2). All the porous polymer films obtained were 
neutralized with 0.1 M HCl and then washed and dried up to constant mass. 
Finally, two series of porous film materials were obtained; their sample codes 
and corresponding pore generation conditions are given in Table 6.1.

 Earlier, a  series of hybrid materials based on CER networks and LPU 
were synthesized [17, 78], and their structure and segmental dynamics wit-
hin –133—327 °C were studied by FTIR, small-angle X-ray scattering (SAXS), 
DSC, and laser-interferometric creep rate spectroscopy (CRS) techniques. The 
hybridization effect via the chemical interaction of cyanate/urethane groups 
was evidenced in these systems, which led to the formation of completely ho-
mogeneous structures on a scale of >2 nm, irrespective of material composition. 
At the same time, the combined CRS/DSC analysis allowed for revealing a pro-
nounced nanoscale (<2 nm) dynamic heterogeneity within or below extraordi-
narily broad glass transition for these single-phase materials [17]. The existence 
of only stage of thermal-oxidative degradation for the CER/LPU compositions 
of 50/50 wt% and with an excess of CER reflected the chemical uniformity of 
the system (semi-IPN) [22]. Note that no individual degradation stage of the 
components in CER/LPU grafted semi-IPNs was observed. It was interesting 
to investigate the characteristics of porous structure and the effect of the pores 
generation using the irradiation technology and track etching procedure on the 
complex of properties of CER/LPU grafted semi-IPNs. 

Table 6.1. Sample codes and pore generation conditions

Sample code

Pore generation  
conditions

Sample code

Pore generation  
conditions

α-irra-
diation / 

γ-sensitiza-
tion

Etching 
time,  

τ (min)

α-irra-
diation / 

γ-sensitiza-
tion

Etching 
time,  

τ (min)

CER-A/LPUτ1 + / – 30 CER-A/LPUτ2 + / – 180
CER-E/LPUτ1 + / – 30 CER-E/LPUτ2 + / – 180
CER-A/LPUγ,τ1 + / + 30 CER-A/LPUγ,τ2 + / + 180
CER-E/LPUγ,τ1 + / + 30 CER-E/LPUγ,τ2 + / + 180
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6.3. Morphological characterization  
of nanoporous structure

Fig. 6.1  represents the typical SEM micrographs for porous 
films of CER-A/LPU and CER-E/LPU grafted semi-IPNs, specifically, CER-A/
LPUγ,τ2 (Fig. 6.1a) and CER-E/LPUγ,τ2 (Fig 6.1b). SEM photos for the other 
samp les are not shown here. One can see the generation of well-defined nano-
porous structures in the CER/LPU grafted semi-IPNs. The pore size distribu-
tion diagrams for different stages of pore generation in all CER/LPU grafted 
semi-IPNs are given in Fig. 6.2. The results of calculations on the basis of the 
SEM micrographs and ImageJ and OriginLab softwares are summarized in Ta-
ble 6.2. A quantitative analysis of the porous structures showed the presence of 
numerous black areas of high circularity corresponding to pore diameters (Dp) 
sized from ~4 to ~27 nm with a predominant majority of pores not larger than 
~15 nm. Increasing etching time and using sensitization for both the CER-A/
LPU and the CER-E/LPU samples resulted in significantly increasing their total 
porosity (Table 6.3). 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 α-particles penetrate both LPU and CER frag-
ments of grafted semi-IPNs, and after etching of tracks, pores are formed every-
where in these samples.

 It is known that sensitization ensures a more selective etching, and the 
samples sensitized before etching are characterized by a  better defined and 
more regular porous structure with narrower pore size distribution per unit 
area. Sensitization was carried out in order to increase the material destruc-
tion along the tracks. This allowed for speeding up the process of film etch-
ing, and it was carried out by additional processing with sufficiently powerful 
irradiation [82—84]. One can see that extension of etching time from τ1 = 30 
to τ2 = 180 min leads to increasing the total porosity by 3 and ~2  times for 
the CER-A/LPU and CER-E/LPU grafted semi-IPNs created, correspondingly. 
The additional sensitization during short-term etching increased the total po-
rosity value by ~1.5 and 1.8 times, whereas during long-term etching — only 
by ~8% and 13% for the nanoporous CER-A/LPU and CER-E/LPU grafted 
semi-IPNs created, respectively. Thus, the sensitization with γ-rays facilitates 
and improves the efficiency of track etching. Moreover, increasing etching 
time leads to narrowing the pore size distribution (decreasing ΔDp), but almost 
do not affect the average pore diameter (Dp(av)) (Table 6.2). Using an addition-
al sensitization leads to some narrowing of pore size distribution and some 
increasing Dp(av) values (Table 6.2). Thus, by varying the etching duration and 
using sensitization of CER/LPU grafted semi-IPNs, one can tune the porosity 
of such materials. 
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200nm

Fig. 6.1. Typical SEM micrographs for nanoporous CER/LPU grafted semi-IPNs created: 
a — CER-A/LPUγ,τ2; b — CER-E/LPUγ,τ2. Some pores are indicated with arrows

a b

Fig. 6.2. Pore size distribution diagrams (from SEM data) for (a-d) nanoporous CER-A/
LPU and (e-h) CER-E/LPU grafted semi-IPNs created: a — CER-A/LPUτ1, b — CER-A/
LPUγ,τ1, c  — CER-A/LPUτ2, and d  — CER-A/LPUγ,τ2; e  — CER-E/LPUτ1, f  — CER-E/
LPUγ,τ1, g — CER-E/LPUτ2, and h — CER-E/LPUγ,τ
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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 α-irradiation, tracks of uniform 
size are formed in the samples that 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 pene-
trate both LPU fragments and CER matrixes of the grafted semi-IPNs. 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 grafted semi-IPNs, LPU fragments are etched more easily, while 
CER fragments require more time due to slower diffusion of the etching solu-
tion inside the more rigid densely crosslinked CER network as compared to 
LPU. An increase in the total porosity with increasing etching time or with 
using 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 lasts longer (CER fragments). At the same time, some nar-
rowing of the pore size distribution (12—15 nm) 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 size of alpha particles that generate tracks of the same size, 
and by the etching solution chosen, which provides the formation of pores of 
similar sizes.

In order to confirm the observations and conclusions from SEM measure-
ments on the nanoporous structures generated, DSC-based thermoporometry 
was performed for the CER-E/LPU samples obtained. Fig. 6.3a demonstrates 
typical DSC thermoporometry curves for melting ice crystallites of pure water 
and for ice crystallites of water inside the swollen nanoporous CER-E/LPUτ1 
sample onlyendothermic peak with Tm0 ≈ 2.1 °C of melting ice crystallites of 
pure water is present on the corresponding DSC thermoporometry curve. 

Table 6.2. Morphological characteristics of nanoporous materials as determined by SEM

Sample Dp / ∆Dp*, 
nm

Dp(av) , 
nm

Total 
poro 

sity, %
Sample Dp / ∆Dp*, 

nm
Dp(av) , 

nm
Total 
poro 

sity, %

CER-A/LPUτ1 4—27 / 23 11.5 13.8 CER-E/LPUτ1 5—27 / 22 11.8 10.9
CER-A/LPUγ,τ1 5—26 / 21 12.6 21.2 CER-E/LPUγ,τ1 6—22 / 16 12.6 19.1
CER-A/LPUτ2 6—20 / 14 12.5 41.8 CER-E/LPUτ2 7—17 / 10 11.6 22.1
CER-A/LPUγ,τ2 7—18 / 11 11.1 45.2 CER-E/LPUγ,τ2 8—15 / 7 12.0 24.9

* ∆Dp = Dp(max) – Dp(min) .
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However, for the swollen nanoporous CER-E/LPUτ1 sample, there are two en-
dothermic peaks with Tm0 ≈ 2.3 °C and Tm(Rav) ≈ 0.7 °C related to melting ice 
crystallites inside the pores (Fig. 6.3a, curve 1) and melting ice crystallites in of 
the sample bulk (Fig. 6.3a, curve 2).

Note, the cumulative curve of the Gaussian approximation (curve 3) is in 
good correlation with the experimental data obtained for the swollen nanopo-
rous CER-E/LPUτ1 sample (Fig. 6.3a, filled squares). Similar DSC thermoporo-
metry curves were obtained for other swollen nanoporous CER-E/LPU grafted 
semi-IPNs (not shown here).

The calculations made from DSC-based thermoporometry measurements 
confirmed the generation of nanoporous structures in all the samples, regardless 
of etching and sensitization conditions (Fig. 6.3b, c Table 6.3). Table 6.3 informs 
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 diameters were centered within ~26—33.5 nm. Thus, 
it found that an increase in the etching time leads to some narrowing of pore 
diameter distribution, and significant increase (approximately by ~10 times) in 
the pore volume (Vp) for the compositions studied. 

Note that the pore sizes determined by SEM and DSC-based thermoporom-
etry are slightly different. It can be explained by the difference in the techniques 
applied. SEM allows determining the pores located on the sample surface only, 
whereas the DSC-thermoporometry allows counting the pores and their size 
not only on the surface but also inside the sample. It is an experimental fact 
that according to the results of DSC thermoporometry, the average pore size is 
indeed larger (Table 6.3) than that according to the SEM data (Table 6.2). 

The SEM microphotographs (Fig. 6.1) evidence that during the bombard-
ment, a significant part of the alpha particles forms closely spaced tracks.

It can be assumed that during chemical etching, these tracks, increasing 
in size, are combined due to the destruction of common walls, which 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 

Table 6.3. Main porosity characteristics for nanoporous CER-E/LPU  
grafted semi-IPNs as determined by DSC-based thermoporometry

Composition Dp / ∆Dp , 
nm

Dp(av) , 
nm

Vp , 
cm3 ×  
× g–1

Composition Dp / ∆Dp , 
nm

Dp(av) , 
nm

Vp , 
cm3 ×  
× g–1

CER-E/LPUτ1 15—75/60 33.5 0.03 CER-E/LPUτ2 15—50/35 26.0 0.67
CER-E/LPUγ,τ1 15—70/55 27.5 0.07 CER-E/LPUγ,τ2 15—55/40 27.3 0.76
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faster), that is why closely spaced pores on the sample surface remain intact, 
as seen in SEM micrographs. Therefore, the Image J program considers such 
pores as separate, and as a result, the average pore size calculated from the SEM 
microphotographs is smaller than that determined by DSC thermoporometry.

6.4. FTIR investigation of chemical  
structure associated with nanoporous  
grafted semi-IPNs

FTIR spectra of all the nanoporous samples studied are shown 
in Fig. 6.4. The chemistry of CER polycyclotrimerization with the formation 
of polycyanurate network has been studied in detail using FTIR spectroscopy 
before [87, 88] as well as in the present of LPU with the formation of so-called 
grafted semi-interpenetrating polymer networks. All the characteristic bands 
are well-known and described more than once. 
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Fig. 6.3. Typical (a) DSC thermopo-
rometry curves for melting ice crystal-
lites of pure water and ice crystallites of 
water inside the swollen nanoporous 
CER-E/LPUτ1 sample (indicated in the 
plot); curves 1, 2, and 3 correspond to 
the Gaussian fitting of the thermoporo-
metry multi-peak curve for the CER-E/
LPUτ1 sample: 1 — for melting ice crys-
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b, c — Pore size distribution curves by 
DSC thermoporometry for different 
nanoporous CER-E/LPU grafted semi-
IPNs (indicated in the plots)
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Also, it was found that α-irradiation, when applying the sensitization pri-
or to etching and increasing the etching duration, brings a slight decrease in 
the intensity of some absorption vibrations for all the samples studied. More 
specifically, such changes were manifested at 1078—1043 cm–1  reflecting 
C—O—C stretching vibrations, as well as at 1729 cm–1 corresponding to C=O of 
the urethane group stretching vibrations. These alterations in the chemical 
structure of the materials are probably caused by a minor breakage of chemical 
bonds in junctions and/or internodal fragments of polymer networks with sub-
sequent chain termination and recombination reactions during the irradiation 
procedure, followed by the 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.

6.5. Investigation of thermal  
properties using TGA and DSC techniques

The influence of the polymer matrix structure and polymer 
sample treatment on the thermal stability of the nanoporous CER/LPU graft-
ed semi-IPNs was investigated by TGA. Figs. 6.5 and 6.6 display the mass loss 
and the corresponding derivative curves for the nanoporous CER-A/LPU and 
CER-E/LPU grafted semi-IPNs, respectively. Comparison of the TGA results 
for nanoporous CER-E/LPU and CER-A/LPU grafted semi-IPNs show that the 
latter are characterized by higher resistance to thermal degradation, which is 
logical since the CER-A matrix has improved thermal stability compared to the 
CER-E matrix [3]. 

It was found that the thermal behavior of all the systems studied does not 
depend significantly on the duration of etching and additional sensitization: the 
shape of the curves and the number of stages for different samples are similar. 
This fact indicates that the cumulative thermal stability of the final nanopo rous 
materials remains sufficiently high after irradiation and chemical treatment 
them for nanoporous structure formation. For all the nanoporous grafted semi-
IPNs, the degradation temperature onset, Td onset, was found to be within 320—
350 °C depending on the 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 CER skeleton destruction [88]. 
Char residue determined at T ~ 700 °C for all the compositions investigated 
varied from 37 to 42%.

The dependence of thermal degradation temperatures on the sample treat-
ment for nanoporous CER-A/LPU and CER-E/LPU grafted semi-IPNs is shown 
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Fig. 6.5. TGA (a) and DTG (b) curves obtained for nanoporous CER-A/LPU grafted 
semi-IPNs created (indicated in the plots)

Fig. 6.6. TGA (a) and DTG (b) curves for nanoporous CER-E/LPU grafted semi-IPNs 
created (indicated in the plots)
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in Fig. 6.7. As seen, the temperatures corresponding to the 5% mass loss fall in 
the range of ≈293—325 °С and ≈339—359 °С correspondingly for CER-E/LPU 
and CER-A/LPU nanoporous grafted semi-IPNs.

Moreover, additional sensitization shifted the Td5% values to higher temper-
atures by 10 °C for short-term etched and by 32 °C for long-term etched CER-E/
LPU grafted semi-IPNs, whereas the Td5% values for CER-A/LPU graf ted semi-
IPNs slightly decreased by ≈4 and 14 °С for short-term and long-term etching 
procedures, respectively. It was found that for both short-term and long-term 
etched samples, the additional sensitization did not affect significantly thermal 
stability, whereas an increase in etching time from 30 to 180 min shifted the 
Td max values to higher temperatures by ~16—25 °C (Fig. 6.7). One can conclude 
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that the combination of sensitization and longer time chemical etching enhanc-
es the process of removing macrochain debris formed due to the tracks and 
pore formation.

A thorough analysis of the DSC curves presented in Fig. 6.8 shows a single 
endothermic transition in the temperature range from ~167 to ~199 °C corre-
sponding to the devitrification of the CER/LPU-based grafted semi-IPNs in the 
thermograms for all the nanoporous samples studied. 

The dependences of glass transition temperature (Tg) and glass transition 
in terval (ΔTg) on the sample treatment method for the nanoporous CER-A/
LPU and CER-E/LPU grafted semi-IPNs are depicted in Fig. 6.9. 

For both series of samples, the additional sensitization and etching dura-
tion do not significantly affect the glass transition temperature, except for the 
CER-E/LPUγ,τ2 hybrid network (Fig. 6.9a). At the same time, the ΔTg for both 
CER-A/LPU and CER-E/LPU grafted semi-IPNs created is directly related to 
the sample treatment, namely, the longer the etching procedure with using the 
additional sensitization, the larger the glass transition interval (Fig. 6.9b), likely 
due to the formation of more defective structure of higher porosity.

6.6. Gas transport properties  
of nanoporous grafted semi-IPNs

The permeability of different gases was determined for the 
nanoporous CER-E/LPU grafted semi-IPNs. The results are shown in Table 
6.4 which also contains the kinetic diameter values of the studied gases [63]. It 
is clearly seen that the CER-E/LPU nanoporous grafted semi-IPNs possess high 
permeability coefficients for all the gases investigated. Indeed, gas permeability 
values of dense CER-E based films are ~0.7 barrer for O2, as an example [62]. 
Moreover, the additional sensitization contributes to increasing the transport 
properties of the nanoporous CER-E/LPU grafted semi-IPNs developed for 
gases, including О2, СО2, N2, and СН4 (the permeability coefficient increases 
by ~1.2—1.8 times depending on the gas). These trends are in good agreement 
with those observed in SEM data.

Table 6.4. Gas permeability (P) of the nanoporous CER-E/LPU based  
grafted semi-IPNs with respect to the kinetic diameter of the diffusing gases  
(the uncertainty is equal to ±7%)

Parameter O2 CO2 N2 CH4

Gas kinetic diameter (Å) 2.92 3.23 3.64 3.8
P for CER-E/LPUτ2 (barrer) 1117 1197 1256 1742
P for CER-E/LPUγ,τ2 (barrer) 1801 1925 2010 3064
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The data in Table 6.4 indicate that the permeability is not governed by the 
kinetic diameter of the diffusing molecule. Indeed, the permeability values meas-
ured for CH4 are the highest, whereas this gas has the highest kinetic dia meter. 
On the other hand, as shown in Fig. 6.10a, 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 are gov-
erned by the Knudsen mechanism. Thus, the small size of the created pores fa-
vors gas-pore walls’ collisions. The shift toward higher permeability va lues is 
evidenced as the sensitization step was added without modifying the gas trans-
port mechanism. This behavior is in good correlation with the observed mor-
phology. Indeed, the average pore diameter and pore size distribution were not 
significantly modified by the sensitization step, whereas the total pore content 
increased. Concerning the gas separation properties of track-etched membranes 
created, the experimental selectivity values between two gases A and B (αA/B) can 
be calculated from the experimental permeability values according to:

αA/B =PA/PB .                                                  (6.1)
Fig. 6.10b shows that the experimental selectivity calculated for the dif-

ferent gas pairs (A/B) considered in this work (CO2/O2, CH4/N2, N2/O2, CH4/
CO2) is directly related to the square root of the inverse molar mass ratio of the 
considered gases (i.e. √

—
MB  /√

—
MA ). It is noteworthy that the sensitization step 

does not lead to any significant modification of the gas selectivity for our mem-
branes. Thus, by adding this step, it was is possible to increase the permeability 
without any loss of selectivity.

Fig. 6.10. Transport properties of different gases for nanoporous CER-E-based grafted 
semi-IPNs treated in different conditions: a — Permeability coefficients as a function 
of the square root of the molar mass of the diffusing molecule; b — Gas selectivity as a 
function of the square root of the inverse molar mass ratio of the molecular masses of the 
diffusing molecules for the gas pairs CO2/O2, CH4/N2, N2/O2, CH4/CO2
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6.7. Conclusions

The implementation of a  track-etching technique consist-
ing in α-irradiation of CER/LPU-based thermosetting films with subsequent 
chemical etching has provided well-defined nanoporous structures. Such na-
noporous materials were characterized by SEM to investigate the generation 
of uniform nanosized pores with no 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 grafted semi-IPNs derived 
from DCBA and DCBE monomers had a quite narrow pore diameter distribu-
tion and average pore diameters of ~12 nm. Increasing etching time for graf-
ted semi-IPNs resulted in narrowing pore size distribution and increasing total 
porosity, while it almost did not affect the average pore diameter. Using an ad-
ditional sensitization step led to some narrowing of pore size distribution and 
an increase in the 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 (Тd5% ~ 293—359 °C). The CER/
LPU nanoporous thermosetting materials demonstrated effective gas transport 
properties tested with gases such as О2, СО2, N2, and СН4. The combination of 
an additional sensitization using γ-rays and a longer time of chemical etching 
improved the properties of the nanoporous systems developed as the gas per-
meability 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 technolo-
gies, especially under extreme conditions. 
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Монографія присвячена синтезу, аналізу структури і морфології, параметрів по рис-
тості та фізико-хімічних властивостей термостійких нанопористих полі ціа   нура тів, 
а також можливості їх застосування для газорозділення. Описано нанопористі 
плівки, отримані з використанням реакційноздатних та інертних по ро генів, висо-
ко киплячих рідин, неповної конверсії ціанатних мономерів, а також радіаційних 
технологій (одержання трекових мембран шляхом опромінення тонких плівок 
поліціануратів із подальшими хімічним травленням і сенсибілізацією).
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