eXPRESS Polymer Letters Vol.11, No.12 (2017) 936—945
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2017.90

Poiymer Letters

Interpenetrating polymer networks based on cyanate ester
and fluorinated ethynyl-terminated imide oligomers

Y. Wen'2, J. Yan'>*, J. Liu', Z Wang4

"Laboratory of Polymer Composites Engineering, Changchun Institute of Applied Chemistry, Chinese Academy of
Sciences, 130022 Changchun, China

University of Chinese Academy of Sciences, 100049 Beijing, China

3Changzhou Institute of Energy Storage Materials and Devices, 213000 Changzhou, China

4State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy
of Sciences, 130022 Changchun, China

Received 19 April 2017, accepted in revised form 26 June 2017

Abstract. Highly soluble fluorinated ethynyl-terminated imide (FETI) oligomers were prepared via a conventional one-step
method in m-cresol, using 4, 4'-(hexafluoroisopropylidene) diphthalic anhydride and 2, 2'-bis(trifluoromethyl) benzidine as
the monomers, and ethynylphthalic anhydride as the end-capper; then interpenetrating polymer networks (IPN) were for-
mulated from FETI oligomers and bisphenol A dicyanate ester (BADCy) through a solvent-free procedure, and their thermal,
mechanical, and dielectric properties were fully characterized. The curing mechanism was studied by model reactions using
nitrogen nuclear magnetic resonance. As evidenced by differential scanning calorimetry analysis and rheological measure-
ments, the FETI/BADCy blends exhibited lower curing temperature and shorter gelation time in comparison with pure
BADCYy due to the catalytic effects of ethynyl and residue amic acid groups. The properties of IPNs were fully compared
with those of polycyanurate, and the results revealed that the incorporation of FETT into cyanate ester resins could signifi-
cantly improve the toughness, glass transition temperatures, mechanical and dielectric properties of the resultant IPNs.
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1. Introduction

Cyanate esters (CE) are a class of thermosetting resins
featuring high glass-transition temperature (7;), ex-
cellent processability, low relative permittivity and
loss, low moisture absorption, low outgassing, inher-
ent flame retardancy, good mechanical properties,
and favorable compatibility with various substrates
[1-4]. Thus, cyanate esters have been widely used as
high performance matrix resins in the aerospace and
microelectronics industries. In spite of relatively high
toughness compared with other thermosets, tough-
ening of CE resins is usually needed for highly de-
manding applications [5, 6]. Additionally, to achieve
adequate curing extent, high curing temperature and
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prolonged curing time are usually required in CE resin
systems, which could cause stress concentration and
the formation of defects in the final products [7, 8].
It is still challenging to develop CE resins with high
toughness while retaining their excellent mechanical,
thermal, and dielectric properties, as well as good
processability.

Many research efforts have been devoted to improv-
ing the toughness of CE resins by blending them
with thermosets or thermoplastics. Reactive rubbers,
such as carboxyl-terminated butadiene acrylonitrile
(CTBN) and amine-terminated butadiene acryloni-
trile (ATBN)), are effective toughening agents for CE
resins. Feng et al. [9] reported that the incorporation

936



Wen et al. — eXPRESS Polymer Letters Vol. 11, No.12 (2017) 936-945

of 10 phr CTBN in CE resins led to a 200% increase
in impact strength of the resultant thermosets. How-
ever, this approach lowered the thermal and mechan-
ical properties of the resulting thermosets due to the
low T, and inferior modulus of reactive rubbers. To
over these limitations, various engineering plastics
with high 7, and modulus, including poly(ether sul-
fone)s, poly(phenylene oxide)s, poly(ether imide)s,
poly(arylene ether ether ketone)s, and polyimides,
were investigated as modifying additives for CE
resins [ 10—14]. The fracture strengths of the blending
systems were significantly improved without sacri-
ficing thermal and mechanical properties due to the
formation of micro-sized engineering plastic do-
mains. Nevertheless, the introduction of high-mole-
cular-weight engineering thermoplastics into the for-
mulations gave rise to an abrupt increase in melt
viscosity, which was detrimental to the resins’
processability and consequently the composite prop-
erties.

An alternative approach to modifying CE resins is to
blend them with thermosetting resins, such as epoxy
(EP), bismaleimide (BMI), and polyimides. Epoxy
could copolymerize with cyanate groups to yield sub-
stituted oxazolidinones. Furthermore, the hydroxyl
groups existing in epoxy resins could catalyze cyanate
trimerization, which led to lower curing tempera-
tures. Thus, EP/CE blends showed improved process-
ability and toughness compared with pure CE resins
[15, 16]. However, the T;, thermal stability, and di-
electric properties were compromised with the addi-
tion of epoxy. Bismaleimide-triazine resin (BT resin),
comprising a blend of BMI and CE resins, enjoyed
the advantages of the two resin systems, possessing
a combination of good processability, high 7}, low rel-
ative permittivity and loss, as well as reduced mois-
ture absorption [17, 18]. However, the toughness of
BT resin remained at a low level because of the in-
herent brittleness of BMI. Thermosets based on
ethynyl- or phenylethynyl-terminated imide oligomers
were inherently tough, thanks to the predominant lin-
ear chain extension during the thermal curing of re-
active end groups. Meier et al. [19] investigated
IPNs based on Novolac-type CE resin and phenyl-
ethynyl-terminated imide (PETI) with or without
compatibilizer. The thermal properties of the result-
ant thermosets were similar or slightly higher than
those of pure polycyanurate. Qu et al. [20] studied the
curing kinetics of blends of bisphenol A dicyanate
ester (BADCy) and ethynyl-terminated imide

oligomers based on 2, 3, 3', 4’-biphenyltetracar-
boxylic dianhydride and 3, 4'-oxydianiline. Never-
theless, no significant improvements in terms of 7,
tensile properties, and toughness were observed
compared with pure polycyanurate, which can be
contributed to the high crosslinking density, as well
as the the existence of macroscopic phase separation.
In this work, we report a series of IPNs based on
BADCy and fluorinated ethynyl-terminated imide
(FETI) oligomers. FETI oligomers were highly sol-
uble in melting BADCy, which allowed the formu-
lation of BADCy/FETI blends with a FETI content
of up to 30 wt% without the aid of any solvents. The
acidic ethynyl functionality and the trace amount
residue amic acid group could catalyze cyanate
trimerization, leading to a lower curing temperature
and shorter gelation time of the resulting blends. The
rigid backbone of FETI could offer the high T;, and
tensile strength and modulus of the resulting ther-
mosets. Furthermore, the incorporation of fluorine
atoms could enhance the dielectric properties of the
resultant polymers. The properties of IPNs were sys-
tematically studied, and the results revealed the intro-
duction of FETI into CE resins gave rise to significant
enhancements of toughness, 7, and mechanical and
dielectric properties.

2. Experimental

2.1. Materials

BADCy was purchased from Yangzhou Tianqi Chem-
ical Ltd. (Yangzhou, China). 4, 4'-(Hexafluoroiso-
propylidene) diphthalic anhydride (6FDA) and 2, 2'-
bis (trifluoromethyl) benzidine (TFMB) were pur-
chased from Changzhou Sunlight Pharmaceutical
co., Ltd. (Changzhou, China). 4-Ethynylphthalic an-
hydride (EPA) was purchased from Nexam Chemi-
cal AB (Lund, Sweden). All other reagents were ob-
tained from Tianjin Tiantai Fine Chemical Industry
Co., Ltd. 6FDA was purified by sublimation in vac-
uum at 260 °C prior to use. All other chemicals were
used as received unless specified.

2.2. Oligomer and model compound synthesis

As shown in Figure 1, FETI oligomers were prepared
through a conventional one-step method in m-cresol
using EPA as the end-capper, and 6FDA and TMFB
as the monomers. A typical procedure for oligomer
synthesis follows. 6FDA (42.203 g, 0.095 mol),
TFMB (32.023 g, 0.100 mol), EPA (1.721 g,
0.010 mol), and m-cresol (500 mL) were charged
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Figure 1. Structures of BADCy, FETI, and their model compounds

into a 1 L, three-necked flask fitted with a mechan-
ical stirrer, a condenser, and nitrogen inlet and outlet.
The reaction was heated at 80 °C for 10 h and then at
180°C for 12 h in nitrogen atmosphere. The byprod-
uct, water, was removed by passing a nitrogen flow
through the reactor. Upon cooling to room tempera-
ture, the viscous solution was poured into ethanol
(2 L), collected by filtration, Soxhlet extracted with
anhydrous ethanol for 48 h, and dried in vacuum at
120°C for 24 h to afford an off-white solid (67.4 g,
yield: 93.2%). The weight average molecular weight
and polydispersity for this oligomer were 29 kg-mol™!
and 1.68, respectively. The oligomers were designated
by their degree of polymerization, e.g. FETI-19 was
the oligomer with a degree of polymerization of 19.
Model compound (M2) was prepared via a proce-
dure similar to FETI synthesis, using 4-aminoben-
zotrifluoride and EPA as the raw materials. The crude
products were purified by sublimation in vacuum at
180°C (yield: 12.6%). 'H NMR (400 MHz, DMSO-
de) & [ppm]: 8.04 (s, 1H), 8.00 (s, 2H), 7.94 (d, J =
8.3 Hz, 2H), 7.73 (d, J= 8.2 Hz, 2H), 4.67 (s, 1H).
SN NMR (61 MHz, DMSO-dg) & [ppm]: 170.35.

2.3. Formulation

Appropriate amount of FETI-19 oligomers were
added to melting BADCy at 100 °C. The weight ra-
tios of BADCy to FETI-19 were 90:10, 80:20, and
70:30. The blends were accordingly named as Blend-
10, Blend-20, and Blend-30. The blends were stirred
for 1 h at 100°C to yield homogeneous solution. Then
the solution was transferred to a preheated mold, and
degassed in a vacuum oven at 120°C for 1 h. The
blends were then cured at 150 °C for 3 h, 170°C for
2 h, 190°C for 2 h, and 230 °C for 2 h. The resultant
thermosets were released from the mold at 150°C,
and then postcured at 230°C for 4 h to afford the
corresponding IPNs. IPNs were classified by the
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FETI-19 percentage in the resins, e.g. IPN-30 was
the thermoset with a FETI-content of 30%. Pure ther-
mosetting polyimides were prepared by compression-
molding in a stainless steel mold with a hot press.
FETI oligomers were heated to 300 °C in 30 minutes
on a hot plate. Then pressure (100 MPa) was ap-
plied, and the temperature was ramped to 380 °C in
20 min, and held at 380°C for 1 h. The polyimides
were cooled under pressure to about 200 °C, and the
pressure was subsequently released. The polymers
was removed from the mold and stored under ambi-
ent condition before subjected to characterization.

2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) was
performed using a Bruker VERTEX 70 spectrome-
ter. 'H NMR and >N NMR spectra were carried out
on a Bruker-400 spectrometer, using DMSO-dj as
the solvent. Gel permeation chromatography (GPC)
was conducted on a Waters 1515 GPC instrument at
35°C with tetrahydrofuran as the eluent. Molecular
weights were determined by calibration with poly-
styrene standards. Differential scanning calorimetry
(DSC) was conducted on a DSC Q2000 (TA Instru-
ments). The samples were heated from 40 to 400 °C
with a heating rate of 10°C-min~!' and a nitrogen
flow rate of 50 mL-min~'. Thermogravimetric analy-
sis (TGA) was carried out on a TGA Q50 (TA In-
struments). The samples were heated from 60 to
800 °C with a heating rate of 10°C-min~! and a nitro-
gen flow rate of 60 mL-min~!. Dynamic mechanical
analysis (DMTA) was performed on a Q800 DMTA
(TA Instruments) with a heating rate of 3°C-min~!
and a frequency of 1.0 Hz. Rheological measurements
were conducted on an AR2000ex rheometer (TA In-
struments). Tensile properties of the thermosets were
measured by using an Instron material testing system
(Model 5982) under a constant displacement rate of
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2.0 mm-min~" according to GB/T1040.1-2006. The
unnotched impact strength of the thermosets was de-
termined by using a cantilever beam impact testing
machine (JJ-20, Changchun, China) according to
GB/T 1843-2008. Five samples were tested for each
thermoset in tensile and impact strength measur-
ments. Dielectric measurements were performed on
an Agilent impedance analyzer (Agilent Technolo-
gies, USA).

3. Results and discussion
3.1. Synthesis and characterization of FETI
oligomers and thermosetting polyimides
The model compound M2 and fluorinated ethynyl-
terminated imide (FETI) oligomers were prepared
through a conventional one-step method in m-cresol.
FTIR spectrum for FETI-2 was exhibited in Figure 2.
The completion of imidization was evidenced by the
characteristic absorption bands at around 1780 (asym-
metric C=0 stretching), 1730 (symmetric C=0
stretching), and 1370 cm™' (C—N stretching). Mean-
while, the existence of ethynyl functionality was
proved by the peak at around 3300 cm™' (C-H
stretching) in the FTIR spectrum and the peak at
around 4.6 ppm in '"H NMR spectrum. The above-
mentioned results confirmed the success of M2 and
FETI synthesis.
The curing temperature of ethynyl functionality falls
in the range of 200-250°C, which was lower than
the melting temperature of ethynyl-terminated imide
oligomers. Consequently, these oligomers were not
suitable for the applications of matrix resins for fiber-
reinforced composites because of their poor process-
ability. In this study, FETI oligomers were cured by

Table 1. T, and impact strength of thermosets based on
BADCy, FETI, and their blends

Thermosets [Zg] lmp[akc ‘;.i::g;lgth
BADCy 297 24+0.6
FETI-2 429 2140.5
FETI-9 370 34+1.5
FETI-19 357 72+3.3
FETI-2 (30%) + BADCy (70%) - 224+0.9
FETI-9 (30%) + BADCy (70%) - 26+1.1
FETI-19 (30%) + BADCy (70%) - 37+1.7

aMeasured by DMTA with a heating rate of 3 °C-min~!

heating at 380°C at elevated temperature, and the
properties of the resultant thermosets were charac-
terized through DMTA and impact strength testing.
As listed in Table 1, the T, values of FETI-based ther-
mosets increased with the decrease of the oligomers’
degree of polymerization, ranging from 357 to
429°C. On the contrary, the impact strength for ther-
mosetting polyimides increased with the oligomers’
molecular weights since the thermosets tended to be-
came more brittle when the crosslinking densities
were higher.

3.2. Curing mechanism and preliminary
screening of IPNs based on BADCy and
FETI

The curing mechanism of BADCy/FETI blends was

studied by model reactions of 4-methoxyphenol

cyanate ester (M1), 4-ethynyl-N-(4-trifluoromethy-
phenyl) phthalimide (M2) and their mixture. The cured
products of M1, M2, and their mixtures were charac-

terized through '>’N NMR. As displayed in Figure 3,

—C=C—H
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Figure 2. FTIR spectra of FETI-2 before and after cure
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the peaks at around 170 and 194 ppm in >N NMR
were assigned to the nitrogen for triazine ring and
cured imide group, respectively. No new peaks ap-
peared in the '’N NMR spectrum of the products of
the mixture of M1 and M2 besides the peaks at about
170 and 194 ppm, indicating no co-reaction occurred
between cyanate and ethynyl groups. Thus, BADCy/
FETI blends were expected to form physical IPNs.
Blends of FETI and BADCy were formulated by dis-
solving FETI in melting BADCy. Regardless of their
molecular weights, FETT oligomers were highly sol-
uble in melting BADCy monomer and oligomer be-
cause of their unique architecture combining high
fluorine content, bulky hexafluoroisopropylidene
linkage, and rigid but non-coplanar 2, 2'-substituted
biphenyl moiety. Therefore, blends with up to 30%
FETI contents were prepared without the aid of any
organic solvents, which was vital for the fabrication
of composites with low void content. IPNs based on
FETI and BADCy were preliminarily screened by
testing impact strength of the resultant thermosets
with 30% FETI contents. As summarized in Table 1,
no appreciable toughening effects were achieved for
IPNs containing low-molecular-weight FETI oligomers
(FETI-2 and FETI-9). This phenomenon could be ra-
tionalized by the brittle nature of highly crosslinked
polyimides from low-molecular-weight oligomers.
In contrast, IPN based on FETI-19 showed signifi-
cantly improved toughness, with impact strength of
37 kJ-m2. Thus, this study focused on IPNs from
FETI-19 and BADCy.

3.3. Curing of BADCy/FETI-19 blends

3.3.1. FTIR and gel content

BADCy and BADCy/FETI-19 blends were thermal-
ly cured at elevated temperature to afford the corre-
sponding thermosets. The curing extent was charac-
terized through gel content measurements and FTIR.
As displayed in Figure 4, the strong absorption bands

Table 2. Curing of BADCy, and BADCy/FETI-19 blends

Symmetric ans asymmetric C=0
stretching in imide group
Cured BADCy

O-C=N stretching
C=N stretching C=N-C stretching
T b4 T 4 T g T
3000 2500 2000 1500

T ™
3500 1000 500

Wave number [cm-]

Figure 4. FT-IR spectra of BADCy, polycyanurate, and
IPN-30

at around 2240 and 2270 cm™!, which corresponded
to cyanate group, completely disappeared in the FTIR
spectra of polycyanurate and IPN-30. Meanwhile,
new peaks appeared near 1560 and 1370 cm™', which
were related to the C=N-C and O—C=N stretching
in triazine ring. Furthermore, no peaks were ob-
served at 3300 cm™! in FTIR spectrum of IPN-30,
indicating the complete curing of ethynyl groups.
The abovementioned results demonstrated that poly-
cyanurate and IPNs in this study were fully cured.
The completion of the curing of ethynyl and cyanate
groups was further evidenced by the high gel con-
tents of polycyanurate and IPNs. The gel contents for
all the thermosets were higher than 97% (Table 2).

3.3.2. DSC analysis

Figure 5 displays the DSC curves of BADCy and
BADCYy/FETI-19 blends. The temperatures of max-
imum curing rates (7;,) for BADCy and FETI-19
were 324 and 291 °C, respectively, suggesting that the
curing temperature for ethynyl group was lower than
that of cyanate group. The exothermic peaks of the
blends were broader in comparison with pure BADCy,

. Tp* AH® Gel content | Gelation time at 200°C* | Viscosity onset temperature® | Viscosity at 120°C¢
Formulation b .
[°Cl] gl [] [min] [°C] [Pa-s]
BADCy 324 704 98.8 - 318 0.002
Blend-10 312 631 98.4 65 265 0.056
Blend-20 290 562 97.7 31 238 1.120
Blend-30 273 497 97.4 17 220 15.350

#Peak temperature of first scan in DSC curves of uncured resins

Total heat of curing measured by DSC
“Measured by rheometry

dMeasured by rheometry; the viscosity was taken at a frequency of 100 s7!
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Figure 5. DSC curves of pure BADCy and BADCy/FETI-
19 blends

indicating that the curing reactions of the blends
were relatively milder. Small but visible shoulder
peaks were observed in the DSC traces of the blends,
which can be attributed to the curing of ethynyl
groups. The 7}, values for BADCy/FETI-19 blends
decreased with increasing FETI-19 contents, ranging
from 273 to 312 °C. The low curing temperatures of
the blends could be rationalized in the terms of the
acidic ethynyl group and the trace amount of residue
amic acid group. The existence of active hydrogens
accelerated cyanate trimerization, resulting in the
lower curing temperatures of the blends. The values
of total reaction heat of curing (AH,) were in the
range of 497-704 J-g”!, decreasing with the FETI-19
content due to the relatively low AH, value of FETI-
19 (11 versus 704 J-g ™).

3.3.3. Rheological properties

The viscosity-temperature profiles of BADCy and
BADCYyY/FETI-19 blends are illustrated in Figure 6.
The viscosities for all the resins firstly decreased
with the temperature, and then increased rapidly as
crosslinking happened. For BADCy/FETI-19 blends,
a reasonably low melt viscosity was achieved at
150-250°C, which provided a wide processing win-
dow for flowing resin and wetting fiber during com-
posite fabrication. The onset temperatures for pure
BADCy, Blend-10, Blend-20, and Blend-30 were
318, 265, 238 and 220°C, respectively. The lower
onset temperatures for the BADCy/FETI-19 blends
demonstrated that cyanate was accelerated by FETI
oligomer, which was beneficial for the preparation
of high quality composites. The viscosity values for
BADCy and the BADCy/FETI-19 blends at 120°C
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Figure 6. The viscosity-temperature profiles for BADCy and
BADCy/FETI-19 blends

ranged from 0.002 to 15 Pa-s, increasing with the
FETI-19 contents. The viscosity of Blend-30 was
considerably higher than those of other blends due
to its highest FETI-19 content. The curing behavior
of pure BADCy and BADCy/FETI-19 blends was
also investigated by heating the resins at 200 °C on
a rheometer, and the viscosity changes over heating
time are plotted in Figure 7. The viscosity of BADCy
remained stable at 200 °C, and no gelation was ob-
served after heated at 200 °C for 3 h. On the contrary,
the viscosities of BADCy/FETI-19 blends gradually
decreased until gelation happened. The viscosities of
the blends abruptly increased after heated at 200 °C
for a period of time, which corresponded to the gela-
tion time. Blend-10, Blend-20, and Blend-30 exhib-
ited a gelation time of 65, 31, and 17 minutes at
200°C, respectively. The shorter gelation time for
BADCy/FETI-19 blends further confirmed that
cyanate trimerization was catalyzed by FETI.
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Figure 7. The viscosity changes over time for BADCy and
BADCy/FETI-19 blends at 200 °C
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3.4. Properties of thermosets

3.4.1. Thermal stability

The thermal stability of thermosetting polycyanu-
rate, polyimide, and their IPNs were characterized
through TGA in nitrogen. As shown in Figure 8, all
the polymers exhibited a three-step decomposition
profile. The 5% weight loss temperature (7s.,) of ther-
mosetting polyimide was apparently higher than that
of polycyanurate (524 versus 424 °C), which could be
ascribed to the degradation of isopropylidene moiety
in BADCy residue at above 400°C [21]. The Ty, val-
ues for the IPNs tended to increase with FETI con-
tent, whereas the difference was minor. These results
revealed that the degradation behavior of the ther-
mosets was predominated by the weakest segment,
isopropylidene moiety in BADCy residue. The in-
corporation of relatively stable imide groups didn’t

Polycyanurate
—— IPN-10
—— IPN-20
—— IPN-30
o FETI-19

100 <

o]
o
1

Weight [wt%]

(o]
o
1

404

T T T T
200 400 600 800
Temperature [°C]

Figure 8. TGA curves of polycyanurate, polyimide, and their
IPNs
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— IPN-20
— IPN-30
10° — FETI-19
o
o
=
E
=]
o
E
(4]
> 10?
S
1]
10' ¥ . . v . v ¥
100 200 300 400
a) Temperature [°C]

significantly improve the thermal stability of IPNs.
The char yields for the thermosets showed similar
trend to 7o, values, ranging from 41 to 51%.

3.4.2. Glass transition temperature

The glass transition temperatures (7) of thermoset-
ting polycyanurate, polyimide, and their [IPNs were
determined through DMTA, and the temperature de-
pendence of storage modulus and tan  are displayed
in Figure 9. Single tan d peak was observed for all the
thermosets, indicating the homogeneity of the IPNs.
Theoretically, the IPNs tended to phase segregate dur-
ing curing process owing to the increase of molecu-
lar weights and the decrease of the entropy of mixing.
However, this tendency could be canceled by the
strong interpenetration and entanglement between
the two highly crosslinked networks, which account-
ed for the single 7, of the IPNs. The glass transition
regions of the IPNs were slightly broader than that of
polycyanurate because of their more complex com-
position. Despite its relatively lower crosslinking den-
sity, thermosetting polyimide based on FETI-19 ex-
hibited higher 7, and initial modulus compared with
polycyanurate. This phenomenon can be explained
by its rigid backbone and strong inter- and intramol-
ecular interactions stemmed from imide segments.
An obvious secondary transition was observed in the
DMTA curves of thermosetting polyimide, which
was contributed to the relaxation of 2, 2'-substituted
biphenyl segment at elevated temperature [22]. Gen-
erally, the T,s and initial modulus of the IPNs were
higher than those of pure polycyanurate, but lower
than those of pure polyimide. This phenomenon could

1.2
— Polycyanurate
— IPN-10
— IPN-20
— IPN-30
—— FETI-19
0.8
w
8
0.4 <
0.0 4
T v T v T d T
100 200 300 400
b) Temperature [°C]

Figure 9. DMTA curves of polycyanurate, polyimide, and their IPNs a): storage modulus versus temperature, b): tan 6 versus

temperature)
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be explained by the reinforcing effect of thermoset-
ting polyimide. In addition, the high 7, and initial
modulus of the IPNs were also considered as the con-
sequence of the formation of interpenetrating net-
works, which constrained the chain friction and thus
reduced main-chain mobility. It can be concluded
that the incorporation of FETI-19 considerably im-
proved the Tg and thus service temperatures of the
CE resin systems.

3.4.3. Mechanical properties

The mechanical properties of polycyanurate, poly-
imide, and their IPNs were evaluated through tensile
and impact strength testing, the results of which are
listed in Table 3. As expected, thermosetting poly-
imide based on FETI-19 possessed higher tensile
strength, modulus, elongation at break, and impact
strength in comparison with that of polycyanurate
due to its low crosslinking density, high chain rigid-
ity, and strong inter- and intra-molecular interac-
tions. Particularly, the impact strength of thermoset-
ting polyimide was three times higher than that of
polycyanurate. The bulky trifluoromethyl groups in
the 6FDA and TFMB residue could increase the free
volume of the resultant polyimide, which improved
its local mobility and led to high toughness. Conse-
quently, the introduction of 10, 20, and 30% of FETI
into CE resins increased the impact strength of the
resulting IPNs by 15, 26, and 56%, respectively.

As expected, the mechanical properties of the IPNs
fell between the values of the two pure thermosets.
Especially, the tensile strength, modulus, and elonga-
tion at break for IPN-30 increased by 25, 41, and 20%
compared with pure polycyanurate, respectively.
Besides the toughening effect of FETI-19, the inter-
locked chain entanglement between polycyanurate
and polyimide networks also played an important role
in the enhancements of mechanical properties. More
energy was required to propagate a crack in the two
discrete networks that interpenetrated or entangled

closely with each other, leading to higher crack tol-
erance under tensile loading. This phenomenon was
also observed in other IPN systems [23-25]. It is
worth noting that the introduction of FETI-19 into
polycyanurate simultaneously improved the tensile
strength, modulus, and toughness, which is highly
desired for the fabrication of high performance com-
posites.

3.4.4. Relative permittivity

The relative permittivity of polycyanurate, poly-
imide, and their IPNs is compared in Figure 10. The
low polarity of C—F bond and non-coplanar archi-
tecture of thermosetting polyimide gave rise to a rel-
atively low relative permittivity in comparison with
pure polycyanurate. As expected, the relative permit-
tivity for the IPNs fell between those of pure poly-
imides and pure polycyanurate, and decreased with
increasing FETI-19 contents. Moreover, the relative
permittivity for all thermosets decreased steadily
with the frequency due to the decrease of net polar-
ization. The low relative permittivity of the IPNs was
beneficial for the applications in the microelectron-
ics and aerospace industries.
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Figure 10. Relative permittivity as a function of frequency
for polycyanurate, polyimide and their [IPNs

Table 3. Thermal and mechanical properties of polycyanurate, polyimide, and their IPNs

Thermosets T Tso,? | Charyield” | Tensile strength | Tensile modulus | Elongation at break | Impact strength
[°C] | I°C] [%e] [MPa] [GPa] [%o] [kJ-m™]
BADCy 297 425 41 76+2.7 3.0+0.15 2.9+0.08 24+0.6
IPN-10 303 428 44 87+1.7 3.2+0.12 3.440.15 27+1.3
IPN-20 308 428 45 91+£3.1 3.7+0.17 3.4+0.12 30+1.4
IPN-30 312 431 47 95+3.5 4.3+0.16 3.5+0.17 37+1.7
FETI-19 357 524 51 104+£5.1 4.4+0.19 3.7+0.11 72+3.3

*Measured by DMTA with a heating rate of 3 °C-min!

5% weight loss temperature, measured by TGA with a heating rate of 10°C-min~

943

1



Wen et al. — eXPRESS Polymer Letters Vol. 11, No.12 (2017) 936-945

4. Conclusions

In conclusion, a series of IPNs were produced from
cyanate ester and fluorinated ethynyl-terminated
imide oligomers via a solvent-free procedure. As ev-
idenced by '’N NMR, no copolymerization occurred
between cyanate and ethynyl groups. Compared with
pure BADCy, BADCy/FETI-19 blends showed much
lower curing temperature and shorter gelation time
due to the existence of acidic ethynyl functionality
and trace amount of residue amic acid in FETI. The
thermal, mechanical, and dielectric properties were
dramatically enhanced by the incorporation of FETI.
The IPNs exhibited a glass transition temperature of
303-312°C, impact strength of 27-37 kJ-m, tensile
strength of 87-95 MPa, modulus of 3.2-4.3 GPa,
and relative permittivity of 3.15-3.25. These enhance-
ments could be rationalized by the unique architec-
ture of FETI, which combined the structural charac-
teristics of high fluorine content, high chain rigidity,
low crosslinking density, and strong inter- and intra-
molecular interactions. The IPNs in this work could
be potentially utilized in the applications of high tem-
perature adhesives and fiber-reinforced composites
due to excellent integrated properties and good
processability. This work provided some insights on
how to develop modified CE resins with high tough-
ness and low curing temperature without compro-
mising their excellent thermal, mechanical, and di-
electric properties.
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