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In this contribution, we present a new strategy for the fabrication of modified cyanate ester resins
combined with ultralow dielectric properties, improved mechanical properties and high thermal and
dimensional stabilities. The fluoride-containing compound 2-((3-(trifluoromethyl)phenoxy)methyl)oxirane
(TFMPMO), synthesized from m-(trifluoromethyl)phenol (TFMP) and epichlorohydrin (ECH), was used to
modify bisphenol A dicyanate ester (BADCy) resins via copolymerization reaction. The BADCy resin

modified with 15 wt% TFMPMO presented ultralow dielectric constant (e, 2.75) and dielectric loss tangent
-2
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values (tand, 6.7 x 1073), high mechanical properties (impact strength of 15.4 kJ m~2 and flexural

DOI: 10.1039/c7tc00222; strength of 141.0 MPa), and superior thermal and dimensional stability (Theat-resistance index Of 206 °C and

coefficient of thermal expansion of 6.4 x 107°), and it possesses great potential application in radomes
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rsc.li/materials-c and antenna systems of aircraft.

1. Introduction

Cyanate ester (CE) resins have demonstrated many unique
properties such as high temperature resistance, easy process-
ability, ultralow dielectric constant (¢ of 2.6-3.2) and dielectric
loss (tan 6 of 0.005-0.010) values and relatively good stability in
a wide range of temperatures and electric field frequencies in
comparison to bismaleimide (BMI), polyimide (PI) or epoxy
resin (EP)."® At the same time, CE resins possess good
mechanical properties, good heat and humidity resistance,
low water adsorption, preferable flame retardancy and dimen-
sional stability, and they could have wide applications in the fields
of sensing,” packaging,® aerospace and microelectronics, especially
for radomes and satellite antenna systems.’ > Especially, com-
pared to other thermosets (BMI, PI, EP, etc.), CE presents
relatively lower ¢ and tand values.”*™® However, a big gap
facing its application in high-performance radomes is the
narrow wave bands of pure CE matrix. Therefore, the fabrication
and modification of CE matrix with low dielectric properties
have received increasing interest in recent years.
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The blend and copolymerization modification methods are
normally performed to reduce the ¢ and tan ¢ values of CE matrix.
For example, Zhuo et al. fabricated hollow silicate tube/CE blends,
and the corresponding ¢ and tan ¢ values were reduced to 2.7
and 9.2 x 10 %, respectively.'” Zhang et al. adopted amino-
functionalized polyhedral oligomeric silsesquioxane (NH,-POSS)
to modify CE matrix, and the ¢ and tan 6 values were decreased to
2.9 and 3.6 x 103, respectively.'® Hu et al. prepared modified
CE resin by synthesizing hyperbranched maleimide containing
polysiloxane, and the ¢ and tan ¢ values were reduced to 3.0 and
6.0 x 10°, respectively.’® Shieh et al synthesized multiple
monofunctional CE resins to modify CE resins via copolymeriza-
tion, and the minimum ¢ and tan J values were 2.3 and 8.6 x 10”3,
respectively.”’”" However, the corresponding mechanical proper-
ties and the thermal and dimensional stabilities of the above CE
modifiers were often inevitably decreased, and thus, the existing
modified CE resins still cannot satisfy the requirements of high-
performance radomes.

Fluoropolymers possess outstanding heat resistance, high
chemical and aging resistance, extremely low friction coefficient
and high flame retardancy,”>*® and they have been widely
applied in the fields of microelectronics, biomedicine and aero-
space, etc.>* > Fluoropolymers also present ultralow ¢ and tan §
values owing to their larger free volume, small dipole and low
polarization of C-F bonds.*®' Their use has proven to be a
viable way to fabricate relatively low-dielectric-constant materials
by introducing fluoride-containing groups into the main chains
or side chains of polymers. For example, Zhou et al. fabricated

J. Mater. Chem. C, 2017, 5, 6929-6936 | 6929


http://orcid.org/0000-0002-9405-3204
http://orcid.org/0000-0002-1958-2958
http://orcid.org/0000-0003-0134-0210
http://crossmark.crossref.org/dialog/?doi=10.1039/c7tc00222j&domain=pdf&date_stamp=2017-05-26
http://rsc.li/materials-c
http://dx.doi.org/10.1039/c7tc00222j
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC005028

Published on 12 May 2017. Downloaded on 07/08/2017 16:01:07.

Paper

low-dielectric-constant phenolic resins by introducing fluoride-
containing groups, and both the ¢ and tan ¢ values were reduced
to 2.5 and 3.1 x 107, respectively.** Tao et al. reported that the ¢
and tand values of the fluoride-containing epoxy resin were
reduced by 11.1% and 69.6% in comparison to those of pure
epoxy resins.’*** The modified epoxy resin with C-F bonds by
Wang et al. also presented a dramatic reduction in ¢ and tan ¢
values (2.0 and 4.4 x 10 ?).** However, to the best of our
knowledge, the copolymerization modification of CE matrix
via fluoride-containing epoxy groups to reduce the dielectric
constant while retaining other physical and chemical properties
of the CE matrix has not yet been reported.

In this work, we present a new strategy for the fabrication of
modified cyanate ester resins combining ultralow dielectric
properties, improved mechanical properties and high thermal
and dimensional stabilities. Epoxy groups were firstly introduced
to the fluoride-containing compounds, which were copolymerized
with CE matrix to prepare the corresponding fluoride-containing
CE resins. Herein, the fluoride-containing compounds of
2~((3-(trifluoromethyl)phenoxy)methyl)oxirane (TFMPMO) were
firstly synthesized from m-(trifluoromethyl)phenol (TFMP)*®
and epichlorohydrin (ECH). The molecular structure of the
TFMPMO was characterized by "H nuclear magnetic resonance
(*H NMR) spectroscopy and Fourier transform infrared (FTIR)
spectroscopy. The obtained fluoride-containing TFMPMO was
used to prepare novel ultralow-dielectric-constant, TFMPMO-
modified bisphenol A dicyanate ester (BADCy) resins via
copolymerization reaction. The effects of the TFMPMO content
on the dielectric properties, mechanical properties, and thermal
and dimensional stabilities of the TFMPMO-modified BADCy
resins were investigated in detail.

2. Experimental
2.1. Materials

Bisphenol A dicyanate ester (BADCy) resins, with a density of
1.171 g em ™~ and molecular weight of 278.31, were received from
Jiangsu Wugiao Resin Factory Co., Ltd, China. m-(Trifluoro-
methyl)phenol (TFMP) was obtained from Aladdin Reagent Co.,
Ltd, China. Epichlorohydrin (ECH) was purchased from TCI
Development Co., Ltd, Japan. Dichloromethane was obtained
from Tianjin Chemical Reagent Co., Ltd, China. Potassium
carbonate was received from Kermel Chemical Reagent Co.,
Ltd, China. Di-n-butyltin dilaurate was supplied by Alfa Aesar
Chemical Co., Ltd, China. All the materials were used as
received without any further treatment.

2.2. Synthesis of 2-((3-(trifluoromethyl)phenoxy)methyl)oxirane
(TFMPMO)

m-(Trifluoromethyl)phenol (16.20 g, 0.10 mol) and potassium
carbonate (16.60 g, 0.12 mol) were added into a three-necked
flask with a reflux condenser and a mechanical stirrer, in which
the reaction was firstly maintained at 120 °C for 30 min.”” ECH
(46.26 g, 0.50 mol) was then added into the flask and stirred for
another 4 h. The obtained mixture was then extracted by
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Scheme 1 Schematic diagram of the synthesis route of TFMPMO.

distilled water and dichloromethane, followed by rotary evapora-
tion and chromatography, and the corresponding product
TFMPMO was finally obtained (Scheme 1).

2.3. Fabrication of the TFMPMO-modified BADCy resins

BADCy resins were firstly heated to 150 °C and stirred magnetically
for a certain time. Then, a certain quantity of TFMPMO was added
into the above BADCy and stirred uniformly. The mixture was
degassed in a vacuum oven, then poured into the preheated mold
at 150 °C. It was then cured according to the provided procedures*®
of 180 °C/2 h + 200 °C/6 h, followed by post-curing in a vacuum
oven at 220 °C/2 h. The reaction mechanism of TFMPMO and
BADCy is shown in Scheme 2.

2.4. Characterizations

The '"H nuclear magnetic resonance ("H NMR) spectra of the
samples were measured on a Bruker Avance 400 MHz system
(Bruker Bio Spin, Switzerland) to determine the molecular
structure, with CDCl; as a solvent and tetramethylsilane
(TMS) as an internal standard. Fourier transform infrared (FTIR)
spectra of the samples were obtained on Bruker Tensor 27 equip-
ment (Bruker Co., Germany) with thin films on KBr. Scanning
electron microscope (SEM) morphologies of the samples were
observed using a VEGA3-LMH (TESCAN Corporation, Czech
Republic). Thermal gravimetric analyses (TGA) of the samples
were carried out using STA 449F3 (Netzsch C Corp., Germany) at
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Scheme 2 The reaction mechanism of the TFMPMO and BADCy matrix.
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10 °C min~"' (argon atmosphere), over the entire temperature
range (40-900 °C). The coefficient of thermal expansion (CTE)
values of the samples were measured on the DIL402C (Netzsch,
Germany) with a heating rate of 2 °C min~' over the entire
temperature range of 25-150 °C. The dimension of the specimens
was 25 mm x 10 mm x 4 mm. The dielectric constant (¢) and
dielectric loss factor (tan ) values of the samples were measured
using a Novocontrol Technologies Alpha-N high-resolution dielectric
analyzer (Novocontrol, Germany) at room temperature.’® The
dimension of the specimens was 10 mm x 10 mm x 1.3 mm.
The flexural strength values of the samples were measured using
an Electron Omnipotence Experiment Machine SANS2CMT5105
(Shenzhen New Sansi Corp., China) according to the standard
1SO178-1993. The impact strength values of the samples were
measured with a XCJ-40 impact testing machine (Chengde Materials
Testing Corp., China) according to the standard ISO 179-1993.

3. Results and discussion
3.1. Structural analysis of the TFMPMO

Fig. 1 shows the "H NMR spectra of the ECH (a), TFMP (b) and
TFMPMO (c). For the protons in methylene connecting with
chlorine, the corresponding chemical shift is changed from
3.6 ppm (Fig. 1(a)) to 4.0 ppm and 4.3 ppm (Fig. 1(c)). Mean-
while, the chemical shift of phenolic hydroxyl at 5.3 ppm
(Fig. 1(b)) disappears in Fig. 1(c), ascribed to the alkylation
reaction between ECH and TFMP. In addition, the chemical
shift for each proton in Fig. 1(c) is a one-to-one correspondence
to that of TFMPMO, and the corresponding integration area of
the peaks is in agreement with that of TFMPMO, proving that
the TFMPMO has been synthesized by alkylation reaction
between ECH and TFMP.

The FTIR spectra of TFMP and TFMPMO are presented in
Fig. 2. The bands around 1675-1500 cm™ ' can be assigned to
the stretching vibration peak of benzene ring. The stretching
vibration peaks at 3360 and 1350-1120 cm ™ * can be attributed
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Fig. 1 The "H-NMR spectra of the (a) ECH, (b) TFMP, and (c) TFMPMO.
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Fig. 2 FTIR spectra of TFMP and TFMPMO.

to the phenolic hydroxyl and -CF; respectively. For
TFMPMO, the phenolic hydroxyl peak at 3360 cm ' dis-
appears, and the corresponding characteristic absorption
peaks near 3000 cm™ ' (methylene) and 910 cm™* (epoxy
group) are observed. The results demonstrate that TFMPMO
has been synthesized.

3.2. On-line FTIR spectra of TFMPMO-modified BADCy resins

Fig. 3 shows the on-line FTIR spectra of pure BADCy and
TFMPMO-modified BADCy resins. The bands near 2275 and
2238 cm ' can be ascribed to the stretching vibration of the
—-OCN group. After curing at 180 °C for 2 h, the stretching
vibration peak of the -OCN group is significantly weakened,
and the characteristic stretching vibration peaks at 1566 and
1370 cm™ ' of the triazine also appear. As the curing reaction
further progresses, the stretching vibration peaks of the ~-OCN
group are gradually weaken and disappear. The stretching
vibration peaks of triazine are strengthened, ascribed to the
complete curing reaction of BADCy. Compared to that of pure
BADCy, the new characteristic absorption peak at 1645 cm ™' of
oxazoline also appears in the TFMPMO-modified BADCy resins
(Fig. 3b), owing to the copolymerization reaction between
TFMPMO and BADCy.

3.3. Dielectric properties of the TFMPMO-modified BADCy
resins

Fig. 4 shows the effects of the TFMPMO content on the ¢ and
tan o values of the TFMPMO-modified BADCy resins at different
frequencies. Both ¢ and tan ¢ values of the TFMPMO-modified
BADCy resins decreased with the addition of TFMPMO. For the
same loading of TFMPMO, the corresponding ¢ and tan J values
are decreased slightly with increasing the frequency. The
TFMPMO-modified BADCy resin with 15 wt% TFMPMO
possesses optimal dielectric properties, i.e., ¢ of 2.75 and tan J
of 6.7 x 10> at 10 MHz, are reduced by 8.3% and 17.3%,

J. Mater. Chem. C, 2017, 5, 6929-6936 | 6931
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Fig. 3 On-line FTIR spectra of (a) pure BADCy and (b) TFMPMO-modified
BADCYy resins.

respectively, compared to that of pure BADCy (¢ of 3.0 and
tan § of 8.1 x 10°).

On one hand, the -CF; group possesses large free volume,
the C-F bond presents a low polarization, and the F atom can
reduce electronic polarizability, in favor of decreasing ¢ and
tan o values of the TFMPMO-modified BADCy resins. On the
other hand, the epoxy groups in TFMPMO can react with
the ~OCN groups in BADCy to form oxazoline with a large
polarization, resulting in the increase of ¢ and tan/
values. The role of both aspects would determine the final ¢
and tand values. In addition, with increasing the frequency
(Debye dispersion equation®®), the response of polar groups
can never keep up with the changes of alternating electric field
to reduce the orientation polarization, in favor of further
decreasing the ¢ and tand values of the TFMPMO-modified
BADCy resins.

Herein, the internal polarizability of the BADCy mainly
includes electronic polarizability, ionic polarizability and dipolar
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Fig. 4 The effects of TFMPMO contents on the ¢ (a) and tan ¢ (b) values of
the TFMPMO-modified BADCy resins at different frequencies.

polarizability. According to the Debye dispersion equation,®® the
corresponding ¢ and tano are expressed as eqn (1) and (2),
respectively:

;o & — oo

g =ts + Tr o (1)
(&5 — €00)T

tand = —— 22— 2
& + w?t2ey, @)

where o represents the frequency; t represents the relaxation
time; &, represents optical dielectric constant (w close to zero);
and ¢, represents the static dielectric constant (o close to infinity).

From eqn (1), the corresponding ¢ value decreases with
increasing o value. The reason is that different polarization
modes require different amounts of time. Polarization in the
lower region does not work when the changing frequency of
electric field exceeds a certain limitation. Therefore, the ¢ value
decreases with increasing the frequency. Additionally, for

& . . .
T =, /= the tan d value is the maximum. The reason is that
SOO

with increasing the w value, the correlative polarization cannot
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keep up with the change of electric field, resulting in the
increase of tand value. Moreover, with increasing the fre-
quency at the higher frequency region, some polarization
components will not be sensitive to the changing frequency,
thus resulting in the decrease of tan § value.*® Based on the
density functional theory (DFT), the structure of TFMPMO
was optimized by the method of M062X with 6-311G (d, p), and
the calculation result of intrinsic vibration frequency for
TFMPMO was 9.5 x 10''-9.7 x 10" Hz (31.7-3235.9 cm %),
which was far above the maximum frequency (2 x 10° Hz) of
the applied electric field frequency in our experiments. For
orientation polarization, the polar molecules need to over-
come their own inertia and rotation resistance in the external
electric field, which requires a longer amount of time. The
corresponding orientation frequency is in the range of
103-10® Hz,*® which may not keep up with the external electric
field of the experiments.

Flexural strength (MPa)
(Zul/[‘}[) Ypduaays yoeduwy

Mot 1l
0 5 10 15 20

Mass fraction of TFMPMO wt%

Fig. 5 The effects of TFMPMO content on the mechanical properties of
the TFMPMO-modified BADCy resins.
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In addition, the mechanism of the dielectric properties is
discussed as follows. The dielectric constant can be correlated
with polarizability of molecules by using the Clausius-Mosotti
equation as shown in eqn (3):*°

3Na
£_1+380—NO( (3)
where N represents the number of molecules per unit dielectric
volume; « represents the polarizability (electronic polarizability,
ionic polarizability, dipolar polarizability and real charge polar-
izability); and ¢, represents the vacuum permittivity. From
eqn (3), it could be deduced that ¢ has a monotonously
increasing relationship with the molecule density and polariz-
ability. Therefore, the smaller the N and o were, the smaller the
¢. In our work, with the introduction of F groups, 2s and 2d of F
atom could decrease the electronic effects from the external
electric field, thus decreasing the polarizability («) of BADCy.
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Fig. 7 TGA curves of the TFMPMO-maodified BADCy resins.

Fig. 6 SEM morphologies of impact fractures for the TFMPMO-modified BADCy resins with a TFMPMO content of (a) O, (b) 5, (c) 10, (d) 15 and

(e) 20 wt%.
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Table 1 Characteristic thermal data of BADCy and the TFMPMO-
modified BADCy resins

Weight loss
temperature/°C

ajo,
THeat-resistance index /°C

Samples Ts Tzo  Tso

Pure BADCy 422.9 445.6 536.1 213.9
5 wt% TFMPMO/BADCy 4059 441.4 523.6 209.3
10 wt% TFMPMO/BADCy 394.2 438.3 509.1 206.1
15 wt% TFMPMO/BADCy 390.8 438.6 514.6 205.5
20 wt% TFMPMO/BADCy 376.0 429.4 488.8 199.9

“ The sample’s heat-resistance index is calculated by eqn (4)
TI—[eatfresistance index = 0.49 x [TS +0.6 x (T30 - TS)] (4)

where Ts and T3, are the corresponding decomposition temperature of
5% and 30% weight loss, respectively.

6.6
'|' T
i 6.4 | &\x\
L \
-
X
= L / \
&) AN
N \
60 N\
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Fig. 8 The influence of TFMPMO content on the CTE values of the
TFMPMO-modified BADCy resins.

On the other hand, the larger free volume of F groups could decrease
the number of polar molecules per unit volume (N).”*"*" Therefore,
the modified BADCy presented better dielectric properties.

View Article Online
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3.4. Mechanical properties of the TFMPMO-modified BADCy
resins

Fig. 5 shows the influence of TFMPMO content on the mechanical
properties of the TFMPMO-modified BADCy resins. Both the
impact and flexural strength of the TFMPMO-modified BADCy
resins are gradually increased with the addition of increasing
amounts of TFMPMO. Compared with those of BADCy (impact
strength for 11.4 k] m~? and flexural strength of 112.9 MPa), the
maximum impact and flexural strength of the TFMPMO mod-
ified BADCy resins are improved to 18.5 k] m > and 142.5 MPa,
increased by 62.3% and 26.2%, respectively. The reason is that the
—CF; group in the TFMPMO possesses large free volume,
in favor of increasing the chain flexibility of BADCy, thus enhancing
impact strength. Moreover, oxazoline can replace partly rigid
triazine structures, which is beneficial to the improvement of
the flexural and impact strength for the TFMPMO-modified
BADCy resins.

Fig. 6 shows the SEM morphologies of impact fractures for
the TFMPMO-modified BADCy resins. The impact fracture
surface of pure BADCy is observed to be relatively smooth,
presenting a typical brittle feature. With 5 wt% TFMPMO,
the impact fracture surface presents a typical river-like morphology.
The introduction of TFMPMO can transfer stress, restrain the
propagation of cracks and consume energy, thereby improving the
impact strength of the TFMPMO-modified BADCy resins. With
further addition of the TFMPMO, stress whitening can be clearly
seen, and the degree of stress whitening is also increased with
increasing TFMPMO content. The reason is that plenty of micro-
crack accumulation areas in the TFMPMO-modified BADCy resins
are generated under stress. These can absorb and consume some of
the energy, which is beneficial for enhancing the impact toughness.

3.5. Thermal properties of the TFMPMO-modified BADCy
resins

Fig. 7 shows the TGA curves of the TFMPMO-modified BADCy
resins, and the corresponding characteristic thermal data are sum-
marized in Table 1. The corresponding Tiieacresistance index (Ter1)
values of the TFMPMO-modified BADCy resins decreased with

Table 2 The comprehensive properties of the pure BADCy, modified BADCy and epoxy resins

Dielectric Thermal
properties Mechanical properties properties
tan o Flexural Impact Carbon
Samples € (x107%)  strength (MPa) strength (k] m™2) yields (%)
Pure BADCy 3.0 8.1 112.9 11.4 40.6
Modified BADCy Our present work (TFMPMO) 2.75 6.7 142.5 18.5 39.0
Polysiloxane@polyimide core-shell microsphere* 313 7.5 120.0 25.0 30.0
Poly(urea-formaldehyde) microcapsules with epoxy** 4.1 5.0 — — 44.0
Octa(aminopropyl)silsesquioxane (POSS-NH,)"* 291 2.6 — — —
Poly(urea-formaldehyde) microcapsules filled 295 3.5 98 9.6 —
with dibutyltin dilaurate catalyst (PUF/DBTDL MCs)*®
Phenolic resin containing diphenyl oxide segments*® 3.0 6.2 — 11.9 39.3
Maleimide-functionalized hyperbranched polysiloxane'® 3.03 6.0 — 7.2 —
Methyl silsesquioxane (Me-SSQ)*” 2.76 6.0 70.0 6.0 —
4-tert-Butylphenol cyanate ester (4TPCY)*® 2.73 5.4 — — 43.7
Epoxy resin®® 3.7 19.0 97.0 — 17.6
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increasing the TFMPMO content. This reveals that the addition
of the TFMPMO is against the heat resistance of the TFMPMO-
modified BADCy resins. The corresponding Tyg; value of the
TFMPMO-modified BADCy resin with 20 wt% TFMPMO is
200 °C, still showing relatively high thermal stability. The reason
is that the intrinsic heat resistance of the TFMPMO is relatively
poorer in comparison to that of pure BADCy, and oxazoline also
has a relatively worse heat resistance than triazine, resulting in
decreased thermal stabilities.

Fig. 8 presents the influence of TFMPMO content on
the coefficient of thermal expansion (CTE) values of the
TFMPMO-modified BADCy resins. The CTE values of the
TFMPMO-modified BADCy resins increased slightly with
increasing the TFMPMO content. The corresponding CTE value
of the TFMPMO-modified BADCy resins with 20 wt% TFMPMO
is near 6.5 x 107>, slightly higher than that of pure BADCy resin
(6.2 x 107°). Compared to pure BADCy, TFMPMO possesses
relatively poorer heat resistance. Furthermore, the addition of
TFMPMO can destroy the crosslinked network of the triazine
and decrease the cross-linking density of the TFMPMO-modified
BADCy resins. The decreased cross-linking density results in the
decrease of the thermal and dimensional stabilities.

Comparisons with other studies have been conducted as
shown in Table 2. From the comparison, the modified BADCy
resins with 15 wt% TFMPMO present the optimal comprehen-
sive properties (ultralow dielectric properties, high mechanical
properties and excellent thermal and dimensional stabilities).

4. Conclusions

The synthesized TFMPMO can react with BADCy to produce
oxazoline. Both the ¢ and tan J values of the TFMPMO-modified
BADCy resins decreased with the addition of TFMPMO. For the
same loading of TFMPMO, the ¢ and tan¢ values decreased
slightly with increasing the frequency. With increased addition
of TFMPMO, the mechanical properties (impact and flexural
strength) of the TFMPMO-modified BADCy resins gradually
increased, the corresponding weight loss temperatures and
Turr values slightly decreased, and the CTE values increased
as well. The modified BADCy resins with 15 wt% TFMPMO
present low ¢ and tan ¢ value, improved mechanical properties,
and high thermal and dimensional stability, i.e., ¢ of 2.75, tan ¢
of 6.7 x 107?, impact and flexural strength of 15.4 k] m~> and
141.0 MPa, Tyg; of 206 °C and CTE of 6.4 x 107>,
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