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Abstract
A novel epoxy and fluorine-containing linear random copolymer of P(PFS-co-GMA) is synthesized from pentafluorostyrene 
(PFS) and glycidyl methacrylate (GMA) via RAFT polymerization, which is then performed to prepare modified bisphenol 
A dicyanate ester (m-BADCy) resin. Small dipole and low polarizability of C–F bond in PFS improve the wave-transparent 
performance of m-BADCy resin. Besides, the large free volume of P(PFS-co-GMA) and  formation of semi-IPN structure 
simultaneously enhances the mechanical properties. The obtained m-BADCy resin with 15 wt% P(PFS-co-GMA) demon-
strated the optimal comprehensive properties. ε and tanδ were 2.59 and 0.0053, respectively, lower than that of pure BADCy 
resin (2.97 and 0.0090). The corresponding wave transmittance (|T|2) increased from 92.9% of pure BADCy resin to 94.5%. 
Meanwhile, the corresponding flexural and impact strength increased to 122.4 MPa and 14.6 kJ/m2, increased by 23.1% and 
49.0% compared with pure BADCy resin (99.4 MPa and 9.8 kJ/m2), respectively.

Keywords  Bisphenol A dicyanate ester · Epoxy and fluorine-containing linear random copolymer · Dielectric properties · 
Mechanical properties

1  Introduction

Compared with those of epoxy resins [1], polyimide [2], 
and bismaleimide [3], cyanate ester (CE) resins possess lots 
of unique properties as a high-performance resin matrix 
in polymer composites [4–6]. CE resins can keep low and 
stable dielectric constant (ε, 2.8 ~ 3.2) and dielectric loss 
tangent (tanδ, 0.002 ~ 0.008) across a wide range of tem-
perature (0 ~ 220 °C) and frequency (0 ~ 1011 Hz) [7–9]. 
Besides, CE resins also display high thermal stability, low 
moisture absorption, good processability, etc. Therefore, CE 

resins have been widely used in microelectronics industry 
and aerospace, especially high-speed printed circuit boards, 
satellite antenna system, and radomes [10–12]. However, 
the dielectric properties of CE resins need to be improved in 
order to achieve higher wave-transparent performance for the 
electromagnetic waves. Besides, the toughness of CE resins 
after curing is relatively poor due to the symmetrical triazine 
structures [13, 14]. Therefore, to meet the growing demand 
for high-performance wave-transparent materials, it is urgent 
to prepare CE resins with excellent wave-transparent perfor-
mance and mechanical properties while maintaining excel-
lent thermal stability.

Presently, two strategies have been discovered to prepare 
CE resin showing excellent wave-transparent performance 
(equal to low ε and tanδ) [15–17]. One is to introduce inor-
ganic particles with hollow structure (such as silsesquioxane 
(SSQ) [18, 19] and porous silica (SiO2) [20, 21]) to reduce 
the number of polarized molecules per unit volume, thereby 
reducing the ε and tanδ of CE resin. Zhang et al. [19] intro-
duced methyl SSQ (Me-SSQ) to prepare modified CE resin 
(Me-SSQ/CE). The ε value of Me-SSQ/CE resin containing 
20 wt% Me-SSQ decreased to 2.78, lower than that of pure 
CE resin (3.05). Wu et al. [21] applied mesoporous silica 
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(MPS) and glycidyl polyhedral oligomeric silsesquioxane 
(G-POSS) to modify CE resin. The obtained modified CE 
resin with 4 wt% POSS-MPS displayed low ε and tanδ of 
2.78 and 0.0079, 15% and 34% lower than those of pure CE 
resin. Although the ε and tanδ values can be reduced by 
introducing  hollow structures, the process is relatively com-
plicated as pre-treatment is always required to improve the 
compatibility of inorganic particles with CE resin to avoid 
agglomeration. Moreover, introduction of hollow structure 
into CE resin will adversely affect their mechanical and ther-
mal properties [22–24].

The other way is to add small molecules or polymers with 
low-polar groups such as O–Si [25, 26], C–Si [27, 28], and 
C–F [29–31] into CE resin. Liu et al. [25] obtained modi-
fied epoxy resin/cyanate ester (eCE) by adding liquid crystal 
hyperbranched polysiloxane (LCPSi). The ε and tanδ values 
of the LCPSi/eCE resin with 1.5 wt% LCPSi decreased to 
approximately 78% and 45% of pure eCE resin, respectively. 
Mathivathanan  et al. [28] prepared PDMS-OCN/DGEBA 
polymer matrix by copolymerizing polydimethylsiloxane 
terminated cyanate ester (PDMS-OCN) with diglycidyl 
ether of bisphenol A (DGEBA). The obtained PDMS-OCN/
DGEBA showed low ε (2.75) due to the existence of the 
less polar group of C–Si bond. In our previous work [32], 
a fluorine-containing and epoxy-terminated polyaryleth-
erketone (EFPAEK) was introduced into the bisphenol A 
dicyanate ester (BADCy) resin to prepare EFPAEK/BADCy 
resin. EFPAEK/BADCy resin with 20 wt% EFPAEK showed 
the lowest ε of 2.64 under 1 MHz, much lower than that of 
pure BADCy resin (3.09). Besides, introducing small mol-
ecules or polymers with O–Si, C–Si, and C–F groups into 
the CE resins could simultaneously improve the mechanical 
and thermal properties of CE resins [33, 34].

Polymers containing pentafluorostyrene (PFS) present 
superior hydrophobicity [35], excellent thermal stability 
[36, 37], and chemical resistance. Besides, PFS-containing 
polymers exhibit ultra-low ε and tanδ because of low polar-
ized C–F bond [38, 39]. Bucholz et al. [38] synthesized 
poly(d,l-lactide-b-pentafluorostyrene) diblock copolymer 
through sequential ring opening and atom transfer radi-
cal polymerization. Diblock copolymer with 21.5 vol% 
poly(d,l-lactide) demonstrated very low ε value of 2.39. Fu 
et al. [39] prepared a rigid fluorinated polyimide (FPI) with 
poly(pentafluorostyrene) on the side chain (FPI-cb-PFS). 
The ε value of FPI-cb-PFS film could be reduced to 2.1 
compared with that of FPI-Br film (3.0). Therefore, introduc-
ing polymers with PFS to prepare CE resin with ultra-low 
ε is feasible.

To our knowledge, the formation of interpenetrating poly-
mer network (IPN) can significantly enhance the mechani-
cal properties of CE resin [40–42]. Liu and coworkers [41] 
obtained modified BADCy resin having semi-IPN structure 
through introducing thermoplastic polyimide into BADCy 

resin. The impact strength was improved by 47 ~ 320% 
compared with that of pure BADCy resin. In our previous 
work [43], a linear PBO precursor (preFLPBO) containing 
fluorine was employed to modify BADCy resin. Due to the 
formation of semi-IPN structure between preFLPBO and 
BADCy in the cured BADCy resin network, the mechani-
cal properties were significantly improved. The impact and 
flexural strength of the modified BADCy resin by 7 wt% 
preFLPBO increased to 13.87 kJ/m2 and 126.5 MPa, respec-
tively, enhanced by 40.4% and 23.5% compared to those of 
pure BADCy resin (9.88 kJ/m2 and 102.4 MPa).

The low polarized C–F bond would reduce the ε and 
tanδ values of BADCy resin. Functional groups of epoxy 
in glycidyl methacrylate (GMA) could react with –OCN 
groups of BADCy resin and form flexible five-membered 
ring oxazolidinone to further increase the compatibility with 
BADCy resin matrix. Semi-IPN structure would enhance the 
mechanical properties of BADCy resin. The above combined 
effects would synchronously improve the wave-transparent 
performance and mechanical properties of BADCy resin. 
Therefore, in our present work, a novel PFS-containing lin-
ear random copolymer of P(PFS-co-GMA) was firstly syn-
thesized through reversible addition-fragmentation chain 
transfer (RAFT) polymerization with PFS and GMA as mon-
omers. P(PFS-co-GMA) was then introduced into BADCy 
resin to prepare modified BADCy (m-BADCy) resin. The 
structure of P(PFS-co-GMA) was characterized by proton 
nuclear magnetic resonance (1H NMR) spectroscopy, 13C 
NMR spectroscopy, size exclusion chromatography (SEC), 
and Fourier infrared (FTIR) spectroscopy. The amount of 
P(PFS-co-GMA) affecting on the wave-transparent perfor-
mance, mechanical properties, and thermal properties of the 
m-BADCy resin was investigated.

2 � Experimental section

Main materials and characterization methods are provided 
in the Supplementary Materials.

2.1 � Synthesis of P(PFS‑co‑GMA)

P(PFS-co-GMA) was synthesized by RAFT polym-
erization. Specifically, CTA (0.808 g, 2 mmol), ACCN 
(97.6 mg, 0.4 mmol), PFS (8.501 g, 43.82 mmol), GMA 
(0.691 g, 4.87 mmol), 1,3,5-trioxane (internal standard, 
0.162 g), and 1,4-dioxane (9.55 mL) were added into a 
round bottom flask with a magnetic stir bar inside and 
sealed using a plastic septum. The above mixture was 
degassed by bubbling nitrogen for about 15 min. Then 
the flask was put in an oil bath of 80 °C and reacted for 
24 h under stirring. The reaction mixture was then cooled 
in cold water of 0 °C and opened under air. The reaction 
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mixture was diluted with an appropriate amount of DCM 
and added dropwise to MeOH to precipitate the polymer. 
The obtained polymer was dried at 40 °C for 12 h under 
reduced pressure to afford as a light-yellow powder. The 
experimental and characterization data of P(PFS-co-
GMA) are shown in Table S1.

2.2 � Preparation of P(PFS‑co‑GMA) modified BADCy 
(m‑BADCy) resin

A certain amount of P(PFS-co-GMA) was dissolved in 
an appropriate amount of THF and heated to form a clear 
solution, which was then mixed and stirred evenly with 
preheated BADCy resin at 150 °C for 1 h. Then, the above 
mixture was poured into a preheated mold at 150 °C and 
degassed under vacuum, followed by the curing procedure 
of 180 °C/2 h + 200 °C/6 h + 220 °C/2 h. The preparation 
process of m-BADCy resin is shown in Fig. 1.

3 � Results and discussions

3.1 � Structural characterization of P(PFS‑co‑GMA)

1H NMR and 13C NMR spectra of P(PFS-co-GMA) 
are shown in Fig.  2a and b, respectively. Peaks at 
4.17 ~ 2.79 ppm in Fig. 2a are attributed to the five char-
acteristic resonances of the protons for epoxy group. Sig-
nals at chemical shift between 2.50 and 0.73 ppm cor-
respond to the protons from the polymer backbone. Peak 
at 174.60 ppm in Fig. 2b is corresponding to the carbonyl 
group of GMA while the signals at 146.14 ~ 114.40 ppm 
are owing to the carbon atoms from benzene ring. Besides, 
peaks at 65.85, 48.59, and 45.53 ppm belonging to the 
three carbon atoms of the epoxy group can be observed. 
Additionally, the signals ascribed to carbon atoms of 
the polymer backbone are evident between 44.13 and 
14.05  ppm. Figure  2c displays the FTIR spectrum of 
P(PFS-co-GMA). Peaks at 2936 and 2858  cm−1 are 

Fig. 1   Schematic diagram of preparation for m-BADCy resin

1168 Advanced Composites and Hybrid Materials  (2021) 4:1166–1175



resulted from the characteristic absorption of C–H bond 
in polymer backbone. The skeleton vibration of the ben-
zene ring and stretching vibration of C–F bond appear 
at 1653 ~ 1500 cm−1 and 1460 ~ 1010 cm−1, respectively. 
Meanwhile, the absorption at 1734 and 916  cm−1 are 
ascribed to –COO– and epoxy, respectively. NMR and 
FTIR analyses suggest P(PFS-co-GMA) have been syn-
thesized with the expected molecular structure. Figure 2d 
presents the SEC curve of P(PFS-co-GMA), which shows 
a symmetrical monomodal peak and narrow molar mass 
distribution (Ð = 1.11). The measured number average 
molar mass (Mn, SEC) is 4700 g/mol, close to the theoretical 
molar mass (Mn, th = 4800 g/mol), indicating the polymeri-
zation is well controlled. The experimental condition for 
the synthesis and characterization data of P(PFS-co-GMA) 
are also shown in Table S1.

3.2 � Wave‑transparent performance of m‑BADCy 
resin

Figure 3 a and b respectively show the amount of P(PFS-
co-GMA) affecting on ε and tanδ values of m-BADCy resin. 
Under the same frequency, ε of m-BADCy resin firstly 
decreases and then increases as increasing the amount of 
P(PFS-co-GMA), while the tanδ values remain between 
0.0030 and 0.0092. When the content of P(PFS-co-GMA) 
reaches 15 wt%, ε and tanδ values of m-BADCy resin at 
1 MHz are reduced to the minimum values of 2.59 and 
0.0053, respectively, 12.8% and 41.1% lower than that of 
pure BADCy resin (2.97 and 0.0090). It can be ascribed 
to the smaller dipole and lower polarizability of the C–F 
bond in P(PFS-co-GMA). Additionally, epoxy groups in 
GMA will promote the curing reaction of BADCy to aid 

Fig. 2   1H NMR (a), 13C NMR (b), FTIR (c), and GPC (d) spectra of P(PFS-co-GMA)
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the formation of the symmetric triazine structure [32]. 
Besides, the fluorine-containing P(PFS-co-GMA) has a 
large free volume, which causes the decrease of the polari-
zation, thus resulting the lower ε and tanδ. However, when 
the mass fraction of P(PFS-co-GMA) is further increased 
to 20 wt%, the excess epoxy groups in P(PFS-co-GMA) 
react with –OCN groups of BADCy forming a considerable 
amount of larger polarized oxazolidinone structure, which 
destructs the highly symmetrical triazine ring of BADCy 
resin, thus increasing ε and tanδ of the m-BADCy resin. In 
addition, the ε of pure BADCy resin and m-BADCy resin 
decreases with the increase of testing frequency. The main 
reason is that, at lower external electric field frequency, a 
variety of polarization (orientation, atomic, and electronic 
polarization) could keep up to the electric field change. 
However, orientation polarization requires  longer relaxa-
tion time which gradually lags behind the external electric 

field change when increasing the electric field frequency, 
resulting in the decreased ε.

Figure 3 c and d show the amount of P(PFS-co-GMA) 
affecting on wave transmittance (|T|2), wave reflectivity 
(|Г|2), and energy loss (A) of m-BADCy resin at different 
frequencies. The calculation equation for |T|2, |Г|2, and A 
is shown in Eq. S1 − S4 [43]. With increasing the content 
of P(PFS-co-GMA), the |T|2 of m-BADCy resin increases 
firstly and then decreases, while the |Г|2 displays a con-
trast trend. When the amount of P(PFS-co-GMA) reaches 
15 wt%, the |T|2 of m-BADCy resin increases to the maxi-
mum value of 94.5% at 1 MHz, higher than that of pure 
BADCy resin (92.9%). Simultaneously, the corresponding 
|Г|2 is reduced to 5.5%, lower than that of pure BADCy 
resin (7.1%). It may be explained by impedance matching 
theory, where the smaller the impedance difference of the 
load phase and the transmission phase is, the less reflection 

Fig. 3   Effect of P(PFS-co-GMA) contents on the ε (a), tanδ (b), |T|2 (c), and |Г|2 and A (d) of m-BADCy resin at different testing frequency

1170 Advanced Composites and Hybrid Materials  (2021) 4:1166–1175



of the electromagnetic waves occurs [44–47]. Therefore, 
the impedance difference of m-BADCy resin and transmis-
sion phase (air) becomes smaller as ε of m-BADCy resin 
decreases, thus resulting in lower |Г|2 and higher |T|2. Addi-
tionally, the A of pure BADCy and m-BADCy resin is much 

lower than |Г|2 (less than 0.7 × 10−3%), suggesting the reflec-
tion loss is the main way causing the energy reduction of the 
electromagnetic waves.

3.3 � Mechanical properties of m‑BADCy resin

Figure 4 shows the amount of P(PFS-co-GMA) influenc-
ing on the mechanical properties of m-BADCy resin. As 
mass fraction for P(PFS-co-GMA) increases, the flex-
ural strength of m-BADCy resin increases first and then 
decreases. Whereas, the impact strength of m-BADCy 
resin keeps increasing as the content of P(PFS-co-GMA) 
increases. When the content of P(PFS-co-GMA) is 15 wt%, 
m-BADCy resin reaches the optimal flexural strength of 
122.4 MPa, increased by 23.1% compared with 99.4 MPa 
of pure BADCy resin. The corresponding impact strength 
of m-BADCy resin reaches 14.6 kJ/m2, increased by 49.0% 
compared with pure BADCy (9.8 kJ/m2). Pure BADCy 
displays a smooth and brittle fracture surface (Fig. 5a) 
indicating that there is almost no plastic deformation in 
the process of fracture propagation. With the addition of 
P(PFS-co-GMA), the fracture surface of m-BADCy resin 
appears irregularly corrugated and the roughness gradually 

Fig. 4   Influence of P(PFS-co-GMA) mass fraction on the mechanical 
properties of m-BADCy resin

Fig. 5   SEM morphologies of impact fractures for m-BADCy resin with different mass fraction of P(PFS-co-GMA): 0 (a), 5 (b), 10 (c), 15 (d), 
and 20 wt% (e); schematic diagram showing the formation of semi-IPN structure in m-BADCy resin (f)
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increases (Fig. 5b–e), which is in favor of enhancing the 
mechanical properties. Furthermore, the phenomenon of 
stress whitening becomes more obvious, also indicating 
the transition from brittle fracture to ductile fracture. The 
increased mechanical properties can be mainly ascribed to 
the formed semi-IPN structure between the cured BADCy 
resin and the P(PFS-co-GMA) as shown in Fig. 5f. Besides, 
the reaction of epoxy groups in P(PFS-co-GMA) with –OCN 
groups in m-BADCy resin increases the compatibility of the 
flexible five-membered ring oxazolidinone. Furthermore, 
fluorine atoms have big free volume which increases flexibil-
ity of chain segment in the m-BADCy resin system. These 
factors are beneficial to improving the impact strength of 
m-BADCy resin. However, when the addition of P(PFS-co-
GMA) increases to 20 wt%, the excessive oxazolidinone has 
an adverse effect on the flexural strength of m-BADCy resin.

3.4 � Thermal properties of m‑BADCy resin

Dynamic mechanical analysis (DMA) and thermal gravimet-
ric analyses (TGA) of m-BADCy resin are shown in Fig. 6a–b, 
and the respective thermal data are shown in Table 1. Glass 
transition temperature (Tg) of m-BADCy resin displays an 
increasing trend followed by decreasing as P(PFS-co-GMA) 
increases from 0 to 5 wt% and from 5 to 20 wt%, respectively. 
When the mass fraction of P(PFS-co-GMA) is 5 wt%, the Tg 
of m-BADCy resin rises to the maximum value of 265.6 °C, 
higher than that of pure BADCy resin (260.4 °C). The rea-
son is that the introduction of a lower content epoxy groups 
promotes the curing of m-BADCy resin and increases the 
crosslinking density, thereby increasing the Tg of m-BADCy 
resin. However, the Tg of m-BADCy resin is decreased to 
248.5 °C when the mass fraction of P(PFS-co-GMA) goes 

up to 15 wt%. This is mainly caused by the reaction of excess 
epoxy groups of GMA with the –OCN groups of BADCy 
which forms flexible five-membered ring oxazolidinone. It 
will cause the destruction of rigidly regular triazine ring struc-
ture, thereby reducing the Tg.

From Fig. 6b and Table 1, the T5, T30, and THeat-resistance index 
(THRI) [48] values of m-BADCy resin increase first before 
decrease with increasing the mass fraction of P(PFS-co-
GMA). The THRI value of m-BADCy resin with 15 wt% 
P(PFS-co-GMA) is 203.7 °C, slightly lower than that of 
pure BADCy (205.8 °C). On the one hand, the excellent 
thermal oxidation resistance improves the heat resistance 
of m-BADCy resin owing to the high carbon–fluorine bond 
energy. On the other hand, the formed excess five-membered 
ring oxazolidinone with the increase of P(PFS-co-GMA) has 
relatively poor heat resistance. This factor plus the decreased 

Fig. 6   DMA (a) and TGA (b) curves of pure BADCy and m-BADCy resin

Table 1   Thermal data of pure BADCy and m-BADCy resin. THRI = 0
.49 × [T5 + 0.6 × (T30 − T5)]. T5 and T30 represent thermal decomposi-
tion temperature corresponding to the sample weight loss of 5% and 
30%, respectively.

Samples Weight loss 
temperature/°C

THRI*/°C Tg/°C

T5 T30

Pure BADCy 362.8 458.2 205.8 260.4
5 wt% P(PFS-co-GMA)/

BADCy
373.4 463.6 209.5 265.6

10 wt% P(PFS-co-GMA)/
BADCy

363.4 465.2 208.0 252.7

15 wt% P(PFS-co-GMA)/
BADCy

356.8 454.9 203.7 248.5

20 wt% P(PFS-co-GMA)/
BADCy

350.8 444.2 199.4 248.1
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crosslinking density of m-BADCy resin offset the improving 
effect and thus deteriorate the heat resistance of the resin.

*THRI = 0.49 × [T5 + 0.6 × (T30 − T5)]. T5 and T30 represent 
thermal decomposition temperature corresponding to the 
sample weight loss of 5% and 30%, respectively.

3.5 � Water resistance of m‑BADCy resin

Figure 7a and b respectively demonstrate the amount of 
P(PFS-co-GMA) influencing on the contact angle and 
water absorption of m-BADCy resin. The contact angle 
of m-BADCy resin increases with increasing the addition 
of P(PFS-co-GMA) (Fig. 7a). And the contact angle of 
m-BADCy resin is increased to 111.5° with 15 wt% P(PFS-
co-GMA), larger than that of pure BADCy resin (94.0°). 
Improved hydrophobicity of m-BADCy resin corresponds to 
the strong binding force of the carbon–fluorine bond and the 
very low surface energy. In addition, as demonstrated from 
Fig. 7b, the water absorption of pure BADCy and m-BADCy 
resin increases with prolonging the immersing time in water 
and reaches saturation after 48 h. Notably, m-BADCy resin 
displays a slower water absorption rate and lower final satu-
ration absorption compared to pure BADCy resin. When 
the content of P(PFS-co-GMA) reaches 15 wt%, the satu-
rated water absorption of m-BADCy resin drops to 0.42%, 
lower than that of pure BADCy resin (0.55%). It can also 
be ascribed to the low free energy of carbon–fluorine bond, 
which makes m-BADCy resin highly hydrophobic.

4 � Conclusion

In summary, a novel linear random copolymer of P(PFS-co-
GMA) was successfully designed and synthesized via RAFT 
polymerization. The obtained m-BADCy resin with 15 wt% 
P(PFS-co-GMA) demonstrated the optimal comprehensive 
properties. ε and tanδ were 2.59 and 0.0053, respectively, 

lower than that of pure BADCy resin (2.97 and 0.0090). 
The corresponding wave transmittance (|T|2) increased 
from 92.9% of pure BADCy resin to 94.5%. Meanwhile, the 
flexural and impact strength increased to 122.4 MPa and 
14.6 kJ/m2, increased by 23.1% and 49.0% compared with 
pure BADCy resin (99.4 MPa and 9.8 kJ/m2), respectively. 
Simultaneously, m-BADCy resin demonstrated excellent 
thermal stability (THRI of 203.7 °C) and water resistance 
(contact angle of 111.5° and the saturated water absorption 
rate of 0.42%) at this point.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42114-​021-​00349-3.
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