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A B S T R A C T   

Poly(p-phenylene-2,6-benzobisoxazole) (PBO) fibers can be applied as reinforcement to fabricate PBO/cyanate 
ester (CE) resin laminated composites with light weight, high specific strength & modulus, excellent dielectric 
properties, and extraordinary excellent thermal & humidity resistance for radome application. However, the 
surface of PBO fibers is extremely inert, resulting in poor interfacial compatibility to CE matrix. Besides, the 
toughness and wave-transparent performances of the cured CE resins need to be further improved. In this work, 
2, 2-bis(3-amino-4-hydroxyphenyl) hexafluoropropane (6FAP) and terephthaloyl chloride (TPC) were performed 
to synthesize fluorine-containing epoxy-terminated PBO precursor (epoxy-preFPBO) via condensation reaction 
followed by end-group functionalization with glycidol. Afterwards, epoxy-preFPBO modified CE resins (FPBO-co- 
BADCy resins) were prepared by copolymerization of epoxy-preFPBO and bisphenol A cyanate ester (BADCy). 
FPBO-co-BADCy resins with 7 wt% epoxy-preFPBO displayed the optimal wave-transparent performances and 
mechanical properties. Dielectric constant (ε) and dielectric loss (tanδ) is respectively 2.48 and 0.0081, and the 
corresponding transmittance (|T|2) at 10 MHz is 94.9%, higher than that of pure BADCy (92.7%). The corre
sponding flexural and impact strength was enhanced to 119.9 MPa and 12.3 kJ/m2, 21.4% and 24.5% higher 
than that of pure BADCy, respectively. In addition, FPBO-co-BADCy resins presented better interfacial bonding 
strength with PBO fibers than that of pure BADCy.   

1. Introduction 

Poly(p-phenylene-2,6-benzobisoxazole) (PBO) fibers have relatively 
low density (1.56 g/cm3), ultra-low dielectric constant (ε, 3.0) & 
dielectric loss (tanδ, 0.001), superior tensile strength (5.8 GPa) & 
modulus (270 MPa), and outstanding thermal resistance 
(Tdmax ¼ 650 �C) in comparison with those of glass fibers [1,2], quartz 
fibers [3], and/or Kevalr fibers [4], etc. Therefore, PBO fibers have 
attracted significant attention in the preparation of high-performance 
wave-transparent/load integrated polymer matrix composites [5–7]. 

However, the weak interfacial compatibility between PBO fibers and 
polymer matrix always leads to poor mechanical properties, especially 
for interlaminar shear strength (ILSS) [8–10]. To our knowledge, 
different methods have been developed for the surface functionalization 
of PBO fibers, for instance, electrostatic adsorption [11], corona 
discharge [12], plasma [13–15], and radiation [16,17], etc. However, 
these approaches might usually damage the mechanical properties of the 
PBO fibers themselves and are difficult to industrialize as well [18,19]. 

Utilizing interfacial compatibilizer can effectively avoid the damage 
to surface structure of the reinforced fibers themselves, and such 
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Fig. 1. Schematic diagram of preparation flow chart for FPBO-co-BADCy resin.  

Scheme 1. Schematic diagram of synthesis for epoxy-preFPBO and its reaction with BADCy matrix.  
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approach can also be applied in the lage-scale industrialized fabrication 
for polymer matrix composites [20–22]. Saves [23] et al. reported that 
the interfacial bonding between the high density polyethylene matrix 
and carbon fibers was significantly improved by using three different 
compatibilizers. In our previous work [24], novel PBO-co-BADCy resins 
were fabricated via copolymerization of epoxy-terminated PBO precur
sor (epoxy-prePBO) and bisphenol A cyanate ester (BADCy). Compared 
with that of PBO fibers/BADCy composites, the obtained ε (2.86) and 
tanδ (0.0061) value of the PBO fibers/PBO-co-BADCy wave-transparent 
laminated composites was reduced by 14.4% and 59.1%, respectively, 
and the corresponding ILSS and flexural strength was also increased by 
20.1% and 7.8%, respectively. 

Compared with other polymer matrix, e.g. unsaturated polyester [25, 
26], polyoxymethylene [27], epoxy resin [28,29], and bismaleimide 
resin [30], cyanate ester (CE) resins are endowed with lower ε (2.8–3.2) 
and tanδ (0.002–0.008), and present better stability at different tem
peratures and frequencies, which are recognized as the optimal polymer 
matrix for next-generation of polymer matrix wave-transparent com
posites [31–33]. However, pure cured CE resins always suffer from poor 
toughness. Besides, the dielectric properties of cured CE resins are still 
unable to meet the real application requirements of full-band and 
high-performance radome systems [34,35]. Therefore, it is highly 
desirable to modify CE resins, in order to reduce the ε and tanδ values 
and synchronously increase the mechanical properties. He [36] et al. 
incorporated DOPO-HQ into BADCy resins, and the obtained modified 

BADCy resins presented excellent dielectric properties, with ε and tanδ 
value being 2.69 and 0.007, respectively. 

Fluoropolymers possess ultra-low ε due to the fluorine or fluorine- 
containing groups in the molecular structure [37,38]. It is therefore 
possible to reduce ε and tanδ values of the polymers by attaching 
fluorine-containing groups to polymer backbone or side chain [39–41]. 
Wang [42] et al. prepared modified epoxy resin (DGEBF/DGEBA) con
taining trifluoromethyl (-CF3) in the side chain via alkylation using 2, 
2-bis(4-hydroxyphenyl)-hexafluoropropane and epichlorohydrin. The 
corresponding ε value of the DGEBF/DGEBA was reduced to 2.0, much 
lower than that of unmodified epoxy resin (3.8). In our previous work 
[43], synthesized 2-((3-(trifluoromethyl)phenoxy)methyl)oxirane 
(TFMPMO) was applied to modify BADCy via copolymerization. 
Compared with that of pure BADCy, BADCy resin modified with 15 wt% 
TFMPMO displayed relatively lower ε (2.75) and tanδ (0.0067), and 
significantly improved mechanical properties. 

In this work, a new strategy for the fabrication of a new type inter
facial compatibilizer, fluoride-containing epoxy-terminated PBO pre
cursor (epoxy-preFPBO), was presented. Fluorine groups in epoxy- 
preFPBO might reduce the ε and tanδ values of the BADCy matrix, and 
the epoxy groups can form oxazolinone, which would decrease the ri
gidity of cured BADCy. In addition, PBO-like structures (formed during 
the curing process of modified BADCy matrix [24,44]) can improve the 
interfacial compatibility between BADCy matrix and PBO fibers, which 
will be beneficial to the improvement of the ILSS of the final laminated 

Fig. 2. (a)1H NMR spectrum of TBS-6FAP; (b) 1H NMR and (c) 13C NMR spectra of epoxy-preFPBO; (d) FTIR spectra of 6FAP, TBS-6FAP and epoxy-preFPBO.  
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composites. Herein, epoxy-preFPBO, synthesized from 2, 2-bis(3-ami
no-4-hydroxyphenyl)hexafluoropropane (6FAP) and terephthaloyl 
chloride (TPC) through condensation and end-group functionalization, 
was performed to modify BADCy resins (FPBO-co-BADCy resins) via 
copolymerization. Nuclear magnetic resonance (NMR) and fourier 
transform infrared (FTIR) were performed to analyze and characterize 
the obtained product structure. Furthermore, the effects of the epox
y-preFPBO content on the dielectric & mechanical properties, thermal 
and water resistances of the FPBO-co-BADCy, and the interfacial 
compatibility (interfacial bonding strength) between PBO fibers and 
BADCy matrix were all investigated. 

2. Experimental 

2.1. Main materials 

Detailed information can be found in Supporting Information S1. 

2.2. Synthesis of epoxy-preFPBO 

Epoxy-preFPBO was synthesized referring to our previous published 
work [24]. Silane-protected 6FAP (TBS-6FAP) was firstly synthesized 
from 6FAP and tert-butyldimethylsilyl chloride, which was then reacted 
with TPC to obtain the fluorine-containing PBO precursor 
(TPC-preFPBO). Finally, TPC-preFPBO was reacted with glycidol to 
afford the fluorine-containing epoxy-terminated PBO precursor 

(epoxy-preFPBO), as illustrated in Scheme 1. And the detailed synthetic 
procedures can be found in Supporting Information S2. 

2.3. Fabrication of FPBO-co-BADCy resin 

As displayed in Fig. 1, appropriate amount of epoxy-preFPBO was 
dissolved in DMF and stirred uniformly under ultrasonic condition. 
BADCy was then added into the above solution and heated to 150 �C 
while stirring. Then the obtained mixture was kept reaction at 150 �C for 
45 min to remove DMF. Finally, the above mixture was poured into a 
preheated mould, degassed in vacuum oven, and cured according to the 
following procedure of 180 �C/2 h þ 200 �C/6 h þ 220 �C/2 h. 

2.4. Characterization 

Detailed characterization methods can be found in Supporting In
formation S3. 

3. Results and discussion 

3.1. Structural characterization on TBS-6FAP and epoxy-preFPBO 

Fig. 2 shows the 1H NMR spectra of TBS-6FAP (a) and epoxy-preFPBO 
(b), 13C NMR spectrum of epoxy-preFPBO (c), and FTIR spectra of 6FAP, 
TBS-6FAP, and epoxy-preFPBO (d). In Fig. 2(a), the chemical shifts at 
0.26, 1.04, 3.83, and 6.71 ppm correspond to the protons for -Si(CH3)2-, 

Fig. 3. Effects of epoxy-preFPBO contents on the ε (a) and tanδ (b) values of the FPBO-co-BADCy resins at different testing frequencies; Wave transmission efficiency 
(c); Energy loss and reflection coefficient (d). 
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–C(CH3)3-, –NH–Si-, and benzene, respectively. And the ratio of the 
integration for these peaks (peaks a, b, c, and d) was 
12.32:17.84:1.00:3.05, which is consistent with the chemical formula of 
the product. In Fig. 2(b), the chemical shift at 8.74 ppm corresponds to 
the secondary amine (–NH–), which shifts to the lower field compared 
with that of TBS-6FAP. This was caused by the electron withdrawing 
effect of the carbonyl group in the amide group, which indicates that 
TPC has reacted with TBS-6FAP via condensation. The signals at 8.56, 
7.14, and 6.97 ppm are attributed to the three protons with different 
chemical environment in the benzene ring of 6FAP. The peaks at 

chemical shifts of 8.23 and 7.97 ppm are ascribed to the protons of the 
benzene ring in TPC. In addition, a few more peaks appear at 2–5 ppm, 
corresponding to the glycidol. The ratio of the integration for these 
peaks (a:b:c:d:e:f:g:h:i:j:k:l:m in Fig. 2(b)) is 
7.79:11.68:1.29:1.23:2.20:1.94:1.00:0.98:0.81:0.83:0.76:0.78:0.88, 
which is in good agreement with the structure of epoxy-preFPBO. Be
sides, the 13C peaks in Fig. 2(c) confirm all the carbon atoms of epoxy- 
preFPBO. Meanwhile, in Fig. 2(d), compared to the spectrum of 6FAP, 
the disappearance of the hydroxyl and primary amine peaks at 3000- 
3500 cm� 1, and the appearance of the -C-Si- peak at 1005 cm� 1 and -C- 

Fig. 4. Schematic diagram of electromagnetic waves transmission mechanism for FPBO-co-BADCy resins.  

Fig. 5. Effects of epoxy-preFPBO contents on the mechanical properties of the FPBO-co-BADCy resins.  
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O- peak at 1251 cm� 1 of TBS-6FAP indicate the complete reaction be
tween TBS and 6FAP. In addition, the characteristic peaks at 1000 and 
1700 cm� 1 is assigned to the epoxy group and carbonyl group, respec
tively, which suggests successful reaction between TPC and glycidol. 
Therefore, it can be deduced that the epoxy-preFPBO has been synthe
sized successfully (For on-line FTIR spectra of FPBO-co-BADCy resins 
monitoring the curing process, see the Supporting Information S4 and 
Fig. S2). 

3.2. Dielectric performances of the cured FPBO-co-BADCy 

The amount of epoxy-preFPBO affecting on the ε (a) and tanδ (b) 
values of the FPBO-co-BADCy at different frequencies are shown in 
Fig. 3. It can be observed that the ε value of the FPBO-co-BADCy resins 
decreases firstly before increases with increasing the amount of epoxy- 
preFPBO. The ε value of FPBO-co-BADCy resins with 7 wt% epoxy- 

preFPBO decreases to the minimum value of 2.48, lower than that of 
FPBO-co-BADCy resins with 9 wt% epoxy-preFPBO (2.64). And the tanδ 
values of FPBO-co-BADCy resins stay in the relatively low range of 
0.007–0.010 for all the analyzed contents. 

The –CF3 group (C–F bond) possesses low polarization and large free 
volume, which makes epoxy-preFPBO present low ε. F atoms can reduce 
the electronic effects, in favor of decreasing the ε and tanδ values of the 
FPBO-co-BADCy resins. However, the epoxy groups in epoxy-preFPBO 
can react with –OCN groups in BADCy to form the oxazolinone (pre
senting large polarization), and will partially replace the rigid triazine 
structures, resulting the increase of ε and tanδ values. 

In addition, the relaxation time corresponding to various kinds of 
polarization is also different. The dipole polarization with a long 
relaxation time cannot keep up with the change of electric field, 
resulting in the decreased molecule polarization, presenting decreased ε 
value of the FPBO-co-BADCy resins with increasing the frequency. 

For wave-transparent polymer composites, both the reflection of 
electromagnetic waves on the surface of dielectrics and the energy loss 
inside dielectrics belong to the loss of electromagnetic waves. The ratio 
of the above two losses can be measured by two parameters: reflection 
coefficient (|Г|2) and energy loss (A). The relationship between A, |Г|2 

and the wave transmission ratio (|T|2) of the dielectrics is shown in 
Supporting Information S5. According to equations S2-S4 and the 
actual testing condition, the |T|2, |Г|2 and A curves of the FPBO-co- 
BADCy resins with different mass fraction of epoxy-preFPBO at various 
frequencies are shown in Fig. 3(c) and (d). The |T|2 of the FPBO-co- 
BADCy resins with 7 wt% epoxy-preFPBO increases to 94.9% at 10 MHz, 
higher than that of pure BADCy matrix (92.7%). It can be seen that the | 
T|2 of the FPBO-co-BADCy resins is inversely correlated with the ε and 
tanδ, and the |Г|2 is well above the A. Results suggest that the main way 
of energy loss of the electromagnetic waves for FPBO-co-BADCy resins is 
reflection loss, and decreasing ε value is beneficial to reducing the 
reflection loss, which will subsequently improve A. According to the 
impedance matching theory, if the impedance of the load phase matches 
that of transmission phase, no reflection occurs at the interface between 
the two phases during electromagnetic waves transmission [45]. The 
larger the ε value of the FPBO-co-BADCy resins, the bigger the imped
ance difference between the transport phase (air) and the load phase 
(FPBO-co-BADCy resins), resulting in the stronger interface reflection, 

Fig. 6. SEM morphologies of impact fractures for FPBO-co-BADCy resins with different epoxy-preFPBO content: (a) 0, (b) 1, (c) 3, (d) 5, (e) 7 and (f) 9 wt%.  

Fig. 7. TGA curves of epoxy-preFPBO, pure BADCy and FPBO-co-BADCy resins.  
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which reduces the final |T|2 of the FPBO-co-BADCy resins (Transmission 
diagram is shown in Fig. 4). 

3.3. Mechanical properties of cured FPBO-co-BADCy 

Effects of the epoxy-preFPBO content on the mechanical properties of 
the FPBO-co-BADCy resins are demonstrated in Fig. 5. Both the flexural 
strength and impact strength of the FPBO-co-BADCy resins gradually 
increase with increasing the mass fraction of epoxy-preFPBO. Compared 
with that of pure BADCy matrix (flexural strength of 98.8 MPa and 
impact strength of 9.9 kJ/m2), the corresponding flexural strength and 
impact strength of the FPBO-co-BADCy resins with 7 wt% epoxy-pre
FPBO are improved to 119.9 MPa and 12.3 kJ/m2, increased by 21.4% 
and 24.5%, respectively. 

On one hand, –CF3 has large free volume, beneficial to the chain 
movement. On the other hand, the formed oxazolinone fragments 
(through the reaction of the epoxy groups in epoxy-preFPBO with –OCN 
groups in BADCy [46]) in polycyanurate networks can decrease the ri
gidity of the networks as they increase the distance between crosslinks, 
which will reduce the flexural strength of the FPBO-co-BADCy resins. 
Besides, the additional copolymerization between epoxy and –OCN 
groups could reduce the curing temperature of BADCy, thus promoting 
the formation of the triazine, which will increase the crosslinking den
sity and consequently improve the flexural strength. Herein, the latter 
plays a major role in the increasing of flexural strength for FPBO-co-
BADCy resins. For the effects of F atoms on the water absorption of 
FPBO-co-BADCy resins, please see the Supporting Information S6 and 
Fig. S4. Fig. 6 shows the corresponding SEM morphologies of impact 
fractures for FPBO-co-BADCy resins. The impact fracture surface of pure 
BADCy matrix is relatively smooth, demonstrating a typical brittle 
feature. With increasing the amount of epoxy-preFPBO, the roughness of 
impact fractures for the FPBO-co-BADCy resins and the degree of stress 
whitening gradually increase, beneficial for enhancing the impact 
toughness. These are consistent with those experimental results of the 
impact strength for FPBO-co-BADCy resins, as shown in Fig. 5. 

3.4. Thermal properties of cured FPBO-co-BADCy 

TGA curves of the epoxy-preFPBO, pure BADCy, and FPBO-co-BADCy 
resins are shown in Fig. 7, and the corresponding characteristic thermal 
data are summarized in Table S2. The weight of epoxy-preFPBO hardly 
changes below 200 �C owing to its relatively good thermal resistance. 
The maximum weight loss of epoxy-preFPBO occurs between 250 �C and 
350 �C, which can be attributed to the removal of the TBS structure 

during the thermal cyclization. The weight loss of epoxy-preFPBO after 
350 �C is mainly due to the destruction of the epoxy structure. Pure 
BADCy and FPBO-co-BADCy resins display less weight loss before 
380 �C, owing to the better thermal resistance of a large number for 
crosslinked triazine in cured networks. The maximum weight loss of 
pure BADCy and FPBO-co-BADCy resins occur at around 400 �C, mainly 
attributed to the destruction of the triazine in pure BADCy and FPBO-co- 
BADCy resins. 

The corresponding thermal decomposing temperatures of T5 & T30, 
and calculated THeat-resistance index (THRI) values [47] of the FPBO-co-
BADCy resins increase with increasing mass fraction of epoxy-preFPBO 
and then decrease in comparison to that of pure BADCy. However, the 
variation of thermal resistance is marginal. The obtained THRI value of 
the FPBO-co-BADCy resins with 7 wt% epoxy-preFPBO is 197.6 �C, 
slightly lower than that of pure BADCy (199.5 �C). To our knowledge, 
the THRI values can indicate the heat resistance, and the higher THRI 
value, the better heat resistance, it can be deduced that FPBO-co-BADCy 
resins still possess relatively excellent thermal stabilities. This is because 
the copolymerization between epoxy and –OCN groups could decrease 
the curing temperature of BADCy, thus causing the increase of the 
crosslinking density, in favor of enhancing the thermal stabilities. Be
sides, the addition of large amounts of epoxy groups probably destroys 
the regular structures of triazine, thus decreasing the crosslinking den
sity of cured networks, which is against the thermal stabilities. 

3.5. Interfacial compatibility of PBO fibers/FPBO-co-BADCy micro- 
composites 

Fig. 8 demonstrates the contents of epoxy-preFPBO affecting on the 
interfacial compatibility of PBO fibers and the FPBO-co-BADCy matrix, 
and the corresponding SEM images of the PBO fiber surfaces after single 
fiber pull-out test. As observed, the single fiber pull-out strength of the 
PBO fibers/FPBO-co-BADCy micro-composites increases to the 
maximum with increasing the amount of epoxy-preFPBO and decreases 
afterwards. The maximum single fiber pull-out strength of the PBO fi
bers/FPBO-co-BADCy micro-composites with 7 wt% epoxy-preFPBO is 
increased by 20.6% to 3.5 MPa from 2.9 MPa of PBO fibers/BADCy 
micro-composites. 

The reason is that the interfacial compatibility between PBO fibers 
and BADCy resins is poor, therefore, the surface of PBO fibers for PBO 
fibers/BADCy micro-composites is smooth after single fiber pull-out test, 
and there is no residual BADCy resins on the surface of PBO fibers. With 
an optimum amount of added epoxy-preFPBO, the residual FPBO-co- 
BADCy resins on the surface of PBO fibers gradually increase, mainly 

Fig. 8. (a) Single fiber pull-out strength of the PBO fibers/BADCy and PBO fibers/FPBO-co-BADCy micro-composites; (b) SEM images of the PBO fiber surfaces after 
single fiber pull-out test. 
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attributed to the introduction of the PBO-like structure (formed during 
the curing process of modified BADCy resin [23,42]) in the interface of 
PBO fibers/FPBO-co-BADCy micro-composites, resulting in the 
improved interfacial compatibility, which is also in favor of enhancing 
interfacial adhesion between the PBO fibers and FPBO-co-BADCy matrix 
as illustrated in Fig. 8(b). However, the large number of added epoxy 
groups probably destroys the regular structures of triazine, causing the 
interface damage in the weakness of the FPBO-co-BADCy resins on the 
surfaces, finally against the corresponding single fiber pull-out strength. 

4. Conclusions 

In conclusion, a novel fluorine-containing epoxy-terminated PBO 
precursor (epoxy-preFPBO) was synthesized, to successfully obtain the 
modified BADCy (FPBO-co-BADCy). The ε values of the FPBO-co-BADCy 
resins decreased firstly and then increased with increasing the amount of 
epoxy-preFPBO, and the tanδ values of FPBO-co-BADCy resins stayed in 
the relatively low range of 0.007–0.010. The ε and tanδ values of FPBO- 
co-BADCy resins with 7 wt% epoxy-preFPBO was respectively 2.48 and 
0.0081, and the corresponding |T|2 was 94.9%, better than that of pure 
BADCy (92.7%) at 10 MHz. Compared with that of pure BADCy matrix 
(flexural strength of 98.8 MPa and impact strength of 9.9 kJ/m2), the 
flexural and impact strength of FPBO-co-BADCy resins with 7 wt% 
epoxy-preFPBO was improved to 119.9 MPa and 12.3 kJ/m2, increased 
by 21.4% and 24.5%, respectively. In addition, the FPBO-co-BADCy 
resins presented better interfacial bonding strength with PBO fibers than 
that of pure BADCy resins, as the single fiber pull-out strength increased 
to 3.5 MPa for PBO fiber/FPBO-co-BADCy micro-composites from 
2.9 MPa for PBO fiber/BADCy micro-composites. 
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