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A B S T R A C T   

To produce renewable and functional epoxy resins, novel polymers were fabricated based on naturally available 
honokiol. The honokiol-derived (DBDBBB) epoxy resin monomer was firstly reported and cured by diamino 
diphenyl-sulfone (33DDS and 44DDS). The resultant networks were fabricated via both epoxy resin and poly
olefin, and showed excellent thermal stability (Tmax up to 451 ◦C), thermal conductivity (~0.743 W/m•K), and 
high specific heat (5.364 J/g•K) as well as the excellent dielectric constant and loss values (9.74, 0.026) (1 kHz, 
25 ◦C). Moreover, the bio-based networks were low flammable. The high-performing DBDBBB/DDS networks 
surpass the DGEBA analogs, and hence it will be a promising candidate for DGEBA and has great potential 
application in the electronics and microelectronics industry.   

1. Introduction 

With the development of chemicals, wanton depletion of oil reserves 
occurs. Regardless of the great progress in the past decades, several 
serious problems concerning the ecological environment deterioration 
in some regions, atmosphere pollution, and even the industrial air 
pollution situation have aroused widespread concern. It is worth 
emphasizing that, especially, due to the increasing industrial growth, 
the petrochemical feedstocks are getting tense. In the long term, the 
establishment of bioconversion procedures for biomass products is not 
only promising but also inevitable for substituting the petrochemicals. 
The progressive elimination of the routes with high consumption of 
energy, heavy pollution, and low technology makes this alternative 
protocol more meaningful. These related technical development and 
promotion are strikingly bloomed in several aspects, such as fuels, fine 
chemicals, and polymers even on a large scale [1–4]. 

As we know, epoxy resins are predominately synthesized from non- 
renewable resources heretofore. Typically, diglycidyl ether of bisphe
nol A (DGEBA) synthesis heavily relies on nonrenewable bisphenol A 
(BPA). However, the BPA is derived from petroleum-based phenol and 
acetone [5], which reacts with environment-friendly epichlorohydrin 
(ECH) via an O-glycidylation reaction affording DGEBA [6]. Currently, 
>90% of the commercial epoxy resins are fabricated from DGEBA. 

Although those DGEBA epoxy resin networks have high glass transition 
temperatures and good thermal stability, several disadvantages resulted 
from BPA, such as carcinogenicity, mutagenicity, and reprotoxicity as 
well as endocrine disruptors, have given rise to the public attention for 
its substitution [7]. Thus the BPA-containing items are highly restricted 
to baby collections and medical supplies. Over the past decades, alter
natively, many attempts have been made to find promising renewable 
stocks. 

An increasing amount of feedstocks transformed from plants and 
herbs via extraction and fermentation offer a promising perspective for 
the development of novel bio-based polymers. It was considered as a 
versatile but cost-effective strategy for biomass materials with diverse 
functions. Most impressively, up to date, various biomasses, for instance, 
resveratrol [8], magnolol [9], daidzein [10], eugenol [11,12], quercetin 
[13], and protocatechualdehyde [14] are introduced into epoxy resin 
polymers exerting them with several superior performances, such as 
excellent thermal stability, flame retardancy, and thermal conductivity 
as well as electrical performance. Mostly, those bio-based aromatic 
compounds behave good mechanical properties, and partially some 
fascinating merits confer the corresponding functional features to bio- 
based epoxy networks. Albeit a few linear and hyperbranched epoxy- 
ended monomers based on petroleum chemicals can also endow poly
mers with several comparative advantages [15]. 
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The past decades witness the rapid growth of bio-epoxy resins and 
further indicate their great superiorities over the petro-based analogs. 
However, a great challenge remains as to the net thermosets with high 
thermal, mechanical properties and conductivity as well as flame 
resistance. Recently, the carbon nanotube is mainly reported to update 
the electrical conductivity of the epoxy composites [16]. Beyond this, 
various attractive protocols, for instance, the high-order composites 
with mesogen segments or the bottom-up parallel-linking and strain 
strategy has been disclosed and greatly elevates the thermal conduc
tivity of bulk epoxy resin (>0.96 W/m⋅K) [17,18]. To enhance the 
thermal conductivity, different fillers such as natural graphite and gra
phene are adulterated into the epoxy resin system [19,20]. Except for 
those points, various components are solely employed to raise the flame- 
retardant efficiency in epoxy resins. For example, black phosphorene 
[21,22] and carbon fiber [23], carboranes [24] are commonly intro
duced. Moreover, several other fillers containing the following elements, 
such as organic phosphorus [25], borates [26,27], and silicon [28], so on 
[29–31], can remarkably augment the fire resistance. Despite those 
excellent performances, those works relied heavily on crude petroleum 
but lacked in sustainability and development. 

Herein, a novel bio-based honokiol, namely 2,2′-(((3′,5-diallyl-[1,1′- 
biphenyl]-2,4′-diyl)bis (oxy))bis(methylene)) bis(oxirane) (DBDBBB) 
was synthesized, and introduced into the thermosetting epoxy resins. 
The concerning issues were thoroughly investigated, and the results 
proved that DBDBBB/DDS matrixes exhibited excellent properties. For 
instance, DBDBBB/44DDS showed the highest thermal stability among 
bio-based epoxy resins reported to date. Besides that, it also possessed 
excellent dielectric constant and loss values, as well as good thermal 
diffusivity and conductivity. Meanwhile, its DBDBBB/33DDS analog 
also showed superior performance of lap shear strength, specific heat, 
and flame resistance. Accordingly, these comprehensive properties of 
bio-epoxy resin polymeric networks will successfully arouse its potential 
application in fire protective coatings, electronics and capacitors, etc. 

2. Materials and methods 

2.1. Materials 

Honokiol (98% purity), tetrabutylammonium bromide (TBAB, 98% 
purity), bisphenol A diglycidyl ether (DGEBA, >85%), 3,3′-diamino 
diphenyl-sulfone (33DDS, >99% purity) and 4,4′-diamino diphenyl- 
sulfone (44DDS, >99% purity) were obtained from Macklin Reagent 
Company, China. Sodium hydroxide (NaOH) and epichlorohydrin (ECH, 
99%) were from Aladdin Chemical Reagent, China. 

2.2. Honokiol-based epoxy monomer (DBDBBB) synthesis 

The epichlorohydrin (0.7 mol, 64.75 g) and tetrabutylammonium 
bromide (5 mmol, 1.61 g) were added in 50 wt% aqueous solution NaOH 
(24 g NaOH /24 g H2O), and then the mixture was agitated vigorously at 
room temperature for 0.5 h. Afterward, the solution of honokiol (50 
mmol, 13.31 g) in THF (60 mL) was added dropwise under N2 flow. 
Upon completion, the reaction occurred at 50 ◦C until TLC (PE/EA = 4/ 
1) indicated the complete consumption of honokiol. Methylene chloride 
was directly used to extract the product three times. The obtained 
organic phase was washed with water and brine, which finally dried 

over Na2SO4. Subsequently, the filtration and evaporation allowed the 
samples for separation through silica gel column chromatography with 
gradient elution (PE/EA, 30/1 to 6/1). The transparent, colorless ad
hesive liquid DBDBBB (15.4 g) was in 81.5% yield. The synthetic route 
for DBDBBB is presented in Fig. 1. 

2.3. General procedure for the honokiol-based epoxy resin matrixes 

To produce biomass-based epoxy resin with excellent performance, 
the epoxy resin DBDBBB/DDS was prepared via a curing process of 
DBDBBB with DDS (with the molar ration of an epoxy group to NH in 
1:1). The stoichiometric blends of DBDBBB and DDS were mixed ho
mogeneously at room temperature under N2, and then warmed up in the 
respective liquefied temperature range. With the temperature 
increasing, a resultant colorless melted mixture with low viscosity 
formed. The mixture was poured into the preheated stainless steel mould 
(170 ◦C). Remarkably, little mold spray should be smeared on the mould 
surface before injection. Then the injected steel mould was heated to a 
given curing temperature in 1 h. Next, the curing process occurred at 
210 or 215 ◦C for about 2 h. The mould was then naturally cooled and 
ready for a demoulding process. The procedure concerning DGEBA/DDS 
matrixes followed the analogous process. All newly manufactured epoxy 
resins were kept for two weeks before determinations. The formulations 
of DBDBBB/DDS and DGEBA/DDS are displayed in Table 1. 

2.4. Measurement and characterization 

2.4.1. FTIR 
Fourier transform infrared (FTIR) determination was performed on a 

Bruker a Vertex 70 spectrometer (USA) over the wavenumber ranging 
from 400 to 4000 cm− 1. All samples were scanned for 16 times. 

2.4.2. NMR 
The characterization for both monomers and chemical structure of 

polymers was performed on Bruker ADVANCED III (400 MHz) spec
trometers for the NMR test. CDCl3 was employed for dissolving the 
samples. 

2.4.3. HRMS 
High-resolution mass spectra (HRMS) were performed on Agilent 

mass spectrometer with ESI-TOF (electrospray ionization-time of flight). 

Fig. 1. One-pot synthesis of DBDBBB.  

Table 1 
The formulations of DBDBBB/DDS and DGEBA/DDS.  

Samples DBDBBB 
(g) 

DGEBA 
(g) 

DDS 
(g) 

Liquefied temp. 
range (◦C) 

Curing 
temp. (◦C) 

DBDBBB/ 
33DDS  

7.56  –  2.48 130–195 210 

DBDBBB/ 
44DDS  

7.56  –  2.48 130–185 210 

DGEBA/ 
33DDS  

–  6.81  2.48 165–195 215 

DGEBA/ 
44DDS  

–  6.81  2.48 165–195 215  
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2.4.4. TG 
Thermogravimetric analyzer (TGA) and differential thermogravim

etry (DTG) ranging from 40 to 900 ◦C were performed on a Discovery 
TGA-550 system under a nitrogen flow of 20 mL/min and a heating rate 
of 20 ◦C/min. NETZSCH TG 209F1 Libra was employed for the TG test in 
an atmosphere of 20% oxygen and 80% nitrogen. 

2.4.5. DMA 
Dynamic thermomechanical analyzer (DMA, US) was performed on 

Diamond DMA under a single cantilever bending mode at a frequency of 
1 Hz. Each sample was scanned from 0 to 300 ◦C at a heating rate of 
3 ◦C/min. The dimensions of the specimen were 10 mm*5 mm*3 mm. 

2.4.6. Mechanical test 
Flexural strengths and moduli were measured according to GB T 

9341-2008/ISO 178:2001 at a speed of 2 mm/min on an electronic 
universal testing machine (Shenzhen SUNS Technology Stock Co. LTD, 
China). Shore hardness (D) values were achieved following ASTM 
D2240 on Shore Hardness Tester (HT-6510D). Lap Shear Strength of 
bonding samples was measured at room temperature according to the 
Chinese standard GB7124-86 at a speed of 5 mm/min and the shear 
strength (τ) is calculated as τ = Nmax/S, where Nmax is the maximum 
tensile force and S is the overlap area. Adhesion tests were performed on 
PosiTest AT-M with tapered pins (20 mm head diameter) according to 
ASTM D4541. 

2.4.7. SEM 
Microscopy analysis was performed on the scanning electron mi

croscope (SEM TM3000, Hitachi, the largest magnification up to 10000). 
The sample was sputter-coated with gold before testing. 

2.4.8. Dielectric properties 
Dielectric properties were measured on a broadband dielectrics 

spectrometer (Novocontrol Concept 80, Hundsangen, Germany) at room 
temperature over the frequency from 0 to 3 MHz. The diameter of each 
sample was 10 mm with a thickness 3 mm on round plate electrode. 

2.4.9. Thermal conductivity 
The thermal diffusion coefficient was carried out on the NETZSCH 

LFA 427 with a laser flash analysis. The disk with a diameter in 12.7 mm 
and 2 mm in thickness was determined at 25 ◦C. 

The epoxy resin disks with a diameter of 12.7 mm and 1 mm in 
thickness were used for thermal conductivity estimation. The thermal 
transmission process was recorded on an infrared thermal imager (Testo 
875i). The heater was heated to a fixed preset temperature (150 ◦C). 
Once the disk was placed on the heating plate, its surface temperature 
was recorded with a 5 s time interval. 

2.4.10. Horizontal burning test 
The horizontal burning procedure was conducted using the cured 

epoxy resins. The specimens (thickness 3 mm and width 20 mm) was 
horizontally located, and the front of the samples was ignited about 10 s. 

2.4.11. MCC 
In the microscale combustion calorimetry (MCC-2, Govmark) ex

periments, about 5 mg sample was heated to 900 ◦C with a heating rate 
of 1 ◦C/s at a stream of nitrogen flowing of 80 cm3/min. The volatile and 
anaerobic thermal degradation molecules in the nitrogen stream were 
mixed with a 20 cm3/min stream comprised of 20% oxygen and 80% 
nitrogen before approaching a combustion furnace at 900 ◦C. 

3. Results and discussion 

3.1. Synthesis and characterization of DBDBBB 

The chemical structures of DBDBBB and honokiol were characterized 

by the NMR (Fig. 2 and Fig. S1), IR (Fig. S2), and HRMS (Fig. S3). It was 
disclosed that the characteristic peaks of phenolic OH in the honokiol at 
about 5.25 ppm, and it disappeared once the O-glycidylation reaction 
occurred. The resultant peaks at about 3.9 ~ 4.3, 3.2 ~ 3.4, and 2.6 ~ 
2.9 ppm corresponded to the epoxy motifs. Furthermore, it was 
confirmed that the 13C NMR spectra that 69.08, 68.75, 50.27, 50.21, 
44.57, 44.55 peaks were attributed to carbons on epoxy groups in 
DBDBBB. The comparison between DBDBBB and honokiol suggested the 
full etherification of phenolic OH, and thus afforded the novel bio-epoxy 
resin monomer, as a colorless sticky liquid. 

3.2. Heat curing behaviors of epoxy resins 

To estimate the curing process, the traditional IR technique was 
employed. The distribution of oxirane and NH2 residue in the matrix 
were directly used to monitor the reaction process (Fig. S4 and Fig. 3). In 
Fig. S4, the spectra of monomers, such as DGEBA, DBDBBB, and 33DDS 
as well as 44DDS were presented. The absorption located about 
900–680, 1500, and 1600 cm− 1 were generated from the C––C stretch
ing and C–H deformation on the aromatic rings. As to DDS hardeners, 
the representative absorption peaks for active NH2 functionality were 
located at around 1623, 3330, 3360, and 3380 cm− 1. Such peaks were 
employed as references for independently monitoring the reaction. It 
was obvious that, in terms of the DDS, the absorption at about 1630 
cm− 1 vanished completely indicating the full polymerization. 

The oxirane motifs represented three typical peaks at about 850, 910, 
and 1240 cm− 1 due to the asymmetric and symmetric bending vibra
tions of C–H [32]. Alternatively, the peak at 910 cm− 1 was often used to 
estimate the reaction process. It was evident that, for DGEBA/DDS 
networks, both absorptions at 850 and 910 cm− 1 disappeared (Fig. S4b). 
However, for DBDBBB/DDS, the separate peak at 850 cm− 1 significantly 
faded, while the bending vibration of terminal CH = CH2 at 912 cm− 1 

was confusingly similar to that of waned oxirane (about 910 cm− 1). 
Therefore, both the peaks of reactive oxirane (about 850, 912 cm− 1) and 
NH2 (around 1623 cm− 1) were taken to monitor the polymerization 
process [32]. As depicted in Fig. 3, in the fully cured epoxy resin fab
rications, a wide absorption peak at ~ 3400 cm− 1 formed as a result of 
the ring-opening of oxirane leading to the appearance of the OH group. 
Moreover, the aliphatic C-N stretching vibration at 1237 cm− 1 suggested 
the nucleophilic reaction occurred. Overall, the curves in Fig. 3 suggest 
the elimination of reactive functions confirming the complete poly
merization of epoxy motifs. On the other hand, it was seen that there 
existed a small amount of allyl functional groups (1640 cm− 1) remained 
for both DBDBBB/33DDS and DBDBBB/44DDS (Fig. S2 and Fig. 3), 
which indicated the relatively slow polyolefin process. Thus, the 
DBDBBB/DDS networks were fabricated via both epoxy resin and 
polyolefin. 

3.3. Thermal stability of epoxy resins 

The thermal stabilities of DBDBBB/DDS and DGEBA/DDS were 
investigated by TGA under an N2 atmosphere. The curves of corre
sponding TGA and DTG are showed in Fig. 4. It was disclosed that both 
DBDBBB/DDS and DGEBA/DDS exhibited extremely high thermal sta
bility. The typical parameters serve as common references for their 
stability, such as Td5 (for 5% degradation), Td30 (for 30% degradation), 
Tmax (for the maximum decomposition rates from DTG curves), and THRI 
as well as R800 (char residue at 800 ◦C) are listed in Table 2. Obviously, 
DBDBBB/DDS gave comparable Td5 values in contrast to the DGEBA 
counterparts. The differential thermogravimetry (DTG) curves sug
gested that the DBDBBB/33DDS and DBDBBB/44DDS matrixes 
promptly decomposed at 450 ◦C and 451 ◦C, respectively (Fig. 4b). In 
contrast to the slightly low Tmax (no>435 ◦C) of DGEBA and magnolol- 
based composites [9], DBDBBB/DDS fabrications possessed a wider 
working temperature range and comparable transparency (Fig. 4c). 
Several bio-epoxy resins derived from natural resources have been 
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summarized in Fig. 4d and Table S1. To date, it has been proved that the 
novel DBDBBB/44DDS networks presented the highest Td5 among the 
reported bio-based epoxy resins. Notably, DBDBBB/44DDS network also 
behaved highest heat-resistance index (THRI) reaching 212.7 ◦C, indi
cated its excellent thermal stability [33]. Moreover, it is remarkably 
impressive that the char residues at about 800 ◦C for DBDBBB/DDS 
surpassed that of the DGEBA polymer matrixes. The drastic decompo
sition in a narrow temperature range (380–390 ◦C, char residues about 
24%) [21] possibly accounted for the highest char residue of the 

DBDBBB/44DDS network, and this property perhaps denoted its ad
vantageous fire retardancy. 

To further confirm the thermal stabilities of those networks, TGA was 
conducted in air as well. The concerning results are presented in 
Table S2, and the decomposition behaviors are described in Fig. S5. For 
DGEBA/DDS, the network was more unstable and could be readily 
broken down in air in contrast to that in N2. Conversely, DBDBBB/DDS 
showed negligible changes in Td5, Td30, and Tmax either in N2 or air at
mosphere. Apart from this, it was observed that Fig. 4b suggested a one- 

Fig. 2. The NMR spectra of DBDBBB (a, c) and the honokiol (b, d).  
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step pyrolysis in N2 with a single peak from 320 to 580 ◦C. In comparison 
with Fig. 4b, a two-step decomposition occurred with two peaks ranging 
from 320 to 530 ◦C and 580 to 760 ◦C, respectively (Fig. S5b). The 
thermal decomposition certainly occurred ranging from 320 to 580 ◦C. 
Nonetheless, when it happened in air, the free radical polymerization 
readily formed in-situ and led to more stable polymeric networks with 
decomposition peaks at about 600 ◦C. The TG curves in Fig. S5a denotes 
the char residues for DBDBBB/DDS is higher than DGEBA/DDS. The 
char residues at both 440 ◦C and 620 ◦C were listed in Table S2. For 
instance, DBDBBB/33DDS showed the highest char residue about 25% 
at 620 ◦C, surpassing that of DGEBA/33DDS (15.7%) (Entry 1 vs 3, 
Table S2). It was possibly attributed to the biphenyl motifs in DBDBBB, 
which promoted a highly thermally resistant carbonaceous during the 
thermal pyrolysis [9,34]. As a result, the DBDBBB/33DDS exhibited an 
enhanced fire retardancy in air. 

3.4. Dynamic thermomechanical analysis of epoxy resins 

The dynamic thermomechanical analyzer (DMA) was employed to 
investigate the thermomechanical properties involving glass transition 
temperature, storage modulus, and loss modulus, etc. (Fig. 5). Fig. 5a 
showed that DBDBBB networks behaved higher storage modulus than 
DGEBA matrixes before around 100 ◦C. Afterward, the storage modulus 
dramatically decreased in the transition region. The DBDBBB/33DDS 
and DBDBBB/44DDS have the extrapolated E’ onset temperatures at 
about 81.3 and 85.1 ◦C, respectively, which are about 50 ◦C lower than 
the DGEBA analogs. Fig. 5b indicates the amorphous DBDBBB networks 
presenting glass transition temperature (Tg) at 116.1 and 125.3 ◦C, while 

DGEBA showing superior Tg values (163.3 and 164.2 ◦C). It was clearly 
verified that the symmetric 44DDS endowed the polymer with a higher 
Tg than the 33DDS did. Such a difference is possibly dependent on the 
symmetric structure and high crosslinking density. Although it was 
observed that 33DDS behaved more reactive than 44DDS in the curing 
process [35], the relatively sluggish 44DDS reacted with the remained 
epoxy groups finally afforded an aligned structure with higher Tg 
covering a wider peak width (Fig. 5b). Moreover, it also indicated a 
relatively long distribution of crosslinking chains [14]. 

The multiple relaxations properties of amorphous epoxy resins, in 
general, appeared when the temperature varied. The Tg is mainly 
determined by the polymer fabrication and segmental restriction of the 
motion, while the secondary relaxations are driven by the anchored 
linear chain in the polymeric networks. It was firstly disclosed that, in 
contrast to the sample cooling at room temperature, the networks 
annealed respectively at − 30 ◦C and − 196 ◦C, could remarkedly in
crease the storage moduli. For instance, when DBDBBB/33DDS was 
annealed at − 196 ◦C, the E’ increased by 31% (Fig. 5c). Therefore, 
variation in annealing temperature was proved to be a useful strategy for 
storage modulus improvement. The secondary relaxations involving the 
soft segments of polyolefin might be responsible for the low-temperature 
shoulder in the tan δ-temperature curves, albeit the analogous confor
mational fluctuations and phenyl ring flipping that cannot be ruled out 
[35,36]. As shown in Fig. 5d, DBDBBB/44DDS resin displayed a shoul
der comparing to 33DDS analog. Furthermore, for 33DDS networks, 
when the annealing temperature declined, there appeared an identifi
able shoulder. Theoretically, those differences were possibly attributed 
to the variation of the polyolefin motifs shifting to a reasonably free 
segment while the heating during the DMA determination happened. 

Fig. 5e and f illustrate the morphologies of the fracture surface of 
DBDBBB/DDS. It was visible that DBDBBB/33DDS yielded an interlaced 
network, wherein the chains twisted widely on the fracture surface, 
while for DBDBBB/44DDS, a relatively smooth surface occurred with 
distinct gaps or gullies between the dendritic structures. This indicated 
the more brittle nature of DBDBBB/44DDS, and an increasing force for 
propagation might be required for the DBDBBB/33DDS abruption [14]. 

To elaborate the effect of annealing temperature on DBDBBB/DDS 
networks, crosslink density (ve) is calculated for the rubbery elasticity, 
wherein E’ signifies the storage modulus at (Tg,DMA + 30) ◦C in the 
rubbery plateau region, and T (Tg,DMA + 30) (K) implies the absolute 
temperature. The R denoted gas constant, 8.314 J/ mol•K.  

ve = E’/(3RT)                                                                                       

As listed in Table 3, with the annealing temperature decreasing, the 
DBDBBB/DDS networks tend to display higher storage modulus values 
and increasing crosslinking densities. Especially, when the samples were 
annealed at − 196 ◦C, the storage modulus and ve values were remark
ably increased (21.5 MPa and 2.070 mol/dm3, respectively) for the 
DBDBBB/33DDS. Generally, it was first revealed that 33DDS favored an 
enhancement in crosslinking densities than 44DDS, and the symmetric 
linear structure of 44DDS soundly interpreted the main factors in 
determining the Tg values regardless of varied annealing temperature 
(entries 1/3/5 vs 2/4/6, Table 3). Also, the results further confirmed 
that in the tan δ-temperature curves, a low tan δ indicated the more 
intense crosslinking in the networks (Fig. 5d). 

3.5. The flexural properties of epoxy networks 

The concerning flexural properties and hardness values are also lis
ted in Table 4. The load–deflection features of the bio-based DBDBBB/ 
DDS are described in Fig. 6. The results indicated that the novel 
DBDBBB/DDS showed moderate flexural strengths. The compromising 
mechanical properties seem due to the enhanced amorphous structure 
aroused by non-crystalline DBDBBB [20].Obviously, the curves in Fig. 6 
denoted DBDBBB/DDS behaved a brittle nature, and no yielding 

Fig. 3. IR spectra for DDS and DBDBBB/DDS networks.  
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occurred when the bending proceeded. This was possibly attributed to 
the rigid diphenyl scaffold in the chains. Furthermore, the lower 
deflection value suggested the DBDBBB/DDS were more fragile than 
DGEBA/DDS networks regardless of the comparable modulus. The 
33DDS-derived polymers displayed significantly better flexural proper
ties than that of 44DDS. Besides, owing to the increasing chain ductility 
of polyolefin segments, the DBDBBB/DDS also gave slightly low hard
ness relative to DGEBA/DDS. 

3.6. Lap shear strength of epoxy networks 

The lap shear test of the epoxy composite-steel system was under
taken to estimate the bonding strength (Fig. 7a). Regarding DGEBA 

epoxy resins, 44DDS behaved with slightly better lap shear strength than 
33DDS (20.22 > 18.17 MPa). Conversely, for DBDBBB, its 33DDS and 
44DDS-derived resins exhibited the values of 24.06 MPa and 13.75 MPa, 
respectively. Moreover, the morphologies of the fracture surface for 
each sample facilitated the interpretation the lap shear strength results 
(Fig. 7b). Because the hydroxyl formation in bulk occurred in the 
polymerization process, the epoxy resin adhesive significantly enriched 
the wettability towards the steel surface, and thereby enhanced bonding 
strength greatly. Indeed, in terms of DBDBBB/33DDS, the cracks were 
primarily interlaced with each other, therefore leading to a high lap 
shear strength. Meanwhile, for DGEBA polymers, the crack texture 
indicated the collapse resulted from the forces working in the opposite 
direction, wherein crack deflection occurred when tension deformation 
increased. Besides, as to the DBDBBB/44DDS, bubbles mainly deterio
rated the epoxy resin to the steel surface, and thus lowered their lap- 
shear strength [37,38]. 

3.7. Adhesion strength of epoxy networks 

The adhesion strengths of those epoxy resins are shown in Fig. 8. It 
was obvious that 33DDS endowed both DGEBA and DBDBBB with lower 
values than 44DDS, indicating a decreasing bond strength when the 
tension occurred vertically. In particular, for DBDBBB/44DDS, the 
adhesion increased significantly relative to DGEBA/44DDS. The much 
more reactive 33DDS could hamper the flow of the liquefied epoxy resin 
prepolymer before full curing. In contrast, the DBDBBB/44DDS net
works behaved the highest adhesion strength attributed to good flow 
performance. It filled the holes and depressions on the surface of the 

Fig. 4. The degradation curves (a, b) and transparent profiles for DBDBBB/DDS and DGEBA/DDS (c); Representative Td5 values for several novel bio-epoxy 
resins (d). 

Table 2 
Thermal stabilities of DBDBBB/DDS and DGEBA/DDS.  

Entry Sample Td5 

(◦C) 
Td30 

(◦C) 
Tmax 

(◦C) 
THRI 

(◦C) 
R800 

(%) 

1 DBDBBB/ 
33DDS 

397 440 450  207.2  17.6 

2 DBDBBB/ 
44DDS 

410 450 451  212.7  31.2 

3 DGEBA/ 
33DDS 

413 430 430  207.4  16.5 

4 DGEBA/ 
44DDS 

408 426 424  205.2  14.8 

THeat-resistance index(THRI) is calculated by following equation: THRI = 0.49*[Td5 +

0.6*(Td30-Td5)]. 
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acid-treated stainless steel, and thus formed the mechanical connection, 
such as hook anchor, tenon joint, and riveting before full curing. As to 
DGEBA/DDS networks, the adhesion strength here reported is about 

Fig. 5. The DMA profiles of epoxy thermosets annealed at 25, − 30 and − 196 ◦C (a/c. storage modulus; b/d. tan δ). The fracture surface of DBDBBB/33DDS (e) and 
DBDBBB/44DDS (f), respectively. 

Table 3 
Dynamic mechanical properties.  

Entry Sample E’ (GPa)c E’ (MPa)d Tg,DMA 

(◦C) 
ve (mol/ 
dm3) 

1 DBDBBB/33DDS  1.08  1.94  116.1  0.185 
2 DBDBBB/44DDS  1.08  2.79  125.3  0.292 
3 DBDBBB/ 

33DDSa  
1.09  7.36  120.4  0.696 

4 DBDBBB/ 
44DDSa  

1.48  6.43  134.6  0.589 

5 DBDBBB/ 
33DDSb  

1.41  21.5  113.3  2.070 

6 DBDBBB/ 
44DDSb  

1.21  15.5  123.1  1.460 

aAnnealing at − 30 ◦C; bAnnealing at − 196 ◦C; cValues at 20 ◦C; dValues at Tg +

30 ◦C. 

Table 4 
Mechanical properties involving flexural, impact and hardness parameters.  

Entry Sample Flexural propertya  Shore 
Hardness 
(HD) Stress 

(MPa) 
Modulus 
(GPa) 

Deflection 
(mm) 

1 DBDBBB/ 
33DDS 

80 ± 12 3.030 ±
0.25 

4.94 ± 1.14 77.5 ± 0.95 

2 DBDBBB/ 
44DDS 

57.2 ±
11.2 

3.06 ±
0.14 

2.86 ± 0.57 59.2 ± 0.5 

3 DGEBA/ 
33DDS 

142 ±
12.1 

3.248 ±
0.88 

9.76 ± 2.56 81.2 ± 0.95 

4 DGEBA/ 
44DDS 

126.3 
± 11.9 

2.856 ±
0.24 

10.52 ±
1.48 

79.7 ± 1.5 

a Values at breaking point. 
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0.80 ~ 1.37 MPa, while DBDBBB/44DDS varied between 2.49 ~ 3.3 
MPa [39,40]. Therefore, it suggested that the bio-based DBDBBB/44DDS 
epoxy possessed a promising market in terms of sustainable adhesive. 

3.8. Dielectric properties of epoxy resins 

As we know, the low dielectric feature (ε’, 2 ~ 5) contributes 
significantly to the electrical insulators using traditional epoxy resins 
[41]. Herein, bio-based DBDBBB/DDS was assembled and their dielec
tric properties were investigated. The dielectric constant (ε’) and 
dielectric loss (ε’’)-frequency (f) of the epoxy composites are shown in 
Fig. 9. The curves indicated that a relatively high ε’ value was obtained 
at low frequency (0.5–5 Hz) in contrast to that at high frequency (Fig. 9a 
vs b). The π-π stacking interaction between aromatic rings was prone to 
be formed between the symmetric 44DDS in the epoxy resin chains [42]. 
Thus, more dipolar motifs in the overlapped structure were established. 
Therefore, the 44DDS-derived networks favored a high dielectric con
stant in contrast to asymmetric 33DDS analogs. For instance, comparing 

with DBDBBB/44DDS, the DBDBBB/33DDS gave a low dielectric con
stant (appropriately 8.5 < 9.75). Moreover, the linear DGEBA is ready 
for the dielectric constant enhancement. The DGEBA/44DDS displayed 
the superior ε’ over other matrixes, wherein the DGEBA/33DDS and 
DBDBBB/44DDS roughly represented overlapping curves. On the con
trary, the twisted nature of both DBDBBB and 33DDS with low rotational 
freedom endowed DBDBBB/33DDS with a relatively low dielectric 
constant. The microstructures for the DBDBBB/33DDS and DBDBBB/ 
44DDS were visible in Fig. 5e and 5f, respectively. Remarkably, the 
nonlinear chains in the DBDBBB/33DDS blocks might significantly 
impair both ε’ and Tg values [43,44]. 

Indeed, the dielectric constant (ε’) variations are not as spectacular 
as those of dielectric loss (ε’’) vs frequency. From the ε’’-f plot (Fig. 9c), 
α, β, and γ relaxations are observed. Firstly, the ε’’ peak at about 63 kHz 
was assigned as β relaxation, commonly assigned to wriggling of hy
droxyl formed in the polymerization process. While α relaxation at a 
frequency of 247 kHz referred to the primary or glass-rubber relaxation, 
which often originated from the segmental dynamics among the main 
polymer chains [45]. In addition, the γ-relaxation at high frequency was 
attributed to the rotation of either methylene or hydroxyether motifs in 
the polymeric backbone [46]. Apparently, the ε’’ varied with frequency. 
DBDBBB/DDS chains were composed of epoxy resin and the polyolefin 
motifs in a twisted manner, and thus the networks were in order and did 
not dramatically change with the increasing frequency. Similar rules 
remained for partially twisted DGEBA/33DDS. However, for the linear 
DGEBA/44DDS, the rotation of methylene and hydroxyether motifs in 
the polymeric backbone was readily aggravated according to the fre
quency, and resulted in a bigger dielectric loss (Fig. 9c). Accordingly, 
there is no doubt that the networks herein provided the polymer ma
trixes with reinforced dielectric constant and loss values (Table S3). For 
instance, DBDBBB/44DDS respectively showed comparable ε’ and ε’’ 
values (9.74, 0.026) to that of poly (vinylidene fluoride) (PVDF) (10 
,0.04) at 1 kHz frequency [47]. Therefore, it is anticipated that such 
polymeric networks will be a novel substrate for dielectric and energy 
storage applications, such as high energy density capacitors [48,49]. 

3.9. Thermal-conductive property 

The thermal diffusivity of the system is shown in Fig. 10 and 
Table S4. It was disclosed that the DGEBA/DDS behaved with higher 

Fig. 6. Representative load–deflection curves of the cured epoxies.  

Fig. 7. The lap shear strength distribution (a) and the morphologies of fracture surface (b) of the epoxy resins.  
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thermal diffusivities than the DBDBBB/DDS samples. The DGEBA/ 
44DDS had the highest value (about 0.154 mm2/s), while the others 
gave close values at about 0.130 mm2/s. In general, 44DDS endued 
polymers with higher diffusivity than 33DDS did, meanwhile DGEBA 
networks exceeded the bio-based DBDBBB. 

It is generally acknowledged that the ultralow thermal conductivity 
(~0.3 W/m•K) of polymers restricts their utilization in electronics, and 
thus epoxy resin with a higher thermal conductivity is desirable. The 
DBDBBB/33DDS showed the superiority of thermal conductivity and 
specific heat (Cp) with the maximums of 0.743 W/m•K, 5.364 J/g•K, 
respectively (Fig. 10a). Most importantly, the increasing Cp for DBDBBB 
networks unveiled that the DBDBBB might effectively prevent the heat 
propagation in the burning process, and thereby increased the fire 
resistance. Moreover, comparing with the values from previously re
ported representative works [50], the bio-based DBDBBB/DDS networks 
furnished relatively high thermal conductivity. In contrast, the epoxy 
resin from oil-based resources behaved with low to moderate thermal 
conductivity (<0.5 W/m•K). In particular, the liquid crystal epoxy 
favored high thermal conductivity due to high-order structures [50,51]. 
Fig. 10b shows the heating curves of different epoxy networks. 
Delightedly, the DBDBBB/33DDS favors a dramatically higher heating 
rate than that of DBDBBB/44DDS. While analogous results for DGEBA 
analogs. The infrared thermal images in Fig. 10c indicates that DBDBBB/ 
33DDS can heat up to about 100 ◦C in 15 s, and it confirms that the 
combination of DBDBBB and 33DDS behaves high thermal conductivity. 
As it has been presented in Fig. 5e and 5f, for DBDBBB/44DDS, phonon 
transmission scattering could be too severe due to the distinct gaps or 

gullies between the dendritic structures [17]. In contrast, as to DBDBBB/ 
33DDS, the compact and interlaced microstructure favored a relative- 
highly enhanced thermal conductivity. Besides, we can not deny that 
the aligned networks consisted of polyolefin segments could be 
responsible for much high thermal conductivity [52,53]. 

Moreover, the quenching effect on the thermal conductive properties 
of DBDBBB/DDS samples is also reported (Table S5). After the anneal at 
− 30 ◦C and − 196 ◦C, the thermal diffusivity and conductivity were 
effectively enhanced. By this protocol, a high specific heat (Cp) could 
also reached. Almost certainly, when DBDBBB/44DDS was annealed at 
− 30 ◦C, the thermal conductivity doubled (0.825 > 0.333 W/m•K) 
relative to samples quenched at room temperature [54]. To date, in 
contrast to other net polymers, DBDBBB/33DDS should possess the 
highest specific heat (Cp) and excellent thermal conductivity [19,55]. 
The quenching effect provides a facile protocol for the enhancement of 
the thermal-conductive properties of polymers, and thereby tends to be 
applied in the exploration of electrical devices and heat-resisting 
adhesives. 

3.10. Burning test 

To further explore the flame-retarding properties, the horizontal 
burning test was carried out. It was disclosed that for DGEBA/DDS, 
33DDS- and 44DDS-cured networks dramatically burned with droplet 
generation, and then extinguished in about 140 s and 155 s. As to 
DBDBBB, 44DDS greatly enhanced the flame resistance and the flame 
extinction in 60 s. To our delight, once 33DDS used, DBDBBB/33DDS 
self-distinguished in 25 s (Fig. 11). 

Compared with DGEBA, the DBDBBB system behaved a relatively 
high decomposition temperature and a significantly increased carbon 
residue, indicating the fire-resistant nature of bio-based epoxy networks. 
On the other hand, as mentioned before, the lower thermal diffusivity 
and higher specific heat values partially took the responsibility for the 
DBDBBB/DDS flame resistance. Furthermore, a comparison of burning 
profiles suggested that DBDBBB/33DDS had more compact and 
continuous structures in the char residue except for some intumescent 
bubbles on the char surface. In contrast, the char residue for DBDBBB/ 
44DDS exhibited more cracks and failed to isolate heat and gaseous 
compounds in combustion (Fig. 11d vs 11 h). Those concerted elements 
contributed a lot to enhanced flame retardancy. 

As proved by the burning test, the DBDBBB/33DDS behaved flame 
retardancy. To evaluate the difference, quantitative analysis via micro
scale combustion calorimetry (MCC) was conducted (Fig. 12). The 
concerning average peak heat release rate (PHRR), total heat release 
(THR), and the heat release peak temperature for epoxy resins are listed 
in Table 5. Fig. 12 shows the curves of the heat release rate (HRR) vs. 
temperature at a heating rate of 1 ◦C/s. The DGEBA/DDS gave higher 
HRR values than DBDBBB/DDS, about 415 W/g, 260 W/g, respectively 
(Fig. 12). As to DBDBBB/DDS networks, the THR values for 33DDS are 

Fig. 8. The adhesion strength of different epoxies.  

Fig. 9. The dielectric constant vs frequency (a, b) and dielectric loss vs frequency (c) of the epoxies.  
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lower than that of 44DDS-derived polymer (18.98 < 20.93 kJ/g), while 
the DBDBBB/33DDS favored a higher heat release peak temperature 
(467.68 > 450.18 ◦C). Overall, the merits, such as a relatively slow 
degradation rate and thermally resistant char residue slowed down the 
pyrolysis reaction in situ endowed the bio-based DBDBBB/33DDS with 
enhanced flame retardancy. 

4. Conclusions 

In this text, a new honokiol-based DBDBBB was synthesized and 
introduced into the novel thermoset epoxy resins. The bio-epoxy resins 
were fabricated via a solvent-free protocol. The comprehensive in
vestigations of the resultant polymers indicate that the DBDBBB/44DDS 

Fig. 10. The thermal conductive properties of the epoxies at room temperature (a) and at low temperatures (d); temperature change curves in the heating process 
(b); infrared thermal images in the heating process (c). 

Fig. 11. The burning profile and SEM image of char residue of DBDBBB/33DDS (a-d); DBDBBB/44DDS (e-h).  
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has the highest Td5 value among bio-based epoxy resins. Its pyrolysis 
temperature reached about 398 ◦C, and surpassed that of DGEBA 
counterparts even proceeding in air. Due to the stably twisted epoxy 
resin and polyolefin motifs, DBDBBB/44DDS yielded an advantageous 
dielectric constant and loss value (9.74, 0.026) at 1 kHz frequency. The 
ordered and interlaced microstructure of DBDBBB/33DDS favored 
relative-highly enhanced thermal conductive properties with excellent 
thermal conductivity and specific heat (Cp) up to 0.743 W/m•K, 5.364 
J/g•K, respectively. Moreover, MCC and burning test suggested 
enhanced fire resistance for DBDBBB/33DDS as well. Besides, for bio- 
based DBDBBB/DDS, the mechanic properties including lap shear 
strength and impact strength as well as adhesion test have proved to be 
good even much better than DGEBA/DDS. 
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