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ABSTRACT: Recent years have witnessed significant advances in
biobased epoxy resins to replace their petroleum-based counter-
parts, especially diglycidyl ether of bisphenol A type epoxy resin
(DGEBA). However, for meeting a great variety of the
requirements, long-standing challenges include environmentally
friendly preparation of epoxy resin with few toxic byproducts and
improving their properties. Herein, we report a facile method to
synthesize new silicone-bridged difunctional epoxy monomers in
high yield. They are derived from naturally occurring eugenol by
introducing the methylsiloxane and phenylsiloxane linkers of
different chain lengths into their molecular backbones. These
synthesized liquid epoxy monomers have definitive molecular
structure with high purity. These silicone-bridged difunctional
epoxy monomers exhibit much lower viscosity (<2.5 Pa s) than commercial DGEBA epoxy (10.7 Pa s) suitable for composites
and prepregs. After curing, they exhibit a dielectric permittivity as low as 2.8 and good intrinsic flame retardancy with LOI value
higher than 31, far outperforming DGEBA. All these advantages are stemmed from their siloxane-contained segments
characterized by low polarity, very high dissociation energy, helical molecular structure, and high molecular volume. Overall, this
work provides a very facile and scalable route access to a family of the multifunctional eugenol-based epoxy monomers with low
dielectric constant and enhanced flame retardancy.
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■ INTRODUCTION

Epoxy resins are highly versatile and widely applied in many
fields ranging from commercial paintings and adhesives to
military carbon-fiber reinforced high-performance composites.
Most of epoxy resins are made out of resource-limited
petrochemicals, such as bisphenol A, bisphenol S, bisphenol
F, and novolacs. Nowadays, the development of high-
performance epoxy faces two obstacles: (1) its petroleum-
based raw material’s unsustainability during life cycle: from
production and usage to waste, and (2) further improvement in
special properties, such as dielectrical properties and flame
retandancy.
With increasingly consumption of petroleum resources and

energy, substituting traditional petroleum-based epoxy with
renewable counterparts, especially biobased epoxy, becomes
urgent. Many different plant resources have been derived

through fermentation and chemical transformation1 to satisfy
their usage as starting materials to prepare biobased epoxy
monomers: vanillin,2 soybean oil,3,4 vanillyl alcohol,5 β-
cyclodextrin,6 isosorbide,7 syringaresinol,8 quercetin,9 phenolic
acid,10,11 itaconic acid,12−14 gallic and vanillic acid,15,16

multifunctional carboxylic acids,17,18 lignin,19 and so forth.
The prepared epoxy exhibits improved mechanical modulus,
strength, and so forth. To illustrate this, Sheng Wang and
Songqi Ma et al.2 recently prepared a bioepoxy based on
vanillin, exhibiting a high glass transition temperature (Tg) of
214 °C after curing. The contained diethyl phosphite group
enhances its LOI value to higher than 30. Jian et al.4 cured
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epoxidized soybean oil with castor oil-derived crystalline nylon
oligomer, acquiring all plant oil-derived epoxy thermosets with
dramatic enhancement in mechanical properties. With β-
cyclodextrin and trehalose as raw materials, Reineke et al.6

prepared suger-derived epoxy resin hardeners. After curing with
trimethylolpropane triglycidyl ether, it exhibits a high Young’s
modulus of 1.8 GPa. The cured epoxy polymers are degradable
in basic or acidic aqueous solution. Janiver et al.8 prepared a
renewable bisepoxide from syringaresinol using a chemo-
enzymatic synthetic pathway with high yield and purity. After
curing with amines, it exhibits a Tg ranging from 73 to 126 °C.
Kristufek et al.9 prepared epoxy from quercetin derivatives with
high purity, exhibiting similar Tg and thermal stability as
commercial DGEBA-type epoxy. Maiorana et al.10 prepared
diphenolic acid-derived epoxy resins with tunable properties
and found that the esterification of its carboxylic groups reduces
the viscosity of the epoxy monomers from 792 to 12 Pa s. The
cured epoxy showed the α transition temperature ranged from
86 to 158 °C depending on the length of the attached chain of
n-alkyl via ester bond. Ma et al.12 prepared a biobased epoxy
monomer derived from itaconic acid with a low viscosity of
0.92 Pa s and a high epoxy value of 1.16. Aouf et al.15 prepared
a gallic acid-based multifunctional bioepoxy momoner with
rather high epoxy functionality (3.8), and its isophorone
diamine (IPDA) cured product showed a high Tg of up to 230
°C. Most of these syntheses started from preparation of
bisphenol/multiphenol derivatives and further conducted the
reaction with epichloride to prepare the epoxy. This research
produced high purity epoxy with comparable properties as
those of DGEBA-type epoxy, including high Tg, thermal
stability, and mechanical properties.
With the rapid expansion in epoxy applications, although

significant progress has been achieved for biobased epoxy
resins, there remains a challenge for properties other than Tg
and mechanical properties, such as flame retardancy and
dielectrical properties, which are important prerequisites for
many important applications. In the past, halogenated organic
additives such as polybrominated biphenyls and polybromi-
nated diphenyl ethers20 were widely used to produce flame
retardant epoxy materials. Unfortunately, these halogenated
additives proved to be harmful to the endocrine system of
human beings, and now EU has instituted regulations on
restricting the use of such hazardous substances in electrical
equipment (RoHS Directive 2002/95/EC).20,21 In this case,
developing biobased epoxy with low flammability while
avoiding introducing halogen elements is very important to
reduce potential fire and health hazards. Some researchers
introduced organic phosphate moieties into the epoxy
molecules to increase flame resistance, which however led to
high moisture absorption and lower thermal stability.22−24

Alternatively, a novel eugenol-based difunctional epoxy resin
(TPEU-EP) was prepared with a full aromatic ester backbone,
and 33DDS-cured TPEU-EP exhibited the self-extinguishing
behavior in vertical burning test with 68 and 40% decreases in
the heat release rate and total heat release, respectively.12

However, TPEU-EP is a crystal solid with very high melting
point (>150 °C) leading to poor processing ability for coatings,
adhesives, and fiber-reinforced composites. Further, considering
epoxy application, because they are widely used as insulating
materials for electronic devices such as central processing units,
exhibiting good dielectric properties, an especially low dielectric
constant is necessary as well. Nevertheless, very few research
activities on biobased epoxy resin address this issue.

Here, we introduce silicone into biobased derivatives to
prepare a silicone-containing bioepoxy. The silicone segments
are proven being effective in improving epoxy’s flame
retardancy: Wang and Perng et al.25 synthesized triglycidyloxy
phenyl silane based on phenyl trimethoxysilane. It increased the
LOI value of diglycidyl ether of bisphenol A epoxy from 22 to
26 with 25 wt % loading content and can further enhance the
LOI to 29 with 50 wt % loading content. For epoxy, the most
used siloxane components are polyhedral oligomeric silses-
quioxanes (POSS), and it can also effectively improve epoxy
matrix fire retardant properties. The glycidyl-terminated POSS
reduced the peak heat release rate to over 30% lower than pure
epoxy, being less than 800 kW/m2 (POSS loading content: 3.7
wt %).26 The silicone is also proved to be useful for reducing
the dielectrical constant because the siloxane chain is hard
polarize under a strong electronic field.27

Different from most of the previous bioepoxy synthetic
routes,8,9,28 which start from preparing bisphenol or multi-
phenol derivatives and then conducting epoxization with
epichloride or peroxides, our method first prepares epoxidized
eugenol (EPEU), which is monofunctional. The eugenol is
extracted from lilac flowers, so it is a biobased raw material. The
initial steps of preparing epoxidized eugenol reduces the
production of epoxidized oligomers (which are produced as
byproducts during reactions between bisphenol and epichlor-
ide). Moreover, our method will be proven to be environmental
friendly as it produces EPEU with extremely high yield with
trace amounts of epichlorohydrin and eugenol remaining
unreacted. The EPEU contains allyl groups, providing excellent
molecular structure design flexibility. Here, we design a facile
route to synthesize silicone-containing biobased epoxy
monomers (SIEEP2, SIEEP4, and SIEPEP). From a molecular
structure aspect (see Scheme 1), the SIEEP2 and SIEEP4
contain different lengths of dimethylsiloxane segments, whereas
SIEPEP contains a diphenyl siloxane bridge. They are derived
from bioresourced eugenol and functional silicone monomers
with the advantage of easy access to raw materials, mild
synthesis conditions, and extremely high yield. They are
expected to exhibit better properties with respect to the

Scheme 1. Molecular Structures of SIEEP2, SIEEP4,
SIEPEP, and DGEBA
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traditional DGEBA-type epoxy resin, especially on viscosity,
flame retardancy, and dielectric behavior.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. After an
extensive literature survey, it is currently still quite difficult to
synthesize a silicone-modified biobased epoxy resin with good
yield and high purity simultaneously via a simple and scalable
method. To meet this challenge, we developed a facile strategy
to prepare silicone-containing biobased epoxies starting from
hydrogen-containing siloxanes and naturally occurring eugenol
as raw materials.
According to Scheme 2, the epoxidation of eugenol to

prepare epoxidized eugenol (EPEU) was performed through
glycidyletherification between a phenolic hydroxyl group and
epichlorohydrin, which is similar to the well-established
industrial procedure to manufacture diglycidyl ether of
bisphenol A (DGEBA)-type epoxy resins. However, we made
improvements to the synthetic method of EPEU.
Modified according to prevously reported methods,8,29,30 we

first conduct the reaction of eugenol with epichlorohydrin at a
mol ratio of 1:5 (eugenol versus epichlorohydrin): To a 100
mL round-bottom flask equipped with a magnetic stirrer and a
condenser were charged eugenol (16.42 g, 0.1 mol),
epichlorohydrin (46.26 g, 0.5 mol) and benzyl triethylammo-
nium chloride as phase transfer catalyst (2.27 g, 0.01 mol),
which were stirred under nitrogen flow and reflux for 2 h to
fully connect the epichlorohydrin to the phenyl hydroxyl group
of eugenol. Then, the temperature was reduced to 65 °C, and
20 wt % sodium hydroxide aqueous solution (4.08 g, 0.102
mol) was dropped into the mixture in 1 h. The reaction was
taken for another 3 h to end the reaction. The final mixture
separates into two layers: the upper organic layer and the lower
water phase layer. The components in the upper organic layer
were analyzed by GC-MS spectra. According to the GC spectra
in Figure 1, it can be observed that, due to the high mol ratio of
epichlorohydrin versus eugenol, there is 33.936% of epichlor-
ohydrin remaining in the products, whereas eugenol was
undetectable. The target product, epoxidized eugenol (EPEU),
was 62.969% by content in area percent. A minority of the
eugenol was transferred to become 1-(4-allyl-2-methoxyphe-
noxy)-3-chloropropan-2-ol (EUO), appearing at the retention
time of 13.590, but the content was low, being 3.497% (see
Table S1 and Figure S1).
The byproduct of this reaction was low because the total area

percentage of epichlorohydrin and EPEU was already as high as
96.905%. However, the remaining epichlorohydrin still requires
considerable energy and cost to remove in industrial scale
production. We try to further reduce the mole ratio of
epichlorohydrin and eugenol to see whether it is possible to
reduce epichlorohydrin content in the final reaction system
while retaining a high yield of EPEU.

Here, we optimized the reaction of eugenol with
epichlorohydrin at a mol ratio of 1:1: To a 100 mL round-
bottom flask equipped with a magnetic stirrer and a condenser
were charged eugenol (16.42 g, 0.1 mol), epichlorohydrin (9.26
g, 0.1 mol), and benzyl triethylammonium chloride as phase
transfer catalyst (0.23 g, 0.001 mol), which were stirred under
nitrogen flow and refluxed for 2 h to fully connect the
epichlorohydrin into the phenyl hydroxyl group of eugenol.
Then, the temperature was reduced to 65 °C, and 20 wt %
sodium hydroxide aqueous solution (4.08 g, 0.102 mol) was
dropped into the mixture in 1 h. The reaction was taken for
another 3 h to end the reaction. The upper organic layer of the
reaction system was analyzed by the GC-MS spectra (Figure 2).
The reuslts showed that the EPEU content was as high as
98.885% by area content. It is amazing that the remaining
epichlorohydrin was only 0.017%, and the unreacted eugenol

Scheme 2. Synthesis Route of EPEU

Figure 1. GC spectra of final mixtures in epoxidization reaction of
eugenol (1:5 mol ratio of eugenol/epichlorohydrin).

Figure 2. GC spectra of final mixtures in the epoxidization reaction of
eugenol (1:1 mol ratio of eugenol/epichlorohydrin).
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was 0.011% by area (see Table S2 and Figure S2). The
optimized reaction was very highly efficient with trace amounts
of unreacted epichlorohydrin and eugenol being detected.
Thus, it is practicable, cost-effective, and environmentally
friendly for industrial-scale production of EPEU.
The organic layer was further purified by crystallization from

methnol at approximately −5 °C for 12 h to produce high
purity epoxidized eugenol (EPEU) as needle-like crystals
(Figure 3D). As shown in Figure 3A and B, the obtained
eugenol glycidylether displays 1H NMR signals for epoxy
groups at 2.4−3.2 ppm. There is no impurity-related signal in
1H NMR and 13C NMR spectra. The exothermic heat for the
EPEU melting process is 123.5 J/g with the melting point of
38.2 °C (Figure 3c). It is obtained at high purity, which is a
precondition for further reaction. It is a very promising method
to realize the scalable synthesis of high-purity eugenol
glycidylether EPEU.
Further, eugenol glycidylether inherits allyl group from

eugenol whose terminal aliphatic C=C in principle can undergo
high-selectivity and high-efficiency hydrosilylation reaction

(frequently very close to quantitative conversion) to introduce
different silicone linkages into the molecular backbone of the
resulting epoxy monomers (SIEEP2, SIEEP4, and SIEPEP;
Scheme 3). More strikingly, we experimentally found that the
involved hydrosilylation reaction can be carried out under mild
conditions (60 °C, compared with ∼100 °C or higher
temperature in other literature) at a high speed (4 h totally)
in a high yield of products (at least 97%).31 The detailed
process is described in the Experimental Section. Therefore, it
is highly promising to synthesize these new biobased silicone-
containing epoxy monomers on a large scale at a relatively low
cost, affording high potential for applications from a synthetic
point of view.
Structurally, the obtained SIEEP2, SIEEP4, and SIEPEP have

two identical eugenol-derived epoxy-bearing moieties but
different substituted siloxane chains to link them (Scheme 3).
To illustrate, SIEEP2 has a Si-O-Si linker, and each Si atom is
substituted by two methyl groups, whereas SIEEP4 has a longer
Si-O-Si-O-Si linker with six methyl substituents in total. On the
other hand, SIEPEP has a similar Si-O-Si-O-Si linker to that of
SIEEP4, but with phenyl groupson the middle Si atom instead

Figure 3. (A) 1H NMR and (B) 13C NMR of EPEU, (C) DSC scanning of EPEU, and (D) needle-like crystals of EPEU.

Scheme 3. Synthesis Routes to Silicone-Containing Biobased Epoxy Monomers
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of methyl groups. The difference in the length of siloxane linker
and nature of the substituents are expected to result in tunable
properties, such as dielectric, thermal, and surface wetting
properties as well as flammability, as will be discussed in the
following subsection.
For verifying the molecular structure of the synthesized

SIEEP2, SIEEP4, and SIEPEP, their 1H NMR and 13C NMR
analyses have been conducted (Figure 4). After hydrosilylation
reaction between the allyl group of eugenol glycidylether and
active hydrogen atom of the three different silicone linkers, all
of the obtained adducts (SIEEP2, SIEEP4, and SIEPEP) feature
the same changes: the allyl-related signals completely vanish
and new signals appear assigned to the siloxane linker (at 0.5,
1.9, and 2.9 ppm). The epoxy ring can be observed at a
chemical shift of ∼2.4−3.2 ppm in the 1H NMR spectra and 45
and 50 ppm in the 13C NMR spectra.31,32 The hydrosilylation
addition reactions are accomplished with side reactions being
excluded. Further evidence from MALDI-TOF-MS spectra
(Figure 5) confirms that SIEEP2, SIEEP4, and SIEPEP have
the expected molecular weights of 574.447 (597.447−23, minus
the weight of Na+), 648.489 (671.489−23), and 771.894
(794.894−23), which are in accordance with the values of their
expected molecular structures.
Optimizing the preparation method is a key step to develop

high-performance, low-cost biobased epoxies.33 From a syn-
thesis perspective, we have developed a highly cost-effective
and environmentally friendly synthetic route to prepare flexibly
designed silicone-containing biobased epoxies. They satisfy
various requirements, including low cost of raw material, low
production cost, few reaction steps, ease of purification, high
productivity, and high yield.

Rheological Behavior of Epoxies. The rheological
behavior, especially the viscosity at room temperature and
high temperature, is a key property for epoxy targeting on
prepregs/composites. According to Figure 6a, all the epoxies
exhibit stable viscosity with variation of rotational rate because
they are Newtonian fluids. The commercial DGEBA (with
epoxy equivalent value of 180 g/mol) exhibits a constant
viscosity of ∼10.730 Pa s. The SIEPEP exhibits a viscosity of

Figure 4. NMR spectra of epoxy resin: (A) 1H NMR of SIEEP2, (B) 13C NMR of SIEEP2, (C) 1H NMR of SIEEP4, (D) 13C NMR of SIEEP4, (E)
1H NMR of SIEPEP, and (F) 13C NMR of SIEPEP.

Figure 5. MALDI-TOF-MS spectra: (A) SIEEP2, (B) SIEEP4, and
(C) SIEPEP.
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2.464 Pa s, much lower than that of DGEBA. SIEEP2 and
SIEEP4 exhibit further lower viscosities of 0.433 and 0.356 Pa s,
respectively. Considering differences in their molecular
structures, the siloxane chain reduces viscosity compared with
bisphenol A main chain of DGEBA. Further, the SIEEP2 and
SIEEP4 with methyl siloxane as main chain exhibit lower
viscosities than that of SIEPEP, which contains diphenyl
siloxane as the main chain.
Their viscosity reduces with temperature increasing (Figure

6b). At a temperature of 100 °C, the DGEBA exhibits a
viscosity of 0.050 Pa s, whereas SIEPEP, SIEEP2, and SIEEP4
exhibit viscosities of 0.040, 0.018, and 0.016 Pa s, respectively.
The silicone-containing biobased epoxy series, SIEEP2,
SIEEP4, and SIEPEP exhibit much lower viscosities than
those of DGEBA at both room temperature and high
temperature, making them an ideal option as matrix of
composites and prepregs.
Dielectric Properties. The dielectric properties are an

important consideration for the use of epoxy resins as electrical
insulting materials, which are strongly affected by their
molecular structure. In particular, with increasing miniatur-
ization of electronic devices, it is highly desirable to reduce the
dielectric constant (permittivity) and loss factor of epoxy
matrix. In general, after curing, general purpose bisphenol A
epoxy resin (DGEBA) exhibits a dielectric constant of 4−6.34,35
Here, we experimentally find that the commercial DGEBA
cured by DDS (DGEBA/DDS) shows a dielectric permittivity
of 4.4−4.15 from 10 to 1 MHz. In contrast, in Figure 7, our
developed SIEEP2/DDS and SIEEP4/DDS systems exhibit
considerably reduced dielectric permittivities of 3.7−3.3 and
3.55−3.5, respectively. Even better results (3.2−2.8) are
observed in SIEPEP/DDS.
To further reveal the reason for low permittivity, we

conducted a closer examination of dielectric loss (log ε″) of
the cured as a function of temperature and frequency (Figure
8). A strong dielectric response is observed, which can be
related to the dipole movement, such as hydroxyl groups in the
different chemical environments. There is one main relaxation

process indicated by a peak in the dielectric loss. With
increasing temperature, it shifts to higher frequencies as
expected. This process is β relaxation and corresponds to the
side group fluctuation.
For comparison, Figure 9 shows the dielectric loss ε″ spectra

for SIEEP2/DDS, SIEEP4/DDS, and SIEPEP/DDS in a 3D
representation. The β relaxation is observed similarly like
DGEBA/DDS: With increasing frequency, its dielectric loss
peak shifts to higher temperature. It is a relaxation process
related to the molecular mobility of molecular dipoles,
especially for hydroxyl groups at the side position. However,
the intensity of the relaxation peak is much weaker compared
with that of DGEBA/DDS, showing that the depolarization
behavior of hydroxyl groups in SIEEP2/DDS. SIEEP4/DDS
and SIEPEP/DDS are quenched in the cross-linked network.
Comparing their molecular structures, the methyl siloxane
segments can reduce the dielectric permittivity of the cured

Figure 6. Rheological behavior of epoxies (without curing agent): (a) viscosity with the rotational rate varied from 0.01 to 60/s (temperature: 25
°C) and (b) viscosity at temperatures from 25 to 100 °C (rotational rate: 60/s).

Figure 7. Relationships between dielectrical permittivity and frequency
at 20 °C.
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epoxy effectively, and the phenyl siloxane chain behaves even
better. The Si−O bonds of the bulky siloxane chain tend to
quench polarization behavior of hydroxyl groups and reduce
the dielectric permittivity.36 This explains the low dielectric
permittivity of these silicone-containing biobased epoxies.
The low dielectric permittivity of the silicone-containing

biobased epoxies is of importance for some applications,
especially in microelectronic encapsulation perfectly compatible
with continuing miniaturization of electronic devices to reduce
static interference and increase running frequencies.27,37 In this
case, developing low dielectric constant insulating materials are
urgently required.38 Practically, the low dielectric constant
polymers for microelectronic application includes polyimides,
silicone-containing polyimides, fluorinated polyimides, poly-
benzoxazoles, and so forth, but conventional epoxy resins are
excluded due to their high dielectric permittivity of over 3.5,
which greatly restricts their applications.36,39 Therefore, our
proposed synthesis strategy is very effective for reducing
dielectric permittivity of biobased epoxy resin outperforming
DGEBA-derived systems, which will greatly broaden the
potential of the biobased epoxy for high-tech electronic
applications.
The unexpected low dieletric permittivity measured in the

samples triggers interest in determining the chemical environ-
ment of the silicon atoms; with this perspective, X-ray
photoelectron spectroscopy was performed. Figure 10 shows
the XPS survey spectra recorded on the cured samples. We can
observe the presence of a set of peaks that are generated by
photoelectrons emitted from silicon, carbon, and oxygen atoms
as well as from nitrogen and sulfur atoms. Inspecting the
molecular structures of the materials used to synthesize the
cured samples, we can associate the nitrogen and sulfur atoms
to the 4,4′-DDS and the Si atoms to the synthesized
monomers. Detailed analyses of the Si 2p core level spectra
recorded on the samples indicate the presence of different Si
bonding environments (see Table S3 and Figures S3−S5). In
the Si 2p spectra of three samples, the main component at
101.5 eV (binding energy) can be associated with photo-
electrons generated in Si atoms of the (CH3)2Si- segment. The
low-intensity component at higher binding energy suggests the
presence of debonding at the Si−C bond in the -(CH3)2Si-
CH2- segment. Following the debonding, we suggest the
formation of (CH3)2Si-NH- and CH3- groups. Inspecting
Figure 9, the formation of (CH3)2Si-NH- and CH3- groups has
low impact on dielectric loss without increasing the polarity.

Flame Retardant Properties. The limiting oxygen index
(LOI) is the minimum oxygen concentration (volume
percentage) supporting candle-like combustion of samples,
which is determined by gradually reducing the oxygen
concentration in the oxygen and nitrogen mixture to a critical
level. As shown in Figure 11, the LOI value of DGEBA/DDS is
only 22.8, whereas the methyl siloxane-containing SIEEP2/
DDS and SIEEP4/DDS exhibit LOI values of 26.0 and 28.0,
respectively. This finding demonstrates that a longer length of
the methyl siloxane chain of the epoxy monomer results in a
higher LOI value. During the combustion, the Si−O-related
moieties can migrate to the burning surface to form a protective
barrier, which will retard the diffusion of oxidant and fuel.
Additionally, the Si−O bond introduced can generate SiO2
without releasing combustible gases, therefore lowering the
concentration of combustible fuels.40,41 Moreover, for the
SIEPEP/DDS, where both methyl and phenyl groups are
attached to the three siloxane atoms, a further increased LOI
value of 31 is reached. This characteristic can be attributed to
the easy carbonation of the phenyl rings and thus reduced
generation of the combustible fuels.41

A further examination of the epoxy flame retardancy has been
conducted by cone calorimeter test (CCT). CCT is an effective
bench scale testing method to assess the flammability of the
polymeric materials according to the protocols described in
ISO 5660. In particular, CCT provides information on the peak
heat release rate (PHRR), total heat release (THR), and total
smoke production (TSP), all of which are key parameters in
characterizing flame propagation and fire hazard of polymeric
materials.26

Herein, the CCT results as summarized in Figure 12 and
Table 1 show that DGEBA/DDS experiences an intensive
burning process after the ignition with the PHRR as high as
1451 kW/m2, whereas SIEEP2/DDS, SIEEP4/DDS, and
SIEPEP/DDS all display a significant decrease in the PHRR
value. The siloxane-containing SIEEP2/DDS exhibits a much
lower PHRR value than that of DGEBA/DDS (952 vs 1451
kW/m2). The SIEPEP/DDS and SIEEP4/DDS with longer
siloxane chains exhibit further reduced PHRR values of 781 and
662 kW/m2 corresponding to 46 and 62% reduction of the
DGEBA/DDS’s PHRR value, respectively. Noticeably,
SIEEP4/DDS and SIEPEP/DDS with the longer siloxane
chain exhibit PHRR values comparable to POSS/epoxy
nanocomposites.26,42 To illustrate, according to Franchini et
al.,26 the epoxy-based nanocomposites with 3.7 wt % of

Figure 8. Dielectric loss ε″ of DGEBA/DDS versus frequency and temperature in a 3D representation.
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glycidyloxypropyl-heptaisobutyl POSS (Gly-iBu POSS) and
glycidyloxypropyl-heptaphenyl POSS (Gly-Ph POSS) glycidyl-
phenyl POSS exhibited PHRR values of 782 and 622 KW/m2,
respectively. SIEEP2/DDS expressed a 26% decrease in THR
compared to that of DGEBA/DDS (80.4 vs 108.4 MJ/m2).
Even lower CCT values are observed in SIEEP4/DDS and
SIEPEP/DDS with longer siloxane chains (73.9 and 78.6 MJ/
m2, respectively). The times to ignition (TTI) of SIEEP2/DDS,
SIEEP4/DDS, and SIEPEP/DDS are reduced compared with
that of DGEBA/DDS. Comparing their molecular structure,
DGEBA contains the shortest methylene chain among them
with the longest TTI value of 66 ± 2 s. Comparatively, SIEEP4
possesses the longest methylene and methyl siloxane chain,

exhibiting the shortest TTI value of 28 ± 1 s. Fortunately,
longer TTI is detected for the phenyl siloxane-containing
SIEPEP/DDS at 45 ± 2 s. The fire growth rate (FIGRA) is
calculated by dividing the peak heat release rate (PHRR() with
time to peak heat release rate (T-PHRR). The DGEBA/DDS
shows the highest FIGRA among them (11.16 ± 0.6 kW m−2

s). The SIEPEP/DDS with phenyl siloxane chain exhibits a
lower value than DGEBA/DDS, being 8.22 ± 0.5 kW/m2 s, and
SIEEP4 with a longer methyl siloxane chain exhibits the lowest
FIGRA of 5.76 ± 0.5 kW m−2 s. The long methyl siloxane chain
contributes a lot in reducing the FIGRA value.
The markedly lowered PHRR and THR (Figure 13a) values

indicate the decreased flammability of SIEEP2/DDS, SIEEP4/

Figure 9. Dielectric loss ε″ of (a,b) SIEEP2/DDS, (c,d) SIEEP4/DDS, and (e,f) SIEPEP/DDS versus frequency and temperature in a 3D
representation.
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DDS, and SIEPEP/DDS with respect to DGEBA/DDS. This
finding can be interpreted as follows: Incorporation of Si−O
moieties into the epoxy network will reduce the release of the
gaseous fuels during the pyrolysis of the epoxy network matrix.
In addition, during the burning process, the Si−O-related
moieties will migrate onto the burning surface, which functions
as a barrier to slow the diffusion of oxidant and fuel and
transportation of the heat into the polymer matrix underneath.

Moreover, a charring process will be promoted by introducing
the Si−O moieties (see Table 1 residues).
On the other hand, DGEBA/DDS exhibits the highest TSP

value of 36.4 m2, whereas SIEEP2/DDS, SIEEP4/DDS, and
SIEPEP/DDS show decreased TSP values of 30.68, 29.68, and
32.52 m2, respectively (Figure 13b). More importantly, the
methyl siloxane-containing SIEEP2/DDS and SIEEP4/DDS
exhibit extremely low CO emission of only 0.04 and 0.05 kg/
kg, less than one-third with respect to that of DGEBA/DDS
(0.15 kg/kg). According to a study by Camino,43 with such a
high heating rate, the methyl siloxane and phenyl siloxane
bonds contained in SIEEP2/DDS, SIEEP4/DDS, and SIEPEP/
DDS mainly release cyclic siloxane oligomers and tetramer with
partially rearranged oligomeric siloxane compounds. This
process consume a large quantity of heat and thus reduce the
production of CO.41 All the silicone-contained biobased epoxy
exhibits much higher residue yield than that of DGEBA/DDS,
which is in accordance with their lower TSP values. The
reduction of biobased silicone epoxy in TSP values and CO
emission is of high interest because during a real fire disaster,
smoke production and CO are the main reasons leading to
casualties.44

■ CONCLUSIONS
A series of silicone-contained biosourced epoxy resins have
been synthesized by the optimized route. The preparation of
EPEU can be achieved in extremely high yield with a trace
amount of unreacted raw materials detected. The methyl
siloxane and phenyl siloxane segments inserted within the
biobased epoxy network promote optimal properties in various
aspects. After curing with DDS, they show excellent dielectric
permittivity as low as 3.0, showing application potential in
micro electrical device encapsulation. Moreover, they exhibit
intrinsic flame retardancy with LOI values as high as 31 for the
SIEPEP/DDS sample. All of these properties originate from
their siloxane-containing structure. Our study shows a cost-
effective, high yield route to enhance dielectric and flame-
retardant properties of epoxy. These high-performance
bioepoxies are expected to substitute petroleum-based
DGEBA epoxies with applications in various areas ranging
from fouling-release coatings to carbon fiber-reinforced
composites.

■ EXPERIMENTAL SECTION
Materials. Eugenol, epichlorohydrin, sodium sulfite anhydrous,

sodium hydrogen carbonate, sodium sulfate anhydrous, 4,4′-diamino
diphenyl sulfone (4,4′-DDS), and dichloromethane were purchased
for Chinese domestic market and used as received. Chloroplatinic acid
hexahydrate, isopropyl alcohol, 1,1,3,3-tetramethyl disiloxane, and
1,1,3,3,5,5-hexamethyl trisiloxane were purchased from ABCR GmbH
in Germany. 1,1,5,5-Tetramethyl-3,3-diphenyl trisiloxane was kindly
provided by Jiaxin United Chemical Co., Ltd. Epoxy C (Diglycidyl
ether of bisphenol A type epoxy, DGEBA as short name with an epoxy
equivalent value of 180 g/mol) was acquired from Faserverbundwerk-
stoffe Company, Germany. All chemicals were used as received.

Synthesis. To a 100 mL round-bottom flask equipped with a
magnetic stirrer and a condenser were charged eugenol (16.42 g, 0.1
mol), epichlorohydrin (9.26 g, 0.1 mol), and benzyl triethylammonium
chloride (0.23 g, 0.001 mol), which were then stirred under nitrogen
flow and refluxed for 2 h. Then, the temperature was reduced to 65 °C,
and 20 wt % sodium hydroxide aqueous solution (4.08 g, 0.102 mol)
was dropped into the mixture in 1 h. The reaction was taken for
another 3 h to end the reaction. The upper organic layer, which
condensed with high purity EPEU, was further crystallized in methanol
at a temperature of −5 °C to acquire EPEU in high yield (92%).

Figure 10. XPS spectra of cured epoxy/DDS.

Figure 11. LOI values of epoxy/DDS-cured samples.

Figure 12. Heat release rate curves.
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To a three-necked 100 mL round-bottom flask equipped with a
magnetic stirrer, dropping funnel, thermometer, and condenser were
charged EPEU (20.6 g, 0.1 mol) and chloroplatinic acid in isopropyl
alcohol (1.44 × 10−2 g, Pt 0.8 wt %) and heated to 60 °C. Then,
1,1,3,3-tetramethyldisiloxane (6.72 g, 0.05 mol), 1,1,3,3,5,5-hexamethyl
trisiloxane (10.42 g, 0.05 mol) or 1,1,5,5-tetramethyl-3,3-diphenyl
trisiloxane (16.6 g, 0.05 mol) was added to the mixture dropwise in 3
h, and the reaction was carried out for another 1 h before end. The
remaining catalyst was removed by flash chromatography. The
reactions to prepare SIEEP2, SIEEP4, and SIEPEP had very good
yields of 97, 97.5, and 97%, respectively, and their corresponding
epoxy equivalent weight was determined by titration to be 290, 320,
and 360 g/mol,respectively.
Preparation of Cured Epoxy Samples. The DGEBA, SIEEP2,

SIEEP4, and SIEPEP are cured by 4,4′-diamino diphenyl sulfone (4,4′-
DDS) to form a solid, cross-linked thermosetting polymer to test their
XPS, dielectric relaxation spectra, and flame retardant behavior. A
suitable amount of 4,4′-DDS was added to the epoxy (molar ratio of
N−H group/epoxy group = 1:1), and the mixture was heated to 120
°C for 20 min to acquire a homogeneous viscous liquid. Then, it was
poured into Teflon molds and placed into an oven to acquire the cured
epoxy samples (curing cycle: 150 °C/2h, 180 °C/2h, 200 °C/2h).
Characterization. The GC-MS spectra were conducted on an

Agilent 6890/5973 GCMS instrument (column: ZB-5MS column, 30
m × 0.25 mm × 0.5 μm; carrier gas, hydrogen). The GC temperature
was set as follows: inlet temperature, 270 °C; column temperature
procedure, stable at 80 °C for 2 min, ramp to 250 °C at a rate of 20
°C/min, stable for 10 min to totally vaporize all the samples; detector
temperature, 300 °C. The electronic energy of MS was set as 70 eV.
The molecular structures of intermediates and targeting compounds

were characterized using 1H NMR and 13C NMR on a Bruker DRX
500 spectrometer (solvent, CDCl3; internal standard, tetramethylsi-
lane).
The MALDI-TOF-MS analysis of the molecular weight was carried

out on a Bruker MALDI-TOF-MS mass spectrometer equipped with a
pulsed nitrogen laser (l 1/4 337 nm; pulse width 1/4 3 ns). The

MALDI-TOF-MS was operated at an accelerating potential of 20 kV in
reflector mode, and gentisic acid (2,5-dihydroxybenzoic acid, DHB)
was used as the matrix with acetone as the solvent. Sodium is used as
the cationizing agent, and all the data shown were of positive ions.

Rheology behaviors of the epoxies were characterized with a
HAKKE RS6000 Rheometer equipped with a Z38 rotor and Z43
measuring cup. For each sample, we first tested their viscosity at 25 °C
with a rotational rate varying from 0.01 to 60 rad/s. Then, we tested
their viscosities from 25 to 100 °C at a constant rotation rate of 60
rad/s.

The analysis of elemental chemical environment and evaluation of
surface composition were conducted by X-ray photoelectron spec-
troscopy (XPS) using a VERSAPROBE PHI 5000 from Physical
Electronics, equipped with a monochromatic Al Kα X-ray source. The
X-ray photoelectron spectra were collected at a takeoff angle of 45°
with respect to the electron energy analyzer operated in the constant
analyzer energy (CAE) mode. For the survey and the high-resolution
detail spectra, the pass energies were 50 and 20 eV, respectively. For
the compensation of built-up charge on the sample surface during the
measurements, a dual beam charge neutralization composed of an
electron gun (∼1 eV) and an Ar ion gun (≤10 eV) was used. To avoid
degradation, the source was operated at 100W. Binding energies are all
referred to the C 1s at 284.6 eV. Before introduction in the analysis
chamber, the samples were freshly cut using clean blades to avoid
surface contamination.

Dielectric behaviors of the cured epoxy products were characterized
using dielectric relaxation spectroscopy (DRS). A high-resolution
ALPHA analyzer (Novocontrol, Hundsagen, Germany) was used to
measure the complex dielectric function ε*(f) = ε′(f) − iε″(f) (ε′ =
real part, ε″ = loss part, and i = −1 ) changing with frequency f (10−
1−106 Hz) and temperature T (173−393 K). Samples were prepared
in parallel plate geometry. Gold electrodes with a diameter of 20 mm
were evaporated on both sides of the samples. Then, the samples were
mounted between two gold-plated electrodes (20 mm) of the sample
holder. All the measurements were done isothermally where the

Table 1. Cone Calorimeter Test Results

samples item DGEBA/DDS SIEEP2/DDS SIEEP4/DDS SIEPEP/DDS

TTI (s) 66 ± 2 31 ± 1 28 ± 1 45 ± 2
PHRR (kW/m2) 1451 ± 32 952 ± 20 662 ± 17 781 ± 20
T-PHRR (s) 130 ± 2 135 ± 3 115 ± 2 95 ± 2
FIGRA (kW/m2·s) 11.16 ± 0.6 7.05 ± 0.5 5.76 ± 0.5 8.22 ± 0.5
THR (MJ/m2) 108.4 ± 1.1 80.4 ± 0.8 73.9 ± 0.8 78.6 ± 1.0
TSP (m2) 36.4 ± 0.5 30.7 ± 0.4 29.7 ± 0.4 32.5 ± 0.5
av CO emission (kg/kg) 0.15 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.13 ± 0.01
residues (%) 5.2 ± 0.2 14.2 ± 0.5 14.9 ± 0.4 0.7 ± 0.2

Figure 13. (a) Total heat release and (b) total smoke production curves.
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temperature is controlled by a Quatro Novocontrol cryosystem with a
stability of 0.1 K.
Flame retardant properties of the cured epoxies were evaluated in

terms of limiting oxygen index (LOI) and cone calorimeter test
(CCT) testing. LOI values of the cured epoxy were measured on an
oxygen index meter (Fire Testing Technology Ltd.) with sample
dimensions of 130.0 × 6.5 × 2.9 (±0.1) mm3 according to the ASTM
D2863-97. The CCT tests were conducted following the ISO 5660
procedures (without “frame and grid’’ application) on a cone
calorimeter (Fire Testing Technology Ltd.). Specimens [100 × 100
× 2.9 (±0.1) mm3] were irradiated with a heat flux of 50 kW/m2.45
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