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Chirality is one of the most common and significant phenomenon in nature, and epoxy resin is one of the most widely used and
researched thermosetting resins, however the influences of chiral carbon in epoxy group on the performances of the cured epoxy resins
have ever been hardly studied, therefore it is crucial and meaningful to explore the structure–function relationship of chirality and
performance of epoxy resins. Herein, from the analysis of synthesis mechanism, the different chiral configuration with high percent
enantiomeric excess (>99%) and racemic bisphenol A epoxy resins were simply prepared by controlling the chirality of epichlorohy-
drin. The apparent activation energy of the curing process with D230 was calculated by Kissinger method and Flynn–Wall–Ozawa
method, respectively, and both results indicate that chirality have no effect on the curing reaction. We found that the secondary
structure of epoxy monomer is untouched by its chirality, and they are all right helix structure. For this reason, the thermal stability,
glass transition temperature, and thermomechanical properties of diverse chiral epoxy resins cured by D230 have no significant
difference. Nevertheless, it was found that the optical rotation activity of chiral epoxy resins can be partially maintained after curing
reaction, it manifests the cured products of chiral epoxy resins possesses the possibility of application in the field of polarizedmaterials.

1. Introduction

Chirality is a fundamental symmetry property in nature. It is
present at several scales going from elementary particles even
to astronomical objects, and it has important applications in
chemistry, biology, physics, pharmacy and other fields [1–3].
From this point of view, the synthesis of optically active poly-
mers has attracted attention of materials scientists [4]. There-
fore, a scenario of hierarchical chirality spanning from
elemental particles to atoms, molecules, supramolecules, poly-
mers, and supramolecular polymers has been extensively
researched [5–8]. To elucidate, a majority of researches in
oligomers [9, 10], σ-conjugated polymers [11–13], and π-con-
jugated polymers [14–16] have been widely studied until now.
However, few studies have investigated whether different chi-
ral configurations have any effect on the performance of cross-
linked polymerization systems like epoxy resins.

Epoxy is one of the most extensively used conventional
thermosetting polymers [17–20], and it has been widely
employed in numerous industrial applications such as

adhesives [21–23], electronic devices [24–26], encapsulations
[27], coatings [28–30], marine systems [31, 32], and aerospace
[33] parts owing to its high-tensile strength and Young’s
modulus, and excellent adhesion, thermal stability, solvent
resistance, thermal insulation, chemical resistance, and dielec-
tric properties. Moreover, chiral carbon is always present in
the epoxy group in most common epoxides, as shown in
Scheme 1. Therefore, it is highly urgent to investigate whether
the different chiral carbon configurations have impact on the
properties of epoxy resins.

Nevertheless, in the field of epoxy resins, how to synthe-
size chiral epoxy resins has hardly been studied. Although
there are many methods to synthesize chiral epoxides, for
instance, Sharpless asymmetric epoxidation [34–37], Jacob-
sen’s asymmetric epoxidation [38, 39], and biological ways
[40–43] using biocatalysts such as enzymes and recombinant
cells, these preparation methods are expensive and involve
complicated steps that are not suitable for large-scale prepara-
tion and testing of polymer materials. Moreover, we proposed
that by controlling the single configuration of epichlorohydrin
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(ECH), large-scale preparation of chiral epoxy resins can be
simply achieved in one-pot reaction through analysis the syn-
thetic mechanism of epoxy resin by epichlorohydrin method,
as shown in Scheme 2. We realized that, during the reaction,
the epoxy group undergoes a ring-opening and then a ring-
closing reaction under the action of the oxygen anion. How-
ever, throughout the entire process, the chiral carbon atoms do
not experience any breaking of covalent bonds. This means
that the chiral configuration of the carbon atoms will be

maintained in the entire reaction, so we can control the chiral
configuration of the resulting epoxy resin by controlling the
chiral carbon configuration of ECH, as one of the raw
materials.

In this study, we synthesized racemic bisphenol A epoxy
resin (DGEBA), (R, R)-bisphenol A epoxy resin (R-DGEBA),
and (S, S)-bisphenol A epoxy resin (S-DGEBA), respectively,
by controlling the stereoconfiguration of the ECH. This
method is suitable for all epoxides synthesized by ECH
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SCHEME 1: Common bisphenol-based epoxy resins.
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SCHEME 2: Mechanism and reactions of epoxy resin synthesis.
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method. By curing the three epoxy resins using polyether
amine (D230), we calculated the activation energies (Ea) of
the three curing systems separately and characterized the
fundamental properties of the three cross-linked polymer
systems in exploring the chiral configuration would affect,
which performance of the cross-linked epoxy resins.

2. Experimental Section

2.1. Materials. Bisphenol A, ECH, (R)-epichlorohydrin, (S)-
epichlorohydrin, tetrabutylammonium bromide (TMAB),
acetonitrile, and polyether amine D230 were purchased
from Macklin-reagent Co., China. Sodium hydroxide, dis-
tilled water, and anhydrous sodium sulfate were obtained
from Sinopharm Chemical Reagent Co., Ltd. All reagents
used are analytically pure and used directly after purchase
without further treatment.

2.2. Characterizations. 1H NMR and 13C NMR spectra were
recorded by an AVANCE III Bruker NMR spectrometer
(Bruker, Switzerland) with CDCl3 as solvents, operating at
400MHz. Mass spectrometry test is performed on a mass
spectrometry analyzer (Model: Agilent Technologies 6540
UHD) with the positive ion mode selected, using acetonitrile
as solvent. FTIR spectra were measured on a Bruker Alpha
FTIR at a resolution of 4 cm−1 in the wavenumber range of
4,000–400 cm−1 using KBr pellets. The opticalmaterial current
WZZ-2B gyroscope was used for the rotatory test and the test
light source was sodium D light lamp, and the detection
wavelength was 589 nm−1. Circular dichroism (CD) and
ultraviolet (UV–Vis) absorption spectroscopy measurements
were conducted on a Jasco 810 spectropolarimeter. Using JC-
002 high-performance liquid chromatography (HPLC), the
epoxy resins with different configurations were separated to
characterize the enantiomer excess by Y4 column with the size
of 250× 4.6mm, 5 μm, ethanol as solvent, and 10μL was
injected at 25°C at the flow rate of 1.0mL min. The thermal
stability was tested by thermogravimetric analysis (TGA)
measurements, which were carried out on a TGA Q50
analyzer at a heating rate of 10°C min−1 in N2 atmosphere
(from 25 to 800°C). DMAwas used to characterize the thermal
mechanical properties by a TA Q800 instrument. Samples
were tested with a film tensile mode at a heating rate of 5°C
min−1 from −50 to 150°C: the oscillatory frequency was 1Hz.
Dielectric properties were tested with a precision impedance
analyzer by anAgilent 4294A Instrument at 25°Cand frequency
scanning range is 104–107Hz. The crystallinity was examined
by wide-angle X-ray scattering (WAXS) measurements using
a Rigaku D/Max 2,500 VB2+/PC diffractometer with Cu Ka
radiation. The fractured morphology (broken in liquid
nitrogen) was characterized by a JEOL JSM-6700M SEM at
an accelerating voltage of 5 kV, and all the surfaces of the
samples were coated with gold to improve the conductivity
and prevent charging. Differential scanning calorimeter (DSC)
tests were carried out on a TA Instruments Q20 equipped with
an RCS 90 cooling system under N2 atmosphere, and the cured
epoxy resins were heated from 0 to 180°C at a heating rate of
10°C/min.

2.3. Synthesis of DGEBA, R-DGEBA, and S-DGEBA. Bisphe-
nol A (50 g, 0.22mol) and epichlorohydrin (405 g, 4.4mol),
(R)-epichlorohydrin, and (S)-epichlorohydrin were added,
respectively, into a 500mL four-necked flask, equipped
with a condenser and a thermometer and stirred at room
temperature for 0.5 hr until it is completely dissolved.
Then, tetramethyl ammonium bromide (0.54 g, 2.4mol%)
was placed and the mixture was stirred at 65°C for 15min.
After that, solid sodium hydroxide (NaOH) (21 g, 0.525mol)
was added in six batches in 1 hr, and the mixture was stirred
in nitrogen atmosphere. After that, the mixture was reacted
at 65°C for 3 hr. Next, the excess sodium hydroxide and the
salt produced by the reaction were removed by filtration and
the mixed liquid were washed by hot distilled water for five
times. Before removing the excess epichlorohydrin on a
rotary evaporator, the liquid was dried with anhydrous
sodium sulfate at room temperature for 12 hr and the trans-
parent viscous products were obtained in last.

2.4. Preparation of the Cured Epoxy Resins.DGEBA, R-DGEBA,
and S-DGEBA were cured with a commonly used curing agent
D230. Epoxy monomers were mixed with D230 in a 1 : 1 equiv
ratio. The mixture was cured in a blasting oven at 80°C for 2 hr,
120°C for 2hr, and 140°C for 3hr.

3. Results and Discussion

3.1. Synthesis and Characterization of DGEBA, R-DGEBA,
and S-DGEBA. In this paper, bisphenol, NaOH, TMAB, and
ECH in different chiral configuration were reacted in one pot,
respectively. The epoxide groups in ECH are first opening by
addition and then reformed by intramolecular substitution
reaction. Finally, DGEBA, R-DGEBA, and S-DGEBA were
obtained by controlling the chirality of ECH. The chemical
structures of the synthesized monomers were confirmed by
FTIR, MS, 1H NMR, and 13C NMR. Figure 1 presents the
FTIR spectra of bisphenol A, DGEBA, R-DGEBA, and
S-DGEBA.
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FIGURE 1: FTIR spectra of Bisphenol A, DGEBA, R-DGEBA, and
S-DGEBA (a–d).
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In the FTIR spectra of DGEBA, R-DGEBA, and S-DGEBA,
the characteristic peak of O–H at around 3,348 cm−1 disap-
peared and the peak at around 915 cm−1 belonging to the epoxy
group appeared. As shown in Figure 2(c) and Figure S1, the
chemical shift in 1H NMR and 13C NMR spectra of the three
kinds of epoxy resins have no difference, because NMR cannot
detect the difference of chiral enantiomers [44, 45]. DGEBA,
R-DGEBA, S-DGEBA: 1H NMR (CDCl3): δ= 1.66 (s, 6H, 1);
6.84 (m, 4H, 2); 7.15 (m, 4H, 3); 4.19 (dd, 2H, 4); 3.97 (dd, 2H,
4); 3.36 (m, 2H, 5); 2.76 (dd, 2H, 6); 2.91 ppm (dd, 2H, 6).
13C NMR (CDCl3): δ= 27.97 (CH3, 1); 40.69 (C, 2); 142.61
(C, 3); 126.75 (CH, 4); 112.97 (CH, 5); 155.29 (C, 6); 67.71
(CH2, 7); 49.16 (CH, 8); 43.76 ppm (CH2, 9).

And the MS spectra is shown in Figure S2, the results of
HPLC and polariscope are presented in Table 1.

In the Table 1, the specific optical rotations of DGEBA,
R-DGEBA, S-DGEBA are 0°, 14.3°, −14.1°, respectively, and
ee% values of both R-DGEBA and S-DGEBA are greater than
90%. These results indicate that the target epoxy resins in
different chiral configuration were synthesized successfully
including the racemic one (DGEBA) and the chiral two
resins (R-DGEBA and S-DGEBA).

3.2. Curing Process. The nonisothermal curing kinetics of
DGEBA-D230, R-DGEBA-D230, and S-DGEBA-D230 were
studied by DSC. In each system, heating rates at 5, 10, 15, and

20°C/min are used, respectively. The Kissinger’s method
(Equation (1)) [46–48], and Flynn–Wall–Ozawa (FWO)
method (Equation (2)) [49, 50] were used to obtain the appar-
ent activation energy during the curing process.

ln
β

T2
p

 !
¼ ln

AR
Ea

� �
− Ea=RTp; ð1Þ

lnβ ¼ ConstA − 1:052 Ea=RT; ð2Þ

where β is the heating rate, Tp is the exothermic peak tem-
perature, Ea is the activation energy, R is the gas constant, A is
the pre-exponential factor. The results of DSC tests at differ-
ent temperature rate and calculations of conversion versus
temperature by FWO method are illustrated in Figure S3
and the data are summarized in Table S1. As shown in
Figure 3, the Ea of the three kinds of curing system both
on the two methods is basically same, and we believe the
reason is that the D230 as curing agent is achiral and the
curing reaction happens on the achiral carbon of epoxy
group in the epoxy resins (Scheme 1), so the different
chirality configuration of epoxy resins do not affect the param-
eters of curing reaction.

FTIR spectra of DGEBA, R-DGEBA, and S-DGEBA
before and after curing are exhibited in Figure 4. Compared
with the FTIR spectra before curing, the peaks for epoxy
groups at around 914 cm−1 disappeared and broad peaks at
around 3,500 cm−1 representing O–H from the ring-opening
reaction between epoxy groups and amines appeared in the
FTIR spectra after curing. This means that the epoxy systems
were cured well under the former mentioned conditions.
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FIGURE 2: 1H NMR of the (a) DGEBA, (b) R-DGEBA, and (c) S-DGEBA.

TABLE 1: Results from HPLC and polariscope measurements.

Samples αD
20 (a) ee (%)(b)

DGEBA 0° –

R-DGEBA 14.3° 99.99
S-DGEBA −14.1° 91.74
aSpecific rotation measured at 20°C using sodium light lamp D. bEnantio-
meric excess.
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3.3. Thermal Stability, Glass Transition Temperature, and
Thermomechanical Properties. The TGA and DTG curves
of the cured epoxy resins under N2 are illustrated in Figure S4,
and the data are summarized in Table S2. The glass transi-
tion temperature is measured by DSC and DMA, respec-
tively, and the storage modulus and loss modulus are also
determined by DMA, and the results are summarized in
Figure S5 and Table S3. From all the data above, all the
cured epoxy resins exhibit semblable thermal stability, glass
transition temperature, and thermomechanical properties.
This indicates the network framework of polymer does not
change significantly with different chiral configurations of
epoxy group. And the results of XRD diagram (Figure S6
and Table S4) and SEM images (Figure S7) of cured DGEBA,
R-DGEBA and S-DGEBA also manifest that the disparate
chirality in epoxy resins do not have the impact on the
arrangement and the morphology of the molecular segments.
This means chiral molecules of the same configuration will not
be dissimilarly oriented in cured epoxy resin system. We
suppose that there are several reasons for this. The major one
is that DGEBA, R-DGEBA, and S-DGEBA have the same
secondary structure. As shown in Figure 5(b), all the three
epoxy resins have the positive cotton effect. It illustrates that
the secondary structure of epoxy monomer is insusceptible
to the chirality in epoxy group and the monomers of DGEBA,
R-DGEBA, and S-DGEBA are all right helix structure. This
imply that DGEBA, RDGEBA, and S-DGEBA have the equal
structure in the cured three-dimensional polymer network, so
there is no visible difference on the thermal stability, glass
transition temperature, and thermomechanical properties. And
it is also the possible reason that the covalent bonds connecting
epoxy groups in 3D networks limits the orientation of chiral
molecules and the curing agent (D230) molecules separated
the epoxy monomer molecules and hindered their orientation.

3.4. Optical Activity of DGEBA, R-DGEBA, and S-DGEBA. It
is difficult to obtain the optical activity of cured samples
since the three-dimensional polymer network makes the
epoxy resins inmeltable and insoluble. Therefore, the optical
activity was achieved by the polarizer experiment and the
results are shown in Figure 6. When the polarization direc-
tions of the two polarizations are completely same, according
to Malus’s Law, the optical path can pass normally, and the
words BUCT marked on the rear polarizer can be observed
(Figure 6(a)). While no light will pass through when the
polarization directions are perpendicular, and thus “BUCT”
cannot be seen (Figure 6(b)). However, the “BUCT” will be
observed again via placing the transparent object with optical
rotation between the two polarizations. Herein, we prepared
the cured DGEBA, RDGEBA, and S-DGEBA that are all
transparent (Figure 6(c)). Then the cured DGEBA, R-DGEBA,
and S-DGEBA were set between the two polarizations film,
respectively, as shown in Figure 6(d)–6(f). When the cured
DGEBA was put between them, “BUCT” still can’t be seen,
while “BUCT” can be observed partly again when the cured
R-DGEBA and the cured S-DGEBA were located between
the two polarization films. These phenomena indicate that
the chirality and optical activity are able to maintain, during
the curing reaction process, because the chirality will be
maintained during the curing of amines according to the
curing mechanism (Scheme 3) including epoxy group reacting
with primary and secondary amines, reactions catalyzed by
tertiary amines and created hydroxyl groups.

The remarkable thing is that the chiral carbon will
become pseudochiral carbon atom as the growth of molec-
ular networks. Hence, only the chiral carbon atoms at
the end of a polymer network can still exhibit the optical
activity, and the cured products show only partial optical
rotation.
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FIGURE 3: Linear plots of (a) −ln(β/Tp2) versus 1/Tp based on Kissinger’s equation and (b) Ea versus α (conversion rate) based on FWO theory.
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4. Conclusion

In this work, three epoxy resins named DGEBA, R-DGEBA,
and S-DGEBA of different optical activity were prepared by
one-pot reaction with ECH of diverse chiral configuration,
respectively. This is simple preparation method for all the
epoxy resins that can be acquired by the reaction with ECH.
The chemical structure and chirality were confirmed by
NMR, FTIR, HPLC, and optical rotation tester. For the first
time, we investigated the curing process and cured properties
of different chiral epoxy resins by using D230 as curing
agent. The curing process Eas of DGEBA, R-DGEBA, and
S-DGEBA with D230 are basically identical because of the
epoxide ring-opening, during the curing course, occurring

on achiral carbon of epoxy group. Thermal stability, glass
transition temperature, and thermomechanical properties of
the three cured samples were nearly same due to the alike
three-dimensional polymer network caused by the same sec-
ondary right helix structure of the three epoxy monomers.
Finally, on account of the chirality of carbon can be main-
tained in curing reaction, the cured products of the R-DGEBA
and S-DGEBA exhibit the optical activity. But they can only
show the partial optical activity owing to the many chiral
carbons becoming pseudochiral carbon atom with the growth
of molecular networks. This imply the cured products of
chiral epoxy resins have a value on the field of polarized
light materials. If chiral control is achieved through further
research, we believe that this chiral epoxy resin will be as
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FIGURE 4: FTIR spectra of (a) DGEBA, (b) R-DGEBA, and (c) S-DGEBA before and after curing.
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important as other polarized light materials in 3D display,
optical storage, optical anti-counterfeiting, and asymmetric
synthesis.
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Additional details contain the characterization of DGEBA,
R-DGEBA, and S-DGEBA (13C NMR spectra and MS data),
and properties characterization involving DSC (including
nonisothermal kinetics of curing reaction and Tg), TGA,
DMA, XRD diagrams, and SEM images results of the cured
DGEBA, R-DGEBA and S-DGEBA. Figure S1: 13C NMR
spectra. Figure S2: MS spectra. Figure S3: DSC tests at

different heating rate. Figure S4: (a) TG and (b) DTG curves
under a nitrogen atmosphere. Figure S5: results of cured
DGEBA, R-DGEBA, and S-DGEBA of glass-transition tem-
perature and DMA tests. Figure S6: XRD diagram of cured
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