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Fabricating biobased reconfigurable high performance epoxy resins for self-deployable 3D smart structures is an
interesting issue with great challenge. Herein, a biobased trifunctional epoxy monomer (tris(2-methoxy-4-
(oxiran-2-ylmethyl)phenyl) phosphate, TMOPP) was derived from eugenol and cured by 4,4’-dithiodianiline
(DTDA) to form the dynamic cross-linked TMOPP/DTDA resin. The integrated properties including thermal,
mechanical and flame retardancy of TMOPP/DTDA resin are studied systemically. Compared with commercial
epoxy resin (diglycidyl ether of bisphenol A (DGEBA)/DTDA), TMOPP/DTDA resin has higher glass transition
temperature (217 °C) and tensile strength (95.2 MPa), while these properties are superior to those of biobased
dynamic cross-linked epoxy resins reported in literatures. TMOPP/DTDA resin also shows excellent flame re-
tardancy with UL-94 V-0 rating. The trifunctional aromatic structure of TMOPP and the compact cross-linked
structure of TMOPP/DTDA resin play a principle role in the outstanding performances. At the same time, per-
manent shape reconfigurability and self-deployable ability of TMOPP/DTDA resin was exhibited by the trans-
formation from planar film into a 3D “rocking chair” structure. These results provide a new method to produce
biobased reconfigurable high performance epoxy resin in a simple and sustainable way, while expand the ap-

plication of dynamic cross-linked epoxy resins in self-deployable 3D smart structures.

1. Introduction

Three-dimensional (3D) structures have tremendous demands with
their extensive application from the daily use to high-edge fields. The
production of 3D objects usually depends on molding or 3D printing
[1], both of which cost a lot in equipment and need a long time to
process the complex or large structures [2,3]. Compared with 3D
shapes, two-dimensional (2D) polymer sheets are easier to produce,
storage and transport, but the application fields of plane shapes are
limited [4]. Combining the advantages of 2D and 3D structures to
produce objects by thermosets in a simple way is a great challenge. In
addition, the rapid developments of aerospace and electronic in-
formation raise high requirements for smart 3D structures with self-
deployable ability [5,6].

The geometry of thermosets can be changed by external force to
different extend according to their own properties. However, most
thermosets show the shape memory behaviors [7], so the permanent
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shapes of them are difficult to deform. Specifically, shapes of thermo-
sets just can be changed and fixed temporarily, once stimulated by
external factors such as heat, electricity, light, and so on [8], the tem-
porary shapes will recover to the original ones and lose the ability to
maintain their functions. The nature behind is the permanent cross-
linking structures of thermosets which restrict the topological variation,
and the internal stress will bring the networks to the original state as
well as the macroscopic shapes [9]. To realize the permanent re-
configuration of thermosets, dynamic covalent bonds have been in-
troduced into thermosets including epoxy resins [10-12], thermoset
polyurethane [13-15], polyimine [16], acrylate [17], cross-linked poly
(caprolactone) [18], furan/maleimide adducts [19], and silyl ether
networks [20].

Epoxy resin obtains excellent mechanical properties and heat re-
sistance, so it is one of the most-used polymers occupying 70% market
of the thermosets [21-23]. Commercial epoxy resins are usually derived
from petroleum resources, so the huge amount utilization of them will
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exacerbate the petrochemical resource crisis [24,25]. In addition, 90%
of commercial epoxy resins are bisphenol A type epoxy resin, but bi-
sphenol A has been demonstrated to threat human health especially the
reproductive capacity [26,27]. Therefore, bisphenol A free epoxy resins
are urgently in need.

Non-toxic, renewable and abundant biomass is an emerging con-
siderable candidate for petrochemical resource [28,29]. It could pro-
vide various active groups to meet different demands, attracting great
attention from scientific and industrial fields in recent years [30-32].
Some biobased dynamic covalent epoxy resins have been reported.
Zhang et al. [11] reported repairing and shape changing biobased eu-
genol epoxy resins (Eu-EP) cured with succinic anhydride. Glass tran-
sition temperature (T,) of these resins ranged from 53 to 58 °C. They
also reported a biobased triepoxy (TEP) based on lignin-derived vanillin
and guaiacol cured with an anhydride curing agent [33]. T, of these
resins raised to 157-187 °C and tensile strength of them were
62.8-69.2 MPa. These two works formed dynamic cross-linking via
transesterification, which could occur usually in the presence of cata-
lyst. Wang et al. [34] reported a biobased vitrimer constructed from
isosorbide-derived epoxy and aromatic diamines containing disulfide
bonds. T, and tensile strength of this resin was 41.4 °C and 10.98 MPa.
Abu-Omar et al. [35] and Feng et al. [36] reported a same epoxy
monomer GE-VAN-AP based on vanillin, but cross-linked by Jeffamine
and aromatic diamine, respectively. The former recyclable and malle-
able resin exhibited tensile strength of 46 MPa and T, of 71 °C, while
the latter one had excellent controlled degradability and antibacterial
properties with tensile strength of 93 MPa and T, of 196 °C. Zhu et al.
[37] reported a Schiff base epoxy thermoset from vanillin via in situ
formation of the Schiff base structure and epoxy network. The ther-
moset possessed a T of 172 °C and a tensile strength of 81 MPa. All
these works proved the possibilities of fabricating dynamic covalent
epoxy resins while the thermal and mechanical properties of biobased
dynamic covalent epoxy resins shall be improved and their shape re-
configuration and self-deploy behaviors need to be further studied. In
addition, since epoxy resins possess high flammability [38], their ap-
plications in advanced areas are seriously limited.

In this paper, a novel biobased dynamic covalent epoxy resin with
high performance was designed. Specifically, a trifunctional eugenol-
based epoxy monomer with a renewable carbon content as high as
100% was cured by a disulfide-containing hardener to fabricate dy-
namic cross-linked networks. The integrated performance including
thermal, mechanical properties, flame retardancy, shape reconfigura-
tion and self-deployable behaviors and the origin behind were studied
systematically.

2. Experimental
2.1. Materials

4,4’-Dithiodianiline (DTDA, Scheme 1) and eugenol were purchased
from Energy Chemical, China. Diglycidyl ether of bisphenol A (DGEBA,
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NPEL 128, with an epoxide equivalent weight of 184-190 g equiv™!)
was obtained from Nanya Electronic Materials (Kunshan) Co., Ltd. Tris
(2-methoxy-4-(oxiran-2-ylmethyl)phenyl) phosphate (TMOPP) was
synthesized from renewable eugenol by ourselves [39].

2.2. Preparation of epoxy resins

TMOPP or DGEBA was blended with DTDA (the molar ratio of
epoxy groups to N-H was 1: 1) and stirred at 80 °C for 15 min to get the
clear prepolymers. The obtained prepolymers were then poured into a
preheated mold. After degassed at 80 °C for 20 min, the mixture was
cured at 140 °C for 2 h, 170 °C for 2 h and 200 °C for 2 h. After natural
cooling, the cured TMOPP/DTDA or DGEBA/DTDA resins were ob-
tained.

2.3. Characterizations

Differential scanning calorimetry (DSC) spectra were collected by
DSC 200 (Netzsch, Germany) under nitrogen atmosphere
(60 mL min~!). The monomers were tested from 30 to 120 °C with a
heating rate of 10 °C min ™ to record the melt process. The prepolymers
were tested from 30 to 280 °C with a heating rate of 5, 10, 15,
20 °Cmin~".

Thermogravimetric analyzer (TGA) tests were performed by an
STA449F3 apparatus (Netzsch, Germany) under nitrogen or air atmo-
sphere at a flow rate of 20 mL min~'. The temperature tested ranged
from 30 to 800 °C with a heating rate of 10 °C min~®.

Dynamic mechanical analyses (DMA) were conducted on TA DMA
Q800 apparatus (USA). A film tension clamp was used and the di-
mensions of the specimens were (30 + 0.02) mm X (3 * 0.02) mm
X (1 *£ 0.02) mm. The experiments were carried out in “multi-fre-
quency strain” mode at a frequency of 1.0 Hz and deflection amplitude
of oscillation 10 pm. Samples were heated by 3 °C min ™~ from 25 °C to
250 °C. Cross-linking density (v.) of thermosetting resins can be cal-
culated by the classical rubbery elasticity theory using Eq. (1).

E '= 3y,RT (€9

where E’ is the minimum storage modulus in the rubbery plateau re-
gion; T is the corresponding temperature; and R is the universal con-
stant (8.314 J mol ! K™1) [40].

Stress relaxation behaviors were tested on TA DMA Q800 apparatus
(USA) in “stress relaxation” mode with a film tension clamp. The di-
mensions of the specimens were (30 * 0.02) mm X (3 * 0.02) mm
X (1 % 0.02) mm. The tests were conducted at 200, 210, 220, 230 °C,
respectively, under the constant strain of 1.5%.

Reconfiguration was tested on TA DMA Q800 apparatus (USA) in
“strain rate” mode with a film tension clamp at 230 °C. The sample was
stretched under external force to the predetermined strain of 2% and
4%. The reconfigurable shape retention ratio (R..t) was calculated by
Eq. (2) [18].

DTDA

0 vp{&i °) y}ﬂ D,

TMOPP

DGEBA

Scheme 1. Chemical structures of biobased epoxy monomer TMOPP, DGEBA and curing agent (DTDA).
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Eplasticity % 100%

Rt =
i Eforce (2)

where epasiicity is the final strain recorded and ggorce is the strain under
external force.

The micromechanical properties of the materials were measured by
a nanoindenter instrument (Tribo Indenter 750, Hysitron Inc., USA). A
Berkovich diamond indenter with a probe of 50 nm in radius was em-
ployed. Samples were tested in a typical load-hold-unload pattern. The
loading and unloaded speeds were 1600 uN S~'. The maximum in-
dentation force was set to be 8000 uN and kept for 2 s. The hardness (H)
was calculated using Eq. (3) according to the Oliver-Pharr method
[41].

Brax
A, 3

H=

where P, is the maximum applied load, A, is the contact area between
the sample and intender.

Measurement of the Young’s modulus (E) follows from its relation-
ship to contact area and the measured unloading stiffness through Eq.
(4

2
S =B EsJA
Pz 7 VA

4
where E.g is the effective Young’s modulus defined by Eq. (5)
1 1-—v? 1—v?
= + —
Eyy E E; (5)

where v is the Poisson's ratio of the sample and E; v; are Young's
modulus and Poisson's ratio of the indenter, respectively.

Tensile properties and stress-strain curves of resins were obtained
by a universal material test machine (AGX-100 plus, Shimadzu, Japan)
according to ISO 527-2:2012 standard (specimen type: 1BA) with an
extensometer gauge length of 25 mm. The samples were tested at room
temperature and the elongation rate of 2 mm min~'. All of final tensile
data were the mean value of five effective measurements.

Micro combustion calorimetery (MCC) was performed on a
GOVMARK MCC-2 instrument (USA). 5 mg samples were heated from
150 to 750 °C at a heating rate of 60 °C min~ ' under air atmosphere.
MCC data were the mean value of two effective measurements.

The vertical burning (UL-94) tests were done on a horizontal and
vertical burning tester CZF-5 (Nanjing Jiangning Analysis Instrument
Co., Ltd., China) according to ASTM D3801-2019; the dimensions of the
specimens were (125 = 0.02) mm X (13 * 0.02) mm X (1 = 0.02)
mm.

Scanning electron microscope (SEM, Hitachi S-4700, Japan) was
used to observe the morphologies of the samples at an accelerating
voltage of 15 kV. Adequate electrical conductivity of the surface of
sample was achieved through pretreated by vacuum metal spraying
technology before the tests.

3. Results and discussion
3.1. Curing behaviors

As shown in Fig. 1(a), both of TMOPP and DTDA monomers had a
melting peak since they are solid at room temperature. DSC tests at
different heating rate (5, 10, 15, 20 °C min~ ') were conducted to study
the curing behaviors of TMOPP/DTDA and DGEBA/DTDA prepolymers.
As shown in Fig. 1(b), there was no melting process of TMOPP/DTDA
prepolymers during the test, and all of DSC curves of the prepolymers
exhibited only one curing exothermic peak that related to the reaction
between epoxy and amino. The exothermic peak moved to higher
temperature with the increase of heating rate (8), and TMOPP/DTDA
showed higher exothermic peak under the same f. The relationship
between the temperature of curing peak (T,) and f8 accords to the
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Fig. 1. (a) DSC thermograms of TMOPP and DTDA at heating rate of
10 °C min~ . (b) DSC thermograms of DGEBA/DTDA and TMOPP/DTDA pre-
polymers at different heating rate (5, 10, 15, 20 °C min ™~ . (© Fitting curves of
exothermic peak temperature vs heating rate of DGEBA/DTDA and TMOPP/
DTDA prepolymers.

Kissinger Eq. (6).

ln(ﬁz] = ln(ﬁ) _ B

T, E, RT, 6)
where E, is the reaction activation energy, A is the pre exponential
factor and R is the universal constant (8.314 J mol ™! K™1). Fig. 1(c) is
the fitting curves of In ([S/sz) and 1000/Tp,. The values of E, calculated
from the slope of the curves were 56.3 kJ mol~! of TMOPP/DTDA
prepolymer and 54.0 kJ mol ~! of DGEBA/DTDA prepolymer. The slight
higher E, of TMOPP/DTDA prepolymer resulted from the trifunctional
structure of TMOPP that produced larger steric hindrance during the
curing reaction.
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Fig. 2. Storage modulus and tan § related to temperature for DGEBA/DTDA and
TMOPP/DTDA resins.

3.2. Thermal and mechanical properties

DMA is an effective way to evaluate the thermal resistance and
cross-linking structures of polymers for its high sensitivity. Usually, the
temperature corresponding to the peak of the Tan §-temperature curves
is defined as the T,. As shown in Fig. 2, both TMOPP/DTDA and
DGEBA/DTDA resins had only one peak of the Tan §-temperature
curves, and the storage modulus (E") of them decreased sharply at the
corresponding temperature, indicating the obvious glass transition be-
haviors. T, of TMOPP/DTDA resin is 217 °C, 34 °C higher than that of
DGEBA/DTDA resin. Glass transition is caused by the motion of mole-
cular chains, rigid chain segments and compact networks that go
against molecular chain movement will result in a higher T, value.
TMOPP has a trifunctional structure, which restricts the rotation of
chemical bonds, making it more rigid than DGEBA. At the same time,
the cross-linking densities of TMOPP/DTDA and DGEBA/DTDA resins
are calculated to be 4870 and 2487 mol m ™3, respectively. More cross-
linking points lead to the higher cross-linking density of TMOPP/DTDA
resin, contributing to the higher T, value. Ty is the upper boundary on
thermosetting resins utilization, so TMOPP/DTDA resin is expected to
be applied in harsher environments. E' values of TMOPP/DTDA and
DGEBA/DTDA resins at 25 °C, reflecting the stiffness of the cured resins,
are 3340 MPa and 2802 MPa, respectively. The high stiffness of
TMOPP/DTDA resin also resulted from the rigid molecular structure
and highly cross-linked networks.

Nanoindentation is a considerable method to measure micro-
mechanical properties of resins in nano-scale with only a little patch of
sample and the results obtained are more accurate. The typical in-
dentation load-displacement curves of TMOPP/DTDA and DGEBA/
DTDA resins were shown in Fig. 3(a). With the load increases, the
displacement advanced gradually. The elastic deformation firstly rose,
following by plastic deformation, and finally the peak displacement
(hmay) is reached under the peak load. During unloading process, elastic
deformation recovered, showing the decreased displacement. When
load is released completely, there was still displacement left, this is
because of the plastic deformation which cannot be restored and will
cause an indentation on the sample surface. TMOPP/DTDA resin had a
smaller h,,, under the same peak load of 8000 pN, indicating a stronger
resistance to the indenter penetration. Young’s modulus (E), hardness
(H) can be calculated from the unloading section of the dis-
placement-load curves. As shown in Fig. 3(b), E and H values of
TMOPP/DTDA resin are 7.31 GPa and 0.75 GPa, surpassing those va-
lues of DGEBA/DTDA resin. The rigid structure of TMOPP and high
cross-linking density of TMOPP/DTDA resin improved the hardness of
the cured resins.

Both of TMOPP/DTDA and DGEBA/DTDA resins exhibited typical
stress-strain curves for rigid materials (Fig. 4). The tensile properties
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Fig. 3. (a) Representative load-displacement curves of DGEBA/DTDA and
TMOPP/DTDA resins with a maximum load of 8000 uN. The loading, unloading
rate and holding time at peak load are 1600 uN S™*, 1600 uN S™ and 2 s, re-
spectively. (b) The hardness (H) and Young’s modulus (E) of DGEBA/DTDA and
TMOPP/DTDA resins calculated from the obtained load-displacement curves.
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Fig. 4. Tensile stress-strain curves of DGEBA/DTDA and TMOPP/DTDA resins.

Table 1

Tensile properties of DGEBA/DTDA and TMOPP/DTDA resins.
Resin 0, (MPa) E, (MPa) ep (%)
TMOPP/DTDA 95.2 + 2.1 4145 = 105 33 = 04
DGEBA/DTDA 843 = 1.4 2554 = 42 7.5 = 0.6

including tensile strength (o), tensile modulus (E;) and elongation at
break (&) are listed in Table 1. TMOPP/DTDA resin possesses a 12.9%
higher tensile strength value and 62.3% higher tensile modulus value,
but a lower elongation at break value than those of DGEBA/DTDA resin.
The higher modulus and strength is owing to the more rigid cross-
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Fig. 5. A comparison of the tensile strength and T, of biobased epoxy resins
containing dynamic covalent bonds reported in literature and this work (11). 1:
MDS-EPO [34], 2: ESO-FPA,[42] 3: EN-VAN-AP [35], 4: Se-EP/Oz-L 1:0.75
[43], 5: Se-EP/Oz-L 1:1 [43], 6: Se-EP/Oz-L 1:1.5 [43], 7: TEP-2 [33], 8: TEP-1
[33], 9: MB-PACM [37], 10: VBE-DDM [36].

linking networks of TMOPP/DTDA resin formed by trifunctional
structure of TMOPP, as well as the higher cross-linking density of the
cross-linking networks.

In order to illustrate the excellent thermal and mechanical proper-
ties of TMOPP/DTDA resin more intuitively, a comparison of the tensile
strength and T, of biobased epoxy resins containing dynamic covalent
bonds reported in literature and this work are shown in Fig. 5. Tensile
strength of these literature-reported resins range from 5.1 to 93 MPa
while T, of them are in the range of 41.4-196 °C. The red star represents
for TMOPP/DTDA resin located in the upper right corner with a tensile
strength higher than 95 MPa and a T, over 200 °C. It is obvious that
TMOPP/DTDA resin obtains better thermal and mechanical properties
than all of these resins, which is benefit for expanding the application
fields of biobased dynamic cross-linked epoxy resins into more difficult
conditions.

3.3. Thermal stability

TGA was taken to test the initial thermal decomposition tempera-
ture (Ty) that is defined as the temperature at which resin lose 5% of
their weight. Fig. 6 shows the TGA curves of TMOPP/DTDA and
DGEBA/DTDA resins under N, and air atmosphere. Under N, atmo-
sphere, only the decomposition of the polymer networks can be ob-
served. TMOPP/DTDA resin achieved Ty (299 °C) and the peak tem-
perature of decomposition (T, 311 °C) earlier than DGEBA/DTDA
resin. Since the bond energy of P-O bond is lower than C-C bond, it will
break at lower temperature, resulting in a lower Ty and Tq,. However,
TMOPP/DTDA resin decomposed more gently after T;,,,, and remained
larger char yield (48.5% vs 19.0%) at 800 °C. The TGA curves of
TMOPP/DTDA and DGEBA/DTDA resins under air atmosphere dis-
played two stages. The first stage related to the decomposition of the
polymer networks, while the second one is the pyrolysis of the carbon
residue. T,,q Of the carbon residue of TMOPP/DTDA resin is 764 °C,
much higher than that of DGEBA/DTDA resin (580 °C), indicating that
the carbon residue of TMOPP/DTDA resin was more stable. The larger
amount and denser carbon residue indicated that TMOPP/DTDA resin
has better flame retardancy than DGEBA/DTDA resin, which will be
further confirmed by the following MCC and UL-94 tests.

3.4. Flame retardancy

MCC is used to assess the flammability of materials which can
quickly acquire the combustion parameters with only a small amount
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Fig. 7. (a) Heat release rate-time curves from MCC tests of DGEBA/DTDA and
TMOPP/DTDA resins. SEM micrographs of char surfaces of TMOPP/DTDA resin
(b) and DGEBA/DTDA resin (c) after UL-94 tests.

(approximately 5 mg) of samples. The heat release rate (HRR) - tem-
perature curves and the corresponding parameters including heat re-
lease capacity (HRC), peak heat release rate (PHRR) and total heat
release (THR) are shown in Fig. 7(a). It is obvious that the heat release
progress of TMOPP/DTDA resin was gentler than DGEBA/DTDA resin,
which is consentient with the results from TGA. In addition, HRC, PHRR
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and THR values of TMOPP/DTDA resin were 144 + 5J g~ ! K71,
1442 =+ 55 W g™, 100 + 0 kJ g™, 46.7%, 37.0% and 62.3%,
respectively, lower than those of DGEBA/DTDA resin. Vertical burning
test was conducted to characterize the ability of resins to extinguish
flame. DGEBA/DTDA resin showed UL-94 no rating while TMOPP/
DTDA resin achieved the highest UL-94 VO rating, indicating that
TMOPP/DTDA resin could better prevent flame from spreading. Above
results demonstrate that TMOPP/DTDA resin obtains much better flame
retardancy than DGEBA/DTDA resin. SEM has been used to observe the
morphology of char surfaces of DGEBA/DTDA and TMOPP/DTDA re-
sins after UL-94 tests. As shown in Fig. 7(b) and (c), the char surfaces of
TMOPP/DTDA resin was condensed and continuous while that of
DGEBA/DTDA resin was loose with crack. Compared to DGEBA/DTDA
resin, the char residue of TMOPP/DTDA resin could better prevent fire
from spreading during the combustion, thus endowing TMOPP/DTDA
resin with better flame retardancy.

3.5. Reconfiguration and self-deploy behaviors

The addition of disulfide bonds can fabricate dynamic cross-link in
thermosetting resins [44], thus the stress relaxation will be achieved.
Fig. 8(a) shows the normalized stress relaxation curves of TMOPP/
DTDA resin at 200, 210, 220 and 230 °C. With the temperature in-
creased, the relaxation rate and the final relaxation degree were in-
creasing. The relaxation time (), defined as the time when stress re-
lease to 1/e of its original value, of TMOPP/DTDA resin ranged from
109 s at 200 °C to 27 s at 230 °C. Moreover, the stress of TMOPP/DTDA
resin almost completely relaxed at 230 °C after 300 s. This is because
the exchange of disulfide bonds was accelerated and the chain segments
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slip was easier and quicker at high temperature. The disulfide bonds
exchange was quantified by activation energy (E,) which can be ob-
tained through linear fitting of In (t) with 1000/T according to Ar-
rhenius’ law (Eq. (7)).

Eq
In(7) = In(r) + RT @)
As shown in Fig. 8(b), t values of TMOPP/DTDA resin conformed to
Arrhenius’ law and the E, was calculated to be 90.7 kJ mol~'. Another
crucial characteristic value is the topology freezing transition tem-
perature (T,), relating to the temperature at which the topological
structures of networks changes and transform from solid to liquid state
by dynamic bonds exchange. T, is conventionally obtained from eqn (7)
via t* value chosen as the time when the viscosity (1) reaches 10'2Pas.
The t* value can be got from Egs. (8) and (9)

n=Gx*1* ®

G=ER20+v)~E/3 O]

where E' is the storage modulus at rubbery state obtained from DMA.
The T, of TMOPP/DTDA resin was calculated to be 101.3 °C, 116 °C
lower than its T,. For thermosetting resins, the chain segments motion
will not be activated until the temperature achieves T,. Therefore, al-
though T, is below Ty, the networks are still frozen until heated to T.
Since the topologic structures of TMOPP/DTDA resin can be re-
configured, they exhibit different behaviors with traditional thermosets
at higher temperature. Fig. 9(a) shows the strain and stress vs time
curves of TMOPP/DTDA resin at 230 °C. At the first process, the sample
was stretched by 2% deformation and kept for 15 min to undergo the
reconfiguration process. And then, the force was unloaded, the strain of
TMOPP/DTDA resin did not recover to 0 but still remained 92.9%. The
sample was then stretched to 4% deformation to start the second re-
configuration process. After 15 min, 87.4% strain was remained. During
both processes, stress of the sample reached its peak value once the
predetermined deformation was arrived and then stress relaxation
started. The reconfiguration of TMOPP/DTDA resin mainly depends on
the exchange of disulfide bonds which is shown in Fig. 9(b). To be
specific, when loaded external force and deformed at 230 °C, the mo-
tion of the segments was activated and disulfide bonds in the networks
began to exchange to release the stress. During this process, the topo-
logic structures of the networks were changed as well as the macro-
scopical permanent shape of the sample. Therefore, when the external
force was removed, shape of the sample would not recover to the origin
one. Fig. 9(c) is an example of reconfiguration of TMOPP/DTDA resin.
The first planar permanent shape I was deformed and reconfigured at
230 °C for 30 min to obtain the second 3D permanent U-shape. Cooled
to room temperature, the U-shape was demonstrated to be fixed. Then
the U-shape was reheated to 230 °C, during which the U-shape did not
recover to the first I-shape, indicating that after reconfiguration, the 3D
shape obtained was a new permanent shape and free from environment
stimulations. Likewise, the U-shape was deformed to M-shape and re-
configured at 230 °C for 30 min. The 3D M-shape was also a new per-
manent shape. A more complex “rocking chair” object was obtained by
the transformation of a planar film and the self-deployable behavior
was exhibited. As shown in Fig. 9(d), a planar film was reconfigured at
230 °C for 30 min to form a new permanent “rocking chair” 3D struc-
ture through reconfiguration. Then the “rocking chair” was deformed to
a planar film for a few seconds at 220 °C under external force and fixed
at room temperature. When reheated to 220 °C, the planar structure
underwent a self-deploy process to the “rocking chair” object (Movie
S1). The self-deploy mainly depend on the shape memory character of
the resin. The 2D plane shape was firstly deformed to a complex 3D
shape permanently through reconfiguration; and then the 3D shape was
fixed to a 2D plane one temporarily under external force; finally, the
temporary shape was reheated to recover the 3D shape via shape
memory behaviors thus realizing the self-deploy process. These results
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Fig. 9. (a) Consecutive reconfiguration of TMOPP/DTDA resin at 230 °C. (b) Dynamic reversible exchange mechanism of disulfide bonds. (c) Consecutive re-
configuration (from shape I to shape U to shape M) of TMOPP/DTDA resin. (d) Reconfiguration and self-deploy process of TMOPP/DTDA resin.

intuitively proved the reconfigurability of TMOPP/DTDA resin to form
3D objects from 2D plane materials in a simple method and showed the
enormous potential of TMOPP/DTDA resin in the application of 3D
smart self-deployable structures.

4. Conclusions

Biobased TMOPP/DTDA resin with dynamic disulfide bonds derived
from eugenol was fabricated. The trifunctional aromatic structure of
TMOPP and the compact cross-linked structures endow the TMOPP/
DTDA resin with excellent integrated properties including outstanding
thermal, mechanical properties and good flame retardancy. Dynamic
exchanges of disulfide bonds make TMOPP/DTDA resin have perma-
nent shape reconfigurability through stress relaxation process. The self-
deployable ability was confirmed by a spontaneous deformation from a
planar film to a 3D “rocking chair” object. The biobased TMOPP/DTDA
resin demonstrates a simple and sustainable way to produce 3D struc-
tures and broadens the application fields of biobased dynamic cross-
linked epoxy resins especially in 3D smart structures.
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