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Abstract

With the rapid development of photopolymerization, the search for new near-UV/visible
light sensitive photoinitiating system (PIS) is the subject of intense research efforts. In this work,
anew PIS (chalcone dye/amine/iodonium salt) could efficiently and simultaneously initiate the
free radical photopolymerization (FRP) of PEGDA and the cationic photopolymerization (CP)
of EPOX under irradiation of LED@405 nm to obtain interpenetrating polymer networks
(IPNs). Then, the study on the photoinitiating abilities of the chalcone dye was examined to
explain the chemical mechanisms through UV-visible absorption spectra, cyclic voltammetry,
fluorescence approaches and electron spin resonance (ESR) spin-trapping experiments.
Markedly, Chalcone is a class of natural dyes of flavonoids with potential low toxicity.
Furthermore, this PIS was employed in the photopolymerization of LTA-5A zeolite filled
interpenetrating polymer network composites (IPN, PEGDA/EPOX). Compared to the pure
IPN, the depth of cure (DOC) for IPN with 50 wt% LTA-5A remarkably increased by ca. 90%,
which was the first time reported that DOC could increase with the increase of the filler content.
Compared to the storage modulus, tensile strength and Young’s modulus of pure IPN, those of

the IPN-composites containing 50 wt% LTA-5A increased by ca. 445 %, ca. 430 %, and ca.
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580 %, respectively. By direct laser write (DLW), 3D patterns could be manufactured and those
with high filler contents showed good water swelling property. Under hydrothermal stimuli,
IPN composite with 50 wt% LTA-5A exhibited a good 4D printing behavior. Therefore, not
only this chalcone dye has a good photoinitiation ability for photopolymerization, but also the
resulting IPN composites prepared with the photoinitiating system containing this dye have

potential applications for 3D/4D printing and composites preparation.

1. Introduction

Additive manufacturing (AM), also referred to as 3D printing, was first described in the
80’s by Charles Hull, and this technique has evolved rapidly due to the ability to manufacture
objects with complex spatial resolution.! Therefore, it has been applied in many fields, such as
biomedical engineering, * environmental protection,* * aerospace industries,’ etc. 4D printing
is also a very important application of 3D printing, with the addition of time as the fourth
dimension.” The structure, color, function or other properties of 3D objects can be changed
over time under the stimulus going from electricity to light, water, temperature, etc." ' !! Due
to these different stimuli, 4D printing will be used for grippers, smart textile, smart design,
biomimetic materials and biomedical application.'*!*

Normally, photopolymerization is a process enabling to transform a liquid
monomer/oligomer into a solid polymer by use of a photoinitiating system (PIS) and upon
irradiation with light (e.g. UV-light, visible light, sunlight, etc).!>!® Compared to thermal
polymerization, photopolymerization possesses many unique advantages, such as a high
reaction rate, mild reaction temperature (normally room temperature), absence of organic
solvents as volatile compounds (VOCs), low energy consumption, low-cost and safe optical
source (LED), and enabling to get an excellent spatial and temporal control, etc.'®?° Therefore,
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photopolymerization has been widely used in academia and industry.?"
photopolymerization, it always consists of a photoinitiating system (PIS), a polymerizable
medium (M) and a light source (S), and these three parts are all necessary to get a

polymerization.? Once the monomer/oligomer formulation is selected, the PIS, M and S will

be strongly combined together to obtain the targeted polymers in the most efficient way.'



Now, there are a large amount of photoinitiators reported in the literature for
photopolymerization. However, many of them are only adapted for UV irradiation and cannot
even be activated in the near UV and the visible region, such as benzoin for Type I cleavage
photoinitiator, and benzophenone for Type II H-abstraction photoinitiator.® Hence, it is
meaningful to develop new high-performance photoinitiating system (PIS) with good
photoinitiation ability under irradiation from near UV or visible region. ' 1% 2426 Recently, an
extensive work has been devoted to develop new photoinitiating systems (PIS) of
photopolymerization.'”- 2’32 Among all photoinitiators, natural photoinitiators are candidate of
choice for the manufacture of biocompatible polymer materials.** Chalcone is a class of natural
dyes belonging to the flavonoids and exhibiting a low toxicity. Chalcones can be found in many
natural plants, such as fruits (apples, citrus), vegetables (shallots, bean sprouts and potatoes)
and nuts.>* Chalcones can exhibit different light absorption properties and color depending on
the substituent as well as their positions onto the chalcone backbone. In the previous works of
our group, over than 50 types of mono-chalcone derivatives have been studied as photoinitiators,
due to their unique light absorption properties in the near UV or the visible range.?*’
Interestingly, several mono-chalcone derivatives have exhibited good photoinitiation abilities
for both free radical polymerization (FRP) of acrylates and the cationic photopolymerization
(CP).3® To further improve their performances, it is very necessary to find and synthesize novel
chalcone derivatives in order to explore their photoinitiation abilities and get a deeper insight
into the chemical mechanisms supporting the photopolymerization process.

Although 3D printing through photopolymerization can manufacture different 3D objects
of pure polymer, the lack of mechanical properties and functions always limit the future
development of 3D printing through photopolymerization.' *® Hence, many types of fillers have
been introduced into polymers to enhance/improve their mechanical properties and functions,
such as alumina (AlO;),*> % zirconia (ZrO),*' zeolites (LTA-5A, FAU-13X),*> # iron
particles,* natural pollen particles,’ synthetic diamond microparticles,* etc.*® The presence of
fillers can efficiently enhance the mechanical properties of the resulting polymers, including
the storage modulus, the Young’s modulus, and the volume shrinkage, etc.! % As a class of

aluminosilicates, zeolites have lots of micropores and large surface area, which can be used in



various applications, such as drug delivery, adsorption and separation.*> 47! Hence, more and
more works about zeolite filled composites or hydrogel composites have been reported in the
literature and the resulting composites found potential applications in the field of gas separation,
water adsorption, and biomedical engineering.*® 33 In our previous work,** LTA-5A and FAU-
13X were used as fillers to be blended with polyethylene glycol diacrylate (PEGDA) to obtain
composites with different filler contents through photopolymerization. Compared to the pure
PEGDA polymer, the storage modulus (G’) of composite was enhanced and the volume
shrinkage issue was also improved due to the presence of zeolite. In addition, the composites
obtained through direct laser write (DLW) had good water swelling properties, which have also
a potential application for 4D printing.

In this work, a chalcone dye was specifically synthesized and employed in photoinitiating
system (PIS) for the first time in combination with an amine and an iodonium salt. Then, this
PIS was examined for the free radical polymerization (FRP) of polyethylene glycol diacrylate
(PEGDA), the cationic photopolymerization (CP) of a benchmark epoxy monomer (EPOX) and
their interpenetrating polymer networks (IPNs: PEGDA/EPOX) photopolymerization. In order
explore the chemical mechanism, the photochemical reactivity of the chalcone dye was studied,
including steady state photolysis, fluorescence quenching, cyclic voltammetry as well as ESR
experiments. The photoinitiating ability of the chalcone dye was monitored by Real-time
Fourier Transform InfraRed (RT-FTIR) spectroscopy. To evidence the interest of the new
formulations, IPN/LTA-5A composites were obtained and their photopolymerization abilities
were evaluated by their depth of cure (DOC). Then, these composites were analyzed through
scanning electron microscope (SEM), dynamic thermomechanical analysis (DMA), tensile test,
water swelling test. 3D printing experiments were also carried out to manufacture 3D patterns.

In addition, 3D structured object could have a good 4D behavior under hydrothermal stimuli.

2. Experimental Section
2.1 Materials
The chalcone dye, used as the photoinitiator, was prepared as reported in the supporting

information and its structure is presented in the Scheme S1. The cationic photopolymerizable



monomer, 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate (Uvacure 1500),
was purchased from Allnex and the code in work is EPOX. The free radical photopolymerizable
monomer, Polyethylene glycol diacrylate (PEGDA, SR10), was purchased from Sartomer
Europe. The zeolite LTA-5A used as the filler in this work was purchased from Sigma-Aldrich,
and its characteristic and morphology are listed in Scheme S2.
2.2 Free Radical Photopolymerization (FRP) and Cationic Photopolymerization
(CP) Process Monitored by Real Time Fourier Transformed Infrared
Spectroscopy (RT-FTIR) under Irradiation of LED with 405 nm

For the photopolymerization experiments, the chalcone (photoinitiator), the amine (EDB,
electron donor), and the iodonium salt (Speedcure 938, electron acceptor) were added into the
photopolymerizable monomer (0.1wt%/1.5wt%/1.5wt%) in a glass bottle and stirred overnight
in the dark, and the mass percent of the three-component photoinitiating system was calculated
from the monomer content (Table S1). For the FRP of PEGDA, drops of the homogenous
photosensitive formulations were deposited in the laminate between 2 polypropylene films to
sandwich the formulation in the middle in order to reduce the O, inhibition (thickness ~20 um),
then exposed to irradiation upon LED@405 nm (I,=100 mW-cm™) at room temperature. For
the CP of EPOX films, the photosensitive resin (thickness ~20 pm) was irradiated under air.
The conversion of acrylate of PEGDA and epoxy groups of EPOX were continuously
monitored using a RT-FTIR JASCO FTIR 4700 (JASCO, Lisses, France) at the characteristic
peaks of 1630 cm™ and 790 cm™! respectively. The conversion of the reactive function was
calculated using equation 1 (eq. 1):

Conversion (%) = (Ag — Ay)/Ap X 100% (1)
Ay is the initial peak area before irradiation and Ay is the peak area after irradiation for a given

time t.

2.3 UV-Visible Absorption, Photolysis Property, and Fluorescence Property of
Chalcone Dye.
In this work, the UV-visible absorption properties and the photolysis experiments of the

proposed dye were investigated through a JASCO V730 UV-visible spectrometer. The chalcone
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dye was dissolved in acetonitrile (about 5 x 107> M). Furthermore, the concentration Iod and
EDB were kept at 0.01 M for the photolysis experiments with a LED with 405 nm. In addition,
the fluorescence property of chalcone dye was studied in acetonitrile (about 5 x 10> M) with a

JASCO FP-6200 spectrofluorometer.

2.4 Cyclic Voltammetry
The redox potentials of the chalcone dye (oxidation potential noted Eox and reduction
potential noted Er.q) was measured as follow. The chalcone dye was dissolved in acetonitrile
while using tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte
(potential vs. Saturated Calomel Electrode, SCE). Free energy change (AGs; ! or AGs; EPB) for
the electron transfer reaction was calculated from equations 2 or 3 (eq. 2 or eq. 3), where E,,
Erq and E*s; are the oxidation potential of the electron donor, the reduction potential of the
electron acceptor and the excited state energy level (calculated from the crossing point of UV-
visible and fluorescence spectra), respectively.
AG3 q = Egx — (=0.7) — Egy (2)

AGSIEDB =1.0 —Ereq — Es1 3

2.5 Electron Spin Resonance-Spin Trapping (ESR-ST) Experiments

A X-band spectrometer (Bruker EMX-plus) was used to carry out the ESR-ST experiments.
N, saturated Phenyl-N-tert-butylnitrone (PBN) was selected as the free radical trapping agent,
which was irradiated with a LED with 405 nm in room temperature. ESR spectra simulations

were performed by WINSIM software.

2.6 Photopolymerization of Zeolite Filled Composites

The three-component photoinitiating system (chalcone dye/lod/EDB) was mixed with
PEGDA and EPOX in glass bottles overnight to obtain the homogeneously resin mixture. Then,
the resin mixture and LTA-5A zeolite were added into an opaque vial respectively and mixed
with rotation speed at the range of 2000 to 2500 rpm in a High Speedmixer (DAC 150.1 FVZ-

K) to obtain homogeneous filled resins, which were stored in the dark before



photopolymerization reactions. All formulations are presented in Table S2 in supporting
information.

The cured composites were prepared under the irradiation of the visible UV light (405 nm,
1 W/cm?) for 60 s. Then, the cured composites were cleaned by acetone to remove the
unpolymerized part and the depth of cure (DOC) for the cured composite was measured by an

Absolute LCD Digimatic Indicator (Mitutoyo).

2.7 Direct Laser Write (DLW)

The homogeneously filled resins were deposited onto a homemade glass tank (2 mm
thickness). Then a computer-controlled and programmed laser diode (Thorlabs with 405 nm,
110 mW-cm™) with spot size around 50 um was used for spatial controlled irradiation to
produce specific 3D patterns. After the process of DLW, these 3D patterns were cleaned by
acetone to remove the uncured monomer. Finally, the printed 3D patterns were observed

through a numerical optical microscope (NOM) (DSX-HRSU, OLYMPUS Corp).

2.8 Material Characterization

The zeolite particle size, morphology, and their corresponding composites were
investigated using JEOL JSM-7900F scanning electron microscope (SEM). Thermogravimetric
analyses (TGA) were carried out using a METTLER-TOLEDO TGA/DSC 3+ thermoanalyzer.
30 mg samples were heated from 30 to 500°C at a scan rate of 10°/min under nitrogen
atmosphere (purge of 100 ml/min of N, protection gas).

For DMA, all samples were polished to obtain pellets with a thickness of 1 mm, and then
experiments were performed on a Viscoanalyser METTLER DMAS861 at a frequency of 1.00
HZ. For tensile strain tests, samples were prepared into dumbbell-like samples (1 mm thickness)
and were tested by Dynamometer INSTRON 4505 modernized ZWICK.

After DLW, some 3D cross-shaped objects were obtained and then were used for water
swelling property characterization. These samples were submerged in distilled water at room
temperature (25°C, 6 h). Then, these samples were taken out periodically and wiped out the

water on their surfaces, and were weighted immediately by a precise four-digit balance to



measure the content of water absorbed. The percentage of water swelling property was

calculated with the equation 4 (eq.4):

R="2"1%100% )

T omp
Where my is the weight of the sample after water swelling, and m; is the weight of the dried

sample.

3. Results and Discussion

3.1 Synthesis of the Chalcone Dye

The chalcone dye was synthesized in one step, by a Claisen Schmidt condensation in basic
conditions, involving 2.4,5-trimethoxybenzaldehyde and 3’.4’,5’-trimethoxyacetophenone.
The chalcone directly precipitated in the solvent reaction, namely ethanol so that the product
could be recovered in pure form by a simple filtration. The chalcone was isolated as a yellow

powder in 88% yield (See Scheme XX)

OMe o) OMe o)
No OMe aq. KOH (40%) O § O OMe
+
MeO Oome  cthanol, 88% yield  pje0 OMe
OMe OMe OMe OMe

Scheme XX. Synthetic route to the chalcone dye.

3.2 Light Absorption Property of Chalcone Dye

The UV-visible absorption spectrum of the chalcone dye in acetonitrile is shown in Figure
S1, and its absorption maximum value (Amax) and molar extinction coefficient (€max) at Amax and
its extinction coefficient at 405 nm (€40snm) are summarized in Table S3. The maximum
absorption peak appeared at 312 nm and 387 nm, which guaranteed a good overlap with the
emission spectra of the LED with 405 nm used in this work. Remarkably, this chalcone dye had

a high extinction coefficient (13570 M-'cm™ at 405 nm).

3.3 Free Radical Photopolymerization (FRP) and Cationic Photopolymerization
(CP)



As shown in Figure 1.a and Table S4, for the polymerizations of PEGDA and EPOX
monomer, the photoinitiation ability of three-compound PIS (chalcone dye/lod/EDB) was
studied by RT-FTIR in thin films and thick films under irradiation with LED@405 nm and at
room temperature. For PEGDA, the final acrylate function conversions of thin film and thick
film were 91% and 97% respectively. For EPOX, the final epoxy function conversions of thin
film and thick film were 15% and 62% respectively. For both PEGDA and EPOX, their final
conversions of thick films were both higher than that of their corresponding thin films. As
shown in Table S4, the polymerization profile of this PIS was much better than the blank control,
which was only initiated by the co-initiator (1.5 wt% lod and 1.5 wt% EDB). Obviously, with
the photoinitiation of the blank control, the final conversion for EPOX polymer was 0 %. Hence,
it demonstrates the huge effect of the presence of the chalcone dye for the photopolymerization
process.

Photopolymerization of interpenetrating polymer networks (IPN) consisting in 50 wt%
PEGDA and 50 wt% EPOX was also studied by RT-FTIR in thin films and thick films under
irradiation with LED@405 nm and at room temperature. The results are presented in Figure 1
and Table S4. With the photoinitiation of PIS, the final conversion of PEGDA in thin film and
thick film were 76 % and 96 % respectively, and that of EPOX in thin film and thick were
respectively of 43 % and 36 %. It is clear that PEGDA has a stable final monomer conversion
in the thick films both of pure PEGDA (97 %) and PEGDA in IPN (96 %). The final conversions
of pure PEGDA in thin film and pure EPOX in thick film both decreased, compared to their
corresponding IPNs. Furthermore, compared to the blank control, presence of the chalcone dye
can improve the photopolymerization of the monomers in IPN (the higher final conversion).
Therefore, it is interesting to investigate further on this PIS (chalcone dye/lod/EDB) upon

photopolymerization, especially on the photopolymerization of IPN.
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Figure 1. Photopolymerization profiles for acrylate or epoxy functions in PEGDA, EPOX or
IPNs (conversion of C=C bonds or epoxy functions (%) vs irradiation time (s)) initiated by the
chalcone dye, lod and EDB in laminate both in thin films and thick films (Chalcone dye : lod :
EDB=0.1 wt% : 1.5 wt% : 1.5 wt%. (a) Pure polymer of PEGDA or EPOX; (b) IPN consisting
of PEGDA/EPOX (50%/50%). The irradiation started for t = 10 s.

3.4 Photochemical Reactivity

Steady-state photolysis experiments were carried out to study the interaction activity of
the chalcone dye with the two additives, namely lod or EDB in acetonitrile. There were obvious
and significant declines of the UV-visible absorption intensity for the chalcone dye in the
corresponding three-component system (chalcone dye/lod/EDB) and two-component system
(chalcone dye/lod and chalcone dye/EDB). All of them completely decomposed within 25 s
(See Figure 2.a - 2.d). As shown in Figure 2.e, the two-component system (chalcone dye/lod)
had the highest consumption (72.4 %) when the irradiation time was 20 s, even higher than that
observed for the three-component system (chalcone dye/lod/EDB) (48.5 %). Conversely, the
two-component system (chalcone dye/EDB) and the chalcone alone both had the lowest
consumptions (37.3 %, 38.8 % respectively). Therefore, the interaction of the chalcone dye in
the two-component chalcone dye/lod system was more efficient than that observed in the
chalcone dye/EDB combination. Therefore, the photoinitiation process for the three-component
system can consist of two reaction parts: (1) the combination of the chalcone dye and the
iodonium salt (Iod), and (2) the combination of the chalcone dye and the aromatic amine (EDB).

The proposed mechanism will be shown below in Scheme 1.

10



a 1.0 b 1.0
Chalcone Dye Chalcone Dyel/lod/EDB
I
0.8 4
& =y
- £
g g %7
= £
5 s
= 0s = 044 —0s
B —s | E —ss
3 —10s| @& ——10s
< — 15¢| < 0.2 ——15s
——20s —20s
— 25s
0.0+ , y . ; — 00 : y . .
250 300 350 400 450 500 550 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)
1.0 1.0
C Chalcone Dyellod d Chalcone Dye/EDB
0.8 4 0.8 4
2
2 i
@ s
£ 0.6 0.6
g £
: 5
S 044 = 0.4 ——0s
g = —35s
@ =]
E] A
< a —10s
0.2 4 < 0.2 15s
—20s
00 ; . \ . 0.0 : , . —2%
300 350 400 450 500 550 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

100
e —s— Chalcone Dye
—e— Chalcone Dye/lod
|—+—Chalcone Dye/Amine

80
—v— Chalcone Dye/lod/Amine

60 4

40 4

Consumption (%)

20

T T T T T
0 5 10 15 20 25

Irradiation Time (s)

Figure 2. Photolysis of (a) chalcone dye (5 x 107> M) in acetonitrile, (b) chalcone dye (5 x 107
M)/Tod (0.01 M)/EDB (0.01 M), (c) chalcone dye (5 x 107> M)/Tod (0.01 M), (d) chalcone dye
(5% 107> M)/EDB (0.01 M), (¢) consumption of the chalcone dye during the photolysis process.

Fluorescence quenching experiments for the chalcone dye were conducted in acetonitrile
to see the theoretical feasibility of the interaction of chalcone dye/lod and chalcone dye/EDB.
As shown in Figure 3.a and Figure 3.c, intensity of the emission peak of the chalcone dye
decreased with the continuous addition of Iod or EDB. Therefore, lod and EDB could both act
as quenchers for the chalcone excited singlet state. However, based on the changes of intensity
of emission, the combination of chalcone dye/lod was better than that of the chalcone dye/EDB

combination. Furthermore, linear curves could be fitted from the fluorescence quenching
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processes (Figure 3.b and Figure 3.d), and their corresponding values of the Stern-Volmer
coefficients (K, the slope of the curve) are also presented in Table 1 (chalcone dye/lod
interaction K= 63 M, chalcone dye/EDB K*PB= 6 M™'). Based on equation 5 and equation
6 (eq. 5 and eq. 6), the electron transfer quantum yield in the excited singlet state (D) for the
expected electron transfer reaction between the chalcone and Iod (0.66) or EDB (0.34) was
calculated in Table 1. It is also obvious to see that the electron transfer quantum yields of
chalcone dye/lod (@ °%) had a higher reactivity than that of chalcone dye/EDB (®¢EPB). Hence,

the combination of chalcone dye/lod had a higher reactivity than that of chalcone dye/EDB.
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Figure 3. (a) Fluorescence quenching of chalcone dye by lod in acetonitrile; (b) Stern-Volmer
treatment for chalcone dye/lod fluorescence quenching; (c) Fluorescence quenching of
chalcone dye by EDB in acetonitrile; (d) Stern-Volmer treatment for chalcone dye/EDB

fluorescence quenching.

Table 1. Parameters characterizing the electron transfer reactions for the chalcone dye in

acetonitrile.

12



K¢ (M-l) K FPB (M-l) D 10d @, FPB Es: (eV) Eox (CV) Ered (eV) AGg ¢ AGs; FPB

63 6 0.66 0.34 2.76 1.12 -1.59 -0.94 -0.17

As shown in Figure S2.a, the first singlet excited state energy (Esi) of the chalcone dye
was evaluated from the crossing point of the UV-absorption curve and the fluorescence spectra
curve in acetonitrile (Es; =2.76 eV, shown in Table 1). The redox potentials of the chalcone dye
(Eox and E.q) were obtained in acetonitrile by cyclic voltammetry to study the mechanism of
the chalcone dye based photoinitiating system (See Figure S2.b). The half peak oxidation
potential (Eox = 1.12 eV), and the reduction potential (Er.q = - 1.59 eV) for the chalcone dye are
gathered in Table 1. The free energy changes AGs; ° and AGs; EPB for electron transfer reaction
of chalcone dye/lod (AGs; °d = - 0.94) and chalcone dye/EDB (AGs; EPB = - 0.17) were both
calculated by equation (eq. 2 and eq. 3) and presented in Table 1. Due to AG < 0, it indicated
the theoretical feasibility of these electron transfer reactions.

The different generated radicals were detected by the ESR-spin trapping experiments done
on the chalcone dye/lod and chalcone dye/EDB solutions under N, in N-phenyl-fert-butyl
nitrone (PBN) as the spin trap agent. As shown in Figure 4.a and 4.b, for the chalcone dye/lod
combination, the PBN/aryl radical adducts were clearly observed (ax = 14.4 G and ay =2.2 G,
in agreement with literature data). As presented in Figure 4.c and 4.d, for the chalcone dye/EDB
combination, the hyperfine coupling constants of PBN radical adducts were any = 14.4 G and an
= 2.2 G. In addition, some very minor signals ascribed to PBNox (the oxidized form of PBN)
were observed and it can be due to side reactions. Thus, the feasibility of the chemical
mechanisms mentioned above has clearly been proved, i.e., the photoinitiation process for the
three-component system can consist of two reaction parts: (1) the combination of the chalcone
dye and the iodonium salt (Iod), and (2) the combination of the chalcone dye and the aromatic
amine (EDB). r1 — 15 in Scheme 1 demonstrate the formation of the initiating species for the

free radical photopolymerization (FRP) and the cationic photopolymerization (CP).
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Scheme 1. Proposed photoinitiation mechanisms.

3.5 Photopolymerization of Zeolite Filled IPN Composites

The depth of cure (DOC) is a very important property of light-cured composites, which is
defined here as the thickness of composite cured adequately under LED@405 nm. In Figure
5.b, the mechanism of photopolymerization of IPN/LTA-5A composites has been presented,

and the crosslink of zeolite and IPN could be obtained after photopolymerization (LTA@405nm,
14



in air and at room temperature).

As shown in Figure 5.a, the DOC values showed major differences depending of the type
of photopolymerizations and the filler (LTA-5A) contents. Normally, the transmittance of the
filled samples decreases with the increase of the filler content, and the DOC values gradually
decrease (See DOC values of PEGDA based composite in Figure 5.a). However, it is interesting
to note that the LTA-5A filled IPN composites have the opposite results for DOC: the presence
of LTA-5A improved the photopolymerization in depth. As shown in Figure 5.a, With the
increasing filler content, the corresponding DOC values also increased correspondingly (from
14 mm for pure IPN to 2.7 mm for IPN-50%, increased by ca. 90 %). After
photopolymerization, the presence of LTA-5A zeolite could help the IPN to have a better
crosslink and improve the 3D structure of the polymer network. Based on DOC values, it is
interesting to note that the DOC of IPN/LTA-5A composites with higher filler content (30 wt%
and 50 wt%) was better than that of PEGDA/LTA-5A composites. Particularly, the DOC of
IPN-50%LTA (2.7 mm) was more than 50 % higher than that of PEGDA-50%LTA (1.7 mm).
Therefore, the presence of LTA-5A can significantly improve the photopolymerization ability
of IPN. It has to be noticed that such an improvement is reported for the first time for the DOC

of composites, with an increase of the DOC with the filler content.
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Figure 5. (a) DOC for IPN/LTA-5A composites and PEGDA/LTA-5A composites; (b) the
mechanism of the photopolymerization for IPN/LTA-5A composites.

The LTA-5A zeolite powder and IPN/LTA-5A composites were observed by scanning
electron microscope (SEM). As shown in Scheme S2, LTA-5A crystals (the average size
(diameter) of 2.6-2.7 um) have easily recognizable well-shaped cubic morphology. SEM
images of different IPN/LTA-5A composites are presented in Figure S3. The surface of the pure
IPN was not flat with some protruding parts, and the image for its cross-section shows that there
were many homogeneous bubble-like parts, which might be due to the crosslink of IPN (See
Figure S3.b). This similar distribution also could be observed in Figure S3.d (IPN-5%LTA) and
Figure 6.f (IPN-10%LTA). It is much easier to observe more LTA-5A on the surface and the
cross-section of IPN/LTA-5A composites, when more LTA-5A was added (See Figure S3.g -
S3.j). Intimate contact between the LTA-5A and IPN in general with a rather good dispersion
on the faces, as well as along the cross-section. Hence, homogeneous composites could be

obtained through photopolymerization process.

3.6 Mechanical Properties of Zeolite Filled IPN Composites
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Lack of good mechanical properties and functions was the normal flaw of pure polymer
after photopolymerization or 3D printing. The introduction of filler can significantly improve
the mechanical properties of the resulting composite. Hence, dynamical thermomechanical
analyses (DMA) and tensile tests were carried out for IPN/LTA-5A composites.

As shown in Figure 6.b, compared to the pure IPN, the storage modulus (G”) of IPN/LTA-
5A composites at 25 °C increased obviously (from 1.3 MPa to 7.1 MPa, increased by ca. 445 %)
with the increase of the content of LTA-5A (from 0 wt% to 50 wt%). In fact, the well-dispersed
LTA-5A zeolite with good interactions with the IPN clearly improved the storage modulus (G”),
due to the increase of constrains of segmental motions of the polymeric chain in IPN.
Furthermore, the small size of LTA-5A did not create large stress concentrations, and they even
could improve the ductility.

As shown in Figure 6.a, different IPN/LTA-5A composites with the same dumbbell shape
were manufactured for tensile test study. With the increase of the filler content, the transparency
of composites gradually decreased. The tensile test results were presented in Figure 6.c - 6.¢.
Compared to tensile strain and tensile strength of the pure IPN (6.1 % and 0.3 MPa,
respectively), that of the IPN/LTA-5A composite both increased with the increase of the filler
content, especially the tensile strength of IPN-50%LTA (1.3 MPa) increased by ca. 430 %.
Simultaneously, the Young’s modulus also increased with the increase of the filler content.
Compared to the lowest Young’s modulus value of the pure IPN (5.1 MPa), IPN-50%LTA had
the highest value (34.7 MPa), which increased by ca. 580 %. According to the results of tensile
strength and Young’s modulus, when the filler content reached 50 wt%, it did not have a
significant hindrance on the photopolymerization of IPN. Therefore, the introduce of LTA-5A

zeolite could drastically improve the mechanical properties of IPN.
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The Young’s modulus of IPN/LTA-5A composites vs. filler content.

Based on the results presented above, the three-component photoinitiating system

(chalcone dye/lod/EDB) had a good photoinitiation ability to produce pure IPN and IPN/LTA-
SA composites by photopolymerization. Hence, direct laser write (DLW), a technique of 3D
printing, was used to generate different 3D patterns (See Figure 7.a, 7.c and 7.e). Particularly,

when the filler content was 50 wt%, 3D patterns also could be obtained successfully through
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DLW. As the color patterns morphology presented in Figure 7.b, 7.d and 7.1, it can be clearly

observed that these 3D patterns have good resolution and flat surfaces.

Figure 7. The numerical optical microscopy images for IPN-0%LTA, IPN-30%LTA and IPN-
50%LTA after direct laser writing (DLW). (a), (c) and (e): top surface morphology; (b), (d) and
(f): color patterns.

3.8 Functions of IPN/LTA-5A Composites

As we know, PEG based polymers normally have a good water swelling property. Since
the investigated IPNs consist of a mixture of PEGDA and EPOX, water swelling tests were
carried out to quantitatively illustrate the properties of IPN/LTA-5A composites with different
filler contents. As shown in Figure 8.a, the water swelling ratio decreased with the increasing
filler content. When the filler content of LTA-5A increased from 0 wt% to 50 wt%, the swelling
ratio decreased from 76.0 wt% to 40.5 wt%. This could be due to the presence of LTA-5A
zeolite, which decreased the content of polymer.

The images of the 3D patterns composites (pattern “Z”’) with different filler contents at
different processes of water swelling was presented in Figure 8.b, including before water
swelling, after water swelling@ room temperature for 6 h, and after evaporation@40 °C for 1

h. However, due to the higher swelling ratio, some cracks or irrecoverable deformation
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(highlighted in red circles) appeared during the evaporation process on the surface of 3D
patterns with low filler content (0 wt%, 5 wt% and 10 wt%). Interestingly, it is easy to observe
that 3D patterns (letter “Z”") (IPN-30%LTA and IPN-50%LTA) expanded after water swelling
and returned close to their origin shapes after evaporation, and the processes of water swelling
and water evaporation could be accomplished many times. This means that the 3D patterns with
high filler contents obtained through DLW can achieve repeated regular deformation under the
influence of the presence of water. Hence, this stable property of IPN-30%LTA and IPN-

50%LTA provided the potential possibility for the 4D printing behavior under the hydrothermal

stimuli.
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Figure 8. Water swelling for IPN/LTA composites with different filler contents: 0 wt%, 5 wt%,
10 wt%, 30 wt% and 50 wt%. (a) water swelling ratio vs swelling time; (b) The swelling process
consisting in 3 steps: before water swelling, after water swelling (6 h), after evaporation (40 °C
for 1 h). Each small square in the background of each photo is the standard 1mm X Imm size.

Normally, 4D printing is regarded as giving to a printed structure the ability to change its
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form, color or function with time (t) under stimulus of temperature, water, light, electricity, etc.
Based on the 3D printing technique, 4D printing technique has a rapid development in recent
years. Hence, as shown in Figure 9.a, a 3D cross-shaped object and a 3D strip-shaped object
were designed and manufactured, and then the 4D printing behavior was obtained under
hydrothermal stimuli.

As shown in Figure 9.b and 9.c, the 3D strip-shaped object (IPN-50%LTA) and the 3D
cross-shaped object (IPN-50%LTA) after water swelling were put in oven at 90 °C for
evaporation. As shown in Video S1 and Video S2, during the evaporation process within 10
min, the central part of these two objects was raised or the corners of the object curled up. Then,
these two objects returned to the unfolded state quickly when they were put in water and after
water evaporation. Simultaneously, this obvious shape memory change could be repeated for
several times without any cracks on the surfaces of these objects or irrecoverable deformation
(See Video S3). Therefore, the significant 4D printing behavior can be exhibited under the

hydrothermal stimuli.
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Figure 9. Water swelling for IPN/LTA composites with different filler contents: 0 wt%, 5 wt%,
10 wt%, 39 wt% and 50 wt%. (a) water swelling ratio vs swelling time; (b) The swelling process

consisting in 3 steps: before water swelling, after water swelling (6 h), after evaporation (40 °C
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for 1 h). Each small square in the background of each photo is the standard 1mm X Imm size.

4. Conclusion

In this work, a chalcone dye was synthesized, and its photoinitiation ability was also
examined. To clarify the relevant photochemical mechanism steady state photolysis and
fluorescence experiments were carried out on PIS (chalcone dye/lod/EDB) with LED@405 nm.
Furthermore, the chemical mechanism was confirmed by ESR experiments. This PIS could
effectively initiate both free radical photopolymerization (FRP) and cationic
photopolymerization (CP) in interpenetrating polymer network (IPN, PEGDA/EPOX). The
depth of cure values for these homogeneous IPN/LTA-5A composites could kept increasing
with the increased filler contents. The introduction of LTA-5A was very effective in improving
the mechanical properties for IPN. Simultaneously, 3D patterns with good resolution and flat
surface were manufactured through direct laser write (DLW), and the presence of large amount
of LTA-5A in 3D patterns make sure the composite without break during the water swelling
process. In addition, a good and stable 4D printing behavior under hydrothermal stimuli can be
repeated on IPN/LTA-5A composites. This work not only expand our understanding about the
chemical mechanisms of chalcone dye based PIS on interpenetrating polymer network (IPN)
and its corresponding filled composites, but also find important potential applications of
photopolymerization reactions in the field of 3D printing, 4D printing, microlithography, and

the design of biocompatible materials for drug release, etc.
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