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Abstract: In the past few decades, interpenetrating polymer network (IPN) hydrogels
have attracted huge attentions due to their special cell-like structures, interpenetrating
interface, and two-phase continuity, which has special synergistic effects on
performance or function. In this work, eleven different dyes based on 1-aryl-3-(2,4,5-
trimethoxyphenyl)prop-2-en-1-one or 3-aryl-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-
one were firstly synthesized, and combined with an amine (i.e. ethyl 14-
(dimethylamino)benzoate, EDB) and an iodonium salt (bis(4-tert-butylphenyl)
iodonium hexafluorophosphate, Iod) (PISs) as the three-component photoinitiating
systems (PIS) to induce both the free radical photopolymerization (FRP) of
polyethylene glycol diacrylate (PEG-DA) and the cationic photopolymerization (CP)
of 3,4-epoxycyclohexylmethyl-3’,4’-epoxy-cyclohexane carboxylate (EPOX) under
the irradiation of LED@405nm. The best candidates were selected from the proposed

eleven different dyes to study the involved oxidation—reduction reaction mechanisms
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through several characterization techniques. The best candidates were also used to
prepare PEG-DA/EPOX interpenetrated polymer networks (IPNs). More interestingly,
the stable 3D patterns have been successfully produced through direct laser write
(DLW) technology, meanwhile, the silver cations could also be reduced in situ into
silver nanoparticles. Furthermore, 4D printing could be achieved since all the obtained
3D patterns exhibited reversible swelling properties and shape-memory effect caused
by swelling and dehydration processes. Parallel to this, influence of AgNPs on the
mechanical properties of the 3D-printed objects and on IPNs has also been
systematically studied. Finally, the obtained IPN polymers containing silver

nanoparticles (AgNPs) exhibited antibacterial activities for Gram-positive bacteria (e.g.

Staphylococcus aureus) and Gram-negative bacteria (e.g. Pseudomonas aeruginosa).

Keywords: interpenetrating polymer network; silver nanoparticles; antibacterial

materials; reversible shape-memory effect; 3D/4D printing.

1. Introduction

Interpenetrating polymer networks (IPNs) are not just a mixture of two or more
preformed polymers, but it refers to a network comprising two or more partially
interwoven polymer networks that are not covalently bonded to each other [1-5].
Compared with a single polymer network, interpenetrating polymer network (IPN)
hydrogels rely on the interweaving of multiple networks to form a special cell-like
structure, interpenetrated interface and two-phase continuity, which greatly improves
their physical and chemical properties or functions [6-10]. Due to the incompatibility
of the multiple preformed polymers that make up the IPN, IPN polymers retain the
characteristics of a single network. In addition, as the continuity and synergy of the two
phases, their properties are homogenized and the final polymer exhibit unique
properties that are different from those of the two polymers considered separately,
which greatly broadens their scope of applications [11-16].

It is commonly known that PEG-DA allows the preparation of water compatible

polymers is-a-water-seluble-poelymer. PEG-DA can exhibit a wide range of molecular
weight (from several hundreds to tens of thousands), varying the scope of applications
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of the generated polymers ispoehymer. Owing to the low hydrogel cytotoxicity and good
biocompatibility, hydrogels have been widely used in the fields of medical biology,
pharmaceutical materials, etc [17-23]. However, polymer materials prepared with pure
low molecular weight PEG-DA have poor rigidity and toughness, so that this polymer
can be easily broken. Therefore, another flexible polymer network can be introduced
into the rigid polymer network of PEG-DA to prepare IPN hydrogels and enhance the
rigidity and toughness of the polymer. As previous studies of our group have
demonstrated that some dyes derived from natural plants can be used as photoinitiator,
which can not only initiate free radical polymerizations (of PEG-DA for instance) but
also induce the cationic polymerization of epoxides such as EPOX under visible light
irradiation [24-27]. EPOX is a commonly used flexible monomer that can be introduced
into PEG-DA as a second network to prepare IPN hydrogels [28-30].

In this study, we fabricated IPN hydrogels based on PEG-DA/EPOX using three-
component photoinitiating systems. At the same time, Ag nanoparticles could be
synthesized in-situ upon introduction of a silver salt. Briefly, eleven different dyes were
synthesized and used as photoinitiating systems (PIS) in combination with lod/EDB.
The best candidates were then selected to prepare IPN hydrogels containing dense (FRP
of PEG-DA) and loose networks (CP of EPOX). Markedly, compared to a single
network hydrogel, the polymerization efficiency and the mechanical properties of IPN
hydrogels have been significantly enhanced. Subsequent to their syntheses, the
mechanical and chemical properties of IPNs were comprehensively studied. During the
photopolymerization process, the silver cations could be reduced by the generated free
radicals into AgNPs that are evenly distributed into the hydrogels, what provides a new
strategy for the preparation of antibacterial materials. Finally, the newly proposed
photoinitiating systems were successfully used to prepare 3D patterns with reversible
swelling properties and shape-memory effects. Furthermore, performance differences
between single networks and interpenetrating polymer networks with different ratios
(3:7/5:5/7:3) containing or not AgNPs were also investigated. Finally, antibacterial
properties of IPNs pehymers containing silver nanoparticles (AgNPs) were also studied.



Scheme 1. Chemical structures of dyes 1-11.

2. Materials and Methods
2.1 Material

The 11 different chalcone-based dyes (1-11), whose molecular structures are
shown in Scheme 1, were prepared according to the method reported in SI and used as
photoinitiators. The monomers i.e. polyethylene glycol diacrylate (PEG-DA) and 3,4-
epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (EPOX) were purchased
from Sartomer-Europe and Allnex, respectively. The co-initiator bis-(4-tert-
butylphenyl) iodonium hexafluorophosphate (lod) and electron donor ethyl 4-
dimethylaminobenzoate (amine, EDB) were all purchased from Lambson Ltd.
Chemical structures of these monomers and additives are presented in Scheme 2. Silver
nitrate used as the precursor for AgQNPs was purchased from Sigma-Aldrich (St. Louis,
MO, USA). All other reagents were obtained from various suppliers and used as

received.
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Scheme 2. Chemical structures of the different monomers and additives used in this

study.

2.2 Photopolymerization ability of the proposed dye/lod/amine-based PIS for the
PEG-DA/EPOX

Combination of the different dyes with lod/amines were used as visible light PIS
to study their initiating abilities for FRP and CP processes by real-time FTIR
spectroscopy. In detail, the content of each component was optimized by comparing
their solubility in the resin and photopolymerization efficiency, which were finally kept
at 0.1 wt%/1.5 wt%/1.5 wt% (w/wi/w, calculated from the weight of the resins that we
used), respectively. All these dyes and additives are well dispersed into the resins (PEG-
DA/EPOX). After that, real-time FTIR spectroscopy (JASCO FTIR 4100) was used to
continuously monitored the conversion of epoxy or acrylate functional groups under
visible light irradiation (LED 405 nm, lo = 110 mW/cm?). During this process, the FRP
of PEG-DA (thickness ~ 20 um/2 mm) was carried out in the lamination conditions to
reduce O inhibition, while the CP of EPOX (thickness ~ 20 um/2 mm) was directly
conducted in the air. The followed characteristic peak of EPOX is located around 790
cm?t (thickness ~ 20 um) or 3700 cm™ (thickness ~ 2mm), while for PEG-DA, the
characteristic peak is around 1600 cm™ (thickness of about ~ 20 um) or 6160 cm™
(thickness ~ 2 mm) [31]. IPN polymers were fabricated via the FRP of PEG-DA and
the CP of EPOX. Briefly, we still use the proposed three-component PIS to initiate the

photopolymerization reaction under visible light irradiation, in which the original single
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monomer (PEG-DA or EPOX, 100 wt%) was replaced by mixed monomers (PEG-
DA:EPOX, 30 wt%:70 wt%, 50 wt%:50 wt%,70 wt%:30 wt%) in different proportions.

2.3 Involved mechanism research
2.3.1 UV-Vis absorption properties of dyes and their photolysis process with
lod/amine

UV-vis absorption properties of these proposed dyes were studied in acetonitrile
at the concentration of 1x10° M by a JASCO V730 spectrophotometer. After that,
photolysis of dyes with lod/amine and dyes alone were also studied in acetonitrile still
using the JASCO V730 spectrophotometer, in which their concentrations were at 1x10°

>M and 0.01 M, respectively [32].

2.3.2 Fluorescence experiments of the dyes.

A JASCO FP-6200 spectrofluorimeter was used to determine the fluorescence
spectra of the dyes and the fluorescence quenching of them with lod/amine, which was
conducted in acetonitrile at the concentration of about 1x10° M. The excitation

wavelength was about 300 nm.

2.3.3 Electron Spin Resonance (ESR) Spin Trapping (ESR-ST) Experiments and
the Redox Potentials of Dyes

Radicals generated in N2 saturated tert-butylbenzene solutions containing the dyes
and lod/EDB (0.1wt%/1.5wt%) upon irradiation with sunlight were captured by PBN
(0.25 wt%) and analyzed with a X-band spectrometer (Bruker EMX-plus) at room
temperature. The obtained ESR spectra were then simulated and analyzed by using the
WINSIM software [33].

Redox potentials (Eox and Ereq) of chalcone-based dyes were determined by cyclic
voltammetry that using tetrabutylammonium hexafluorophosphate as the supporting
electrolyte in acetonitrile. Free energy changes (AG®i0a or AGSepg) were calculated to

prove the possibility of the electron transfer reactions between the dyes and the



additives (lod/amine) and supporting the photopolymerization processes observed
experimentally. Redox potentials (Eox and Ereq) of the proposed dyes were determined
by cyclic voltammetry in acetonitrile, while E” corresponding to the excited state energy
level of the dyes was determined from the crossing point of their UV-visible and

fluorescence spectra, respectively.

2.4 Preparation of the silver nanoparticles (AgNPs)
2.4.1 Preparation of AgNPs in DMF

Silver nanoparticles were fabricated in DMF solution, which containing 0.5 wt%-
Dye/lod/amine-based PIS (0.1wt%/1.5wt%1.5wt%) and 5 wit%-AgNOs, upon
irradiation with visible light LED@405nm [34].

2.4.2 Preparation of AgNPs within polymers through in-situ Photopolymerization
Processes

The dyes/lod/amine (0.1wt%/1.5wt%/1.5wt%)-based three-component PISs were
completely dissolved in the mixed monomer (PEG-DA-EPOX). Then, 5 wt% AgNOs
was added and the resulting solution was stirred at room temperature for 1 h to ensure
the salt to be well-distributed into the formulation. After that, ultrasonic mixing for 5
minutes to evenly distribute the metal salt into the formulation was carried out. Finally,
conversion profiles of the mixed monomers were followed by real-time FTIR
spectroscopy, which not only enabled to determine the influence of the silver cations
on the photopolymerization efficiency, but also enabled to prepare IPNs with uniformly

distributed silver nanoparticles [34].

2.5 Characterization of IPN Polymers.

2.5.1 TEM and SEM of AgNPs.
Firstly, microscopic morphology of AgNPs formed in DMF as the solvent after
120 min of irradiation under a LED@405nm was examined by transmission electron

microscope (TEM, FEI Quanta 250 FEG). Meanwhile, for AgNPs fabricated during the
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photopolymerization of IPNs, a scanning electron microscopy (SEM, FEI Quanta 250

FEG) was used to observe their morphologies [25,35].

2.5.2 Dynamic time sweep rheology

Photopolymerization processes of all the formulations were further detected
through dynamic time-scanning rheology. In detail, 40 puL of resin was dropped on a
glass slide and then use a Haake-Mars Rotational Rheometer at a constant frequency of
10 Hz at 25 °C [35].
2.5.3 Tensile strength of polymers

Firstly, various samples (length 4 cm, width 2 mm and height 2.5 mm) were
prepared by using molds under the irradiation of visible light LED@405nm, and then
the tensile strength of the prepared single network and interpenetrating network
polymers were carried out by a Dynamometre Instron with a 100 N loading at a

displacement rate of 0.1 mm/min [36].

2.5 Applications in 3D and 4D Printing.

2.5.1 Laser Write Experiments to prepare the Single and IPN polymers
containing/without AgNPs

Direct laser write experiments were successfully performed by using PEG-DA
and/or EPOX as the monomer through a computer programmed laser diode at 405 nm
(Thorlabs). Photosensitive formulations also containing dyes/lod/amine-based PIS
and/without metal salt (AgNOs) were prepared in solvent-free conditions. Writing
processes were all carried out under air at room temperature and the obtained 3D
patterns were analyzed using a numerical optical microscope (DSX-HRSU from

Olympus Corporation) [25].



2.5.2 Swelling Experiments of the obtained polymers

Single-network and interpenetrated polymer networks obtained from laser writing
were immersed into deionized water for 24h at room temperature to study their swelling
properties. Furthermore, the wet weight (W¢) and volume (V2) of the polymers after
reaching the swelling equilibrium were measured and compared with their initial wet
weights (Wo) and volumes (V1). After that, the absorbed water was removed by heating
in an 40°C oven, and their weights and volumes were also compared with their initial

values [27, 35].

2.5.3 Shape-Memory Effects of Single and IPN polymers containing/without
AgNPs (4D behavior)

Swelling and dehydration have been conducted to study the reversible temporary
deformation effects of the 3D single networks and the interpenetrating polymer
networks obtained by using molds. In detail, the obtained 3D polymers were firstly
immersed into deionized water at room temperature to observe their deformation
processes; after that, the deformed polymers were dehydrated in an oven to observe
their morphological change processes (recovery or even reverse deformation processes).
Finally, the samples were placed at room temperature to restore their original

appearances [37,38].

2.6 Antibacterial effect of IPN containing/without AgNPs.

As AgNPs are well-known to exhibit a broad range of antibacterial activities, in
this work, gram-positive bacteria Staphylococcus aureus (CIP4.83, Pasteur institute
collection) and gram-negative bacteria Pseudomonas aeruginosa (strain PAO) were
selected as bacterial model to investigate the antibacterial effects of the fabricated IPN
polymers containing AgNPs.

Bacterial strains were stored in glycerol 15% at -80 °C. Strains were cultivated in
LB medium (Lennox L: 1% Bacto-Tryptone, 0.5% Bacto-Yeast Extract, 1% NaCl,
NaOH [3 x 1073M]) at 37 °C. Before the contact with IPNs, an overnight culture was



used to start a new culture until ODsgonm = 1 (approximatively 10° bacteria/ mL). 100
uL were used to inoculate either a new LB liquid medium, a LB agar Petri dish, or the
PBS buffer (No growth, but adhesion possible). After one night of growth in contact
with the IPN, the antibacterial effect was observed by eyes, and by counting the colony-
forming unit (CFU/mlI). IPNs were remove from the medium, washed gently three times
with PBS and strongly vortex in PBS 10 minutes in order to detach adhered bacterial
cells. CFU were again evaluated by spreading appropriates dilutions. Controls without

IPN, with IPN but without AgNPs, were systematically perform in parallel.

3. Results and Discussion

3.1 Photopolymerization ability of the Proposed Dyes-based PISs upon visible
light.

3.1.1. Free radical polymerization (FRP) of PEG-DA.

At first, the visible light source, namely the LED@405nm, was used to examine
the photoinitiating ability of the dye/lod/amine (0.1wt%/1.5wt%/1.5wt%)-based three-
compound PIS during the FRP of PEG-DA at room temperature. We monitored the
photopolymerization kinetics of the different formulations with thicknesses of about 20
um (thin films) and 2 mm (thick films) upon light irradiation for 200 s. Polymerization
profiles are shown in Figure 1. For the thin films, compared to the blank control which
is only composed of the two-component lod/amine combination, all the newly proposed
dyes-based three-component PIS showed better photoinitiation efficiencies (the
increased final functional groups conversions and /or the faster photopolymerization
speed), which proved that the presence of the dyes was essential to improve the overall
polymerization performance. In addition, under the same conditions, for thick samples
with the thickness of about 2 mm, except for the three-component PIS based on dyes 6,
8 and 9, all the other PISs showed better photoinitiation abilities than the blank control

(conversion rate > 90% of the experimental group vs. 87% of the blank group).

More interestingly, under a LED@405nm irradiation, whether for thin films or
thick films, the final conversion rates achieved by the PIS based on dyes 1, 2, 3,4, 5,9
and 11 were greater than 90%, which can be attributable to their higher molar extinction

coefficients.
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Figure 1. Photopolymerization profiles of PEG-DA (conversion of C=C bonds vs
irradiation time) initiated by dyes/lod/amine (0.1wt%/1.5wt%/1.5wt%, w/w/w) in
laminate upon irradiation with LED@405nm (lo= 110 mW.cm2) with the thickness of
about (a) 20 um and (b) 2 mm, the irradiation starts at t = 10 s.

3.1.2. Cationic polymerization (CP) of EPOX.

At the same time, under the same conditions, photoinitiation abilities of the three-
component PIS during the cationic photopolymerization of EPOX has also been
studied. As shown in Figure 2, it is obvious that only using lod and amine as the two-
compound PIS cannot convert the EPOX resin from liquid into solid, even after 200 s
of light irradiation, while in the case of thin films initiated by the proposed dyes-based
three-component PIS, deep curing has been observed for all of the formulations.
However, for thick films with a thickness of about 2 mm, only the three-component
PISs based on dyes 1, 2, 3, 4 and 5 could initiate the deep curing of EPOX formulations.

All these results highlight the crucial role of the three-component systems for the
overall performance.
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Figure 2. Photopolymerization profiles of EPOX (conversion of epoxy functions vs
irradiation time) initiated by dyes/lod/amine (0.1wt%/1.5wt%/1.5wt%, w/w/w) under
air upon irradiation with a LED@405nm (lo = 110 mW.cm~2) with the thickness about
(@) 20 um and (b) 2 mm, the irradiation starts at t = 10 s.

Final acrylate function conversions (FC) initiated by dye/lod/amine
Thin files ~ 20 um Thin files ~ 2 mm

Dyes EPOX (%) PEG-DA (%) EPOX (%) PEG-DA (%)
1 53 92 99 96
2 66 93 26 95
3 64 94 20 98
4 54 91 40 97
5 71 91 95 97
6 40 75 - 90
7 42 88 - 95
8 42 76 ; 84
9 20 92 - 90
10 34 80 - 92
11 35 92 - 96
Blank - 75.8 - 87

‘-’ means not deep curing after irradiation for 200s

Table 1. Summary of the final function conversions for PEG-DA and EPOX monomers
while using dyes/lod/amine-based PISs with a thickness about 20 pym and 2 mm upon
irradiation with a LED@405nm. The blank corresponds to the lod/amine initiating

system without dyes.

3.1.3 The fabrication of IPN polymers through different ratio of PEG-DA and
EPOX.
Based on the abovementioned results, dyes 1-5/lod/amine based three-component

PIS proved to be the best candidates as all of them could not only initiate the
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photopolymerization of PEG-DA, but also could promote the deep curing of EPOX. In
addition, a variety of studies have shown that the interpenetrating polymer networks
have their unique structures and properties compared with the single polymer networks,
which broadening their applications [8,10]. In this work, we further studied the
initiating ability of the newly proposed dyes-based PISs for PEG-DA/EPOX mixed
monomers. Three ratios of resins based on mixed monomers were prepared (in detail,
PEG-DA: EPOX = 3:7, 5:5, 7:3). Their polymerization curves are shown in Figure S1
and the final function conversions (acrylate and epoxide) are summarized in Table 2.
All of them were determined for a 70/ 30 ratio of PEG-DA/EPOX monomers which
was determined as the best composition in terms of polymerization efficiencies for the

two functionalities (acrylates and epoxides) [39].

dye Thin (PEG-DA/EPOX) Thick (PEG-DA/EPOX)

100:0 | 70:30 50:50 30:70 | 0:100 | 100:0 | 70:30 50:50 30:70 | 0:100
1| 92% | 94%/57% | 34%/23% | 25%/8% | 38% | 96% | 95%/46% | 94%/27% | 96%/45% | 97%
2| 93% | 82%/53% | 31%/13% | 76%/62% | 19% | 96% | 95%/39% | 94%/26% | 85%/46% | 23%
3| 94% | 82%/48% | 96%/44% | 20%/50% | 63% | 98% | 94%/41% | 64%/44% | 93%/63% | 14%
4 | 91% | 76%/24% | 85%/67% | 78%56% | 34% | 97% | 91%/55% | 98%/67% | 83%/69% | 32%
5| 91% | 80%/44% | 70%/27% | 29%/26% | 31% | 97% | 93%/41% | 94%/27% | 95%/51% | 86%

Table 2. Summary of the final function conversions for PEG-DA and EPOX monomers
while using dyes/lod/amine-based PISs for different ratio of PEG-DA/EPOX mixed
monomers with the thickness about 20 um and 2 mm upon irradiation with a
LED@405nm.

3.2 The involved chemical mechanisms
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Based on the photoinitiation ability of the eleven different dyes based PIS, dyes 1-
5 were selected as the best candidates for following researches devoted to investigate

the photo-physicochemical properties and examine the involved chemical mechanisms.

3.2.1 UV-vis Absorption Properties of the Proposed Dyes.

Firstly, the UV-visible absorption properties of the eleven dyes have been
examined in acetonitrile and their absorption spectra are shown in Figure 3. Except for
dyes 6, 8 and 9 that only exhibited an absorption peak in the near UV region, all the

other dyes showed two or three absorption peaks in the UV and visible region, in which
the maximum absorption peaks appeared in the near visible region (>390 nm). These

absorption maxima perfectly overlap with the emission wavelength of the visible light
sources (LED@405nm). Notably, their absorption wavelengths (Amax), their molar
extinction coefficients at maximum absorption wavelengths (emax) and at the emission
wavelength of the visible light source LED@405 nm (e@40snm) are summarized in Table
1. More interestingly, the strongest absorption peaks of the selected five dyes all
appeared between 380 ~ 400 nm, meanwhile, all of them also showed higher molar
extinction coefficients (emax) at 405nm (such as 20 140 M-tcm 2, 18 390 M*cm 2, 9350
MZcm 1, 12 545 Mtcm *t and 12 130 Mtcm 2 for these five dyes, respectively), which
greatly matched with their excellent photoinitiation abilities. Remarkably, introduction

of electron-donating groups caused a red-shift of the absorption spectra.
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Figure 3. Light absorption properties of (a) dyes 1 ~5 and (b) dyes 6 ~11 in acetonitrile.
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A S | -1
DYEs max (nm) g Mcm) |¢ @4050m M cm )

395 21 560

1
o 5100 20 140
388 22 200

2 312 10 770 18 390
270 14 040
378 15 090

3 o7 5790 9350
382 17 360

4 311 13 820 12545

- 385 16 660 1 130
312 13 610

6 340 25 620 970
411 26 440

7 216 000 26 010

8 360 23 400 4290

9 364 26 500 6760
430 25 560

10 289 12 570 19500
380 27030

11 317 21270 17 480
201 23 850

Table 3. Light absorption properties of dyes 1-11 in acetonitrile: maximum absorption
wavelengths Amax; Molar extinction coefficients at Amax (eémax) and the emission
wavelength of the LED@405 nm (e@405nm).

3.2.2 Steady state photolysis.

After studying the UV-visible absorption properties of the different dyes,
interactions between the proposed dyes and lod or amines have been examined through
the steady-state photolysis measurements of one compound-, two compounds- and three
compounds-systems based on dye, dye/lod, dye/amine and dye/lod/amine in
acetonitrile. To be comparable to the conditions used during photopolymerization,
photolysis experiments were carried out using a visible light LED@405 nm. As shown
in Figure 4, S1 and S2, obvious photolyses have been observed for all samples within
1 min of light irradiation so that the absorbance decreased significantly. Furthermore,
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according to their photolyses, consumptions of the dyes have also been calculated to

intuitively measure the efficiency of the reactions between dyes with lod/amines. For

dye 1 (as shown in Figure 4), the three-component PIS achieved the maximum
consumption of dyes, which was about 80% (see Figure 4(d)); Conversely, the two-
component dye/lod based PIS only achieved about 50% (see Figure 4(b)) consumption;
Finally, for the other two-component dye/amine PIS and the dyes alone, only 10% (see
Figure 4 (a and b)) consumption could be achieved. Interestingly, for dyes 2 and 3 (see
Figure S1), the maximum consumption was achieved with the dye/lod based two-
component PIS, which could reach about 90%); the second one was the dyes/lod/amine-
based three-component PIS, that was about 40%); the dyes/amines and dyes alone based
PIS also achieved the lowest consumption (~20%). The above results may be due to the
introduction of electron-donating groups into the structures of dyes 2 and 3. Indeed, the
internal electron transfer in the molecule will compete with the electron transfer
between the dye and the amine, thereby slowing down the reactions between the dyes
and lod as well as the amine, which decrease the dyes consumption [40,41]. More
interestingly, photolysis processes of dyes 4 and 5- based systems were completed
within 15 s (see Figure S2), which is faster than that observed for the other three dyes;
furthermore, dyes consumptions achieved by these four different systems were similar
and were about 40%. In addition, the absorption peak around 310 nm also showed a

blue shift upon light irradiation for the dyes 4 and 5-based systems.
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of IPN with metallic salts under air atmosphere.

3.3.2  Fluorescence quenching experiments.

After that, the electron transfer efficiency between dyes 1-5 and lod/EDB have
also been studied through fluorescence quenching experiments. For dye 1, a significant
decrease of the emission intensity has been observed with the addition of lod, while
with the addition of the amine, intensity of the emission peak gradually increased, and
a blue shift was observed. Furthermore, as shown in Figure S5 (c-f), the gradual
addition of lod/EDB could decrease the emission intensities of dyes 2 and 3 based
formulations; more interestingly, interaction between lod and these two dyes were
much stronger than that between dyes and amine. A blue-shift can also be observed

upon addition of EDB. Remarkably, Figure 5 clearly presents the fluorescence
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quenching of dyes 4 and 5 in the presence of lod/EDB, whose fluorescence emission
intensity greatly decreased, which proves that lod and the amine can act as good
guenchers during the interaction between the dye with lod/amine in the excited state. A
linear curve can be fitted from the fluorescence quenching process between dyes 4 and
5 with lod/amine.

In addition, the Stern-Volmer coefficients (Ksv, slope of the curve, summarized in
Table 3) and the electron transfer quantum yields (e, Summaried in Table 3) of the
electron transfer reaction between these dyes and lod or amine were calculated by using
their fluorescence quenching curve, and all of them are positively correlated with the

efficiency of electron transfer.
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Figure 5. (a) Fluorescence quenching of dye 4 by lod (speedcure 938); (b) Stern-Volmer
treatment for the dye 4/lod fluorescence quenching; (C) Fluorescence quenching of dye
4 by amine (speedcure EDB); (D) Stern-Volmer treatment for the dye 4/EDB
fluorescence quenching; (E) Fluorescence quenching of dye 5 by lod (speedcure 938);
(F) Stern-Volmer treatment for the dye 5/lod fluorescence quenching; (G) Fluorescence
quenching of dye 5 by amine (speedcure EDB); (H) Stern-Volmer treatment for the dye

5/EDB fluorescence quenching.

3.3.3 Feasibility of the interactions between dyes and lod/amines

Based on the above results concerning their UV/visible absorption properties and
fluorescence characteristics, their first singlet excited state energy (Esi, see Table 4)
can be obtained from the crossing point of their standardized visible light absorption
and fluorescence spectra. Furthermore, the oxidation potential and reduction potential
of these dyes were detected by cyclic voltammetry and determined through the position
of their oxidation and reduction peaks (see Table 4). As shown in Figure 5, a clear
oxidation peak can be observed in their positive potential range, among which a weak
oxidation peak can also be detected for dyes 1 and 2. However, in the negative potential
range, an obvious reduction peak can also be observed for all dyes, in addition, dyes 2-
5 also possess a weak reduction peak. Finally, according to the above-mentioned
parameters summarizing in Table 4, the free energy change (AGiod or AGepg) of the
electron transfer reactions between dye/lod (or dye/amine) were calculated using
equations (3), and all of them were less than 0, indicating the theoretical/practical
feasibility of the interactions between the dyes and lod/amines, which further proved
that reactions ( as shown in Scheme 3 ) can occur and can generate the corresponding
free radicals and cations to initiate the polymerization of mixed monomers under visible

light.

Dye 1 Dye 2 Dye 3 Dye 4 Dye 5

o 30 29 51 36 66
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EDB -1 - -
K. M) 6 68 63
o 0.48 0.48 0.61 0.53 0.67
et
EDB - -
®, 0.16 0.86 0.85
E. (eV) 2.7 2.76 2.80 2.81 2.82
E (eV)
E™ (eV) 1.13 1.17 1.1 1.1 1.08
red _ _ - - -
E® (ev) 1.49 1.57 1.62 1.64 1.69
Tod
AG,, © -0.87 -0.89 -1 -1.01 -1.04
EDB
AG, -0.21 -0.19 -0.18 -0.17 -0.13
Tod
AG_,
EDB
AG

T1

Yo/l = 1 + Kq7o [additive]
2 @er1 = KqTo [additive]/(1 + KqTo [additive]) [32,42,43]
3 AG = on - Ered - ES]_ (OI’ ET]_) + C [32,44]

Table 4. Summary of the relevant parameters of the fluorescence properties of dyes 1-
5, namely the interaction constant (Ksy) and electron transfer quantum yield (®et) of the
dye-lod and dye-EDB systems; singlet excited state energy (Es1) and
oxidation/reduction potential (Eox/Ered) Of dyes 1-5 as well as the free energy change of

the electron transfer reaction between dye and lod/EDB (AGsy).
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Figure 6. Cyclic voltammograms of dyes 1-5 in acetonitrile.

3.3.4 ESR-spin trapping experiments for dye 5 with lod/EDB formulations

It has been proved that the proposed redox electron transfer reaction can occur, as
demonstrated with the above results. Furthermore, the generated radicals have also been
detected by ESR-spin trapping experiments upon irradiation with sunlight of dye 5-lod
and dye 5-amine solutions. As shown in Figure S5, aryl radicals were trapped in the
dye 5-lod solutions, characterized by the hyperfine coupling constants of nitrogen and
hydrogen: an = 14.4 G and an = 2.1 G, which are in full agreement with the literature
[36]. Meanwhile, under sunlight irradiation, aminoalkyl radicals (an = 14.4 G and an =
2.5 G, 90%, [33]) and a few of other free radicals such as PBNox were captured from
the dye 5-amine solution. All of them also proved that the series of electron transfer

reactions proposed in Scheme 3 can occur during the photopolymerization process.
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3.3.5. AgNPs generated in DMF solution and IPN-polymers.

According to our previous studies, it has been proved that the redox reactions
performed between some dyes-based Pls and additives lod/amine under visible light
irradiation can generate free radicals and cations [25], which can be used to initiate the
deep curing of monomers. Meanwhile they can also reduce the metal salts into metal
nanoparticles. In this work, DMF solutions containing three-component PIS
(dye/lod/EDB) and silver nitrate were irradiated upon visible light and the absorption
spectra were collected at different times. As shown in Figure 6, the characteristic
absorption peak of the dye at 390 nm gradually decreased upon visible light irradiation,
indicating that the dye interacted with lod/EDB. At the same time, a new absorption
peak appeared at 430 nm and its absorbance gradually increased, which indicated that
the Ag" cations were reduced into AgNPs [45,46]. In addition, the solution changed
from light yellow to yellow-brown during the light irradiation process, and a yellow-
brown silver nanoparticle coating was observed on the side of the cuvette. Furthermore,
nanoparticles produced in DMF solutions were measured by TEM and regular spheres

with a size about 3-5 nm were determined.

Subsequently, in order to prepare the different IPNs containing AgNPs, visible
light LED@405nm was used to initiate the deep curing of the formulation based on
PEG-DA/EPOX (70%/30%) and containing AgNOs (5wt%) and dye/lod/EDB
(0.1wt%/1.5wt%/1.5wt%). At the same time, the polymerization curves of the different
formulations were followed by RT-FTIR. As shown in Figure 6c-f, compared to the
photopolymerization of mixed monomers that do not contain AgNOs, for the thin
samples with the thickness about 0.1um, presence of Ag" promoted the cationic
polymerization of EPOX and weaken the free radical polymerization efficiency of
PEG-DA. In addition, for the polymerization of thick samples (thickness about 2 mm),
presence of Ag* also improved the cationic polymerization efficiency of EPOX, while
for the free radical polymerization of PEG-DA, even though their final conversions
didn’t changed, but the speed of the reactions (that is, the slope of the polymerization
curve) have decreased. Furthermore, color of IPNs obtained after deep curing was
obviously darkened and turned into dark brown. Remarkablely, AgNPs obtained from

the deep-curing process of IPN-polymers were aggregated into irregular spherical
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shapes, as observed by SEM. Particle sizes at the upper surface of the polymer network
were more than 100 nm, while the size of AgNPs at the bottom of the sample were just
about 30~60 nm, which is significantly larger than that produced in DMF solutions (see
Figure S5). As more nanoparticles are formed at the surface of the sample due to the

influence of the light penetrating ability, the particle size of AgNPs on the upper surface
is larger than that at the bottom surface.
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Figure 7. (a) UV-visible absorption spectra of DMF solutions containing dye

5/1od/EDB (0.001 wt%/0.015%/0.015%) and AgNOs (5 wt%) in air atmosphere during
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120 min visible light irradiation process; (b) the changes of the color of solution after
120 min visible light irradiation; photopolymerization profiles of IPN (70%PEG-
DA/30%EPOX) containing AgNOs initiated by dyes 1-5/lod/amine upon exposure to a
LED@405nm in laminate (c) of EPOX of IPN with the thickness about 0.1mm; (d) of
PEG-DA of IPN with the thickness about 0.1mm; (e) of EPOX of IPN with the
thickness about 2 mm; (f) of PEG-DA of IPN with the thickness about 2 mm.

Thin Thick
dye
EPOX(%) PEG-DA(%) EPOX(%) PEG-DA(%)
1 36 35 85 95
2 33 66 76 97
3 75 44 73 99
4 52 26 96 98
5 84 94 90 96

Table 5. Summary of the final function conversions of PEG-DA and EPOX monomers
using dye/iodine/amine-based PIS to 70% PEG-DA/30% EPOX mixed monomer
(thickness about 20 um and 2 mm) under LED@405nm irradiation.

3.4 Characterization of IPN Polymers.

Judging from the above results about the photopolymerization ability for mixed
monomers, the dye 5-based three-component PIS achieved the highest efficiency, so
that the dye 5 /lod/EDB has been selected as the PIS to study the mechanical properties
of IPNs. At first, a series of mixed solutions with different components (pure PEG-DA
monomer, different ratio of PEG-DA/EPOX mixed monomers, mixed monomers
containing AgNO3, pure EPOX monomers) were prepared; and then using a time
scanning rheometer to detect these pre-polymerization formulations’ deep-curing
speed. Since the PEG material exhibited a volume shrinkage after it transforms from
the liquid phase into the solid phase during the light irradiation process, the curves

appeared disordered after photopolymerization [47,48]. As shown in Figure 7a, the pure
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PEG-DA monomer polymerized the fastest, while for mixed monomers, the curing

speed gradually slowed down as the content of PEG-DA decreased. Addition of Ag”

also significantly decreased the curing speed of mixed monomers. More interestingly,
when the EPOX content is higher than 70%, the volume of the obtained polymers didn’t
shrink, this may be due to the lower PEG-DA content that has less effect on the volume.
In addition, there is no gelation point and obvious phase inversion phenomenon
observed with a litter amount of pre-polymerization EPOX formulations, which simply
become more viscous as the G" was grown with light irradiation (see Figure S6). This
is mainly due to the following reasons: firstly, the polymerization efficiency of pure
EPOX is not very well; secondly, the optical density of the light source for the
rheometer used is less than that of real-time FTIR spectroscopy.

Subsequently, a series of IPN polymers with different components were produced
using molds upon visible light irradiation, and their tensile properties were measured.
The results are shown in Figure 7b. Since the pure PEG-polymers is brittle, the tensile
property was very poor. For the IPN-polymers, high viscosity of EPOX greatly
enhances their tensile property, in which the polymer obtained by the mixed monomer
composed of 70%PEG-DA/30%EPOX exhibited the best tensile performance, that is,
the elongation increases from 5% to 15% and the fracture potential energy increased
from 0.55 MPa to about 1.2 MPa. Adding some AgNQO3 to the precursor solution would
reduce the tensile properties of the IPN-polymer. The above results also show that the
mixture of monomers composed of 70%PEG-DA/30%EPOX was the best ratio, which
not only had an excellent photopolymerization ability, but also the polymer obtained

by photopolymerization exhibited the best mechanical properties.
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Figure 8. (a) Time sweep of photopolymerization process (irradiation starts at t = 30 s,
volume is about 40 pL) of the pure PEG-DA monomer, different ratio of PEG-
DA/EPOX mixed monomers as well as the mixed monomers containing AgNO3; (b)
Tensile property of PEG-polymer, IPN-polymers as well as AgNPs contained IPN-

polymers.

3.5 Applications in 3D and 4D.

3.5.1 3D laser writing experiments based on the dye 5-based three-component PISs.
Since dye 5 was selected as the best candidate, pure PEG-DA, pure EPOX, IPN,

and AgNPs containted IPN with dye 5/1od/EDB as PIS were prepared to perform laser
writing experiments under visible light irradiation. These four formulations were
successfully written to obtain stable 3D cross patterns ("+") with excellent spatial
resolution. Among them, the fastest writing speed was achieved for pure PEG-DA
resins, and a complete 3D pattern could be obtained within 1 min. Conversely, longer
irradiation times were required for IPNs and AgNPs containing IPNs to get the 3D
patterns compared to that required for pure PEG resins. Writing speed of EPOX was
the slowest, taking around 5 minutes. Furthermore, morphology of the obtained 3D
patterns was observed with a digital optical microscope.

As shown in Figure 9, morphology of the obtained pure PEG based 3D pattern was
the best, the surface of it was smooth, and the overall thickness was uniform, about 2.4
mm (see Figure 9a). For the cross pattern of pure EPOX, its shape was incomplete, that
is, the lower end of the cross was missing and the thickness was uneven, which about
1.7-1.9 mm (see Figure 9b). The shape of the IPN cross pattern was complete, but the
surface was not smooth enough. There were partial collapses at the upper and lower
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ends, while the middle was relatively uniform with the thickness about 2.2 mm (see
Figure 9¢). AgNPs containing IPN cross pattern was darker than the other three polymer

patterns, whose surface wasn’t very smooth and the thickness is about 2 mm, which

was decreased comparing to IPN pattern (see Figure 9d).

@

© ) @

Figure 9. Characterization of the 3D overall appearance of the 3D patterns produced
by the laser writing experiment through a numerical optical microscope. (a) for PEG-
polymer (b) for EPOX-polymer; (c) for IPN polymer (d) for AgNP containing IPN

polymer.

3.5.2 Swelling experiment of PEG-, EPOX-, IPN- and AgNP containing IPN-
polymer

As we all know that PEG-DA is a hydrophilic material while EPOX is a
hydrophobic material, the hydrophilic properties of the four kinds of polymers obtained
through laser writing experiments were studied by immersing them in deionized water
and comparing their weight and morphological changes. At first, the initial wet weight
of the four polymers were compared with that after reaching the swelling equilibrium
to calculate the swelling ratio, the result is shown in Figure 10. The pure PEG polymer
exhibited the best hydrophilicity, and the swelling rate is about 80%; while the volume
and weight of pure EPOX polymer didn’t changed as the EPOX is hydrophobic. For
the IPN polymer, as the existence of EPOX hydrophobic material reduces the
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hydrophilicity of IPN polymer, its swelling ratio decreased to 60%. Furthermore,
introduction of AgNPs into IPN also decreased their hydrophilic character, which
achieved about 40% swelling ratio. Except the hydrophobic polymer EPOX, as the
weight of the polymers increased, their morphology and volume also changed
significantly during the swelling process. Compared with their initial morphologies, the
polymers became bigger after reaching the swelling equilibrium (see Figure 10b) and
the volumes also increases (see Table 5). The volume of pure PEG, IPN and AgNPs
containing IPN polymer increased about 199%, 166% and 138%, respectively, which
exactly matches with their swelling rates. Subsequently, the absorbed water in the
polymers could be removed by dehydration to restore their original weight and
morphology. However, the color of them become lighter after the swelling process
[49,50].
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Figure 10. (A) the swelling ratio of PEG-, EPOX-, IPN- and AgNPs contained IPN-
polymers initiated by dye 5/lod/amine; (B) the photos of them during the swelling

process: initial morphology, morphology at swelling equilibrium and morphology after

dehydration.
PEG-DA EPOX IPN IPN-AgNPs
vV, (mm) 51.0 475 47.0 143
v, (mm ) 101.6 47.6 78.2 61.0
v, (mm3) 543 475 46.8 45.6
R (%)® 199.2 0 166.4 137.7

aS; = (m2-m1)/m1*100%

bR =V,/V1*100% [27, 35, 49]

Table 4. Volumes of the obtained 3D patterns during swelling process: initial volume
(V1), volumes at swelling equilibrium (V2), volume after dehydration (V3) as well as

the volume change ratio (R).

3.5.2 The reversible deformation effect of PEG-, IPN- and AgNP containing IPN-
polymer.

Based on the swelling properties of these four polymers, pure PEG, IPN and
AgNPs-IPN polymers were used to study their reversible deformation effects. The best
light irradiation time was selected by comparing the influence of ethe irradiation time
to prepare the 3D cross samples, and then their 4D deformation effects were studied
through swelling and dehydration processes [51-53]. As shown in Figure 11(a) and Sl
Video 1-2, the shortest time (~30s) was taken to prepare the pure PEG sample, which
is yellow and transparent. It is completely deformed after being swelled in water for 1
min, and then dehydrated in an oven at 80°C for 6 min to restore its original appearance.
While for the second deformation process, even though it only took 15 s to swell again
to achieve a complete deformation, it still dehydrated for 6 min to recover its initial
appearance. When the dehydration of PEG sample was continued, a reverse curling can
be observed. For the IPN polymer shown in Figure 11(b) and Sl Video 1-2, the
preparation time was also short, about 45 s and the polymer was yellow and opaque.

Driven by swelling and dehydration, it also exhibited a reversible deformation effect,
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but due to its hydrophilic property which was lower than that of pure PEG polymer, its
deformation process was faster that can be finished within 2 min, and no reverse curling
effect was observed with continuous heating. After introducing AgNPs into IPN
polymers, it took a long time (3 min) to produce the samples which is brown-yellow.
The reversible 4D deformation effect can also be observed through repeated swelling
and dehydration processes, and the time required was shorter which may be due to its
lowest polymerization efficiency which leads in turn to a looser polymerization network
and easier deformation. In addition, continued dehydration only deepens the color of
the polymer. The above results indicate that the 4D deformation effect caused by the
thermal response and hydrophilic responsiveness of the IPN polymer is better than that
of the pure PEG polymer, but after the introduction of metal nanoparticles, although the
sample preparation time was prolonged, the quality of the obtained polymer sample was

reduced. However, effect of its 4D deformation has not been greatly affected.
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Figure 11. Swelling and dehydration induced reversible deformation effect of (a) PEG-
polymer, (b) IPN-polymer and (c¢) AgNPs contained IPN-polymer initiated by dye
5/lod/amine upon irradiation with LED@405 nm: (1) photos of 3D cross polymers
prepared with the visible light irradiation; (2) photos of 3D cross polymers after
swelling in water for different time (see SI Video 1/3/5); (3) photos of 3D cross
polymers after dehydration for a few time (heating at 80°C, see Sl Video 1/3/5); (4)
photos of 3D cross polymers after swelling again in water for some time (see Sl Video
2/416); (5) photos of 3D cross polymers after dehydration again for 100 s (heating at 80
°C, see Sl Video 2/4/6); (6) photos of 3D cross polymers after continue dehydration for
5min (heating at 80 °C).

3.6 Antibacterial effect of IPN containing/without AgNPs.

As plenty of researches have proved that AgNPs have a broad range of
antibacterial activities, which represent a new generation of antimicrobials [54-57].
Therefore, in this work, the Gram-positive bacteria Staphylococcus aureus and the
Gram-negative bacteria Pseudomonas aeruginosa were selected to study the
antibacterial effect of the fabricated AgNPs contained IPN polymer.

Three types of experiments were carried out:

First, cultures of S. aureus and P. aeruginosa was perform in liquid LB and LB-
agar in the presence of IPN alone and in presence of AgNPs containing IPN. After one
night at 37°C in agitation the comparison by eyes of the Erlen flasks (Figure 12) show
clearly that no turbidity is visible when the AgNPs-IPN is present whereas a normal
growth (final OD at approximately 3) is detectable when IPN alone is present. In the
solid medium, a halo of growth inhibition is also observable only around the AgNPs-
IPN. Secondly, in order to check if the effect of the presence of the AgNPs-IPN is
bacteriostatic or bacteriotytic, 100 pL of each culture was spread on LB Petri dishes to
obtain CFU. With S. aureus, no colony were obtained whereas in the IPN control the
same 3.10° CFU (colony forming unit = bacteria/mL) were counted as in the LB control.
Therefore, the presence of the AgNPs-IPN has killed the S. aureus cells. With P.

aeruginosa, the effect is less drastic because the spreading of 100 puL from the AgNPs-
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IPN containing Erlen show the formation of bacterial layer covering the Petri dishes.
Therefore, the antibacterial effect on the Gram-negative strain seems only bacteriostatic.
Finally, we also test the capacity of both bacterial species to adhere to the polymer.
Logically no adhesion was observed for S. aureus on the AgNPs-IPN in comparison of
the 10* +/- 100 adherent cells on the IPN. 70 +/- 10 cells of P. aeruginosa were retrieved
form the AgNPs-IPN, and 10° +/- 100 cells were adherent to the IPN. Adhesion tests

confirm the precedent results.

© (@

Fugure 12. (a) Effect of the presence of IPN pellet on the growth of S. aureus; (b) Effect
of the presence of AgNPs contained IPN pellet on the growth of S. aureus; (c) Effect of
the presence of IPN pellet on the growth of P. aeruginosa; (d) Effect of the presence of

AgNPs contained IPN pellet on the growth of P. aeruginosa.

4. Conclusions

In this work, eleven different dyes based on 1-aryl-3-(2,4,5-
trimethoxyphenyl)prop-2-en-1-one or 3-aryl-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-
one were synthesized and combined with lod and EDB as visible light PIS. Under
LED@405nm irradiation, the redox reaction between the dye and l1od/EDB generates a
series of free radicals and cations to initiate the polymerization of PEG-DA and EPOXY
monomers, in which dye 5 was selected as the best candidate for the preparation of IPN
polymers with different proportions. According to the photopolymerization efficiency
and mechanical properties of different IPN polymers, the mixed monomer composed
of 70%PEG-DA/30%EPOX has proved to be the best ratio. The mechanical strength of
the obtained IPN polymer has been greatly improved, demonstrating that compared
with a single network, the IPN exhibits its unique performance due to the combination

of multiple monomers in terms of physical and chemical properties. Due to the
35



hydrophilicity of PEG and the hydrophobicity of EPOX, the IPN polymer exhibits a
reversible deformation effect that is different from that of pure PEG polymer. In
addition, the three-component PIS based on the dye 5/lod/EDB can not only induce the
photopolymerization reaction, but also reduce the metal salt to AgNPs. However, the
formation of AgNPs will darken the color of the polymer, meanwhile it also exhibited
some inhibitory effect on photopolymerization process, making the physicochemical
properties of the polymer inferior to IPN. Remarkably, the synthetic dye-based
photoinitiator combines free radical polymerization and cationic polymerization to
prepare an IPN polymer that containing the hydrophilicity and hydrophobicity of the
two resins. In addition, the silver nanoparticles generated by in situ reduction during the
photopolymerization process exhibited excellent antibacterial activity for S. aureus and
P. aeruginosa, providing new ideas for the fields of biomedical engineering, intelligent

response and antibacterial materials.
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