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Abstract: Indolo[3,2-a]carbazole alkaloids have drawn increasing interest in recent
years due to their potential electrical and optical properties. In this work, we synthesized
two novel carbazole derivatives using 5,12-dihydroindolo[3,2-a]carbazole as the
scaffold. Both compounds were extremely soluble in water, with solubility exceeding
7% in weight. More interestingly, introduction of aromatic substituents contributed to
drastically reduce the m-stacking ability of carbazole derivatives and presence of the
sulfonic acid groups enabled the resulting carbazoles to be remarkably soluble in water
so that these carbazoles could be used as especially efficient water-soluble PlIs in
combination with co-initiators, i.e. triethanolamine and the iodonium salt, respectively,
employed as electron donor and acceptor. Surprisingly, multi-component
photoinitiating systems based on these synthesized carbazole derivatives could be used
for the in-situ preparation of hydrogels containing silver nanoparticles via laser write
procedure with a LED@405 nm as light source and the produced hydrogels exhibited

antibacterial effect against Escherichia coli.
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1. Introduction

Photopolymerization offers several advantages over the traditional thermal
initiation techniques. " Under light irradiation, for example, rapid reactions can occur
between a photosensitizer and different additives, even at low temperatures (notably
room temperature). Parallel to this, deep curing can only be observed in the irradiated
zone, enabling a spatial control of the produced objects. Furthermore, free radical
photopolymerization (FRP) can achieve unparalleled spatial and temporal control under
mild conditions.">””! As an alternative to UV light sources, light emitting diodes (LEDs)
can be used as safer, long-living devices enabling to get precise irradiation wavelengths

[8-107 Given the low light intensity of LEDs, it is

while reducing energy consumption.
necessary to develop new photoinitiators (PIs) with higher reactivity than those
previously employed.

Hydrogel refers to a gel with the extremely hydrophilic three-dimensional (3D)
network structure, in which the modified hydrophilic residues bind the water molecules
inside the net, while hydrophobic groups swell with water. Thanks to their high-water
absorption and retention, hydrogels are extensively used across a wide range of

industries.!"!"4

I'To fabricate three-dimensional (3D) hydrogels via photopolymerization
techniques, water-soluble PIs, monomers, and water are mixed together to prepare an
aqueous formulation, which is then exposed to light source. Numerous benefits come
with this approach, including excellent efficiency, safety, environmental protection, and
energy savings. ['>) However, there are only few commercially available water-soluble
PIs at present. For example, the commonly used water-borne photoinitiator 2-hydroxy-
4’-(2-hydroxyethyl)-2-methylpropiophenone (12959) has a low solubility in water (~
0.47% in weight) and is only sensitive to UV light. ['®!” TPO-Li, another effective and

commercial water-soluble PI, has enhanced water solubility over 12959. ['*!1°! Lithium

phenyl-2,4,6-trimethylbenzoylphosphonate (LAP), which is commonly used for the



preparation of biological materials, is a blue light-sensitive photoinitiator with excellent
water-solubility. It also exhibits a good biocompatibility and high reaction

e.??!l Based on the ongoing increase of the national expenditure for

performanc
environmental protection, aqueous photopolymerization has been identified as an
environmentally friendly approach, and its scope of application can be extended to food
packaging materials and biomedical fields.””! Therefore, the design and synthesis of
water soluble PIs has become a new frontier in the research of PIs. Recently, a blue
food colorant indigo carmine-based water soluble photoinitiating system has been
developed and can efficiently initiate the photopolymerization of poly(ethylene glycol)
diacrylate (PEG-DA)-based water-borne formulation under green or blue LED.!**! More
interestingly, it was also able to act as both the photoinitiator and the light absorber for
the rapid and high-fidelity 3D printing.

Carbazole is an important class of heterocyclic compound that was discovered in
1872 and which is commonly used as a pharmacological precursor due to its numerous
biological activities such as antitumor, antiepileptic, antibacterial, anti-inflammatory,

24291 Moreover, this backbone has also undergone

antioxidant, and analgesic, etc.|
extensive research in the design of Type I or II PIs due to its remarkable electron and
charge transport ability, as well as adapted photophysical properties (excited state
lifetimes, redox potential) that have efficiently interacted with various additives added
to the light-curing resins over the past few decades.l*"!! Several carbazole derivatives
have previously been investigated in our group as Pls for polymerization. In these
works, different carbazole derivatives exhibited strong optical absorption qualities in
the UV/visible wavelength region but also high photoinitiation ability for free radical

32341 However, water solubility was not considered as a priority factor

polymerization.!
in these different works so that all these carbazoles were totally insoluble in water.

To design water-soluble carbazoles, 5,12-dihydroindolo[3,2-a]carbazole has been
identified as an interesting scaffold for this purpose and two different carbazole
derivatives were prepared (see Figure 1). Notably, sulfonic-acid-terminated side chains

were used for the functionalization of the carbazole moieties, providing the water

solubility properties to the dye. Parallel to this, nitro is a strong electron accepting group



so its introduction onto 5,12-dihydroindolo[3,2-a]carbazole could red-shift the optical
spectrum of the resultant carbazole compared to the unsubstituted one. It has to be
noticed that the chemistry of 5,12-dihydroindolo[3,2-a]carbazole is relatively recent
since the first attempts of chemical modifications were reported in 2019. %! In that
work, the symmetric substitution of the two carbazole units was investigated. Recently,
our group succeeded to asymmetrically substitute the scaffold of the 5,12-
dihydroindolo[3,2-a]carbazole by mean of a regioselective nitration. One carbazole
unit being substituted by a nitro group, numerous chemical modifications could be
carried out onto the second carbazole group. *°*%) Additionally, unlike what is done in
the present investigation, water solubility of carbazole derivatives was not examined in
these different works. Noticeably, the two carbazole derivatives investigated in this
work were remarkably soluble in water with a solubility of more than 7% in weight,
even for the nitrated dye. To the best of our knowledge, carbazole 1 and carbazole 2
constitute the first examples of water-soluble carbazoles used as photoinitiators of
polymerization. The two carbazole derivatives were incorporated into multi-component
photoinitiating systems (PISs) using an iodonium salt (Iod), triethanolamine (TEA) or
L-arginine (L-Arg) to induce the FRP of aqueous monomers under the LED irradiation
and their initiation abilities was investigated. Parallel to the polymerization, the photo-
/electro-chemical properties including absorption characteristics of these two carbazole
derivatives were investigated to study the electrical transport routes involved in the
deep-curing process. Finally, the proposed PISs can be used to successfully fabricate
3D patterns through the direct laser writing, while it could also photochemically reduce
the Ag" into AgNPs in situ. The produced hydrogels not only exhibited reversible
swelling behaviors, but the resulting polymers also effectively resisted against the

normal growth of Escherichia coli (E. coli).
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Scheme 1. Chemical structures of the two novel carbazole derivatives, the monomer,

and different additives that we used in this study.

2. Experimental Section

2.1. Synthesis of the Two Water-Soluble Carbazole Derivatives

At present, the scaffold of 6,7-diphenyl-5,12-dihydroindolo[3,2-a]carbazole has
only been scarcely studied in the literature for the creation of carbazoles. The first study
on the development of carbazoles employing this scaffold has only been reported in
2019 by Rusinov and coworkers.”>! In this study, only symmetrically substituted
derivatives were prepared. More recently, our group investigated in 2022 the possibility
to elaborate asymmetrically substituted structures. For this purpose, the nitration of the
scaffold of 6,7-diphenyl-5,12-dihydroindolo[3,2-a]carbazole proved to be an efficient
strategy since a regioselective addition of one nitro group could be selectively obtained,
enabling to design Type II photoinitiators.***”) To the best of our knowledge, 5,12-
dihydroindolo[3,2-a]carbazole has never been researched for the purpose of fabricating
water-soluble carbazoles, what is investigated in this work. In order to develop mono-
component systems, oxime ester derivatives were also prepared as Type I PI with the

38391 However,

goal of optimizing the composition of the light-cured formulations.!
irrespective of the photoinitiating systems developed (Type I or Type II photoinitiators),

no water-soluble dyes were prepared with this structure yet. In the present work, two



structures could be prepared using 1,4-butanesultone as the functionalizing agent for
the carbazole units. In fact, choice of sulfonic acid groups as water-soluble agents for
our carbazoles was motivated by the unique solubilizing ability sulfonic acid groups

4 In our case, a

exhibit compared to carboxylic acid or phosphonic acid groups.!
subsequent cycloaddition reaction between indole and benzil applying para-
toluenesulfonic acid as catalyst resulted in the synthesis of a 6,7-diphenyl-5,12-
dihydroindolo[3,2-a]carbazole core, producing an almost insoluble structure in 77%
yield. Then, alkylation of the two carbazole units was carried out in THF using 1,4-
butanesultone as the functionalizing agent and providing 4,4'-(6,7-diphenylindolo[3,2-
a]carbazole-5,12-diyl)bis(butane-1-sulfonic acid) in 82% yield. Finally, nitration of
4,4'-(6,7-diphenylindolo[3,2-a]carbazole-5,12-diyl)bis(butane-1-sulfonic acid) using
fuming nitric acid in acetic acid furnished, 4'-(2,9-dinitro-6,7-diphenylindolo[3,2-
a]carbazole-5,12-diyl)bis(butane-1-sulfonic acid) in 90% yield (see Figure 1). These
two carbazoles, with the exception of DMF and DMSO, were found to be insoluble in
ordinary organic solvents. Conversely, upon introduction of the sulfonic groups, the
two carbazoles exhibited a remarkable water solubility, despites the polyaromaticity of
the structures, evidencing the pertinence of the approach. Besides, it has to be noticed
that even if polyaromatic, the two peripheral phenyl rings standing perpendicular to the
polycarbazole core efficiently impede the n-stacking of the carbazoles, improving their
water solubility. Finally, the proposed carbazoles were then constantly added to water

until saturation to examine their solubility.



NaH, THF
1,4-butanesultone

Qj 0 O PTSA, CH;CN
| +
N O fo) reflux 10h, 77% yield 82% yield
H
SO;H SO;H
O,N %
O N O NO, Fuming HNO, O N O

AcOH, 90% yield

SO;H SO;H

Figure 1. Synthetic routes to the water-soluble two novel carbazole derivatives.

2.2. Other Materials

Triethanolamine (TEA, in Scheme 1) and L-Arginine (L-Arg, see Scheme 1),
which serve as co-initiators, the benchmark monomer PEG-DA (M, = 600 D, see
Scheme 1), tetrabutylammonium hexafluorophosphate as supporting electrolytes as
well as the other reagents were obtained from domestic suppliers and employed as
received. The additive bis(4-tert-butylphenyl)iodonium hexafluorophosphate (see

Scheme 1), abbreviated to lod, was pruchased from Sartomer-Lambson UK.

2.3. Involved Chemical Mechanisms

UV-Vis Spectroscopy Experiments: The optical absorptive properties of the
synthesized two carbazoles in water were determined using a JASCO V730 UV—Vis
spectrophotometer. Since the Iod only dissolves in organic solvent, while the prepared
carbazoles are dispersed only in DMSO solvent, photolysis of the prepared two
carbazole derivatives with or without the additives (TEA, Iod) were studied in DMSO
under the irradiation of a LED@405 nm, maintaining a concentration of 5x10° wt%
for the proposed carbazoles and 1.5 wt% for the additives (e.g. Iod and amine).*"
Optical absorption spectra were recorded at different exposure intervals.

Fluorescence Spectroscopy Experiments: Fluorescence characteristics of the

proposed carbazoles were assessed in water as well as in DMSO solvent using a JASCO



FP-6200 Spectrofluorimeter. Additionally, the fluorescence spectra of the DMSO
solution containing the produced carbazoles after the continual addition of additives
were recorded in order to analyze the fluorescence quenching induced by interactions
of the synthesized carbazoles with Iod or amine. [**/

Cyclic Voltammetry Experiments: The redox potentials (Eox/Ered) of the prepared
carbazoles were also assessed, and the procedure was performed using cyclic

34411 The free energy change

voltammetry, which has been described in detail by us in
AGe; for the electron transfer reaction occurring as shown in Scheme 2 was calculated
from
AGet = Eox — Ered — Es +C

where Eox, Ered and Es stand for redox potentials, and the singlet state energy of
the PI (estimated by the carbazoles’ optical absorption and fluorescence spectra),
respectively. C is typically ignored in polar solvent.[**]

ESR Spin Trapping Experiments: An X-Band spectrometer (Bruker EMX-Plus)
was used to study their ESR spectra. In N> saturated DMSO solutions, the generation
of radicals were triggered exposure to sunlight, and then captured by phenyl-N-tert-

butylnitrone in accordance, the observed spectra were mimicked through detailed

procedure. 4!

2.4. Efficiency of Prepared Water-Soluble Carbazole Derivatives for FRP

The functional conversion of aqueous monomer (PEG-DA : water=30%:70%,
50%:50%, 70%:30%, w/w) was followed by RT-FTIR (JASCO FTIR 4700, Lisses,
France) to assess the initiating ability of the prepared carbazoles as Pls and carbazoles-
based multi-component PISs, like dye-amine (TEA/L-Arg), dye-lod, dye-lod-amine,
etc. Despite the fact that both additives - TEA and L-Arg — have excellent hydrophilic
characteristics, TEA is more easily soluble in aqueous resins than L-Arg. To get a
suitable dispersion formulation, Iod must be combined with PEG-DA as the iodonium

salt is insoluble in water. In references >**!

| a detailed description of the procedures to
analyze the free radical polymerization kinetics of aqueous monomers by RT-FTIR may

be found. The final conversion of functional group was calculated from



FCs (%) = (1- Ao/A)*100
where Ao and A signify the area of functional group’s peaks, while the subscripts
t and 0 stand for the final irradiation time and the beginning of the curing,

respectively.*!

2.5. Characteristic of the Produced Hydrogel

A Haake-Mars rheometer was also used to investigate the efficiency of FRP of the
formulations composed with aqueous monomer (PEG-DA: water=30%:70%, 50%:50%,
70%:30%, w/w). The photopolymerizations process was monitored by tracking the
storage modulus of the 20 pL of photocurable formulations exposed to LED @ 405 nm
at 25 °C.

An Instron dynamometer was used to analyze the tensile strength of the produced
hydrogels until the hydrogels fractured. At room temperature, at least three
measurements were performed for each sample, and the mean values were reported./*¢!

The swelling behavior of the prepared hydrogels was investigated following the
process described by us in reference **4%1. The hydrogels’ volume increment rate (Vr)
and swelling ratio (Sr) were computed utilizing

S: (%) = (We- Wo) / Wo*100
Vi (%) =V¢/ Vo*100

where Wt and Wy represent the produced hydrogels’ wet weight at equilibrium

swelling and initial values, respectively; while Viand Vo indicate their corresponding

volumes.*”]

2.6. Fabrication of AgNPs Encapsulated Hydrogels

Photosensitive formulations were prepared by first mixing the carbazoles/Iod/TEA
as PIS (0.1:1.5:1.5 in weight) with aqueous monomer and then adding 2 wt% AgNO:s.
After that, we were able to fabricate hydrogels with evenly dispersed AgNPs and
analyze the influence of photochemical reduction of Ag® on the FRP of aqueous

monomer by RT-FTIR process as described in 2.4.14%)



2.7. Laser Direct Write Experiments

Using a laser diode @405 nm (Thorlabs, SLA PRINTER), the prepared
photocured resins were successfully subjected to direct laser write tests at room
temperature, yielding 3D hydrogels. A digital optical microscope (DSX-HRSU from
Olympus Corporation) was used to examine the manufactured 3D hydrogels’ shape and

accuracy.

2.8. Antibacterial Effect of AgNPs Encapsulated Hydrogels

E. coli was employed as a model bacterium to illustrate the antibacterial effect of
the manufactured AgNPs-encapsulated hydrogels. The group without hydrogel worked
as a blank control, while the group an AgNP-free hydrogel was served as experimental
controls. E. coli strains were grown for about 12h in LB medium at 37 °C to establish
anew culture until ODsgonm = 1 (about 109 bacteria/mL). Then, a new LB agar dish and
anew LB liquid medium were also inoculated with 100uL; following overnight growth
with AgNP-free hydrogels and AgNPs contained hydrogels, antibacterial activity was

then instantly seen by eyes.[*”]

3. Results and Discussion
3.1. Solubility of the Prepared Two Carbazole Derivatives In Water

To examine the solubility of the prepared two carbazole derivatives, their
concentrations were gradually increased from 0.1 wt% up to 9 wt% in water. As shown
in Figure 2, they were all easily soluble in water, and the solution of dye 2 progressively
darkens from light yellow to yellow, while the dye 1’s solution gradually deepens from
yellow to brownish yellow. Notably, the solution continued to be transparent even after
the concentration of dye 1 was increased to 9 wt%. The aqueous solution, however,
became murky when the concentration of dye 2 was raised from 7 wt% to 9 wt%. This
result suggested that the dye 1’s saturation concentration exceeded 9 wt%, whereas the
maximum water solubility of dye 2 may be close to 7 wt%. It was found that introducing
the nitro group into the dye caused the darker color and the improved solubility.
Interestingly, the solubility of these prepared carbazoles is considerably higher than that
of benchmark water-soluble PI (roughly 0.47 wt% for 12959 [16:41]),
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Figure 2. Photographs of the synthesized two carbazole derivatives at concentrations

ranging from 0.1 wt% to 9 wt% in water.

3.2. Investigation of the Involved Chemical Mechanisms

The synthesized novel two carbazole derivatives were examined for their light
absorption in water, the spectra are depicted in Figure 3 with the related optical
characteristics listed in Table S1. It was obvious that carbazole 1 absorbed widely in
UV-visible region, with typical absorption maxima at 280nm and 420 nm, which was
consistent with the emission spectra of LED@405 nm. In contrast, two optical
absorption peaks for dye 2 were detected, respectively, at 290 nm and 370 nm. This
indicated that due to the introduction of nitro group to the carbazole’s chemical
structure, their t-conjugation space was enhanced, resulting in a noticeable red-shift of

the absorption and a higher molar extinction coefficient.
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Figure 3. UV-vis absorption spectra of the prepared two carbazole derivatives
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The photolysis process between these two carbazoles and lod/amine was
investigated in DMSO as the solvent since the additives and the proposed two
carbazoles were co-soluble in this substance. Under irradiation at 405 nm, as shown in
Figure 4, essentially no photolysis was observed for the solution of carbazole 1 and
carbazole 1-lod, whereas photolysis process was clearly observed for the solution based
on carbazole 1-TEA and the carbazole 1-lod-TEA, and the absorbance at the
characteristic peak around 420 nm steadily decreased with the light irradiation, showing
a relatively rapid reaction between carbazole 1 and amine. Even after being exposed to
LED@405 nm for 30 min, no substantial photolysis of carbazole 2 was seen (see Figure

S1), which was consistent with its low absorption properties at the latter wavelength.
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Figure 4. Photolysis of carbazole 1, carbazole 1-lod, carbazole 1-TEA and carbazole
1-lod-TEA in DMSO exposed to a LED@405nm.

To further evident the charge transfer reaction occurring between the prepared
carbazole derivatives and lod/TEA, the fluorescence quenching of the proposed
carbazoles was explored by adding lod/amine into the DMSO solution just containing
carbazole 1 or carbazole 2. For the solution of carbazole 1, no fluorescence quenching

was observed, since their emission intensity did not decrease or even increased with the



addition of lod/TEA. In contrast, Figure 5 depicted the emission spectrum of carbazole
2, with an emission peak about 400 nm, and a continuous decrease of the emission
intensity of the solution of carbazole 2 with the addition of lod/amine was detected.
Notably, as shown in Figure 5, the nonlinear curves described the intramolecular
quenching processes of carbazole 2-lod as well as carbazole 2-amine, indicating that
collisional quenching was mainly taken place between the carbazoles and additives,
meanwhile static quenching may also exist. These findings imply that there was an

interaction between carbazole 2 and iodonium/amine.
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Figure 5. Fluorescence spectra for (a) carbazole 2-lod solution and (c) carbazole 2-
TEA solution during the quenching process; as well as the Stern-VVolmer relationship
for the intramolecular quenching processes of (b) carbazole 2-l1od and (d) carbazole 2-

TEA, respectively.

Based on the above results, we hypothesized the interactions between carbazoles
and additives exposed to visible light occur as shown in Scheme 2 and the free energy
change (AGs:) for the aforementioned reactions were also estimated. First, cyclic
voltammetry was used to evaluate the redox potentials of carbazoles 1 and 2 (e.g. Ered
for carbazole 1: ~-0.41 eV and carbazole 2: ~-0.70 eV). The singlet state energy (Es:)

was then explored by normalizing the UV-Vis absorption and fluorescence spectra and



working out the crossing point of the two curves (see Table 1 and Figure S2,
calculation of Es; for carbazole 1: ~2.60 eV and carbazole 2: ~3.28 eV). Last but not
least, based on the previous results, the free energy changes of the interaction (r2 and
r3) as shown in Scheme 2 were calculated to be negative (e.g. carbazole 1 with TEA
AGsi T4 =-1.19 eV and carbazole 2 with TEA AGs; ™4 =-1.58 eV), displaying that the
above-mentioned interactions as shown in Scheme 2 can take place under light

irradiation.

PBN/Aryl radical (Are) adducts were easily identified in ESR-ST tests (see in
Figure S3a) as Are radicals can be generated through the carbazole 2/lod interaction as
shown in r1-2 in Scheme 2. Indeed, typical hyperfine coupling constants (hfcs) for
PBN/Are radical adducts (aN = 14.9 G and aH = 2.6 G) "% were determined by
modeling the experimental spectra and confirmed the existence of the reactions (r1-2).
The hyperfine nitrogen and hydrogen coupling constants simulated from the
experimental spectra of carbazole 2-TEA solution, shown in Figure S3b, were 15.0 G
and 2.8 G, respectively, confirming the presence of PBN/aminoalkyl radicals. It
provided evidence for the occurrence of the reaction (r3) and the formation of the
carbazole-He and TEA +)* radical necessary for the photoreduction of Ag* into AgNPs,
and the deep-curing of PEG-DA.

Table 1. Summary of the free energy changes (AGsi) of the interactions between the
carbazoles and the additives, as well as the singlet state energy (Esi1) and reduction

potential (Ereq) of the prepared two carbazole derivatives.

Carbazole 1 Carbazole 2
Esi (eV) 2.60 3.28
Erea (V) -0.41 -0.70
AGs1 TEA (eV) -1.19 -1.58

AG = Eox = Erea— Es1 + C 1l
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Scheme 2. (a) The photoinitiation mechanisms (r1-r5) of prepared carbazole-lod-TEA

as PIS; (b) the involved photochemical reduction process of the generation of AgNPs.

3.3. Free Radical Photopolymerization Efficiency of the Prepared Carbazole
based PISs

Upon expouse to LED@405 nm, photopolymerization efficiency of carbazoles 1
and 2 alone as Pls and carbazoles-lod, carbazoles-TEA as well as carbazoles -L-Arg as
PISs were explored. Figure S4 depicts the curing curves of the aqueous monomer
prepared from 70% PEG-DA + 30% deionized water, where no polymerization was
detected in aqueous resins that just contained carbazole 1 or 2 as the PI. Upon addition
of additives, the different carbazoles-based two-component PISs became more effcient
in FRP processes, and deep curing was observed only in the carbazole 2-lod based
formulation to prepare thin gel sheets with a thickness of almost 0.1 mm. Noticeably,
deep curing was also shown in formulations based on carbazole 2-lod/carbazole 2-TEA
for the preparation of thick gel sheets (thickness about 2 mm).

More interestingly, the photoinitiation efficiency of carbazole-lod-TEA/L-Arg
served as three-component PISs (see Figure 6) was much higher than that of the
carbazoles as Pl and carbazoles-based two-component PISs (i.e. the final acrylate
function conversion is 99% for carbazole 2-lod-TEA based system vs 87% for
carbazole 2-TEA based system, Table 2 and Table S2). Subsequently, to further boost



the free-radical photopolymerization efficiency of the three-component PISs, the

30wt%:70wt%, 50 wt%:50 wt%, 70 wt%:30 wt%). Figure 6 shows that the prepared

proportions of PEG-DA and deionized water were adjusted (PEG-DA: water =

carbazole-based multi-component PIS initiated aqueous resins with 70 wt% PEG-DA
and 30 wt% water to get the best polymerization performance, i.e. high functional
conversion (approximately 99% for carbazole 2-lod-TEA/L-Arg, Table 2 in thick
films) and high curing speed (slope of the deep-curing curve). When preparing the
formulations, the solution was cleared after all compounds were thoroughly dispersed.
However, after one hour of sitting, the formulation containing L-Arg became slightly
murky, whilst the formulation containing TEA remained clear, indicating that dye-lod-

TEA is the best candidate for application as a water-soluble PIS.

(a) (b)
50 50
40 404
) )
= =
< 304 < 30
= = —
2 ]
z z
o 204 ; 204
-] g
6 5:5-carbazole 1-lod-TEA 8 = 5:5-carbazole 1-lod-L-Arg
10 5:5-carbazole 2-lod-TEA 104 5:5-carbazole 2-lod-L-Arg
——7:3-carbazole 1-lod-TEA ——7:3-carbazole 1-lod-L-Arg
0 = 7:3-carbazole 2-lod-TEA 0 ——7:3-carbazole 2-lod-L-Arg
A T . T T v T . T v T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
© Irradiation Time (s) (@ Irradiation Time (s)
100 50
80 404
)
_~ =~
$ <
~ 60 = 304
= k=
= z
7]
o e
g 40 Fgrazole 1-lod-TEA z 201
= 3:7-carbazole 2-lod-TEA <
6 5:5-carbazole 1-lod-TEA © —— 5:5-carbazole 1-lod-L-Arg
204 5:5-carbazole 2-lod-TEA 104 —— 5:5-carbazole 2-lod-L-Arg
= T7:3-carbazole 1-lod-TEA ——7:3-carbazole 1-lod-L-Arg
0 = 7:3-carbazole 2-lod-TEA ——7:3-carbazole 2-lod-L-Arg

T T T T T 0 T T - T v T T v
0 50 100 150 200 250 300 0 50 100 150 200 250

300
Irradiation Time (s)

Irradiation Time (s)

Figure 6. Deep-curing curves (conversion of acrylate groups vs time) for the production
of hydrogels initiated by carbazole-lod-TEA and carbazole-lod-L-Arg as the PIS upon
expose to LED@ 405 nm with thickness of (a) almost 0.1 mm and (b) almost 2 mm.
The PEG-DA/water contents are 30/70; 50/50 and 70/30 (w/w), respectively: noted 3:7;
5:5 and 7:3, respectively. Irradiation starts at t = 10 s.



Table 2. Summary of the final acrylate function conversions of resins initiated by
carbazole-lod-TEA and carbazole-lod-L-Arg as PIS exposed to LED @ 405 nm with
thickness of almost 0.1 and 2 mm. The PEG-DA/water contents are 30/70; 50/50 and

70/30 (w/w), respectively: noted 3:7; 5:5 and 7/3, respectively.

Final Acrylate Group Conversions

Carbazole 1 Carbazole 2

Thickness  Thickness Thickness Thickness
~0.1 mm ~2mm ~0.1mm ~2mm

3:7 Carbazole-lod-TEA - 82 - 65

5:5 Carbazole -lod-TEA 17 63 19 89

7:3 Carbazole -lod-TEA 23 55 18 99

3:7 Carbazole -lod-L-Arg - 38 - 69

5:5 Carbazole -lod-L-Arg 40 45 21 75

7:3 Carbazole -lod-L-Arg 28 82 21 99

“-” implies that photopolymerization cannot be observed

3.4. Manufacturing of Silver Nanoparticles (AgNPs)

Upon expose to LED@405 nm, as shown in Scheme 2, the redox reactions
between the prepared carbazole derivatives and lod/TEA occurred, producing some
radicals that could be used to initiate the FRP of aqueous resins, while the produced
carbazole-He and TEA (ny* radical may also reduce Ag* to AgNPs in situ. The efficiency
for FRP of aqueous resins decreased significantly after the addition of 2 wt% silver
ions, and the final functional conversion decreased to 44%, as shown in the
polymerization curves in Figure S5, due to the competitive relationship between the
FRP of aqueous resins and the photochemical reduction of Ag™ into AgNPs. In addition,
the in-situ generated silver nanoparticles in the produced hydrogels were observed to
be irregularly shaped by SEM. (see Figure S6).

3.5. Mechanical Behavior of Fabricated Hydrogels

A time-sweep Haake-Mars rotating photorheometer was used to assess the storage
(G") modulus during the gelation of hydrogel. The resulting curves were displayed in
Figure 7a and the visible-light irradiation started at t = 20 s. The prepared carbazoles-
based PIS exhibited not only higher water solubility than the reference compound



water-soluble PI 12959, but was also suitable for safer and environmentally friendly
visible light sources. Furthermore, the resin with 70 wt% PEG-DA:30 wt% water
achieved the fastest curing speed, and carbazoles 1 and 2 based three-component PISs
were able to complete gelation and reached the maximum storage modulus (G') in less
than 100 s.

Moreover, as shown in Figure 7b in tensile property tests, the hydrogels fabricated
using 12959 as PI attained an elongation strain of 10%, which equated to an ultimate
tensile strength of approximately 0.9 MPa. In addition to the hydrogels employed dye
2-lod-TEA as PIS and 70 wt% PEG-DA:30 wt% water as monomer gelation upon
expose to LED@405nm, which reached a maximum elongation of 9% and a fracture
potential of 1.2 MPa, the tensile behavior of the hydrogels made from other proposed
dye-based PIS with different PEG-DA contents of monomer was lower than that of the
reference hydrogels initiated with 12959. This result revealed that 70/30 PEG-DA:
water content in weight was the ideal system for the preparation of hydrogels using
these water-soluble carbazole-based PIS, i.e., highest photopolymerization efficiency

and the best mechanical behavior.
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Figure 7. (a) The storage (G') modulus during the gelation of aqueous resins using
12959 as Pl or carbazole-lod-TEA as PIS; (b) Strain-Stress curves of hydrogels
prepared with 12959 and carbazole-lod-TEA as PIS with/without AgNOz. The PEG-
DA/water contents are 30/70; 50/50 and 70/30 (w/w), respectively: noted 3:7; 5:5 and
7/3, respectively.

3.6. Applications in 3D and 4D Printing
As the three-component carbazoles-lod-TEA system can be employed as effective

PIS for the monomers consisting 70 wt% PEG-DA and 30 wt% water exposed to



LED@405nm, laser writing procedures using carbazole 2-lod-TEA as PIS successfully
produced the stable 3D patterns, compared to samples with carbazole 1-lod-TEA as PIS
(1 min for carbazole 2-lod-TEA as PIS VS ~2 min for carbazole 1-lod-TEA as PIS, see
Figures 8a, 8b). Furthermore, due to the competition between the photopolymerization
process and the photoreduction process, a longer writing time (~5 min, see Figures 8c,
8d) was needed to print a 3D pattern after additionally adding 2 wt% AgNOs to the
formulation, and the thickness of the obtained patterns became noticeably thinner. This
indicated that the photochemically reduction of Ag® limited the polymerization
efficiency of aqueous monomer considerably, which was consistent with the results of

photopolymerization.

(a) _ i
TEA

Figure 8. Morphologies of the produced 3D patterns were analyzed by digital optical
microscopy: (a) prepared using carbazole 1-lod-TEA as PIS; (b) prepared using
carbazole 2-lod-TEA as PIS; (c) prepared using carbazole 1-lod-TEA as PIS after
adding 2 wt% AgNOs; (d) prepared using carbazole 2-lod-TEA as PIS after adding 2
wt% AgNOs,

Figure 9 displays the swelling behavior of the four hydrogels produced by the
laser writing procedure. The swelling ratio of the hydrogels prepared using carbazoles-
based PIS was about 35%. However, after adding AgNO3 into the formulations, the
swelling ratio of the hydrogel encapsulating AgNPs decreased significantly as the

reduction of Ag* and the decrease of hydrophilicity (i.e. the swelling ratio is 35% of



hydrogels VS 15% of hydrogels encapsulating AgNPs initiated by carbazole 2-lod-
TEA). It was evident from Figure S7 and Table S3 that the structure of the hydrogels
and volume increased until reaching swelling equilibrium and then returned to their

original or even dry completely after dehydration in an oven.
50
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1 carbazole 1
304
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20 withAgNPs  with AgNPs
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Figure 9. Swelling ratio of pure hydrogels prepared from water-soluble carbazoles 1
and 2 based PISs and hydrogels encapsulated with AgNPs.

3.7. Antibacterial Effect of Prepared Hydrogels

E. coli was employed in this investigation to examine the antibacterial activity of
hydrogels encapsulating AgNPs since it was general known that AgNPs have strong
antibacterial effects.>>3l At first, E. coli was cultivated on solid LB-agar utilizing
silver nanoparticle-containing hydrogels as the experimental group while pure PEG
hydrogels served as the experimental control. After an overnight incubation, it was
discovered that a growth inhibition halo was only clearly visible surrounding AgNPs-
containing hydrogel (see Figure 10). Furthermore, the results by overnight incubation
in PBS as shown in Figure S8 also presented strong antibacterial activity exhibited in
the experimental group. Furthermore, in order to determine whether this antibacterial
activity was caused by the silver nanoparticles inside the hydrogels, we measured the
antibacterial activity of the hydrogels again after soaking them in PBS for 24 h. As
depicted in Figure 10b, an increase in the area of the growth inhibition halo indicates
an enhanced antibacterial activity.



(a) (b)

Figure 10. Pictures of Escherichia coli incubated overnight at 37°C with (a) hydrogels
without PBS immersion and (b) hydrogels soaked into PBS for 24h. The yellow pieces
are pure hydrogels and the black pieces are AgNPs contained hydrogels which initiated
by carbazole 1-lod-TEA as PISs (1) and carbazole 2-lod-TEA as PISs (2).

4. Conclusions

In this study, two 5,12-dihydroindolo[3,2-a]carbazoles were developed and
employed as visible light sensitive and water-soluble photoinitiators due to their
superior electrochemical and optical qualities, as well as excellent solubility over 70
g/L, resolving the issue of developing effective water-soluble and visible light-sensitive
Pls. In addition to achieving a double bond conversion of more than 98% in aqueous
resin when combined with additives (lod/TEA), it also enabled the construction of
antibacterial hydrogels containing AgNPs via in situ photoreduction of silver ions to
silver nanoparticles. Additionally, the proposed PISs were able to successfully produce
3D hydrogel scaffolds that exhibited superior mechanical behavior to those prepared
by the commonly used water-soluble photoinitiator 12959 using a SLA printer. Finally,
the proposed water-based PISs has shown great potential for the preparation of

biosafety photopolymers.

Supplementary Materials: The following Supporting Information is available online.
Photolysis of carbazole 2 based PIS; cyclic voltammetry test as well as normalized
absorption and emission spectra of two novel carbazoles; ESR-ST spectra of carbazole
2-lod/carbazole 2-TEA obtained upon expose to sunshine for 5 min; deep-curing curves
of the aqueous resin initiated by carbazoles alone as Pls and the carbazoles-based two-
component initiating systems upon expose to a LED @ 405 nm; photopolymerization
kinetics using carbazole-lod-TEA based PISs to initiate the FRP of PEG-DA (70 wt%)-



water (30 wt%) containing 2 wt% AgNOs expose to LED@405 nm; the SEM images
of pure PEG-hydrogels and the hydrogels encapsulating AgNPs; Photographs of pure
hydrogels and AgNPs encapsulated hydrogels prepared by using dye-lod-TEA as PIS
during the swelling process; pictures of Escherichia coli in 10 ml PBS after incubation
overnight at 37°C with the pure PEG-hydrogels and the hydrogels encapsulating AgNPs
prepared using dye 2-lod-TEA as PIS; summary of optical absorption parameters of
prepared two novel carbazoles in water; summary of the final acrylate groups
conversions of aqueous resins initiated by carbazoles alone as Pls and carbazoles-based
two-component PIS; summary the volume of produced hydrogels during the swelling

process; the synthesis of two novel 2-indolo[3,2-a] carbazole derivatives.
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