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Abstract

3D printing is the technology of choice for the rapid production of objects with

complex morphologies and controlled physical and chemical properties. 3D print-

ing by photopolymerization is of great interest because of its ability to access very

small scales and its high resolution. In the case of recent 3D printers, the preferred

wavelength for light irradiation is 405 nm since it is a safe and energy-economical

irradiation. For 3D printing to be effective, it is therefore necessary to develop eas-

ily accessible, stable and highly efficient photoinitiating systems at the 405 nm

wavelength. Beside, with the increasing use of photoinitiators, it is essential to

develop structures with low cytotoxicity. Hence, the development of new photoini-

tiators is currently of major interest. To this end, the photochemical properties

(triplet energy, bond dissociation energy, cleavage reaction enthalpy, and absorp-

tion properties) of several molecules have been calculated by molecular modeling

and the most promising compounds have been synthesized. In this paper, four

phosphine oxides photoinitiators (ADPO-1, CPO-2, CPO-3, and FPO-1) are

synthesized and characterized. Subsequently, their absorption properties are mea-

sured and their efficiencies in photopolymerization under LED irradiation at

405 nm are evaluated. It is important to note that these structures have never

been reported in 3D printing. Markedly, among the obtained photoinitiators, two

of them show better efficiency than the commercially available and widely used

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) in photopolymeriza-

tion (i.e., (Rp/[M0]) x100 values are 6.94, 12.95, and 4.93 s�1 for CPO-2, ADPO-1,

and BAPO; with [M0] the initial acrylate function concentration). Furthermore,

one of the synthesized photoinitiators is successfully used in 3D printing of

thermoplastics for potential recycling ability. Finally, one of the obtained

structures shows a lower cytotoxicity than the benchmark structure

diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO).
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1 | INTRODUCTION

In recent years, 3D printing, also known as additive
manufacturing, has experienced significant develop-
ment.1 This technology, combined with computer-
assisted design (CAD), allows the rapid production of
objects with complex morphologies2 and controlled phys-
ical/chemical properties.3 Therefore, flexible materials,4

shape memory,5 or controlled porosity6 materials are eas-
ily accessible. There are multiple methods of 3D printing
such as fused deposition modeling, powder bed fusion,
and vat photopolymerization.7 The last method has better
accuracy than other technologies and often gives access
to smaller scales.5,8 In 3D printing by vat photopolymeri-
zation, three types of technologies are commonly used,
that is, stereolithography (SLA) where a laser irradiates
the resin dot by dot, digital light processing (DLP) where
the irradiation of the resin is done layer by layer with a
projector, and liquid crystal display (LCD) where a screen
is used to polymerized the resin layer by layer.9,10

Although the SLA method is more accurate than DLP
and LCD, the latter ones are becoming increasingly popu-
lar as they allows significantly shorter printing time at
lower cost.9–11

During photopolymerization, a liquid system, consist-
ing of a monomer/oligomer and a photoinitiator, is irra-
diated to form a solid polymer.12 Thus, in
photopolymerization two factors are particularly impor-
tant: the irradiation wavelength and the photoinitiator
efficiency. During the development of light curing and
3D printing, the wavelengths chosen to initiate the poly-
merization were in the UV range.13,14 However, these
wavelengths have several disadvantages such as poor
light penetration into the resins,15 slower 3D printing
rate, and high toxicity to the skin and DNA,16 caused by
the high energy photons emitted at these wavelengths. In
order to have a safer and more efficient irradiation, the
near UV (405 nm) and the visible light are increasingly
privileged to initiate the photopolymerization,17 which
allow the use of this polymerization method in various
medical fields such as hydrogel, adhesive, and den-
tistry.13,18–20

Besides, in the general field of photopolymerization
another key factor in light curing is the selection of a
suitable photoinitiator. When subjected to adequate irra-
diation, it generates active species which initiate poly-
merization.12 For the photopolymerization to be effective,
it is crucial that the initiating system has good absor-
bance at the irradiation wavelength. Currently, with the
increasing use of near UV and visible light to initiate
photopolymerization, the search for photoinitiators that
allow polymerization at these longer wavelengths, has
seen a significant increase in interest.21

One of the most studied families of photoinitiators is
the phosphine oxides. In particular, acyldiphenylpho-
sphine oxides generally have a good absorbance between
350 and 400 nm (ε > 500 L mol�1 cm�1) and allow the
generation of highly reactive phosphinoyl and acyl
radicals,22 which makes them particularly interesting
compounds in the context of photopolymerization. Fur-
thermore, as the absorbance band of acyldiphenylpho-
sphine oxides is relatively broad and extends to 400 nm,12

it is promising to further improve their absorption prop-
erties in the visible range by considering new derivatives.
For this purpose, several modifications of phosphine
oxides have already been proposed whether by changing
the nature of the acyl group,23,24 (e.g., CPO-1 has found
interesting reactivity in photopolymerization, see
Scheme 1)25 or the nature of the substituents on the
phosphorus.26,27 The corresponding phosphine oxides
were successfully used for photopolymerization under
LEDs.23–26

Another advantage of changing the nature of the
phosphine oxides is to limit their migration to the surface
of the materials after polymerization. Indeed, this type of
leaching is problematic when using photopolymerisable
resins in food packaging materials or those in direct con-
tact with the human body.28 In addition, commercial
photoinitiators, such as BAPO or TPO, have shown rela-
tively high toxicity.29 As a consequence, the migration of
unreacted photoinitiators can lead to problems of
contamination or toxicity. The search for photoinitiators
with a lower hazard level is therefore essential.
Currently, two methods are being studied to limit the
migration of photoinitiators.30 Either by adding polymeri-
sable functions to the photoinitiators, so that they partici-
pate in the photopolymerization and are trapped in the
materials,30,31 or by adding massive groups to the photoi-
nitiators to limit their diffusion in the polymers
(e.g., macromolecular photoinitiators).32 Thus, the modi-
fication of phosphine oxides has these two interests. It is
therefore crucial to study the effects of structural varia-
tions on the final properties of photoinitiators.

In this work, based on molecular design through
molecular orbitals calculation, we propose to focus our
attention on novel acyldiphenylphosphine oxides bearing
various (hetero)aroyl groups. Initially, the physical prop-
erties (triplet energy, bond dissociation energy, cleavage
reaction enthalpy, and absorption properties) of numer-
ous acyldiphenylphosphine oxides were calculated by
molecular modeling. Then, the four most promising com-
pounds were prepared, their absorption properties were
measured. Moreover, their efficiencies for photopolymeri-
zations, in a blend of cyclic trimethylolpropane formal
acrylate (CTFA)/Flexibloc under the LED irradiation at
405 nm were evaluated. Herein, the Flexibloc was added
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to control the viscosity of the resin. In this context, diphe-
nylphosphine oxides bearing 2,4,6-trimethoxyphenyl
(ADPO-1), carbazole (CPO-2 and CPO-3), and fluorene
(FPO-1) aroyl groups were studied. To the best of our
knowledge, these photoinitiators have never been
reported for 3D printing. Markedly, CPO-3 and FPO-1
have never been synthesized before. Furthermore, the
cytotoxicity of one of the synthesized compounds,
ADPO-1 with high storage stability, was tested which
showed significantly lower cytotoxicity than one of the
benchmark photoinitiator TPO (Scheme 1).

Almost all the photosensitive resins developed for
VAT photopolymerization 3D printing techniques (SLA,
DLP…) lead to thermosetting materials (e.g., using multi-
functional (meth)acrylate monomers). The use of mono-
functional monomers is much scarce, but can lead to
thermoplastic polymers that have the advantage of being
easier to recycle (by melting). However, monofunctional

monomers usually have low viscosities that need to be
adapted for good printability, that is., monofunctional
monomers are often used as reactive diluent and com-
bined with other multifunctional monomers or oligo-
mers.33 In this work, flexiblocs were used for this
purpose, even though they have been reported as poten-
tial initiators of nitroxide-controlled radical polymeriza-
tion by the thermal route. In our case, this latter property
of flexiblocs was not used and photopolymerization is not
expected to be controlled.

2 | RESULTS AND DISCUSSION

2.1 | Molecular design

Initially, the properties of various acyldiphenylphosphine
oxides were calculated by molecular modeling. Several
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SCHEME 1 Structure of the compounds involved in this study. [Color figure can be viewed at wileyonlinelibrary.com]
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criteria must be fulfilled before the corresponding acyldi-
phenylphosphine oxides were synthesized. First, the acyl-
diphenylphosphine oxide should present an absorption
maximum in the UV or near UV. Second, the cleavage
reaction of the C P bond must be favorable and there-
fore have a negative bond cleavage enthalpy
(ΔH; ΔH = BDE-ET; with: BDE the bound dissociation
energy and ET the energy of the triplet state) or close to
0 Kcal mol�1. It should be noted that, with the level of
theory used, B3LYP/6-31G*, an uncertainty exists. There-
fore, for structures giving slightly positive ΔH values it is
possible that the cleavage reaction remains favorable.
The last parameter that has been evaluated is the spin
density around the formed radicals (P• and C•).
Indeed, the more the spin density is delocalized, the
more the radicals are stable and therefore, they are
less reactive. Finally, by considering these properties,
all four acyldiphenylphosphine oxides seem promising
and were selected for further study (Table 1): ADPO-1,
CPO-2, CPO-3, and FPO-1 (Scheme 1). It is noteworthy
that only ADPO-1, CPO-1, and CPO-2 have already
been reported by our group23,25 but their use has been
limited to photopolymerizations under LED irradia-
tion at 395 nm and they were never applied for 3D
printing. Compounds CPO-3 and FPO-1 were prepared
for the first time therein and used successfully in
photopolymerization.

2.2 | Syntheses of photoinitiators
(ADPO-1, CPO-2, CPO-3, and FPO-1)

Photoinitiators CPO-2 and ADPO-1 were initially pre-
pared following a fast and efficient two steps procedure
already described by our group23,25: (1) nucleophilic addi-
tion of a phosphine oxide to an aromatic aldehyde in the
presence of Na2CO3 without solvent to afford a secondary
alcohol that required no further purification and could
directly be reacted further; (2) oxidation of the secondary
alcohol to the corresponding ketone in the presence of
MnO2 (Scheme 2). This procedure afforded compounds
CPO-2 and ADPO-1 in good two steps isolated yields of
81% and 93% respectively.

However, during the preparation of compound
CPO-3, the expected diol was not obtained under the

classical conditions described above. Indeed, the addition
of two equivalents of diphenylphosphine oxides on the
9-(2-ethylhexyl)carbazole-3,6-dicarboxaldehyde (1 equiva-
lent per aldehyde function), afforded a complex crude
reaction mixture. Therefore, the reaction conditions have
been reoptimized. It turned out that the addition of
5 equivalents of diphenylphosphine oxide gave the
desired diol with a 70% yield.

Thereafter, during the preparation of the compounds
CPO-3 and FPO-1 difficulties were encountered: the
nucleophilic addition afforded the desired alcohols in
yields of 70% for CPO-3 and 91% for FPO-1. But, the oxi-
dation of the secondary alcohols in the presence of MnO2

did not give the expected photoinitiators. Indeed, at the
end of the reaction, only the alcohols were recovered
unchanged. It was therefore necessary to reoptimize the
conditions and develop a new oxidation method for both
alcohols. For this purpose, MnO2 was replaced by the
Dess Martin periodinane (DMP).34 Gratifyingly,
the photoinitiators CPO-3 and FPO-1 were successfully
obtained with overall yields of 63% and 78%, respectively
(Scheme 2). It should be noted that, the oxidation with
DMP was also evaluated for the preparation of CPO-2
and it proved to be more effective than the one with
MnO2:CPO-2 was obtained with a better 93% isolated
yield (81% using MnO2 as the oxidizing agent)
(Scheme 2).

2.3 | Absorption properties of the
synthesized photoinitiators

Subsequently, the four new photoinitiators were charac-
terized by UV–visible spectroscopy. A crucial aspect in
the development of new light-sensitive molecules for
photopolymerization is their ability to absorb light at the
irradiation wavelength. The UV–visible absorbance spec-
tra of the synthesized structures were determined
between 325 and 600 nm in acetonitrile and compared to
the absorbance spectrum of the BAPO (Figure 1). It was
observed that CPO-2 and CPO-3 showed relatively simi-
lar absorbance spectra, and they had a better absorption
than all other photoinitiators including the commercially
available BAPO. Looking specifically at the absorbance
at 405 nm, CPO-2 (ε405nm = 1330 L mol�1 cm�1) and

TABLE 1 Predicted properties:

Light absorption maximum (λmax),

triplet state energy (ET), bond

dissociation energy (BDE) for the C P

bond, enthalpy for the cleavage process

from T1 (ΔH).

Molecules λmax (nm) Et (kcal mol�1) BDE (kcal mol�1) ΔH (kcal mol�1)

ADPO-1 373 60 58 �2

CPO-2 385 61 62 1

CPO-3 390 60 61 1

FPO-1 402 57 62 4

4 of 14 BUCHON ET AL.
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CPO-3 (ε405nm = 1430 L mol�1 cm�1) had an absorbance
at least twice as high as that of the BAPO
(ε405nm = 500 L mol�1 cm�1). However, the absorptions

of ADPO-1 and FPO-1 were lower than that of BAPO at
405 nm (ε405nm = 50 and ε405nm = 290 L mol�1 cm�1 for
ADPO-1 and FPO-1, respectively) (Table 2).

Photoini�ators Method
(A or B)

Isolated Yield
(2 steps)

ADPO-1 A 93%

CPO-2
A 81%

B 91%

CPO-3 B 63%

FPO-1 B 78%

+
Na

2
CO

3

Ar ; 100°C-150°C

4h-6h

O

H
(Het)Ar P O

Ph

Ph
H

(Het)Ar P

O

Ph

Ph

OH

(Het)Ar P

O

Ph

Ph

OH

(Het)Ar P

O

Ph

Ph

O
Method A / Method B

Method A : MnO
2
 ; 24h ; N

2
 ; DCM ; Darkness

Method B : DMP ; 2h ; DCM ; Darkness

SCHEME 2 General route to acyldiphenylphosphines photoinitiators, yields and methods used are given in the table.

FIGURE 1 UV–visible spectra in
acetonitrile of the (a) BAPO, (b) CPO-2,

(c) CPO-3, (d) ADPO-1, and (e) FPO-1.

[Color figure can be viewed at

wileyonlinelibrary.com]
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2.4 | Photoinitiation efficiency of the
new photoinitiators in
photopolymerization

Once their absorbances were determined, the reactivity
of the different compounds was evaluated. To this end,
photopolymerizations of resins containing the different
photoinitiators, the Flexibloc, which was added to control
the viscosity of the resin, and an acrylic monomer, cyclic
trimethylolpropane formal acrylate (CTFA), were moni-
tored using RT-FTIR. To initiate the polymerization, a
405 nm LED with a power of 170 mW/cm2 was used. All
the photopolymerizations were done for 2 mm thick sam-
ples under air. BAPO, being commercially available,
served as a reference in order to determine the effective-
ness of photoinitiators in photopolymerization and 3D
printing.

2.4.1 | With 0.1 wt% of photoinitiators in the
resins

At first, polymerizations for resin containing 0.1 wt%
photoinitiator were carried out. Under these conditions,
it appeared that the resin containing BAPO gave a better

kinetic and final conversion (90%) than the other photoi-
nitiators (Figure 2). CPO-2 and CPO-3 demonstrated sim-
ilar reactivity (final conversion = 32%) and lower
initiation rates than the ADPO-1. For this compound,
there appeared to be an induction time before the poly-
merization began. This was linked to the inhibition by
the oxygen present in the resin, which must be consumed
before the polymerization reaction began. However,
ADPO-1 achieved much higher final conversions than
the other synthesized products (85%). Finally, FPO-1 led
to very slow polymerization kinetics and can only achieve
low conversion (18%).

2.4.2 | With 1 wt% of photoinitiators in the
resins

Polymerizations for resins containing 1% photoinitiators
were also carried out (Figure 3). BAPO, CPO-2, CPO-3,
and ADPO-1 can initiate the photopolymerization and
lead to similar final conversions (>95%) of polymeriza-
tion. FPO-1 had a lower reactivity than the other com-
pounds and gave a lower final conversion (80%). In
regards to the polymerization rate (Rp/[M0]) � 100),
CPO-2 ((Rp/[M0]) � 100 = 6.94 s�1) as well as ADPO-1

TABLE 2 Extinction coefficients (ε)
of the different photoinitiators at

405 nm.

Molecules ADPO-1 CPO-2 CPO-3 FPO-1 BAPO

ε405nm (L mol�1 cm�1) 50 1330 1430 290 500
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FIGURE 2 Photopolymerization

kinetics (acrylate conversion

vs. irradiation time) for the resins

containing 10 wt% copolymer + 89.9 wt

% CTFA monomer in the presence of the

different photoinitiators (0.1 wt%):

(a) BAPO, (b) CPO-2, (c) CPO-3,

(d) ADPO-1, and (e) FPO-1. [Color

figure can be viewed at

wileyonlinelibrary.com]
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((Rp/[M0]) � 100 = 12.94 s�1) demonstrated a higher
rate than BAPO ((Rp/[M0]) � 100 = 4.93 s�1) and CPO-3
((Rp/[M0]) � 100 = 4.14 s�1), the latter having slightly
lower initiation kinetics than BAPO. Although ADPO-1
had a lower absorption than the other initiators, it was
more effective in photopolymerization. This difference in
effectiveness was due to the stability of the formed radi-
cals for CPO-2 and CPO-3. Because of the carbazole

group, the radicals formed by CPOs were more stable
than those generated from ADPO-1, which resulted in
this lower reactivity. The lower efficiency of the BAPO-
containing resin versus ADPO-1 can be caused by an
inner filter effect (the optical densities in the film are
much higher for BAPO versus ADPO-1: 2.4 and AADPO-

1 = 0.25, respectively). Indeed, by increasing the concen-
tration of photoinitiator, the absorbance in the sample

0 10 20 30 40 50 60 70 80 90
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100 d

e

c

b
a

Co
nv

er
si

on
 (%

)

Time (s)

FIGURE 3 Photopolymerization

kinetics (acrylate conversion

vs. irradiation time) for resins containing

10 wt% copolymer + 89 wt% CTFA

monomer in the presence of the

different photoinitiators (1 wt%):

(a) BAPO, (b) CPO-2, (c) CPO-3,

(d) ADPO-1, and (e) FPO-1. [Color

figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Pictures of 3D printed objects using: BAPO [A.1] a hollow cube of 1 cm on each side [A.2] specimen for tensile tests and

CPO-2 [B.1] a hollow cube of 1 cm on each side [B.2] specimen for tensile. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 In vitro

cytotoxicity of ADPO-1 and

TPO in human umbilical vein

endothelial cells (HUVECs)

(a–d) and Human normal

hepatocytes (L02) (e–h) after
24, 48, and 72 h of incubation.

[Color figure can be viewed at

wileyonlinelibrary.com]
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increases. As a result, the irradiation of the deepest areas
of the sample was more difficult, which led to a decrease
in reactivity.

2.5 | Storage stability of the synthesized
photoinitiators

Another key point is the stability of the photoinitiators
during storage. For this purpose, the different photoini-
tiators were stored under argon and protected from
light at 4�C. Then, 1H NMR analyses of photoinitiators
were performed once a month. The degradation of the
photoinitiator was observed by looking at the appear-
ance of a signal at 7.76 ppm which corresponded to the
reformation of the diphenylphosphine oxide (Ph2P
( O)H) used as starting material in the nucleophilic
addition step. Among the 4 synthesized compounds,
only ADPO-1 showed an excellent stability: indeed, no
degradation was observed even after 12 months of stor-
age. CPO-2 showed degradation after 2 months of stor-
age and therefore had a moderate stability.
Unfortunately, CPO-3 and FPO-1 showed a poor stabil-
ity since they were totally degraded after only 1 month
of storage.

2.6 | 3D printing using the synthesized
photoinitiators

Finally, the efficiency of the proposed photoinitiators was
evaluated in 3D printing. To carry out these experiments, a
low intensity LCD screen 3D printer was chosen. With a
very low viscosity for CTFA (13–15 mPa.s),33 it is not easy
to print it directly. Therefore, Flexibloc was added in the
photosensitive resin to improve printability. Due to the low
irradiation intensity of the screen (0.8 mW/cm2), only
photoinitiators with a high reactivity can be used to obtain
well defined objects. The CPO-2 and ADPO-1 photoinitia-
tors, which were stable in the monomer, were therefore
used in these printing experiments. 3D printing was also
performed for a resin containing BAPO for the comparison.
First, the tests were carried out on a relatively simple
object: a specimen for tensile tests (Figure 4A.2 and B.2).
The printing experiments worked with CPO-2 and BAPO
for similar layer irradiation time (≈15 s with BAPO and
CPO-2) (Figure 4). However, 3D printing cannot work
using ADPO-1. Because of its weak absorption at 405 nm
and the low intensity of the irradiation, ADPO-1 cannot
generate enough initiating radicals to consume the oxygen
present in the resin, which explained the impossibility of
obtaining a 3D printed object. In order to get a better idea
of the reactivity of the resins, 3D printing experiments were

made for a more complex object: a hollow cube of 1 cm on
each side (Figure 4A.1 and B.1). For this model, both
BAPO and CPO-2 allowed to obtain a perfectly printed
object. For these experiments, the irradiation time for each
layer was the same as before (≈15 s) for the two photoini-
tiators. This was consistent with the results obtained from
the RT-FTIR experiments, where CPO-2 showed the reac-
tivity similar to BAPO. Thus, the two resins tested in 3D
printing demonstrated good efficiency. Finally, among the
synthesized photoinitiators, only CPO-2 allowed to obtain
3D printed objects.

2.7 | Cytocompatibility of the
synthesized photoinitiators

2.7.1 | In vitro cytocompatibility of ADPO-1

With the increasing use of photoinitiators, their cytocom-
patibility became of major interest. Because of its excel-
lent storage, it was important to evaluate the cytotoxicity
of ADPO-1. To this end, MTT assay was performed to
assess the in vitro cytotoxicity of ADPO-1 in both
HUVECs (human umbilical vein endothelial cells) and
L02 (human normal hepatocytes) cells using a commer-
cially available photoinitiator, TPO as a control which
was also known to have a relatively high cytotoxicity.29

The cytocompatibility of BAPO has been already investi-
gated in Reference 29. Toxicity of BAPO is higher than
for TPO. That is the reason why TPO was selected in this
work for toxicity investigation. The well tolerance of
ADPO-1 by HUVECs was supported by the cell viabilities
above 50% at all evaluated concentrations in a range from
0.6 to 2 mM (Figure 5c, d). In contrast, the IC50 (=50%
inhibiting concentration) values of TPO were determined
to be 0.87, 0.54, and 0.53 mM for 24, 48, and 72 h of incu-
bation, respectively. Similar trend was observed in L02
cells, that is, ADPO-1 showed consistently much lower
cytotoxicity than TPO (Figure 5e–h). Interestingly, both
photoinitiators mediated greater cytotoxicity in L02 cells
than in HUVECs, which was likely attributed to the cell
type-dependent cytotoxicity. The overall results con-
firmed the significantly better biocompatibility of
ADPO-1 than that of TPO.

3 | CONCLUSION

Short and efficient routes to novel photoinitiators belong-
ing to the family of phosphine oxides were developed.
Among these compounds, CPO-2 and ADPO-1 were
respectively 1.5 and 3 times more efficient than BAPO in
terms of polymerization kinetics. In addition, during
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storage, ADPO-1 showed excellent stability, which was
not the case for the other photoinitiators. As a result,
only the cytotoxicity of ADPO-1 was evaluated and was
found to be relatively low compared to that of TPO.
Finally, only the CPO-2 photoinitiator allowed printing
complex objects while requiring short irradiation time
(≈15 s per layer) using the 3D printer with a very low
intensity of irradiation source. Other low toxicity Types I
photoinitiators will be studied in forthcoming work.

4 | MATERIALS AND METHODS

4.1 | Photoinitiators syntheses

All reagents were purchased from Aldrich and TCI and
were used as received without further purification. Acti-
vated MnO2 was purchased from Aldrich. The first step
of the syntheses of photoinitiators (nucleophilic addition
of diphenylphosphine oxide on aldehydes) were carried
out under an atmosphere of argon. The second step (oxi-
dation reactions of the secondary alcohols to ketones)
was carried out in dichloromethane (DCM) and in the
dark to avoid any degradation of the final products due
to ambient light.

The 1H; 31P, and 13C NMR spectra were obtained
at room temperature with a Varian Oxford
300 spectrometer.

4.2 | Synthesis of ADPO-1

Step 1: 2,4,6-trimethoxybenzaldehyde (4 mmol, 0.785 g,
1 equiv.), diphenylphosphine oxide (4.2 mmol,
0.850 g, 1.05 equiv.), and Na2CO3 (4.2 mmol, 0.445 g,
1.05 equiv.) were introduced into a 5 mL round bot-
tom flask without solvent. The reaction medium was
purged three times with argon, placed under an
argon atmosphere, stirred and heated to 140�C for
4 h. The reaction medium was then dissolved in
50 mL of DCM and washed with 50 mL of distilled
water. After extraction, the organic layer was dried
over anhydrous MgSO4 then the solvent was
removed under reduced pressure. The crude reaction
mixture was then dried under vacuum for 2 h. A
white solid was obtained (1.5138 g, 95% isolated
yield) and directly used in step 2 without further
purification. 1H-NMR (CDCl3) δ (ppm): 7.92–7.86
(m, 2H), 7.76–7.70 (m, 2H), 7.52–7.31 (m, 6H),
6.12–6.06 (m, 1H), 6.00 (s, 2H), 4.66–6.62 (d,
J = 12 Hz, 1H) 3.77 (s, 3H), 3.49 (s, 6H). 31P-NMR
(CDCl3) δ (ppm): 28.42. 13C-NMR (CDCl3) δ (ppm):

55.3, 55.6, 67.6 (d, J = 82.7 Hz), 90.6, 104.5, 127.8
(d, J = 11.3 Hz), 128.1 (d, J = 11.3 Hz), 131.2
(d, J = 2.5 Hz), 131.3, 131.4 (d, J = 5.0 Hz), 132.2 (d,
J = 7.6 Hz), 132.8 (d, J = 92.0 Hz), 133.0 (d,
J = 93.2 Hz), 159.1, 159.2, 161.4. HRMS: m/z calcd
for C22H23O5P (M + Na+): 398.3887, found:
398.1283.
Step 2 (method A): The alcohol obtained in step
1 (1.25 mmol, 0.500 g, 1 equiv.), was dissolved in
DCM (25 mL) in a 50 mL round bottom flask and
activated MnO2 (25 mmol, 2.1823 g, 20 equiv.) was
added in one portion. The reaction medium
was purged three times with argon, placed under an
argon atmosphere and stirred in the dark for 18 h.
The reaction mixture was then filtered over celite.
The filtrate was concentrated under reduced pres-
sure. A yellow gum was obtained (0.4883 g, 98%
isolated yield) and used without further purifica-
tions for photopolymerizations. 1H-NMR (CDCl3) δ
(ppm): 7.88–7.82 (m, 4H), 7.54–7.44 (m, 6H), 6.09
(s, 2H), 3.83 (s, 3H), 3.64 (s, 6H). 31P-NMR (CDCl3)
δ (ppm): 17.34. HRMS: m/z calcd for C22H21O5P
(M + Na+): 396.3729, found: 396.1127. The
1H-NMR, 31P-NMR, spectra were in accordance
with a previous report.23

4.3 | Synthesis of CPO-2

Step 1: 9-benzyl carbazole-3-carboxaldehyde (1.75 mmol,
0.500 g, 1 equiv.), diphenylphosphine oxide
(1.92 mmol, 0.389 g, 1.1 equiv.), and Na2CO3

(1.92 mmol, 0. 204 g, 1.1 equiv.) were introduced
into a 5 mL round bottom flask without solvent. The
reaction medium was purged three times with argon,
placed under an argon atmosphere, stirred and
heated to 120�C for 1 h then 100�C for 5 h. The reac-
tion medium was then dissolved in 200 mL of DCM
and washed with 200 mL of distilled water. After
extraction, the organic layer was dried over anhy-
drous MgSO4 then the solvent was removed under
reduced pressure. The crude reaction mixture was
then dried under vacuum for 2 h. A white solid
was obtained (0.8105 g, 95% isolated yield) and
directly used in step 2. 1H-NMR (CDCl3) δ (ppm):
7.95–7.82 (m, 4H), 7.71–7.08 (m, 18H), 5.67 (m, 1H),
5.48 (s, 2H), 3.44–3.42 (m, 1H). 31P-NMR (CDCl3) δ
(ppm): 27.51. 13C-NMR (C5D5N) δ (ppm): 46.8, 74.9
(d, J = 86.7 Hz), 109.2, 110.0, 120.0, 120.9, 121.1,
123.4, 126.6, 127.0, 127.2, 128.0, 128.7 (d,
J = 11.3 Hz), 129.0 (d, J = 11.3 Hz), 129.4, 130.4,
132.1 (d, J = 2.5 Hz), 132.2 (d, J = 2.5 Hz), 132.7 (d,
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J = 7.6 Hz), 132.9, 133.5 (d, J = 7.6 Hz), 134.9 (d,
J = 92.0 Hz), 136.2, 138.3, 141.1, 141.7. HRMS: m/z
calcd for C32H26NO2P (M + Na+): 487.5281, found:
487.1701.
Step 2 (method A): The alcohol obtained in step
1 (1.3 mmol, 0.630 g, 1 equiv.), was dissolved in
DCM (75 mL) in a 50 mL round bottom flask and
activated MnO2 (26 mmol, 2.604 g, 20equiv.) was
added in one portion. The reaction medium
was purged with three times argon and placed under
an argon atmosphere and stirred in the dark for 24 h.
The reaction mixture was then filtered over celite.
The filtrate was concentrated under reduced pres-
sure. An orange gum was obtained (0.5365 g, 85%
isolated yield) and used without further purifications
for photopolymerizations. 1H-NMR (CDCl3) δ (ppm):
8.66–8.63 (d, J = 10 Hz, 1H), 8.24–8.22 (d, J = 10 Hz,
1H), 7.99–7.92 (m, 4H), 7.57–7.11 (m, 14H), 5.54
(s, 2H). 31P-NMR (CDCl3) δ (ppm): 22.53. HRMS: m/z
calcd for C32H25NO2P (M + Na+): 485.5122, found:
485.154. The 1H-NMR, 31P-NMR, spectra were in
accordance with a previous report.25

Step 2 (method B): The alcohol obtained in step
1 (0.2 mmol, 0.100 g, 1 equiv.), was dissolved in DCM
(0.8 mL) in a 5 mL round bottom flask and DMP
(0.3 mmol, 0.1272 g, 1.5 equiv.) was added in three por-
tion. The reaction medium was stirred in the dark for
2 h. The reaction mixture was then quenched with 3 mL
of Na2SO3. The resulting mixture was extracted with
20 mL of DCM, then the combine organics layers were
washed with 20 mL of saturated aqueous Na2SO3 and
20 mL of saturated aqueous NaHCO3. After extraction,
the organic layer was dried over MgSO4 then, the solvent
was removed under reduced pressure. The crude reaction
mixture was then dried under vacuum for 2 h. An
orange gum was obtained (0.0903 g, 93% isolated yield)
and used without further purifications for photopolymer-
izations. The 1H-NMR, 31P-NMR, spectra were in accor-
dance with the results obtained using method A and
with a previous report.25

4.4 | Synthesis of CPO-3

Step 1: 9-(2-ethylhexyl)carbazole-3,6-dicarboxaldehyde
(0.6 mmol, 0.200 g, 1 equiv.), diphenylphosphine
oxide (3 mmol, 0.389 g, 5 equiv.), and Na2CO3

(3 mmol, 0.318 g, 5 equiv.) were introduced into a
5 mL round bottom flask without solvent. The reac-
tion medium was purged three times with argon,
placed under an argon atmosphere, stirred and
heated to 150�C for 1 h then 120�C for 5 h. The

reaction medium was then dissolved in 150 mL of
DCM and washed with 150 mL of distilled water.
After extraction, the organic layer was dried over
anhydrous MgSO4 then the solvent was removed
under reduced pressure. The obtained solid was
washed with 200 mL of diethyl ether to remove the
excess of phosphine. The crude reaction mixture was
then dried under vacuum for 4 h. A yellow solid was
obtained (0.3062 g, 69% isolated yield) and directly
used in step 2. 1H-NMR (CDCl3) δ (ppm): 7.79–7.10
(m, 26H), 5.58–5.57 (m, 2H), 4.04–4.0 (m, 2H) 1.94
(s, 1H), 1.38–1.21 (m, 8H), 0.83–0.85 (m, 6H).
31P-NMR (CDCl3) δ (ppm): 31.33. HRMS: m/z calcd
for C46H47NO4P2 (M + NH4

+): 739.8172, found:
739.2980.
Step 2 (method B): The alcohol obtained in step
1 (0.14 mmol, 0.100 g, 1 equiv.), was dissolved in
DCM (0.56 mL) in a 5 mL round bottom flask and
DMP (0.42 mmol, 0.1781 g, 3 equiv.) was added in
three portion. The reaction medium was stirred
in the dark for 2 h. The reaction mixture was then
quenched with 3 mL of Na2SO3. The resulting mix-
ture was extracted with 20 mL of DCM, then the
combine organics layers were washed with 20 mL of
saturated aqueous Na2SO3 and 20 mL of saturated
aqueous NaHCO3. After extraction, the organic layer
was dried over MgSO4 then, the solvent was removed
under reduced pressure. The crude reaction mixture
was then dried under vacuum for 2 h. An orange
solid was obtained (0.0895 g, 90% isolated yield) and
used without further purifications for photopolymeri-
zations. 1H-NMR (CDCl3) δ (ppm): 9.3 (s, 2H), 8.91–
8.88 (d, J = 15 Hz, 2H), 7.98–7.92 (m, 8H), 7.58–7.43
(m, 14H), 4.20–4.14 (m, 2H) 1.63 (br s, 1H), 1.43–1.26
(m, 8H), 0.92–0.84 (m, 6H). 31P-NMR (CDCl3) δ
(ppm): 22.53. 13C-NMR (CDCl3) δ (ppm): 10.8, 14.0,
22.9, 24.3, 28.8, 30.9, 39.4, 47.9, 109.7, 123.5, 124.3,
128.6 (d, J = 12.6 Hz), 129.6, 130.3 (d, J = 73.1 Hz),
130.5 (d, J = 73.1 Hz), 131.9 (d, J = 10.1 Hz), 132.1,
132.3 (d, J = 2.5 Hz), 145.4, 202.5 (d, J = 82 Hz).
HRMS: m/z calcd for C46H43NO4P2 (M+ H+):
735.7854, found: 735.2667.

4.5 | Synthesis of FPO-1

Step 1: 2-fluorène-carboxaldehyde (1.06 mmol, 0.210 g,
1 equiv.), diphenylphosphine oxide (1.14 mmol,
0.230 g, 1,06 equiv.), and Na2CO3 (1.07 mmol,
0.123 g, 1.16 equiv.) were introduced into a 5 mL
round bottom flask without solvent. The reaction
medium was purged three times with argon, placed
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under an argon atmosphere, stirred and heated to
100�C for 4 h. The reaction medium was Filtrated
under vacuum, the obtained solid was washed with
25 mL of distilled water and then 20 mL of ethyl ace-
tate. The crude reaction mixture was then dried
under vacuum for 4 h. A white solid was obtained
(0.408 g, 97% isolated yield) and directly used in step
2. 1H-NMR (DMSO-D6) δ (ppm): 7.81–7.69 (m, 6H),
7.59–7.21 (m, 11H), 6.57 (s, 1H), 5.71–5.70 (d,
J = 10 Hz, 1H), 3.79 (s, 2H). 31P-NMR (DMSO-D6) δ
(ppm): 27.63. 13C-NMR (DMSO-D6) δ (ppm): 36.4,
72.5 (d, J = 86.9 Hz), 119.1, 120.1, 124.7 (d,
J = 5 Hz), 125.3, 126.5 (d, J = 5 Hz), 126.8, 126.9,
128.2 (d, J = 11.3 Hz), 128.4 (d, J = 10.1 Hz), 130.9,
131.4, 131.5, 131.7, 131.8, 133.0 (d, J = 92.0 Hz),
137.0, 140.5, 141.0, 142.2, 143.2. HRMS: m/z calcd for
C26H21O2P (M + H+): 396.4175, found: 396.1279.
Step 2 (method B): The alcohol obtained in step 1
(0.126 mmol, 0.050 g, 1 equiv.), was dissolved in
DCM (0.4 mL) in a 5 mL round bottom flask and
DMP (0.190 mmol, 0.0805 g, 1.5 equiv.) was added in
three portion. The reaction medium was stirred
in the dark for 2 h. The reaction mixture was then
quenched with 2 mL of Na2SO3. The resulting mix-
ture was extracted with 15 mL of DCM, then the
combine organics layers were washed with 15 mL of
saturated aqueous Na2SO3 and 15 mL of saturated
aqueous NaHCO3. After extraction, the organic layer
was dried over MgSO4 then, the solvent was removed
under reduced pressure. The crude reaction mixture
was then dried under vacuum for 2 h. A yellow solid
was obtained (0.0426 g, 86% isolated yield). 1H-NMR
(CDCl3) δ (ppm): 8.79 (s, 1H), 8.60–8.58 (d,
J = 10 Hz, 1H), 7.93–7.86 (m, 6H), 7.60–7.56 (m,
3H), 7.53–7.49 (m, 4H), 7.44–7.39 (m, 2H), 3.97 (s,
2H). 31P-NMR (CDCl3) δ (ppm): 22.77. 13C-NMR
(CDCl3) δ (ppm): 36.7, 120.0, 121.1, 125.1, 126.8 (d,
J = 15.1 Hz), 128.3, 128.5, 129.5, 130.0 (d,
J = 98.2 Hz), 131.6 (d, J = 8.8 Hz), 132.1 (d,
J = 2.5 Hz), 135.1, 135.5, 139.9, 143.2, 144.85, 149.1,
203.4 (d, J = 80.6 Hz). HRMS: m/z calcd for
C26H19O2P (M + Na): 394.4016, found: 394.1123.

4.6 | Other chemicals

Cyclic trimethylopropane formal acrylate (CTFA) and
the Flexibloc were supplied by Arkema. The Flexibloc is
used in order to control the viscosity of the formulation.
BAPO was purchased from Lambson. Dichloromethane
(DCM) and acetonitrile were purchased from
Carlo EBRA.

4.7 | UV–vis spectroscopy

UV–visible spectra were recorded in acetonitrile in a
1 cm square quartz cell by a JASCO V-730
spectrophotometer.

4.8 | RT-FTIR spectroscopy

A Jasco V-4100 Real Time Fourier transform infra-red
spectrometer was used to follow the C C double bond
conversion versus time for the polymerization of 2 mm
thick samples. All photopolymerization were carried out
under air at room temperature. A 405 nm LED with an
irradiance of 170 mW/cm2 was used to initiate the photo-
polymerization. The follow of the conversion was done
by looking at the intensity decrease of the peak between
6100 and 6250 cm�1 which corresponds to the C C dou-
ble bond of the acrylate function for thick samples.

4.9 | In vitro cytotoxicity of the ADPO-1

The cytotoxicity of the synthesized photoinitiator was
evaluated in human umbilical vein endothelial cells
(HUVECs) and human normal hepatocytes (L02) using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazole
bromide) assay. Briefly, HUVECs were seeded onto
96-well plates at a density of 8 � 103–1 � 104 cells/well
and incubated at 37�C and 5% CO2 for 24 h. Meanwhile,
a 100 mM stock solution of TPO and ADPO-1 was pre-
pared in ethanol, which was then diluted to varying con-
centrations using DMEM (Dulbecco's Modified Eagle
Medium) /F12—containing 10% FBS. After 24, 48, and
72 h of incubation with the cells, the media containing
either TPO or ADPO-1 were removed and subsequently
replaced with serum-free culture media. Finally, the cell
viability was determined using MTT assay.

4.10 | 3D printings experiments

The 3D printing tests were carried out with an Anycubic
Photon S 3D printer. The technology used is LCD screen
Shadow Masking. The irradiation wavelength is 405 nm,
and the irradiance is 0.81 mW/cm2. The printed models
were obtained from the website: thingiverse. To be
printed, the .stl files were opened in the photon work-
shop software where the z lift speed of the platform
was chosen at 3 mm/s, the z retract speed was chosen
at 3 mm/s and the z lift distance was fixed at 6 mm.
The thickness of each layer was fixed at 200 μm.

12 of 14 BUCHON ET AL.
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Subsequently, the different printing parameters, such
as the irradiation time per layer, the irradiation time of
the first layers, the number of first layers were defined
according to the resin used. Finally the file was sliced
and exported in .pws to be read by the 3D printer. The .
pws file was copied to a USB key and opened with the
Anycubic Photon S 3D printer. Once the 3D printing
was completed, the resulting object was washed with
ethanol and then post-curred under LED irradiation at
405 nm for 15 min.

Typically, resins used in 3D printing contained 10 wt
% of Flexibloc, 89 wt% of CTFA monomer, and 1 wt% of
photoinitiator.
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