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Synthesis of novel D–π–A-based photosensitive
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polymerization via nitroxide-mediated
photopolymerization†
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We present an efficient method for surface customization using a novel D–π–A-based photosensitive

alkoxyamine. The D–π–A-based chromophore group exhibits remarkable efficiency in the homolytic

cleavage of the >NO–C bond enabling the production of well-defined structures through two-photon

stereolithography (TPS). Furthermore, we show that surface customization can be achieved in a second

step, owing to the “living” character originating from the alkoxyamine and via a Nitroxide Mediated

PhotoPolymerization (NMP2) process. Additionally, we investigated how TPS-related parameters such as

wavelengths and laser power influence the re-polymerization step.

1. Introduction

Two-photon stereolithography (TPS) is an advanced 3D print-
ing method that relies on the non-linear absorption of light to
create complex and three-dimensional microstructures.1–3 This
technique enables the fabrication of 2D/3D microstructures with
feature sizes reaching sub-100 nm scales, opening up numerous
promising applications such as high-density 3D optical data
storage,4,5 biomaterials,6 and 3D sensors.7,8 Typically, polymer
materials used in TPS-produced microstructures undergo con-
ventional radical photopolymerization,9 leading to polymer net-
works with “dead” chains that are challenging to reactivate in a
straightforward manner, thus limiting the ability to adjust
polymer properties through post-modification processes.1

To enhance the diverse chemical functionalities of TPS-
printed microstructures, it is imperative to propose new strategies
aimed at tuning surface properties such as adhesion, wetting
characteristics, permeability to gases or liquids, and biocompat-
ibility. Surface functionalization of printed microstructures can
be achieved using polymer chains terminated with unreacted
vinyl bonds, functional groups, or residual photoinitiators.10,11

However, the limited concentration of unreacted moieties or the
sparse density of residual functional groups may restrict reactivity
with other monomers and spatial resolution.12,13

Recently, the development of photo-reversible deactivation
radical polymerization techniques like Atom Transfer Radical
Polymerization (ATRP), Reversible Addition–Fragmentation
chain-Transfer (RAFT) polymerization, and Nitroxide-mediated
Polymerization (NMP) has provided advantages over conven-
tional radical polymerization. These methods afford living,
reactivable polymer chains with the added benefit of temporal-
spatial control.14 In this context, alkoxyamines gained increas-
ing interest in photo-induced processes, particularly in
Nitroxide-Mediated Photopolymerization (NMP2), owing to
their use as both initiator and photo-controlling agent within
a mono-component system. Unlike other methods such as
ATRP or organometallic-mediated radical polymerization,
NMP2 eliminates the need for metal complexes as catalysts,15

and avoids the formation of undesirable colored thioester/thio-
carbonate species characteristic of RAFT technique16 where
transparency is of crucial importance.

The success of the NMP2 process is essentially related to
the physico-chemical behaviors under irradiation of both the
photosensitive alkoxyamines and the parent nitroxide chemi-
cal structures. Many photosensitive alkoxyamines have been
prepared by introducing the chromophore group to cyclic nitr-
oxides such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO),17

or to linear nitroxides structures18–20 including 2,2,5-trimethyl-
4-phenyl-3-azahexane-3-nitroxide (TIPNO).21,22

Only a few photosensitive alkoxyamines, all related to
TIPNO structure have been used in the surface functionali-
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zation of 2.5D structures.21,22 However, in some cases, acyclic
structures may lead to competitive cleavages that affect the
NMP2 process.19 The selection of the persistent nitroxide is
then crucial as it may profoundly impact the reactivity of the
corresponding photosensitive alkoxyamines and the efficiency
of the re-polymerization step. 1,1,3,3-Tetramethylisoindolin-2-
yloxyl (TMIO) has been identified as a promising candidate for
the preparation of photosensitive alkoxyamines due to its
reversible photochemically-induced α-cleavage of the nitroxide
upon irradiation. Indeed, upon homolytic cleavage, the proxi-
mity between the resulting nitroso group and the carbon-cen-
tered radicals allows the regeneration of the initial nitroxide
(Scheme 1).23 However, the exploration of TMIO motif-based
photosensitive alkoxyamines where the phenyl ring is
embedded within the overall chromophore has been impeded
by synthetic challenges in obtaining benzophenone, and
xanthone TMIO-based photosensitive alkoxyamines.24,25 In
recent years, push–pull structures have emerged as efficient
TPS initiators due to their exceptional photostability and high
molar absorption coefficient for nonlinear phenomena.26–28

Typically, these push–pull compounds are designed based on
electron donors (D) and acceptors (A), arranged in symmetrical
A–π–A, D–π–D, or asymmetrical A–π–D chromophores.29–32

Particularly, the asymmetrical D–π–A configuration exhibits
rigid planar structures33 and strong π–π interactions, resulting
in a significant enhancement of the dipole moment, in the
intense absorption band (λ) and significant solvatochromism
in the emission spectrum.

Therefore, in this work, we introduce a convenient four-step
procedure for synthesizing a photosensitive alkoxyamine
based on a cyclic nitroxide featuring a phenyl ring, namely
tacrine-based photosensitive alkoxyamine bearing a D–π–A
chromophore group, tailored for the TPS-NMP2 process.
Additionally, we illustrate the presence of “living” chains
within microstructures fabricated from a photocurable resin
containing the D–π–A-based photosensitive alkoxyamine
through a surface functionalization step. To gain insights into
the behavior of the resulting macroalkoxyamines within the
polymer matrix, we conduct thorough investigations by varying
parameters such as two-photon wavelengths and laser power.

2. Experiments
2.1. Materials

All chemicals purchased from Sigma Aldrich, TCI, and Doug
Discovery were used without further purification unless indi-

cated otherwise. All reactions were monitored by thin-layer
chromatography (Merck Silica Gel 60 F254) and visualized by
UV light. Purification via column chromatography was per-
formed using silica gel 60 Å (230–400 mesh) from Sigma
Aldrich. The 2,2,5,5-tetramethylpyrrolidin-3-one (1) was syn-
thesized according to the ref. 34 (see ESI†).

2.2. Characterization

2.2.1. Nuclear magnetic resonance. 1H and 13C NMR
spectra were recorded on Bruker Avance III HD 400 spectro-
meter operating at 400 MHz and 100 MHz equipped with an
Ultra-shield magnet and using deuterated chloroform (CDCl3)
+ 0.03% trimethylsilane (TMS) as an internal reference.
Chemical shifts (δ) are given in ppm for 1H and 13C NMR
spectra. Multiplicity is indicated as follows: s (singlet); d
(doublet); t (triplet); m (multiplet); dd (doublet of doublet).
Coupling constants are reported in hertz (Hz).

2.2.2. High-resolution mass spectrometry (HRMS). The
analyzes were carried out with a SYNAPT G2 HDMS mass
spectrometer (waters) equipped with a pneumatically assisted
atmospheric pressure (API) ionization source. The sample was
ionized in positive electrospray mode under the following con-
ditions: electrospray voltage: 2.8 kV; orifice voltage: 20 V; nebu-
lization gas flow rate (nitrogen): 100 L h−1. The high-resolution
mass spectrum was obtained with a time-of-flight (TOF) analy-
zer. The exact mass measurement was performed in triplicate
with external calibration. The sample is dissolved in 300 µL of
dichloromethane and then diluted to 1/103 in a methanol solu-
tion containing 3 mM of ammonium acetate. The extract solu-
tion is introduced into the infusion ionization source at a flow
rate of 10 µL min−1.

2.2.3. Fourier transformation infrared (FT-IR). FI-IR
spectra were recorded using a PerkinElmer Spectrum Two
FT-IR spectrometer with an ATR accessory.

2.2.4. UV-Visible spectroscopy. All UV-visible spectra were
recorded using a single-beam Varian Cary 50 UV-visible
spectrophotometer.

2.2.5. Electron paramagnetic resonance (EPR) spec-
troscopy. EPR analyses were conducted using a Bruker EMX
EPR spectrometer. A 600 μl-solution of appropriate alkoxy-
amines in tert-butyl benzene with concentration at 10−4 M L−1

in an NMR standard tube was directly irradiated within the
EPR cavity using the Hamamatsu LC8 UV lamp (ESI, Fig. S8†).
O2 was used as a radical scavenger. Spectra were recorded on
Win EPR software. Photolysis yields are given as the percentage
of nitroxide recovered (EPR signals intensities) relative to a
concentration of 10−4 M.

2.2.6. Atomic force microscopy (AFM). AFM images were
realized in tapping mode on a commercial Bruker Multimode
AFM. High-quality etched silicon probes, RTESPA-300 present-
ing a nominal spring constant k ∼ 40 N m−1, were used to
obtain images of surface topographies.

2.3. Photostructuration

The formulation of NMP2 resin for the fabrication of the lines
and 2D microstructures (squares) as a bottom layer was simply

Scheme 1 Photochemically induced α-cleavage of TMIO.
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prepared by dissolving 2 wt% of the alkoxyamine 5 (see below)
in pentaerythritol triacrylate (PETA), while the formulation for
the surface modification was just trimethylolpropane tri-
acrylate (TMPTA) alone. One drop of the formulation was de-
posited on a coverslip that was then transferred to a chamber
holder for microfabrication. The coverslip was previously func-
tionalized with 3-(triethoxysilyl) propyl methacrylate to
enhance the adhesion of microstructures.

All microfabrication was carried out on a two-photon fabri-
cation set-up. The set-up includes a Ti:Sapphire laser system
(Coherent Chameleon Ultra II, pulse duration: 140 fs; rep-
etition rate: 80 MHz), a microscope (Zeiss Observer D1), a
piezo stage (PI Mars 300 µm3) and dedicated software to opti-
mize fabrication paths and control the fabrication (SimPoly).
The objective (×40, NA: 0.65) and exposure time (10 ms per
voxel) were used for the fabrication of microstructures. After
laser exposure, the samples were developed with ethanol. The
base squares were immersed in ethanol for one week to be
ready for surface modification. The same setup as microfabri-
cation was used for surface modification. After putting one
drop of formulation onto microstructures, laser beam was
focused on the surface of the square for modification under
controlled atmosphere (N2). The objective (×40, NA: 0.65) and
exposure time (10 ms per voxel) were also used for the modifi-
cation. After laser exposure, the samples were washed again
with ethanol. The laser wavelengths and intensities for micro-
structures and their surface modification are specified in the
manuscript.

3. Results and discussion
3.1. Synthesis of D–π–A-based photosensitive alkoxyamine

Tacrine nitroxide,35 which is based on a TMIO-type nitroxide
moiety, can be synthesized in three simple steps, facilitating
the straightforward preparation of the corresponding photo-
sensitive alkoxyamines. However, the UV profile of tacrine
does not encompass wavelengths which are utilized in a TPS
system. Therefore, a bromo-substituted derivative (4) has been
first synthesized in a four-steps procedure (Scheme 2).

First, the Friedlander condensation between 1 and
2-amino-5-bromo benzonitrile in the presence of aluminum
chloride as a Lewis acid gives 2, according to an adaptation of
the Kálai’s method.35 To optimize the reaction yield, various
experimental conditions were investigated (Table 1). The best
compromise was obtained for a prolonged refluxing time in
toluene (entry 4, 18 hours and 60% yield).

Once nitroxide 3 was obtained by the oxidation of 2 using
m-CPBA, the atom transfer radical addition (ATRA) was per-
formed to generate the corresponding bromo alkoxyamine 4
with 60% yield. The 1H and 13C NMR and HR-MS spectra con-
firmed the formation of the bromo alkoxyamine 4 (ESI,
Fig. S4†).

The extension of the π-structure was then obtained by
coupling bromo alkoxyamine 4 and the phenyl acetylene com-
pound via a Sonogashira reaction to afford the D–π–A-based
photosensitive alkoxyamine 5. Under deoxygenated con-
ditions, phenylacetylene was reacted with bromo alkoxyamine
4 in presence of palladium complex and copper(I) bromide at
60 °C in triethyl amine to give photosensitive alkoxyamine 5
with 60% yield. The successful preparation of 5 was con-
firmed by the 1H and 13C NMR and HR-MS spectra (ESI,
Fig. S5†). The new appearance of hydrogen atoms of the aro-
matic ring of the phenylethynyl group is shown at 7.48 ppm
and 7.36–7.21 ppm corresponding to alkoxyamine 5.
Additionally, the characteristic signal of the –CuC– bond was
observed at 88.66 and 88.60 ppm on the 13C NMR spectrum
(see ESI Fig. S5†).

Scheme 2 Synthetic procedure of D–π–A-based photosensitive alkoxyamine 5.

Table 1 Optimization of Friedlander reaction conditions for the syn-
thesis of 2

Entry Solvent
Temperature
(°C)

Time
(hours)

Yielda

(%)

1 1,2-Dichloroethane 80 3 30
2 1,2-Dichloroethane 80 18 30
3 Toluene 115 3 40
4 Toluene 115 18 60

a Isolated yield.
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3.2. Photo-physical properties

As depicted in Fig. 1, compared to compound 4, extending the
chromophore group through the introduction of a phenyl
group via an ethynylene (–CHuCH–) linker to the alkoxyamine
moiety induces a bathochromic effect on the absorption
maximum for alkoxyamine 5. Consequently, a red-shifted
wavelength in λmax was observed in the UV spectra of alkoxy-
amine 5 at 327 nm, compared to 308 nm for 4. Moreover, the
molar extinction coefficient at λmax of 5 is more than double of
that 4 (14 000 mol L−1 cm−1 and 6510 mol L−1 cm−1 for 5 and
4, respectively, ESI Fig. S6 and S7†). UV spectra of alkoxyamine
5 exhibits two distinct bands: one below 309 nm corres-
ponding to the π–π* transition and another between 300 and
370 nm assigned to the intramolecular charge transfer band.
These UV-Visible absorbance properties suggest a potential
application of photosensitive alkoxyamine 5 in two-photon
lithography which was then investigated.

3.3. Photo-chemical properties

To determine whether the photodissociation process of a
photosensitive alkoxyamine occurs through a selective >NO–C
bond homolysis (Fig. 2A), we examined the behavior of alkoxy-
amines 4 and 5 by EPR under light irradiation. To avoid high-
energy wavelengths that could induce destruction and poten-
tial side reactions of alkoxyamines in tert-butyl benzene solu-
tions, only excitation wavelengths above 290 nm were used to
investigate the photodissociation processes. Notably, EPR
spectra revealed a clean homolytic cleavage of the >NO–C bond
of 5 as no secondary radical species were detected (Fig. 2B)
under continuous irradiation. Furthermore, a high recovery
was observed for 5, reaching a maximum of 72% after
2.5 hours (Fig. 2C). In addition, a significant increase in the
nitroxide recovery is observable in comparison between 5 and
4 which reached only 35% after 4 hours under irradiation
(Fig. 2C). This demonstrates the significant role played by the
D–π–A chromophore group that facilitates the homolytic clea-
vage of the >NO–C bond within the alkoxyamine moiety. As

expected for such a cyclic structure, the nitroxide exhibits an
impressive stability even under long-term irradiation (7 hours).
Hence, the UV absorbance properties and the photochemical
properties show that the photosensitive alkoxyamine 5 may be
a promising candidate for an NMP2 process conducted in a
two-photon stereolithography system.

3.4. Two-photon polymerization properties

As outlined in the introduction, organic compounds based on
the D–π–A architecture have gained significant attention con-
cerning non-linear optical (NLO) phenomena particularly in
two-photon polymerization. Inspired by its favorable photoche-
mical properties, the D–π–A-based alkoxyamine 5 was
employed in the frame of photo-reversible deactivation radical
polymerization (photo-RDRP) for two-photon stereolithogra-
phy. Unless otherwise stated, all fabrications and functionali-
zations were carried out with an exposure time of 10 ms per
voxel, i.e. a writing speed of 14.3 µm s−1.

3.4.1. Two-photon polymerization for the photosensitive
alkoxyamine 5. The efficiency of a photoinitiator in two-
photon stereolithography is often determined by measuring its
two-photon absorption cross-section (σ) and the quantum
yield of its reactive species (free radical, cation or anion) gene-
ration (Φ) in solution.36 However, as explained by Baldacchini
et al.,37 this approach may not reflect the efficiency of the
photoinitiator under experimental conditions in 3D fabrica-
tion. Another approach is based on determining the polymeriz-
ation action spectrum by measuring the two-photon polymer-
ization threshold power (Pth) as a function of excitation wave-
length λexc. At a given wavelength,37 Pth is defined as the
minimum power required to initiate polymerization in TPS
that withstands washing post-process. The plot 1/Pth

2 against
wavelength represents the two-photon polymerization action
spectrum. The damage power Pdam corresponds to uncon-
trolled polymerization as evidenced by the observation of
micro-explosions (Fig. S9†).

The two-photon initiating efficiency of 5 was thus first
investigated by fabricating a series of lines on a glass support
increasing laser power at a certain wavelength and using PETA
as a multifunctional monomer, while keeping the other experi-
mental conditions constant (writing speed, numerical aperture
of the objective, etc.). As an example in Fig. S9,† the two-
photon polymerization threshold power for 2 wt% of alkoxy-
amine 5 in PETA was estimated to be 14.5 mW at an excitation
wavelength of 740 nm. This experiment was reproduced at
different wavelenghts from 690 to 760 nm. Then, the threshold
powers at each wavelength (from 690 to 760 nm) were plotted
against wavelength to obtain the two-photon polymerization
action spectrum (Fig. 3). The higher the value of 1/Pth

2 is, the
lower energy is required for two-photon polymerization, which
reflects a better efficiency of a photoinitiator. Fig. 3 shows that
two-photon polymerization occurs over a certain wavelength
range from 690 nm to 760 nm for that specific photocurable
resin (PETA + 2 wt% 5) with the highest value of 1/Pth

2

obtained at λ = 700 nm. The one photon UV-visible spectrum
of 5 showed a higher absorbance at 345 nm than at 350 nm in

Fig. 1 UV – Visible spectra overlay of bromo tacrine-based alkoxyamine
4 and D–π–A tacrine TMIO-based alkoxyamines 5 in tert-butyl benzene
with concentration = 1.0 × 10−4 M.
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tert-butyl benzene and in contrast a higher sensitivity of the
system is situated at 700 nm for 2-photon polymerization
action spectrum. Numerous factors can explained this slight
discrepancy, the first being the fact that both experiments are
conducted in a specific environment (solvent vs. monomers
matrix). Besides, depending of the molecular structure of the
photoinitiators, the electronic transitions can be one or two
photon active.38,39 Interestingly, while the radical quantum
yield is generally believed to be independent of wavelength,

recent studies conducted by Barner-Kowollik et al. have high-
lighting that the monomer to polymer conversion does not
fully align with the absorption spectrum of the photoinitiator.
The discrepancy between the absorption spectrum and the
monomer conversion have been ascribed to an alternative
photochemical path.40 Very recently, similar observations have
been also reported for controlled radical polymerization.41

3.4.2. 2D microfabrication and surface modification. To
demonstrate the potential of alkoxyamine 5 for two-photon

Fig. 2 (A) Schematic photodissociation reaction of photosensitive alkoxyamine 5. (B) Evolution of the EPR spectrum of D–π–A-based alkoxyamines
5 during the first 140 minutes of irradiation (C) nitroxide recoveries obtained for bromo alkoxyamine 4 and D–π–A-based alkoxyamine 5 under UV
irradiation using LC8 lamp at 10% of power (emission spectrum of this lamp in ESI, Fig. S8†).
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fabrication, a 2D microstructure (50 × 50 µm2, Fig. S10†) was
produced using a laser excitation power of 15.6 mW, close to
the threshold power at 740 nm. These parameters though far
from the range of highest initiating efficiency were used to
avoid over production of initiating radicals and limit the
degree of reticulation of the polymer network. Important reti-
culation may constrain the interpenetration between the first
polymer network and thus with macro-alkoxyamine formed

during the fabrication step and the new monomer added
during the functionalization step.22

After immersing this microstructure in ethanol for one week
to eliminate any unreacted monomer and photoinitiator, surface
modification of this structure was conducted via two-photon
irradiation owing to the formation of macro-alkoxyamine as
depicted in Fig. 4. A drop of trimethylolpropane triacrylate
(TMPTA) without any additional photoinitiators was applied onto
this bottom square. Then, a series of lines were fabricated on its
surface using wavelengths ranging from 690 nm to 760 nm under
a nitrogen atmosphere (Fig. 4B). It should be noted that laser
irradiation outside the top of the first manufactured layer does
not induce polymerization (ESI Fig. S11†) showing that re-
polymerization occurred from the living macro photosensitive
alkoxyamines at the surface. The threshold powers at different
wavelengths were determined and plotted against wavelength to
generate the two-photon re-polymerization action spectrum for
pure TMPTA (Fig. 4C). A good agreement between the two-photon
polymerization (for the resin of PETA and 5, Fig. 3) and two-
photon re-polymerization (for pure TMPTA, Fig. 4) action spectra
were observed, indicating comparable initiating behavior of
alkoxyamine 5 and macro-alkoxyamine at different wavelengths.
These results highlight the possibility of surface functionalization
of microstructures via reactivable macro-alkoxyamines originated
from the alkoxyamine-based photoresin (PETA + 5).

Fig. 3 UV-visible absorbance spectra of alkoxyamine 5 in tert-butyl
benzene solution (1.0 × 10−4 M) (blue curve) and two-photon polymer-
ization action spectra for PETA with 2 wt% alkoxyamine 5 (black line).

Fig. 4 (A) Schematic presentation of the NMP2 two-photon stereolithography fabrication and surface functionalization processes. (B) Schematic
presentation of written lines on the first layer and (C) two-photon re-polymerization action spectrum for TMPTA without addition of external photo-
initiator at a wavelength range from 690 to 760 nm, under N2.
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3.4.3. Influence of writing parameters (power lasers and
wavelengths) on surface modification. Above, we demonstrated
that the bottom layer can be surface-modified using TPS in the
presence of photosensitive macro-alkoxyamines. Two key para-
meters – laser powers and the excitation wavelength – directly
influence the surface modification. Therefore, we examine here
the effects of varying laser powers and two-photon excitation
wavelengths on the height of the lines on the modified layer.

AFM images of written lines on the bottom square are illus-
trated in Fig. 5A clearly show that the heights of lines increase
with an increasing laser intensity at each wavelength (Fig. 5B).
For example, at λ = 700 nm, the heights increase from 63 (±3)
nm to 224 (±8) nm when the laser intensities vary from
2.41 mW cm−2 to 6.28 mW cm−2. Moreover, wavelengths have
a strong influence on the heights of lines. One can notice that
at the same intensity, the lines made at 700 nm are higher
than those made at 690 nm and decrease at longer wave-
lengths, which can be explained by the plot of 1/Pth

2 obtained
for pure TMPA (Fig. 4C), i.e., the initiating efficiency of macro-
alkoxyamine in such conditions. Overall, the heights of lines
can be adjusted between 60 and 230 nm, demonstrating
the potential to realize surface functionalization at sub-
micrometer feature sizes in a controlled manner by varying
laser intensity or wavelength.

4. Conclusion

A novel D–π–A-based alkoxyamine 5 was conveniently syn-
thesized using Sonogashira condition reaction from corres-
ponding bromo precursor 4 in a single step. UV-Visible spec-
troscopy revealed red-shifted spectra bands and improved
absorbance properties upon the introduction of the pheny-
lethynyl group to the tacrine alkoxyamine moiety. The corres-
ponding nitroxide formed upon irradiation exhibits significant
stability even under prolonged irradiation (7 hours). The
efficiency of photo-sensitive alkoxyamine 5 to initiate polymer-

ization under a two-photon absorption process (from 690 to
760 nm) was demonstrated by fabricating 2D microstructures.
Through an NMP2 process that led to reactive functionalities
(i.e. photosensitive macro-alkoxyamines) at the surface, post-
modification of the surface can be achieved with another
monomer having different chemical features. The impact of
the fabrication parameters (laser and wavelength) on these
structures was investigated and showed a fine-tuning of the
line height. It must be noted that the use of photosensitive
alkoxyamine does not require the use of any other additive via
a true mono-component system or the further addition of an
initiator for the re-polymerization step. Therefore, the combi-
nation of NMP2 with two-photon stereolithography provides a
powerful strategy to fabricate and reconfigure microstructures,
but also to make multi-material by micro-printing.
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