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1. INTRODUCTION

Two-photon initiated polymerization (TPIP) is gaining in-
creasing interest as an advanced method for the production of
intricate three-dimensional microstructures that cannot be
obtained with conventional lithography techniques.1�6 The
main advantage of TPIP relies on excellent spatial control due
to confinement of the photoinduced reaction to the focal
volume where both excitation and a two-photon absorption
(2PA) process occur. Moreover, the use of long wavelengths
as excitation sources allows better penetration depth than
with usual UV excitation techniques. Inherent to the photo-
polymerization process is the use of photoinitiators that
exhibit high 2PA cross sections (δ). Several relevant solu-
tions have been proposed in order to improve the 2PA ability
of the chromophores with concomitant enhancing of their
photoreactivity.7�12 For instance, a great number of highly
efficient two-photon absorbing systems such as 4,40-dialkyla-
mino trans-stilbene2 and other bis-donor bis(styryl)benzene
or bis(phenyl)polyene derivatives13�15 were employed for

two-photon initiated free radical polymerization. In this case,
the photoinitiating process was assumed to proceed through
electron transfer (eT) from photoexcited chromophore to
acrylate monomer that produces a radical cation that was
subsequently used as hydrogen abstractor reactant. Other
conjugated photoinitiators as fluorenes,1,11,16,17 fluorones,18

and ketocoumarins19,20 derivatives also demonstrated re-
markable TPIP properties through a similar two-photon
induced eT mechanism. In the field of two-photon initiated
free radical polymerization, a very promising strategy is the
direct photogeneration of highly reactive radicals such as
R-aminoalkyl ones.21 These species can be produced through
a hydrogen abstraction process between an aliphatic amine
used as a co-initiator and excited hydrogen abstractors
such as ketones, R-diketones, xanthones, or thioxanthones
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ABSTRACT: We investigated the one- and two-photon excitation
properties of a new hybrid anthracene�thioxanthone (ANTX) system,
which was assembled into a chevron-shaped molecular architecture. Such
a geometrical association first preserves the high efficiency of the free
radical photoinitiator and leads, in the same time, to a strong increase in
the two-photon absorption (2PA) cross section by more than a factor of
30 as compared to thioxanthone (TX). A four-state model was required to
fit the 2PA spectrum of ANTX, which clearly undergoes a strong
enhancement in the low-frequency region. As a consequence, ANTX
constitutes a suitable two-photon initiating chromophore with a much
higher efficiency asTX used as reference. At λexc = 710 nm for instance, we
showed that the two-photon polymerization threshold of ANTX is five
times lower with respect to that of TX. Additionally, we demonstrated by
the fabrication of three-dimensional microstructures that this new hybrid system remains two-photon activable when excited at
wavelengths near its one-photon absorption region as suggested by the sum�overstates model. We also show that this new two-
photon initiator exhibits a higher reactivity than a diaminofluorene derivative, which is commonly used in two-photon
polymerization.
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derivatives.21�24 However, those Norrish II systems,25 whose
lowest excited triplet states (T1) are efficient hydrogen
abstractors, possess very low δ.26 This low 2PA ability is
connected to the presence of a weakly allowed transition with
a nπ* character in the lowest-energy band of the linear
absorption spectrum.27�30 Reciprocally, the nπ* nature of
the T1 state is mainly responsible for the high reactivity of
these photoinitiators. As a consequence, increasing the di-
mensionality of the chromophore by extending the electronic
delocalization should promote an increase in δ to the detri-
ment of the photoreactivity due to a concomitant strengthen-
ing of the ππ* character at the T1 state. This photophysical
paradox can be overcome through the use of a F€orster type
energy transfer (ET) mechanism.31 For instance, we recently
developed an intramolecular energy transfer on the basis of a
photoinitiator integrating a camphorquinone as an energy
acceptor chromophore.32 The photoactivation of this highly
reactive hydrogen abstractor was promoted by two-photon
excitation of a diaminofluorene derivative used as an energy
donor. We then demonstrated that our system exhibits a
much higher two-photon initiating efficiency as the electron-
rich diaminofluorene photoinitiator. Other methods were
based on the relevant positioning of a ketone substituent in
the organic structure so that the ketone displays a double role
as a strong electron-withdrawing group, which is involved in
the mechanism leading to the 2PA enhancement and as an
efficient spin�orbit coupling agent promoting intersystem
crossing to the triplet manifold.33�35 In the present paper, we
adopt an equivalent strategy by integration of a thioxanthone
system into a more conjugated chromophore (Scheme 1). As
the reactivity of this photoinitiator family is mainly con-
trolled by vibronic coupling between nearby nπ* and ππ*
excited states,27�30,36�38 a chevron-shaped structure was
privileged with respect to the linear one in order to pre-
vent a total electronic delocalization, which should strongly
stabilize the ππ* level and reduce this requested vibronic
coupling. A detailed linear and nonlinear spectroscopic
analysis will be presented in connection with the one- and

two-photon induced polymerization properties of this new
thioxanthone derivative.

2. EXPERIMENTAL SECTION

2.1. Materials. Thioxanthone (TX), anthracene (ANTH), thiosa-
licylic acid, and N-methyl diethanolamine (MDEA) were purchased
from Aldrich. Polyethylene glycol diacrylate monomer (SR344, Mw =
508 g mol�1) was provided by Sartomer. SR344 is a difunctional
oligoether acrylate that exhibits a low viscosity of 40 cps at 25 �C. A
viscous difunctional monomer, Ebecryl 605, was purchased from
Cytec. This monomer, which has a viscosity of 1000 cps at 25 �C, is a
formulation based on bisphenol A epoxydiacrylate and tripropylenegly-
col diacrylate (75/25 in weight). The solvents used for absorption
and emission analysis are as follows: hexane (HEX), toluene (TOL),
ethyl ether (EOE), butyl acetate (BTA), ethyl acetate (ETA), 2-methyl
tetrahydrofuran (2-MTHF), tetrahydrofuran (THF), dichloromethane
(CH2Cl2), dimethylformamide (DMF), acetonitrile (ACN), ethanol
(EtOH), and methanol (MeOH). All the solvents employed were
Aldrich or Fluka spectroscopic grade.

Synthesis of Naphto[2,3,-c]thioxanthen-8-one (ANTX). Synthesis
strategy of ANTX is similar to that reported in ref 39. Anthracene (1.0 g,
6 mmol) is dissolved into 30 mL of heated acetic acid. The solution is
slowly added into thiosalicylic acid (0.3 g, 2 mmol) under stirring. Six
milliliters of concentrated sulfuric acid is then added into the solution.
The reaction mixture was refluxed for 4 h and then cooled to room
temperature overnight. The mixture is carefully poured under stirring
into 200 mL of boiling water and then maintained boiling during 5 min.
The solution is cooled and filtered. The residue is washed with hot
ethanol (2 � 50 mL). The precipitate is then recrystallized with
chloroform. Yield (0.3 g, 50%).

Mp = 254 �C . 1H NMR (CDCl3) δ = 7.54�7.64 (3H, m), 7.70 (1H,
td, J = 8.0 Hz, J = 1.2 Hz), 7.79 (1H, d broad, J = 7.2 Hz), 7.97 (1H, d, J =
8.7 Hz), 8.05�8.10 (1H, m), 8.11�8.16 (1H, m), 8.48 (1H, s), 8.70
(1H, d, J = 9.2Hz), 8.69 (1H, dd, J = 8.0Hz, J= 1.2Hz), 9.0 (1H, s) ppm.
13C NMR(CDCl3) δ = 123.4, 123.7, 126.4, 126.5, 126.8, 127.0, 127.05
(q), 127.3, 127.4, 127.4 (q), 127.9, 128.7, 129.4 (q), 129.5, 131.4 (q)
131.7 (q), 132.0, 133.4 (q), 135.8 (q), 138.4 (q), 179.8 (q) ppm. IR
(KBr) υmax: 683, 727, 743, 872, 894, 872, 1158, 1327, 1340, 1420, 1437,
1592, 1626, 3033, 3053 cm�1. HRMS (APCI+): found [M+H]+ 313.0690,
calcd for C21H13OS 313.0681.

9,9-Didecyl-N2,N7-bis{4-methoxyphenyl}-N2,N7-diphenyl-9H-fluoren-
2,7-diamine (DAF). The synthesis and the characterization of DAF is
described in refs 32and 40.
2.2. General Techniques. Absorptionmeasurements were carried

out with a Perkin-Elmer Lambda 2 spectrometer. Steady-state fluores-
cence and phosphorescence spectra were collected from a FluoroMax-4
spectrofluorometer. Emission spectra are spectrally corrected, and
fluorescence quantum yields include the correction due to solvent
refractive index and were determined relative to quinine bisulfate in
0.05 N sulfuric acid (Φ = 0.52).41

Phosphorescence and steady-state anisotropy measurements were
performed in 2-methyl tetrahydrofuran at 77 K. The samples are placed
in a 5mmdiameter quartz tube inside a Dewar filled with liquid nitrogen.

The phosphorescence lifetimes were measured using a FluoroMax-4
spectrofluorometer, which is also equipped with a Xe-pulsed lamp
operating at up to 25 Hz. The phosphorescence decays are obtained
according to a time-gated method. The emission is recorded using a
control module that includes a gate-and-delay generator that allows the
integration of the signal during a specific period after a flash (delay) and
for a predetermined time window. The total signal is accumulated for a
large number of exciting pulses.

For the steady-state anisotropy measurements, two Glan-Thompson
polarizers are placed in the excitation and emission beams. The

Scheme 1. Molecular Structures of Chromophores
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anisotropy r is determined as follows

r ¼ IVV � gIVH
IVV þ 2gIVH

with g ¼ IHV
IHH

where I is the fluorescence intensity. The subscripts denote the orienta-
tion (horizontal H or vertical V) of the excitation and emission pola-
rizers, respectively. g is an instrumental correction factor. The proper
calibration of the setup was checked using a recent standardmethodwith
rhodamine 101 in glycerol.42

The fluorescence lifetimes weremeasured using aNano LED emitting at
372 nm as an excitation source with a nano-led controller module,
Fluorohub from IBH, operating at 1MHz. The detection was based on a
R928P type photomultiplier from Hamamatsu with a high-sensitivity
photon-counting mode. The decays were fitted with the iterative
reconvolution method on the basis of the Marquardt/Levenberg algo-
rithm.43 Such a reconvolution technique allows an overall time resolu-
tion down to 0.2 ns. The quality of the exponential fits was checked using
the reduced χ2 (e1.2).

The cyclic voltammetry experiments44 (using a computer-controlled
Princeton 263A potentiostat with a three-electrode single-compartment
cell; a saturated calomel electrode in methanol used as a reference was
placed in a separate compartment) were performed at 300 K, in Ar-
degassed acetonitrile with a constant concentration (0.1M) of n-Bu4NBF4.
Ferrocene was used as an internal reference.

Semi-empirical quantum chemical calculations were performed using
AM1 method (from HYPERCHEM package45).

The two-photon absorption measurements were performed with
femtosecondmode-locked laser pulse using a Ti:sapphire laser (Spectra-
Physics, Mai Tai, pulse duration: ∼100 fs; repetition rate: 80 MHz;
wavelength range: 690�1020 nm). A relative two-photon-induced fluo-
rescence (TPIF) method15,46 was employed to measure the two-photon
absorption cross sections, δ. A 10�4 M solution of fluorescein46 in water
at pH 11 was used as the reference (r). The value of δ for a sample (s) is
given by

δS ¼ SSΦrηrcr
SrΦSηScS

� δr

where S is the detected two-photon induced fluorescence integral area,
c the concentration of the chromophores, and Φ is the fluorescence
quantum yield of the chromophores. η is the collection efficiency of the
experimental setup and accounts for the wavelength dependence of the
detectors and optics as well as the difference in refractive indices
between the solvents in which the reference and sample compounds
are dissolved. The measurements were conducted in a regime where the
fluorescence signal showed a quadratic dependence on the intensity of
the excitation beam, as expected for two-photon induced emission. For
the calibration of the two-photon absorption spectra, the two-photon
induced fluorescence signal of each compound was recorded at the same
excitation wavelength (λexc: 782 nm) as that used for fluorescein. The
concentration of the solutions was in the range of 3�4 � 10�4 M for
compounds. The laser intensity was in the range of (0.2�2) � 109 W/
cm2. The experimental error on the reported cross section is 15�20%.

The photopolymerization was monitored in situ by real-time Fourier
transformed infrared spectroscopy with an AVATAR 360 FTIR spec-
trometer from Nicolet. A drop of the photocurable formulations is
spread out with a calibrated bar on a polypropylene film that is deposited
on a BaF2 pellet. This laminated formulation is then covered by a second
polypropylene film in order to minimize the inhibiting effect of oxygen.
The formulations were irradiated at 377 nm with a laser diode from
(Cube type from Coherent). The conversion rates are obtained from
the progressive disappearance of the vinyl CdC stretching vibration
band at 1630 cm�1.

The point-by-point exposure experiment was performed using the
same femtosecond pulse laser used for TPIF. The formulation was

poured onto a glass slide and covered with a coverslip. The laser
was focused through a lens (f = 5 cm). The sample was placed on an
X-step motorized stage controlled by a computer. The two-photon
polymerized microdots were then recorded and dimensioned using an
optical microscope.

The 3D lithographic microfabrication and the point-by-point expo-
sure experiment at 532 nm were performed using a Zeiss Axiovert
inverted a 3Dmicrofabrication module (www.teemphotonics.com) with
a frequency doubledNd:YAG microlaser (λexc = 532 nm, pulse duration
0.5 ns, maximum pulse energy 4 μJ, repetition 6.5 kHz). Ebecryl 605
monomer was preferred to SR344 because a better stability of the
μ-structures was observed during the microfabrication step. This effect
should be ascribed to the high viscosity of Ebecryl 605. The two-photon
excitable resin was poured on a coverslip and then mounted on a
computer-controlled 3D piezoelectric stage allowing the translation
relative to the laser focal point. The incident beam was focused through
an oil objective (100 X, 1.25 NA), which leads to 300 nm radial spot size
(1/e Gaussian). The average laser power and scan speeds were 20 μW
and 60 μm/s, respectively. The unexposed resin was washed away after
fabrication.

3. RESULTS AND DISCUSSION

Photophysical and Electronic Properties of ANTX. Panel
(A) of Figure 1 shows the absorption spectra of ANTX and its
model chromophores, TX and ANTH, in acetonitrile. The
steady-state excitation anisotropy of ANTX collected in glassy
matrix of 2-methyl tetrahydrofuran (2-MTHF) is also presented
in panel (B) of Figure 1. The red energy part of the absorption
spectrum clearly exhibits a vibronic structured band with a max-
imum located at 428 nm. This band is specific to ANTX because
it is neither observed for TX nor for ANTH, such a band exhibits
a low intensity with εMAX of about 6000 M

�1 cm�1. As previously
observed for thioxanthone derivatives,27�30 the weakly allowed
character of the last absorption band should be ascribed to a
strong electronic coupling between two electronic transitions
with distinctive symmetries: a forbidden nπ* transition mainly
localized on the carbonyl group and a low lying ππ* transition
involving an electronic delocalization along the aromatic ring. It
is noteworthy that both transitions are very close in energy
because a constant anisotropy with a mean value of about 0.32(
0.01 is measured in this spectral region (Figure 1B). In the

Figure 1. (A) Absorption spectra ofANTX (squares), ANTH (circles),
and TX (triangles) in acetonitrile. (B) Fluorescence excitation spectrum
and excitation anisotropy ofANTX (circles) in glassy matrix of 2-MTHF
at 77 K (λem = 505 nm).



3414 dx.doi.org/10.1021/cm200595y |Chem. Mater. 2011, 23, 3411–3420

Chemistry of Materials ARTICLE

340�410 nm range, a comparison with the absorption spectra of
the model chromophores indicates that the absorption spectrum
ofANTX is mainly composed of electronic transitions equivalent
to those present in the absorption spectra of TX and ANTH. For
instance, the characteristic band of ANTH, which is assigned to
its S0�S1 transition,

47 is clearly observed in the high energy side
of the absorption spectrum of ANTX and despite a slight band
hypsochromy this structured band conserved its intensity.
Similar observations can be done for transitions relative to the
thioxanthone fragment, whose associated bands are hardly
detected throughout a shoulder located at 380 nm. Moreover,
the excitation anisotropy spectrum, which decreases sequentially
when going from 420 to 370 nm, corroborates the presence of
these transitions (Figure 1B). A first stabilization of the anisot-
ropy is noticed in the 385�395 nm range with a value close to
0.2, which is consistent with the presence of transitions centered
on thioxanthone moiety. A second plateau is reached between
360 and 370 nm with an anisotropy of about �0.03 ( 0.02,
which should correspond to transitions relative to anthracene
bar. In the same manner, the electrochemical properties of

ANTX can be compared to those of the model chromophores.
Figure 2 depicts the cyclic voltammogram of ANTX recorded
in acetonitrile. The cathodic part corresponds to the reversible
reduction ofANTX. The corresponding half-wave potential has a
value of about �1.46 V/SCE, which is closer to the reduction
potential of TX (�1.66 V/SCE) than to that of ANTH (�1.96
V/SCE). This indicates that the radical anion of ANTX probably
has its negative charge localized on the thioxanthone fragment
with possibly an extended conjugation along a phenyl moiety,
which should favor a better stabilization of the radical anion. At
high potential, ANTX shows two irreversible oxidation waves;
their respective maximum oxidation waves have a potential
at 1.47 V/SCE and 1.80 V/SCE. These values correspond to
the oxidation potential of anthracene (1.37 V/SCE) and thiox-
anthone (1.75 V/SCE) moieties, respectively.
Figure 3 shows the normalized absorption and fluorescence

spectra of ANTX in various solvents of increasing polarity. The
corresponding spectroscopic data are listed in Table 1. The
absorption spectrum of ANTX is slightly influenced by solvent
polarity. In apolar andmedium polar solvents, the absorption and
emission bands clearly exhibit a mirror image relationship that
indicates a weak electronic and/or geometrical change between
the ground and excited state. However, in a highly polar solvent,
such a mirror image effect disappears due to a more pronounced
red-shift of the fluorescence band that concomitantly loses its
vibronic structuration. Moreover, this band red-shift is even
pronounced for the protic solvent as methanol. For instance,
the last absorption band of ANTX is located at 426 nm in
methanol, which is similar to that observed for acetonitrile;
however, the corresponding fluorescence band is strongly shifted
to the red region with a maximum at 505 nm as compared to the
emission band in acetonitrile centered at 469 nm. Sensitivity to
hydrogen bonding at an excited state is therefore suggested for
ANTX. Similarly to TX, this abnormal fluorescence red-shift
should be ascribed to the formation of a S1-complex between the
excited chromophore and the solvent molecules as recently
proposed by Kryskowiak et al48 for TX. In pure dielectric
solvents, the Stokes shift of ANTX is roughly multiplied by a
factor of 10 going from hexane to acetonitrile. The change in
the dipole moment between the ground and excited states,Δμge,
can be evaluated from the solvation effects on the Stokes shift49

Figure 2. Cyclic voltamogramm of ANTX in acetonitrile + (nBu)4NPF6
(0.1 M) on platinum electrode at 100 mV s�1 (concentration of ANTX:
2.3 � 10�3 M).

Figure 3. Normalized absorption and fluorescence spectra of ANTX
in solvents of different polarity.

Table 1. Spectroscopic Data of ANTX in Various Solvents

n� solvent

λa
max

(nm)a
λf
max

(nm)a Φf

τ

(ns)

kf
(107 s�1)

knr
(107 s�1)

1 HEX 398, 422 427, 457 0.014 0.25 5.6 395

2 TOL 405, 429 441, 467 0.018 0.29 6.2 340

3 EOE 400, 423.5 433.5, 460 0.015 0.26 5.8 380

4 BTA 403, 425 439, 463 0.015 0.29 5.2 340

5 ETA 402, 425 441, 465 0.015 0.31 4.8 320

6 MTHF 402, 425 438, 462 0.021 � � �
7 THF 403, 426.5 441, 465 0.016 0.32 5.0 310

8 CH2Cl2 406, 429.5 452.5, 471 0.016 0.32 5.0 310

9 DMF 406, 429 454, 470 0.018 0.40 4.5 245

10 ACN 404, 426 449, 469 0.018 0.37 4.9 265

11 EtOH 403, 425 494 0.023 0.59 3.9 165

12 MeOH 405, 425 505 0.023 0.70 3.3 140
a In case of double maxima, the main one is underlined.
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according to the following relation

hcðvabs � vfluoÞ ¼ 1
4πε0

2Δμ2ge
a3

� ε� 1
2ε þ 1

� n2 � 1
2n2 þ 1

" #

þ const ð1Þ

In this expression, ε is the relative permittivity and n the refractive
index of the solvent, h is the Planck constant and c is the speed of
light. The Onsager radius a defined as the solvent shell around

the molecule was estimated to a value of 5.5 Å� from the full-
geometry optimization of ANTX by AM1method.45 The change
in dipole moment from ground to excited state is then estimated
at 7.7 ( 0.8 D, which is three times larger than Δμge measured
for TX.28,29,50

From Table 1, one can observe that the nonradiative deactiva-
tion process constitutes the major deactivation pathway of the
excited singlet state. For instance, the nonradiative rate constant
(knr) is at least 50 times larger than the radiative one (kr) in
nonprotic solvents. By analogy with TX, one of the main
deactivation process at the S1 state should be assigned to an
efficient S1�Tn intersystem crossing (ISC) due to the presence
of the ketone function which is well known to promote electronic
spin�orbit coupling.51�53

Figure 4 shows the emission spectrum of ANTX in glassy
matrix of 2-MTHF at 77 K. The fluorescence band located in the
425�625 nm range has a maximum emission at 442 nm, whereas
the red energy part of the spectrum displays a low emissive band,
which corresponds to the phosphorescence emission of ANTX.
Its emission lifetime has a value of about 30 ms, which is clearly
longer than that of TX (i.e., 9 μs) but matches better the
phosphorescence lifetime of ANTH (i.e., 40 ms). The phospho-
rescence maximum located at 660 nm leads to a low triplet energy
(T1) of about 1.88 eV, which is very close to the T1 energy of
ANTH.47 Moreover, the large energy gap measured between S1
and T1 (∼ 0.93 eV from Figure 4) corroborates the presence of
high lying Tn levels that should be implicated in the ISC process
as depicted in Scheme 2. The similarity observed between the
phosphorescence of ANTX and ANTH indicates that the T1

state of ANTX dominantly exhibits a ππ* character with an
electronic symmetry comparable to that of the T1 state of
ANTH. However, as will be discussed hereafter, the electronic

Figure 4. Normalized emission spectra of ANTX in glassy matrix of
2MTHF (77 K). Inset: Decay profile of the phosphorescence signal
monitored at 660 nm.

Scheme 2. Simplified Scheme for the Photophysics of TX and ANTX



3416 dx.doi.org/10.1021/cm200595y |Chem. Mater. 2011, 23, 3411–3420

Chemistry of Materials ARTICLE

configuration of the T1 state of ANTX should not be considered
as a pure 3ππ* state but should imply a thermal activated vibronic
mixing with a high-lying 3nπ* state.51�53 This so-called “proxi-
mity effect”, which has been extensively rationalized for TX,27�30,36

will have strong consequence on the reactivity of the T1 state of
ANTX.
Free Radical Photoinitiating Ability of ANTX. Even though

a clear similarity appears between both phosphorescence emis-
sions of ANTX and ANTH, the reactivity of their respective T1

states as hydrogen abstractors is clearly different. This differ-
ence can be highlighted by a comparison of the free radical
photoinitiating ability of each chromophore as presented in
Figure 5. The conversion rates of acrylate double bonds from
formulations containing the chromophores dissolved in diacry-
late monomer are monitored upon irradiation at 377 nm. These
formulations all contain 4 wt % of N-methyl diethanolamine
(MDEA), which is used as hydrogen donor reactant. In this
case, the free radical photopolymerization first proceeds
through the generation of highly reactiveR-amino alkyl radicals
(H2C

•�NR2), which are generated by a H-transfer reaction
from MDEA to the excited triplet state of the chromophore. A
photoinitiation step then occurs by addition of the R-amino
alkyl radicals on the acrylate double bonds.54 From Figure 5, we
can clearly notice that ANTH is a very weak efficient photo-
initiator with respect to ANTX and TX. For instance, the
double bonds conversion hardly reaches 5% after 100 s irradia-
tion, whereas ANTX and TX lead to a conversion of 70% and
95%, respectively. The higher hydrogen abstract ability of the T1

state of ANTX confirms the involvement of a close lying 3nπ*
state, which is considered to be highly reactive toward
H-transfer.36 In the same manner, if we compare the photo-
initiating properties of ANTX and TX, it is clear that TX
promotes a much faster conversion rate. At half-maximum
conversion, the rate for the formulation with TX is 10 times
higher as compared with that with ANTX. When going from TX
to ANTX, the electronic conjugation should promote a better
energy stabilization of the 3ππ* state with respect to the 3nπ*
one. As depicted in Scheme 2, the increase in energy gap between
these two levels (Δ) should lead to less mixing with the highly

reactive 3nπ* state. However, the reduction of the “proximity
effect” is sufficiently moderate to conserve a satisfactory reactiv-
ity at the T1 state. Moreover, the relative decrease in the reactivity
of the T1 state for ANTX constitutes a necessary compromise so
as to improve the two-photon absorption properties of this free
radical photoinitiator.
Two-Photon Initiating Properties of ANTX. The two-

photon absorption (2PA) cross sections were obtained by
two-photon induced fluorescence (TPIF) method15,46 using
femtosecond pulse laser as excitation source. Figure 6 shows the
one- and two-photon absorption (2PA) spectra of the chromo-
phores. The 2PA spectra are plotted against half the excitation
wavelength to allow a direct comparison with the linear
absorption spectra. Both lowest-energy 2PA bands nicely co-
incide with their respective linear lowest-energy absorption
bands, which suggests that the S0 f S1 transitions are two-
photon active. However TX exhibits a very low two-photon
absorption cross section (δ) with a maximum value of about 3
( 1 GM at 710 nm. This very low value is in good accordance
with that previously measured by the Z-scan method.26

The lowest-energy 2PA band of ANTX is moderately intensive
with a δMAX of about 35 ( 3 GM at 810 nm. In the first
approximation, the substantial increase in δ as compared with
TX should be ascribed to the combined effects of: (i) a larger
Δμge, which is multiplied by a factor 3 and (ii) an increase in
the transition moment Mge between the ground and the first
excited states. This latter parameter can be calculated by
integration of the linear last absorption band, ε(νa), according

Figure 5. Conversion vs time curves for photopolymerization of dia-
crylate monomer (SR344). λexc: 377 nm. Irradiance: 4.5 mW cm�2.
Photoinitiating systems: ANTH/ MDEA, 0.15 wt %/4 wt % (triangles).
ANTX/ MDEA, 0.08 wt %/4 wt % (squares). TX/ MDEA, 0.15 wt %/
4 wt % (circles).

Figure 6. Linear absorption and 2PA (circles) spectra of TX in
methanol (A) and of ANTX in acetonitrile (B). (B) Theoretical fitting
(dashed line) derived from the SOS model based on a four-level energy
scheme depicted in the inset.
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to the following relation55

Mge ¼ 3hc103ln 10
8π3NLn

Z
εðνaÞdðln νaÞ

" #1=2

ð2Þ

where NL corresponds to the Avogadro’s number. Because
ANTX does not have a clear lowest-lying single band, the spectral
region where integration was taken over was chosen for λabs >
420 nm, which corresponds to the first plateau observed in the
excitation anisotropy spectrum of ANTX (Figure 1). The
transition dipole moment of ANTX is then estimated to a value
of about 2.9 D, which is two times larger than that obtained for
TX (i.e.,Mge: 1.4 D). It is to be noted that both transition dipole
moments are relatively low due to the nπ* character of the S0f
S1 transitions. Even though the low energy 2PA band of ANTX is
clearly more intensive than that of TX, more interesting is the
high energy side of the 2PA spectrum of ANTX, whose intensity
undergoes a very strong increase and reaches a value of about 110
( 10 GM at 710 nm. In this case, ANTX shows a two-photon
cross section that is 30 times larger than that of TX. Such a
monotonic increase in the high frequency region can be analyzed
in the frame of the sum�overstates (SOS) formalism.56,57

Similarly to the model used by Corrêa et al in order to fit the
2PA spectra of perylene tetracarboxylic derivatives,58,59 we also
adopt a four-level energy model involving the ground (g) and the
lowest excited (e) states and two low-lying excited states e0 and
e00. This model assumes two competitive 2PA transitions with
distinctive final states (e0 and e00) but mediated by the same one-
photon absorption allowed state (e) (inset of Figure 6). Even
though ANTX exhibits a moderate change of the permanent
dipole moment upon excitation (Δμge∼ 8D), the dipolar term60

should account for a substantial fraction of the 2PA activity.
Moreover, the reduced symmetry in this system suggests that
dipole selection rules are equivalent for 1PA and 2PA. Therefore,
the term describing 2PA into the dipole-allowed 1PA state has
been added in the approximation. The dependence of the 2PA
cross section on the excitation laser frequency, ν, can be
expressed according to the following equation

δðνÞ � ν2

ðνge � νÞ2 þ Γ2
ge

� M2
geM

2
ee0Γge0

ðνge0 � 2νÞ2 þ Γ2
ge0

þ M2
geM

2
ee00Γge00

ðνge00 � 2νÞ2 þ Γ2
ge00

2
4

þ M2
geΔμ

2
geΓge

ðνge � 2νÞ2 þ Γ2
ge

#
ð3Þ

where νRβ, MRβ, and ΓRβ are respectively the transition energy,
the transition dipole moment, and the corresponding damping
factor for the transition Rf β. This latter parameter was fixed to
0.1 eV for Γge0 and Γge00, such a value is a typical damping width
for aromatic molecules.15,61 νge has a value of about 2.85 eV and
Γge is estimated to 0.15 eV, which corresponds to the half width
at half-maximum of the lowest-energy band of the linear absorp-
tion spectrum. Finally, the value of the high transition frequency
(νge00) was fixed to 3.82 eV, which corresponds to the energy
associated to the maximum absorption peak at the high energy
side of the one-photon spectrum. All other parameters (Ai) are
kept floating in the fitting procedure (i.e., A1 =Mge

2 Mee0
2 Γge0, A2 =

Mge
2 Mee00

2 Γge00, A3 = νge0). Panel (B) of Figure 6 shows the fitting

curve derived from eq 3. Even though the vibronic structure of
the lowest-energy band cannot be reproduced at this theoretical
level, the evolution of 2PA spectrum is well reproduced with a
resonant band at 823 nm and a strong increase of δ below
750 nm. Moreover, the results from the curve fitting indicate
that the low-lying 2PA transition (g f e0) is located at 3.02 eV
(411 nm), which is reasonably close to the energy of the
transition located at the blue side of the longest wavelength
one-photon absorption band.
Therefore, a relevant strategy to optimize the two-photon

initiating ability of ANTX should consist in exciting the chro-
mophore at 710 nm. Additionally, a direct comparison with TX
used as reference system becomes straightforward. Figure 7
shows the micrograph of polymerized microdots obtained upon
focusing the femtosecond pulse laser beam into laminated
diacrylate formulations containing MDEA (4 wt %) and the
chromophores at the same concentration (2.5 � 10�3 M). The
presence of MDEA as a hydrogen donor is necessary otherwise
the two-photon polymerization is hardly observed. With the
same irradiation conditions, the microdots obtained from the
formulation with TX have an average diameter of 6 ( 0.5 μm,
whereas those generated with formulation containing ANTX

Figure 7. Two-photon polymerization voxels fabricated with femto-
second laser direct writing by 2PA photopolymerization (λexc: 710 nm;
average power: 70 mW; exposure time: 30 s). Diacrylate formulations of
Ebecryl 605 with (A) ANTX/MDEA, 0.08 wt %/4 wt % and (B) TX/
MDEA, 0.05 wt %/4 wt %. Scale bar: 20 μm.

Figure 8. Variation of the polymerized voxel radius as a function of the
incident average power (squares: ANTX; diamonds: TX; λexc: 710 nm;
time exposure: 20 s). The solid line corresponds to the best fit data using
eq 4. The least-squares fits were performed by linking the instrumental
parameter (F) for both curves.
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have a much larger diameter of 18 ( 1 μm. We have therefore a
clear indication that ANTX exhibits a lower two-photon polym-
erization threshold (Eth) as compared with TX. Eth, which is
defined as the local absorbed energy density below which the
polymer is not obtained,62 can be evaluated from point-by-point
exposure experiments.7,17,54,62,63 Figure 8 displays the growth of
the microdots radius in function of the incident power (P) for a
fixed exposure time Δt. It can be observed that equivalent
incident energy always leads to larger microdots for ANTX. This
result is completely different from that observed for linear
polymerization (Figure 5). Using the formalism recently pro-
posed by Lee et al.,7 which provides a direct access to Eth, the
radius of the polymerized microdots (r) can be expressed as

r ¼ F

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln
ð2PÞ2Δt
π2F4Eth

s
ð4Þ

In this expression, it is assumed that the incident laser intensity
presents a Gaussian profile in the focal plan. F is a constant
parameter that encompasses the instrumental conditions as the
excitation wavelength, the numerical aperture of the focused
laser, and the refractive index of the medium. Using TX as the
reference, the least-squares fits of both experimental data with

eq 4 indicates that Eth is divided by a factor of 5 going fromTX to
ANTX. Such a substantial decrease of Eth corroborates the
combined effect of a high reactivity of the excited triplet state
ofANTX and remarkable two-photon absorption ability at 710 nm.
From eq 3, it suggested that the two-photon cross section

can be strongly enhanced when the laser excitation frequency
approaches the one-photon transition frequency (νge). In this
case, the detuning factor (νge� ν) in the denominator of the first
term decreases. This “so-called” one-photon resonance enhance-
ment in the 2PA spectrum has been extensively investigated by
Drobizhev et al64�66 for porphyrin derivatives that undergo a
large increase in δ when excited near their linear absorption Q
bands. To illustrate such a similar effect for ANTX and qualita-
tively demonstrate the potential for 2PA stereolithography, we
produced a 3D microstructure by exciting the resin with ANTX
at 532 nm using a nanosecond pulse microlaser. Figure 9 shows
the scanning electron micrograph of the 3D microstructure
fabricated at an average power of 20 μW. The pattern is
impressed into the resin by the relative translation of the laser
focus within the material then the final structure is obtained by
dissolving away the unexposed formulation. The formation of a
three-dimensional microstructure with a variety of dimensions
was thus achieved with good fidelity replication of the master
model displayed in the inset of Figure 9. This practical demon-
stration first illustrates that ANTX remains two-photon activable
near the one-photon allowed absorption region and confirms
that this new system constitutes an efficient two-photon initiator.
Finally, to demonstrate the relevance of using ANTX as a

highly sensitive two-photon initiator upon excitation nearby the
one-photon absorption band, we compare its photoinitiating
efficiency with that of a diaminofluorene derivative used as one-
component photoinitiator (DAF, Scheme 1). The two-photon
absorption properties of this latter chromophore have been
extensively studied by Belfield et al.,1,8,10,16 and its two-photon
initiating ability has been clearly established.11,32,54 As previously
reported by Rumi et al2 for the 4,40-dialkylamino trans-stilbene,
the photoinitiating mechanism mainly implies an electron trans-
fer from the excited triplet chromophore to the acrylate mono-
mer, which produces the radical species. In Figure 10, we show an
example of a transmitted micrograph where a microdots array
was written within acrylate resins containing DAF and ANTX at
the same concentration. The laser excitation power was main-
tained at 1.5 mW in both cases, but the time exposure was
gradually decreased from 50 to 1 ms. An objective with a
numerical aperture of 0.64 was employed in this case. For each
time exposure, nine dots delimiting a 4 μm� 4 μm square were
fabricated. It is clear that the microdots generated with the
formulation containing ANTX are hardly affected by the time
exposure decrease, which indicates that the photopolymerization

Figure 9. SEMs of a microstructure fabricated by TPIP upon excitation
at 532 nm . Inset: model master.

Figure 10. Arrays of microdots written (λexc: 532 nm; power: 1.5 mW;
NA: 0.64) in diacrylate formulations of Ebecryl 605 with (ANTX/
MDEA, 0.08 wt %/4 wt %) and (DAF, 0.20 wt %).
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threshold is reached in all cases. This effect strikingly contrasts
with the strong changes observed for the microdots obtained
with DAF. First, it should be noted that the microdots are less
bright than those obtained with ANTX for the same time
exposure. The contrast between the polymerized material and
the original resin is due to a significant increase of the refractive
index upon polymerization. Therefore, one can reasonably
assume that the conversion of the acrylate double bond is locally
enhanced for the resin with ANTX with respect to that with
DAF. In addition, it should be pointed out that the microdots
obtained with DAF disappear with a decrease in the time
exposure. For instance, no microstructure is detected upon 1
ms excitation. In this case, the incident energy density is insuf-
ficient to promote the photoinitiation. Such a local effect has
been assigned to the very high oxygen sensitivity of the triplet
excited DAF,67 which induces an efficient quenching process to
the detriment of the initiation step. Even though the triplet states
of thioxanthone derivatives are also quenched by oxygen,36,37,68 it
appears that this inhibition pathway does not impact the photo-
initiation yield with the same magnitude as it can be observed for
DAF. Hence, we clearly evidence here that ANTX exhibits a
much higher reactivity as the reference system.

’CONCLUSION

The photophysical and electronic properties of a new hybrid
anthracene�thioxanthone system with a noncollinear configura-
tion architecture were thoroughly described. Such a design
strategy was adopted so as to extend the electronic conjugation
along the aromatic rings and to maintain active the strong
vibronic coupling between the two lowest excited states at singlet
and triplet manifolds. As a consequence, ANTX both gathers the
characteristic features of a very efficient hydrogen abstractor and
a two-photon activable chromophore with a remarkable 2PA
cross section that is 30 times larger than that measured for TX at
710 nm. A substantial improvement of the two-photon poly-
merization efficiency was thereby demonstrated with the lowering
of the polymerization threshold, which was divided by a factor of
5 with respect to TX. We also showed that the two-photon
absorption spectrum of ANTX, which undergoes a strong
increase below 750 nm, can be fitted by means of a sum�
overstates formalism. A four-state model was then necessary to
account for the observed spectral shape. At this theoretical level, a
resonant enhancement of the nonlinearity was also suggested in the
spectral region near the linear absorption. Such an effect has been
qualitatively corroborated by the two-photon activation of ANTX
at 532 nm, leading to the fabrication of a complex 3D micro-
structure. From this excitation mode, we finally demonstrated the
superior efficiency of ANTX with respect to a 2,7 diaminofluorene
derivative, which is commonly used as two-photon initiator.
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