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bstract

C2v symmetrical anthraquinone derivatives, 2,7-bis(2-(4-dimethylamino-phenyl)-vinyl)anthraquinone (1) and 2,7-bis(2-(4-methoxy-phenyl)-
inyl)anthraquinone (2) were synthesized by Wittig reaction. Their one-photon absorption and fluorescence, as well as two-photon absorption
roperties were investigated. These compounds showed strong intramolecular charge transfer bands as well as low fluorescence quantum yield. 1
howed a larger two-photon absorption cross-section of 1635 GM than that of 995 GM for 2 at the wavelength of 800 nm. Furthermore, the initiating
roperties of 1 and 2 were studied by two-photon induced polymerization. The resin with 1 as photoinitiator (R1) possessed higher sensitivity with

threshold energy 3.67 mW at the concentration of 0.02 wt% compared to that of 8.03 mW for 2. The resolution of polymer line, fabricated with
1 at the threshold with the linear scan speed of 50 �m/s, is 105 nm. This investigation on the relationship of resolution and sensitivity indicated
igher sensitivity benefit to the improvement of microfabrication resolution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Two-photon absorption (TPA) is a third-order nonlinear opti-
al process and the region of TPA can be confined in a tiny
olume around the focal point. Any subsequent process of TPA,
uch as two-photon induced fluorescence or two-photon induced
olymerization (TPIP), is also localized to this small volume
1,2]. This characteristic of two-photon process has made TPIP
ecoming an effective tool for three dimensional lithographic

icrofabrication (3DLM). This new application has attracted

reat attention for the following reasons: (1) it can create any
ind of 3D structures based on computer generated 3D models;
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2) the fabrication procedure is simple and fast; (3) the spa-
ial resolution of 3D structures can be as small as 100–200 nm;
4) the fabricated structures can be integrated into complicated
evices [3,4]. Most work in this field has involved patterning
tructures in commercial photoresists in which the conventional
ltraviolet (UV) active initiators are usually used. In general,
hese conventional initiators have low two-photon sensitivity
ecause of their low TPA cross-section (δTPA). Thus, high exci-
ation power and long exposure time are necessary to cure the
esin, which often result in damage to the polymeric structure.
or TPIP become a commonly applied technique, photoinitia-

ors with high-sensitivity are desired to make the process more

eliable and allow structures to be patterned rapidly [5].

To overcome the disadvantage of low δTPA of the conventional
nitiators, great efforts were made to improve δTPA of molecules.
everal strategies have been proposed for design of molecules

mailto:xmduan@mail.ipc.ac.cn
dx.doi.org/10.1016/j.jphotochem.2007.03.002
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ith large δTPA [6–11]. Plenty of TPIP initiators with large
TPA were reported and showed much higher sensitivity than
onventional UV-active initiators. However, most of reported
nitiators possess high fluorescence quantum yields [12–16]. It

eans that the probability of radical generation should be low-
red because the relaxation of two-photon induced excited state
ccurs more via irradiation process than via non-irradiation pro-
ess, such as radical generation. Thus, for a TPIP initiator, it is
ecessary that the molecules not only have large δTPA, but also
ossess high capability to efficiently produce reactive interme-
iate radicals or cations, just like traditional UV initiators [3].
rom this viewpoint, the molecules with large δTPA and lower
uorescence quantum yield, which can be expected to improve

wo-photon absorption efficiency and suppress irradiative relax-
tion of two-photon induced excited state, will be satisfied for
PIP.

Our efforts are made to design new TPIP initiator on the
asis of conventional UV initiators. Anthraquinone derivatives
ave been extensively used as initiators for one-photon polymer-
zation due to their unique �-conjugated system [17–20]. The
uinone at the 9- or 10-position of anthraquinone can act as an
xcellent acceptor, and the 2-, 7-positions of anthraquinone can
e easily modified to form a D-�-A-�-D type molecule by intro-
ucing electron donor. Here, we select strong electron-donating
roups, dimethylamino and methoxy moiety, as donors, and use
tyryl to prolong π conjugated system. This kind of molecule
ay possess large δTPA due to the potential intramolecular

harge transfer according to the previous report [11]. Besides
arge δTPA, these C2v symmetrical molecules often show lower
uorescence quantum yield than those of the linear type [21].
ompounds with low fluorescence quantum yield are preferred

or TPIP initiators because low fluorescence quantum yield
hould guarantee high triplet quantum yield [22–24], which usu-
lly leads initiators reacting with monomer to produce radicals
r ions for initiating polymerization. In the context, we synthe-
ized 2,7-bis(styryl)anthraquinone derivatives (1 and 2 shown in
cheme 1) with C2v symmetry, and investigated their one pho-

on and two-photon absorption properties, as well as the TPIP
nitiating properties of these compounds.

. Experiment
.1. Materials

N-Bromosuccinimide (NBS), benzoyl peroxide (BPO), triph-
nylphosphine (PPh3), methacrylic acid (MAA) and all solvent

2

Scheme 1. The synthetic route of 1 and 2: (i) NBS, BPO, CCl4, reflux,
otobiology A: Chemistry 189 (2007) 398–404 399

ere supplied from Beijing Chemical Reagent Company. Mul-
ifunctional acrylic oligomers, dipentaerythritol hexaacrylate
DEP-6A, trade name: Light Acrylate DEP-6A), was obtained
rom Kyoeisha Chemical Co., Ltd., Japan. 2,7-Dimethyl-
nthraquinone (A) was prepared from 2-methyl phthalic
nhydride by two steps [25]. Solvents were dried over calcium
ydride and freshly distilled before use. All reactions were car-
ied out under nitrogen atmosphere.

.2. Instruments and measurement

1H NMR spectra were recorded on a Varian Jemini-300 spec-
rometer using CD3OD as solvent and all shifts are referenced
o TMS. The fine splitting of phenyl ring patterns is ignored
nd the signals are reported as simple doublets, with J values
eferring to the two most intense peaks. Infrared spectroscopic
easurements were performed in the range 4000–400 cm−1 at
resolution of 1.0 cm−1 using a Brucher Tensor 27 FTIR Spec-

rometer. High-resolution mass spectra (HRMS) were measured
n Micromass ZAB-HS. The UV–vis absorption and fluores-
ence spectra were recorded on a UV-2550 Shimadzu UV–vis
pectrophotometer and a Hitachi F-4500 fluorescence spec-
rophotometer, respectively. The fluorescence quantum yields
f 1 and 2 were measured in DMF solution at the concentration
f 1 × 10−6 M with reference to Coumarin 307 in acetonitrile
Φ = 0.58) [26].

Two-photon induced excited fluorescence (TPEF) spectra
ere recorded on SD2000 spectrometer (Ocean Optics), excited
y mode-locked Ti-Sapphire femtosecond laser (Tsunami,
pectra-Physics) which wavelength, pulse width and repeti-

ion rate were 800 nm, 80 fs and 82 MHz, respectively. The
TPA of 1 and 2 were determined by using a non-linear
ransmission measurement technique following the experimen-
al protocol described in detail by He and Xu [27]. The
nput light intensity varies from 0.2 to 1.3 GW/cm2. The
olutions of 1 and 2, at the concentration of 2.9 × 10−4 M
n DMF, were used for δTPA measurement with solvent
MF as reference. Under the applied intensity levels, neither
ackward stimulated scattering nor forward continuum gen-
ration was observed from the solution cell or the solvent
ell.
.3. Synthesis and characterizations

The synthetic route of 1 and 2 are outlined in Scheme 1.

24 h; (ii) PPh3, DMF, 100 ◦C, 12 h; (iii) NaH, DMF, 20 h, 100 ◦C.
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.3.1. 2,7-Dibromomethyl-anthraquinone(B)
2,7-Dimethyl-anthraquinone (5.834 g, 24.6 mmol) and N-

romosuccinimide (11.413 g, 64.1 mmol) were added to a
hree-neck flask containing CCl4 (400 mL). After the suspen-
ion was heated to 70 ◦C, benzoyl peroxide (0.760 g, 3.3 mmol)
as added. The reaction suspension was heated to reflux for
4 h. After the mixture was cooled to room temperature, the
recipitate was filtered, washed with water (200 mL × 3), and
ried under vacuum. Recrystallization from a toluene solu-
ion gave a light yellow powder (5.838 g, 60% yield). m.p.
71–273 ◦C. 1H NMR 300 MHz (CDCl3,) δ (ppm) 8.33 (s,
H), 8.30 (d, J = 8.1 Hz, 2H), 7.83 (d, J = 8.1 Hz, 2H), 4.60
s, 4H).

.3.2. 2,7-Bis-[(triphenylphosphonium
romide)]-methyl)-anthraquinone (C)

2,7-Dibromomethyl-anthraquinone (5.838 g, 14.8 mmol) and
Ph3 (27.000 g, 102.9 mmol) were added to a three-neck flask
ontaining N,N-dimethylformamide (320 mL), then the solution
as heated to 100 ◦C and stirred overnight. The reaction mix-

ure was cooled to room temperature, and toluene (400 mL) was
dded. The precipitate was filtered and dried under vacuum to
ive a white solid (10.000 g, 80% yield). m.p. >300 ◦C. 1H NMR
00 MHz (CDCl3,) δ (ppm) 8.01 (m, 24H), 7.72 (m, 12H), 6.07
d, J = 15.0 Hz, 4H).

.3.3. 2,7-Bis-[2-(4-dimethylamino-phenyl)-vinyl]-
nthraquinone (1)

2,7-Bis-[(triphenylphosphonium bromide)]-methyl)-anthra-
uinone (1.005 g, 1.1 mmol) and 4-dimethylamino-
enzaldehyde (0.382 g, 2.6 mmol) were added to a two-neck
ask containing absolute N,N-dimethylformamide (44 mL)
nder N2 protection, then NaH (0.113 g, 4.7 mmol) was added
nto the solution. The solution was heated to 100 ◦C and stirred
or 20 h. Water (150 mL) was added slowly after the solution
as cooled to room temperature. The formed precipitate was fil-

ered, washed with ethanol (10 mL × 2), and purified by column
hromatography on silica gel using a chloroform/petroleum
V/V = 10:1) as eluent. Purple solid (0.250 g, 46% yield) was
btained. m.p >300 ◦C. IR (KBr, cm−1): 2898, 1683, 1584,
523, 1359. 1H NMR 300 MHz (CDCl3,) δ (ppm) 8.38 (s,
H); 8.27 (d, J = 7.8 Hz, 2H); 7.84 (d, J = 7.8 Hz, 2H); 7.50 (d,
= 8.3 Hz, 4H); 7.32 (d, J = 16.3 Hz, 2H); 7.05 (d, J = 16.3 Hz,
H); 6.75 (d, J = 8.3 Hz, 4H); 3.03 (s, 12H); HRMS. Calcd. for
34H30N2O2: 498.23073; Found: 498.22912.

.3.4. 2,7-Bis-[2-(4-methoxy-phenyl)-vinyl]-anthraquinone
2)

The same procedure as described for 1 gave an orange solid
68% yield). m.p. 245–247 ◦C. IR (KBr, cm−1): 2929, 1668,
589, 1509, 1324, 1029. 1H NMR 300 MHz (CDCl3,) δ (ppm)

.40 (s, 2H); 8.29 (d, J = 8.1 Hz, 2H); 7.87 (d, J = 8.1 Hz, 2H);
.55 (d, J = 8.3 Hz, 4H); 7.38 (d, J = 16.2Hz, 2H); 7.12 (d,
= 16.2 Hz, 2H); 6.96 (d, J = 8.3 Hz, 4H); 3.86 (s, 6H); HRMS.
alcd for C32H24O4 472.16746; Found: 472.16784.

4
t
p
�

Fig. 1. Experimental setup for two-photon induced polymerization.

.4. Resin preparation, TPIP and scanning electron
icroscope (SEM) measurement

Resin was made by mixing MAA (609 mg, 47.43 wt%) as
onomer, DEP-6A (673 mg, 52.41 wt%) as crosslinker, 1 or 2

0.2 mg, 0.02 wt%) as initiator and 1 mL chloroform to improve
he solubility of initiator in the resin. After the solvent evapo-
ate, the resin film was transparent. R1 and R2 stand for the resin
ith compounds 1 and 2, respectively. The experimental setup

or TPIP is shown in Fig. 1. A laser beam from a mode-locked
i:Sapphire laser system (Tsunami, Spectra-Physics) with a cen-

er wavelength of 800 nm, a pulse width of 80 fs, and a repetition
ate of 80 MHz was used for all TPIP experiments here. The
eam was tightly focused into the resin on a glass cover slip
ith an oil-immersion objective lens (60×, numerical aper-

ure = 1.42). The resin was scanned by the focused beam in two
imensions (x–y) with a computer-controlled motor stage. The
verage laser power was less than 17 mW and the linear scan
peeds were 10, 30 and 50 �m/s, respectively. The final struc-
ure was obtained after washing out the unpolymerized resin by
thanol. Images of the fabricated lines were observed using a
eld-emission scanning electron microscope (FE-SEM, JSM-
330F, JOEL). The working voltage and current were 5 kV and
�A, respectively.

. Results and discussion

.1. Linear optical properties

The UV–vis absorption and fluorescence spectra of 1 and 2
re shown in Fig. 2. All of photophysical data for 1 and 2 are
isted in Table 1. These absorption peaks of 1 at 495 nm and 2 at

24 nm correspond to electronic transition from the ground state
o the intramolecular charge transfer (ICT) state. The absorption
eaks of 1 at 391 nm and 2 at 358 nm are assigned to the typical
–�* transition, locally excited state [28,29]. The absorption



J.-F. Xing et al. / Journal of Photochemistry and Photobiology A: Chemistry 189 (2007) 398–404 401

Fig. 2. Normalized UV–vis and fluorescence spectra of 1 and 2. Solid line
denotes UV-absorption and fluorescence of 1; Dash dot line denotes UV-
absorption and fluorescence of 2.
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ig. 3. Two-photon induced fluorescence of 2 at the excitation wavelength of
00 nm. Dot line denotes the focus of light is close to the corner of sample cell;
olid line denotes the focus of light is at the center of sample cell.

eaks of 1 are red shift comparing with those of 2 due to the
tronger electron-donating ability of a dimethylamino group

han a methoxy group. The one-photon fluorescence (OPFL)
pectra of both compounds were obtained with the excitation
avelength of 400 nm as shown in Fig. 2, in order to compare
ith the two-photon fluorescence (TPFL) spectra measured at

t
s
r
T

able 1
ne- and two-photon photophysical data of 1 and 2

ompounds λmax
a (nm) εb (M−1 cm−1) λOPFL

max
c (nm)

391 18,000 456
495 10,000

358 34,000 456
424 20,000

a Peak wavelength of one-photon absorption.
b Molar extinction coefficient.
c Peak wavelength of one-photon fluorescence.
d One-photon excited fluorescence quantum yield.
e Peak wavelength of two-photon fluorescence.
f Nonlinear absorption coefficient due to TPA.
g Two-photon absorption cross-section at 800 nm. 1 GM = 10−50 cm4 s photon−1.
ig. 4. The plot of transmissivity dependence on light intensity for 1 (a) and 2
b). Squares denote the experimental value of transmissivity; solid lines denote
he theoretical fitting line.

he wavelength of 800 nm for two-photon induced excitation.
one of these two spectra has multiple peaks, which indicates
hat the fluorescence emission occurs from the locally excited
tate; the ICT singlet state mainly deactivates through a non-
adiative decay to ICT triplet state via intersystem crossing.
he peaks of OPFL of 1 and 2 localize at the same wavelength

Φd
d λTPFL

max
e (nm) βf (cm/GW) δ800 nm

g (GM)

0.018 – 0.012 1635

0.043 526 0.007 995
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f 456 nm, which indicates energy differences between locally
xcited state and ground state for 1 and 2 are the same. The
uorescence quantum yields of 1 and 2 in DMF were deter-
ined, according to the fluorescence spectra as shown in Fig. 2,

s 0.018 and 0.043, respectively. The low fluorescence quan-
um yields can be explained to be due to (a) the self-absorption;
b) certain nonradiative decay mechanisms that may arise as a
esult of “twisted intramolecular charge geometry” acquired by
and 2 as a result of electron transfer from the donor group to

he acceptor group [30,31]. Lower fluorescence quantum yield
f 1 than that of 2 is attributed to charge-transfer bimolecular
uenching by the amine [32].

.2. Non-linear optical properties

Although the TPFL spectra of 1 was failed to be detected due
o the present of severe self-absorption at the wavelength region
f the TPFL of 1, the TPFL spectra of 2 was successfully detected

ince the TPFL of 2 has smaller overlap with the absorption. As
hown in Fig. 3, it is clear that the TPFL intensity increases
harply at the excited position close to the corner of sample cell
omparing with the excited position at the center. The maximum

ig. 5. SEM images of lines fabricated with R1. The linear scan speed of (a), (b), (c) a
n the above of each line.

T

w
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avelength of TPFL spectra (λTPFL
max ) was localized at 526 nm,

hich shows red-shift of 70 nm compared to that of one-photon
xcited fluorescence (λOPFL

max ) obtained at the excited wavelength
f 400 nm. The results indicated that different excited states
ccurred between one- and two-photon excitation processes,
hich might lead to different relaxing processes and emission
ands [33].

Nonlinear transmission measurement technique was used to
valuate their δTPA at the wavelength of 800 nm since two-photon
nduced fluorescence method is not suitable for the δTPA mea-
urement of 1 and 2 due to the intense self-absorption and low
uorescence quantum yield [34]. The relationships of transmis-
ivity and light intensity for 1 and 2 are shown in Fig. 4a and
, respectively. It can be seen that the experimental values of
and 2 show excellent agreement with their theoretical fit-

ing. Here, the nonlinear absorption coefficient β is obtained
rom Eq. (1).

i = ln(1 + I0Lβ)
(1)
nd (d) are 10, 30, 50 and 50 �m/s, respectively. The average power was shown

I0Lβ

here Ti is transmissivity, I0 input light intensity, and
is the thickness of the sample solution. Ti can be
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btained from Eq. (2).

i = Ii

I0
(2)

here Ii is light intensity after passing through the sample cell.
herefore, the δTPA of sample was calculated by Eq. (3).

TPA =
(

hυβ

NA

)
× d × 10−3 (3)

here NA is the Avogadro constant, d the concentration of sam-
le, h plank constant and ν is the wavelength number.

The data for two-photon properties of 1 and 2 obtained by
onlinear transmission method are listed in Table 1. The β val-
es of 1 and 2 were 0.012 and 0.007 cm/GW, respectively. The
TPA of 1 and 2 were 1635 and 995 GM at 800 nm, respectively.
he δTPA of 1 is much larger than that of 2, which is due to

he stronger intramolecular charge transfer when dimethylamino
roup is used as a donor comparing with methoxy group. The
esult shows that the C2v symmetrical anthraquinone deriva-
ives possess large δTPA as well as low fluorescence quantum
ield, which might make them become promising candidates as
hotoinitiators for TPIP.

.3. Two-photon induced polymerization

The threshold energy of TPIP and the width of the solid line
ured by TPIP were studied for the evaluation of initiating prop-
rties on initiators 1 and 2. The threshold of TPIP presents the
owest laser energy, which can generate enough radicals convert-
ng monomers into remaining polymer after development. Here,
he polymerization threshold is defined as the lowest average
ower before being focused by the objective lens, below which
he fabricated polymer line cannot form using a linear scan speed
f 10 �m/s. The thresholds of R1 and R2 were determined as 3.67
nd 8.03 mW, respectively.

The width of cured solid line formed by TPIP, which is the
ey factor for judging the fabrication resolution, will be mainly
nfluenced by two factors: laser intensity and exposure time.
aser intensity directly determines the region TPA occurred,
hich defines the volume of radical generation. Exposure time

hould influence the amount of radicals induced by TPA. The
idths of cured solid lines were measured according to the SEM

mages as shown in Fig. 5. Here, the solid lines were cured by
sing different average powers with different linear scan speed
f 10, 30 and 50 �m/s, in order to investigate the efficiency of
nitiating polymerization. The relationships between line width
nd the average power for R1 and R2 are shown in Fig. 6a and
, respectively. For R1 in which initiator 1 was used at the level
f 0.02 wt%, the width of lines was decreased from 225 to 185
nd 105 nm at the threshold energy of 3.67 mW, when the linear
can speeds increased from 10 to 30 and 50 �m/s, respectively.
t was shown that the width of fabricated lines reduced with
he increasing of linear scan speed due to decreasing of expo-

ure time when the same average power was used. However,
or R2 which included initiator 2 at the same level with R1 of
nitiator 1, the line width was 495 nm at the threshold energy of
.03 mW. Even the linear scan speed was increased to 50 �m/s,

(
[
c
e

ig. 6. Width of the Line dependence on the average power for R1 (a) and R2

b), respectively.

he line width was decreased only to 420 nm. It clearly shows
hat the higher threshold is disadvantageous for obtaining high
abrication resolution in TPIP.

The fact of the lower threshold of R1 than that of R2 indi-
ates that initiator 1 could generate enough radicals to initiate
olymerization due to its large δTPA and higher possibility of
onradiative relaxing process of two-photon induced excited
tate. The results of narrowing width for cured solid line provide
irect evidences to show that the initiator with high initiating
fficiency can improve the fabrication resolution of TPIP. These
esults and discussions here provide a clear direction for the
evelopment of TPIP initiator toward improving resolution in
icrofabrication, which has been excepting for applications in

he fields of microdevices and Micro-electromechanical Sys-
ems.

. Conclusion

C2v symmetrical anthraquinone derivatives, 2,7-bis-[2-

4-dimethylamino-phenyl)-vinyl]-anthraquinone and 2,7-bis-
2-(4-methoxy-phenyl)-vinyl]-anthraquinone have been suc-
essfully synthesized. Their photophysical properties were
valuated including UV–vis absorption, OPFL and TPFL
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s well as TPA. These compounds show large two-photon
bsorption cross-section at 800 nm and low fluorescence
uantum yield. 2,7-Bis-[2-(4-dimethylamino-phenyl)-vinyl]-
nthraquinone possesses higher sensitivity compared to 2,7-bis-
2-(4-methoxy-phenyl)-vinyl]-anthraquinone. Investigation on
he relationship of resolution and sensitivity indicated higher
ensitivity benefits to the improvement of microfabrication res-
lution.
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