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a b s t r a c t

An effective two-photon photopolymerization in an aqueous environment was done using a new
water-soluble two-photon photopolymerization (TPP) initiation system. This system comprised a pho-
tosensitizer dye and the photoinitiator 4,4′-dimethyl diphenyliodonium hexafluorophosphate (DMDPI)
encapsulated by methylated-�-cyclodextrin (Me-�-CD). Photochemical properties of the complex were
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studied in film. We proved that the complex can be used as an effective TPP photoinitiator for two-
photon photopolymerization in an aqueous system. Three-dimensional microstructure was successfully
fabricated by TPP.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
yclodextrin
omplex

. Introduction

In recent years, two-photon absorption (TPA) has shown
articular promise in applications for three-dimensional (3D)
icrofabrication [1], high-density optical storage [2,3], biological

maging [4,5], and photodynamic therapy [6]. Many efficient two-
hoton absorbing compounds based on molecules having linear
r quasi-linear D–�–A, D–�–A–�–D or A–�–D–�–A structure in
hich the magnitude of ı depends on the degree of intramolecular

harge transfer upon excitation have been reported [7–11]. Most
f these compounds can be used only in a resin system because
f their poor solubility in water. This limitation also prevents their
se in biological applications. Solving this limitation is very criti-
al for two-photon technique applications in various biomaterials
12,13]. Recently, some water-soluble TPA materials were success-
ully developed in biological imaging [14–16]. Very few articles have
ocused on water-soluble two-photon polymerization (TPP) [12,13].

The rate of photopolymerization is mainly influenced by two
arameters in TPP: (i) multi-photon absorption cross-section,
hich provides the probability of multi-photon absorption at a par-
icular frequency and (ii) quantum yield of generated radicals or
ons, and the initiation of efficiency of the generated radicals and
ons [17]. Designing and synthesizing large cross-section, water-
oluble TPA dyes is difficult. Development of a simple method to

∗ Corresponding author. Fax: +86 10 82375712.
E-mail address: lidong@mater.ustb.edu.cn (L. Li).

010-6030/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rig
oi:10.1016/j.jphotochem.2009.02.007
ensure TPA dyes with a coinitiator that keeps the higher quan-
tum yield of radical generation and initiation of efficiency would
be ideal. Several authors have reported that ion pairing and chem-
ical bonding of the dye and onium salt can eliminate the influence
by diffusion. It largely increased the efficiency of the resulting
photoinitiators, particularly in highly viscous and rigid polymeric
systems [18,19]. Ion-pairing complexation cannot be used in an
aqueous system because it will dissociate in the polar medium
[20–22]. We recently discovered a promising approach to solve
this problem using methylated-�-cyclodextrin (Me-�-CD) to bind
the dye and coinitiator together to form a supramolecular complex
[23]. This method has several advantages. Firstly, this photoactive
supramolecular complex can be easily obtained using Me-�-CD
complexation. Secondly, the electron transfer between dye and
initiator can occur in the intramolecular complex without the
limitation of diffusion rate for common bimolecular reactions.
This allows for fast photoinduced electron transfer between dye
and initiator within the short lifetime of the dye. Thirdly, the
supramolecular complex eliminates the dosage of the coinitiator,
thereby significantly reducing material damage and toxicity from
residual photoreagents.

Here we report a novel water-soluble two-photon photoinitia-
tion system to carry out an effective two-photon photopolymer-

ization in an aqueous system. The photochemical properties and
application for TPP of the supramolecular complex were studied in
detail. A very clear microfabrication structure was obtained. This
new method is very useful for application of the TPP technique in a
water system.

hts reserved.
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Scheme 1. Chemical structure of FL, EO, RB.

. Experimental

.1. Materials

Me-�-CD was obtained from Aldrich Chemical Company. 4,4′-
imethyl diphenyliodonium hexafluorophosphate (DMDPI) was
urchased from TH-UNIS Insight Company Limited. Fluorescein
odium (FL), eosin (EO), rose bengal (RB) were purchased from
eijing Chemical Reagent Company (Beijing, China) (Scheme 1).
crylamide and bis-acrylamide (AM and bis-AM, Jiangxi Changjiu
iochemical Engineering Co.) were used as received. Hydrox-
propyl methyl cellulose (HPMC, 60RT50) was purchased from
epon Chemical Company, and polyvinylpyrrolidone (PVP, Mr,
0,000–70,000) from ShanTou XiLong Chemical Factory (Guang
ong, China).

.2. Photopolymerization
The light source for photolysis was a 400-W Xenon lamp (fil-
er cut off light of � < 300 nm) and the intensity of irradiation was
.82 mW/cm2. In the photobleaching experiment, the film-forming
aterial was 10% HPMC aqueous solution. Dye/complex A was

ig. 1. Steady-state fluorescence spectra of FL dye in aqueous solution and mixed solutio
b). [complex A] = 0, 3, 6, 9, 12, 14, 16 × 10−4 mol/L, [DMDPI] = 0, 3, 6, 9, 12 × 10−4 mol/L. (c
biology A: Chemistry 203 (2009) 211–215

added to the solution and poured onto glass substrates. Film thick-
ness was controlled by the scraper and was about 47 �m. Samples
were dried in a vacuum oven for 2 h at 45 ◦C. Photobleaching rate
was obtained by the relative change in the maximum optical den-
sity of the absorption peak at long wavelength as a function of
irradiation time.

2.3. Measurements

For fabrications of 3D microstructures, we employed a mode-
locked Ti–sapphire laser whose oscillating wavelength, pulse width
and repetition rate were 780 nm, 80 fs and 82 MHz, respectively. The
laser source was tightly focused by a 100× oil-immersion objective
lens with a high numerical aperture (NA = 1.4, Olympus). The focal
point was focused on the liquid sample, which was placed on a
xyz-step motorized stage controlled by a computer. After laser fab-
rication, unpolymerized pre-polymers were washed out by using
ethanol. The two-photon samples consisted of PVP (1 g), AM (1 g),
bis-AM (0.1 g) and H2O (4 g), FL, EO, RB as sensitizer, and complex
A as initiator.

Fluorescence measurements were carried out on a Hitachi
F-4500 fluorescence spectrophotometer. UV–vis spectra were
recorded on a JASCO V-530 instrument.

3. Results and discussion

3.1. The complex formation

The new two-photon initiating system is a photoactive
supramolecular complex (complex B). Formation involves two steps
(Eqs. (1) and (2)). Complex B comprises xanthene dye and onium
salt DMDPI, in which xanthene dye acts as the photosensitizer and
DMDPI as the initiator. Firstly, water-insoluble DMDPI was encapsu-
lated by Me-�-CD and became a water-soluble product (Eq. (1)). The
obtained complex (complex A) associated with water-soluble xan-
thene dye via molecular reorganization to form the stable complex
B (Eq. (2)). In our previous work, we reported the formation of com-
plex A through encapsulation of Me-�-CD [23]. The stoichiometry
of host to guest is 2:1; i.e., one molecule of DMDPI associates with
two molecules of Me-�-CD to form a stable host/guest complex
(complex A).

DMDPI + 2Me-�-CD � (DMDPI/(Me-�-CD)2) (complexA) (1)

DMDPI/(Me-�-CD)2 + dye � (dye/DMDPI/(Me-�-CD)2)

(complexB) (2)
The formation of complex B was examined in aqueous solution
by fluorescence spectra. FL is a typical compound of xanthene dyes,
and a well-known efficient fluorophore. Interaction between the
excited FL dye and complex A can be easily detected by fluorescence

n (CH3OH/H2O = 1:9, v/v) at different concentrations of complex A (a) and DMDPI
) Plot of (I0/I − 1) [complex A] versus [complex A].
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ig. 2. (a) Photobleaching rate as a function of complex A/FL ratio (complex A)/FL =

uenching. Fig. 1a and b shows the changes in emission spectra
f FL dye observed upon addition of complex A and uncomplexed
MDPI, respectively. Remarkable fluorescence quenching occurred
ith addition of complex A, which became more significant at
igher concentration. Fluorescence intensity decreased in a step-
ise fashion in DMDPI. This difference in spectral changes indicated

hat a supramolecular complex of FL dye and complex A was
ormed. The supramolecular complex accelerated the quenching of
L.

The formation of a new complex (complex B) between FL and
omplex A indicated that dynamic and static quenching occurred

n the solution. Systems that exhibit both types of quenching obey
q. (3) [24].

I0
I

= (1 + Ka[Q ])(1 + KSV[Q ]) = 1 + (Ka + KSV)[Q ] + KaKSV[Q ]2 (3)

ig. 3. (a) Scanning electron micrograph image of voxels formed under different exposure
ifferent laser pulse energies, 3b. FL, 3c. EO, 3d. RB.
, 5. (b) Photobleaching rate of different halogen-substituted xanthene dyes.

where I0 and I are the emission intensities in the absence and pres-
ence of quencher [Q], respectively, KSV is the Stern–Volmer constant
for dynamic quenching, and Ka is the association constant of the
ground state complex of FL and complex A.

Based on the data of KSV, that was determined using life-
time quenching measurement to be 174 M−1 obtained. Ka value
was obtained from the modified Stern–Volmer equation. Plotting
(I0/I − 1)/[Q] versus [Q] gave (Ka + KSV) as the intercept and KaKSV
as the slope of the graph. The plot of (I0/I − 1)/[Q] versus [Q] is
shown in Fig. 1c. A good linear relationship was observed, con-
firming complex formation (complex B) in the ground state. The

association constant Ka obtained from the plot in aqueous solution
was 145 M−1. From these above results it can be concluded that
the complex B was formed from the static charge interaction of
the anionic FL dye and the cationic onium salt DMDPI and further
stabilized by Me-�-CD complexation.

durations, complex A/RB (57 mw). (b–d) Exposure time-dependent voxel size under
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Fig. 4. Transmission electron microscopy images of microstructure

.2. Photochemical reaction of complex B in film

As reported in the literature, the dyes displayed identical photo-
hemical and photophysical behavior caused by one- or two-photon
xcitation [25]. The single-photon method could be used to study
he primary photoreaction of a two-photon photoinitiation sys-
em. Complex B was a photoactive compound consisting of a light
bsorber (xanthene dye) acting as the electron donor, and com-
lex A acting as the electron acceptor. The diffusion-controlled

ntermolecular reaction barely occurred within the very short life-
ime of the S1 state (<10−9 s). The formation of complex B will
herefore decrease the diffusion effect and increase the initiating
fficiency.

Upon the irradiation of visible light, they easily undergo fast
lectron transfer from the excited FL to DMDPI, resulting in the aryl
adical along with dye photobleaching. We carried out a series of
hotobleaching experiments of complex B in HPMC film to evaluate
he primary photochemical reaction of complex B.

The influence of molar ratio of (complex A)/FL on photo-
leaching rate in HPMC film was examined (Fig. 2a). Remarkable
nhancement of rate was observed with increasing concentra-
ion of complex A, but FL photobleaching did not occur in the
bsence of complex A. These results demonstrated that forma-
ion of complex B is a key factor. It determines if fast electron
ransfer between FL and complex A is possible via intermolecu-
ar interaction within the very short lifetime of the excited state
f FL. The lower the molar ratio of complex A/FL is, the higher
he formation of complex B is, and therefore the higher the rate
f photobleaching is. In the practical application, a larger amount
f residual initiator in the product is unfavorable; a molar ratio
f 2:1, which provides a satisfactory rate, was used in subsequent
tudies.

The influence of halogen substitution of FL dye, such as EO
nd RB, on photobleaching rate in the film was studied. The
hotobleaching rate Rb was in the order FL (4.59 × 103 s−1) > EO
3.31 × 103 s−1) > RB (2.09 × 103 s−1) (Fig. 2b). Substitution of the
alogen atom in the skeleton of FL dye (particularly in the
rtho position of the phenoxyl group of FL) played an impor-
ant part in electron transfer. The higher the electrophilic effect
f the halogen atoms is, the lower the electron cloud density
n the phenoxyl anion is, and thus the electrostatic attrac-
ion of the phenoxyl anion to the DMDPI gradually decreased
rom FL to RB. Steric hindrance (which depended on the size
f the halogen substituent) increased the distance between
ation and anion. These two factors may decrease the degree of

rbital overlap and weaken the interaction between donor and
cceptor. As a result, xanthene dyes with halogen atom sub-
tituents had slower photobleaching rates. These results were
lso observed in the ion-pair complex, as previously reported
20,21].
icated via TPP of AM/bis-AM in PVP film. (a) FL, (b) EO, and (c) RB.

3.3. Two-photon polymerization

The photobleaching experiments showed that the formation of
complex B played an important part in the primary photochemi-
cal reaction in the film. Xanthene dyes can also act as two-photon
dyes, so we carried out the two-photon initiating polymerization
experiments of complex B.

TPP microstructures were fabricated in a viscous PVP solu-
tion. For studies of the photoinitiation ability for different
dye-sensitized systems, the formation of voxels (two-photon solid-
ified small-volume elements) responsible for photopolymerization
was recorded in the identical initiator concentration of 10−4 M.
Fig. 3 shows the scanning electron microscopy (SEM) image of vox-
els formed under different exposure durations, and the relationship
of voxel size as a function of exposure time under different laser
pulse energies.

The above experiments clearly show that TPP proceeded
smoothly for all dye-sensitized systems (even under very low
concentrations of the photoinitiator complex A). Polymerization
efficiency was higher for EO and RB than for FL. This may be because
oxygen inhibition may become more important for TPP carried out
in the viscous system, as well as the difference in value of TPA
section ı between them. This phenomenon is commonly seen in
radical-type polymerization due to the formation of the much less
active peroxide radical. As a result, TPP in air using EO and RB dye as
photosensitizer was favorably enhanced polymerization efficiency
compared with FL dye.

For the fabrication of 3D microstructures, we employed a mode-
locked Ti–sapphire laser whose oscillating wavelength, pulse width
and repetition rate were 780 nm, 80 fs and 82 MHz, respectively.
Formation of a polymeric microstructure was accomplished by pho-
tocrosslinking of AM/bis-AM with PVP in an initiation system with
irradiation of the laser. Unexposed resin was washed away with
ethanol/water solution after fabrication.

Fig. 4 shows the transmission electron microscopy (TEM) images
of circle microstructures fabricated using this novel two-photon-
induced polymerization initiation system based on different dyes
(FL, Eo) and RB as the photosensitizer. It proved that the complex
B system can be used as an effective two-photon initiator in an
aqueous system. The line width was about 400 nm at this stage. In
our next study, we will focus on improvement of the resolution of
the line width of the microstructures.

4. Conclusions
We developed a novel two-photon-induced polymerization ini-
tiation system employing commercial photosensitizer dye and
photoinitiator DMDPI in which two functional components were
assembled to a supramolecular complex (complex B) with the help
of Me-�-CD. Complex B had good solubility in water, and can be
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