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Abstract

Novel multi-branched two-photon absorbing dyes containing highly efficient UV-vis curing initiator, ketocoumarin (3-acetyl-7-
diethylaminocoumarin), were synthesized. There linear and non-linear optical properties were studied and the cooperatively enhance
two-photon absorption of two- and three-branched dyes were confirmed by femtosecond laser pulses. The largest two-photon absorptic
cross-section was obtained as 1117 GM. The results of photobleaching experiments showed that all dyes had very fast electron transferrir
speed with the commercial coinitiaterCl-hexaarylbisimidazoles (HABI). The two-photon polymerization initiated by a bimolecular system
composed of the two-branched dye and HABI was investigated. This photopolymer system presented high photoinitiating efficiency. The
single-shot two-photon exposure of the resin film was achieved with a threshold as 1 T8#¢/880 nm.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction pounds[8,9]. Since Prasad and co-workers firstly reported
the cooperative enhancement of TPA in multi-branched
Research on two-photon absorbing compounds has beerstructureg15], a large amount of octupolar, multi-branched
paid much attention for their potential applications in two- or dendrimeric systems were investigafgé-22] However,
photon excited fluorescence microscofdy, high-density till now, the mechanism of the enhancement is not very clear.
optical data storagd2,3], three-dimensional microfab- Though most data supported the cooperative enhancement,
rication [4,5], two-photon up-converted lasin§g] and their enhanced extents were quite different. In addition, some
photodynamic theraplyr]. For all these applications, alarge reported data did not show such enhancement, especially
two-photon absorption (TPA) cross-section of compounds is which measured by femtosecond laser pul$2g,23]
required as the first key issue. Many design strategies wereEvidently, more efforts are needed on this study. On the
presented by pioneering researchers to explore the relation-other hand, we noticed, though lots of multi-branched
ship of molecular structures and TPA proper{@s22]. For compounds were studied for large TPA properties, none of
one-dimensional dipolar or quadrupolar systems, one pointisthem was designed specially for two-photon polymerization
clear for molecular design, to elongate the conjugated system(TPP). Except the large TPA cross-sectiol, for TPP, a
for charge transfer will increase the TPA properties of com- high initiating efficiency is also necessary as another key
issue.
In this paper, for the first time, we incorporated a highly
* Corresponding author. Tel.: +86 10 64888189; fax: +86 10 64879375. efficient UV curing initiator, ketocoumarin (3-acetyl-7-
** Co-corresponding author. diethylaminocoumarin) into multi-branched molecular struc-
E-mail address: yuxia.zhao@mail.ipc.ac.cn (Y. Zhao). tures Scheme }, and investigated their TPA properties using
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Scheme 1. Structural formulas of compounds.

femtosecond laser pulses. In addition, their polymerization
initiating efficiency was studied by photobleaching and pho-
topolymerization experiments.

2. Experimental
2.1. Materials

Ketocoumarin (3-acetyl-7-diethylaminocoumarin) and
3,3-bis (7-diethylamino)-ketocoumarirRj were prepared
according to the literatur§@24]. Benzaldehyde derivatives
were synthesized according to the literatygb]. o-Cl-
hexaarylbisimidazoles (HABI, from TIC Co. Ltd.), cellulose
acetate butyrate (CAB, form Acro Co. Ltd.), 2-phenoxyethyl
acrylate (POEA, form Sartomer Co. Ltd.) aNevinyl carb-
zole (NVC, form Acro Co. Ltd.) were used as received. Other
A.R. grade solvents were used after purification and dry with
common methods.

13

Compoundsl-3 were synthesized by an aldol conden-
sation reaction of ketocoumarin and appropriate benzalde-
hyde derivatives with a catalytic amount of piperidine in
ethanol/acetonitril (fol and2) and toluene (fo8). The final
products were purified by column chromatography and char-
acterized by'H NMR, mass and elemental analyf2$].

2.2. Methods

TPA cross-sectiond] values of the three compounds
in chloroform solution (10%-10-> mol/L) were determined
using the two-photon-excited fluorescence (TPEF) measure-
ment technique with femtosecond laser pulses (from a mode-
locked Tsunami Ti:sapphire, 740-880 nm, 80 MHz, <130fs)
following the experimental protocol described in detail by
Xu and Webb[27]. To avoid any cumulative effect from
photophysical/photochemical processes of solute molecules
and contribution from other non-linear effects, the intensity
of input pulses were adjusted to proper regimes to ensure
a quadratic dependence of the fluorescence intensity versus
excitation pulse energy was measured for each compound.
Rhodamine B in methanol solution-(0~% mol/L) was used
as reference to calibrate our measurenj2i}. The experi-
mental uncertainty amounts #610%.

The light source for photobleaching experiments was
400 W Xenon lamps, light below 300 nm was filtered off with
pyrex glass and the intensity of irradiation was 25 mWJcm
The typical high efficient triplet photosensitizRrwas used
as reference. The dye/HABI solution was bubbled with high
purity nitrogen for 30min to get rid of oxygen in solu-
tion before exposed under light. A regeneratively ampli-
fied Ti:sapphire system (Spitfire F-1K, 800 nm, 1000 Hz,
~130fs) was used for photopolymerization experiments.
The photocurable resin films were prepared by coating the
mixed resin solution containing cellulose acetate butyrate/2-
phenoxyethyl acrylatadlvinyl carbzole as monomer, dyes 2
as sensitizer, HABI as coinitiator and chloroform as solvent
onto glass substrates and dried in vacuum oven for 48 h for
evaporating off all chloroform. The film thickness was con-
trolled to be about 50.m.

3. Results and discussions
3.1. Linear and non-linear optical properties

The absorption spectra and the fluorescence spectra of
1-3 in chloroform solution are shown iRig. 1L Compared
to the one-photon absorption peal{%éna of 1, the)»(nﬂlx of
2 and3 red-shift 13 and 11.5 nm, respectively, which indi-
cates that the central triphenylamine moiety participate in the
conjugation. It is worth to note that the absorption peak of
2 is obviously broader than those dfand 3, and presents
a shoulder peak near to the maximum one at 485.5nm. It is
considered that the stereo configurations of two branch chro-
mophores o2 are different, in addition the two moieties could
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o4 Fig. 2. Two-photon excitation spectra of compouréd3 in chloroform.
22} .
2ol Two-photon excited at 880 nm The fluorescence quantum yield#) of 1-3 was measured
_ 1'8 in chloroform solutions. Rhodamine B in methanol was used
t 1'6 i 1 as a standard#(=0.70) and refeactive index correction was
:.3’ S N —— 2 performed[28]. Three compounds all showed strong fluo-
S 12l e 3 rescence and higlp as 0.49, 0.55 and 0.58, respectively.
8 Lol The increase of could be also due to the decreasing of the
S sl _ excited state charge transfer frdnto 2 and3 as mentioned
o S L One-photon excited at 440 nm
0.6 before.
04l The measurement results of three compounds’ TPA cross-
02f sections at 740-880 nm are showirig. 2 Their two-photon
0.0 - , ) , absorption peaka@x) are alllocated at 810 nm, which has a
500 600 700 800 900 blue-shift about 150 nm compared to the double wavelength
(b) Wavelength (nm) of their linear absorption peaks, 472.5-485.5 nm, indicating

this two-photon absorption peak should correspond to elec-
tron transition of ground state {20 second excited statef)S
or even higher states. Except the absorption peak at 810 nm, it

Fig. 1. (a) One-photon absorption spectra of compourdsn chloroform
and (b) normalized fluorescence spectra of compodrdsn chloroform
excited by one-photon absorption at 440 nm and two-photon absorption at

880 nm. is shown that another absorption peak could existin red side of
880 nm for each compound. Due to the non-centrosymmetric

have stronger intramolecular interaction than tha, efhich structures of these molecules, the allowed electron transition

induces tha%xofz evenhasal.5mnm red-shiﬁ}t&gxof& of Sg— S1 may explain the appearance of this peak. Com-

Though the\hax of three compounds are different, their fluo-  pared to centrosymmtric molecular systems, these dyes can
rescence emission pealﬁﬁqu) are almost exactly same. For match broader wavelength scope of laser pulses, and would

the decrease of the Stokes shifts frdno 2 and3 (Table J), have advantages for further applications.
it could be due to cross-conjugation effect, which decreases All three compounds, especial® and3, showed quite
the electron donating ability of triphenylamine frohto 2 large TPA cross-sections (1P—10-*’ cm’*/s/photon) com-

and3, and thus diminishes the excited state charge transfer.pared to commercial coumarin dyj®,30]. The ratio of the
For each compound, the fluorescence spectra are same forelativedmaxvaluesofl:2:3is 1:2.7:3.5 (for each branch chro-
both one- and two-photon excitation in a same concentratedmophore inl-3, the ratio is 1:1.35:1.17). Obviously, both of
solution, indicating the fluorescence emission is independent2 and3 presented an enhancement for their TPA compared

on excitation process. to 1. In addition, it was interesting to note thatshowed
Table 1

One- and two-photon optical propertiesief in chloroform

Compound A8 (nm) emax (108 M~1cmr ) Al 3 (nm) Av (cmrh) @ 22 (nm) Smax (GM)P
1 4725 0.67 580/579 3923 0.49 810 318

2 4855 1.14 576/579 3236 0.55 810 860

3 484 1.64 578/580 3336 0.58 810 1117

a The left data is from one-photon excitation spectra, the right one is from two-photon excitation spectra.
b 1 GM=10"5%cm s/photon.
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more efficient cooperative effect thawithin the whole mea- 110
sured regime. From linear optical properties of compounds, 100
it was presented that the cross-conjugation of triphenylamine 90
center increased effective conjugation length of molecules, 80
but decreased the charge transfer of excited state within 70
each branch, which are two reverse effects on TPA of com- 60
pounds. On the other hand, in mutli-branched molecules, 50
the inevitable intramolecular chromophore—chromophore 40
interaction will enlarge the density of molecules’ energy 30
states, which has a positive effect on TPA of compounds. 20.]
Thus, the enhancement of compounds’ TPA will be deter- 10.]
mined by the cooperative effect from the cross-conjugation 0.
and the intramolecular interaction of different branches. In 10l
earlier discussion, we mentioned thzithas broader lin- 5 0 5 10 15 20 25 30 35 40 45
ear absorption peak and considered it due to its stronger Irradiation time (min)
chromophore—chromophore interaction. Here, the stronger

cooperative enhancement of its TPA could be also accord toFig. 3. Photobleaching of different dyes with HABI, [dye]=110
“Smol/L, [HABI]=8 x 10~>mol/L, in chloroform, in N.
the same reason. molL, : :

(OD,-OD)/OD, (%)

3.2. Photobleaching and photopolymerization Ry (Rp = (ODp — OD)/(ODy x 1)) of three dyes are all nearly
three times of that oR in first 20 min with enough HABI.

In UV photopolymerization, coumarin dyes are gener- Twenty minute later, dyes were almost used up, so their
ally combined with coinitiators HABI or diphenyliodinium  absorption spectra became stable. The results indicate that
hexafluorophosphate as high efficient initiating compos- dye 1-3 can match with commercial coinitiator HABI very
ites. After dyes absorb photons and arrive to their excited well.
states, the following reaction processes are same for both Toinvestigate the initiating efficient of dRéHABI in two-
one- and two-photon polymerization. Thus, we use common photon polymerization, a mixed resin film was prepared and
photobleaching method to study the primary photoreaction single-shot exposure were carried out. 800 nm laser pulses
between dyed-3 and HABI. When the dye/HABI combi-  were focused into the sample with a lefis {5 mm) and the
nation system was exposed to light, due to the photoinducedfocus size was-32um. Fig. 4shows the optical micrograph
electron transferring from dye to HABI, the dye would be of exposed points under different pulse’s energies. Due to dif-
oxidized and its absorption peak would decrease with irra- ferent refractive index of materials exposed and unexposed,
diation time. In our contrastive experiments, in the absence the polymerized points were observed very clear under opti-
of HABI, the absorption of dye was stable, which demon- cal microscope. When the energy of the single pulse was
strated that the decrease of dye’s absorption in photobleach{iower than 1uJ, we did not observe polymerization dots.
ing experiments was according to its photooxidation. The Thus, we determined that the threshold for this two-photon
photobleaching speed of dyes is determined by the speedexposure is 1 TW/cfh Considering the threshold of a poly-
of electron transfer between dye and HABI. The photoreac- merization system is determined by many factors, except
tion kinetic study was carried out by monitoring the relative dyes, other factors, such as coinitiators, monomers, the width
change of the optical density (OD) at dye’s absorption max- of pulses, the size of focus point and even the resolution of
imum with irradiation time. InFig. 3, the photobleaching  microscope all have effect on it, there is still a significant
of dye 1-3 andR were carried out under the same experi- room for decreasing this threshold. When the pulse’s energy
mental condition. It is shown that the photobleaching rates was higher than gJ, the size of exposed point became sta-

Fig. 4. Polymerized points under different exposure energy of laser pulses.
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ble around 7—8m, but its surround area became more and

more clear. We think it is due to two reasons, the shrinkage
of exposed region and the partial polymerization happened[lo]
within areas around exposed points due to heating ef“fectwher't11

the energy of pluses is higher than some limitation. Wi 1
pulse energy, the diameter of exposed dot is 23 which
is only tenth of the focus’s size. It can be imagined that this

resin would be applied for high-density optical storage and [13]

microfabrication with tightly focused optical systems.

4. Conclusion

We reported the synthesis of novel multi-branched TPA
dyes of ketocoumarin derivatives, and observed a cooper-

ative effect of TPA in two and three-branched dyeand

3 with femtosecond laser pulses. All three compounds pre-
sented quite large TPA cross-sections compared to commer-
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