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ABSTRACT: This article presents the synthesis and characterization of a series of cross-conjugated
D-7-A-m-D-based photoinitiators for the two-photon-induced photopolymerization process. Different
donor and acceptor functionalities and derivatives containing double and triple bonds in the conjugated
backbone allowed the evaluation of structure—activity relationship. Investigation of the basic photophysical
properties showed high extinction coefficients at around 400 nm and none or vanishingly small emission
quantum yields. The evaluated initiators showed at least similar activity, and in some cases broader
processing windows than well-known highly active initiators from the literature and by far better results
than commercially available initiators in terms of two-photon-induced microfabrication. These results are
well in accordance with the TPA cross section values for the compounds measured by z-scan analysis. By
using optimized parameters, structures with line widths of about 250 nm were obtained at photoinitiator

concentrations as low as 0.05 wt %.

Introduction

In the past decade, two-photon-induced photopolymerization
(TPIP)'~¢ has attracted much attention of researchers and has
been intensely studied for various applications requiring three-
dimensional (3D) structures with resolutions in the (sub)-
micrometer range, such as different mechanical, electronic and
optical mlcrodewces high-density 3D optical data storage,’
photonic crystals,® polymer based optical waveguides on inte-
grated circuit boards,””'? and the like. Furthermore, the high
resolution and the versatility in the building process offer new
routes for biomedical applications, such as tailored replacement
materials.'*'*

TPIP is a solid free-form fabrication technique where a resin,
which contains mainly a multifunctional acrylate-based monomer
and a photoinitiator (PI), is cured inside the focal point of a
femtosecond pulsed near-infrared laser beam. With this unique
process it is possible to produce complex 3D structures with
resolutions §~120 nm) below the diffraction limit of the utilized
wavelength.'® With advanced techniques such as the ap}lohcatwn of
radical quenchers'®!” or repolymerization techniques, ® it is even
possible to improve the feature resolution to 65 and 22 nm,
respectively.

A highly active TPA PI plays a key role in order to obtain an
efficient and clean polymerization and therefore high-quality
structures In the llterdture the TPA cross section (I GM =
107> m* s photon™") is the currently used value to characterize
the activity of a TPA compound. It has to be noted that this value
corresponds only on the absorption behavior of the compound
similar to the extinction coefficient (&) of one-photon absorption
in Lambert—Beer’s law, giving only a hint for the subsequent
photoreactivity.®
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At the initial stages of TPIP, research groups used typlcal
commercially available radical Pls such as Irgacure 369.'%1°
Relatively high concentrations and laser intensities as well as long
exposure times are required when structuring with these one-
photon initiators.>?**! The limited efficiency of these PIs can be
ascribed to the rather low TPA cross section, normally less than
40 GM,* while higher radical formation quantum yields and
initiation efflc1ency tend to compensate the low TPA cross-
section values.”®> Under practical conditions, several research
groups still prefer these initiators, but in the past few years there
has been a growing need for special PIs optimized for the TPIP
process with a high photoinitiating or sensitizing quantum yield
under TPIP conditions.’®

Up to now, a full understanding of the relationship of the
molecular structure and the two-photon properties has still
remained a big challenge. A high GM value combined with a
high photoreactivity just like for normal one-photon initiators
seems the goal to achieve. In recent literature, a large variety of
TPA active compounds has been reported with—in some cases—
enormous TPA cross sections.*?

To obtain these high GM values, a planar 7-system with a long
conjugation length and with different functional donor (D) and/
or acceptor (A) groups are important structural parameters.>*~

Two representative examples of high efficiency that are fre-
quently reported in literature are FE,E-1,4-bis[4’-(N,N-di-n-
butylamino)styryl]-2,5-dimethoxybenzene (R1) and E,E-1,4-bis-
[4-(N,N-di-n-butylamino)styryl|benzene (R2), with TPA cross
sections up to 995 GM at the maximum of the TPA absorption
spectra (730 nm) (Figure 1).*® These initiators are using an
intramolecular charge transfer mechanism in the primary initia-
tion step, followed by an intermolecular electron transfer.?’

In addition to the planarity, the conjugation length of the
chromophore, the type of D/A system and the type of the
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Figure 1. New TPA PIs and reference compounds.

conjugated s-backbone have a major influence on the photo-
activity. Usually double bonds are used in the backbone of the PIs
to extend the conjugation length due to their simple synthetic
accessibility although the TPA cross section is normally lower
than their triple-bond-containing counterparts.®* 3> However,
double bonds tend to attenuate the desired photochemical
processes by cis—trans isomerization.

Recently, we have shown that the triple-bond-containing 1,5-
bis(4-(N,N-dimethylamino)phenyl)penta-1,4-diyn-3-one (M3K)
serves as a highly sensitive and efficient TPA PI at low initiator
concentrations in comparison to typical one-photon UV PIs,?
although a rather low TPA cross section below 40 GM has been
calculated for this compound very recently.*® Investigations on
the single-photon photochemistry of the unsubstituted H3K
showed efficient hgrdrogen abstraction from H-donors like iso-
propyl alcohol.**3* In the presence of monomers [2 4 2] cycload-
dition between the ketone of the initiator and the double bond of a
nonpolymerizable monomer has been found in acetonitrile.**

Therefore, the aim of this paper was to investigate this triple-
bond-containing, cross-conjugated and D-m-A-7-D-based lead
structure. In order to study structure—activity relationship,
variation of the functional donor (hydrogen, methoxy, dimethyl-
amino, diphenylamino, and dibutylamino groups) and/or accep-
tor functionalities (ketone, pyridine, pyridinium) and more-
over the influence of double and triple bonds located in the
conjugated backbone were of interest (Figure 1).

Pyridinyl and pyridiniumyl moieties (M3P, M3P+) were
chosen because of their strong electron acceptor properties.
Structural relationship tests in the literature showed that these
functionalities lead to high TPA cross sections compared to other
acceptor groups although they are known as fluorescence dye
compounds as well>*1*® The 2- and 6-substituent positions of
the pyridine were chosen because of the lower electron density and
therefore higher acceptor ability compared to the positions 3 and
S. To determine the relevance of the triple bond in M3K, a
derivative was synthesized with a double bond containing
m-backbone (M2K). To test the different donor strength (—H <
—OMe < —NMe, < —NPh,) and its influence on the initiation
activity several compounds (H3K, O3K, M3K, P3K) were synthe-
sized and tested. Moreover, solubility in the resin is an important
issue for the efficiency of TPA initiators.® This has been addressed
by the introduction of butyl substituents in B3K.

For comparison, two highly yotential TPA PIs, R1 and R2,
well-known from the literature,”® and Irgacure 369 as a typical
commercially available one-photon PI were tested.

For the characterization of the initiators, UV—vis absorption
and emission measurements were carried out. As the determina-
tion of the TPA cross section gives only information on the

Pucher et al.

M3P X=N
M3P+ X = [N*-Me] I

R1 R=0OMe
R2 R=H

absorption behavior® similar to & of one-photon absorption in
Lambert—Beer’s law, we have decided to carry out TPIP struc-
turing tests to characterize the new PIs. In the TPIP structuring
tests, the ideal building parameters for each initiator were
determined by changing the laser intensity, feed rate, and shape
size using the same molar PI concentrations.

Experimental Section

Materials. All reagents were purchased from Sigma-Aldrich,
Fluka, and ABCR and were used without further purification.
The solvents were dried and purified by standard laboratory
methods or were dried over Al,Oj5 cartridges. Trimethylolpro-
pane triacrylate (TTA, Genomer 1330) and ethoxylated (20/3)-
trimethylolpropane triacrylate (ETA, Sartomer 415) were re-
ceived as a gift from Rahn and Sartomer, respectively. Petro-
leum ether (PE) refers to the fraction boiling in the range 40—
60 °C. Column chromatography was performed with conven-
tional techniques on VWR silica gel 60 (0.040—0.063 mm
particle size). Aluminum-backed silica gel plates were used for
TLC analyses.

Characterization. '"H NMR (200 MHz) and '*C NMR
(50 MHz) spectra were measured with a BRUKER AC-E 200
FT-NMR-spectrometer. The chemical shift (s = singlet, bs =
broad singlet, d = doublet, t = triplet, m = multiplet) is dis-
played in ppm using the nondeuterated solvent as internal
standard. Solvents with a grade of deuteration of at least
99.5% were used. Melting points were measured on a Zeiss
axioscope microscope with a Leitz heating block and remained
uncorrected. The UV—vis absorption spectra were recorded
either on a Hitachi U-2001 spectrometer or on a Shimadzu
3101-UVPC double-beam spectrometer, using slit widths of
2 nm. Spectroscopic grade solvents dried over molecular sieve
and either 10 or I mm cuvettes were used for the measurements.
Emission spectra were recorded on a thermostated Jobin Yvon
FluoroMax-2 at 25 °C allowing for temperature control from
15 to 60 °C. The emission spectra were corrected according to
the manufacturer specifications. Emission and excitation spec-
tra were recorded on optically dilute solutions (OD < 0.1) in
septa-sealed quartz cuvettes. The samples were deaerated by
bubbling with argon during at least 10 min. The emission
quantum yields were obtained using quinine sulfate in 0.5 M
H,SO,4 (107> M) as reference (g)r = 0.55)*7 and the equation
published by Kotelevskiy et al.®

GC-MS runs were performed on a Thermo Scientific DSQ II
using a BGB 5 column (/ = 30 m, d = 0.32 mm, 1.0 ym film;
achiral). Elemental microanalysis was carried out with an EA
1108 CHNS-O analyzer from Carlo Erba at the microanalytical
laboratory of the Institute for Physical Chemistry at the Uni-
versity of Vienna.
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A Tisapphire laser system (100 fs pulse duration, 1 kHz
repetition rate) was used for the open aperture z-scan analysis. A
detailed description of the setup and the fitting equations used
can be found elsewhere.*® Rhodamine 6G and Rhodamine B in
MeOH were used as reference standards in order to verify the
reliability of the experimental setup.*® All Pls were prepared as
1.0 x 1072 M solutions in spectroscopic grade THF. The PI
solutions were measured in a 0.2 mm thick flow cell in a
nonrecycling volumetric flow of 5 mL/h. The excited volume
is therefore refreshed approximately every 100 pulses, which
approximately corresponds to 3 times for each z-position, which
was found to be sufficient.

The measurements were carried out at different pulse energies
in the range of 15—450 nJ. At even higher energies a signal of the
pure solvent appears, and thermal effects are more likely to
influence the measurement. Care had to be taken to collect the
whole transmitted light in the far field using a big collecting lens.
Additionally, a proper Gaussian beam profile in time and space
is essential for the analysis.

Syntheses. (Dibromomethyl)triphenylphosghonium bromide,*!
4-(ethynyl)-N, N-dimethylbenzeneamine (2¢),”° N, N-dimethyl-4-io-
dobenzeneamine (4c),”® N,N-diphenyl-4-iodobenzeneamine (4b),*
N,N-dibutyl-4-iodobenzencamine (4a),* (1E.4E)-1,5-bis[4-(N,N-
dimethylamino)phenyl]-1,4-pentadiene-3-one gMZK),44 1,5-bis(4-
methoxyphenyl)penta-1,4-diyn-3-one (O3K),*° E,E-1,4-bis[4'-(N,
N-di-n-butylamino)styryl]-2,5-dimethoxybenzene (R1),%® and E,E-
1,4-bis[4'-(N, N-di-n-butylamino)styryl]benzene (R2)*® were pre-
pared according to the literature. Synthesis and characterization
of the key intermediates 4-(4-(NV, N-dibutylamino)phenyl)-2-meth-
ylbut-3-yn-2-ol (1a), 4-(4-(N,N-diphenylamino)phenyl)-2-methyl-
but-3-yn-2-ol (1b), 4-(ethynyl)- N, N-dibutylbenzeneamine (2a), and
4-(ethynyl)-N,N-diphenylbenzeneamine (2b) and NMR spectra of
the new initiators are given in the Supporting Information. Spectral
data were in agreement with the reported data. All reaction steps
toward the final PI products were carried out in a special, light-
protected room.

1,5-Bis[4-(N,N-dibutylamino)phenyl|penta-1,4-diyn-3-ol (3a).
In a three-necked flask 1.21 g (5.25 mmol) of alkyne 2a were
dissolved in 50 mL of dry THF and 5.25 mmol of n-BuLi in
hexane (2.01 mol/L) were added slowly at —50 °C under an argon
atmosphere. After stirring for 45 min at this temperature, a
quantitative deprotonation of the alkyne was detected by TLC
and GC-MS studies (0.05 mL of the solution was quenched with
0.1 mL of freshly distilled trimethylsilyl chloride under inert
atmosphere; afterward, a saturated NaHCOj; solution was added
dropwise to this mixture, which was then extracted with ethyl
ethanoate (EE)). The mixture was cooled to —70 °C, and 0.19 g
(2.56 mmol) of ethyl formate, dissolved in 5 mL of dry THF, was
added dropwise via a syringe within 30 min. The solution was
stirred for another 30 min at this temperature and was then
allowed to warm up to —15 °C. The reaction was held at this
temperature until TLC measurements showed a good yield for the
alcohol 3a. Afterward, the solution was hydrolyzed at —10 °C
with a saturated NaHCOj solution (40 mL). The aqueous layer
was extracted with chloroform (5 x 10 mL), and the combined
organic layers were washed with a saturated NaCl solution and
dried over Na,SO,. The solvent was removed in vacuum, and the
residue was purified by column chromatography (PE:EE = 7:1)
to give 0.71 g (56%) of 3a as a yellow oil. 'H NMR (CDCls):
0 (ppm) = 7.31 (4H, d J = 9.00 Hz; ar—H>?%%) 6.53 (4H,d J =
9.00 Hz; ar—H>¥->%), 5.56 (1H, d J = 7.24 Hz; —CH—OH), 3.26
(8H,tJ = 773 Hz;4 x —N—CH,), 2.35(1H,d J = 7.24 Hz; —
CH—-O0H), 1.63—1.49 (8H, m, 4 x —N—CH,—CH,), 1.40—1.21
(8H,m; 4 x —CH>,—CHj3),0.95(12H, tJ = 7.14 Hz; 4 x —CH>—
CHs). *C NMR (CDCls): 6 (ppm) = 148.34 (ar—C*¥), 133.30
(ar—C>%2%) 111.17 (ar—C>**>), 107.66 (ar—C""), 85.72 (ar—
C=), 84.38 (—CH—C=), 53.83 (—CH—OH), 50.79 (—N—CH,),
29.47 (-N—CH,—CH,), 20.44 (—CH,—CHy), 14.11 (—CH,—
CH3). Elemental Anal. Caled for C33Hy46N>O: C, 81.43; H, 9.53;
N, 5.76. Found: C, 81.29; H, 9.62; N, 5.68.
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1,5-Bis[4-(N,N-diphenylamino)phenyl|penta-1,4-diyn-3-ol (3b).
3b was obtained by a coupling reaction of 2b with ethyl for-
mate according to the procedure described for 3a. Purifica-
tion by column chromatography (PE:EE = 7:1) gave 3b (58%)
as a yellow powder; mp 84—86 °C. 'H NMR (CDCly):
8 (ppm) = 7.34—7.24 (12H, m, ar—H), 7.12—7.03 (12H, m,
ar—H), 6.97 (4H,d J = 8.74 Hz, ar—H), 5.56 (IH, d J = 7.4 Hz,
—CH-OH), 2.11 (1H, d J/ = 7.1 Hz, —=CH-OH). °C NMR
(CDCLy): 6 (ppm) = 148.7 (ar—C%), 147.4 (ar—C""'"), 133.2 (ar—
C“z), 129.7 (ar—C**""") 1254 (ar—C*), 1240 (ar—
CZ206% 122,24 (ar—C**"), 114.9 (ar—C"), 85.7 (ar—C=C),
85.1 (ar—C=(), 53.7 (—CH—OH). Elemental Anal. Calcd for
C41H30N,0: C, 86.90; H, 5.34; N, 4.94. Found: C, 87.10; H, 5.39;
N, 4.92.

1,5-Bis(4-(N,N-dibutylamino)phenyl)penta-1,4-diyn-3-one (B3K).
0.831 g (9.55 mmol) of manganese(IV) oxide was added to a
solution of 0.71 g (1.46 mmol) of 3a in 100 mL of dry CH,Cl,.
After stirring at ambient temperature for 52 h the reaction mixture
was filtered using Hyflo, and the solvent was removed in vacuo. The
solid residue was purified by column chromatography (PE:EE =
11:1) giving 0.58 g (83%) of B3K as slowly crystallizing substance;
mp 68—70 °C. '"H NMR (CDCls): 6 (ppm) = 7.48 (H,d J = 9.00
Hz; —ar—H>>%%),6.57 (H,d J = 9.00 Hz; —ar—H>*>),3.31 (H,
tJ =792Hz;4 x —N—CH,—), 1.66—1.56 (H, m; 4 x —N—CH,—
CH,—),1.45—-1.25 gH,m;4 x —CH,—CH;),0.97 (H,tJ = 7.14Hz;
4 x —CH,—CH). 3C NMR (CDCly): 6 (ppm) = 160.94 (C=0),
150.11 (ar—C**), 135.73 (ar—C>*?%), 111.31 (ar—C>¥>),
104.55 (ar—C""), 95.68 (ar—C=), 9144 (—CH—C=), 50.87
(=N—CH,—CH,—), 29.44 (—N—CH,—CH,—), 20.42 (—CH,—
CH3), 14.09 (—CH,—CHys). Elemental Anal. Calcd for Cs3Hay-
N>,O: C, 81.77; H, 9.15; N, 5.78. Found: C, 81.72; H,
9.28; N, 5.61.

1,5-Bis(4-(N,N-diphenylamino)phenyl)penta-1,4-diyn-3-one
(P3K). The PI P3K was obtained by oxidation reaction of 3b
with manganese(IV) oxide according to the procedure described
for 3a. The residue was purified by column chromatography (PE:
EE = 7:1), giving the product in 97% yield as red solid; mp 190—
193 °C. 'H NMR (CDCl;): 6 (ppm) = 7.45 (4H, d J = 8.90 Hz,
=—ar—H>%), 7.36—7.28 (8H, m, N—ar—H>"?"%¢") 7.17-7.10
(20H, m, N—ar—H>-¥""") 6.96 (4H, d J = 8.90 Hz, =—ar—
H*?). *C NMR (CDCl3): 6 (ppm) = 160.82 (C=0), 150.66 (=—
ar—C?), 146.44 (N—ar—C"""), 135.00 (=—ar—C>°), 129,78 (N—
ar—C>¥"55") 126.08 (N—ar—C**#"), 124.86 (N—ar—C??"0-%"),
120.38 (=—ar—C>°), 110.78 (=—ar—C'), 93,52 (ar—C—C=),
90.63 (CO—C=). Elemental Anal. Calcd for C4HxN>O: C,
87.21; H, 5.00; N, 4.96. Found: C, 87.15; H, 4.99; N, 4.81.

2,6-Bis[2-(4-(N,N-dimethylamino)phenyl)ethynyllpyridine
(M3P). 1.30 g of (5.49 mmol) 2,6-dibromopyridine and 2.00 g
(13.77 mmol) of 4-(4-ethynyl)-N,N-dimethylbenzolamine (2¢)”
were dissolved in 250 mL of degassed and dry triethylamine
under argon atmosphere. To this solution, 30 mg (0.16 mmol) of
copper(I) iodide and 110 mg (0.16 mmol) of PdCl,(btpp) were
added, and the reaction mixture was stirred at room tempera-
ture overnight. The suspension was filtered and washed with
50 mL of Et,O. The solvent was then removed under reduced
pressure, and the brown residue was dissolved in chloro-
form and washed with brine. Afterward, the organic phase
was dried over Na,SO, and the solvent was evaporated.
Finally, the product was purified by column chromatography
(PE:EE = 3:1, neutral aluminum oxide) to obtain 1.04 g (52%)
of M3P as a pale yellow solid; mp 262—264 °C. '"H NMR
(CDCly): 6 (ppm) = 7.60 (1H, dd J = 8.02 Hz, py—H?), 7.49
(4H, d J = 9.00 Hz, ar-H>>**%), 7.36 2H, d J = 7.62 Hz,
py—H>), 6.67 (4H, d J = 9.00 Hz, ar—H>>">), 3.00 (12H, s,
4 x —CH,). "*C NMR (CDCl): 6 (ppm) = 150.82 (ar—C**),
144.73 (py—C?>°), 136.42 (Qy—c“), 133.72 (ar—C>?%), 125.31
(py—C>?), 112.01 (ar—C>***%), 109.09 (ar—C""), 91.63 (py—
C=-—ar), 87.51 (py—=C-—ar), 40.51 (—CH3). Elemental Anal.
Calcd for C,sH»3N3: C, 82.16; H, 6.34; N, 11.50. Found: C,
82.34; H, 6.52; N, 11.14.
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Scheme 1. Syntheses of Terminal Alkyne Precursors

method A: I
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2,6-Bis[2-(4-(N,N-dimethylamino)phenyl)ethynyl)-1-methyl-
pyridinium Todide (M3P+). 350 mg (0.96 mmol) of pyridine M3P
were dissolved in 140 mL of a 1:1 mixture of chloroform and THF
under an argon atmosphere. 4.00 g (28.28 mmol) of methyl iodide
was added slowly via a syringe, and the mixture was then stirred at
room temperature for 7 days. The progress of the reaction was
monitored by TLC (CHCIl;:MeOH = 7:1). The solvents and the
excess of methyl iodide were carefully removed in vacuo, and the
crude deep red precipitate was gently recrystallized from metha-
nol to give a red solid in 59% yield; mp 215 °C (decomp). 'H
NMR (DMSO-dq): 6 (ppm) = 8.33 ng, dd J = 8.01 Hz, py—
H*,8.04 (2H,d J = 8.03 Hz, py—H>"), 7.62 (4H, d J = 8.83 Hz,
ar—H>?-%) 6.81 (4H, d J = 8.95 Hz, ar—H>¥"), 4.41 3H, s,
py " —CHs),3.04 (12H, s, 4 x —N—CH,). *C NMR (DMSO-d):
0 (ppm) = 152.05 (ar—C**), 142.48 (py—C*), 138.63 (py—C>°),
13432 (ar—C>?%%), 128.14 (py—C>°), 111.89 (ar—C>¥>),
109.89 (py—C=—ar), 103.67 (ar—C""), 81.73 (py—=C—ar),
44.48 (—N—CHsy), 39.61 (py—CHj;). Elemental Anal. Caled
for CocHoeIN3: C, 61.54; H, 5.16; N, 8.28. Found: C, 61.28;
H, 5.47; N, 8.31.

TPIP Structuring Tests. Laser Device. Two different laser
systems (system A and system B) were used for the direct laser
writing of 3D structures. System A, which was used for the
PI screening tests, is an amplified ultrafast Ti:sapphire laser
system consisting of a Maitai-Spitfire combination from Spec-
tra Physics.

The laser system operates at a repetition rate of 1 kHz and
provides NIR pulses at 800 nm wavelength with a pulse duration
of ~130 fs. This amplified system achieves a maximum pulse
energy of ~1 mJ. An optical parametrical amplifier (OPA-800C)
is used for structuring tests at 600 nm. The OPA extends the
wavelength range of the laser system by means of harmonic
generation and frequency mixing from 235 nm to 10 um. The
ultrafast OPA-800C is seeded by the amplified ultrafast laser
pulses from the Spitfire, and the wavelength is—in this specific
case—shifted by parametric conversion (second harmonic of the
OPA signal) to 600 nm. Because of the conversion, the max-
imum pulse energy is less than 25 uJ, when pumped with 1 mJ
pulses from the Spitfire. In case of 800 nm structuring the laser
pulses are guided through an electro-optical switch that works
also as laser attenuator by remote control of the crystal high
voltage of the Pockels cell. Furthermore, a spatial filter im-
proves fundamental spatial Gaussian beam distribution. The
laser is focused into the sample by a 100x microscope objective
(NA = 0.95). A He—Nelaser is collinearly guided to the sample,
and the back-reflected light of the He—Ne laser is detected by a
photodiode in a confocal setup, which permits the measurement

of the sample’s surface position and depth. The sample is moved
by an Aerotech three axes stage relative to the laser focus in
order to form a 3D structure (design of photonic structures by
means of CAD modeling).

Additionally, to achieve higher resolutions of 3-dimensional
structures, a different laser lithography system (Nanoscribe
Photonic Standard, system B) was used. This system is equipped
with a fiber laser, which provides NIR pulses at 780 nm
wavelength with a pulse duration of ~150 fs. The system
operates at a repetition rate of 100 MHz. Direct laser writing
with this system is usually carried out at a laser power below
7 mW (measured directly in front of the microscope objective).
The laser is focused by a 100x oil immersion microscope
objective (NA = 1.4), and the sample is mounted on a high-
precision piezoelectric XYZ scanning stage with a 1 nm posi-
tioning accuracy.

General Procedure. For all samples the same fabrication
process was implemented: The optical material was drop-cast
onto a glass substrate. Subsequently, the samples were exposed
to the laser beam, and the focus was scanned across the photo-
sensitive material, which leads to an embedded 3D structure
inside the material volume. After laser writing, the unexposed
material was removed by development of the structure in
methanol (rinsing). In a final step the samples were subjected
to UV flood exposure to finally cure the optical material. The
resulting structures, particularly their structural dimensions,
integrity, and surface quality, were studied by means of SEM
(JEOL JSM-5600).

Results and Discussion

Syntheses. Generally, the new amine-donor-containing
derivatives B3K and P3K were prepared in a similar way to
the synthesis of M3K (Scheme 2). The key intermediates were
the terminal aryl acetylenes 2a and 2b (Scheme 1). There are
several synthetic routes in the literature to obtain theses
precursors. The most common is the reaction of a corre-
sponding 4-iodobenzeneamine derivative under Sonogashira
coupling conditions with either (trimethylsilyl)acetylene or
2-methyl-3-butyn-2-ol followed by a subsequent cleavage of
the protection group in a second step (method A).*>4¢
Furthermore, Michel et al.*’ published a Wittig-type one-
pot synthesis starting from the corresponding aldehydes
(method B). The advantages of the latter type of reaction
compared to method A are the quick reaction time, the better
commercial accessibility of the aldehydes, and the divergent
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Scheme 2. Syntheses of M3K Derivatives
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Scheme 3. Syntheses of PI M3P and M3P+
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reaction pathway. The disadvantages are for sure the
amount of Wittig salt and base needed resulting also in a
more complicated purification step. Overall, both methods
are suitable to obtain the precursors in high yields.

Method A was used first because it is the most common
way in literature to synthesize terminal alkyne derivatives.*
Therefore, the 4-iodobenzeneamine derivatives (4a—c) re-
quired for method A had to be synthesized according to
different literature procedures. The methyl compound 4¢
was recently prepared in our group by the reaction of N,N-
dimethylbenzeneamine and I, in 64% yield.?® The synthesis
of N,N-diphenyl-4-iodobenzeneamine (4b) by a halogen
exchange starting from N,N-diphenyl-4-bromobenzenea-
mine as proposed by Suh et al.*® was not successful. There-
fore, 4b was synthesized according to Strohriegl et al.** using
N,N-diphenylamine and 1,4-diiodobenzene as starting ma-
terials.

Synthesis of 4a by para-iodation of N,N-dibutylbenzenea-
mine as for the preparation of 4¢ is well-known from the
literature but was not used to avoid the presence of iodine
(impurities in the product). Therefore, the butyl derivative
4a was obtained by alkylation of 4-iodobenzeneamine
in high yields (78%).** This reaction was used to level out
the possibility to introduce other functional groups in the
final PI in further studies, which are not commercially
available.

The reaction of these 4-iodobenzeneamine derivatives
with 2-methyl-3-butyn-2-ol under Sonogashira conditions
gave the protected alkyne products la—c in yields between
70 and 88%. Finally, by deprotection under basic conditions
the terminal alkynes 2a—c were obtained in good yields
(79—87%).

To evaluate the potential of method B, the terminal
alkynes 2a and 2c¢ were synthesized by a one-pot reaction
of the corresponding aldehydes. By the use of a special
Wittig-type salt and -BuOK an intermediate was formed
at room temperature and subsequently further addition of
base at —70 °C yielded in the final products in 77% and 63 %,
respectively.

On the basis of the intermediates 2a and 2b, B3K and P3K
were synthesized in a two-step reaction (Scheme 2). In the
first step the terminal alkyne precursor was deprotonated
with n-BuLi and then coupled with ethyl formate to ob-
tain the corresponding alcohols 3a (56%) and 3b (58%).

Subsequently, they were oxidized under mild conditions
giving the PIs B3K and P3K in high yields (83—97%). It
has to be mentioned that a scale up of this synthesis to 5 g of
B3K was also successfully tested, and the solubility of B3K in
various resins could be noticeably increased compared to
other derivatives and the reference Pls.

The PIs M3P and M3P+ were obtained by a Sonogashira
coupling reaction of the terminal alkyne 2¢ with 2,6-dibro-
mopyridine giving M3P in 52% yield. Subsequent treatment
with methyl iodide gave the quaternized product M3P+
(59%) (Scheme 3).

Spectroscopy. Table 1 summarizes some of the basic one-
photon photophysical properties for the PIs investigated,
including the decadic molar extinction coefficient (&,,,5), the
absorption (4,,) and emission maxima (4.y), the emission
quantum yields (®.,,) , and the TPA cross section (o) values
measured at 800 nm in THF.

In Figure 2, the one-photon absorption and emission
spectra in acetonitrile and n-hexane are shown. In a previous
publication?® we have shown that the inclusion of donor
groups, such as methoxy (O3K) or dimethylamino groups
(M3K), into the para-position of the benzo-aromatic moiety
led to bathochromic shifts in the absorption spectra by
almost 0.3 and 1.0 eV, respectively. Additionally, &pax
showed a noticeable increase. From Figure 2 it is clear that
substitution of the methyl groups at the amine by either butyl
(B3K) or phenyl (P3K) alters the photophysical properties
under investigation only marginally. The energy of the
lowest energetic absorption transition is the same to within
0.08 ¢V for M3K, B3K, and P3K. Similarly, their ®.,s are
zero or vanishingly small.

Replacing the ketone-acceptor group by pyridine, M3P,
leads to a substantial hypsochromic shift (almost 0.6 eV in
acetonitrile) compared to M3K, while at the same time, @,
is significantly increased (from 0 to 0.58 in n-hexane). The
formation of the pyridinium cation, M3P+, results in the
total loss of emission and the appearance of a new absorption
band shifted deeply into the visible region (1,,s = 489 nm).

Substitution of the triple bond by a double bond gives
M2K, which has already been used as an electron transfer
sensitized PI in combination with iodonium salts.*’ Contrary
to M3K, M2K shows at least in acetonitrile noticeable
emission (P, = 0.07), while the position of the absorption
band remains basically unchanged.
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Table 1. Collection of One- and Two-Photon Photophysical Properties of the Different Pls in Acetonitrile (First Value) and n-Hexane (Second
Value) or in THF in the Case of TPA, Respectively”

Pl (I)cm Vabs [GV] Vem [CV] labs [nm] /lcm [nm] Smaxb [M71 Cmil] o [GM]

H3K’ 0.00 0.00 3.85 391 322 318 25000

03K 0.02 0.00 3.50 3.63 2.25 352 342 526 32000 <10
M3K 0.00 0.00 2.84 3.14 434 394 53000 165
B3K 0.00 0.00 2.76 3.07 449 404 65000 238
P3K 8x 107 41073 2.82 3.00 1.80 2.84 438 412 650 433 50000 256
M2K 0.07 0.00 2.84 3.09 2.11 434 400 569 48000 261¢
M3P 0.09 0.58 3.41 3.49 243 3.38 363 355 478 367 57000 23
M3P+/ 0.00 2.53 489 44000

R1 0.59 0.79 2.88 2.97 2.35 2.67 428 417 510 464 65000 318
R2 0.65 0.88 3.00 3.10 2.40 2.83 410 400 504 437 57000 314

“vaps and Ve, represent the energy of the absorption and emission maximum, respectively (using the transition moment representation).*s * Measured
inacetonitrile. 1 GM = 10" m*s photon™ !9 The first vibronic transition was chosen (therefore the discrepancy with the value in Heller et al.).>” * The
broad signal may cause a certain error.” M3P+ poor solubility in n-hexane, THF, and MeOH.

R1
R2
H3K
03K
g M3K
—~
©
=
;:/ B3K
= ——
< / - o
- P3K
M2K
M3P
M3P+
T T T T T T T T

400 450 500 550 600 650 700
A/ nm

250 300 350

Figure 2. Absorption (full line) and emission (dashed line) spectra of
R1, R2, H3K, O3K, and the novel PIs (B3K, P3K, M2K, M3P, M3P+)
in n-hexane (gray) and acetonitrile (black).

The rather high e, (> 1 % 104 M™! cmfl) as well as the
bathochromic shifts in the absorption spectra when changing
from polar acetonitrile to apolar n-hexane lead us to assign
the transitions listed in Table 1 as 7—x*. Closer inspection of
the absorption spectra reveals that H3K and O3K addition-
ally possess an energetically lower lying and less intense band
(e~100 M 'em M at3.1eV (4 = 400 nm) with a negative
solvatochromism which can be assigned to an n—x* transi-
tion. In the case of the amino-group-containing PIs (M3K,
B3K, P3K) this band is not observable but masked by the
bathochromically shifted strong w—s* transition.

For comparison, the photophysical properties of the well-
known TPA PIs R1 and R2 were also evaluated. Absorption
and emission maxima as well as emission quantum yields
were found to be in good agreement with previous data.***’

While R1 and R2 exhibit strong fluorescence, the triple bond
containing ketone-based PIs either do not show any or an
extremely weak (@, < 5 x 107°) emission, the nature of
which gﬂuorescence or phosphorescence) is yet to be as-
signed.”® These low emission quantum yields can be ratio-
nalized by an efficient intersystem crossing to the excited
triplet state, as for example for the triple bond lacking PI
analogue, benzophenone.’' This is in line with our latest
findings: that the step following photoexcitation is hydrogen
abstraction of the triplet state from the solvent.>

To investigate the TPA properties of the evaluated Pls,
an open aperture z-scan analysis™> was performed to deter-
mine the TPA cross section at the wavelength of 800 nm. A
nonrecycling flow cell geometry was used for the measure-
ments because of a strong photodegradation of some PIs
during the tests (especially the ketone-based Pls). This
phenomenon was also described by Schafer et al.** and was
furthermore described as an indicator for an effective two-
photon initiator. In the Supporting Information the photo-
degradation of P3K is shown as a representative example at
different volumetric flow rates. This test was carried out for
each compound. The results indicated that a flow rate of
5 mL/h is sufficient for all PIs to wash away the irradiated
sample out of the focal volume in a reasonable time.

The experimental data were fitted using the adopted
equations of Sheik-Bahae et al.”® in order to obtain the
TPA cross section (o) (Figure 3a). To exclude excited-state
absorption and to proof the fact that a pure o is determined,
the measurements were repeated at different peak intensities
and the calculated parameter g, scales linearly with intensity
(Figure 3b).°% All calculated o values are given in Table 1.

The values for the TPA cross sections of the ketone-based
initiators show an increase with enhanced donor strength of
the substituents in the para position of the aromatic ring. No
signal could be detected for H3K, and only a very low signal
was measured in case of O3K at the given wavelength.
Among the amino-based derivatives P3K had the highest
value of 256 GM. Surprisingly, there is a significant differ-
ence between the methyl and butyl derivative M3K and B3K,
maybe due to a shift of the TPA spectra between these two
initiators, similar to the differences also observed in the
one-photon spectra (Table 1).

The value for M2K is on the same order of magnitude as
the other amino-ketone-based PI. A comparison with litera-
ture data® revealed that similar double-bond-containing
derivatives are in the same range and also showing broader
signals than the triple bond analogues that allows less
accurate fitting of the data.

The low value for M3P might be explained by the weak
acceptor capability of the pyridine moiety. Higher acceptor
strength can be expected in the case of M3P—+. Because of the
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Figure 3. (a) Experimental z-scan data (dots) and fitting curves (full lines) for B3K at different pulse energies. (b) go plotted vs intensity for investigated
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Figure 4. (a) Screening of PI B3K (range 5—30 uW). (b) Detailed view.

poor solubility, only very low concentrations with poor
signal-noise ratio could be measured. From these data we
can only assume that the M3P+ has a significantly higher
value than M3P.

The references R1 and R2 showed slightly higher values
than the ketone-based initiators. Compared to data from
literature at 800 nm,?*>* results are quite satisfactory keep-
ing in mind that a comparison with literature values is quite
complicated because of the different experimental methods
(two-photon fluorescence), pulse durations, and solvents
used for measuring.*

Therefore, relative comparisons are more useful as it is
also true for TPIP structuring.

TPIP Structuring Tests. In order to estimate the activity
of the PIs, defined test structures (lateral dimension: 10 x
10 and 25 um in height) were written into the material by
means of TPIP. The laser intensity was screened in a range
of 1—100 uW with laser system A (Figure 4). A 1:1 mixture
of ETA/TTA was used as an acrylate-based test resin as good
results had been achieved in previous studies.”® For all
studies the same molar PI concentration of 6.3 x 10~° mol
PI/g resin (which corresponds to 0.2 wt % of M3K) was
employed in order to have the option to compare directly the
TPIP activities of the PIs. To determine the threshold of the
photoinitiating ability, the tests were repeated with lower
molar PI concentrations (1.6 x 10 ®and 1.6 x 10~" mol PI/g
resin, which corresponds to 0.05 and 0.005 wt % of M3K,

respectively). A first broad screening test at different laser
intensities revealed the possible processing window, which
was studied in detail in a second test.

The different shades of gray of the bars and their corre-
sponding numbers in Figure 5 indicate the quality of the
structures. At the lower end of each ideal processing window
in the diagram, no well-connected structures could be ob-
tained after the standard post processing procedure as the
threshold of initiation is reached. Above that, the numbers
1 and 2 define nicely structured shapes with a high resolution
and a smooth surface quality (Figure 6). Generally, broader
“perfect” processing windows (1, 2) and lower laser intensities
are desired in terms of high throughput in mass production
because this enables a splitting of the initial laser beam for
parallel processing with multiple laser heads at high feed rates.
Additionally, decomposition of the material by thermal ef-
fects can be avoided. With structure quality 3, the shapes tend
to lose their resolution and their smooth surfaces. So these
laser intensities are still useful for larger parts but not perfect
for high-resolution TPIP. Parts structured with laser intensi-
ties giving quality 4 no longer showed acceptable results. The
walls had several imperfections such as holes or no well-
defined structures due to overexposure. In the case of quality
5 the shapes are no longer identifiable because of several
defects such as complete missing walls and vast holes
(Figure 6y) or due to massive over exposure effects, which
could be recognized by “exploded shapes” (Figure 6x).
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In our measurements, the initiators (6.3 x 10~° mol PI/g
resin) well-known from the literature (R1, R2) are both
able to build up nicely shaped structures at low laser in-
tensities. The commercially available PI Irgacure 369 showed
no good results at 800 nm at the given low PI concentration,
which is well in agreement with the low TPA cross section.?
Because of the TPA spectrum of Irgacure 369 (4. = 324
nm),* the laser wavelength was adjusted to 600 nm. At this
wavelength, only a small processing window of less
than 10 uW was found, where sufficiently good results can
be obtained. It has to be mentioned that by increasing the
concentration of Irgacure 369 to 1 wt %, which is a com-
mon concentration found in the literature, nicely expo-
sured structures between 4 and 7 uW could be obtained at
600 nm. The same effect could also be observed when using
the presented initiators.

The starting point for our investigations was M3K that
gave good results in preliminary tests. By changing the
acceptor group in M3K from a carbonyl group to a pyridine
moiety as in PI M3P, the solubility was dramatically de-
creased. In the structuring tests we were not able to obtain
any good results with the pyridine-based compound M3P
(data not shown). Explanation might be given by the low
TPA cross section and the inability for hydrogen abstraction
reactions compared to ketone-based PIs. Nevertheless, in the
case of a pyridinium ion as a functional acceptor group as in
M3P+, the solubility in the resin as well as the activity and
the ideal processing window could be improved compared to
M3P, although it is still lower than that of the carbonyl-
containing M3K.

Despite the higher TPA cross section, the easily accessible
double-bond derivative M2K gave significantly lower initia-
tion ability compared to the triple-bond-containing M3K.

H3K 4 5

600 nm

IRG 369

IRG 369|
(1 wt%)

IRG 369

A=

M3P+
03K

R2

800 nm

R1

A=

M2K

M3K
1 En

Gl Ca

B3K ) |5 poor

g Tr o '_I_'_I_'_i

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
laser intensity [uW]

Figure 5. PI TPIP screening tests (PI concentration: 6.3 x 10~ mol P/
g resin).
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The reason could be an unwanted photochemical cis—trans
isomerization reaction as mentioned above.

In accordance with the z-scan measurements, the total
absence of a good donor group in case of H3K gave no
good results at 800 nm. By adopting the laser wavelength to
600 nm as with Irgacure 369, nicely shaped structures could
be produced in a small area at low intensities. Combined with
the tuned laser wavelength, the higher photochemical reac-
tivity of H3K and Irgacure 369 compared to true TPA Pls is
very likely the reason for still giving nice results in a narrow
structuring area. The use of the methoxy functionality as a
weaker donor group in case of O3K not only resulted in a
very poor TPA cross section but also by far higher laser
intensities were required. As a side note, the thiomethyl
derivative (S3K), having a stronger electron-donating group,
tested in a previous study was not able to give good results at
any laser intensity.>°

The different derivatives based on the amino-based donor
(M3K, P3K, and B3K) showed very good results in these
tests. The ideal processing window is broader than that of the
references, and the laser intensities required are quite low.
When comparing the three different donor groups in agree-
ment with the z-scan values, the additional phenyl groups of
P3K had a positive effect on the activity compared to M3K,
but in this case the solubility in the resin was significantly
lowered. The butyl side chains of B3K have the best influence
on the activity. As described in the literature,’ the increased
solubility seems to be the reason for that. So B3K turned out
to be the best performing initiator in our tests having the
broadest ideal structuring process window at laser intensities
as low as 5 uW and a very good solubility in the resin.

The tests were repeated also with lower molar PI concen-
trations in order to determine the lowest possible PI con-
centration under these conditions (data not shown). For the
medium concentration (1.6 x 10~° mol PI/g resin) the results
for all initiators are very similar to the higher concentration;
only the ideal processing window is slightly shifted to higher
laser intensities. At the lowest concentration (1.6 x 10~ mol
PI/g resin), only H3K could produce well-defined structures
within a very small process window at 600 nm.

Additionally, more complex 3D structures were inscribed
into the material volume using B3K (6.3 x 107¢ mol PI/g
resin) as initiator. A laser power of 11 uW at a given feedrate
of 1 mm/min allowed the structuring of a dragonfly and a
dinosaur sculpture using laser system A (Figure 7a,b). These
shapes are showing perfectly the advantages of TPIP com-
pared to other rapid prototyping techniques. High resolu-
tions, which are otherwise inaccessible, and complex 3D
structures with massive overhangs such as the wings of the
dragonfly sculpture (Figure 7a) can be obtained easily.

Furthermore, a different laser system with a repetition rate
of 100 MHz (system B) was also tested in order to achieve
higher resolutions than obtained by system A. In a power
range of 1.5—2.8 mW at a feed rate of 10—25 um/s perfectly

Figure 6. (a) Typical qualities of the shapes from very good (1) to average (3) (4 and 5 are not shown). (b) Typical imperfections of the structures at

higher laser intensities such as over exposure (x) and holes (y).
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Figure 7. 3D structures (resin ETA/TTA 1:1, B3K as initiator) using different laser systems: system A (1 kHz): (a) dragonfly;*® (b) dinosaur;>® system
B (100 MHz): (c) woodpile structure; (d) detailed view of the woodpile structure.

developed woodpile structures with and without support-
ing wall were prepared (Figure 7c¢,d). Line widths of about
250 nm were obtained and could be further improved by an
optimal laser system setup such as optimized laser power-
feed rate ratio, a shaded ring filter, and the like.

Conclusion

In summary, we report on the successful syntheses and
evaluation of a series of radical PIs optimized for the usage in
TPIP processes containing different donor and acceptor func-
tionalities as well as double and triple bonds in the conjugated-s-
backbone. On the basis of the recently published triple-bond-
containing Michler’s ketone derivative M3K, several other PIs
were synthesized in order to study the structure—activity relation-
ship. Generally, structuring tests are well in accordance with the
values for the TPA cross section; only in the case of double-bond-
containing derivatives such as M2K significantly lower activity
has to be accepted presumably due to cis—trans isomerization
reactions. A carbonyl group as electron withdrawing function-
ality showed by far better results than pyridinyl and pyridiniumyl
moieties. A dibutylamino functionality increased the activity of
the PIs under TPIP conditions compared to dimethylamino and
diphenylamino electron-donating groups most likely due to an
improved solubility in the resin. Therefore, B3K turned out to
contain the optimum set of functional groups at the given lead
structure, having the highest activity of all presented initiators.

To conclude, the new compounds are highly efficient initiators
similar to other very potential two-photon initiators from the
literature. We were able to produce nicely shaped structures with

PI concentrations as low as ~0.05 wt %. Additionally, the ideal
processing window for each initiator was determined by changing
the laser intensity and initiator concentration at a fixed feed rate.
By using optimized parameters, structures with line widths of
about 250 nm were obtained.

As there are presumably different mechanisms of initiation
responsible, a more comprehensive study on the photophysics
and theoretical and experimental cross-section values of the new
PIs is currently in progress and will be the subject of a separate
publication.
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