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Abstract: Two-photon polymerization (2PP) represents a
powerful technique for the fabrication of precise three-
dimensional structures on a micro- and nanometer scale for
various applications. While many review articles are focusing
on the used polymeric materials and their application in 2PP,
in this review the class of two-photon photo initiators (2PI)
used for radical polymerization is discussed in detail. Because
the demand for highly efficient 2PI has increased in the last
decades, different approaches in designing new efficient 2Pls

~

occurred. This review summarizes the 2PIs known in literature
and discusses their absorption behavior under one- and two-
photon absorption (2PA) conditions, their two-photon cross
sections (07pa) as well as their efficiency under 2PP conditions.
Here, the photo initiators are grouped depending on their
chromophore system (D-rt-A-nt-D, D-7t-D, etc.). Their polymer-
ization efficiencies are evaluated by fabrication windows (FW)
depending on different laser intensities and writing speeds.

/

1. Introduction
1.1. Two-photon polymerization and photo initiators

In 1931, Maria GOppert-Mayer postulated the theoretical
possibility of the two-photon absorption (2PA) by one molecule
in her doctoral thesis.” In this process, the energies of two
photons add up during simultaneous absorption and stimulate
the molecule into its excited state. However, this process
requires a very precise temporal and spatial resolution, which
was not possible during that time because of the lack of the
required technical equipment. With the help of a laser, two-
photon absorption was demonstrated by Kaiser et al. in 1962.%
Since then, and due to rapid technical developments, two-
photon absorption has been intensively studied. Maruo et al.
were one of the first to report a fabricated 3D spiral micro-
structure using the 2PA effect to initiate polymerization.”’ Since
then, the technique of two-photon polymerization (2PP) has
found its way into various application areas such as direct laser
writing (DLW),“! functional micro devices,” biomaterials,”® 3D
data storage® ' and tissue engineering."""¥ The principle of
2PP is based on the fact that a photo initiator in a monomer
solution is excited within the focal point of the laser and, thus,
initiates polymerization locally within the focal point. While
there have been many reviews reporting on the materials
produced via 2PP and their applications,"*?* to the best of our
knowledge no review has been published yet that addresses
the design and efficiencies of the photo initiators. In this review,
we will focus on the structural properties, the resulting values,
and efficiencies of type | and type Il photo initiators for radical
2PP. Type | photo initiators are compounds which generate
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radicals by cleavage of a bond under excitation. Type Il photo
initiators initiate polymerization by undergoing an H-abstrac-
tion reaction when irradiated. In literature it is also known that
cationic polymerization under 2PA condition is possible. A brief
summary on photo acid generators (PAGs) which initiate
cationic polymerization under 2PA condition was reported
elsewhere recently.”?

1.2. Commonly used values for 2PIs and their measurement

A repeatedly discussed unit with which two-photon initiators
(2P1) are characterized, is the Goppert-Mayer value (GM). The
GOppert-Mayer value is the unit of the two-photon cross-
section (oqpa) and states that at a photon flow of one photon
per second and cm? in a material of density of one molecule
per cm® over a distance of 1cm one of 10°° photons is
absorbed. Two main methods are used to determine the two-
photon cross-section: The Z-scan and the two-photon excited
fluorescence.

1.2.1. The Z-scan technique

During the Z-scan measurement the light intensity of a focused
laser beam is measured while the sample is moved along the z-
axis.” Two different setups can be used. The “closed-aperture”
method uses a narrow aperture at the detector. This results in a
sensitive output, which depends on intensity changes in the
refractive index, thus leading to defocusing or self-focusing of
the laser beam. In contrast, the “open-aperture” measurement
uses a wide aperture and collects all light from the sample,
reflecting only the intensity dependent transmission.”® How-
ever, two major effects can influence the 2PA cross-section
measurement with this technique: 1) Due to the nonlinear
scattering or the loss of light due to self-defocusing (due to the
wrong adjustment of the detector) an extra contribution to the
apparent nonlinear absorption is added. 2) The non-linear
transmission can be influenced by excited-state absorption
(ESA). The influence can be reduced by using wavelengths
where the 1PA (one photon absorption) is negligible, short laser
pulses (< 1 ps), as well as low repetition rates.**"!

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry—A European Journal

Review
doi.org/10.1002/chem.202104191

Chemistry
Europe

European Chemical
Societies Publishing

1.2.2. Two-photon excited fluorescence (TPEF)

First developed by Xu and Webb the TPEF-method provides
direct information on the efficiency of 2PA.”® The oppa-value is
received by comparing the one- and two-fluorescence spectrum
of the sample with the spectra of a reference compound. By
double-referencing the obtained data a large number of
variables, like the parameters of the excitation light or the
wavelength dependence of the detector, are automatically
quitted. This technique depents on exact measurements, since
a uncertainty in the one-photon absorption leads directly to an
uncertainty in o7p, value.” In addition, the TPEF technique has
two limitations, since it cannot be applied on regions with one-
photon absorption and the measured sample must bear a
photoluminescence.” While, the first restriction is general to all
opa Measurement techniques, by quantifying a secondary
photochemical process, like the luminescence of single oxygen,
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the second restriction can be overcome. However, chromo-
phores designed to act as a photo initiator in 2PP have a low
fluorescence. Therefore, measurement applying TPEF often
requires intensive measuring time. Since the establishment of
this technique, it was further optimized and a wide range of
accurate reference 2PA spectra of commercially available dyes
have been reported.?” In general, o;pa-values obtained from Z-
scan measurements tend to be exaggerated compared to TPEF
values.B*3"

1.2.3. Fabrication properties

Besides the determination of the two-photon cross-section,
there are several other parameters discussed related to the
practical fabrication of 2PP-produced microstructures. For many
years, it was assumed that compounds with a high op, result in
efficient 2Pl for 2PP. But besides the o, factors like the
fluorescence quantum yield (®y), intersystem crossing effi-
ciency, and solubility play also crucial roles in fabricating
structures. To estimate the 2PIs potential, fabrication tests with
different laser intensities and writing speeds are required. With
such arrays, the energy threshold E;, and the burning threshold
(also described as Egymage) can be determined. The energy
threshold is defined as the minimal laser power which is
needed to ensure that fabricated structures survive the
development stage. Some groups use the term of the polymer-
ization threshold (Py,), which is defined as the average power
before the lens, below which the polymer line cannot be
fabricated. The burning threshold Ey,n.ee describes the level of
laser power at which good quality fabrication can no longer be
achieved due to the micro explosions from optical damage that
can occur during the fabrication process.®” The fabrication
window (FW) is the power range between the polymerization/
energy threshold and the burning threshold (Table 1).%% Since a
standard for the evaluation of 2PIs has not been established
yet, many research groups deviate from the mentioned
parameters and use other measurands, which are explained
thoroughly for each case.

For the evaluation of a 2PI, the parameters listed in Table 1
cannot be considered individually, but have to be discussed as

Table 1. Summary of the essential photophysical and process parameters
by which 2PIs are characterized.

Abbreviations  Definition

E Energy threshold: The minimal laser power which is
required to ensure that fabricated structures survive the
development stage

P, Polymerization threshold: The average laser power before
the lens, below which the polymer line cannot be
fabricated

Epamage Burning threshold: The level of laser power at which good

quality fabrication can no longer be achieved
R Polymerization rates

P

FW Fabrication window: Power range between the polymer-
ization/energy threshold and the burning threshold

Orpa Two-photon cross-section: Probability to undergo 2PA

(oM Fluorescence quantum yield
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an interaction of all of them. In addition, parameters like
solubility, viscosity and the applied monomer mixtures influen-
ces the efficiency of a 2Pl. In the following review, the 2PI
known to literature will be described by means of their
chemical structure, respectively grouped by their chromophore
systems. With the development of 2PP fabricated hydrogels for
tissue engineering the demand for water-soluble photo
initiators had increased in the last two decades. Therefore, the
respective water-soluble photo initiators are discussed in this
review in separate paragraphs for each chromophore system.

2. D-n-A-n-D Chromophores
2.1. Benzophenones

One of the most prominent representatives of two-photon
initiators  (2PI) of the D-m-A-m-D  chromophores s
bis(diethylamino)benzophenone (BDAB) known as Michlers’
ethyl ketone (Figure 1). It was used as a common UV initiator in
photopolymerizations before Haq et al. discovered its potential
to act as a 2PI. They successfully applied BDAB for the 2PP of
the monomer EBPADMA (ethoxylated bisphenol A
dimethacrylate).*”

BDAB exhibits a linear absorption at around 400 nm in
ethanol and EBPADMA, while in ethyl acetate a maximum at
350 nm was detected. The influence of the solvent was also
observed in the measurement of the extinction coefficient &.
While in ethanol € exhibits 11,366 M~' cm™, it decreases with
decreasing polarity. In EBPADMA € was 4450 M~ cm™' and in
ethyl acetate 654 mM ' cm™.

The oqps values for BDAB were determined by using a
modified version of the TPEF technique by Song et al.®” with a
concentration of 3x 1073 M. With a oy, of 14 GM BADB exhibits
the largest cross-section in ethanol but only 1 GM when
dissolved in the monomer EBPDMA.

In addition to the photophysical properties of BDAB, the
parameters for polymerization were determined by using
EBPADMA with 1% BDAB. The parameters like line widths, were
investigated as a function of laser power, writing speed,
exposure time, and numerical aperture.®® Figure 2A displays
the width of structured lines with different laser powers (0.4,
1.0, and 1.3 mW) versus the writing speed. It should be noted
that the line width becomes significantly narrower as the
writing speed increases. The opposite effect is observed with
the laser power versus the line width (Figure 2B). With
increasing laser power, a significant increase in line width can

(0]
T
) BDAB K

Figure 1. Schematic representation of the structure of

bis(diethylamino)benzophenone (BDAB).

Chem. Eur. J. 2022, 28, €202104191 (4 of 54)

100
A s P=04mW
v P=1.0mW
8o £ o P=13mW
E T3z
Z 60 {w i §§§ % §§
- =17. i
] Ty -4
4 " Ei o
2 40 *y T s
5 s
"li il
EE g
20 L] | 8
T wy
|
0 T T T T
0 50 100 150 200 250
Velocity (mm/min)
B 160
AV =50mm/min
140 ® V=1mm/min N T
120
¥
— e s
£ 100
= &y
£ 80
=2
2 60 =
- i =& = = 3
= 40 ¥
¥ xx
x
20 x -
0 A
0.0 0.2 04 06 0.8 1.0 1.2 14 1.6 1.8
Power P (mW)
c 100
80
i 8
£ S
= 60 «1 I
-.C_' | 4
k=]
H
© 40 &
c
| i
= =% I
20 F A P=360uW
= ® P=1mW
| P=13mW
0 - - v r . v r
0 10 20 30 40 50 60 70

Exposure time t (ms)

Figure 2. Line width investigations of BDAB in EBPADMA depending on (A)
writing speed/velocity, (B) laser power and (C) laser exposure time.>®
Adapted with permission from Ref. [36] © The Optical Society.

be noticed and the lowest laser power determined for the
fabrication of solid lines at a writing speed of 10 mm/min was
80 uW. This determined value was set as the limit value for
EBPADMA. It could also be shown that the exposure time is a
significant parameter influencing the line width. Even a slight
increase of the exposure time leads to an enlargement of the
voxel and, thus, to a broadening of the line, as shown in
Figure 2C. To achieve high resolutions it is important to adjust
the exposure time, as well as the intensity carefully.??
3D-microstructures manufactured for tissue engineering are
facing high requirements like stability and degradability. In
addition, biocompatibility and cytotoxicity play decisive roles in
the development of such scaffolds. Apart from the polymer
used, it is also essential that the photo initiator has similar or
even identical compatibilities since a considerable proportion
remains in the structure. Ovsianikov et al. performed biological
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tests on PEG-based structures to investigate the influence of
BDAB on cell viability.®” Structures were prepared with a BDAB
concentration of 2 wt.% (Figure 3) and the viability of L929
fibroblasts grown on the obtained scaffolds was determined. It
was shown that aging the samples in distilled water for six days
led to a reduction of the water soluble toxic compounds to a
level where no further cytotoxicity was determined.

Besides polymerization of PEG and PEG copolymers,®¥
BDAB has often been used for organic-inorganic hybrid
materials. These hybrid materials, some of which are commer-
cially available, are based on methacryloxypropyl trimeth-
oxysilanes (MAPTMS) and zirconium propoxide (ZP0)."****" |n
addition to the application of microstructures for tissue

Figure 3. SEM image of fabricated PEG structure with 2 wt% BDAB."”
Reproduced with the permission of Ref. [37]. Copyright 2011, Elsevier.
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Figure 4. SEM images of microhelices fabricated with a zirconium—silicon
hybrid sol-gel material and 1 wt% BDAB."? Adapted with the permission of
Ref. [42]. Copyright 2019, John Wiley and Sons.
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Figure 5. Schematic representation of the structure of B3BP.
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engineering, Xin etal. dealt with the fabrication of specially
designed micro helices based on these hybrid materials
produced with BDAB as 2P| (Figure 4) for effective drug delivery
in the human body."?

Although BDAB is such a frequently used 2PI, no fabrication
window (FW) is reported yet.

One structural variant of BDAB is the initiator B3BP
produced by Liska et al. (Figure 5), which has an extended -
system via bridging triple bonds."*

B3BP exhibits a linear absorption at 405 nm (DCM) and has
a fluorescence quantum vyield of 0.16 (with fluorescein and
coumarin 515 as references). Compared to BDAB, B3BP shows
an enormously increased two-photon cross-section of 336 GM
(Z-scan at 800 nm). Structuring tests with a 1:1 mixture of
trimethylolpropane triacrylate (TTA) and ethoxylated (20/3)-
trimethylolpropane triacrylate (ETA) revealed a fabrication
window (FW) of around 2.5 to 7 mW.

A series of photo initiators based on the benzophenone
core structure were reported by Zhang et al.*? Similar to B3BP
the initiators have expanded mt-systems via a triple bond bridge
to different heterocycles and aryl-substituents (Figure 6).

All photo initiators show absorption maxima between 370
and 400 nm in dichloromethane, which slightly shift in solvents
with altered polarity. The measured fluorescence quantum
yields of the 2PIs were between 40% and 50%, except
BT—PTAA—C,; which exhibits a quantum yield below 1%. While
BT—CAA—C;, BT—-CAA—Bn and BT—TPAA exhibit o, values in
a range of 370 to 500 GM, BT-PTAA—C, reveals a large O,
value of 1907 GM (Table 2). Unfortunately, the authors do not

(0]
= A
R R

CeH1s Bn
N N
« Uy OO
BT-CAA-C4 BT-CAA-Bn
CeH13
N
MR ALEL S 08
S
BT-TPAA
BT-PTAAC,
—
Ry= - N
__
BT-DEA

Figure 6. Schematic representation of the structures of the benzophenone
derivatives.
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Table 2. Photophysical and polymerization data of the benzophenone
based photo initiators BT-CAA—C, to BT-DEA.

Compound Amax [NM]® Dy[%] Orpp [GM]®! FW [mW]*
BT-CAA—C, 375 51.70 446 30to 50
BT—CAA—Bn 370 38.52 501 -
BT-TPAA 393 40.29 372 30 to 50
BT—PTAA—C; 392 0.97 1907 30to 50
BT-DEA 40-50

[a] Measured in dichloromethane. [b] Two-photon cross-section were
calculated using up-conversion fluorimetry at 780 nm. [c] Fabrication
windows at a writing speed of 100,000 um/s with TTA as monomer.

report in which solvent the fluorescence quantum yields or the
two-photon cross-sections were determined, and, for BT-DEA
no photophysical data was reported. Polymerization tests were
performed using TTA as monomer adding 10 pmol 2Pl per
gram of monomer. A laser power range of 5 to 50 mW was
applied and writing speeds between 100 to 100,000 um/s were
tested. All photo initiators except BT-CAA—Bn revealed good
initiation properties even at the highest writing speed. The
fabrication windows at 100,000 um/s for all 2PIs were nearly the
same with exception of BT-DEA. BT—TPAA revealed the best
overall initiation properties and further polymerization test in
different monomers like PETA and bisphenol A epoxyacrylate
(BAEA) were performed. These tests showed that by changing
the monomer the fabrication window is greatly affected. Thus,
in the case of PETA (FW=15 to 50 mW) and BAEA (FW=20 to
50 mW), the fabrication window could be slightly broadened,
which shows that the type of monomer used influences the
fabrication window.

2.2. Benzylidenacetones/-cycloalkanes

The interest in benzylidene derivatives in the development of
novel 2PIs for 2PP has grown steadily. One of the main reasons
is that the desired D-m-A-mt-D structure can be build up quite
effectively by classical aldol condensation. No expensive
catalysts are required, because the reaction already proceeds
with the help of strong bases or acids. In the case of the
benzylidene derivatives mentioned here, the reactions also
proceed quickly, in high yields, and are chemoselective, as
various references report. Scheme 1 shows the aldol condensa-
tion starting from N,N-dimethylaminobenzaldehyde and
acetone to yield BA-1."

BA-1 reveals a linear absorption maximum at 441 nm in
chloroform (g of 47000 M~'xcm™"). Two-photon cross-section

N o
=
pE
~ -
N BA-1 N
/N\

I
Scheme 1. Schematic representation of the aldol condensation of acetone
and N,N-dimethylaminobenzaldehyde with NaOH as base.

NaOH
EtOH, H,0
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Z-scan measurements in MeOH and THF show different values.
While in MeOH the o, is 349 GM, in the less polar THF 269 GM
were determined. Structures were written at a 2P| concentration
of 6.3x107°mol/g of polymer in a 1:1 monomer mixture of
trimethylolpropane triacrylate and ethoxylated (20/3) trimeth-
ylolpropane triacrylat (writing speed was 50 um/s). Stable
structures without major defects could only be obtained within
a range of laser intensity of about 8 to 11 mW.*! The small FW
of BA-1 can be explained by possible cis-trans isomerization,
which is not blocked by additional substituents.

Lemercier et al. synthesized benzylidene acetones with -
systems of different lengths (BA-2 to BA-5) and stilbene
moieties (BA-6 to BA-8, Figure 7) and investigated the effects
on the two-photon absorption behavior.“?!

Figure 8 displays the linear UV/Vis absorption spectra of BA-
2 to BA-5. By increasing the length of the m-system the linear
absorption maxima were shifted bathochromically (Table 3). In
the case of BA-4, the data obtained are consistent with other

BA-2n=1; R =CH,CH;
BA-3 n = 2; R = CH,CHs
BA-4 n =3; R = CH,CHj;
BA-5n = 5, R= (CH2)30H3

& BA-6 X = C; R = CH,CHj R
BA-7 X = C, R = (CH2)3CH3
BA-8 X = N; R = (CH,);CHj

Figure 7. Schematic representation of the structure of benzylidene acetone
derivatives with extended m-systems.

BA4

BA-3

:

e (L mol' ¢cm™)

:

-}

300 350 400 450 500 550 600 650 700 750 80O
wavelength (nm)

Figure 8. UV spectrum of BA-2 to BA-5 in chloroform.”®’ Adapted with
permission from Ref. [46]. Copyright 2006, Royal Society of Chemistry.
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Table 3. Linear- and two-photon absorption properties of BA1-BA-8.
Molecule Aabs [NM] A" pa [NM] 0™ pn [GM]
BA-2 456 800 250

BA-3 486 900 325

BA-4 509 950 200

BA-5 540 - -

BA-6 466 900 200

BA-8 503 - -

literature reports.*” This behavior can be explained by the

extended charge transfer, which is most evident in the largest
molecule. The comparison of the absorption maximum to the
chain length also reveals a trend of a saturation curve which
indicates that a further extension of the chain would reach a
certain absorption maximum threshold.

The situation is similar for the stilbene based derivatives
(Figure 9). There is also a bathochromic shift, which is more
prominent for BA-8 due to the more pronounced donor
properties of the azo bridges. Although the chain length and
the introduction of the stilbene groups have a clear influence
on the absorption, the influence on the two-photon cross-
section is only slight noticeable (Table 3).

BA-5 and BA-8 could not be measured due to their low
fluorescence, which is necessary for the up-conversion
fluorescence measurement. Unfortunately, no data for BA-7
were reported. The investigations show that the compounds
BA-2 to BA-8 do receive a two-photon excitation, but no
structuring tests were performed to determine the fabrication
windows.

As mentioned above, possible cis-trans isomerization proc-
esses are one reason for a reduced performance of a photo
initiator. By using other central ketones such as cyclopenta-
none, cyclohexanone, or substituted variants, photo initiators
could be produced which have much better processability. Liska
etal. met this challenge by producing photo initiators with
differently sized cycloalkane ketones (including BA-1)."® These
are presented in Figure 10.

The change of the central acceptor ketone to cyclopenta-
none ketones leads to a bathochromic shift of the linear

120000

BA-6

80000
BA-8

£ (L mol' cm™)

40000

300 350 400 450 500 550 600 650 700 750 800
wavelength (nm)

Figure 9. UV-Spectra of BA-6 and BA-8 in chloroform.*®’ Adapted with
permission from Ref. [46]. Copyright 2006, Royal Society of Chemistry.
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Figure 10. Schematic representation of the structure of various benzylidene
photo initiators with different ring sizes.

absorption maxima of the 2PIs BcP-1 and BcP-2 compared to
BA-1. Interestingly the 2PIs with a cyclohexanone central
acceptor BcH-1 and BcH-2 reveal a hypsochromic shift of the
linear absorption maxima (Table 4). Although the structure of
BcH-2 shows a methyl group in the 4-position of the cyclo-
hexanone ring, compared to BcH-1 the two 2PIs share the same
linear absorption behavior. While the change in fluorescence
quantum yield between BA-1 and the cyclopentanone 2PIs only
changes slightly, the fluorescence quantum yield for the cyclo-
hexanone 2PIs is significantly decreased. The influence of the
ring size on the two-photon cross-section differs from initiator
to initiator. While the cyclopentanone derivative of BA-1, BcP-1,
reveal an increase from 349 GM to 466 GM, but the oy, value of
BcP-2 is decreased. The increase for BcP-1 can be explained by
the enhanced stiffness and the higher degree of conjugation,
while the large n-butyl groups of BcP-2 leads to a distortion of
the molecule and, thus, to a deformation of the cyclopentanone
ring. This non-planar nature of the ring could negatively
influence the conjugation and thus weaken the 2PA. By
replacing the cyclopentanone ring with the lager cyclohexa-

Table 4. Photophysical and polymerization data of the photo initiators BA-
1 to BcH-2.

Compound Amax [NM]® P, Orpa [GM] FW [mW]
BA-1 441 0.15 349 ~8to 11
BcP-1 466 0.14 466

BcP-2 481 0.20 327 ~9to 13
BcH-1 432 0.0095 352

BcH-2 432 0.0095 191 ~10to 25

[a]l Measured in dichloromethane.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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none in BcH-1 the oy, value increases only slightly, however
the introduction of a methyl group in the 4-position, as in BcH-
2, decreases the oy, drastically. Thus, Liksa et al. could show
that not only the ring size of the central cycloalkane ketone but
also the substitution of the ring has a decisive role on the TPA
properties of a photo initiator. To determine the initiation
efficiency of the initiators, whole 3D structures were abdicated
under different laser intensities and different writing speeds
instead of line tests. For this purpose, woodpile structures
(lateral dimming: 50 x50 pm, 5 pm hatch distance, 0.7 um layer
distance), made of the same polymer mixture as used with BA-
1, were written. With the exception of BcH-2, which was tested
with 0.2 wt%, all structures were used with a molar 2PI
concentration of 6.3x10°°®mol 2PI/g resin. To illustrate the
initiator efficiency, the results with different laser intensities (1
to 30 mW) at a writing speed of 50 um/s are described. As
mentioned above, BA-1 has a rather small fabrication window.
The change to the cyclopentanone moiety to BcP-1 led to a
drastic reduction of the solubility in the monomer, which could
not be improved by the addition of different organic solvents
and thus was not suitable for structuring. By exchanging the
methyl substituents with n-butyl ones the solubility could be
significantly increased and thus BcP-2 revealed a slightly wider
processing window than BA-1, allowing the production of
structures with good stability within a laser intensity of about 9
to 14 mW. This slight increase can be attributed to the higher
stiffness of the ring, which limits the possible cis/trans isomer-
ization processes of the double bonds. Similar to BcP-1, BcH-1
also shows problems with solubility, so that an exact evaluation
of the initiator properties was not possible. However, the
introduction of the methyl group significantly increased the
solubility. Although BcH-2 has the smallest o, of the
mentioned initiators (191 GM) it reveals a wide processing
window (approx. 10 to 25 mW). Remarkable about BcH-2,
besides the lowest TPA, is that its fluorescence quantum yield is
5 to 10 times lower compared to that of the other initiators.
Although o+, plays a certain role in initiating efficiency, it is not
the decisive factor. Low fluorescence quantum yields are
essential for efficient photo initiators because this leads to
lower radiation deactivations and, thus, to a higher population
of the active state for initiating polymerization. This observation
has also been made by other research groups.*” In addition to
the wide processing window, BcH-2 also showed an extremely
fast processability. A model F1 racing car (285X 130x50 um?)
was structured with a 0.2 wt% of BcH-2 solution within 4 min,
which corresponded to a writing speed of about 80 mm/s."*®
Recent reports revealed that BcH-2 has been used for the
fabrication of large complex 3D structures up to a volume of
292 mm?, so called buckyballs, for cell cultivation with a writing
speed of 1000 mm/s (Figure 11).5"

Based on these results, several other groups investigated
the influence of the ring size on the initiator performance. The
2PIs displayed in Figure 12, possess a larger m-system with
more aryl moieties. Also the influence of triple bonds compared
to double bonds has been investigated.®*

The linear absorption measurements were performed in
toluene and benzonitrile. Although structurally very similar, the
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Figure 11. Fabricated scaffolds using BcH-2. (a) Sample holder with the
polymerized structure embedded in the resin. (b) Top view and (c) side view
of the fabricated buckyball scaffold. (d) SEM images of the scaffold at serval
magnifications.”® Republish with permission of Ref. [50]. Copyright 2020, IOP
Publishing.

spectrum for BcB-2 reveals a bathochromic shift compared to
BcB-1, in toluene as well as in benzonitrile. The installation of
the stilbene unit in the different ketones shows the clear
influence of the central ketone. While compared to BcB-1/2 a
small hypsochromic shift can be seen at BcB-3, a very clear blue
shift from small to large ring size is observed (BcB-3-> BcP-3->
BcH-3). The photophysical data are summarized in Table 5.
Looking at the values for BcP-3 and BcP-4 it is visible that a

Table 5. Photophysical properties of BcB-1 to BcP-4 in toluene and
benzonitrile.
Compound  Solvent Mabs [NM] A [NM] Avem™] @4
BcB-1 toluene 476 530 2100 0.16
benzonitrile 488 591 3600 0.36
BcB-2 toluene 477 533 2200 0.19
benzonitrile 503 591 3100 0.29
BcB-3 toluene 476 583 4300 0.74
benzonitrile 488 705 6300 <0.01
BcP-3 toluene 466 556 3500 0.72
benzonitrile 487 764 7400 <0.01
BcH-3 toluene 444 540 4000 0.40
benzonitrile 460 742 8300 <0.01
BcP-4 toluene 440 536 4100 0.14
benzonitrile 458 793 9200 <0.01

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 12. Schematic representation of the structure of 2Pl with different
ring sizes of the central ketone and various substituents reported by Nazir
etal.

hypsochromic shift occurs due to the influence of the triple
bond, because they are less polarizable in contrast to double
bonds a reduction of the HOMO - LUMO gap is resulting.”® The
influence of the ring size can also be seen in the fluorescence
quantum yields. The yields in toluene decrease with increasing
ring size (Table 5). The increasing ring size gives the molecules
a higher flexibility, which promotes the non-radiative relaxation
of electronically excited states. It should also be noted that for
BcB-3, BcP-3, BcH-3 and BcB-4, fluorescence quantum yields
decrease dramatically to less than 1% as the polarity of the
solvent increases. These results indicate that an almost
complete charge separation takes place for the 2PIs mentioned.

The oyp, values range from 50 to 370 GM and are thus many
times larger compared to the frequently used BDAB (Table 6).
Already the introduction of a longer alkyl chain leads to an

Table 6. 0y, Values of the compounds BcB-1 to BcP-4 measured by Z-
scan at 800 nm.

Compound Solvent Orpa [GM] Conc. [mol L]
BcB-1 CH,Cl, 70 0.05

BcB-2 CH,Cl, 140 0.01

BcB-3 CH,Cl, 50 0.01

BcP-3 CH,Cl, 130 0.01

BcH-3 CH,Cl, 200 0.01

BcP-4 CH,Cl, 370 0.01

BDAB 1-propanol 7 7

Chem. Eur. J. 2022, 28, €202104191 (9 of 54)

increase, in this case even a doubling of the opp,- value™
Compared to BcP-1, the cyclobutanone derivative BcB-1 reveals
a much lower value, but the two values were determined in
different solvents, making comparability difficult. Compared to
the studies with the 2PIs from Liska et al. (Figure 10), the results
with a different m-system show another trend. Here the o
value increases with increasing ring size instead of decreasing.
BcP-4 with cyclopentanone as central ketone shows the highest
value, which can be explained by blocking of the cis/trans
isomerization in the stilbene unit with the triple bond. To
determine the fabrication windows, the compounds and BDAB
were tested at 1wt% each with the hybrid material ZPO/
MAPTMS (Figure 13).4%

The compounds BcP-3 and BcP-4 display the widest
fabrication windows compared to all other 2PIs. It can be
assumed that an enlargement of the m-system has a positive
effect on the manufacturing range. The advantage of the broad
fabrication window of BcP-4 is shown by a series of fabricated
cubes where different laser intensities were used at constant
writing speed (Figure 14).

Similar investigations were also carried out for the carbazole
derivatives of cycloalkane ketones®™@ For this purpose,
carbazole compounds were modified with 2-(ethyl)hexyl chain
and reacted with cyclobutanone, pentanone and 4-meth-
ylhexanone to form the respective photo initiators (Figure 15).

As above also for carbazole benzylidene derivatives, a trend
can be seen between the absorption behavior and the ring size.
For example, a hypsochromic shift in the UV spectrum (chloro-
form) from cyclobutanone derivative with 442 nm (BcB-4) to 4-
methyl-cyclohexanone derivative with 418 nm (BcH-4) is ob-
served. The fluorescence emission spectra reveal different
values for each compound (Table 7).

Concerning two-photon cross-sections the cyclobutanone
BcB-4 shows a value of 357 GM, when the ring size is increased,

Figure 13. Fabrication windows of BcB-1 to BcP-4. The low-power end
shows polymerization thresholds, whereas the burning threshold is
represented in the high-power end of the scale (red). The green area
represents the ideal laser intensities for the fabrication of stable structures.®®
Adapted with permission of Ref. [33]. Copyright 2015, John Wiley and Sons.
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determine the fabrication window, the respective photo
initiators were tested in a concentration of 1.3x10°mol/g
resin in a 1:1 mixture of trimethylolpropane triacrylate (TMPTA)
and ethoxylated trimethylolpropane triacrylate (TMP3EOTA).
The 2P| was excited at a wavelength of 780 nm and structures
5}-_? 6::\ m Ci A3 A were written at a speed of 750 um/s. The initiators BcB-4 and
y BcH-4 show almost the same FW despite different GM values
(approx. 12 to 28 mW for BcB-4 and approx. 12 to 27 mW for
BcH-4). In comparison, BcP-5 reveals a quite extended FW of 10
to 29 mW. In addition to the structuring tests, BcP-5 was used
to write smaller and more complex structures such as a 3D
microstructure of the Great Wall of China (Figure 16).

Coumarin derivatives have proven to represent promising
Figure 14. 3D dice structures constructed applying different laser powers,

with BcP-4.%% Adapted with permission of Ref. [33]. Copyright 2015, John compounds.ln recer.]t_years' Dyes OrT Foumann bases are. well-
Wiley and Sons. known as highly efficient photosensitizers and are used in the

field of UV curing. When excited by light, they are able to excite
other co-initiators by electron transfer or to initiate polymer-
izations themselves.”**® Xue et al. and Nazir et al. investigated
asymmetric and symmetric coumarin derivatives for their linear
and two-photon absorption behavior.?**- |n addition, com-
pounds with different bridging positions were prepared to
investigate their properties in more detail.®™® The obtained
cumarinylated cycloketones are shown in Figure 17.

Comparing the linear absorption spectra of the coumarin
containing 2PIs a bathochromic shift occurs for the symmetric
structures (BcP-7, BcP-9, BcH-5) compared to the asymmetric
ones (BcP-6 and BcP-8). In case of the two-photon absorption
the opp, values differ significantly from each other. While the
discrepancy between the asymmetric (BcP-6) and the symmet-
ric (BcP-7) Pl is 90 GM, the change of the bridging position
(BcP-6 vs. BcP-8) reveals a greater difference (Table 8). A much
larger difference is observed for the cyclopentanon 2Pl BcP-9
and 4-methy-cyclohexanon 2Pl BcH-5, in contrast to the results
from Liska et al.” the change of the central acceptor to the
larger 4-methyl-cyclohexanon ring let to a drastic increase of
the op, value.

2PP tests with 0.4 wt% BcP-6 and BcP-8 showed that the
threshold energy Ey, is 99 and 198 uW respectively (Table 8).
Normally, initiator concentrations of 1 to 2 wt% are common for

15kV X150 100um

Figure 15. Schematic representation of the chemical structures of carbazole
benzylidene derivatives.

Table 7. Photophysical data of the carbazole benzylidene cycloketones.
Compound Ay, (<400 nm) A, Stokes €max Orpa
[nm] [nm] shift [10*M"'em™  [GM]
fem™]
BcB-4 442 533 3862 5.08 357
BcP-5 438 515 3413 5.16 377
BcH-4 418 560 6066 5.20 340

the o, rises to the highest measured value of 377 GM (BcP-5).
Similar to the results of Liska et al,*¥ a further enlargement of  Figure 16. SEM micrograph of the Great Wall of China fabricated with BcP-
the ring (BcH-4) lowers the oy, value, in this case to 340 GM. To 5" Adapted with permission of Ref. [53]. Copyright 2019, SPST.
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Figure 17. Schematic representation of the structures of the coumarin based
benzylidene cycloketones.

Table 8. Photophysical and polymerization data of the photo initiators
BcP-6 to BcH-5.

Compound A, [Nnm]  @g Oppa [GM] FW [mW] Eq [LW]
BcP-6 500" 0.09 3009 99
BcP-7 521® 0.15 3909 1.05 to 3.39'9

BcP-8 471" 005 1999 198
BcP-9 605 0313 600+129 ~10to46

BcH-5 5820 0.078 401.0+8.09 ~10to 44

[a] Measured in dichloromethane, [b] measured in chloroform, [c]
measured via Z-scan technique at 800 nm, [d] measured at 780 nm, [e]
measured with 0.1 wt% of the 2PI, [f] maximum of the o,y measurement
and [g] measured with 0.1 wt% 2PI.

2PP, but the low E,, of BcP-6 and BcP-8 allows a significant
reduction of the concentration and, therefore, the amount of
remaining initiator in the later structure. Thus, it was possible to
write a complex microstructure (Figure 18) even with this low
concentration. Although the FW of BcP-7 is in the range of 1.05

Chem. Eur. J. 2022, 28, €202104191 (11 of 54)

Figure 18. 3D model structure of a giraffe fabricated with BcP-6 at 163 pW
laser power and 110 pm/s writing speed.*” Reproduced with permission
from Ref. [60]. Copyright 2010, American Chemical Society.

to 3.39 mW, it has a higher E,, so polymerizations could be
carried out even with a small concentration of 0.1 wt%.
Polymerizations were also possible with even lower concen-
trations but the laser power had to be increased to trigger
them. Despite the high o, value and the low fluorescence
quantum vyield, BcH-5 reveals a slightly smaller fabrication
window compared to BcP-9. While BcP-9 trigger polymerization
between 10 to 47 mW, structures made with BcH-5 show
damage and malformations above 44 mW. Both compounds
were also tested for their biocompatibility. Preosteoblastic
MC3T3-E1 cells were used, which were applied to films of PLA
(polylactic acid) doped with different initiators and incubated.
The results show for both initiators a viability of the cells up to
100% after seven days incubation, which suggests that the
compounds are biocompatible and suitable for applications in
tissue engineering.

The photo initiator BcP-10 (Figure 19) with its dimeth-
ylamino substituted naphthalene residues also has an extended
m-system similar to the coumarin benzylidenes.”” The linear
absorption in dichloromethane shows two maxima at 362 nm
and 502 nm. In comparison to BcP-1 (466 nm, CH,Cl,) a clear
bathochromic shift is observed. Furthermore, BcP-10 reveals a
very high Stokes shift of 4700 cm™', which is caused by the
geometric change from non-planar in ground state to planar in
the excited state. It is interesting to note that BcP-10 has one of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 19. Schematic representation of the structures of BcP-10, PBDA,
BA740 and BDEA.

the lowest fluorescence quantum yields (0.11%) among the
benzylidene cyclopentanones. The two-photon absorption
spectrum shows the maximum at 725 nm and the o, value
was determined to be 600 GM. This value is significantly larger
compared to the 466 GM of BcP-1 (Figure 10), which can be
explained by the different geometry of the molecule as well as
the higher number of m-electrons. Polymerization tests were
performed with an organic-inorganic silicate mixed with
zirconium“ and show for BcP-10 a fabrication window of
about 7 to 48 mW at a constant speed of 2 mm/s.*" Since many
photo initiators have problems with their solubility in monomer
solutions, Poocza et al. developed the BA740 photo initiator for
the polymerization of the lactide-caprolactone-methacrylate
(LCM)®? system, keeping the maxim “like dissolves like”. This
was achieved by modifying the terminal hydroxyethylamio
groups with acetic anhydride. The ester groups introduced in
this way acted as solubility mediators for the LCM system. The
orps Value of BA740 is 177 GM (805 nm, CHCl;) and is smaller
than that of BcP-1 for this system (315 GM). However, the
fluorescence quantum yield for BA740 is 6.4%, which is
significantly lower compared to BcP-1 with 12.5%. For the
structuring tests, so-called SchwarzP cells were fabricated, as
this structure is a potential candidate for porous biomimetic
scaffolds. Figure 20 displays the results of the writing tests at
different writing speeds and laser powers. Although a higher
laser power is required compared to other polymerizations and
initiator mixtures, BA740 reveals a significantly wide fabrication

Chem. Eur. J. 2022, 28, €202104191 (12 of 54)
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Figure 20. Structuring tests with BA740 (0.2 %) in LCM. Representative SEM
micrograph (plant view of SchwarzP unit cells with 250 pm). The colored
circles represent the obtained results in the heat map. Dark red: Bulk
polymerization, loss of structure. Red: Bulk polymerization is sealing the
pores. Yellow: Most precise 3D SchwarzP structure, best TPP writing
conditions. Blue: Polymerized structures are not stable/load bearing. With x:
Not a single trace of polymerization, no TPP writing possible.®” Reproduced
with permission from Ref. [62]. Copyright 2017, John Wiley and Sons.

window of 50 to 180 mW at a constant writing speed of 3 mm/s
and low 2Pl concentration of 0.2 wt%. Figure 20 shows that
structures can also be written at higher speeds, although the
fabrication window narrows.

BA740 also was used in the fabrication of a newly
introduced macromonomer based on poly(2-oxazoline)s PEtOx-
DA for 2PP. In combination with the photo initiator BA740 and
the new macromonomer several investigations were performed
and showed that highly precise 3D-microstructures in from of
spiderwebs could be fabricated.*

Huang et al. took advantage of the easy chemical modifi-
ability of the terminal amino residues, similar to BA740. The
authors equipped the photo initiator PBDA with acryloyl
groups, aiming to bind it to the produced gel during polymer-
ization and thus limit its release or mobility.®™ For evaluation
purposes PBDA was compared with BDEA, a compound which
exhibits a large o, value of 465 GM."® The linear absorption
spectrum of PBDA shows a bathochromic shift in the maximum
at 473.5nm compared to BDEA (Table 9). The fluorescence
quantum yield of PBDA is 0.108 and therefore lower than the
quantum yield of BDEA with 0.141. The Z-scan in DMF gave an
orpa Value of 410 GM at 820 nm, which is lower than that of
BDEA. Structuring tests with different mixtures of PBDA/BDEA
and the monomers trimethylolpropane ethoxylate triacrylate
(ETPTA) and polyethylenglycol diacrylate (PEG-DA 400) resulted
in a fabrication window of 0.13 to 9.31 mW for PBDA and 0.09
to 5.84 mW for BDEA. Figure 21 shows a gear structure written
with PBDA.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 9. Photophysical and polymerization data of the photo initiators
BcP-6 to BcH-5.

Compound Amax [(NM] [oN Oren [GM] FW [mW]
BcP-10 362/502 0.011 600 7-48 [g]
BA740 - 0.064 1779 50-180[h]
PBDA 473,59 0.108 410" 0.13-9.31
BDEA 4874 0.141 465" 0.09-5.84

[a] Measured in dichloromethane, [b] measured in chloroform, [c]
measured in DMSO, [d] measured via Z-scan at 725 nm, [e] measured via
Z-scan, [f] measured via TPEF in range of 750 to 880 nm, [g] FW at a

writing speed of 2 mm/s and [h] FW at a writing speed of 3 mm/s.

Figure 21. Gear structure fabricated with PBDA and PEG-DA 400 as

[64]

monomer.® Reproduced with permission from Ref. [64]. Copyright 2019,
Royal Society of Chemistry.

The migration of PBDA and BEDA was investigated by
inserting polymer structures which were prepared and then
crushed into DMSO. The samples were soaked for seven days
and the absorbance of the extracts were measured at 480 nm.
For PBDA the absorbance was severely lower compared to
BDEA, which indicates that PBDA is mostly linked to the
polymer backbone. Biocompatibility tests with L929 cells on
polymeric tablets revealed a reduced viability of the cells grown
on the structures produced with BDEA (~85%) after 48 h
compared to the control group. The viability of the cells seeded
on structures written with PBDA remained unchanged at 100 %,
indicating a significantly lower cytotoxicity due to the covalent
binding of PBDA to the polymer scaffold.

2.3. Alkinone

As mentioned in the previous chapters (Chapters 2.1. & 2.2)),
cis/trans isomerizations of double bonds are a disturbing

Chem. Eur. J. 2022, 28, €202104191 (13 of 54)

process and the performance of the initiator might be impaired.
Inspired by the good properties of 1,5-diphenylpenta-1,4-diyn-
3-one (DPD) in single photon photo polymerization, various
derivatives of DPD have been developed.®”” Several com-
pounds with auxochromic groups have been prepared and
investigated (Figure 22).

To improve the properties of DPD in two photon polymer-
ization, donor groups were introduced at the terminal phenyl
groups. As shown in Figure 22, the focus was mainly on amino
derivatives, as these groups possesses a high donor strength.

With increasing donor property of the groups (OMe < SMe <
NMe, < NBu, <NPh,) the linear absorption maxima is bath-
ochromically shifted (Table 10). The shifts are particularly strong
for the amino-derivatives, as these have a strong influence on
the system. The fluorescence quantum yields are very small for
all compounds. Only P3K and O-DPD show very weak
fluorescence quantum yields, for S—DPD no values are reported
regarding ®; and o, The two photon cross-sections reveal a
clear trend, which was also observed for the linear absorptions.
The o, value increases with increasing donor strength. DPD
itself showed no measurable absorption in the two-photon
spectrum and O—DPD a very low value. It is interesting to see
that P3 K with 256 GM has a higher value than B3 K. Although
the donor strength of diarylamino groups is smaller, their
increased number of m-electrons can lead to an increase in the
O7pa Value.” Heller et al. were the first to test the 2PIs O—DPD,
S—DPD and N-DPD for their properties in 2PP. A 1:1 mixture
of Genomer 1330 (trimethylolpropane triacrylate) and Sartomer
415 (ethoxylated trimethylolpropane triacrylate) as monomer
solution was used and polymerized at a constant speed of
1 mm/min (Figure 23).

The fabrication of complex microstructures with N—DPD
was performed at different laser intensities and resulted in
stable structures at any laser intensity. In comparison the

Z

R I I R

DPDR=H S-DPD R = SMe
O-DPD R =0OMe N-DPD R =NMe,

P3K R = NPh, B3K R= NBuj,

Figure 22. Schematic representation of the structures of alkinone based 2PIs.

Table 10. Photophysical data of the alkinone based 2Pls."***”)

Compound Awax [nm] (MeCN) hem [NM] [oN Orpa [GM]
DPD 322 0.00

O-DPD 352 526 0.02 <10
S—-DPD 375

N-DPD 435 0.00 165

P3K 438 650 8x10™* 256

B3 K 449 0.00 238

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 23. Fabrication tests with a) O—DPD, b) S—DPD and c¢) N—DPD at
0.025 wt%.”” Adapted with permission from Ref. [67]. Copyright 2007, John
Wiley and Sons.

fabrication of stable and precise structures with O—DPD was
only possible at higher laser intensities. Structures fabricated
with S—DPD show clear structure defects. Pucher et al. have
additionally investigated the influence of longer side chains
(B3 K) and phenyl groups (P3 K) on the fabrication properties.””!
The authors used the same monomer system and were able to
define the fabrication windows for the respective 2PIs more
precisely.* S—DPD was not examined more closely in this
process. The resulting fabrication windows to obtain well-
defined structures are listed in Table 11.
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Table 11. Fabrication windows of the alkinone based 2Pls.

Compound Laser intensity [uW]
DPD" ~5t0 15

0-DPD" ~40 to 65
N—DPD™! ~12.5t0 35

P3 K" ~81t0 35

B3 K" ~51t0 31

[a] Polymerization at 600 nm; [b] Polymerization at 800 nm.

It is evident that all amino derivatives require significantly
lower laser intensities and have a broader FW. A complex 3D
model of a dragonfly was fabricated using B3 K as initiator
(Figure 24). Thereby the overhanging wings of the dragonfly
were structured without losing structural integrity.

2.4. Anthraquinone and fluorenone

Anthraquinones and fluorenone derivatives are known as dyes
for a very long time. Their acceptor properties make them
interesting for many different applications, for example as dyes
in solar cells.®®® Furthermore, anthraquinone derivatives are
well established in single photon photopolymerization.” Two-
photon fluorescence dyes with an anthraquinone unit are also
known to literature.”'’® Their good chemical modifiability
makes them interesting candidates as photo initiators in two-
photon polymerization.

The two compounds AQ—N and AQ—O (Figure 25) repre-
sent two stilbene substituted variants of anthraquinones.”” The
effect of the different donor strength is clearly visible in the
linear absorption of the two compounds. AQ—N with 492 nm
reveal a clear red shift compared to AQ—O (424 nm). The
determined fluorescence quantum yields show a lower yield for
AQ—N (9;=0.018) compared to AQ—O (P;=0.043), can be
explained by charge-transfer bimolecular quenching.

Figure 24. Dragonfly model fabricated by 2PP with B3 K as 2PL*"! Repro-
duced with permission from Ref. [45]. Copyright 2009, American Chemical
Society.
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Figure 25. Schematic representation of the chemical structures of AQ—N and
AQ-O.

AQ—N has an enormous value of 1635 GM at 800 nm, a very
large value compared to other initiators, while the o, value of
AQ-O decreases to 995 GM. Fabrication tests with 0.2 wt%
AQ—N and AQ-O revealed a lower polymerization limit of
3.67mW and 8.03 mW, respectively, at a constant speed of
10 um/s. Line tests were carried out to determine the process-
ability. The line sizes were examined at different laser intensities
and three different writing speeds (10, 30 and 50 ums™')
(Figure 26). As already observed in other studies, the line width
decreases with increasing speed due to the shortened exposure
time. Also, the line propagation due to increasing laser
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Figure 26. Line width dependence versus the average laser power for AQ—N
(a) and AQ—O (b).”” Adapted with permission from Ref. [77]. Copyright 2007,
Elsevier.
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intensities has been observed several times. The comparison
between AQ—N and AQ—O at a laser intensity of 8.03 mW
(lower polymerization limit for AQ—O) shows that with AQ—N at
this power, the lines produced are wider than with AQ—O.
Those results indicate that AQ—N generates more radicals at
the given intensities compared to AQ-O, what can be
attributed to its higher ops value as well as lower fluorescence
quantum yield.

Figure 27 displays the structures of B3AN and BB3AN."? In
contrast to AQ—N and AQ-O the substitution pattern is
different (positions 2 and 6 modified) and instead of a double
bond triple bonds were introduced. The terminal amino groups
carry n-butyl or a branched ethyl pentyl residue instead of
methyl groups. The linear absorption spectrum of B3AN in
dichloromethane exhibits a maximum at 485 nm. Although
B3AN shows no visible fluorescence in dichloromethane, the
fluorescence increases with increasing polarity of the solvent.
Unfortunately, no linear measurements were reported on
BB3AN. The measured two-photon cross-sections show a value
of 235 GM for B3AN and 250 GM for BB3AN. In comparison to
AQ—N, these values are significantly lower since the triple bond
should avoid unwanted cis/trans isomerization and therefore
increase the two-photon cross-section. The lower 6,4, may also
be due to the different substitution pattern of B3AN and
BB3AN. Structuring tests were performed with a 1:1 mixture of
TTA and ETA. It turned out that B3AN was not soluble in the
monomer solution and, therefore, no structuring tests were
possible. The introduction of branched alkyl chains resulting in
BB3AN, revealed a slightly increased solubility, but very high
laser intensities were necessary for the polymerization. Suitable
structures could be fabricated with BB3AN only in a very
narrow fabrication window of 22 to 24 mW.

Related to B3AN and BB3AN, the fluorenones B3FL, BB3FL
and 3,6-B3FL are designed in a similar way (Figure 28).
Although equipped with the same substituents, they differ in
their symmetry. While the anthraquinones are inversion-sym-
metrical, the fluorenones are mirror-symmetrical. In addition,
the fluorenones are substituted in different positions. While

B3AN

Ri=  _~_ Ry= /\/\C BB3AN

Figure 27. Schematic representation of the structure of B3AN and BB3AN.
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Figure 28. Schematic representation of the structures of the fluorenones
B3FI, BB3FI and 3,6-B3FL.

B3FL and BB3FL carry the substituents in positions 2 and 7, 3,6-
B3FL is modified in positions 3 and 6. The linear absorption
spectrum of B3FL shows a maximum at 405 nm and the
fluorescence quantum yield is 0.7x107%. The maximum of 3,6-
B3FL is bathochromically shifted at 460 nm, the measured
fluorescence quantum yield is 12x 107>, As with the anthraqui-
nones, no absorption or fluorescence measurements were
performed for BB3FL. The oy, values, measured at 800 nm,
reveal the highest value for B3FL with 440 GM. By changing to
the branched alkyl chains (BB3FL) the o;p, value decreases to
385 GM. 3,6-B3FL shows a much smaller o5, value of 308 GM.
This is in particular interesting because 3,6-B3FL should
facilitate the intramolecular electron transfer process by its
substitution. A possible explanation for the lower o, value can
be the redshift, which reduces absorption at the given wave-
length. For the fabrication tests, the same monomer mixture
was used as for the anthraquinone B3AN. In contrast, all
fluorenones could be dissolved directly and showed a wider
fabrication window. The results are summarized in Table 12.

Table 12. Experimental data of the anthraquinone and fluorenon 2PIs.
Compound Mvax [NM] Df| oTPA [GM]®! FW [mW]
B3AN 485 - 235 -

BB3AN - - 250 22 to 24
B3FL 405 0.7x1073 440 6to 18
BB3FL - 385 4to 1
3,6-B3FL 460 12x10°3 308 7t017
[a] values measured in CH,Cl.. [b] Measured at 800 nm.
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Figure 29 displays the great manufacturing properties of
B3FL. Several complex 3D structures could be fabricated with
an ETA/TTA 1:1 monomer mixture, such as a tarantula or the St.
Stephens Cathedral.

The photo initiators FT-PTAA-6 and FT—CAA—C6 possess
the same core structure as the other fluorenones (Figure 30).
Instead of an aminophenyl substituent, Zhang et al. incorpo-
rated modified carbazole (FT-CAA—C6) or phenothiazine
residues (FT-PTAA—C6). Both substituents were modified with
an n-hexyl chain.”® Carbazoles and phenothiazines are well-
known donor systems of electron-rich heteroatoms (nitrogen
and sulfur) and because of their optical properties are often
found in areas such as organic light-emitting diodes
(OLEDs),7*#2 dye-sensitized solar cells (DSSCs)®**? and poly-
meric optical fibers (POFs).®”

Both initiators show a weak absorption above 400 nm,
whereas the absorption increases strongly below it. The maxima

Figure 29. 3D structures: (a) St. Stephen's Cathedral, (b) Tarantula Spider, (c)
detail of the London Tower Bridge and (d) detailed view of the woodpile
structure.** Reproduced with permission from Ref. [43]. Copyright, John

Wiley and Sons.

0]
="
— —

CeH13
N
S
FT-PTAA-C6
CeH13
N

FT-CAA-C6

Figure 30. Schematic representation of the structures of carbazole and
phenothiazine modified fluorenone 2PIs.
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are very close to each other, 295 nm for FT-PTAA—C6 and
300 nm for FT—CAA—C6. The fluorescence quantum yields,
however, are very different. For FT-CAA—C6 a yield of 1.65%
could be obtained, for FT-PTAA—C6 0.01%. The two-photon-
induced exited fluorescence (TPEF) method was used to
determine the TPA value.” As a result, FT-PTAA—C6 could not
be measured due to the almost non-existent fluorescence. For
FT—-CAA—C6 a value of 527 GM at 810 nm could be obtained.
Successful 2PP with a 1:1 mixture of TTA and ETA were
performed with FT-CAA—C6 as initiator, but no fabrication
window was reported.

2.5. Thioxanthone

Thioxanthones are well-known in the literature for their use as
single photon initiators in photo polymerizations.®®**? The
electron-poor structure makes thioxanthone (TX-1) an interest-
ing acceptor system, which can lead to strong two photon
absorbing compounds by introducing different donor groups.
By introduction of different amino donors and expanding the
ni-system, Nazir et al. were able to obtain various new photo
initiators (Figure 31).”

The unsubstituted thioxantone TX-1 itself shows little use in
2PP due to its small o5, value (3 =1 GM at 710 nm).®" The

O
S

TX-1 R1 = H, R2 =H
TX-2 R1 = H, R2 = 912H23
N.
TX-4 R{=R;= 7 "CiaHzs
TX-3 Ry=H,Ry= CeH13
= N
TX-5 Ri=Ry= CeH13
C12Ha3
TX-6

p N.
Ri=Rp= Ci2Ha3
™

Figure 31. Schematic representation of the structures of the 2PIs TX-1 to TX-
6 with a thioxanthone core.

Table 13. Spectroscopic properties of the thioxanthone derived 2PIs.

Compound habs [NM] Dfl Orpp [GM]®
TX-2 463 0.25 4

TX-3 366 0.015 22

TX-4 497 0.16 9

TX-5 380 0.015 128

TX6 388 <0.01 73

[a] Measured at 800 nm.
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performed modifications clearly demonstrates that the intro-
duction of donor groups has a considerable influence on the
two-photon absorption of the system. Table 13 summarizes the
spectroscopic data.

The dialkylamino substituted initiators TX-2 and TX-4 reveal
a strong bathochromic shift in absorption towards 500 nm. In
contrast, the expansion of the m-system did not cause a
significant redshift, and the initiators TX-3, TX-5 and TX-6 show
an absorption maximum around 400 nm. It should be men-
tioned that despite the lack of redshift the molar extinction
coefficient increases drastically, so that the missing redshift can
be seen as an advantage when considering the two-photon
absorption at 800 nm, a typical laser wavelength used in 2PP.””
The two-photon cross-sections clearly reveal an increase of the
ompa Value for the initiators with an extended m-system, in
particular TX-5 with the triple bond bridge, which shows the
highest value of 128 GM. The fabrication windows of the
different initiators were investigated using the same organic-
inorganic hybrid material as in Ref. [40] (Figure 32).

While the initiators TX-2, TX-3, TX-5 and TX-4 formed
structures, TX-1 and TX-6 revealed a seamless transition from
the lower polymerization limit to the burning threshold. For TX-
2 it is clear that despite the low o, value, the initiator’s radical
yield is similar to that of 4,4-(dimethylamino)benzophenone
and its derivatives. TX-4 behaves similarly, but a much higher
laser intensity is required to write structures. The missing
potential of TX-6 to form radicals can be explained by the
presence of the double bond. While radical formation via the
intersystem crossing is one possibility, the cis-trans isomer-

TX-2
o2~4 GM

TX-3
o1~22 GM

TX-6
c2~73 GM

TX-5
a2~ 128 GM

TX-4
a2 ~9 GM

TX-1 '
o2 ~3 GM

0 10 20 30 40

50 mW

Figure 32. Fabrication windows of thioxanthone based 2PI TX-1 to TX-6.
Yellow area: Polymerization threshold. Green area: Stable structuring. Red
area: Burning threshold.”” Adapted with permission from Ref. [90]. Copyright
2015, American Chemical Society (https://pubs.acs.org/doi/10.1021/acs.mac-
romol.5b00336).
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ization of double bonds creates another pathway to release
energy from the exited state. TX-5 shows the best FW among
the displayed initiators, this can be attributed to the relatively
large oqps value. Figure 33a displays the fabrication of squares
with TX-2 as initiator and decreasing laser power from left to
right. A hollow 3D hemisphere was fabricated using TX-3 as
initiator (Figure 33b).

Similar to the fluorenone—carbazole/phenothiazine com-
pounds, Zhang etal. also synthesized derivatives with a
thioxanthone acceptor (Figure 34).”¥ The linear absorption
curve shows maxima at 505 nm and 523 nm for TX—PTAA—C6
and TX—CAA—C6. The obtained fluorescence spectrum reveals
a quantum yield of 3.56% for TX—CAA—C6. The TPEF performed
showed an o, value of 72GM. Due to the very low
fluorescence quantum yield of TX—PTAA—C6 of 0.02%, No Orpp
value could be determined. So far, no structuring tests have
been reported with these initiators.

Recently, a modified type of two-photon polymerization has
been developed, in which polymerizations with even higher
resolution should be possible. In the STED (stimulated-emission-
depletion)-method, in addition to the excitation laser that
excites electrons from S, to the S, state, a second laser beam is
used to produce a stimulated emission from S, to the ground

10pm

100pm 15kV

15kV X130 X1,000

Figure 33. (a) SEM recording showing an array of microstructures fabricated
with TX-2. (b) Hollow 3D microstructure with spikes on the surface using TX-
3 as initiator.*® Adapted with permission from Ref. [90]. Copyright 2015,
American Chemical Society (https://pubs.acs.org/doi/10.1021/acs.macromol.
5b00336).

(LD

FT-PTAA-C6
CeH13

FT-CAA-C6

Figure 34. Schematic representation of the structures of carbazole and
phenothiazine modified thioxanthone 2PIs.
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state S,. Since a part of the electrons in the S, state are
tripletted by ISC, the electrons in the S, state are converted to
the S, state. Isopropyl thioxanthone (ITX) has turned into an
interesting photo initiator for this type of polymerization due to
its photo initiating and photo inhibiting properties.®>*® Fischer
et al. used ITX as initiator and were able to generate nanolines
with a width of 65 nm with this new method.”” However, the
use of ITX requires high laser power, which is due to its low ogpa
value of 3 GM.®¥

Therefore, Chi et al. developed new initiators based on the
thioxanthone core moiety by expanding the m-system with
various aromatic substituents and by adding a dimethylamino
functionality as a donor (Figure 35).”¥ While no problems
during the synthesis of DBTX were noticed, the isolation of
DAPT, BDAPT and DANT was difficult because of their low
stability to air and light. BDEPT, DEPT and BDANT could be
analyzed but not isolated in an amount enabling evaluation as
photo initiator. Table 14 summarizes the photophysical data of
the thioxanthone based 2PIs for STED-DLW (direct laser
writing).

In general, all substances reveal a slight bathochromic shift
compared to ITX. BDAPT shows the largest measured shift. The
Orpa Values could also be improved compared to ITX. BDAPT
and DANT displayed the best values with 368 GM and 524 GM.
A relatively low fluorescence quantum yield was observed in

(@]
S

DBTX R;=R,=Br

ITX Ryi=H, Ry =iPr

DAPT =Br,R, =

BDAPT =R, =

DANT =Br,Ry= O

BDANT =Ry = Q N
DEPT R{=Br,R,= _ N/
BDEPT Ri=R,= _ \

Figure 35. Schematic representation of the structures of thioxanthone based
photo initiators made for the investigation in STED-DLW.

Table 14. Photophysical data of the thioxanthone based 2Pl used for
STED-DLW.

Compound Amax [NM]® Dy [%] Orpp [GM]®
ITX 387 1.6 3(+04)
DBTX bl bl 22 (£5)
DANT 380 4.4 524 (+61)
DAPT ol - 122 (£21)
BDAPT 408 8.1 368 (+45)

[a] Measured in PETA (pentaerythriol tri acrylate). [b] Insufficient signal in
PETA.
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PETA for all initiators (including ITX). This indicates that the
nonradiative decay from the excitation is the major process and
not the stimulated emission depletion process as assumed.
Therefore, it can be expected that the initiators (Figure 35)
follow a similar depletion pathway as ITX.*” Based on the
photophysical data BDAPT was the best candidate for STED-
DLW. For this purpose, BDAPT was irradiated with an excitation
laser (405 nm) and a trigger laser (633 nm).

A depletion of the fluorescence could be detected, which
did not occur at 535 nm (depletion wavelength of ITX).

For demonstration purposes writing experiments with
BDAPT in PETA were carried out. Figure 36 shows line experi-
ments in which during writing over a length of 10 um the
depletion laser was activated without switching off the
excitation laser. A total inhibition of polymerization was
achieved during the exposure of the depletion laser.

Based on the previous results the same authors developed
different ITX derivatives for the use in STED-DLW in a recent
study.® Although the reported derivatives represents a D-mt-A/
D structure (Figure 37), for the purpose of comparison they will

Figure 36. SEM image of photopolymerization with BDAPT and PETA as
monomer. The highlighted box displays the area where polymerization was
interrupted by the depletion laser.*” Adapted with permission from Ref. [94].
Copyright 2019, John Wiley and Sons.
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ITX-phenyl ITX-phenyl-F
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ITX-phenyl-OCH; ITX-thiophene

Figure 37. Schematic representation of the structures of the D--A/D
initiators based on ITX.
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be discussed here. The initiators were equipped with electron
withdrawing and donating groups to investigate their applic-
ability in STED-DLW. In addition, initiators with phenyl or the
para-fluor phenyl residues with more or less neutral electron
withdrawing or donating ability were investigated.

The linear absorption maxima in toluene of the ITX 2PIs
range in a narrow area around 391 to 402 nm, where
ITX—pyridine absorbs at the lower range and ITX—thiophene at
the upper area. This is clearly attributed to the electron
donating effect of the thiophene. Although the authors report
fluorescence emission spectra and even phosphorescence life
times, no data concerning the fluorescence quantum yield is
reported. The two-photon cross-sections were determined by
the open z-scan method in THF at 800 nm and the results are
shown in Figure 38a. In general the opa-values of the 2PIs are
larger compared to ITX, but within the ITX derivates a clear
trend is visible. While the initiators with an electron-with-
drawing group exhibit only a little higher value, those equipped
with an electron-donating group revealed the highest values of
all initiators, investigated in this study. The writing threshold
was determined by fabricating polymer lines with different laser
powers at a constant writing speed of 100 um/s. Hereby the
threshold was defined as the minimum laser power, which is
needed to fabricate stable structures, which survive the
development process. The results are summarized in Figure 38.

Overall, the new ITX derivatives reveal a lower, thus more
improved, writing threshold compared to ITX.
ITX—phenyl—OCH; shows the best writing threshold, although
compared to ITX—thiophene it shows a lower o;pa-value. This is
in good agreement with the results of other previous
mentioned studies that indicate that the polymerization thresh-
old, in this case the writing threshold, does not necessarily
improve with higher oppa-values. For the purpose to be used in
STED-DLW a “new writing threshold” which depends on the
power of the inhibition laser had to be investigated for the ITX
derivatives. A better inhibition efficiency should result in
increased resolution. The inhibition wavelength was set to
638 nm, which resembles the triplet absorption peak of ITX,
thus an inhibition at this wavelength was expected.® Figure 39
shows the increased writing thresholds of the ITX derivatives.
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Figure 38. Bar chart of the (a) average two-photon cross-section at 800 nm
and (b) average writing threshold of the 2PIs with a writing speed of

100 pm/s at 800 nm.”” Reproduced with permission from Ref. [95]. Copyright
2021, American Society of Chemistry.
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Figure 39. Writing threshold of the ITX derivatives in comparison to ITX
under the exposure of the inhibition laser at 638 nm at different laser
powers.” Reproduced with permission from Ref. [95]. Copyright 2021,
American Society of Chemistry.

The best inhibition capabilities were determined for the
initiators ITX—phenyl—CN, ITX—pyridine, ITX—phenyl and
ITX—phenyl—F compared to ITX. ITX—phenyl-OCH; and
ITX—thiophene exhibit the least impressive inhibition effect,
which can be attributed to the poor triplet absorption at
638 nm because of their shifted absorption by the electron
donating groups. STED-DLW polymerization tests were per-
formed by using 7% more power of the inhibition laser
compared to the polymerization laser at the writing threshold
of the individual initiator. In a ~70 pm” area the inhibition laser
is turned on with a power of 9.8 mW. All ITX derivatives show
no polymerization within that area, even ITX—phenyl-OCH,
and ITX—thiophene (Figure 40).

Although isopropyl thioxanthone (ITX) has a relatively low
two-photon cross-section (3 GM), it was used for serval 2PP
studies as initiator alone and in combination with co-
initiators.”” " Zhang etal. used ITX in a process termed
lithographically patterned nanostructure by chemical etching
(LPNCE), where controlled etching of metal surfaces is enabled

r——-—-—-nﬂ--——l-h-'
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Figure 40. SEM image of fabricated lines using ITX—phenyl—-OCH; with the
inhibition area, revealing no polymerization during the switched on
inhibition laser at 638 nm.”” Adapted with permission from Ref. [95].
Copyright 2021, American Society of Chemistry.
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by polymerization of a protective polymer pattern onto the
surface (Figure 41 & 42).°7

2.6. D-t-A-mt-D photo initiators with other structures

Pyridinyl and pyridiniumyl residues are characterized by their
strong electron acceptor properties. The pyridiniumyl core leads
to high o, values, although it should be noted that the
molecules under investigation are known as fluorescent
dyes.” " To evaluate the properties, Liska et al. synthesized
two initiators M3P and M3P 4 (Figure 43).*

The linear absorption of M3P in acetonitrile reveals a
maximum of 363 nm. By introducing a methyl group, the
cationic 2Pl M3P+ shows an immense shift of absorption to
489 nm. The cationic character of M3P+ is also evident in the
fluorescence emission. While a light fluorescence with a
quantum yield of 0.09 can be measured for M3P, for M3P+ no
fluorescence was detected. This may be due to the strong

a) 'gold
— '(_)" gﬂass ﬂ» glass
Po!yrper polymer P°|Ym9rl(c)
| N | = -m -
AT, bt e
l(f)
gold
glass

Figure 41. Overview of the LPNCE process. (a) Sputter coating, (b) dropping
photoresist, (c) fabrication of polymer via 2PP using PETA as monomer, (d)
removing of the unpolymerized photoresist, (e) etching of the gold with Kl,
surface and (f) dissolving of the polymer.”” Reproduced with permission
from Ref. [97]. Copyright 2014, World Scientific Publishing Co. PTE. LTD.

Figure 42. SEM image of fabricated micro circle via LPNCE. (a) Circles with a
radius of 5 pm and a line width of 1.2 um. (b) Outerring radius and width of
10 um and 0.9 um, and inner ring, 5 um and 0.9 um, respectively.®”
Reproduced with permission from Ref. [97]. Copyright 2014, World Scientific
Publishing Co. PTE. LTD.
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Figure 43. Schematic representation of the structure of the pyridinyl and
pyridiniumyl based 2PIs.

acceptor of M3P+4, which results from the methylation of the
pyridine nitrogen. Due to the ionic structure of M3P+, Z-scan
measurements could not be performed in common solvents
such as n-hexane, THF and MeOH. M3P on the other hand
showed a TPA of 23 GM. The determination of the fabrication
window was performed with a 1:1 mixture of ETA and TTA. It
turned out that M3P is insoluble in the monomer mixture and
therefore no polymerization could be observed. Surprisingly,
M3P + revealed low solubility in the mixture, resulting in an FW
of ~18 to 29 mW.

By the reaction of dibutylaminobenzaldehyde with 2,4,6,-
trimetyhl-1,3,5-triazine (Trz), dipolar (BTrz), quadrupolar (2BTrz)
and octopolar (3BTrz) photo initiators were synthesized (Fig-
ure 44) .04

The three initiators show a linear absorption around
400 nm. It should be mentioned that the absorption maximum
of 2BTrz and 3BTrz differ only by a few nm and the
fluorescence quantum yields of both are identical. The meas-
ured o7p, Values using the Z-scan method at 796 nm reveal an
enormous increase in the o, value from the D-ni-A (BTrz) to
the D-mt-A- -D chromophore (2BTrz). The additional expansion

R4

N)%N

|
)\N/)\RZ
BTrz R1 = R2 = Me, R3=

Rs
N
2BTrz R1 = Me, R2 . R3 = /\©\N,BU

3BTrz R1 = R2 = R3 = éu

Figure 44. Schematic representation of the structures of dipolar, quadrupolar
and octopolar 2PIs BTrz, 2BTrz and 3BTrz.

Table 15. Photophysical data of BTrz, 2BTrz and 3BTrz.

Compound Aemax [NM] (0¥ Orpa [GM]® FW [mw]®
BTrz 412 0.055 60 -

2BTrz 432 0.20 244 18to 120
3BTrz 434 0.20 275 18 to 100

[a] Measured in THF at 796 nm, [b] fabrication at 800 nm.
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to an octopolar structure, represented by 3BTrz, causes only a
slight increase in the o, value (Table 15).

BTrz did not show any real activity in the structuring tests
at 800 nm, but the activity could be improved by adjusting the
laser wavelength by 15 nm. This adjustment to the maximum
ompa Value of BTrz resulted in a significantly higher radical
formation. On the other hand, 2BTrz shows the largest
fabrication window among the initiators, which could be due to
the fact that its omps maximum is at 800 nm. 2BTrz generates
stable structures even at a high writing speed of 200 mm/s.
Figure 45 displays a complex 3D structure written with 2BTrz as
photo initiator.

Searching for new heterocycles with interesting acceptor
properties, recently developed thiophene based compounds
exhibit high o, values.'™ ' By combining thiophene as a
planar mt-linker with several electron rich triphenylamine donors,
new 2PIs (Figure 46) with broad fabrication windows were
obtained."®’

Figure 45. SEM image of a complex 3D sphere fabricated with 2BTrz as
2P1."%? Adapted with permission from Ref. [102]. Copyright see http://
creativecommons.org/licenses/by/4.0/.
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BMTOA-1IT R=0OCH;  BHA-T R=H
BtBuA-1T R = tBu BFA-1T R=F
BMA-IT  R=CHs BCNAIT  R=CN
BTMSA-1T R=TMS BSO,MA-1T R = SO,CH,

Figure 46. Schematic representation of the structures of the thiophene
based 2PlIs.
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The data of the linear absorption show mostly maxima at
around 400 nm (Table 16). By replacing the electron donating
substituents by electron withdrawing groups a hypsochromic
shift down to 345 nm occurs. Interestingly, the fluorescence
quantum yields decrease when electron withdrawing groups
are attached. Although a decrease occurs, the fluorescence
quantum yields are in general high. The difference in
substituents also has a significant influence on the o, value.
Substances with more electron withdrawing groups, possess
decreased o, values (from 379 GM (BMOAT—1T) to 173 GM
(BSO2MA—1T), Table 16).

To estimate the fabrication windows of the 2PIs listed in
Table 15 defined woodpile structures were fabricated at differ-
ent laser powers and writing speeds. The well-established
monomer mixture ETA/TTA was applied for the fabrication
process. All of the synthesized 2PIs were able to produce well-
defined wood pile structures. Although all 2PIs are able to
induce polymerization in general the ones with electron
donating substituents show a broader fabrication window
(BMTOA—1T, BtBUA—1T, BMA—1T and BTMSA—1T) compared
to those bearing electron withdrawing groups (BFA—1T,
BCNA—1T and BSO,MA—1T) which only gave good woodpile

Table 16. Spectroscopic data of thiophene based 2PIs in THF.
Compound habs [NM] Dfl Orpp [GM]®
BMOA—1T 1 400 0.57 379
BtBuA—1T 396 0.44 358
BMA—1T 396 0.40 331
BTMAS—1T 394 0.40 345
BHA1T 390 0.34 301
BFA—-1T 387 0.33 301
BCNA—1T 352 0.39 213
BSO,MA—-1T 345 0.36 173
[a] Measured via TPEF at 800 nm.
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Figure 47. SEM image of the speed power screening of BHA—1T. Classifica-
tion by color: (green) excellent structures, (yellow) good structures with
slightly contorted shapes, (red) structures with identifiable shapes but with
small errors, (blue) not identifiable structures."®’ Adapted with permission
from Ref. [105]. Copyright see https://creativecommons.org/licenses/by-nc/3.
0/.
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structures at lower laser intensities and writing speeds.
Interestingly the unsubstituted initiator BHA—1T revealed the
broadest fabrication window amongst the initiators (Figure 47).
Besides the mentioned heterocycles, quinoxaline com-
pounds were investigated as sensitizers for solar cells compo-
nents and as two-photon absorption dyes.""'® Cao et al.
investigated compounds consisting of a quinoxaline and
benzoquinoxaline as acceptor combined with modified triphe-
nylamine and ethoxybenzene as donor groups (Figure 48)."*
The four initiators show absorption maxima between 350
and 470 nm (Table 17). A significant red shift is observed for the
structures containing the triphenylamine moiety (TPAQ,
TPABQ) compared to the ones with the structures with the
alkoxy group (EOQ, EOBQ). The same is observed between the
quinoxaline and benzoquinoxaline. Here, the additional benzol
ring leads to a red shift in the absorption maximum. The
triphenylamine moiety as well as the benzoquinoxaline pro-
vides the system with more electrons and a larger degree of
conjugation. In general, the quinoxaline compounds reveal
lower fluorescence quantum yields comparted to the benzoqui-
noxalines. This indicates that the benzoquinoxaline is a weaker
acceptor than quinoxaline. Moreover, the triphenylamine com-
pounds show higher fluorescence quantum yields than the

&

N>_<N
— N N

R R

R=R; TPAQ R=R, TPABQ
R = R2 EOQ R = R2 EOBQ

O

1 T

Ri= - N
Figure 48. Schematic representation of the structures of quinoxaline and
benzquioxaline based photo initiators.

Table 17. Linear and nonlinear optical properties of the quinoxalines and
benzoquinoxaline based photo initiators in CHCl,.

Compound Aabs [NM] Aem [NM] D [%]@ Orpp [GM]™
EOQ 290/371 439 11.6 15

EOBQ 330/419 483 4.5 25

TPAQ 307/419 555 14.6 160
TPABQ 304/464 573 9.8 70

[a] Compared to coumarin 307, [b] measured via TPEF, maxima at around
780 to 820 nm.
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alkoxy ones. This can be attributed to the stronger donor ability
of the triphenylamine moiety.

Two-photon cross-section measurements resulted in a
maximum of around 15, 25, 70 and 160 GM for EOQ, EOBQ,
TPABQ and TPAQ, respectively. By combining quinoxaline or
benzoquinoxaline with the triphenylamine moiety the o,
value becomes much higher than with the alkoxyaryl moiety.
Although the benzoqunioxaline acceptor shows a higher
degree of conjugation, it seems that an expansion of the -
conjugation, like in quinoxaline, is crucial to obtain compounds
with high opa-values. Because of their large two-photon cross-
section, polymerization tests were performed with TPAQ and
TPABQ in a monomer mixture consisting of methyl methacrylic
acid (MMA) and dipentaerythritol hexaacrylate (DEP-6 A) as
crosslinker. Figure 49 displays fabricated lines with different
laser powers at a relatively slow speed of 10 um/s and 800 nm.

Compared to the commercial photo initiator Benzil, the two
initiators showed lower threshold energies (0.8 MW TPAQ,
2.6 mW TPABQ, 3.2 mW Benzil). The polymerization rates R,
were determined according to a method developed by Katawa
et al"” and were determined to be 5.96, 3.89 and 0.66 um®/s
for TPAQ, TPABQ and Benzil, respectively.

46 42 40 37 35 32 27 26

@) 27 26 22 1.8 17 14 12 1008 b

Figure 49. SEM image of the fabricated lines using (a) TPAQ or (b) TPABQ as
initiators."* Adapted with permission from Ref. [109]. Copyright 2009, Royal
Society of Chemistry.
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Figure 50. Schematic representation of the structures of the benzylidenedia-
minomaleonitrile based 2PIs.
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Watanabe et al. synthesized and investigated the benzylide-
nediaminomaleonitrile derivatives BMN-1 to BMN-4 (Figure 50)
for their use as photo initiators.""" The replacement of the C—C
double bond with an benzol group enhances the extent of the
charge transfer from the terminal groups to the center. The
two-photon cross section of the photo initiator BMN-1 to BMN-
4 were measured via TPEF measurement (Table 18).

All photophysical measurements were performed in toluene
and chloroform, except for BMN-2 which was only soluble in
chloroform. The linear absorption, the two-photon cross-section
and the fluorescence quantum yield strongly depend on the
solvent’s polarity. For BMN-1 the o, value in chloroform is
decreased by more than half in comparison to the o, in
toluene. The terminal phenyl groups decrease the polarity of
the molecule, as a result BMN-1 exhibits higher values in
toluene than in chloroform. BMN-3 and BNM-4 reveal larger
o Values in chloroform relative to the ones measured in
toluene. The small increase of the oy, value in chloroform can
be explained by the replacement of the C—C double bond with
the more polar imine group. Initiator BMN-2 shows a large orpp
value, which can be attributed to its low fluorescence quantum
yield.

Microfabrication properties of the 2PIs were tested with a
monomer mixture consisting of 70 wt% multifunctional acrylate
monomers (SR9008:SR368=1:1), 29.9 wt% of poly(styrene-co-
acrylonitrile) as polymer binder. The 2Pl concentration was set
to 5x107* M. The newly synthesized 2Pls were compared to a
well-known 2Pl ST-4 (01p,=900 GM). BMN-1 and BMN-2
showed low solubility in the monomer mixture and no polymer-
ization properties could be determined. With BMN-3 and BMN-
4 as well as with ST-4 microgrids were fabricated and the
polymerization rates R, were determined by using the equation
nu(d/2)*v,, where d is the width of the written protruding line
and v; is the scanning speed of 50 pm/s.

BMN-3 and BMN-4 reveal lower polymerization rates at
755 nm, which are increasing when an excitation wavelength of
820 nm is used, although the laser power at 755 nm (5.0 mW) is
higher at 820 nm (3.0 mW) (Table 19). Figure 51 shows fabri-
cated microgrids with BMN-3 at 755 nm (a) and 820 nm (b).

Table 18. Photophysical data of the benzylidenediaminomaleonitrile 2Pls

in chloroform.

Compound "habs [NM] Bhex [NM] Orpa [GM]EI] D,

BMN-1 552 840 180
885 265 0.46

BMN-2 536 820 2050 0.02
840 1910

BMN-3 547 820 545 0.05
840 520

BMN-4 553 820 490 0.1
840 480

[a] Measured via TPEF technique with Rhodamine B as reference.
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Table 19. Polymerization rates of BMN-3 and BMN-4 in comparison to ST-
4 at different excitation wavelength.
Compound hex [NM] Orpp [GM]@ R, [um®/s] d [um]
ST-4 730 900 395 3
BMN-3 755 390 160 2

820 545 450 34
BMN-4 755 315 120 1.8

820 490 230 24 BSEA Ri=R;= \)(i

R1=CH3 Ry= .-
[a] Measured via TPEF technique with Rhodamine B as reference. P2CK 1 &2 g ONa
(a)
ONa

(b)

Figure 51. SEM image of fabricated microgrids with BMN-3 at (a) 755 nm
and (b) 820 nm. The scale bar is set to 10 um.""" Adapted with permission
from Ref. [111]. Copyright 2004, Royal Society of Chemistry.

2.7. Water soluble D-n-A-nt-D photo initiators

Wan etal. develop the water-soluble photo initiator BSEA
(Figure 52) by introducing carboxylic groups to the two-photon
dye 2,5-bis-[4-(diethylamino)-benzylidene]-cyclopentanone
(BDEA)."?

BSEA exhibits an absorption maximum at 513 nm in water
and has a small fluorescence quantum yield of 0.0023
compared to Rhodamine B (in methanol) as standard. The ogpa
value was measured with the nonlinear transmission (NLT)
method™ as well as with the TPEF method and showed a opa
value of 287GM (NLT at 800 nm)"'? and 808 GM (TPEF,
maximum with the range of 750 to 840 nm)."'¥ This might be
attributed to the difference of measuring the fluorescence
quantum yield. To evaluate the fabrication properties of BSEA,
it was compared to Eosin Y as a water-soluble photosensitizer.

Chem. Eur. J. 2022, 28, €202104191 (24 of 54)

Figure 52. Schematic representation of the structures of BSEA, 2PCK, G2CK
and E2CK.

Both dyes were used for polymerization tests with PEGda 600
as monomer, with and without the co-initiator TEA.

The polymerization threshold of BSEA is much smaller, in
both cases with and without TEA, compared to Eosin Y
(Table 20). In fact, the fabrication window of BSEA decreased if
TEA was used, although the polymerization threshold de-
creased. It is also interesting to see that R* reveals no Eymage- IN
fact the whole material would solidify gradually during the line
scanning process. One-photon polymerization tests showed
that the initiating efficiency of Eosin Y and TEA was much
higher than for BSEA and TEA. Because of these results R' was
chosen for the fabrication of a 3D woodpile structure (Fig-
ure 53).

Li et al. synthesized three photo initiators with carboxylic
groups similar to BSEA but with different central ketone ring
sizes (Figure 52).""

The three initiators exhibit a opa-value (Z-scan at 800 nm)
over 150 GM. The oy, value decreases first when the central
ketone is changed from cyclopentanone (P2CK, 176 GM) to 4-
methylcyclohexanone (G2CK, 173 GM). Because the cyclohex-
anone ring has a lower planarity compared to the cyclo-
pentanone ring, the degree of conjugation in G2CK is lower
than in P2CK. By extending the alkyl spacers from methylene to
ethylene like in E2CK, an increase to 201 GM was observed,
which is higher as for P2CK. The increase to 201 GM in E2CK
could be attributed to the better electron donating strength of
the ethylene alkyl chain. Another possibility might be that the

Table 20. Resin formulation and polymerization data.

Resin  PEGda 600 BSEA Eosin TEA E, Edamage
[wt %] [wt %] [wt %] [wt%]  [mW]  [mW]

R’ 79.87 0.16 0 0.51 4.73

R 79.87 0.16 0 215 473

R 78.6 0.16 1.6 0.46 4.3

R* 786 0.16 1.6 1.51 -
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Figure 53. Fabricated woodpile structure fabricated using a writing speed of
110 um/s, a laser power of 0.8 mW, BSEA as photo initiator and resin R" in
water.""? Adapted with permission from Ref. [112]. Copyright 2009, Elsevier.

red shift support a better absorption at the given polymer-
ization wavelength. In comparison to the hydrophobic counter-
parts (BcP-1 with 466 GM and BcH-2 with 191 GM, Figure 10)
the cross-sections of the water-soluble 2PIs are all lower. This
discrepancy could be a solvent effect on the TPA behavior.
There are several studies, which demonstrated that the
absorption behavior under two-photon conditions is strongly
depended on the solvent polarity. Such a drop in o, value is
also visible in other studies of water-soluble 2PIs."'? Evaluation
of the 2PIs were performed by fabrication of 3D microstructures
with PEGda 700 at different laser intensities (60 to 410 mW) and
writing speeds (1 to 100 mm/s). The fabricated structures were
categorized in structures with excellent integrity (green), good
integrity with thick hatch-lines (yellow) and structures with
identifying shapes but with mistakes (red). Like their hydrophilic
counter parts, the three water-soluble 2Pls show high initiation
efficiency during the 2PP screening. Figure 54 displays that the
polymerization threshold of P2CK is lower compared to E2CK or
G2CK. It is known that compounds with a central cyclo-
hexanone core, like E2CK and G2CK, exhibit a lower
fluorescence quantum vyield compared to cyclopentanone
compounds, like P2CK.""® This may explain the lower polymer-
ization threshold of E2CK and G2CK, because low fluorescence
quantum vyields are crucial for effective initiation via TPA.”® The
two cyclohexanone 2PIs show similar fabrication properties,
although E2CK exhibit the largest oqp, value of three 2PIs. The
similar efficiency of G2CK may lay in the methyl-substituted
phenylglycine moiety, which is more active compared to other
arylamines as co-initiator in UV polymerizations."'” Therefore, it
is to be assumed that the radicals formed by G2CK are more
efficient thus compensating the lower ogp,-value. Cytotoxicity
tests were performed with MG63 osteosarcoma cells and
outgrowth endothelial cells (OEC), which were exposed to the
2PIs for 10 and 30 min respectively. Of all the 2PIs only G2CK
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Figure 54. Fabrication windows of the water-soluble 2PIs P2CK, E2CK and
G2CK.""*) Adapted with permission from Ref. [115]. Copyright 2013, Royal
Society of Chemistry.

had a significant impact on the MG63 cells viability in both
experiments. When the cell line is changed to the OEC cells a
significant decrease in cell viability was observed for E2CK and
G2CK. In case of P2CK the cytotoxicity was as low as for the
reference (12959) in the 10 min experiment. This changed when
the incubation time was increased to 30 min, where P2CK also
decreased the cell viability but not as much as the other two
initiators. Although the cell viability was reduced by the photo
initiators, P2CK and G2CK were successfully used in fabrication
of 3D hydrogels consisting of modified gelatin with and without
presence of living cells."" " In a recent study from 2021,
Huang et al. compared the two Pls P2CK and BSEA for their
ability to fabricate scaffolds in presence of living cells."* The
authors claim that because of the higher water-solubility of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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BSEA (four carboxylic groups compared to P2CK with only two)
the cytotoxicity is much lower. They could fabricate scaffolds
using a glycidyl methacrylate modified gelatin as resin in the
presents of living cells with the help of BSEA.

Based on the results of BSEA of the same group two more
2PIs with varied central cycloalkane ketones were synthesized
(Figure 55).1"

With increasing cycloketone ring size the linear absorption
maximum shifts hypsochromically from 522 nm for T1 to
478 nm for T3 (Table 21). The fluorescence quantum yield drops
when the ring size increases, as expected. Interestingly at first
an increase of the oy, value is observed from cyclobutanone
(T1) to the cyclopentanone derivative (T2, BSEA). However, by
increasing the ketone ring size to cyclohexanone (T3) the cross-
section drops significantly, as observed in the hydrophobic 2Pls
with a cyclohexanone structure (Table 4 & 5, Chapter 2.2.).

Polymerization tests were performed with three different
photocurable resins SR610 (PEGda 600), BSA and a hyaluronic
acid derivative (HAGM). In addition, the prepared initiators were
compared to the known water-soluble initiator Eosin Y. The
resin composition, polymerization threshold and damage
threshold for SR610 are listed in Table 22.

(0]
— . —
) O
Nao}_//N N O
(0] ONa
ONa NaO
(0] 0]
m™ n=1
BSEA(T2)n=2
T3 n=3

Figure 55. Schematic representation of the structure of the 2PIs T1, BESA
and T3.

Table 21. Photophysical data of the 2PIs T1, BSEA and T3.

Compound Aunax [NM] (o Orpa™
T1 522 1.28 567
BSEA (T2) 513 1.10 808
T3 478 0.52 231

[a] Rhodamine B in methanol was used as reference. [b] Measured by TPEF
in water. All three maxima lay around 820 nm.

Table 22. Polymerization results for the resins containing 79.87 wt% SR610
and the different 2Pls (0.16 wt% in water at 820 nm).

Resin Initiator Ey, [mW] Epamage [MWI
R1 Eosin 0.51 5.24
R2 T1 0.37 593
R3 T2 (BESA) 0.08 6.94
R4 T3 043 5.65

Chem. Eur. J. 2022, 28, €202104191 (26 of 54)

Compared to the literature known initiator Eosin all three
initiators exhibits broader FWs, with T2 and BSEA showing the
broadest FWs (Table 22). These results were also observed
when the polymerizations were performed with bovine serum
albumin (BSA) as photocurable material. Polymerizations with
hyaluronic acid derivative (HAGM) revealed that all three
initiators perform better than Eosin but it is interesting to note
that T3 in this composition exhibits the broadest fabrication
window (Ey(T3): 0.38 mW, E(T3): 8.05 mW; E(T2): 0.59 mW,
E.(T2): 7.37 mW).

Biocompatibility tests were performed with MTT assay using
hepatoma cells HepG2. The cells were incubated with 3 mM
(2PI concentration during 2PP). After incubation for 24 h the
cell viability was nearly 60% for all 2PIs.

By combining triphenylamine motifs with a cyclopentanone
core, Wloka et al. have developed the water-soluble initiator
BTABcP-1 (Figure 56) with a linear absorbance at 390 nm, nearly
half the wavelength of the common polymerization wavelength
of 800 nm.”®

Z-scan measurement revealed a o, value of 253 GM at
800 nm (not reported in the publication, but measured after
wards via Z-scan). 2PP was performed with newly introduced
poly(2-oxazoline) based macromonomer (PEtOx-DA) for 2PP. A
voxel array with varying laser power and exposure time was
prepared (Figure 57). Also, a line array with a constant writing
speed of 0.1 mm/s and laser power of 310 mW, while the z-rise
of the laser focal point was increased by one micrometer per
line from right to left (Figure 58).

To determine the cytotoxicity of the initiator an alamarBI-
ue™ assay with L929 cells was performed. The cells were
incubated for 24 h with various concentration (0.25 pg/mL to
1 mg/mL) and subsequently tested for their viability. From
results of the assay the cytotoxic concentration (CC50) was
calculated to be 740 £ 20 pg/L.

Using the host-guest interaction, a method where a
molecule is incorporated into a guest molecule, Xing et al.
where able to solve the hydrophobic anthracene derivative N in
water with the help of cyclodextrin (Figure 59).1'"

By incorporating N into 2-hydroxypropyl-f3-cyclodextrin (2-
Hp-p-CD) the water-soluble complex WI was generated. With
this the photophysical properties are influenced (Table 23).

N exhibits two linear absorption maxima at 443 nm, which
corresponds to the intramolecular charge transfer and at
328 nm which can be assigned to the m-m* transition. By

o
3 () 7 & A
Nao)\\/\Q\N N/Q/\/z(om\
BTABCP-1
Va N\

o7 ©ONa Na0™ X
Figure 56. Schematic representation of the structure of BTABcP-1.
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Figure 57. SEM image of a voxel array of PEtOx-DA (DP 18) and BTABcP-1 as
initiator. The exposure time ranged from 40 to 400 ms (A =40 ms; right to
left) and the laser power ranged from 10 to 410 mw (bottom to top,

A =50 mW).® Adapted with permission from Ref. [8]. Copyright 2021,
Elsevier.

0 T

Side
view

Figure 58. SEM images of the line arrays fabricated by 2PP using BTABcP-1
and PEtOx-DA. The side view shows the fabricated lines in an 60° angle and
the black arrow marks the last alone standing line.”!! Adapted with
permission from Ref. [8]. Copyright 2021, Elsevier.

Figure 59. Schematic representation of the structure of the anthracene
compound N.

Table 23. Photophysical data of N and N/2-Hp-3-CD complex WI.

Compound Solvent hanax [NM] D Orpa [GM]®!
N CHCl, 327/443 0.023 612 (820 nm)
Wi water 290 0.007 282 (770 nm)

[a] Fluorescence quantum yield determined relative to coumarin 307. [b]

Measured by TPEF at the stated wavelengths.

incorporating N into 2-Hp-B-CD the absorption maxima shift
hypsochromically to 290 nm. This shift is mainly attributed to
the decreasing polarity of the microenvironment around N.''??
It is also possible that N forms hydrogen bonds between its
pentoxy groups and hydroxy groups of the cyclodextrin, which
results in electron redistribution and thereby, increasing the

Chem. Eur. J. 2022, 28, €202104191 (27 of 54)

stability of N.'® The fluorescence quantum yield of N with
0.023 is higher compared to the water-soluble complex WI with
0.007. o7ps Values were determined by using the TPEF technique
and revealed for N 612 GM (chloroform) and for WI 282 GM. At
the polymerization wavelength of 780 nm WI exhibits a ops of
200 GM, which is larger than common commercially available
water-soluble photo initiators.”” The decrease for WI compared
to N is caused by the hydrogen bonds which have a major
influence on the ICT. By polymerizing PEGda (M,=700 g/mol)
the threshold energy at different writing speeds was deter-
mined by fabricating a line array. The threshold energy for WI at
a writing speed of 10 um/s was 8.6 mW, while at a higher
writing speed of 50 um/s the threshold increased to 10.2 mW.
3D woodpile microstructures with good integrity were fabri-
cated with a writing speed of 30 um/s at a laser power of
9.7 mW (Figure 60).

With the same technique N was also encapsulated in the
poloxamer Pluronic F127."* The formed complex WI-II
showed good water solubility and exhibits a linear absorption
maximum of 285 nm in water, which is similar to WI. The
maximum two-photon cross-section of WI—II lies at 760 nm and
revealed a o, value of 260 GM. Although the o, value is
slightly lower compared to WI, WI-II also exhibits 200 GM at
the polymerization wavelength of 780 nm. Polymerization tests
with PEGda as monomer revealed a threshold energy of
6.29 mW, which compared to WI is much lower. A line array
performed with different laser intensities from 6.29 to
11.09 mW showed that at a laser power of 6.8 mW lines were
fabricated which possessed a width of only 92 nm. The writing
speed was constantly kept at 10 um/s. 3D microstructures in
form of an adenovirus were fabricated with different laser
intensities to proof the suitability of the initiator complex
(Figure 61). From the three SEM images displayed in Figure 61,
it is visible that the structure fabricated with 7.27 mW shows
the best resolution compared to the structures fabricated with
higher laser power. Both WI and WI-Il fabricate precise
microstructure via 2PP, however in both studies 2-benzyl-2-

Figure 60. SEM image of a fabricated woodpile microstructure with PEGda
and the N/2-Hp-b-CD complex WI as photo initiator."?" Adapted with
permission from Ref. [121]. Copyright 2014, Royal Society of Chemistry.
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Figure 61. SEM pictures of the fabricated 3D microstructures in form of an
adenovirus. (a—c) Top view of the structures fabricated with 7.27 mW,
9.46 mW and 11.27 mW. (d) Side view of fabricated adenovirus structure at

8 mW. All structures were fabricated with a writing speed of 110 pm/s.">!

Reproduced with permission from Ref. [124]. Copyright 2015, Royal Society
of Chemistry.

(dimethylamino)-4-morpholinobutyrophenone was used as
photosensitizer. This compound is also known as Irgacue 369,),
which is used as a commercial photo initiator in 2Pp.1%7128
Therefore, it is not quite clear from the publication if the
attendance of Irgacure 369 in the formulations influenced the
polymerization efficiencies of Wl and WI-II.

3. D-nt-D Chromophores

D-rt-D Compounds are able to transfer an electron after one- or
two-photon photo excitation, because of their electron rich
structure.” This also causes large two-photon cross-sections
comparable to the before mentioned D-mt-A-rt-D chromophores.

3.1. Stilbene, benzene and triphenylamine photo initiators

2PIs derived from stilbene or triphenylamines are easily excited
and show light induced electron transfer because of their
electron rich D-n-D chromophores. They are used on their own
or in combination.

Cumpston et al. investigated different stilbene based sys-
tems. Several compounds were synthesized and evaluated for
their use as photo initiators in two-photon polymerization
(Figure 62)."”

In general, an enlargement of the m-system results in a
bathochromic shift as well as a higher o, value (Table 24). The
introduction of weak electron donating groups like the meth-
oxy group to the m-backbone (ST-4 and ST-5) can further
enhance the initiators properties. For example, ST-5 shows a
linear absorption at 448 nm and a very high o, value of
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ST-1 R=nBu,n=1
ST-2R=Me,n=2

ST-3R=H,n=1
ST-4 R=0Me,n=1
ST-5R=0Me,n=2

Figure 62. Schematic representation of the structures of the stilbene based
2PIs ST-1 to ST-5.

Table 24. Optical and fabrication data for ST-1 to ST-5.

Compound Ay [Inm]® A% [nm]® Oy [GMIP® Ey [mJ] Py, [uW]™®
ST-1 374 600 210 0.39

ST-2 390 645 260 0.39

ST-3 410 730 995

ST-4 425 730 900 0.2 2001
ST-5 448 775 1250 3009

[a] No solvent reported, [b] measured via TPEF technique, [c] at 600 nm,
5ns pulses, [d] at 730 nm, 5ns pulses, [e] power threshold Py, [f] at
730 nm and [g] at 800 nm.

1250 GM. Unfortunately, the authors did not report the solvent
in which measurements where conducted.

The energy thresholds of ST-1 and ST-6 were compared to
the commercially available UV photo initiators like 1-[4-(meth-
ylthio)phenyl]-2-methyl-2-morpholinopropan-1-one  (lrgacure
907, 1907, further discussed in Chapter 6.). For 1907 a E,, of
1.0mJ was measured whereas ST-1 and ST-2 were more
photosensitive with an E;, of 0.3 mJ. While 1907 exhibit a op,
value lower than 10 GM, the D-m-D structures reveal a much
higher value because of their electron richness.

Fabrication tests with the initiators ST-4 and ST-5 showed
that these compounds, besides ST-1 and ST-2, were able to
initiate polymerization under two-photon conditions. Figure 63
displays fabricated cantilevers with 0.1% stilbene based photo
initiator and 70% of reactive trifunctional acrylate monomer
Sartomer SR9008 and SR368, and 29.9% poly(styrene-co-
acrylonitrile) (75:25).

Because of their electron richness, triphenyl- or triarylamino
motifs are very interesting compounds for the design of new
molecules in two photon applications. The structure of TP-1
(Figure 64) shows a biphenyl connection between two triphe-
nylamines substituted with one methoxy group on each
end.'*73% Although, TP-1 exhibits a lower o, value compared
to other biphenyl centered 2PIs (Table 25) fabrication in a
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30 um

Figure 63. 2PP fabricated cantilevers with one of the stilbene based 2PI.”’

Adapted with permission from Ref. [9]. Copyright 1999, Springer Nature.

monomer mixture containing 70% tris(2-
hydroxyethyl)isocyanurate triacrylate and 27% polymer binder
poly(styrene-co-acrylonitrile) (75/25) with 3% of TP-1 as initiator

OMe
TP-1

was possible. By fabrication of polymer lines the energy R = N(CH,CHjg), BDEVB
threshold of TP-1 was determined to be 136 J/cm?. While R = N(CH,CH,CHg), BDPVB
nowadays the energy threshold is reported in mW (W=J/s) Ezng:;%H}j;:Hﬁfg':)z g“Dnﬁ\\llBB

Martineau and a few other authors reported their results
unconventionally in mJ/cm® which makes the comparison to
other 2Pls difficult."*"* Compared to TP-1 the structure of
BTSBP reveals an extended m-system.'*" By introducing more
m-electrons to the structure, the o, is strongly increased to
892 GM (TP-1 30 GM). However, the o7, values were obtained
with two different techniques, which makes a comparison
difficult. Polymerization tests in PETA with 0.4% BTSBP showed
a polymerization threshold of 150 J/cm” and a burning thresh-
old of 1600 J/cm? (Table 25).

Similar to BTSBP, Gan et al. synthesized four different 2PIs
with a biphenylic core and different aminoalkyl substituents
(Figure 64)."*¥

All Initiators exhibit a linear absorption maximum at around
400 nm with exception of BMHVB with an absorption maximum
of 342 nm (Table 21). This can be explained by the ethylhydroxy

substituent, because its donor ability is smaller, the absorption Compound A, Dy opalGM] By Pl Eoumage U/
undergoes a hypsochromic shift. The Z-scan measurement (nm] cm?] an’] an’]
revealed for all initiators a large orp4 value. One should mention TP-1 3498 30 1369 2500
that the initiator with the highest o, value, BMHVB, interest- BTSBP 431 8924231 150" 1600™
] [e]
ingly is also the one, which structure contain the substituents DPAMOB 423” 096 1007 0
; . . BDEVB 380" 87,500
with the lowest donor strength. Polymerization tests using BDPVB 3850 100,900
bisphenyl A epoxide dimethylacrylate as monomer and 0.5% BDBVB 389" 100,990"
BMHVB 3421 115,700

2Pl showed that all four 2PIs induce polymerization of the
acrylate monomer. Figure 65 shows a fabricated micro-grid
using BDBVB where each polymer vein has a width of 3 pm and
an interval width of 10 um. Unfortunately, the authors did not
report any energy, polymerization or burning threshold.

Similar to ST-4 the initiator DPAMOB uses a methoxy
substituted distilbene core but with terminal diphenylamino
substituents."® It has a linear absorption maximum of

Chem. Eur. J. 2022, 28, €202104191 (29 of 54)

DPAMOB

Figure 64. Schematic representation of the structures of 2PIs bearing
triphenylamine moieties and biphenyl centers and the 2PA dye DPAMOB.

Table 25. Photophysical data and process parameters of the biphenyl
centered 2Pls and DPAMOB.

[a] Measured in dichloromethane, [b] measured in toluene, [c] measured
in a doped PMMA block, [d] measured via up-conversion fluorescence, [e]
measured via TPEF-method, [f] measured via Z-scan method, [g] Laser
power: 1.8 mW, Beam waist: 1.8 um, writing speed: 30 to 500 pm/s, [h]
Laser power: 270 uW, Laser wavelength: 800 nm.
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Figure 65. Micro-grid fabricated with BDBVB as photo initiator."*" Repro-
duced with permission from Ref. [134]. Copyright 2009, Springer Nature.

4235 nm in toluene and shows no further absorption above
500 nm. The single-photon induced emission spectrum excited
with 420 nm, obtains two peaks at 479 nm and 521 nm. The
fluorescence quantum yield was determined to be 0.96 for
DPAMOB with coumarin 307 as reference. The o, value of
DPAMOB was measured via TPEF in toluene and a cross-section
of 1007.2 GM was obtained. Fabrication tests with the oligomer
SR454 and 0.5% of the initiator showed successfully fabricated
lines at 800 nm with a writing speed of 50 um/min and a laser
power of 50 mW.

The photo initiators PVBB and DPVBB represent two
initiators with a modified triphenylamine structure (Fig-
ure 66).°" The linear absorption in p-xylene revealed a
maximum at 381 nm for PVBB, while for the disubstituted
DPVBB a small bathochromic shift to 393 nm was measured.
Fluorescence quantum yield was determined by the compar-
ison to coumarin 307. PVBB shows a fluorescence quantum
yield of 0.55 and DPVBB 0.14, both in p-xylene. By changing the
solvent to methanol, the fluorescence quantum yield is strongly
decreased to 0.15 and 0.041, which can be explained with the
increased polarity and the twisted intramolecular charge trans-
fer (TICT). According to the TICT model, by increasing the
solvents polarity the energy level of the charge-transfer state is
lowered. This causes not only a red shift of the fluorescence

SR O
R R
PVBB R»] = H, R2 = ::: /C4H9
N\
DPVBB R1 = R2 = - / C4H9

Figure 66. Schematic representation of the structures of PVBB and DPVBB.

Chem. Eur. J. 2022, 28, €202104191 (30 of 54)

peak, but also a rapid nonradiative transition to triplets. In turn
this results in a decrease of the fluorescence quantum yield.
The two-photon cross-section was determined via TPEF, and
shows 12.9 GM for PVBB and 63.3 GM for DPVBB in p-xylene
(c=1x10"2 mol/L).

To evaluate the polymerization properties of the two
initiators the polymerization rates (R;) were compared. The R,s
were determined by a method established by Youmei et al.
with SR454 (ethoxylated trimethylolpropane triacrylate) as
monomer and 0.6% of initiator.""™™ For DPVBB the R, was
471 pm*/s and 180 pm?*/s for PVBB. With a higher orps-value and
lower fluorescence quantum yield it is not surprising that
DVPBB has a higher photosensitivity along with a higher R,.

Similar to 2BTrz and 3BTrz (Chapter 2.6.) Arnoux etal.
synthesized two  new initiators bases on an
oligo(phenylene—ethynylene) structure. The structures show a
two branched quadropolar (V-Shape) and three branched
octapolar (Oct) structure (Figure 67).'*")

The linear absorption spectra in dichloromethane revealed
that both compounds exhibit the same absorption maxima at
386 nm. However, the measured fluorescence quantum yields
differ around 10%, showing a quantum yield of 66% for V-
Shape and 79% for Oct. This difference becomes even larger
for the oyps values. z-scan measurements at 532 nm revealed a
more than two times higher two-photon cross-section for V-
Shape, with 1500+200 GM compared to Oct with 740+
150 GM. Polymerizations were performed in a monomer
mixture consisting of 20 wt% 1,10-decanediol diacrylate (DDA)

Br

V-Shape

N N
CeH13 CeH13
CeHia~-Cotis
X
|
i N
=
CsH13\N ’T‘/CSHB
CeHi3 CeHiz

Figure 67. Schematic representation of the structures of the two-branched
(V-Shape) and the three-branched (Oct) 2PIs.
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and 80 wt% dipentaerythriol penta-/hexa-acrylate (DPPHA). V-
Shape was used in a 1 wt% concentration, while Oct was used
in a concentration of 0.66 wt% due to its poor solubility in the
formulation. For the determination of Py, polymer lines were
fabricated with different laser powers. The polymerization
thresholds for V-Shape and Oct were 120 yW and 90 pW,
respectively. Unfortunately, the authors do not report a
fabrication window for the 2Pls.

3.2. Fluorene derivatives

The fluorene core provides a larger electron delocalization
because of the increased t molecular orbital overlap, compared
to the diphenylic core systems. This structural feature enhances
the molecular polarity and by increasing the planarity leads to
an optimized charge transfer.['*13%

Martineau et al. investigated the influence of the fluorenyl
core in comparison to the biphenylic core structure.'**” The
structure containing the fluorenyl core (FL-1, Figure 68) shows a
bathochromically shifted absorption maximum compared to
the structure with the biphenylic core (TP-1, Figure 64, Table 24
& 25). 2PA spectra were measured by up-conversion

fluorescence measurement and the ogp, value was determined
using 1,4-bis(2-methylstryryl)benzene as reference. " The
fluorenyl structure of FL-1 exhibit a more then two times higher
opp Value compared to the biphenylic structure of TP-1. This

F(PHT), 0
Q CgH1z~_-CsH13 Q
@N S 0.0 ) NO
/ F(TPA), \

(0] o]
aotes
0
\ /

o'oo

FL-2

o

Figure 68. Schematic representation of the structures of the fluorenone
based 2PIs F(PHT),, F(TPA),, FL-1 and FL-2.

Chem. Eur. J. 2022, 28, €202104191 (31 of 54)

result is in good agreement with an increased charge transfer
due to the higher planarity in the fluorenyl core. Threshold
energies of the two 2PIs were determined by fabrication of line
arrays with different writing speeds. Polymerization was
performed with a monomer mixture of 70% tris(2-hydroxyethyl)
isocyanurate triacrylate, 27 % poly(styrene-co-acrylonitrile) (75/
25) as polymer binder and 3% of the initiator. FL-1 revealed an
energy threshold of 95 J/cm?, showing a higher photosensitivity
then TL-1 with 163 J/cm® Both of the initiators showed a
damage energy of 2500 J/cm?.

By altering the terminal substituents with an electron
donating (triphenylamine) and an electron withdrawing (phtha-
limide) group Fitilis etal. investigated the 2Pls F(TPA), and
F(PHT),."*>*¥ Different to FL-1 the terminal end groups in the
structures of F(TPA), and F(PHT), were linked to the fluorene
core by a double bond bridge (Figure 68). The linear absorption
maximum showed that triphenyl amine containing F(TPA), is
higher redshifted compared to the phthalimide containing
F(PHT),. Both 2PIs reveal a larger o, value compared to FL-1
(Table 26). Polymerization tests were performed with bisphenol
A ethoxylate diacrylate as monomer and 0.12wt% of the
initiator and revealed a polymerization threshold of 5.6 mW and
3.2 mW for F(PHT), and F(TPA),, respectively. The threshold was
further decreased by adding the co-initiator 2,6-diisopropyl-N,N-
dimethylaniline. Fitilis et al. considered that the rate of the free
radical polymerization is not only depending on the oy, value
and the fluorescence quantum vyield, but also the radical
generation quantum yield as well as the initiation efficiency of
the generated radicals are important."* To initiate polymer-
ization with such types of photo initiators it is know that an
electron transfer must occur after the TPA® In the case of
F(TPA), the electron donating substituent makes the molecule
more chemically active compared to F(PHT),.

Park etal. developed the initiator FL-2 with a similar
structure to F(TPA), (Figure 68)."! The linear absorption of FL-2
reveals a maximum of around 400 nm and the two-photon
cross-section at 780 nm shows a o, value of 470 GM (the
solvent and method of o, determination not reported). The
performance of FL-2 was tested in a concentration of 0.1 wt%
with SCR resin (urethane acrylate mono- and oligomers). To
produce a 2D-micro object out of a bitmap image, raster
graphics type voxel matrix scanning (VMS) was used. Figure 69

Table 26. Photophysical data and process properties of the 2PIs contain-
ing a fluorenyl core.

Compound A, D Otpa E [)/ Pin Epamage [/
[nm] [GM] cm? [mW] cm?

FL-1 374" 80 95 @ 25009

FL-2 400™ 470"

F(PHT), 3789 0.36 835" 56 M

F(TPA), 4474 0.65 2431 320

[a] Measured in dichloromethane, [b] the authors did not provide the
solvent, [c] measured in THF [d] measured via up-conversion fluorescence,
[e] determination method not stated, [f] measured via TPFE in THF at
800 nm, [g] Laser power: 1.8 mW, Beam waist: 1.8 um, Writing speed: 30 to
500 um/s, and [h] Laser power: 270 uW, Laser wavelength: 800 nm.
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Figure 69. Voxel array fabricated using FL-2 as initiator with a laser power of
5 mW and an exposure time of 2 ms."* Reproduced with permission from
Ref. [145]. Copyright 2004, Korean Chemical Society.

displays an array of voxels with 200 nm diameter using this
VMS technique.

Figure 70 shows a fabricated 2D structure and its corre-
sponding bitmap image, proofing that with VMS it is possible to

Figure 70. Fabricated micro structure using FL-2 (B) and its corresponding
bit map image (A)."*' Reproduced with permission from Ref. [145]. Copyright
2004, Korean Chemical Society.

Me-Mono (R = Me)
Ph-Mono (R= Ph)

Me-Bis (R = Me)
Ph-Bis (R= Ph)

Figure 71. Schematic representation of the structures of the triazole bridged
fluorene 2PIs.

Chem. Eur. J. 2022, 28, €202104191 (32 of 54)

translate a bitmap image to an almost identical 2D micro
structure.

In order to develop new and efficient photo initiators
Henning etal. reported the first triazole containing photo
initiators for use in 2PP." The authors used the copper
catalyzed azide/alkyne cycloaddition (CUAAC) reaction for the
synthesis, because of its wide use in organic chemistry and high
yields."” It is also known that the also called “click reaction”
was used to synthesize UV photo initiators as well as organic
dyes and fluorophores."***% With this approach the authors
created mono- and difunctionalized photo initiators with a
octanyl modified fluorene core (Figure 71).

From the linear absorption spectra, it is evident that the
change from the mono- to the disubstituted structure has only
a slight influence on the absorption maxima. The maxima also
only shift very little if the methyl group is substituted by the
phenyl group (Table 27). However, the phenyl substituted 2Pls
Ph—Mono and Ph-Bis show generally lower fluorescence
quantum yields compared to the methyl substituted ones. But
in total the here reported 2PIs show quite high fluorescence
quantum yields compared to other photo initiators for 2PP. The
two-photon absorption spectra were measured via TPEF
method and revealed that the oy, values did not differ munch
comparing the asymmetrical (Me—Mono, Ph—Mono) and sym-
metrical (Me—Bis, Ph—Bis) initiators (Figure 72). But overall the
phenyl containing 2PIs showed higher o, values, which can be
attributed to the higher number of m-electrons.

For the determination of the fabrication windows arrays of
small cubes (5x5x5 um) were fabricated with two different
monomers, PEG-DA and PETA. All initiators were able to initiate
polymerization in PEG-DA, although Me-Bis and Ph-Bis
showed poor solubility. Ph—Mono was performing best. The
polymerization tests in PETA revealed lower polymerization
thresholds compared to PEG-DA, which indicate that PETA
needs lower laser power to polymerize. However, the FW in
PETA were narrower compared to the ones in PEG-DA. For
Me-Bis and Ph—Bis no fabrication window was determined
because of solubility problems.

For comparison complex 3D structures in form of buckyball
domes were fabricated with all of the 2PIs (Figure 73). The
structures fabricated with Me—Bis and Ph—Bis show collapsed
structures, due to the poor solubility of the photoinitator. More
stable structures were obtained with Me—Mono and Ph—Mono,

Table 27. Photophysical data in toluene and process properties of triazole
containing 2PIs.

Compound Aabs [NM] D, [%) FW [mWwW]® FW [mw]®!
Me—Mono 340 50.8 18 to 39 14 to 24
Ph—Mono 338 30.0 16 to 40 13 to 25
Me-Bis 343 67.3 17 to 31 -

Ph-Bis 352 58.3 13 to 31 -

[a] Fabrication windows with PEG-Da as monomer, writing speed=
20 mm/s, Laser wavelength=780 nm, 2Pl concentration 4 mM, [b]
Fabrication window with PETA as monomer, writing speed =20 mm/s,
Laser wavelength =780 nm, 2P| concentration 4 mM.
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3.3. Anthracene derivatives

15
—8— Me-Mono

—eo— Me-Bis Anth derivati h b idely i . d uv

—a— Ph-Mono nthracene derivatives have been widely investigated as
3 —v— Ph-Bis photosensitizers or -initiators."”''* TPA properties of molecules
H containing anthracene as a central m-system were thoroughly
5 investigated by several groups."™"*® Yang etal. synthesized
ﬁ serval anthracene derivatives, investigated and compared them
4 to known TPA dyes."™ The authors were able to synthesize
G anthracene derivatives with an o, value up to 2490 GM and
g e \' also showed that the overall TPA properties increased by

\,\ changing the phenyl center to an anthryl one."”
= Xing etal. synthesized three 2,7-substituted anthracene
. lhh._‘l‘*ﬁhsl derivatives (Figure 74) and investigated their ability as photo
700 710 720 730 740 750 initiators in two-photon polymerization.!3?'

2PA wavelength /nm Table 28 summarizes the influence of a strong electron
donating substituent (AN-1) to a weak (AN-2) and an electron
Figure 72. Two-photon absorption spectra for the triazole containing withdrawing group (AN-3). Compared to AN-1 with its N(CH;),
fluorene 2PIs." Adapted with permission from Ref. [146]. Copyright 2020, groups, AN-2 and AN-3 show a hypsochromic shift in the

John Wiley and Sons. absorption maxima. Interesting about that is that AN-2 with a

weak electron donating group reveals a larger hypsochromic
shift compared to AN-3 with a nitrile group. The fluorescence
quantum yield measurement shows that AN-3 has the largest
yield, AN-2 the second largest and AN-1 the smallest. The TPEF
measurement revealed that AN-1 has the largest value with
466 GM, followed by AN-3 with 121 GM and at last AN-2 with
78 GM. This strong enhancement of the oy, value of AN-1 is
mainly attributed to the strong electron donating groups, since
it leads to a large intramolecular charge transfer (ICT).

Polymerization tests were performed with methacrylic acid
(MAA) as monomer and dipentaerythritol hexaacrylate (DEP-
6 A) as crosslinker. The laser wave length was set to 800 nm and
the writing speed was 10 um/s.

AN-1 reveals the lowest polymerization threshold as well as
the 2PP threshold (E,) of all the tested initiators (Table 29). The
sensitivity of the initiators follows the order AN-1>AN-2>

O(CH,)4CHs

O(CHy)4CH3

AN-1 R =N(CHa),
AN-2 R=CH,
AN-3 R=CN

Figure 74. Schematic representation of the structures of the anthracene
based photo initiators AN-1 to AN-3 synthesized by Xing et al.

Figure 73. SEM images of complex 3D structures in form of a buckyball
dome fabricated with the triazole containing fluorine based 2Pls."*' Adapted
with permission from Ref. [146]. Copyright 2020, John Wiley and Sons.

Table 28. Photophysical properties of AN-1 to AN-3 in CHCl,.

Compound Amax [NM] [ 2 max [NM] Orpp [GM]®
AN-1 396 0.17 750 466

with a stable top part of the dome. Thus, making Me—Mono | AN-2 347 036 700 78
AN-3 355 022 700 121

and Ph—Mono promising candidates for 2PP.

[a] Measured via TPEF.
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Table 29. Resin formulations and photopolymerization data of AN-1 to
AN-3 compared to the common used 2Pl Benzil.

2PI MAA [wt  DPE-6A[wt MR P Ee [MJ/
%] %] [%][a] [mW][b] cmZ][c]
AN-1 66.47 32.59 0.18 0.64 2.77x10
AN-2  66.53 32.61 0.18 1.60 6.93x10
AN-3  66.50 3261 0.18 837 3.56x10°
Benzil 66.89 32.80 0.18 6.37 2.82x108

[a] Molar ratio of initiator in resin, [b] threshold power of the initiator in
resin and [c] exposure intensity at threshold power.

Benzil > AN-3. Line arrays of the polymerization tests are
displayed in Figure 75.

To investigate the influence of the concentration of the 2Pl
on the polymerization threshold several resin formulations with
AN-1 as initiator were prepared (Table 30). The results show
that a lower concentration of AN-1 results in a higher Py, which
indicates a fewer generated radicals. In addition, the depend-
ence of the polymerization threshold to the writing speed (10
to 1000 um/s) was investigated using the resin formulation R'.
By increasing the writing speed, the exposure time was

a The laser power (mW) b The laser power (mW)
2.53 2.02 1.60 1.27 1.16 1.01 0.80 0.64 5.06 4.02 3.67 3.20 2.53 2.02 1.60

¢ The laser power (mW)
16.0 12.7 11.610.1 8.2

d The laser power (mW)

20.116.012.7 11.6 10.1 8.0 6.37

Figure 75. SEM pictures of fabricated line arrays using (a) AN-1, (b) AN-2, (c)
AN-3 and (d) Benzil."*? Reproduced with permission from Ref. [132].
Copyright 2012, Royal Society of Chemistry.

Table 30. Polymerization and 2PP thresholds at different concentrations of
AN-1.

Resin  MAA [wt DPE-6 A [wt MR Pe Ey [MJ/
%] %] [%][a] [mW][b] sz][c]

R' 66.47 3259 0.18 0.64 2.77x10

R? 66.78 32.75 0.09 1.01 4.37%107

R® 66.94 32.82 0.045 1.60 6.93x10’

R* 67.02 32.86 0.023 2.02 8.74x 107

R® 67.06 32.88 0.012 5.06 2.19x 108

[a] Molar ratio of initiator in resin, [b] threshold power of the initiator in
resin and [c] exposure intensity at threshold power.

Chem. Eur. J. 2022, 28, €202104191 (34 of 54)

decreased from 40 ms (10 um/s) to 0.4 ms (1000 pm/s) and the
P, increased from 0.64 to 2.53 mW.

3.4. Water-soluble photo initiators with a D-n-D structure

Although D-mt-A-rt-D chromophores show great potential, other
structural chromophores, like D-mt-D structures, also have been
successfully used as water-soluble initiators. WSPI is a D-m-D
chromophore, which has a distyrylbenzene core with terminal
amino alkyl groups (Figure 76). Frist synthesized by Woo
et al.®® as a TPA chromophore WSPI was later used as a water-
soluble photo initiator in 2PP by the group of Liska et al.'**"'*”

WSPI exhibits a linear absorption maximum at 423 nm and
a opp, Vvalue of 360 GM measured with the TPEF method at
730 nm."*® The fluorescence quantum yield was determined to
be 0.40 for WSPI with fluorescein and 9,10-diphenylanthracene
as references.

Stampfl et al. were able to fabricate successfully hydrogel
structures with WSPI as 2Pl and PEGda (700 Da) and embed the
living organism Caenorhabditis elegans into a scaffold during
2PP structuring."™ Therefore, several test structures were
fabricated to investigate the fabrication window of this
monomer/2Pl system. Two formulations were tested, both of
them with a 2Pl concentration of 2 wt%, one with a water
content of 50 wt% and the second with 80 wt%.

Intact structures were obtained at 60 mW at 1 mm/s,
100 mW at 4 mm/s, 140 mW at 7 mm/s, and 220 mW at 10 mm/
s, respectively (Figure 77). By increasing the water content to
80 wt% the polymerization threshold shifts to higher laser
powers and the threshold for the writing speed is reduced.
Polymerization at 300 mW and 10 mm/s occurred but a stable
structure was not obtained."*® Besides PEGda as monomer,
fabricating structures from a binary monomer mixture consist-
ing of gelatin hydrolysate vinyl esters (GH-VE) and reduced
derivatives of bovine serum albumin was achieved with WSPI
as 2P|

For a long time aryl diazosulfone compounds are known to
initiate free radical polymerization under thermal conditions,
forming phenyl- and sulfonyl-based radicals."®" Although such
initiators have not been used in 2PP, some exhibit a strong
absorption within the visible range. Therefore, an absorption
under two-photon conditions around 800 nm was assumed. On

—N*
/N

WSPI

Figure 76. Schematic representation of the structure of WSPI.
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50% Water

200 pm
—

Figure 77. Woodpile structures of PEGda with WSPI as photo initiator at a
water content of 50 wt%. The laser power range was 10 to 300 mW

(A =40 mW) and the writing speed was 1 to 10 mm/s (A =3 mm/s)."* This
image was adapted with the permission of the publisher and the authors of
Ref. [159]. Copyright 2012, SPIE.

this basis the water-soluble initiator DAS (Figure 78) was
developed."*?

DAS exhibits a linear absorption maximum at 370 nm in
water, which is strongly blue shifted in comparison to the
literature known initiator P2CK (507 nm, Figure 52). This strong
shift of DAS is due to the absence of electron donating groups
and by the electron withdrawing ability of the azosulfones. To
determine the two-photon cross-section the white light con-

DAS

Figure 78. Schematic representation of the structure of DAS.

100
80
=
E
E 60
[s]
<
@ 40 - DAS (1mM)
& ~ DAS (2mM)
20 = P2CK (1mM)
~ P2CK (2mM)
0
0 200 400 600 800 1000

Writing speed / mm*s™

Figure 79. Polymerization thresholds of DAS and P2CK at concentrations of
1 mM and 2 mM."*? Adapted with permission from Ref. [162]. Copyright
2018, Royal Society of Chemistry.
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tinuum (WLC) Z-scan method, developed by Ajami et al., was
used."® It shows a o, value of 40 GM and 140 GM for DAS
and P2CK, respectively. Fabrication tests of DAS and P2CK with
gelatin methacrylamide revealed that, although DAS has a low
opa Value the polymerization initiation efficiency is high
enough. The low o, value is compensated by doubling the
concentration. The polymerization thresholds for both initiators
were tested between 20 to 100 mW laser power and 100 to
1000 mm/s writing speed at different concentrations (Fig-
ure 79).

The tests show that, although P2CK has a lower polymer-
ization threshold, DAS can be used as a suitable photo initiator
at higher concentrations. Latter is interesting in particular
because cytotoxicity tests using the Presto Blue assay revealed
that P2CK reduced the cell viability above a concentration of
0.5 mM immensely (<50% cell viability). With DAS the cell
viability remain also at higher concentrations (>50% cell
viability).

4. A-n-D-nt-A and D-n-D-n-D Chromophores

Besides the D-m-A-ni-D chromophores, also chromophores with
the inverse structure motif A-rt-D-rt-A exhibit large o, values.
But only a limited number of these compounds were inves-
tigated as photo initiator for 2PP.

4.1. Carbazole and phenothiazine based initiators

Among these chromophores carbazole based chromophores
have been investigated intensively. Figure 80 displays the V-
shaped photo initiators (BAC-1 to BAC-4) with carbazole as
central core."™

Compared to the aldehyde derivatives BAC-1 and BAC-2,
the nitro substituted initiators BAC-3 and BAC-4 exhibit very
low fluorescence quantum yields. Additional measurements of
the fluorescence quantum yield in THF of BAC-3 and BAC-4
revealed a slight increase, which results from the difference in

R, Ro
A\ 7

b

R1
BAC-1 Ry =CsHyqq R, = CHO
BAC-2 R;=CH,Ph Ry = CHO
BAC-3 R, =CgHy Ry =NO,
BAC-4 R;=PhCH, Rz =NO,
BNMBC R, =CH,Ph(4-OMe) R, =NO,

Figure 80. Schematic representation of the structures of V shaped photo
initiators based on carbazole.
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contact charge transfer (Table 31). BAC-1 and BAC-2 revealed a
O1pa Value in chloroform of around 300 GM, while BAC-3 and
BAC-4 showed a value of 645GM and 916 GM in THF,
respectively. Due to the high o, values and the low FQ BAC-3
and BAC-4 should be promising candidates for initiating 2PP.
Polymerization tests were performed with MAA as monomer
and DEP-6 A as crosslinker, at 800 nm laser wavelength and
10 um/s writing speed.

As displayed in Table 32 the polymerization thresholds of
the initiators are quite different. BAC-1, with a Py, of 10.11 mW,
revealed a much higher threshold compared to the commercial
initiator Benzil with a Py, of 6.37 mW. Initiator BAC-3 shows the
third largest P, followed by BAC-2 with 1.60 mW. Due to its
high o1, value and low fluorescence quantum yield compared
to the other initiator, BCA-4 reveals the smallest Pth with
0.80 mW. Therefore, concentration tests with BAC-4 were
performed. The 2Pl concentration was decreased from 0.18 wt%
to 0.012 wt%. By decreasing the 2Pl concentration, the Py, was
increasing to a value of 3.20 mW at a 2Pl concentration of
0.012 wt%. In addition, the 2PP threshold for different concen-
trations was calculated, which were for 0.18 wt% and 0.012 wt%
values of E,=3.0x10” and 1.2x10® mJ cm™2,

Since the resolution of fabricated structures via 2PP is
strongly depended on the radicals generated in the focal spot
of the laser, a possible way to further enhance the resolution of
2PP is by combining a radical quencher with an existing photo
initiator with good initiating properties. Such a chromophore
should terminate the photoinduced radicals around the focused
spot. Lu et al. developed such a photo initiator (BNMBC) by

Table 31. Photophysical data of the carbazole based photo initiators BAC-
1 to BAC-4.

Compound Solvent Aenax [NM] (o Orpp [GM]™!
BAC-1 CHCl, 383 0.63 337 (730 nm)
BAC-2 CHCl, 378 0.66 308 (730 nm)
BAC-3 CHCl, 396 0.005 -

THF 390 0.065 645 (770 nm)
BAC-4 CHCl, 385 0.007 -

THF 384 0.065 916 (780 nm)

[a] Fluorescence quantum yield determined relative to coumarin 307. [b]
TPEF measurement. The numbers in parentheses are the wavelengths of
the maximum TPA.

Table 32. Polymerization results and formulation conditions for BAC-1 to
BAC-4 and Benzil as reference.

2PI MAA [wt Initiator [wt DPE-6 A [wt MR Py, [mW]
%] %] %] o]

BAC-  66.62 0.72 32.66 0.18 10.11

1BAC- 66.60 0.75 3265 0.18 1.60

éAC- 66.59 0.77 32.64 0.18 2.02

;AC- 66.57 0.80 3263 0.18 0.80

genzil 66.90 0.31 32.79 0.18 6.37

[a] Molar ratio of initiator in resin, [b] threshold power of initiator in resin
and [c] exposure intensity at threshold power.
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introducing p-methoxybenzene (PhOMe, Anisol) into the struc-
ture of photo initiator BAC-4 (Figure 80).'*”

The linear absorption maximum of BNMBC in THF is at
384 nm and is nearly exact the same as for BAC-4. Although the
maxima are quite the same BNMBC exhibit with 0.17 a much
larger fluorescence quantum yield in comparison to BAC-4 with
0.077. Two-photon cross-sections were determined by the TPEF
as well as the Z-scan method. o, values obtained via TPEF
revealed for BNMBC and BAC-4 a cross-section of 262 and
500 GM, respectively. Because of the difference in fluorescence
quantum yield, an additional measurement with the Z-scan
method was performed. The cross-sections received from Z-
scan were 2367 and 2285 GM for BNMBC and BAC-4 respec-
tively, showing that these compounds possess a large O,
value. Polymerization tests were performed by using MAA as
monomer, pentaerythriol triacrylate (PE-3 A) as crosslinker and
the photo initiator systems BAC-4, BAC-4/PhOMe (molar ration
1:1) and BNMBC. The resin formulations are listed in Table 33.

To investigate whether the intermolecular (BAC-4/Anisol) or
the intramolecular (BNMBC) system performs better at radical
quenching, different resins were prepared. Thereby, fibers were
fabricated and the obtained heights and widths were compared
(Figure 81).

Table 33. Resin composition for 2PP polymerization tests.
Resin 2Pl MAA Initiator PE-3 A MR P
[wt %] [wt %] [wt %] [%]® [mW]
R BAC-4 80.02 0.47 19.51 0.1
R? BAC-4/ 79.95 0.57 19.49 0.1
Anisol
R® BNMBC 80 0.5 19.5 0.1
R* BAC-4 80 0.1 19.9 0.02 4.02
R® BAC-4/ 80 0.1 19.9 0.02 4.82
Anisol
R® BNMBC 80 0.21 19.9 0.02 5.53
[a] Molar ratio of the initiator.
1000
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Figure 81. Plot of the fabricated fiber versus the exposure time for the resins
R', R? R®. The fabrication was performed at a laser power of 3.67 mW.['*
Adapted with permission from Ref. [164]. Copyright 2011, Royal Society of
Chemistry.
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From the plot is evident that the heights and widths are
decreasing from R' to R?, what means that BNMBC has a higher
radical quenching effect than the BAC-4/PhOMe system in R In
the resin with BNMBC an intramolecular quenching of radicals
during the polymerization takes place, while the bimolecular
system BAC-4/PhOMe acts in an intermolecular way, which is
much slower compared to the intramolecular process. Similar
results were obtained by decreasing the molar ratio of the
initiator system to 0.01%. The polymerization thresholds were
investigated with a higher concentration of the initiators,
resulting in 4.02, 428 and 453mW for R*, R® and R®
respectively. Despite the small differences in the o, values
BNMBC shows a similar polymerization initiating efficiency
comparable to BAC-4. In addition, BNMBC revealed radical-
diffusion control due to the p-methoxybenzyl group. To
demonstrate the potential of BNMBC a complex 3D structure in
from of a fly was fabricated using R® as resin. The fabricated fly
has a height of 6.47 um and a width of 17.61 um and is
20.90 um long (Figure 82).

Li etal. developed four carbazole based photo initiators
using classical aldol-conditions. The initiators CRB-1 and CRB-2

Figure 82. SEM image of a fly fabricated via 2PP using BMNBC as initiator."*"
Adapted with permission from Ref. [164]. Copyright 2011, Royal Society of
Chemistry.

H
=N N=
R R
CRB-1R= ---NO, CRB-2R = ---CN
¢ 0 /
CRB-3R= y o CRB-4R = --—N\

Figure 83. Schematic representation of the structures of carbazole based
photo initiators CRB-1 to CRB-4.
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show a A-mt-D-mt-A structure, and were compared to CRB-3 and
CRB-4 which possess a D- 7-D- mt-D structure (Figure 83).'®")

CBR-1 and CBR-2 exhibit a linear absorption maximum at
415 nm and 394 nm in chloroform, respectively. Both absorp-
tion maxima from CBR-3 and CBR-4 reveal a bathochromic shift
to 350 nm and 360 nm, respectively (Figure 84).

The two-photon cross-sections were measured using open
aperture Z-scan analysis at 800 nm in DMSO. Both CBR-3 and
CBR-4 show a relatively low o, value of 20 and 18 GM,
respectively. On the other hand, the o, value increases by a
factor of 10 when the terminal donor groups are exchanged by
acceptor groups like nitro or nitrile groups. Therefore CBR-1
and CBR-2 exhibit a value of 280 and 220 GM. This increase is
attributed to the ICT which is well-known to be the “driving
force” of the two-photon absorption process.'®'*” Fabrication
tests were performed with a 1:1 mixture of TMPTA and
TMP3EOTA resin at 800 nm with a writing speed of 60 pm/s. Y
shaped structures were fabricated at different laser powers to
evaluate the fabrication windows. Figure 85 displays the
fabricated structures using CRB-4 at different laser powers.

The fabrication windows for all initiators are displayed in
Figure 86. CBR-2 and CBR-4 reveal the broadest fabrication
windows. Although CBR-4 has the lowest o, value of all, it
seems to compensate this disadvantage with its electron
richness. As shown in Chapter 3. D-n-D chromophores initiate
polymerization by electron transfer,” it seems that CBR-4
follows a similar pathway in the initiating polymerization. By
introduction of the nitro groups the solubility of CBR-1 was
significantly decreased so that no reasonable results were
obtained. These results indicate again that although a high o,
value is desirable, the initiator efficiency is not only depending
on that.

Although many neutral compounds have been discussed,
there are several research groups which also investigated ionic

Molar extinction coefficient (10*M-'cm-')

0

350 400 450 500 550

Wavelength (nm)

250 300 600

Figure 84. UV-Vis absorption spectra of CBR-1 to CBR-4 in CHCl,."®*
Reproduced with permission from Ref. [165]. Copyright 2018, John Wiley and
Sons.
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Figure 85. SEM image of the fabricated Y structures evaluating CBR-4 as
photo initiator, (a) full view of the structures along the laser power gradient
and (b)-(d) enlargement of different segments of (a)."** Reproduced with
permission from Ref. [165]. Copyright 2018, John Wiley and Sons.
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Figure 86. Display of the fabrication windows of the initiators CBR-1 to CBR-
4.1 Adapted with permission from Ref. [165]. Copyright 2018, John Wiley
and Sons.

compounds for their TPA properties.*'%®'72 Gy et al. developed
carbazole based organic salts with an elongated m-system."”
Pyridinium, indolium and benzothiazolium derivatives (BAC-5a
to e, Figure 87) have also been reported.

The photophysical properties of the different compounds
are listed in Table 34. The linear absorption maxima of BAC-
5(a-c) show that the length of the aliphatic chain in the R,
position shifts the absorption maxima only slightly to higher
wavelengths. In addition, the impact on the fluorescence
quantum yield is only marginal. The oy, values are high with
around 1700 GM but decrease when the pentyl substituent is
used. By changing from the pyridinium to either an indolium
(d) or a benzothaizolinium (e) substituent the linear absorption
shifts to higher wavelengths, while the fluorescence quantum
yields and the oy, decreases.

Chem. Eur. J. 2022, 28, €202104191 (38 of 54)

R1=CHj (a), CoHs (b), n-CsH4q (c)

CsHo
QO
Rar3 Rass
BAC-5 (d,e)
CH3
B O
Rz (d) = N Rs (e) = N+
+
-\ I~ \

Figure 87. Schematic representation of the structures of BAC-5(a-e).

Table 34. Photophysical data of the initiators BAC-5(a—€) in methanol.

Compound Mmax [NM] (oW Orpp [GM]®
BAC-5a 456 0.011 17379
BAC-5b 456 0.013 17409
BAC-5¢ 458 0.013 1650
BAC-5d 510 0.007 47409
BAC-5e 495 0.039 151

[a] Measured via TPEF, [b] measured in glycerol, [c] TPA maximum at
800 nm, [d] TPA maximum at 880 nm and [e] TPA maximum at 840 nm.

From the above-mentioned photo initiators BAC-5¢ was
chosen for further polymerization tests. 0.1 wt% of BAC-5c¢
were mixed with 49.9 wt% MAA as monomer and 50.0 wt%
DEP-6 A as crosslinker. The threshold energy of polymerization
for BAC-5c¢ was calculated by analyzing polymer spots
fabricated via single-spot exposures and a value of 3.0 mW was
determined. In addition, a microgrid structure was fabricated
using BAC-5c with a laser power of 10 mW and an exposure
time of 2 ms (Figure 88).

To investigate the influence of the core structure, Li et al.
synthesized four different photo initiators, two with a carbazole
core and two with a phenothiazine core" In addition, the
structures of the initiators showed two different acceptor
groups, a thiophen aldehyde and quinoline group, which are
linked to the core via triple bond bridges (Figure 89).

In the linear absorption measurement, the compounds
revealed that the change of the carbazole to the phenothiazine
core shifts the absorptions maxima to higher wavelengths. In
addition, also the fluorescence quantum yield of the phenothia-
zine based initiator are lower in comparison to the carbazole

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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30 mW which was declared as 100%. The tests revealed that
the thiophen aldehyde containing initiators CRB-6 and PHZ-2
successfully initiated polymerization. However, the authors did
not report weather CRB-5 or PHZ-1 initiate polymerization
under the reported conditions. Initiator PHZ-2 was able to
initiate polymerization at higher writing speeds up to
14,000 pm/s at 100% laser intensity, but with lager deforma-
tions of the structure. However, this was avoided by decreasing
the writing speed. In comparison CRB-6 was not able to initiate

‘2

Fodt Fo RN s polymerization at 100% laser intensity at a writing speed of
PReda sl s 1000 pm/s.
SE  08-May-D5 ¢ S P, Besides the A-m-D-m-A chromophores Gu etal. also pre-

pared a series of D-m-A chromophores with the same donor-
acceptor system but none of them were used in fabrication
Figure 88. Microgrid structure fabricated via 2PP using 0.1 wt% BAC-5c as

2P1."7 Reproduced with permission from Ref. [173]. Copyright 2007, Royal tests.

Society of Chemistry. Since type | photo initiators generate radicals by a-cleavage
most of the known initiators, especially commercially available
UV-initiators, contain carbonyl groups. However, also oxime
CiaHas esters are other functional groups, which generate radicals
' under irradiation.'”*"7¢ Hereby, the N—O bond is cleaved thus

N
N
Q O generating active radials."’” This is followed by decarboxylation
// \\ y S N which reduces the probability of recombination of the
R R
R R

C12H2s

generated radicals and thus leading to better initiation perform-
ance. With this in mind, Hu et al. developed photo initiators
PHZ-1 with a A-m-D-mi-A structure with a carbazole core containing
PHZ-2 oxime esters."’® Besides the initiation properties of the oxime
esters, the authors also investigated the influence of the
substitution pattern (2,7 and 3,6 position on the carbazole core)

_ N _ S as well as the influence on the generated radical by using
Ry = Ry = DICHO , .
NG / phenyl and vinyl esters (Figure 90).

Figure 89. Schematic representation of the structure of the carbazole (CRB-5
and CRB-6) and phenothiazine (PHZ-1 and PHZ-2) based 2PIs.

R1 = CRB-5 R
R,= CRB-6 R

1
2

2Pls, in particular PHZ-2. From the o, values it can be
anticipated that the higher donor strength of the thiophen N
aldehyde group leads to a stronger ICT, which can be seen in Q O
the higher o, value as well as the red shifted absorption // \\
maxima (Table 35). Because of their absorption maxima the 2PIs
CRB-6, PHZ-1 and PHZ-2 may be potential candidates to O O
efficiently initiate polymerization at a wavelength at 780 nm, in )\\O,N\ =N /Z(
particular PHZ-2 with its high opa-value and its low R R
fluorescence quantum yield. CBR-OXE-1 Ry = phenyl

For the polymerization tests all 2PIs were dissolved in TTA CBR-OXE2 R, =vinyl
and fabrication was performed with different laser intensities
and writing speeds. In this report the laser intensity was set to

Table 35. Photophysical data of the carbazole and phenothiazine based
2Pls measured in dichloromethane.
Compound habs [NM] @ [%] Orpp [GM]®
CRB-5 364 84.28 - CBR-OXE-3 R1 = phenyl
CRB-6 398 51.52 198 CBR-OXE-4 R; = vinyl
PHZ-1 385 41.75 65
PHZ-2 419 0.86 1315
Figure 90. Schematic representation of the oxime ester containing 2PIs with
[a] Measured via TPEF at 780 nm. carbazole core.
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All four 2PIs reveal a broad absorption band between 250
and 400 nm. The results summarized in Table 36 indicate that
the changes in the absorption maximum depending on the
substitution pattern is only marginal. However, comparing the
derivatives substituted in 3,6-position (CBR—OXE-1 & -2) to the
the ones functionalized in 2,7-position (CBR—OXE-3 & -4) the
molar absorption coefficient (€) is increased. This trend is also
visible in the measured two-photon cross-sections. The Opa-
values show an increase when the position of the substituents
is changed from 3,6 to 2,7. This can be related to the enhanced
absorption properties of CBR—OXE-1 and -2. Steady-state
photolysis experiments revealed that all initiators undergo a-
cleavage at the oxime ester position when irradiated. For 2PP
polymerization tests a doughnut shaped structure was fabri-
cated at a writing speed of 750 um/s and polymerization
wavelength of 800 nm with various laser intensities (Figure 91).
For this a 1:1 mixture of trimethylolpropane triacrylate (TMPTA)
and ethoxylated trimethylolpropane triacrylate (TMP3EOTA)
with a 2Pl concentration of 1.3x 10* mol/g resin was used.

CBR—OXE-4 exhibits the broadest FW of all four initiators
and the lowest polymerization threshold. Comparing
CBR—OXE-1 and -2 the vinyl residue seems to have a advanta-
geous influence compared to the phenyl substituent. This may
be attributed to the better initiation efficiency of the released
vinyl radical in contrast to the phenyl radical. CBR—OXE-3
showed poor polymerization behavior due to its decreased
solubility in the monomer mixture. It is commonly known that
UV photo initiators suffer from pot life issues, due to the N-O
bond. Thermal stability in the dark is essential for those
compounds, therefore the new photo initiators had been
investigated by thermal gravimetric analysis (TGA). The results
are listed in Table36 and reveal that the decomposition

Table 36. Photophysical data and thermal stability of CBR—OXE-1 to
CBR—OXE-4.

Compound Aabs [NM]® Orpp [GM]®! T4 [°C19
CRB—OXE-1 377 122 163
CRB—OXE-2 377 102 185
CRB—OXE-3 371 125 201
CRB—OXE-4 371 136 190

[a] Measured in chloroform. [b] Measured via z-scan at 800 nm. [c]
Decomposition temperature.

a CBR-OXE-1
CBR-OXE-2

CBR-OXE-3

CBR-OXE-4

Laser power [mW]

Figure 91. (a) Fabrication window of the investigated carbazole 2Pls
containing oxime ester moieties and (b) complex 3D-structure fabricated
with CBR—OXE-4.'% Adapted with permission from Ref. [178]. Copyright
2020, John Wiley and Sons.
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temperatures (Ty) ranges from 160 to 200°C. Compared to the
commercially available UV photo initiator Irgacure OXEO1 with a
T4 of 185°C the investigated initiators are sufficient for daily
storage.

4.2, Triphenylamine based initiators

Based on the work of Prasad etal. and Goodson et al., who
reported that triphenylamine-cored branched structures (TPA-
1) exhibit large TPA cross-sections,"”*'® Jiang et al. developed
several initiators (TPA-2 to TPA-6, Figure 92) and evaluated
their properties for initiating 2PP.I"®"

UV-measurements in different solvents revealed that the
investigated compounds exhibit solvatochromic behavior.
Nearly all of the linear absorption maxima, except the one of
TPA-4, undergo a redshift when the polarity of the solvents is
increased. This observation indicates a better stabilization of
the excited state in polar solvent compared to the ground state.
Table 37 lists the photophysical data of the initiators in toluene
and DMF, as well as the two-photon cross-sections in DMF. All

x
R

TPA1 R = \_/N TPA-4R= —COOC,H,

TPA-2 R = @ TPA-5 R= —COOCHS

TPA-3R= —CN TPA-6 R= —COOH

Figure 92. Schematic representation of the structures of the tri-dentrical
initiators TPA-1 to TPA-6.

Table 37. Photophysical properties of the initiators TPA-1 to TPA-6.
Compound  Solvent Ay, [nm]  ®fl? 24 [nm]  oTPA [GM]®
TPA-1 Toluene 379 0.15 492

DMF 396 0.06 536 330.8
TPA-2 Toluene 387 0.21

DMF 387 0.10 527 384
TPA-3 Toluene 397 0.57

DMF 387 0.20 510 579
TPA-4 Toluene 402 0.47

DMF 398 0.38 522 19.8
TPA-5 Toluene 387 0.39

DMF 397 0.16 530 66.1
TPA-6 Toluene 387 0.03

DMF 388 0.11 523 194
[a] Fluorescence quantum yields were determined by comparison to
coumarin as standard and. [b] Measured via TPEF.
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initiators exhibit their lowest fluorescence quantum yield in
ethanol, due to the hydrogen bond interactions between
ethanol and the excited state of the molecules.

Using 0.5wt% TPA-4 and 99.5% of the commercial
monomer SR349 (ethoxylated bisphenol-A dimethacrylate) a
microgrid structure was fabricated at 780 nm laser wavelength,
500 uW laser power and a writing speed of 50 um/s (Figure 93).
The distance between the fabricated lines is about 10 pm.

In search of new potential initiators with low fluorescence
quantum yields Whitby et al. investigated branched triphenyl-
amine derivates with aromatic ketones."®? The carbonyl groups
of the aromatic ester have two advantages: 1. They act as
strong electron acceptors and 2. are efficient spin-orbit
coupling agents, which promote intersystem crossing.*®'®-18%
In addition, the influence of the degree of substitution of the
triphenylamine derivatives (Figure 94) was investigated.

The linear absorption maxima of the three derivatives show,
that by increasing the degree of substitution the absorption

Figure 93. Optical micrograph of the microgrid fabricated with SR349 and
2PI TPA-4."®" Reproduced with permission from Ref. [181]. Copyright 2007,
Royal Society of Chemistry.

A=

°\
TPA-7 R;=H,R,=H, Ry = A
TPA-8 Ry =H,R,=A R;=A
TPA9 R;=A Ry,=A Ry=A

Figure 94. Schematic representation of the structures of the different
branched initiators TPA-7 to TPA-9.
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maxima are red shifted, indicating a stabilization of the ICT.
From TPA-7 to TPA-8 the shift is larger than compared to from
TPA-8 to TPA-9, suggesting that the third substituent does not
have a strong stabilizing effect on the ICT (Table 38). However,
the structures containing more than one substituent (TPA-8
and TPA-9) exhibit a drastically lower fluorescence quantum
yield. This decrease of fluorescence quantum yield is well-
known in literature."® The oy, values reveal a linear increase
with increasing number of substituents. The increase is 232 GM
per substitution. This “branching effect” of multibranched
triphenylamine derivatives is well reported in the literature.?%'®

Polymerization tests were performed with the acrylate resin
(50:50 wt% SR415/SR351) at 800 nm laser wavelength, 50 pm/s
writing speed and different laser intensities. Figure 95 displays
the fabrication windows for the 2PIs at different laser powers
with a color code displaying the integrity of the fabricated
structures.

The obtained polymerization thresholds at 50 pm/s writing
speed were 45 uW, 61 uW, and 27 pW for TPA-7, TPA-6 and
TPA-9, respectively. From Figure 96 one can see that good
structures were obtained for TPA-7 at about 40 to about
150 pW. For TPA-8 the window starts at about 50 uW and goes
up to 160 uW. Although TPA-9 reveals the lowest polymer-
ization threshold, it exhibit the smallest FW from about 20 to
100 pW. An example of an excellent fabricated structure is
displayed in Figure 96.

Table 38. One- and two-photon photophysical properties of the initiators
TPA-7 to TPA-9.

Compound Solvent Amax [NM] Dfl Orpn [GM]®!
TPA-7 Methanol 384 0.198 126"
TPA-8 Methanol 404 0.021 358™
TPA-9 Methanol 410 0.019 590"

[a] Fluorescence quantum yields were determined by comparison to
quinine bisulfate as standard and [b] Measured by open Z-scan method at
780 nm in CHCl,.

200 -
180 - . m Very Poor
160 - Average
140 A
- M Excellent
= 120 -
=
5 100 - Poor
3 80
a i m No structure
60
40 -
i BN
0 , .
TPA-7 TPA-8 TPA-9

Figure 95. Fabrication windows of TPA-7 to TPA-9 at 50 um/s writing
speed."® Reproduced with permission from Ref. [182]. Copyright 2017, Royal
Society of Chemistry.
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Figure 96. SEM images showing fabricated structures produced via 2PP
(from left to right with the initiators TPA-7 to TPA-9).'®” Reproduced with
permission from Ref. [182]. Copyright 2017, Royal Society of Chemistry.

4.3. Water-soluble photo initiator with A-n-D-nt-A structure

Zheng et al. were able to develop a new water-soluble photo
initiator system by the host-guest method as mentioned
before." Hereby a complex consisting of vinylpyridine sub-
stituted carbazole BMVPC (guest) with a A-mt-D-mt-A structure
and cucurbit[7]uril CB7 (host) was established (Figure 97).
Cucurbit[n]urils are known for their ability to incorporate
neutral and cationic molecules."®

The linear absorption spectrum of pure BMVPC in water
exhibits a maximum at 418 nm, which shifts to 471 nm by
adding CB7 to the solution. The addition does not affect the
absorption, which indicates the non-covalent interaction of
BMVPC and CB7. The successful incorporation of BMVPC into
CB7 was proven by isothermal titration calorimetry, which
revealed that the host-guest complexation represents an
exothermic process with a calculated free Gibb's energy of
—32.9 kJ/mol. The addition of CB7 also had a second effect,
which is the enhancement of the fluorescence quantum yield of
BMVPC. Within the host-guest complex with a 10-fold amount
of CB7 the fluorescence of BMVPC enhances to ®;=0.0463. By
restricting the torsional motion of biscyanines through the
inclusion interaction, the nonradiative decay is inhibited thus
enhancing the fluorescence quantum yield. The measured 2PA
spectra in water via TPEF revealed a o;p, value of 613 GM and
2999 GM for BMVPC and the BMVPC/CB7 (1:10) complex,
respectively. The increase of the cross-section by a factor of 4.9
is due to the change of the intramolecular charge transfer (ICT)
by the interaction between BMVPC and CB7.'®* Fabrication
tests with PEGda as monomer revealed that the 2Pl complex

BMVPC

Figure 97. Schematic representation of the structures of BMVPC as the
guest, and CB7 as the host.
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exhibits a polymerization threshold of 4.5 mW at a writing
speed of 10 /s and at a laser wavelength of 780 nm. It was
possible to construct lines with small structural deformation
with a width of 180 nm. A hexagonal grid scaffold was
fabricated using those conditions for biological investigations
(Figure 116a/b). HelLa cells were co-incubated with the fabri-
cated scaffold for 48 h and were afterwards stained with the
mitochondrial dye MitoTracker™ Deep Red. Figure 98c shows
the confocal fluorescence image of the stained cells. The
scaffolds with good mechanical performance were noncytotoxic
and the cells maintained their morphology. These results
indicate that the fabricated scaffolds display good biocompati-
bility and low cytotoxicity.

5. D-n-A Chromophores

o,pB-Unsaturated ketones like benzylidene cycloalkanes (Chap-
ter 2.2.) are well-known for their good modifiability and large
Orpa Values. In those D-m-A-m-D systems mostly ketones are
used as strong electron withdrawing groups, which are required
to reach large oyp, values. Based on the work of Lalevée et al.,
who worked on 1,3-diketone-based photo initiators for cationic-
and UV photopolymerization, Nazir etal. developed D-m-A
structured photo initiators with 1,3-diketones as a strong
electron withdrawing groups (Figure 99).°%-1%2 The 1,3-dike-
tone group has the advantages of broadening the absorption
spectrum, therefore adjusting the laser wavelength for 2PP if
necessary. Also, those structures show a decrease of
fluorescence quantum yield, which is favorable in 2PP.°"'%? |n
addition, Nazir et al. combined two large mt-system bridged by a
double- or triple-bond to the central anthracene core system.
The cyclohexane-1,3-diketone based 2PIs DA-1 and DA-3
show a blue shift compared to the indene-1,3-diketone based
DA-2 and DA-4 (Table 39). While the structures containing the
cyclohexane-1,3-diketone (DA-1, DA-3) reveal only a marginal

Figure 98. (a) Top view of the SEM image of the hexagonal grid scaffold
fabricated using the BMVPC/CB7 complex. (b) Tilted view in the hexagonal
grid scaffold. (c) Confocal fluorescence image of the stained Hela cells and
(d) bright-field image."®” Reproduced with permission from Ref. [187].
Copyright 2019, American Chemical Society.
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DA-1 R=R; DA-2 R=R;
DA3 R=R, DA4 R=R,
Ri= C12H25\N/C12H25 Ry = C12H25\NfC12H25

Figure 99. Schematic representation of the structures of the 1,3-diketone
based photo initiators DA-1 to DA-4.

Table 39. Photophysical properties of the photo initiators DA-1 to DA-4 in
dichloromethane.
Compound Ay Ofl [%]  Oppa (Z-scan) Orpa (TPEF)
[nm] [GMI™ [GM]™!
DA-1 435 0.020 700 <8000
511
DA-2 395 0.010 970 <2000
542
DA-3 470 1.010 1000 200
521
DA-4 439 <0.001 2500 n.d.
561
[a] Measured at 725 nm and [b] Measured at 970 nm (DA-1), 710 nm (DA-
2, DA-3), n.d.=not detected.

shift in the absorption spectrum by changing from the C—C
double bond bridge, the indene-1,3-diketones experience a
much larger shift (DA-2, DA-4). All fluorescence quantum yields
were in general below 0.1% except DA-3 with a yield of 1.01%.
This is in good agreement with the theory that 1,3-diketones
reduce the fluorescence quantum yield as mentioned before.
The Z-scan measurements show that the 2PIs with the indene
moiety possess larger o, values compared to the ones with
the cyclohexane moiety. Also, the structures equipped with the
triple bond exhibit a large o, value compared to the ones
with a C—C double bond. In addition, the two-photon cross-
sections were measured via TPEF to investigate how reliable
this technique works for compounds with low fluorescence
quantum yields. Because the TPEF method compares the TPA
emission spectrum with a reference, a low or even zero
fluorescence results in a large error. Therefore, the o, values
from Z-scan and TPEF vary extremely. In case of DA-4 the G,
value could not be measured by TPEF because of the low

Chem. Eur. J. 2022, 28, €202104191 (43 of 54)

fluorescence quantum yield, showing that the Z-scan method is
the technique of choice for those compounds. Polymerization
tests were performed with a hybrid material consisting of
MAPTMS, MAA and ZOP, and the fabrication windows of the
2PIs at 800 nm were determined (Figure 100).

All initiators reveal broad FWs from around 10 to 55 mW.
More complex structures in form of hollow pyramids were
fabricated using DA-3 as initiator with increasing laser power
from left to right (Figure 101). The three left pyramids were
prepared with a laser power of 15, 25 and 40 mW and display a
well-defined structure. By increasing the average laser power
the structures begin to show deformation and over-polymer-
ization until total collapse of the structure at around 50 mW
(pyramids on the right).

While one of the most popular ways to tune the efficiency
of a photo initiator is to modify the electron donating or
withdrawing substituents or to expand the conjugation, Li et al.
chose a different approach. Since the polymerization initiation
depends on the generated radicals, Li et al. developed silicon-
based photo initiators (Figure 102) based on studies which
describe the photolytically cleavage of the Si—Si bond.["?

All compounds show an absorption band in THF of around
450 nm. The modification of 3-hydroxy-4-diethylamino-4'-nitro-

DA-1

DA-2

DA-3

DA-4

0 10 20 30 40 S50 60 70 mW

Polymerization] Good structuring | hurning threshold
threshold threshold

Figure 100. Determination of the fabrication windows of DA-1 to DA-4 using
800 nm as polymerization wavelength.*" Adapted with permission from
Ref. [61]. Copyright 2016, Royal Society of Chemistry.

X150 100pm

) 1skv

Figure 101. (a) SEM image of the fabricated hollow pyramids with increasing
laser power using DA-3 as initiator. (b) Hollow pyramid fabricated at a laser
power of 30 mW with DA-3.“" Reproduced with permission from Ref. [61].
Copyright 2016, Royal Society of Chemistry.
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Figure 102. Schematic representation of the structures of the silyl modified
2PIs DA-5 to DA-7.

stilben (DA-5) shifts the absorption maxima only slightly when
a silyl group is used (Table 40). The same was observed with the
fluorescence quantum yields, which increased slightly from 0.38
for DA-5 to 0.41 for DA-6 and DA-7, respectively. Two-photon
cross-sections have been determined by an approach of Rebane
et al, in which the cross-section is estimated purely from one-
photon spectral properties."™ ' The authors demonstrated
that the oy, value can be calculated, when in case of non-
centrosymmetric dipolar molecules, the TPA transition between
the ground and the first excited electronic state appears
without involving any intermediate states. To determine the
fabrication windows of the photo initiators, a 1:1 mixture of
TMPA and ETA was used. Y-structures were fabricated at
800 nm and 50 pm/s writing speed at different laser intensities.

DA-5 shows the broadest FW of those three initiators, with
the lowest polymerization threshold as well with the highest
burning threshold (Figure 103). Both of the silyl-based initiators
exhibit a lower FW with higher polymerization thresholds as

Table 40. Photophysical properties of the photo initiators DA-5 to DA-7 in
tetrahydrofuran.

Compound Aemax [NM] @, Orpp [GM]@
DA-5 45842 0.38 20
DA-6 45342 0.41 920
DA-7 45342 0.41 20

[a]l Measured at 725 nm.

DA-5

DA-6

DA-7

25

laser intensity (mW)

Figure 103. Fabrication windows of the silylated 2Pls DA-6/DA-7 and DA-5
(2PI concentration 6.3 x 10-6 mol 2PI/g resin)."® Adapted with permission
from Ref. [193]. Copyright 2017, Royal Society of Chemistry.
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well as lower burning thresholds. Although the Si—Si bond is a
known functionality which undergoes fragmentation induced
by light to produce silyl radicals,"*"*" the results indicate that
neither the cleavage of the Si—O nor of the Si—Si bond occurred
under TPA. This could be achieved by increasing the laser
intensity, however the risk of over polymerization and damage
to the structure is possible.

It is known that also cationic polymerization under 2PA
condition can be performed. Such photo acid generators (PAG)
generate protons upon excitement and thus initiate the cationic
polymerization. Such PAG initiators have been reviewed
recently.”” However, some of the PAGs can also generate
radicals under 2PA conditions by photolysis, like compounds
with sulfonium salts."®® Chen and coworkers developed three
different photo initiators for cationic polymerization under 2PA
conditions, but also tested them for their ability to initiate
radical polymerization under 2PA conditions. Therefore they
chose a 1,3,5-triphenyl-2-pyrazoline structure for their initiators
(Figure 104), because their interesting non-linear optical
behavior.['%8-19%)

The 2PIs show a linear absorption maximum between 340
and 375 nm in acetonitrile. Steady state fluorescence measure-
ments revealed that all three initiators exhibit a fluorescence
quantum yield of under 1%. The z-scan measurements of the
2PIs showed that PI-H and PI—CF; exhibit a op,- value of 75
and 105 GM, respectively. For PI-EtO no o, -value was
reported. The larger cross-section of PI-CF3 compared to PI-H
can be explained by the stronger D-rt-A character between the
CF;-group and the pyrazoline ring. Polymerization tests were
performed with PETA as monomer at 780 nm polymerization
wavelength with different laser powers and writing speeds.
Hereby solid lines were fabricated with a 2Pl concentration of
1 wt%. Both initiators initiate polymerization, however the
polymerization threshold of PI—CF, is lower compared to the of
PI-H. The fabrication window of F and PI-H at 100 um/s was
observed to be 4.5 to 14 mW and 7.5 to 18 mW, respectively.
Figure 105 displays the 2PP experiments with PI—CF3.

Coumarin based initiators are a well studied compound
class which, are known to generate radicals under 2PA
conditions as mentioned before. Oxime esters are a new
interesting functional, which generate radicals by a-cleavage as
shown before. Qiu et al. investigated 2Pls with a coumarin core

PFg

I+
™

PI-H R=H
PI-CF; R=CF,
PI-EtO  R= O-CH,CH;

Figure 104. Schematic representation of the structures of the 1,3,5-triphenyl-
2-pyrazoline 2PIs.
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Figure 105. SEM image of the fabrication array prepared with PI-CF, at a
concentration of 1 wt% in PETA."®® Adapted with permission from Ref. [198].
Copyright 2021, Elsevier.

equipped with different oxime esters (vinyl- & phenylester) at
different positions (Figure 106).2”

The measured UV/Vis-absorption spectra in acetonitrile
revealed that OEC3-1 & -2 possess absorption maxima at
around 405 nm. OEC4 shows a slightly red shifted maximum at
421 nm. Although the change in the absorption maxima seems
to be only marginal, by changing the position from 4 to 3 the
molar absorption coefficient increases, in case of OEC4 and
OEC3-1 € it is doubled. A study by Wu etal. reports that a
coumarin derivative substituted in 4-position adopted a twisted
conformation. In contrast, coumarines substituted at position 3
show a more planar conformation, thus explaining the higher

| OEC3-1
SoaRe
// O 0 ©
O
’Tl OEC3-2

Figure 106. Schematic representation of the oxime esters substituted
coumarin 2Pls.
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€% This is also reflected in the two-photon absorption
behaviour (at 800 nm). While OCE4 exhibits a two-photon
cross-section of 208 GM, OEC3-1 and OEC3-2 reveal values of
486 and 536 GM. Steady state photolysis experiments showed
that all three initiators undergo photolysis by a-cleavage of the
oxime ester, hereby OCE3-2 shows the fastest photolysis rate.
2PP fabrication experiments were performed using a 1:1
mixture of trimethylolpropane triacrylate (TMPTA) and eth-
oxylated trimethylolpropane triacrylate (TMP3EOTA) with a PI
concentration of 1.1x107° mol/g resin using 800 nm as poly-
merization wavelength. The fabrication window was deter-
mined by polymerizing doughnut shaped structures using
different laser intensities at a writing speed of 750 um/s.

While OEC4 exhibit a poor fabrication window due to poor
solubility in the monomer mixture, OEC3-1 and OEC-2 reveal
broad fabrication windows. The best results were achieved with
OEC3-2 as initiator with a fabrication window of 12 to 28 mW
(Figure 107). The fabrication of complex 3D-strucutres was
possible with OEC3-2 as 2PI. As discussed above, it seems that
the generated vinyl radical has a higher initiation efficiency
compared to the phenyl radical. Since the thermal stability of
oxime esters compounds are an issue, TGA measurements were
performed. The investigated photo initiators revealed a T,
between 189 to 220 °C which is above the T, of the commercial
available initiator Irgacure OXEO2 showing that the new 2PlIs
are sufficient for daily storage.

OXE is another carbazole based initiator equipped with a
oxime ester functionality. This chevron-shaped initiator was
develop by Zhou etal. and investigated for its use in 2PP
(Figure 108).2°"

The linear absorption spectrum of OXE in acetonitrile
revealed an absorption maximum of 374 nm. The determined
two-photon cross-section via the z-scan technique revealed a
Orpp Value of 87+ 13 GM, which compared to other carbazole
based 2PIs with an oxime ester group is quite low. Steady state
photolysis experiments showed that the oxime ester group in
OXE undergo cleavage under one photon and two photon
conditions. To determine the polymerization threshold of the
initiator, polymer lines were fabricated with a formulation of

(a)

OEC31

OEC32

8 12

16 20
Laser power (mW)

24

Figure 107. (a) Fabrication window of the oxime ester substituted coumarin
initiators. (b),(c) 3D complex structures fabricated using OEC-2 as photo
initiator.?® Adapted with permission from Ref. [200]. Copyright 2019, John
Wiley and Sons.
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Figure 108. Schematic representation of the structure of the carbazole based
2P1 OXE with an oxime ester group.

PETA and 2.5 mM OXE. The 2PP were performed at 800 nm
polymerization wavelength and revealed a Py, of 0.73 mW. This
low polymerization threshold shows the great potential of OXE
and it was possible to fabricate complex 3D-strucutres in form
of pyramids.

6. Photo Initiators without Extended nt-Systems

Most of commercially available photo initiators are well-known
compounds for single photon photopolymerization. Most of the
initiators lack on high two-photon cross-sections, which means
that higher intensities of the laser power are required to initiate
polymerization under 2PP conditions. Schafer et al. investigated
the two-photon cross-sections of several initiators from the
Irgacure and Darocure family (Figure 109).°" Most of these
initiators induce polymerization via the Norrish Type | mecha-
nism, where an o-cleavage reaction generates the desired
radicals. The typical structures are based on a-aminoketones, a-
hydroxyketones and acylphospine oxides.

The linear absorption measurements in methanol revealed
that the absorption maxima range from 242 to 328 nm.

The two-photon cross-sections vary from 4 to 28 GM
(Table 41). Although the oy, values are rather low, the
application of commercial 2Pl is often reported in literature.
Irgacure 2959 (12959) (Figure 110) is one of the most used
commercial initiators for 2PP throughout literature. 12959 is
mostly used in fabrication of hydrogels based on different
materials like methacrylamide-modified gelatin,?*>?*! modified
hyaluronic acid®*? and methacrylated carbohydrates.**

Kapyla et al. investigated newly synthesized polymerizable
amino acids (polyAA) for the use as extracellular matrix (ECM)
mimicking material.”®” For this purpose, polyAAs based on
methacrylolated (PHEG—MA) and acrylolated (PHEG—A) poly[N*-
(2-hydroxyethyl) L-glutamine]s (PHEGs) were synthesized with
different degrees of functionalization (Dy). 2PP was applied to
fabricate hydrogels with high integrity by using Irgacure 2959
as initiator. Besides the fabrication also the polymerization
threshold (Py,) and damage threshold (Py) were investigated.
Figure 111 shows the dynamic range (defined as the quotient
of Py/Py) of 12959 in different polyAAs and different PEGda
monomers.

The dynamic range clearly depends on the used monomer
system. In case of 12959 with the modified polyAAs and PEGda
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Figure 109. Schematic representation of the structures of the commercially
available photo initiators investigated in the studies of Schafer et al.

the dynamic range is much broader with PHEG-MA as well as
PHEG—A compared to PEGda. In addition, Kapyla et al. esti-
mated the ogp, value of 12959 to be between 0.001 to 0.01 GM,
which agrees with the o5, values of other commercial photo
initiators.””"

Irgacure 369 (1369, Figure 109) is also a frequently used
initiator for 2PP fabrication of structures for different applica-
tions. Fabricated microneedles, doped with gentamine sulfate,
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Table 41. Photophysical data of selected commercially available photo
initiators.
Compound Amax [NM] A2 [nm] Orpa [GM]®
Irgacure 184 246 265 23
Irgacure 261 242 265 <20
Irgacure 369 324 335 7
Irgacure 651 254 265 28
Irgacure 754 253 265 21
Irgacure 819 295 300 <4
Irgacure 907 306 300 4
Irgacure OXEO1 328 330 31
Darocure TPO 299 300 <4
Darocure MBF 255 265 27
Darocure 1173 244 265 <20
[a] Measured by Z-scan technique.
HO\L
o
OH
(e]

Irgacure 2959

Figure 110. Schematic representation of the structure of Irgacure 2959.
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Figure 111. Dynamic range of 12959 in different polyAAs and different
PEGda monomers. PHEG—A13 (D= 12.9), PHEG—A9 (D;=9.4), PHEG—-MA21
(Df=20.7), PHEG-MA11 (D;=11.2).*” Adapted with permission from

Ref. [207]. Copyright 2014, Elsevier.
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|

successfully inhibited the growth of Staphylococcus aureus
bacteria (Figure 112 a and b).'® Ovsianikov et al. successfully
fabricated scaffolds in the presents of living cells (Figure 112 ¢
and d).*® Scaffolds for tissue engineering and hypodermic
needles, which successfully penetrate cadaveric procine adipose
tissue, were fabricated by using the same organic-inorganic
photoresist as in Ref.[15] and 16 (Figure 113).[126128209-2111
Furthermore Koroleva etal. fabricated 3D-scaffolds out of
methacrylate PLA and 1369, which enabled and supported the
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Figure 112. (a) SEM image of microneedle array fabricated with gentamicin-
doped SR610 (Sartomer, Paris France) and 1369. (b) Fabricated microneedle
array against Staphylococcus aureus. Growth inhibition area around the
array was 26.8 mm large."* Adapted with permission from Ref. [125].
Copyright 2010, John Wiley and Sons. (c) CAD design for the hydrogel
scaffold structure. (d) SEM image of the scaffold fabricated by using 1369
and PEGda.”® Adapted with permission from Ref. [208]. Copyright 2010, IOP
Publishing.

180

um

Figure 113. (a) Hypodermic needle."* Adapted with permission from

Ref. [126]. Copyright 2007, John Wiley and Sons. (b) Micro grid structure
fabricated by 2PP using 1369 as 2PI."'?® Adapted with permission from
Ref. [128] ©The Optical Society.

proliferation of Schwann cells."® Iron platinum nanoparticle
based 3D microrobots for potential applications in medicine, as
well as light- induced reconfigurable smart materials based on
liquid crystalline elastomers were also fabricated with
|369.[212_213]

Although 1369 is used in many applications, no data of
fabrication windows is reported.

A representative of the acylphosphine oxide initiators is
Irgacure 819 (1819, Figure 109). Despite its low oy, value of
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<4GM (Table41) 1819 is capable to successfully initiate
polymerization via 2PP. For example, a monomer mixture of
PETA and BisGMA (bisphenol A glycidyl methacrylate) was used
to fabricate polymer scaffolds to seed mesenchymal progenitor
cells and to stimulate them to produce bone-forming cells for
tissue engineering (Figure 114).2" By using high molar mass
PEGda monomers Scarpa et al. were able to fabricate 3D pH-
responsive microstructures for soft tissue applications.”'
Harnisch etal. investigated the fabrication windows of
several commercial initiators including 1819.%'® To evaluate the
FW, 1819 was used at a concentration of 1wt% in the
commercial hybrid monomer mixture OrmoComp®. The result-
ing FW of 16 to 32 mW for 1819 was determined by fabricating
microstructures with different laser intensities (Figure 115).
Zandrini et al. investigated the influence of the viscosity of
the monomer solution on the dynamic range. Therefore,
different resin formulations were prepared and 1819 was used
as photo initiator.”'”’ The resin solutions consisted of the two

Figure 114. SEM image of a three-level cage structure fabricated with PETA/
BisGMA (80/20) and 1819 as 2PI. The square pore sizes are 35 pm.?"!
Adapted with permission from Ref. [214]. Copyright 2016, John Wiley and
Sons.

Figure 115. SEM image of fabricated microstructures with 1819 as 2PI. The
laser intensity was increased from 16 to 32 mW in 4 mW steps (left to
right).?'’ Adapted with permission from Ref. [216] ©The Optical Society.

Chem. Eur. J. 2022, 28, €202104191 (48 of 54)

monomers dipentaerythritol pentaacrylate and 1,3-butylene
glycol oxide diacrylate (Table 42).

To estimate Ey, and Egymager 20 um long lines were fabricated
at a writing speed of 50 um/s and the laser energies varied
from 0.03 nJ/pulse to 0.45 nJ/pulse. Table 43 shows that with
decreasing viscosity the energy threshold increases, what leads
to a lower dynamic range. Although a large dynamic range is
desirable in 2PP to fabricate microstructures, it is also important
to have a low viscosity to achieve high resolutions and prevent
damage of the structures by overpolymerization. The results
indicate that the viscosity of the monomer solution represents
another parameter which has to be considered while fabrication
of 3D microstructure by 2PP.

Besides 1819, Irgacure TPO—L (formally known as Luricin
TPO, Figure 116) is another well-studied initiator of the
acylphosphine oxide class.

Two-photon absorption measurements performed by Men-
donca et al. revealed that Irgacure TPO—L has a o, value of
1.2GM at 610 nm. Figure 117 shows the linear absorption
spectrum and  two-photon  absorption  cross-section
spectrum.?™®

To exhibit high o, values a molecule requires a high
conjugation and molecular planarity."*® Quantum mechanical
calculations revealed that Irgacure TPO—L has a non-planar
structure due to the phosphorus atom in the center of the
molecule and a low conjugation length, which results in a low
opa Value. Detailed investigations of the initiator concerning
the polymerization performance were conducted by Baldacchini
etal?? and De Marco et al.”*” Baldacchini et al. investigated
the polymerization and damage threshold in dependence to

Table 42. Composition of monomer solutions with corresponding viscos-
ity.

Resin  DPEPA BGDA 1819 [mol Viscosity, n [mPa-
[mmol] [mmol] %] s]

A 1.4 0 338 10,400

B 6.8 12.5 23 116

C 39 19.8 1.9 23

D 0.5 28.9 1.6 15

Table 43. Threshold energies and dynamic ranges of the different resins
from Table 42.

Resin Ey, [nJ/pulse] Egamage [NJ/pulse] Dynamic range [%]
A 0.04 0.49 91.8
B 0.06 0.52 88.5
C 0.09 0.50 82.0
D 0.19 0.53 64.2

o(g@
foe s

Irgacure TPO-L

Figure 116. Schematic representation of the structure of Irgacure TPO—L.
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Figure 117. Linear absorption spectrum (left, curve, c=7x 10~ mol/L) and
two-photon absorption cross-section spectrum (right, circles,

c=9x%10"" mol/L) of Irgacure TPO—L in ethanol.?'® Reproduced with
permission from Ref. [218]. Copyright 2008, Springer Nature.
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Figure 118. Determined polymerization (circle) and damage (triangle)
thresholds in dependence on the 2Pl concentration. Every sample was
irradiated with 725 nm laser wavelength for 5 s.'® Reproduced with
permission from Ref. [218]. Copyright 2004, AIP Publishing.

Figure 119. (a)/(b) SEM image of the fabricated 3D micro structure “HAIR"
on top of a human hair. The scale bars are 10 um each.?'® Reproduced with
permission from Ref. [218]. Copyright 2004, AIP Publishing. (c)/(d) SEM
images of a fabricated woodpile structure.”” Reproduced with permission
from Ref. [220]. Copyright 2013, American Chemical Society.
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the 2Pl concentration (Figure 118). For this purpose different
monomer  solutions containing ethoxylated(6) trimeth-
ylolpropane triacrylate and tris(2-hydroxyethyl)isocyanurate tri-
acrylate were prepared and investigated.

The polymerization threshold decreased quickly with in-
creasing 2Pl concentration until it reaches 1.5 wt% from where
it decreases only slowly. It can be assumed that an ideal
dynamic range for 2PP fabrication is received starting at a 2PI
concentration of 1.5wt%. Based on this result 3D micro-
structures were fabricated using 3 wt% of Irgacure TOP—L with
a laser power of 23 mW and a writing speed of 30 pum/s
(Figure 119 a and b).

Irgacure TPO—L also was used in polymerization studies of
a new a perfluoropolyether-based resin developed by De Marco
et al., which should result in structures of high hydrophobicity
and strong chemical resistance.”” To evaluate the optimal
polymerization parameters woodpile structures were fabricated
with different laser intensities (x axis) and writing speeds (y axis)
at a laser wavelength of 513 nm (Figure 119 ¢ & d)

As expected the polymerization threshold increases with
rising writing speed. This demonstrates that Irgacure TPO—L in
combination with the perfluoronated monomer is capable of
writing complex 3D structures via 2PP at high laser intensities
as well as with fast writing speed up to 1000 um/s (Figure 120).
Figure 119 ¢ and d displays a woodpile structure fabricated via
the evaluated polymerization parameters. The structure shows
high integrity and well-defined sub micrometer features.
Several other groups have performed experiments, where the
concentration of either the initiator or the monomer was varied
to investigate the possibilities Irgacure TPO—L offers.’? %7 |n a
recent study Irgacure TPO—L was used for the fabrication of 3D
scaffolds for the evaluation of Komagataeibacter xylinus, which
produces bacterial celluloses, a polymer which occurs in nature
with several properties important for biological applications.”*!

Ciprofloaxacin (CPF), a commercial available antibiotic drug,
has drawn attention after it was discovered that it produces
radicals under photo irradiation.””” Because CPF itself possesses
a low lipophilicity Bardakova et al. modified CPF with different
substituents to increase the solubility for a successful use in 2PP
experiments with methacryloyl modified poly(D,L-lactide).?*-22

CPF—Allyl and CPF—VBC (Figure 121) reveal the same
optical properties like CPF also the exhibition of the blue
fluorescence at 420 to 450 nm, when irradiated at 365 nm.
Unfortunately, the authors do not report further information
regarding fluorescence quantum yields or two-photon cross-
sections. Both initiators were able to initiate polymerization at a
polymerization wavelength of 525 nm and a writing speed of
50 mm/s. Polymerization with CPF—Allyl was achieved at a laser
power of 60 mW, where on the other hand CPF—VBC already
initiated polymerization at 35 mW. No fabrication window was
reported.”” CPF—Hex also initiated polymerization at 525 nm
but the fabrication window was determined at a faster writing
speed of 25,000 um/s. The FW of CPF—Hex was reported to be
45 to 60 mW. The initiation efficiency at such high writing
speeds may be attributed to the low fluorescence quantum
yield of 0.079, however no additional information photophysical
properties were reported.”*
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7. Conclusion

Since its discovery in 1997, two-photon polymerization has
proven to be a highly versatile polymerization method. Due to
the high resolution of this polymerization technique, nanometer
scale fabrication is possible, which enables its use in many
different fields of research areas such as tissue engineering or
functional micro devises.

The efficiency of a photo initiator for the use in the field of
two-photon polymerization depends on many factors. The
concentration of the 2PI, the laser intensity, solubility or
monomer composition and its viscosity. One value which is
always discussed, is the two-photon cross-section. It describes
how well a molecule undergoes the two-photon absorption
process. For a long time it was believed that a high two-photon
cross-section results in a high efficiency for the 2Pl in the
polymerization process. However, many publications report 2Pls
with comparable low o, values but with broad FW and/or low
polymerization thresholds; which indicates that a high cross-
section does not guarantees high efficiency. Additionally, for
determination of the two-photon cross-section several techni-
ques are used, like the Z-scan and two-photo excited
fluorescence TPEF. Because the two techniques are based on
different measurement principles, values are obtained which
differ significantly as seen in the report of Nazir etal.®" This
makes a comparison of the available values difficult.

The fabrication window, the range in which the fabrication
of stable structures is possible, describes quite well how
efficient an initiator is, but these windows can differ depending
on the laser setup, the used numerical aperture of the lenses
and what monomer is used. Thus, while comparisons could be
drawn between initiators within a review, there is a lack of
some kind of standard, which would allow initiators from
multiple reports to be compared to each other. Kiefer et al. met
this challenge.” For that purpose over 70 photoresists from
literature were compared in terms of writing speed, polymer-
ization threshold, laser wavelength, laser pulse duration, pulse
repetition rate, numerical aperture and 2Pl concentration. These
factors were combined into an equation, which represents the
two-photon sensitivity of the photoresist. By comparing the
sensitivity to a hypothetical reference, a figure of merit was
established and the different photoresists could be compared.

The design and synthesis of new and efficient 2Pl is a
budding challenge, despite the extensive work done in the
literature. Also, due to the ongoing development of the
technical setups, more and more efficient devices are been
developed for the use in two-photon polymerization. Despite
the difficult comparison of the 2PlIs, two-photon polymerization
offers great potential to enter further research areas and to
become an established technique not only in natural sciences,
but also as a technique for the fabrication of electronic
microelements or scaffolds in regenerative medicine.
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