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ABSTRACT: Nanolithographic printing by direct laser writing (DLW) photo-

ITX-thiophene
polymerization has attracted increased attention in recent years, as the speed of this . .
printing has increased, while the feature sizes that have been realized have decreased E b
well into the nanoscale regime. Specifically, isopropyl thioxanthone (ITX) has been ~ ™**™* ‘
utilized as one of the common photoinitiators in DLW polymerization processes TX-phenyl
because of its high-efficiency photoinitiating abilities and its ability to have its ITX-pyridine

initiation properties inhibited through the application of a second wavelength of light.
However, improved photoinitiating materials that are built from this successful
archetype are required, by both academic and industrial circles, if advanced high-
throughput nanomanufacturing techniques are to be implemented. Here, next-
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generation thioxanthone-based photoinitiators with tailored optical and charge

transfer properties were computationally designed and subsequently synthesized. Particularly, branches with specifically modulated
electron donor and electron acceptor qualities, relative to the ITX core, were coupled to the initial thioxanthone substrate. After
having their molecular and optical properties characterized in full, it was evident that these initiators possessed a clear advancement
in terms of photopolymerization initiation relative to ITX. As such, a champion photoinitiator chemistry was brought forward to
demonstrate enhanced two-photon polymerization DLW such that superresolution properties were exhibited. In this way, we
introduce a clear means by which to systematically design future photoinitiators for enhanced two-photon polymerization DLW

nanoprinting processes.

KEYWORDS: thioxanthone-based photoinitiators, two-photon polymerization nanoprinting, direct laser writing,
high-speed nanolithography, low-temperature phosphorescence spectroscopy

B INTRODUCTION

Direct laser writing (DLW) has developed rapidly in recent
years, and it has become an essential process for three-
dimensional (3D) nanofabrication. Specifically, the two-
photon polymerization (2PP) DLW process has found use in
a diverse range of fields including nanophotonics,'~ micro-
robotics,* ® microfluidics,’ > metamaterials,'*™"* micro-op-
tics,"* security,'* and bioengineering."*~'” The high spatial
resolution associated with the 2PP process provides an
advantage relative to other nanofabrication techniques. Unlike
single-photon absorption, two-photon absorption is confined
to the focal region of a tightly focused laser beam, which occurs
because of nonlinear, multiphoton absorption. This gives rise
to the submicron 3D structuring capabilities now expected of
2PP-DLW. Unfortunately, the two-photon absorption process
is typically not eflicient, resulting in relatively large laser power
requirements. While the current power requirements are
suitable for single-beam 2PP-DLW processes, power becomes
an issue when attempting to scale production with multiple
beams or image projection. In turn, this has prompted the
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development of photoinitiator molecules with superior
absorption abilities in the polymerization reaction medium.”'
Recent efforts have resulted in significant steps toward
designing photoinitiating molecules with dramatically im-
proved two-photon photoinitiation performance.'®™*°
case, it was shown that combining general design guidelines
with proper laser wavelength choice leads to near-resonance
enhancement of the two-photon absorption properties in the
photoinitiator and a laser power requirement eight times lower
than commercial initiators."” Beyond only power requirements,
in many instances, the current achievable spatial resolution of
2PP is not to the point where it is of utility in all operations,
and this necessitates the use of resolution-enhancing strategies
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for 2PP-DLW.”" By introducing a secondary laser into the
DLW system, precise spatial control of the polymerization
region can be achieved via a polymerization inhibition process.
This leads to significantly increased DLW resolution (i.e.,
super resolution), with resolution limits on the order of 120
nm being achieved.”” Inhibition of the polymerization process
via a secondary laser is reliant on the properties of the
photoinitiator used. Currently, only a limited number of
photoinitiators are known to achieve this polymerization
inhibiting effect for controlling the 2PP-DLW process, and the
library of photoinitiator candidates needs to be expanded
significantly, such that this promising nanotechnology
application space can reach its full potential.

The choice of the 2PP-DLW photoinitiator can depend on
the desired polymerization initiation pathway. Generally,
photoinitiators are housed within two classes.””** Norrish
Type I initiators are molecules that generate radicals directly
by photocleavage. Norrish Type II initiators absorb light to
form excited states that abstract hydrogen from a coinitiator to
generate radicals. In DLW, the widely used, commercially
available photoinitiator 2-isopropylthioxanthone (ITX) is a
special Type II initiator that operates intramolecularly without
the use of a coinitiator. Modification of the ITX photoinitiator
for superior absorption properties has been the base of many
promising and informative efforts for photoinitiator design
strategies.”> " During the design of 2PP photoinitiators, it has
been observed that molecules that follow a donor—acceptor—
donor structure present themselves as stronger two-photon
initiators.>' Holding to this idea, molecular branches attached
to the ITX core have been synthesized previously, and this led
to improved photoinitiating properties.””*> However, several
of the synthesized molecules suffered from low synthesis yield,
poor solubility, and poor stability.”> Along with the wealth of
knowledge available for modifying this fairly well-known
initiator, ITX is especially of interest here as its photoinitiation
ability can be turned off through exposure to a secondary laser
during the DLW polymerization process, which results in
extremely high-resolution nanoprinting.”"*>** Thus, this is a
promising molecule to derivatize to further enhance the
polymerization initiation and inhibition properties that could
lead to superior 2PP-DLW performance.

In this work, the abovementioned barriers were overcome
through an improved molecular design motif. That is, the
newly designed photoinitiators continue to achieve superior
absorption properties compared to ITX, while having high
synthetic yields, good solubility in a common monomer resin,
and long-term ambient stability. For these photoinitiators, the
isopropyl group common to ITX was maintained, and this
allowed the molecules to be readily soluble in the monomer.
To provide a guideline for the synthesis routes, the absorption
spectra of the new photoinitiators were obtained using time-
dependent density functional theory (TD-DFT). The
possibility of charge transfer states was predicted by measuring
the frontier molecular orbitals of the photoinitiating molecules.
The two-photon cross sections of each of the synthesized
photoinitiators were measured using the Z-scan technique to
provide an indicator of two-photon absorption efficiency in
DLW. Phosphorescence spectra were used to obtain triplet
excited-state lifetimes, as the triplet state is vital in initiating the
polymerization reaction and the polymerization inhibition
process with these photoinitiators. Finally, the polymerization
initiation efficiency of the photoinitiators was determined via
2PP-DLW. In addition, the polymerization inhibition capa-

bility during 2PP-DLW was established. By determining the
properties of these new photoinitiators and performing
nanolithographic printing, we demonstrate a practical pathway
to achieve low-power and high-resolution 3D photopolymeri-
zation through advanced photoinitiator design.

B MATERIALS AND GENERAL EXPERIMENTAL
PROCEDURES

Phenylboronic acid pinacol ester, 4-methoxyphenylboronic acid
pinacol ester, 4-cyanophenylboronic acid pinacol ester, and 4-
fluorophenylboronic acid pinacol ester were purchased from Oak-
wood. All other chemicals were purchased from Sigma-Aldrich, and all
chemicals were used as received. All ultraviolet—visible (UV—vis)
light spectroscopy data were obtained using a Cary 60 spectrometer in
the wavelength range of 330 < A < 800 nm. Fluorescence and
phosphorescence spectroscopy data were collected on a Cary Eclipse
fluorescence and phosphorescence spectrophotometer in the wave-
length range of 400 nm < A < 800 nm. Phosphorescence data were
collected at T = 77 K using deoxygenated solutions of the samples in a
glass-forming solvent, toluene. For these measurements, the optical
absorbance was below 0.01 at the excitation wavelength. Finally, the
computational results were performed as described previously.**

Synthesis of 2-Bromo-7-isopropyl-9H-thioxanthen-9-one
(ITX-Br, Compound 1). 2-Isopropyl-9H-thioxanthen-9-one (6.4 g,
25 mmol) was added to a 250 mL round bottom flask with 50 mL of
dichloromethane. Then, zinc chloride (0.35 g, 2.5 mmol) was poured,
while the reaction mixture was held at 0 °C. After the addition of zinc
chloride, bromine (8 g, 50 mmol) in SO mL of dichloromethane was
added in a dropwise manner. Then, the temperature was gradually
increased to 25 °C. After 24 h, a dark red solution formed, and the
solution was quenched by NaHSO; and extracted with dichloro-
methane and water three times. After evaporation of the organic
solvent, a light-yellow solid was dissolved into toluene and
subsequently recrystallized to form white crystals in 65% yield. 'H
NMR (400 MHz, chloroform-d): 8 8.75 (dd, J = 2.3, 0.4 Hz, 1H),
8.48 (d, ] = 1.9 Hz, 1H), 7.70 (dd, ] = 8.6, 2.3 Hz, 1H), 7.53 (dd, ] =
3.5, 1.3 Hz, 2H), 7.46 (dd, ] = 8.6, 0.4 Hz, 1H), 3.07 (p, ] = 6.9 Hz,
1H), 1.33 (d, ] = 6.9 Hz, 6H).

Synthesis of 2-Isopropyl-7-(pyridin-4-yl)-9H-thioxanthen-9-
one (ITX-Pyridine, Compound 2). 2-Bromo-7-isopropyl-9H-
thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10
mL sealed tube with 1 mL of toluene. Then, 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine (45 mg, 0.22 mmol) and 0.5 mL of 1
M Na,CO; in water were added. Next, tetrakis(triphenylphosphine)
palladium(0) (12 mg, 0.01 mmol) was added with 0.5 mL of ethanol.
The reaction turned red. After three freeze—pump—thaw cycles, the
sealed tube was slowly heated to 90 °C. After 24 h, the organic
mixture was washed with brine three times and deionized (DI) water
three times, followed by extraction with ethyl acetate. The mixture
was purified by column chromatography (Hexane/ethyl acetate = 3:1
v/v) to yield a solid with 83% yield. '"H NMR (400 MHz, chloroform-
d): 5893 (d, ] = 2.1 Hz, 1H), 8.76—8.68 (m, 2H), 8.51 (s, 1H), 7.89
(dd, J = 8.4, 2.1 Hz, 1H), 7.71 (d, ] = 8.4 Hz, 1H), 7.67—7.61 (m,
2H), 7.56 (d, ] = 1.5 Hz, 2H), 3.09 (p, ] = 6.9 Hz, 1H), 1.34 (d, ] =
6.9 Hz, 6H).

Synthesis of 4-(7-lIsopropyl-9-oxo-9H-thioxanthen-2-yl)-
benzonitrile (ITX-Phenyl-CN, Compound 3). 2-Bromo-7-isoprop-
yl-9H-thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a
10 mL sealed tube with 1 mL of toluene. Then, 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (51 mg, 0.22
mmol) was added. After this addition, 0.5 mL of 1 M Na,CO; in
water was added. Tetrakis(triphenylphosphine)palladium(0) (12 mg,
0.01 mmol) was added with 0.5 mL of ethanol. The reaction turned
red. After three freeze—pump—thaw cycles, the sealed tube was slowly
heated to 90 °C. After 24 h, the crude mixture was obtained; the
organic solution was washed with brine three times and DI water
three times, followed by extraction with ethyl acetate. The extracted
organic layer was purified by column chromatography after
evaporation of ethyl acetate (Hexane/ethyl acetate = 20:1 v/v) to
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yield a solid with 90% yield. '"H NMR (800 MHz, chloroform-d): &
8.89 (d, ] = 2.2 Hz, 1H), 8.53 (d, ] = 1.9 Hz, 1H), 7.88—7.85 (m,
1H), 7.85-7.82 (m, 2H), 7.81-7.78 (m, 2H), 7.72 (d, ] = 8.2 Hz,
1H), 7.60—7.57 (m, 2H), 3.11 (p, J = 7.0 Hz, 1H), 1.36 (d, ] = 7.0
Hz, 6H).

Synthesis of 2-Isopropyl-7-phenyl-9H-thioxanthen-9-one
(ITX-Phenyl, Compound 4). 2-Bromo-7-isopropyl-9H-thioxanth-
en-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10 mL sealed
tube with 1 mL of toluene. Then, 4,4,5,5-tetramethyl-2-phenyl-1,3,2-
dioxaborolane (45 mg, 0.22 mmol) and 0.5 mL of 1 M Na,CO; in
water were added. After the addition of the Na,CO; solution,
tetrakis(triphenylphosphine) palladium(0) (12 mg, 0.01 mmol) was
added with 0.5 mL of ethanol. The reaction turned an orangish-red
color. After three freeze—pump—thaw cycles, the sealed tube was
slowly heated to 90 °C. After 24 h, the crude mixture was obtained;
the organic solution was washed with brine three times and extracted
with ethyl acetate. The mixture was purified by column chromatog-
raphy after evaporation of ethyl acetate (Hexane/ethyl acetate = 16:1
v/v) to yield a solid with 80% yield. 'H NMR (400 MHz, chloroform-
d): 58.88 (d, ] = 2.2 Hz, 1H), 8.52 (s, 1H), 7.87 (dd, ] = 8.4, 2.1 Hz,
1H), 7.72 (d, ] = 7.2 Hz, 2H), 7.65 (d, ] = 8.3 Hz, 1H), 7.54 (d, ] =
1.4 Hz, 2H), 7.49 (t, ] = 7.7 Hz, 2H), 7.41 (d, ] = 7.4 Hz, 1H), 3.08
(p, ] = 6.9 Hz, 1H), 1.34 (d, ] = 6.9 Hz, 7H).

Synthesis of 2-(4-Fluorophenyl)-7-isopropyl-9H-thioxanth-
en-9-one (ITX-Phenyl-F, Compound 5). 2-Bromo-7-isopropyl-9H-
thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10 mL
sealed tube with 1 mL of toluene. Then, 2-(4-fluorophenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (49 mg, 0.22 mmol) and 0.5 mL of 1
M Na,COj; in water solution were added. Tetrakis (triphenylphos-
phine) palladium(0) (12 mg, 0.01 mmol) and 0.5 mL of ethanol were
added sequentially, and the reaction turned orange. After three
freeze—pump—thaw cycles, the sealed tube was slowly heated to 90
°C. After 24 h, the crude mixture was obtained; the organic solution
was washed with brine three times and DI water three times, followed
by extraction with ethyl acetate. The mixture was purified by column
chromatography after evaporation of ethyl acetate (Hexane/ethyl
acetate = 20:1 v/v) to yield a solid with 76% yield. 'H NMR (800
MHz, chloroform-d): § 8.82 (d, ] = 2.2 Hz, 1H), 8.53 (s, 1H), 7.82
(dd, J = 8.3, 2.1 Hz, 1H), 7.68 (dd, ] = 8.5, 5.5 Hz, 2H), 7.65 (d, ] =
8.3 Hz, 1H), 7.55 (d, ] = 1.5 Hz, 2H), 7.19 (t, ] = 8.6 Hz, 2H), 3.10
(p, J = 7.1 Hz, 1H), 1.36 (d, ] = 7.0 Hz, 6H).

Synthesis of 2-lsopropyl-7-(4-methoxyphenyl)-9H-thio-
xanthen-9-one (ITX-Phenyl-OCH;, Compound 6). 2-Bromo-7-
isopropyl-9H-thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was
added to a 10 mL sealed tube with 1 mL of toluene. Then, 2-(4-
methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (52 mg, 0.22
mmol) and 0.5 mL of 1 M Na,COj; in water were added. After the
addition of the Na,CO; solution, tetrakis(triphenylphosphine)
palladium(0) (12 mg, 0.01 mmol) was added with 0.5 mL of ethanol.
After three freeze—pump—thaw cycles, the sealed tube was slowly
heated to 90 °C. After 24 h, the crude mixture was obtained; the
organic solution was washed with brine three times and DI water
three times, followed by extraction with ethyl acetate. The mixture
was purified by column chromatography (Hexane/ethyl acetate =
15:1 v/v) to yield a solid with 81% yield. '"H NMR (400 MHz,
chloroform-d): & 8.82 (s, 1H), 8.52 (d, ] = 0.6 Hz, 1H), 7.80 (dd, ] =
8.4,2.2 Hz, 1H), 7.78—7.68 (m, 1H), 7.66—7.62 (m, 2H), 7.59 (dd, ]
= 8.4, 0.5 Hz, 1H), 7.50—7.40 (m, 1H), 7.01 (d, ] = 8.8 Hz, 2H), 3.86
(s, 3H), 3.07 (pd, ] = 6.9, 0.7 Hz, 1H), 1.34 (d, ] = 6.9 Hz, 6H).

Synthesis of 2-Isopropyl-7-(thiophen-2-yl)-9H-thioxanthen-
9-one (ITX-Thiophene, Compound 7). 2-Bromo-7-isopropyl-9H-
thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10 mL
sealed tube with 1 mL of toluene. Then, 4,4,5,5-tetramethyl-2-
(thiophen-2-yl)-1,3,2-dioxaborolane (46 mg, 0.22 mmol) and 0.5 mL
of 1 M Na,COj; in water were added. After the addition of Na,CO;
solution, tetrakis(triphenylphosphine)palladium(0) (12 mg, 0.01
mmol) was added with 0.5 mL of ethanol. The reaction turned red.
After three freeze—pump—thaw cycles, the sealed tube was slowly
heated to 90 °C. After 24 h, the mixture was washed with brine three
times and DI water three times, followed by extraction with ethyl

acetate. The mixture was purified by column chromatography
(Hexane/ethyl acetate = 10:1 v/v) to yield a solid with 77% yield.
IH NMR (400 MHz, CDCl,): 6 8.88 (d, J = 2.1 Hz, 1H), 8.53 (s,
1H), 7.88 (dd, J = 8.4, 2.2 Hz, 1H), 7.61 (d, ] = 8.4 Hz, 1H), 7.56 (d,
J =12 Hz, 2H), 7.50 (dd, J = 3.6, 1.1 Hz, 1H), 7.37 (dd, J = 5.1, 1.1
Hz, 1H), 7.15 (dd, ] = 5.1, 3.6 Hz, 1H), 3.10 (dd, ] = 13.8, 6.9 Hz,
1H), 1.36 (d, ] = 6.9 Hz, 6H).

DLW Photopolymerization. DLW was performed using a
custom-built fabrication system, and the details of the experimental
setup have been reported previously.”> The printing laser consisted of
an 800 nm femtosecond oscillator (Coherent Micra) at an 80 MHz
repetition rate. A full width at a half-maximum pulse width of ~390 fs
at the sample plane was determined by autocorrelation measurement.
A 100X oil-immersion objective lens (Nikon, N.A. = 1.49) was used
to focus the laser beam into the photoresist to induce polymerization.
Fabrication was achieved by motion of the sample via a nano-
positioner (Mad City Labs) and laser control by a fast mechanical
shutter (Uniblitz) that was controlled with a custom LabVIEW code.
The laser power was adjusted through combined use of a half-wave
plate and a polarizer. Photoresist samples were sandwiched between a
microscope slide and a coverslip, and tape was used to provide a ~35
um gap between the two pieces of glass. All printing was performed at
a rate of 100 ym s~! writing speed. For polymerization inhibition
experiments, a 638 nm continuous wave laser was introduced to the
beam path by a dichroic beam splitter and controlled independently
by a variable neutral density filter and fast shutter (Uniblitz). The 638
nm beam was passed through a telescoping lens pair to achieve a focus
spot size significantly larger than that of the 800 nm laser at the
sample. The laser powers for both beams were measured at the back
of the objective lens through a 6 mm diameter aperture. Fabricated
structures were developed in an isopropanol bath for 10 min, rinsed
with isopropanol, and dried with nitrogen. Fabricated structures were
observed under an optical microscope in transmission mode. The
selected samples were sputter-coated with ~13 nm of an Au/Pd
mixture before imaging with a scanning electron microscope (Hitachi
S-4800) to prevent charging.

Z-Scan Measurements. Two-photon absorption cross sections
were measured using an open aperture Z-scan.”® Z-scan measure-
ments were performed using 60 fs pulses at an 800 nm center
wavelength from a S kHz regeneratively amplified laser (Spectra-
Physics Spitfire). Solutions of each photoinitiator in tetrahydrofuran
were prepared in a 1 mm path length cuvette for measurement, and
these concentrations are listed in Table S1. Each sample was
translated along the optical (z-) axis by a motorized stage, and the
transmitted beam was collected with a balanced photodetector (New
Focus 2307). The signal from the photodetector was passed through a
lock-in amplifier referencing the laser repetition rate. A Rayleigh range
for the laser of 3 mm was fit from the measured data. Transmission
values of the samples were fit using eq 1.

=, [,z OI"

T(z) = ),

a0 (m+1)"? (1)
where

q,(z, t) = %

0

)

Here, f is the two-photon absorption coefficient, Iy(t) is the peak
intensity at the focus of the beam, L is the effective thickness of the
sample (taken to be the cuvette path length), and z, is the Rayleigh
length of the beam. The sample position (z) is measured relative to
the minimum beam waist location. The two-photon cross section was
determined according to eq 3.

ﬁEphoton
Oy = ——

pmol (3)

Here, E, oo, is the photon energy of 800 nm photon and p, is the
density of the photoinitiator molecules in the solution.
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Figure 1. Predicted UV—Vis light absorption plots for: (a) ITX, ITX-pyridine, and ITX-phenyl-CN; (b) ITX, ITX-phenyl, and ITX-phenyl-F; and
(c) ITX, ITX-phenyl-OCH,, and ITX-thiophene. These predictions were made using TD-DFT with a B3LYP/6-31G(d) level of theory. The
structures of the calculated initiating molecules (aside from ITX) are listed directly below their simulated absorption spectra.

B RESULTS AND DISCUSSION

According to previous efforts,®® ITX and its derivatives have
the potential to be high-performance radical initiating
photoinitiators in the 2PP-DLW processes. Here, we build
from this previous work to modify the photoinitiator molecular
design in a strategic manner. Specifically, new branches to the
ITX core were introduced and classified into three groups
based on their chemical construct. Specifically, these were
substituents that were (1) electron-withdrawing groups,
including 7-isopropyl-2-(pyridin-4-yl)-4aH-thioxanthen-9-
(9aH)-one (ITX-pyridine) and 4-(7-isopropyl-9-0xo0-9,9a-
dihydro-4aH-thioxanthen-2-yl)benzonitrile (ITX-phenyl-CN);
(2) electron-donating groups, including 7-isopropyl-2-(4-
methoxyphenyl)-4aH-thioxanthen-9(9aH)-one (ITX-phenyl-
OCH,;) and 7-isopropyl-2-(thiophen-2-yl)-4aH-thioxanthen-
9(9aH)-one (ITX-thiophene); and (3) groups that were
neither strongly electron-accepting nor electron-donating,
namely, 7-isopropyl-2-phenyl-4aH-thioxanthen-9(9aH)-one
(ITX-phenyl) and 2-(4-fluorophenyl)-7-isopropyl-4aH-thio-
xanthen-9(9aH)-one (ITX-phenyl-F). In all cases, the addi-
tional chemical functionality is added in a manner that makes
the substituents conjugated with the core ITX structure. The
molecules’ branch designs follow the donor—acceptor type
structures popularly suggested for two-photon initiators.

To guide this molecular design, TD-DFT calculations were
utilized to predict the absorption spectra of these proposed
initiators (Figure 1).”” This computational design could be
implemented in a straightforward manner here, as all relevant
optical transitions for similar molecules have been established
previously.”” The computational predictions indicated that the
proposed molecules should have an absorption peak that is
red-shifted relative to ITX. This is expected to increase the
laser writing efficiency of the 800 nm 2PP-DLW, as increasing
absorption at a wavelength of 400 nm is key to an efficient

photoinitiation process. Moreover, these three groups reveal a
trend with respect to the optical absorption characteristics and
how this design motif can be utilized to tune the absorption
profile. Specifically, the ITX-based molecules with electron-
donating groups showed the greatest redshift, while ITX-based
molecules with electron-withdrawing groups present in the
structure showed the least amount of the absorption shift.
Inspired by the TD-DFT calculation results, these molecules
based on an ITX core with different substituent groups were
synthesized to experimentally verify their potential as photo-
initiating candidates and to support or refute this predicted
trend.

Six different substituents were altered in a systematic way, as
functionalization of the conjugated branch afforded a means by
which to evaluate multiple distinct chemical functionalities
while maintaining a common chemical core for the photo-
initiators. These added functionalities extend aromaticity
across the molecular systems, which changed the optical
properties dramatically. A straightforward synthetic pathway
was utilized to create the new photoinitiators (Scheme 1), and
these compounds were characterized by '"H NMR spectrosco-
py and *C NMR spectroscopy (Figures S1—S6). Specifically,
2-bromo-7-isopropyl-9H-thioxanthen-9-one (ITX-Br) was syn-
thesized from ITX using a bromination reaction catalyzed by
zinc chloride.*®™*' Then, the six different substituents were
introduced through Suzuki coupling reactions."””~*" The final
molecular targets are air-stable and insensitive to ambient
conditions.

An improved excited state lifetime is predicted for the
modified ITX molecules as the result of a direct highest
occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) transition. The frontier molecular
orbitals were calculated and are shown in Figure S7. The
thioxanthone core can be regarded as an acceptor and the
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Scheme 1. Synthetic Pathway for the New ITX-Based
Photoinitiators
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introduced branch as the donor. The lowest-energy singlet
excited state for each of the initiator candidates is a transition
from the HOMO to the LUMO. This is a s1gn1ﬁcant contrast
from the photoinitiators we described previously.”> That is,
while the lowest-energy singlet excited state was a HOMO to
LUMO transition in this previous effort, it was an optically
inactive charge-transfer state, with the first optically active state
involving both HOMO — 1 to LUMO and HOMO to LUMO
+ 1 transitions. Importantly, this means that the excited states
associated with the molecules of the current effort should have
fewer alternative pathways beyond that required for polymer-
ization because no lower singlet excited states by which to
decay were available.

To evaluate these computational predictions, the optical
properties of the new initiators were measured and compared
with the computational results. First, the molar absorption
coefficients of the photoinitiators at half the wavelength (400
nm) of 2PP-DLW (800 nm) were measured in toluene (Table
1), and the normalized UV—vis absorption spectra were
plotted (Figure S8a). Although there is a difference between
the one-photon absorption process in this test and the two-
photon absorption process that occurs in the DLW
process,**’ the molar absorption coefficients are larger,
which indicates the potential possibility of lowering the
practical laser power requirements. As predicted by the
computations (Figure 1), the introduction of new branches
to the core indeed red-shifted the UV—Vis light absorption
profiles of the photoinitiators. Moreover, the trend of the
experimental shift in the absorption profile with respect to
chemical functionality peak-shifting ability matches the
computational results, indicating that the TD-DFT calculations

shown are a useful predictive tool for photoinitiator design.
Variations in the exact values of experimental measurements
and computational results can be attributed to the fact that the
TD-DFT calculations assume a vacuum environment for the
molecule, whereas the molecules are in solvent during the
actual experimental measurement.

In the two most extreme examples (i.e., on the low end and
high end of shifts toward the red), the maximum in the
absorption peaks for ITX-pyridine and ITX-thiophene are red-
shifted relative to ITX by 6 and 17 nm, respectively, and all of
the peak absorption values are approaching the target
wavelength of 400 nm. Although the extinction coefficients
of new photoinitiators are smaller than that of ITX at their
respective peaks, most of the extinction coeflicients of the new
photoinitiators are larger than ITX at 400 nm, highlighting the
effectiveness of the design strategy implemented here. The
polymerization inhibition process for ITX is controlled by
triplet—triplet absorption instead of stimulated emission
depletion,”® which can be represented by fluorescence
quantum yield. The photoinitiators synthesized here emit in
the range of 4 = 414 nm to A = 431 nm (Figure S8b); however,
they have weak fluorescence emission signals, which are similar
to those observed for ITX. This indicates that any potential
polymerization inhibition is likely to be predominantly from
triplet—triplet absorption in this case as well.** >

Besides the first singlet state, the first triplet states (T) are
essential to understanding the excited state mechanisms as
well. Toward this end, phosphorescence spectra at 77 K were
obtained.”® Improved photoinitiator candidates for the 2PP-
DLW process were found among the new molecules, which
demonstrate longer triplet state lifetimes. As shown in Figures
2 and S9, all the initiators possess clear phosphorescent signals,
which illustrates that the transition from the singlet excited
state to the triplet state through intersystem crossing exists in
all the molecular systems evaluated here. The trend of the
phosphorescent lifetimes is listed in Table 1, which represents
the sequence of how long each molecule would have their T,
states populated. As a reference, ITX-Br was also tested, and it
had a relatively short phosphorescence lifetime of 38 ms. For
most of the new initiator candidates, the phosphorescence
lifetimes were moderately increased compared to ITX. The
synthesized photoinitiators provide a broad T, lifetime range
through the varied functional groups attached to the ITX core.
The existence of the lengthy triplet states makes the possibility
of undergoing the proposed triplet—triplet absorption
inhibition mechanism more likely.

Table 1. Single-Photon Absorption Coeflicients and Phosphorescent Lifetimes of the Initiators

photoinitiator Amax (nm)* £ (10> mol™! L cm™)?
ITX 385 7.0
ITX-pyridine 391 4.6
ITX-phenyl-CN 393 1.8
ITX-phenyl 394 45
ITX-phenyl-F 396 5.7
ITX-phenyl-OCHj, 398 4.2
ITX-thiophene 402 0.3

£ (10° mol™ L ecm™)¢ Aoy (nm)? Aem (nm)© 7 (ms)
1.6 350 420 120
2.8 365 414 125
1.2 365 414 256
3.7 370 418 148
4.8 365 417 144
4.0 365 428 153
0.3 365 431 87

“Peak absorption wavelength near 400 nm if there are multiple peaks or shoulders in the spectra. ®Molar absorption coeflicient of the molecules at
the wavelength of the peak. “Molar absorption coefficient at the 400 nm wavelength. Exc1t1ng wavelength used to obtain clear fluorescence and
phosphorescence data. “Peak fluorescence wavelength of the emission spectrum at room temperature. fPhosphorescence lifetime of the molecules at

77 K in toluene.
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Figure 2. Natural log of the normalized integrated intensity vs delay
time spectra of the photoinitiators in toluene at T = 77 K. The slope
of each line represents the phosphorescence lifetime, and the spectra
shown are ITX-phenyl-CN with a lifetime of 256 ms; ITX-phenyl-
OCH; with a lifetime of 153 ms; ITX-phenyl with a lifetime of 148
ms; ITX-phenyl-F with a lifetime of 144 ms; ITX-pyridine with a
lifetime of 125 ms; ITX with a lifetime of 120 ms; ITX-thiophene with
a lifetime of 87 ms; and ITX-Br with a lifetime of 38 ms.

The two-photon cross sections, 6,, were determined for each
molecule by open aperture Z-scan measurements with all the
synthesized photoinitiators possessing larger ¢, values than
ITX, which is expected.”* The two-photon cross-section value
is a more promising indicator of improved two-photon
absorption during 2PP-DLW compared with one-photon
molar absorption. For instance, ITX-thiophene performed
notably poorer in terms of molar absorption, but its o, is as
strong as those of other candidates. The measured o, values are
presented in Figure 3a. To account for unknown experimental
setup variables in the Z-scan measurement (e.g., the beam
quality), the data were scaled by a constant factor”” using ITX
as calibration from the previous literature.*® This provides a
more accurate representation of the two-photon cross sections
for the new photoinitiators relative to one another and ITX.
Representative raw data plots that result from the performed
Z-scan measurements are shown in Figure S10. Clearly, ITX-
thiophene and ITX-OCH;, both having electron-donating
groups, show the largest two-photon cross section. This agrees
with the previous observation of molecules that follow a
donor—acceptor structure.”’ The molecules with electron-

withdrawing groups had smaller cross sections. ITX-pyridine
was the least improved. Although all the two-photon cross
sections indicate improved absorption by the newly synthe-
sized photoinitiators, efficient two-photon absorption does not
directly indicate the polymerization initiation performance.
Therefore, determining the efficiency of these photo-
initiators for initiating polymerization is studied by direct
application in the DLW polymerization process. For the DLW
polymerization testing of the photoinitiators, nanoscale lines of
the polymerized materials were printed at 100 ym s~ using
separate photoresists containing each initiator. Using a
constant print speed ensures equal exposure time across each
photoresist. To provide a more direct comparison between all
the initiators, each sample consisted of the photoinitiator
mixed in the monomer pentaerythritol triacrylate (PETA) at a
molar ratio of 0.0025:1 photoinitiator-to-PETA loading. At this
molar ratio, all photoinitiators dissolved completely into the
monomer (Figure S11), and no solid particles were observed
in the resin with a 100 (N.A. = 1.49) magnification
microscope. The writing threshold of each photoresist was
determined by varying the power of the printing laser. The
minimum laser power required to print lines that survived the
development process was considered as the writing threshold.
A lower writing threshold laser power indicates a more efficient
initiator for the DLW process. The writing threshold
determined for each photoinitiator mixture is displayed in
Figure 3b. Clearly, the synthesized photoinitiators show
improved photoinitiating abilities compared to the standard
ITX, with ITX-phenyl-OCH; showing the most improvement,
requiring only 55% of the laser power required for printing
with commercial photoinitiator ITX. The trend of the writing
thresholds does not entirely follow the trend of two-photon
cross sections for the photoinitiators. This has been observed
previously,”” and it is likely due to other processes that
participate in efficient photoinitiation of polymerization
beyond just the photoabsorption process (e.g., differences in
rates of the radical moiety initiating the polymerization of the
PETA chains), as has been recently outlined.”"**** Addition-
ally, it can be pointed out that the two-photon cross-section
measurements were performed in a different solvent than the
DLW. Two-photon absorbing molecules have shown non-
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Figure 3. (a) Average two-photon absorption cross-section measurements for photoinitiators measured via the open-aperture Z-scan technique.
Three measurements were taken for each photoinitiator. (b) Average writing thresholds for all photoinitiators determined at a 100 ym s™" writing
speed and concentration of 0.0025 M ratio of the photoinitiator in the monomer. Thresholds were determined for three different samples of each
photoinitiator. All error bars indicate one standard deviation from the average value represented by the bars in the plot.
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monotonic solvent dependence, which could be a contributing
factor in the observed difference in performance between the
two measurements."” %>

In addition to testing the DLW ability of the photoresists,
the efficiency of inhibiting the polymerization process was
evaluated by exposing the resist to varying inhibition laser
powers and determining the new writing threshold. In this
case, a greater increase in writing threshold under the
inhibition laser exposure represented a higher efliciency of
the inhibition. This is significant as a photoinitiator with a high
inhibition efficiency would require less inhibition laser power,
thereby reducing undesired side effects such as heat
accumulation. Figure 4 displays the results of the test, where
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Figure 4. Increase in writing threshold of photoresists consisting of
novel and reference photoinitiators while under the exposure of 638
nm inhibition laser at varying powers.

all photoinitiators demonstrated the ability to inhibit polymer-
ization under exposure to a 638 nm laser. The 638 nm laser
wavelength was chosen for its similarity to the triplet
absorption peak of ITX.>° Therefore, an efficient inhibition
process was expected for ITX, and this was observed in
practice. To determine a minimum 638 nm laser power
required for inhibiting the polymerization, the writing laser
power was set to 5% above the respective writing threshold for
each photoinitiator and the inhibiting laser power was
systematically varied (Figure 4). The ITX derivatives designed
here displayed a less significant inhibition effect because of a
shift in the triplet absorption peak in the modified ITX
photoinitiators. Indeed, this is supported by TD-DFT
calculations, which predict a significant redshift of the triplet
absorption peak of the novel photoinitiators compared to ITX
(Figure S12). Those molecules following the electron-donating
scheme, ITX-phenyl-OCH; and ITX-thiophene, exhibit the
least impressive inhibition capabilities, which follows from
their expected poor triplet absorption at the 638 nm inhibition
wavelength owing to the predicted absorption peaks being
significantly red-shifted.

Figure 5 shows a representative application of one of the
new photoinitiators, ITX-phenyl-OCHj, at a 0.0025 mol ratio
in PETA for 2PP-DLW. Here, several polymer lines were
written at 100 um s~ with a laser power 7% above the writing
threshold. For a 10 ym section of the line printing, the 638 nm
laser was turned on with 9.8 mW power. The foci of both
beams were well overlapped, with the 638 nm laser spot much
larger than the printing laser spot. No polymerization was
observed in the specified region, indicating complete inhibition
of the photoinitiation process. Similar experiments for all other
photoinitiators are shown in Figure S13. The width of printed
lines varied from ~100 nm to ~150 nm for all photoinitiator
systems, with lines getting wider for larger writing powers.

Polymerization
Inhibition

Figure S. Scanning electron micrograph of polymer lines printed at
100 pum s~ using ITX-phenyl-OCHj as a photoinitiator, demonstrat-
ing complete inhibition of polymerization under exposure to 638 nm
laser (dashed box). The brown spot indicates that the 800 nm
printing laser is on, and the red spot indicates that the 638 nm laser is
on. The arrows indicate direction of printing. Line height is
intentionally varied from top to bottom in steps of 100 nm to ensure
that lines are attached to the substrate.

This is a clear demonstration of the ability to control the
photopolymerization process of the ITX-phenyl-OCH; photo-
initiator via a secondary light source. These promising
lithography results represent a new photoinitiator set tending
toward a superresolution capable photoresist system with
reduced printing power requirements, which is ideal for high
throughput 3D 2PP-DLW.

B CONCLUSIONS

A set of six molecules based on an ITX core was designed and
synthesized for use in 2PP-DLW photoinitiator applications.
While a desired redshift in absorption was observed for all
molecules, those molecules with electron-donating groups
exhibited the largest shift toward the target 400 nm absorption
wavelength for 2PP-DLW. Indeed, those molecules with
electron-donating groups had the most significant absorption
improvement at the 2PP-DLW wavelength of 800 nm by Z-
scan measurements. Similarly, in DLW experiments, the ITX-
phenyl-OCH; molecule showed an almost twofold reduction
in the writing threshold opposed to the base ITX photo-
initiator. In fact, all the newly synthesized photoinitiators
presented had significantly improved writing thresholds
compared to the ITX molecule. In addition, these molecules
are stable and soluble in the photoresist monomer, in contrast
to past ITX photoinitiator derivatives. An investigation into the
polymerization inhibition properties of the novel photo-
initiators yielded an existing polymerization inhibition pathway
similar to ITX, though not as efficient at the wavelength
evaluated in this study. A further investigation into longer
inhibition laser wavelengths may yield significant improve-
ments in the polymerization inhibition efficiency, particularly
for the electron-donating molecules. However, the potential for
super-resolution nanolithography is clear for these molecules
already. In summary, the ITX-derivative photoinitiators
presented here are a promising option for more efficient
2PP-DLW, a necessary requirement for increasing nano-
printing throughput through parallelization or similar pro-
cesses, and an expansion of the currently limited pool of
photoinitiators for super-resolution lithography.
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