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ABSTRACT

Printing of 3-dimensional nanostructures with high-resolution by two-photon
polymerization has gained significant attention recently. Isopropyl thioxanthone (ITX) has been
studied and used as a photoinitiator because of its unique property in initiating and depleting
polymerization, but to further improve the resolution of 3D structures, new photoinitiating
materials are necessary to decrease the power requirements especially in industrial world. In this
dissertation, different new types of thioxanthone-based photoinitiators were synthesized and our
new initiators possessed a clear enhancement in terms of excitation over ITX. To clearly reveal
the writing mechanism behind it, the behavior of the initiators was evaluated by several methods
such as low temperature phosphorescence spectroscopy and density functional theory (DFT)
calculations. The first type of new molecules with alkyne bridge will be discussed in chapter 2 and
the further developed initiators with electron donating and withdrawing groups will be discussed
in chapter 3. By modifying the structure of ITX, we have revealed and proposed an important

pathway to guide future development of photoinitiators in direct laser writing.
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CHAPTER 1. INTRODUCTION

Some of paragraphs in this chapter is reproduced with permission from Chi, T.; Somers, P.;
Wilcox, D.A.; Schuman, A.J.; lyer, V.; Le, R.; Gengler, J.; Ferdinandus, M.; Liebig, C.; Pan, L.;
Xu, X.; and Boudouris, B.W. Tailored Thioxanthone-based Photoinitiators for Two-Photon-
Controllable Polymerization and Nanolithographic Printing. Journal of Polymer Science Part
B:Polymer physics 2019, 57,1462-1475. John Wiley and Sons and copyright Clearance Center
with License number 4920570846871. Chi, T.; Somers, P.; and Boudouris, B.W. were in charge
of outlining and writing the paper and putting all the techniques together. Chi, T. was in charge of
designing and synthesizing molecules, collecting optical properties, and also contributed to DFT
calculation. Somers, P. was in charge of lithographic printing, Z-scan and pump-probe test. Wilcox,
D.A. was in charge of DFT calculation. Schuman, A.J. was in charge of phosphorescence data.
lyer, V. and Le, R. were contributed to lithographic printing and pump-probe. Gengler, J.;
Ferdinandus, M. and Liebig, C. were contributed to Z-scan.

1.1 Introduction to Two-photon Lithographic Printing

Two-photon polymerization was first reported in 1997, and it has caused fast growth in
the field of nanolithographic printing and it has become an essential and important process in 3D
nanofabrication. A type of direct laser writing (DLW), takes advantage of the nonlinearity of multi-
photon absorption to build up the spatial confinement of the printed voxel in a significant manner
with a polymeric photoresist. In turn, this allows for the polymerization to happen inside the
monomeric photoresist, and the fabrication of arbitrary 3D structures is achieved with sub-micron
resolution.> DLW has been highlighted recently as a low-cost and high-speed tool to create high-
fidelity 3D nanoscale structures in specific fields such as photonics®* and tissue engineering.>®
Although there was a huge development in the spatial resolution of DLW relative to analogous
single-photon polymerization systems, it still remains a diffraction-limited process. This large
barrier can be overcome by adding a polymerization-inhibiting depletion laser.” Specifically, in a
concept first applied to microscopy,® the resolution of DLW was enhanced by spatially-

overlapping a shaped depletion laser beam so that the DLW beam is directly placed in a minimum
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of the depletion laser beam.® In this type of configuration, the photoinitiated polymerization can

be inhibited everywhere outside of the depletion laser minimum.

1.2 Photoinitiators in Nanolithographic Printing

Critical to the success of the inhibition-based polymerization technique with 2 lasers is the
optical response of the photoinitiating species in the DLW process. The photoinitiator must allow
for efficient initiation (and subsequent propagation) of the polymerization by the excitation beam
while the inhibition beam must stop the polymerization reaction in an effective manner.1%! That
is, although there are so many organic molecules which can serve as super-efficient photo absorber
with high extinction coefficient in one-photon test and great Z-scan results in two photon test, they
fail to possess the ability to stop the polymerization by any possible depletion mechanism and can
not be used in this DLW printing process, which shows that a proper way to modify the molecules
and balance the two aspects of nanoprinting (excitation and depletion) is the key point towards

qualified initiators.

1.2.1 Isopropyl Thioxanthone (ITX) and its Depletion Mechanism

Generally, photoinitiators can be classified into two different types: Norish type I initiators
are molecules which can generate radicals directly by photo-cleavage; Norish type Il initiators can
absorb light to form excited states that remove electrons or hydrogens from a co-initiator to
generate radicals. In DLW the widely-used commercially-available photoinitiator 2-
isopropylthioxanthone (ITX) is a special type Il initiator as ITX can perform without co-initiators.
This has made it an established photoinitiator in two-photon nanolithographic processes.'?
Electrons in the ground (So) state of the ITX can be promoted to an excited (S;) state through a

two-photon optical transition using an 800 nm wavelength laser (Figure 1.1.). Then, the excited
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state can undergo intersystem crossing to generate the triplet (T1) state, which allows for initiation
of the polymerization. As revealed by pump-probe spectroscopy, the ITX molecule can undergo
depletion through both (1) stimulated emission depletion (STED) and (2) non-radiative decay from
exciting long-lived species to terminate the polymerization. In most instances, it has been
established that the latter of these two mechanisms dominates in two-photon nanolithographic
properties. Thus, ITX is a useful material by which to manipulate the optical properties of high-

performance photoinitiators.
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Figure 1.1. The energy diagram depicts the two possible pathways for ITX depletion.

1.3 The New Designed Derivatives of ITX with Alkyne Bridge

Printing of high-resolution 3-dimensional nanostructures utilizing two-photon
polymerization has gained significant attention. In particular, isopropyl thioxanthone (ITX) has

been implemented as a photoinitiator due to its capability of initiating and depleting
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polymerization on demand, but new photoinitiating materials are still needed in order to reduce
the power requirements for the high-throughput creation of 3D structures. To address this point, a
suite of new thioxanthone-based photoinitiators were synthesized and characterized (Figure 1.2).
Then two-photon polymerization was performed using the most promising photoinitiating
molecule. Importantly, one of the initiators, 2,7-bis[(4-(dimethylamino)phenyl ethynyl)-9H-
thioxanthen-9-one] (BDAPT), showed a 5-fold improvement in the writing threshold over the
commonly-used ITX molecule. In chapter 2, to elucidate the fundamental mechanism, the
excitation and inhibition behavior of the BDAPT molecule were evaluated using density functional
theory (DFT) calculations, low temperature phosphorescence spectroscopy, ultra-fast transient
absorption spectroscopy, and the two-photon Z-scan spectroscopic technique. The improved
polymerization threshold of this new photoinitiator presents a clear pathway for the modification

of photoinitiators in 3D nanoprinting.

The new photoinitiators with one
branch are also be designed

Figure 1.2. The new designed ITX derivatives as two-photon photoinitiators.
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1.4 The New Derivatives of ITX with Electron Withdrawing and Donating Substrates

After isopropyl thioxanthone (ITX) has been widely used as a photoinitiator for its
initiating and depleting polymerization, Complicated branches designed to attach to the ITX core
in last paragraph have been introduced, but they suffered some problems like low yields, poor
solubility and poor stability. Therefore, we are overcoming these barriers using a new chemical
design and synthetic strategy without significantly influence the effectiveness of photoinitiators.
To address this point, a series of new photoinitiators were synthesized and characterized (Figure
1.3) Specifically, new branches were classified into 3 groups based upon their chemical construct.
Specifically, these substituents were: (1) electron-withdrawing groups (2) electron-donating
groups and (3) groups that were neither strongly electron-accepting nor electron-donating. All of
new initiators showed an improvement in the writing threshold over ITX and most of the
disadvantages of BDAPT, DANT and DAPT were overcome by these new compounds. To reveal
the mechanism, the optical and printing behavior of these molecules were evaluated using density
functional theory (DFT) calculations, the two-photon Z-scan spectroscopic technique and low
temperature phosphorescence spectroscopy in chapter 3. The improved results of these new
photoinitiators undergo the pathway we discussed and march further for the modification of

photoinitiators in 3D nanoprinting.

N N
Electron-withdrawing \ \ [/ Electron-donating
(o] “ N O OCH
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\ ITX-phenyl-CN /" \. ITX-phenyl-F ITX-thiophene /

Figure 1.3. The new designed ITX derivatives with electron withdrawing/donating group.
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1.5 Summary

In the first chapter, we introduce the basic concept of two-photon nanoprinting and the
importance of its corresponding photoinitiators. The well-studied molecule ITX was introduced
and new photoinitiating species were designed and developed based on a thiophene-9-one core for
DLW photopolymerization. DFT calculations, ultra-fast spectroscopic experiments and low
temperature phosphorescence spectroscopy were used in the following chapters to explain the
mechanism of both excitation and depletion. Afterall, we have proposed a practical direction to
modify and improve existing photoinitiators for two-photon DLW photopolymerization. In turn,
this should allow for the ready modification of existing photoinitiators in the future 3D
nanoprinting photopolymerization reactions, for not only ITX- based systems but for more exotic
systems as well, by providing insights into the critical properties of a photoinitiator molecule that
leads to a desired photopolymerization performance and how to tailor a photoinitiating molecule

to achieve those properties.
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CHAPTER 2. TAILORED ITX-BASED PHOTOINITIATORS WITH
ALKYNE BRIDGE

This chapter is reproduced with permission from Chi, T.; Somers, P.; Wilcox, D.A.; Schuman,
AJ.; lyer, V.; Le, R.; Gengler, J.; Ferdinandus, M.; Liebig, C.; Pan, L.; Xu, X.; and Boudouris,
B.W. Tailored Thioxanthone-based Photoinitiators for Two-Photon-Controllable Polymerization
and Nanolithographic Printing. Journal of Polymer Science Part B:Polymer physics 2019,
57,1462-1475. John Wiley and Sons and copyright Clearance Center with License number
4920570846871. Chi, T.; Somers, P.; and Boudouris, B.W. were in charge of outlining and writing
the paper and putting all the techniques together. Chi, T. was in charge of designing and
synthesizing molecules, collecting all optical properties, and also contributed to DFT calculation.
Somers, P. was in charge of all lithographic printings, Z-scan and pump-probe test. Wilcox, D.A.
was in charge of DFT calculation. Schuman, A.J. was in charge of phosphorescence data. lyer, V.
and Le, R. were contributed to lithographic printing and pump-probe. Gengler, J.; Ferdinandus, M.
and Liebig, C. were contributed to Z-scan.

2.1 Introduction: the Necessity of Improvement for ITX as Photoinitiator

Since DLW two-photon lithographic writing is developing rapidly and a commercially
available molecule ITX was used to meet the requirement of both activating polymerization and
efficiency in depletion , several two-photon photoinitiating species have been developed recent
years, and some of the most promising materials have been investigated with nanolithographic
applications in mind.>® However, there is still a strong demand in both academic and industrial
circles for more efficient photoinitiators in order to reduce the writing laser power requirements.
Because the polymerization that the photoinitiator controls is key in the DLW process, we
synthesized a series of new thioxanthone-based photoinitiators in order to achieve more efficient
initiation (i.e., lower power) of the photopolymerizations at the nanoscale, and we established that
the appropriate design of these materials and the modulation of their photophysical properties can
significantly reduce the power required to create two-photon polymerized nanostructures.

The proposed photoinitiator builds from the fact that isopropyl thioxanthone (ITX) is an

established photoinitiator in two-photon nanolithographic processes.* Despite the fact that ITX
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demonstrates the desired photoinitiation and photoinhibition properties with respect to the writing
and depletion wavelengths,'# the writing laser power required for this material is still large at the
common writing wavelength of 800 nm due to the weak two-photon absorption cross-section of
the ITX molecule.> While not a particular issue for previously-reported proof-of-concept
demonstrations, reducing the amount of power required for photoinitiation is of critical import for
scalable nanomanufacturing (i.e., in cases where multiple lasers would be required in order to
achieve high-throughput production). Also of concern is the tendency of larger laser powers to
lead to parasitic polymerization due to thermal initiation events, which can impact the minimum
feature sizes that are attainable.® Thus, there is a significant need to develop next-generation ITX
derivatives that are capable of having improved light absorption profiles for the DLW wavelength
(A =800 nm).

From nonlinear optics, the two-photon absorption coefficient is predicted to be optimal for
an incident photon energy that is 0.7 times the bandgap of a wide bandgap material.” In terms of
designing a molecule for a constant DLW wavelength of 800 nm, this indicates a necessity to
redshift the absorption peak of the photoinitiators relative to ITX to improve this ratio of absorption
peak wavelength to the incident light wavelength. Moreover, it has been shown that molecules
following a donor-acceptor-donor type structure also demonstrate an improved two-photon
absorption cross-section.® Following these lines of thinking, we strive to take ITX and develop
derivatives with improved two-photon absorption (i.e., increasing the number of initial electrons
that are promoted to the singlet state) while studying the resulting effects on the polymerization
initiating and inhibiting properties of the new compounds (i.e., we will also evaluate the
intersystem crossing processes and triplet state dynamics as well). We propose that the

introduction of chromophores or electron donors leads to the generation of the donor-acceptor-
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donor or donor-acceptor species, and this will cause a redshift the absorption spectrum. Compared
to ITX, these derivatives should demonstrate improved two-photon absorption cross-sections. In
order to accomplish this objective, the functional groups pendant to the thioxanthen-9-one core of
ITX were tuned in a systematic manner. Specifically, phenyl, diphenyl, and naphthyl groups were
attached to the ITX core with alkyne bridges, which leads to extended aromatic systems along the
small molecule backbone. This extended conjugation, in turn, results in a bathochromic shift in
the peak of the absorbance spectra of the molecules. Dialkylamino groups were added to terminate
the ends of the molecules due to the strong electron-donating features of these substituents. In
addition, mono-substituted and di-substituted derivatives were synthesized and compared in order
to elucidate the influence of the numbers of pendant groups on the photophysical properties of the
polymerization initiators. The absorption spectra of new initiators were predicted by density
functional theory (DFT) calculations in order to provide a guide for the synthesis. Two-photon
absorption cross-sections were measured for each of the synthesized photoinitiators to provide a
direct indicator of the DLW polymerization performance. The existence of possible charge transfer
states that could arise due to the donor-accepter molecular motif were rationalized by calculating
the frontier molecular orbitals of the molecules. Ultra-fast transient absorption spectroscopy and
phosphorescence spectra were utilized to determine excited state lifetimes in order to benchmark
the polymerization inhibition characteristics and possible mechanism of the newly-synthesized
polymerization photoinitiators in comparison to ITX. DLW polymerization was then performed
using the most-promising photoinitiator based on these evaluations, and the photoinitiating
molecule,  2,7-bis[(4-(dimethylamino)phenyl  ethynyl)-9H-thioxanthen-9-one]  (BDAPT),
demonstrated a reduction in required laser power for DLW when pentaerythritol triacrylate (PETA)

served as the monomer for the polymerizations associated with the engineered photoinitiators. The

24



writing laser power of BDAPT was reduced by 5-fold relative to the laser power required for the
same monomer system using the commonly implemented ITX photoinitiator. Therefore, the
archetype presented here is one that sets a path forward in designing next-generation
photoinitiators for their application towards low-power, high-throughput photopolymerizations in

3D nanoprinted materials.

2.2 Experimental Procedure and Characterization

2.2.1 General Experimental Procedures

All chemicals were purchased from Sigma-Aldrich, and the chemicals were used as
received. Ultraviolet-visible (UV-Vis) spectroscopy data were collected using a Cary 60
spectrometer in the wavelength range of 330 nm <A < 800 nm. Fluorescence and phosphorescence
spectroscopy data were obtained using a Cary Eclipse fluorescence and phosphorescence
spectrophotometer in the wavelength range of 400 nm < < 800 nm (with an excitation wavelength
of 350 nm). Phosphorescence data were collected using deoxygenated solutions of the samples in
a glass-forming solvent, with an absorbance below 0.01 at the excitation wavelength. 9,10-
diphenylanthracence was used as a fluorescence quantum yield standard (94%) as the quantum
yield of this material in THF is well-established.® In order to correct for solvent effects, Equation
1 was utilized to normalize the quantum yield obtained for the 9,10-diphenylanthracence when

PETA was the solvent.®

_ SpETA) (MPETA
Ppera = rur (222) () (@)
Here, ®1yr (94%) is the fluorescence quantum yield of the standard in THF. Sthr (~2.64 *

10°counts/a.u.) represents the slope of the integrated fluorescence signal obtained for the standard
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molecule vs. absorbance for different concentrations when they are dissolved in THF, and Speta
(~2.50 * 10%counts/a.u.) represents the same slope when the standard molecule is dissolved in
PETA. The refractive index (nreta = 1.483 and ntwr = 1.407) is obtained from Sigma- Aldrich.
From this equation, the fluorescence quantum yield of 9,10-diphenylanthracence in PETA was
calculated as 98.7%. The quantum yield values of different photoinitiators were tested and

referenced to the value of 9,10-diphenylanthracence.

2.2.2 Synthesis of New Photoinitiators

Synthesis of dibromo-9H-thioxanthene-9-one (DBTX).

Thioxanthen-9-one (Compound 7, 4 g, 19.2 mmol) was added to a 500 mL round bottle
flask with 32 mL of acetic acid. Then, 8 mL of bromine were added in a dropwise manner while
the reaction mixture was held at 0 °C. After the addition of the bromine, the flask was slowly
heated to 118 °C. After 24 h, a dark red solution formed, and at this time, the solution was poured
into an ice bath. A yellow precipitate appeared, and it was filtered. After washing with a saturated
aqueous NaHCOs twice to quench any remaining acid, the yellow solid was dissolved into toluene
and subsequently recrystallized to form yellow crystals in 51% yield. 1H NMR (400 MHz,
Deuterated chloroform) &: 8.74 (d, 4 J = 2.35 Hz, 2H), 7.76 (dd, 3 J = 8.59, 4 J = 2.30 Hz, 2H),

7.49 (d, 3 = 8.61 Hz, 2H).
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Synthesis of 6-bromo-N,N-dimethylnaphthalen-2-amine. (Compound 2)

6-bromo-2-naphthol (Compound 1, 1.5 g, 6.7 mmol), a solution of dimethyl amine in
methanol (15 mL, 33 mmol), and Na>S>0s (2.7 g, 13.6 mmol), were added. Then, 5 mL H>O was
added to the reaction flask in order to increase the solubility of Na,S>Os, and the tube was then
sealed. The reaction was slowly heated to 140 °C. After 40 h, the crude mixture was obtained by
filtering the inorganic solid; the organic solution was washed with brine and DI-water three times
and extracted with ethyl acetate. The mixture was purified by column chromatography
(Hexane:ethyl acetate = 9:1 v/v) to yield a solid with 60% yield. 1H NMR (400 MHz, Deuterated
chloroform) & 7.84 — 7.80 (m, 1H), 7.63 — 7.57 (m, 1H), 7.51 (dq, J = 8.8, 0.6 Hz, 1H), 7.41 (dd, J

= 8.8, 2.0 Hz, 1H), 7.16 (dd, J = 9.1, 2.6 Hz, 1H), 6.86 (d, J = 2.6 Hz, 1H), 3.05 (s, 6H).

Synthesis of N,N-dimethyl-6-((trimethylsilyl)ethynyl) naphthalen-2-amine. (Compound 3)
Pd(PPhs)2Cl> (0.05 mmol), Cul (0.05 mmol), and 6-bromo-N, N-dimethylnaphthalen-2-
amine (125 mg, 0.5 mmol) were added in a round bottle flask under a nitrogen blanket.
Subsequently, freshly distilled diethyl amine (3 mL) with (trimethylsilyl) acetylene (0.14 mL, 1
mmol) were added to the flask. The reaction was slowly heated to 50 °C in the dark. After 24 h,
the reaction mixture was diluted with ethyl acetate before being washed with brine and DI-water
three times. After the organic fraction was dried by Na>SO4, the mixture was pushed through a

silica gel flash column without further purification.

Synthesis of 4'-bromo-N,N-dimethyl-[1,1'-biphenyl]-4-amine. (Compound 5)
4-(Dimethyl amino) phenylboronic acid pinacol ester (Compound 4, 494 mg, 2 mmol) and
1-bromo-4-iodobenzene (676 mg, 2.4 mmol) were added to a 20 mL sealed tube. Then, 0.1

equivalents of Pd (PPhz)4 (0.2 mmol) and Na>COs (6 mmol) were mixed and poured into the tube;
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15 mL THF and 2 mL water were then injected to the tube. The tube was sealed and slowly heated
to 80 °C overnight under a nitrogen atmosphere. The dark mixture that formed was washed with
brine and then deionized (DI) water three times and extracted with ethyl acetate. After drying over
Na2SOg, the crude mixture was purified by silica gel column chromatography (hexane:ethyl acetate
=10:1 v/v) to give a solid with 40 % yield. IH NMR (400 MHz, Deuterated chloroform) ¢ 7.52 —

7.48 (m, 2H), 7.48 — 7.43 (m, 2H), 7.44 — 7.38 (m, 2H), 6.79 (d, J = 8.3 Hz, 2H), 2.99 (s, 6H).

Synthesis of N,N-dimethyl-4'-((trimethylsilyl)-ethynyl)-[1,1'-biphenyl]-4-amine. (Compound
6)

Pd(PPhs)2Cl> (0.05 mmol), Cul (0.05 mmol), and 4'-bromo-N,N-dimethyl-[1,1'-biphenyl]-
4-amine (Compound 5, 130 mg, 0.5 mmol,) were added in a round bottle flask under a nitrogen
blanket. Subsequently, freshly distilled diethyl amine (3 mL) and (trimethylsilyl) acetylene (0.14
mL, 1 mmol) were added to the flask. The reaction was slowly heated to 50 °C in the dark. After
24 h, the reaction mixture was diluted with ethyl acetate before being washed with brine and DI-
water three times. After the organic fraction was dried with Na;SOs, the mixture was pushed

through a silica gel flash column without further purification.

Synthesis of 2,7-bis[(4-(dimethylamino)phenyl ethynyl)-9H-thioxanthen-9-one] (BDAPT).
4-ethynyl-N,N-dimethylaniline (Compound 8, 362 mg, 2.5 mmol), Pd(PPhs).Cl> (42 mg,
0.06 mmol), Cul (19 mg, 0.1 mmol), and DBTX (115 mg, 0.32 mmol) were added in a round bottle
flask under nitrogen protection. Then freshly distilled diethyl amine (4 mL) was injected. The
reaction was stirred for 30 h at 53 °C in the dark. The reaction mixture was diluted with ethyl
acetate before being washed with brine and DI-water three times. After the organic layer was dried

using Na>SOs, the mixture was purified by column chromatography (Hexane:ethyl acetate = 6:1
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v/v) to give a solid with 10% yield. It was mixed with PETA immediately for use during
nanoprinting because of its fast decomposition in air or exposure to light. 1H NMR (400 MHz,
Deuterated chloroform) 6 7.89 (d, J = 8.9 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.49 — 7.41 (m, 4H),

7.39 (d, J = 8.9 Hz, 2H), 6.70 — 6.64 (m, 4H), 3.00 (s, 12H).

Synthesis of 2-bromo-7-[(4-(dimethylamino) phenyl)ethynyl]-9H-thioxanthen-9-one (DAPT).

4-ethynyl-N,N-dimethylaniline (Compound 8, 50 mg, 0.32 mmol), Pd(PPhs).Cl> (14 mg,
0.02 mmol), Cul (10 mg, 0.05 mmol), and DBTX (115 mg, 0.32 mmol) were added to a round
bottle flask under nitrogen protection. Freshly distilled diethyl amine (2 mL) was injected and the
reaction was stirred for 24 hours at 50 °C in the dark. The reaction mixture was diluted with ethyl
acetate before being washed with brine and DI-water three times. After the organic layer was dried
with Na>SOg4, the mixture was purified by column chromatography (hexane:ethyl acetate = 20:1
v/v) to produce a solid with 11% yield. 1H NMR (400 MHz, Deuterated chloroform) 6 8.74 (ddd,
J=19.3, 2.1, 0.5 Hz, 2H), 7.72 (ddd, J = 8.4, 2.1, 1.5 Hz, 2H), 7.56 — 7.47 (m, 2H), 7.47 — 7.41

(m, 2H), 6.68 (d, J = 9.0 Hz, 2H), 3.01 (s, 6H).

Synthesis of 2-bromo-7-[(6-(dimethylamino) naphthalen-2-yl)ethynyl]-9H-thioxanthen-9-
one (DANT).

N,N-dimethyl-6-((trimethylsilyl)-ethynyl)naphthalen-2-amine (Compound 3, 200 mg,
0.75 mmol), Pd(PPhz)2Cl> (28 mg, 0.04 mmol), Cul (19 mg, 0.1 mmol), and DBTX (115 mg, 0.32
mmol) were added in a round bottle flask under nitrogen protection. Freshly distilled diethyl amine
(2 mL) was injected and the reaction was stirred for 30 hours at 53 °C in the dark. The reaction
mixture was diluted with ethyl acetate before being washed with brine and DI-water three times.

After the organic layer was dried with NaSOs, the mixture was purified by column
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chromatography (hexane:ethyl acetate = 20:1 v/v) to give a solid with 8% yield. It was mixed with
PETA immediately for use during nanoprinting because of its fast decomposition in air or exposure
to light. 1H NMR (400 MHz, Deuterated chloroform) & 8.77 (d, J = 2.2 Hz, 1H), 7.96 — 7.89 (m,
1H), 7.80 — 7.66 (m, 3H), 7.64 — 7.57 (m, 2H), 7.53 — 7.45 (m, 2H), 7.41 — 7.34 (m, 1H), 7.17 (ddd,

1=9.1, 4.8, 2.6 Hz, 1H), 6.88 (d, J = 2.5 Hz, 1H), 3.08 (s, 6H).

2.2.3 Computational Calculation

The theoretical ultraviolet-visible (UV-Vis) absorption spectra of the relevant molecules
were calculated using Gaussian 09.}' The optimized ground-state geometries of all of the
molecules were computed using density functional theory (DFT) with the Becke 3-parameter
hybrid functional with Lee-Yang-Parr correlation (B3LYP) and the 6-31G(d) basis set, as
implemented in Gaussian 09. The optimized structures were verified by computing the infrared
(IR) absorption spectra of the structure and verifying that no imaginary frequencies were present.
After computing the optimized structures, the first 40 excited states of each molecule were
computed using time-dependent DFT (TD-DFT) as implemented in Gaussian 09 at the same level
of theory.

To generate the theoretical spectra, each excited state transition was used to generate a

Gaussian function according to Equation 2.1

S

g

Here a is a constant equal to 1.3062974, ¢i is the molar absorptivity of the molecule due to
transition i at the given wavelength A in units of L mol* cm?, fi is the oscillator strength of the
transition, /i is the wavelength of the transition, and o is standard deviation (representing the width

of the Gaussian function). Because the available range for the standard deviation is from 0.2 eV to
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0.8 eV, a default value of 3.226x10* nm™ (equal to 0.4 eV) was used in this calculation, as has
been used previously.® Summing the Gaussian functions for each transition provides the theoretical
UV-Vis spectrum of the molecule. The complete tabular data for the Sy and Tn energy levels for

the new photoinitiator of interest, BDAPT, are shown in Table S1 and Table S2, respectively.

2.2.4 DLW Photopolymerization

The excitation source consisted of a Ti:Sapphire oscillator (Coherent Micra-10) at 800 nm
center wavelength and 80 MHz repetition rate. A continuous wave 638 nm diode laser was used
as the inhibition beam, introduced via a dichroic beam splitter. Both beams were focused through
a 100x objective lens (Nikon, N.A. = 1.49) to the sample located on a 100 pm x 100 pum x 200
pum travel piezostage (Mad City Labs), which is computer-controlled for translation in space. Fast
mechanical shutters (Uniblitz) were used to control each beam independently. Attenuation of the
laser power was achieved by variable neutral density filters. For each laser, a telescoping lens pair
was used to expand the beam diameters before reaching the objective lens. The samples consisted
of blends of monomer and photoinitiators sandwiched between a microscope slide and glass
coverslip (thickness ~170 pum) with a single layer of Scotch tape providing a gap of ~40 um. The
concentration (by weight) of single photoinitiator in PETA monomer for each sample was 0.25%
for BDAPT, 0.5% for both DANT and DAPT, and 1.5% for ITX. Coarse positioning of the sample
was performed by a manual, micrometer-driven stage. The stages and objective lenses were
mounted on an inverted microscope. All of the writing was performed at scan speed of 100 um s
! Laser powers were measured at the back of the objective lens through a 6 mm diameter aperture.
The heights of printed polymer lines were measured using an atomic force microscope (AIST NT)

with a silicon tip in tapping mode. After these height measurements were made, the structures were
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sputter-coated with an Au/Pd mixture, and the samples were imaged using a scanning electron

microscope (Hitachi S-4800) with 30 kV accelerating voltage.

2.2.5 Z-scan Measurements

The nonlinear two-photon absorption cross-sections were determined using an open-
aperture Z-scan.® All Z-scan measurements were performed using 50 fs pulses from a
regeneratively amplified laser (KMLabs Wyvern-1000) with a center wavelength of 788 nm and
full-width, half-maximum (FWHM) bandwidth of 28 nm. The beam was first spatially filtered
before being focused to a beam waist of ~16 pm. Solutions of photoinitiators in THF were
evaluated with a 1 mm path length cuvette holding the solution. During the measurement, the
sample was translated along the optical (z-) axis by a motorized stage. All of the transmitted signal
was collected with a photodetector while a second photodetector measured the beam before the

sample to remove any laser instability issues in the final reported data.

2.2.6 Excited State Lifetime Mearsurements

Excited state lifetimes of the photoinitiators were determined by transient absorption
measurements using a collinear pump-probe scheme similar to a previous work.* Here, the 800
nm pump beam was frequency doubled to 400 nm and the probe beam was set to 633 nm using an
optical parameteric amplifier (Quantronix TOPAS-C). The concentrations of ITX and BDAPT in
THF were 8.2 x 102 M and 1.3 x 107 M, respectively. The pump laser fluence was ~1.4 x 102
Jem™ for BDAPT and ~1.2 x 1073 Jem for ITX. The probe laser fluence was ~3.9 x 10* J cm™

for BDAPT and ~4.8 x 10™* Jem™ for ITX.
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2.2.7 Procedure for the Collection of the MS and NMR Spectra.

MS spectra were collected using a Thermo LTQ coupled with an atmospheric pressure
chemical ionizer (APCI) with the following parameters. The source current was set to 5 pA; the
vaporizer temperature was set to 300 °C; and the capillary temperature and voltage were set as
250 °C and 12 V, respectively. All NMR data were collected by the Bruker AV-111-400-HD NMR

spectrometer and Bruker AV-111-800 NMR spectrometer from department of chemistry, Purdue

University.
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Figure 2.1. (a) *H NMR; (b) APCI mass spectrum; and (c) high resolution mass spectra of
DAPT. Calculated Mass for C23H17BrNOS [M+H]": 434.0214; Found 434.0236
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Figure 2.1 continued
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Figure 2.1 continued
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Figure 2.2 continued
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Figure 2.2 continued
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Figure 2.3 continued
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Figure 2.3 continued
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2.3 Results and Discussion

2.3.1 UV-Vis Prediction and Chemical Structure Design

As a commercially available photoinitiator, ITX has served as a model molecule that
reveals the mechanism of energy transfer in two-photon DLW polymerizations, and the general
picture of its operating mechanism in photopolymerizations is as follows. First, an electron in the
ground state (So) of ITX is promoted to the first excited state (S1) through a two-photon optical
transition using an 800 nm wavelength laser.’® Then, the excited state undergoes intersystem
crossing to generate the triplet state (T1), which initiates the polymerization when ITX is blended
with the monomeric species. As revealed by previous pump-probe spectroscopy experiments,**°
the ITX molecule can undergo depletion of the excited state through both: (1) stimulated-emission
depletion (STED) and (2) non-radiative decay by excitation of long-lived species in order to inhibit
the polymerization. The latter of these two dominates in depletion DLW polymerization when ITX
is the photoinitiator.**°

Due to the well-understood excited state dynamics of ITX, it is useful as a starting material
for the development of high-performance polymerization photoinitiators. As such, the design of
our photoinitiators is based on a previous work of the Gryko group.!® This extended
conjugation,results in a bathochromic shift in the peak of the absorbance spectra of the molecules.
Dialkylamino groups were added to terminate the ends of the molecules due to the strong electron-
donating features of these substituents. In addition, mono-substituted and di-substituted derivatives
were designed and compared in to elucidate the influence of the numbers of pendant groups on the
photophysical properties of the polymerization initiators. Moreover, in order to guide the synthetic
design, computational calculations were utilized to predict the absorption spectra of a set of

potential photoinitiator molecules,!! and the experimentally-synthesized materials were those that

42



showed the most promise from these simulations. For example, relative to ITX, the peak absorption
wavelength is red-shifted for the BDAPT; 2-bromo-7-((6-(dimethylamino)naphthalen-2-
yDethynyl)-9H-thioxanthen-9-one  (DANT) and 2,7-bis((6-(dimethylamino)naphthalen-2-
ylethynyl)-9H-thioxanthen-9-one (BDANT); 2-bromo-7-((4'-(dimethylamino)-[1,1'-biphenyl]-4-
yDethynyl)-9H-thioxanthen-9-one (DEPT) and 2,7-bis((4'-(dimethylamino)-[1,1'-biphenyl]-4-

yDethynyl)-9H-thioxanthen-9-one (BDEPT) compounds (Figure 2.4).
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Figure 2.4. Predicted UV-Vis absorption plots for: (a) ITX, DAPT and BDAPT; (b) ITX, DANT
and BDANT,; and (c) ITX, DEPT and BDPET. These predictions were made using TD-DFT with
a B3LYP/6-31G(d) level of theory. The structures of the simulated photoinitiating molecules
(aside from ITX) are shown directly below their calculated absorption spectra.

This agrees with the concept that the extension of the ©-System in photoinitiators can cause
a redshift in the peak absorption of these ITX-based molecules. Moreover, there was a predicted
red-shift between the mono-substituted and the di-substituted derivatives as well. For example, in

the predicted UV-Vis absorption data, the maximum absorption wavelength of BDAPT was
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redshifted about 25 nm relative to DAPT. This redshifted trend also was observed in the DANT-
based and DEPT-based systems due to the extension of the n-system.

All the molecules have a relatively high predicted molar absorptivity coefficient at 400 nm
(Table 2.1), which demonstrated their potential feasibility as efficient photoinitiators. Based upon
these DFT results, the most promising compounds (i.e., DAPT, BDAPT, and DANT) were
synthesized as these molecules exhibited strong absorption and were predicted to have maximum
absorption wavelengths around 400 nm. Specifically, we designed a series of compounds based
on an ITX core with different substituent groups. After our initial design, a straightforward series
of high-throughput experiments (vide infra) were performed in order to down-select the most
promising photoinitiating candidates. In this way, design and selection rules can be had for these
types of photoinitiating systems.

In this particular effort, alkyne groups were introduced as linkers between the backbone
and the branches for two major reasons. First, this functionality increases the distance between the
backbone and substituent branches to avoid steric hindrance effects, which may interrupt the
conjugated system due to the possibility of rotation. Second, this functionality maintains
aromaticity across the molecular system. Thus, functional groups were attached through the triple
bond bridge. Specifically, phenyl, diphenyl, and naphthyl groups were synthesized and bonded
through the alkyne group in a systematic way (Figure 2.5). That is after a base-promoted aromatic
substitution with dimethyl amine,!” the naphthyl substituted group (compound 3) was generated
by a Sonogashira coupling reaction.'® Similarly, the dipheny! substituted group (compound 6) was
generated by a Pd-catalyst Suzuki coupling'® followed by a Sonogashira coupling reaction.?°
Finally, the 4-ethynyl-N,N-dimethylaniline (compound 8) was commercially available, and it was

purchased directly from Sigma Aldrich.
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Figure 2.5. Synthetic pathway of the substituents of the photoinitiators

The synthetic pathway shown in Figure 2.6 was then utilized to create the advanced
photoinitiators, and these molecules were characterized by 'H NMR spectroscopy and mass
spectroscopy (Figure 2.1 — Figure 2.3).1%% Dibromothioxanthen-9-one (DBTX) can be
synthesized through a bromination reaction.?:> BDAPT and DAPT can be successfully formed
by traditional Sonogashira coupling reactions using a single step.82%24 The major product of these
reactions (i.e., either the di-substituted BDAPT or mono-substituted DAPT) can be controlled by
changing the ratio of two different starting materials. DANT can also be generated through the
same Sonogashira coupling in similar conditions; however, due to the instability of those species,
the yield of DAPT, BDAPT, and DANT were low (11%, 10%, and 8%, respectively), and BDEPT,
DEPT, and BDANT were not isolated in a manner that allowed for their evaluation as

photoinitiating species.?>?
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2.3.2 TD-DFT Calculation of HOMO and LUMO

After the successful syntheses according to Figure 2.5 and 2.6, the frontier molecular
orbitals were calculated and are shown in Figure 2.7. The thioxanthone core can be thought of as
an acceptor and the (N,N-dimethylamino)phenyl moieties as the donors. The first two singlet
excited states for BDAPT are transitions from the HOMO to the LUMO and from the HOMO-1
to the LUMO, respectively. These correspond to the intramolecular charge transfer states, as
evidenced by the shift in the wavefunction density from the entire molecule to the thioxanthone
center. The third calculated singlet excited state, which corresponds to the primary excitation at
400 nm, is a transition from the HOMO to the LUMO+1. This, by contrast, results in minimal
change in the charge density on the molecule. Thus, the transition from S1 to the lower optically

inactive singlet states could proceed by a charge transfer mechanism.
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Figure 2.7. Molecular orbital diagrams calculated at an isovalue of 0.02. These plots are of the: (a)
HOMO, LUMO of BDAPT; (b) HOMO and LUMO of DAPT; (c) HOMO and LUMO of DANT;
(d) HOMO-1 and LUMO+1 of BDAPT; (¢) HOMO-1 and LUMO+1 of DAPT; and (f) HOMO-1
and LUMO+1 of DANT. They are used to illustrate the charge transfer states in those molecules.
It can be seen that the HOMO, HOMO-1, and LUMO+1 wavefunctions are either spread over the
entire molecule or localized to the (N,N-dimethylamino)phenyl moieties, while the LUMO
wavefunctions are localized to the thioxanthone core. Therefore, electronic transitions from the
highest two occupied orbitals to the LUMO should result in a transfer of charge from the branches
to the core, while transitions to the LUMO+1 should not result in a charge transfer state formation.
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2.3.3 Optical Properties of New Synthesized Photoinitiators

The absorption and emission properties of the materials were characterized in order to
compare their experimental properties to the predicted properties and to evaluate their potential
utility in the DLW photopolymerization process. In particular, synthesizing molecules with large
molar absorptivity values at half the wavelength used in the DLW process (i.e., 400 nm) is of prime
interest. Moreover, these same molecules should demonstrate relatively strong emission at the
common depletion laser wavelength of 532 nm in their fluorescence spectra for quenching of the
polymerization via the STED process. The normalized experimental UV-Vis absorption data are
shown in Figure 2.8 and 2.9. DBTX was included in the result as a comparison in order to provide
a baseline material that did not include any conjugated branches, and the experimental absorption
spectrum of DBTX is redshifted relative to ITX. BDAPT as well as DANT had two broad
peaks?’? with relatively high absorbance at 400 nm, which can be attributed to the n—n*
transition at higher wavelength and n—c* jumping at lower wavelength due to the electron lone
pair on the hetero atom.?°*° DAPT was also red-shifted (Figure 2.10), likely because of the charge
transfer state generated by the asymmetric structure of DAPT.3! As a result, all the new
photoinitiators were red-shifted as designed and had a relatively high absorption at 400 nm in UV-

Vis spectrum (Figure 2.10), such that the excitation processes occurred readily.
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Figure 2.8. (a) The normalized UV-Vis absorbance spectra of photoinitiators in toluene. (b) The
fluorescence spectra of the initiators in toluene obtained with excitation at 350 nm.
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Figure 2.9. (a) The normalized UV-Vis absorbance spectra of photoinitiators in THF. (b) The
fluorescence spectra of the initiators in THF obtained with excitation at 350 nm.

For light-induced inhibition of the DLW photopolymerization, ITX has been shown to
predominantly follow a triplet-triplet-absorption depletion pathway for the initiating species.
However, for ITX derivatives such as these, there are other potential depletion pathways that may
be non-negligible, or even dominating, for inhibiting the polymerization process.®? In order to

determine the possible contribution of another popular depletion mechanism, stimulated emission
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depletion, to the polymerization inhibition process, the fluorescence of each molecule was
established. The peak emission wavelength trend of the different compounds is DBTX < ITX <
DANT < DAPT < BDAPT (Figure 2.8b). Exposure of BDAPT at 532 nm may provide the greatest
potential for STED because the peak of fluorescence emission is approaching 532 nm. Excitation
spectra were collected and compared to the absorption spectra. The spectra closely matched,
indicating the observed emission is not due to an instrumentation artifact (Figure 2.11). Thus, from
both the UV-Vis and fluorescence spectra, BDAPT and DANT showed the potential to replace

ITX as high-performing photoinitiators for DLW nanolithographic applications.
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Figure 2.10. Molar absorptivity of the photoinitiators in toluene with the signals acquired at room
temperature. All photoinitiators are red-shifted around 400 nm compared to ITX, with
comparable molar absorptivity values.
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Figure 2.11. The excitation and absorbance spectra of the photoinitiators at room temperature in
toluene (a) The excitation and absorbance spectrum of ITX match with each other. (b) The
excitation spectrum is identical to the absorption spectrum for DAPT. The close similarity

between excitation and absorbance of (c) BDAPT and (d) DANT confirms the resulting emission
spectra are not due to instrumental error or sample impurity.

The coefficient of extinction and fluorescence quantum yield are listed in Table 2.1, and
the raw data are presented in Figure 2.12. All of the initiators, including ITX, had a relatively low
fluorescence quantum yield in PETA, which indicated that the stimulated emission depletion
process likely was not a dominate pathway and non-radiative decay from the excitation of long-
lived species should be the major process for depletion. Therefore, any depletion effects exhibited

in DLW with new initiators can be expected to follow a similar pathway as observed with ITX.
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Table 2.1. Absorption coefficients and fluorescence quantum yields of the photoinitiators

Peak .
. Theoretical Peak b .
Absorption Absorption €
Wavelength Wavelength (10* mol-  (10* mol’
Photoinitiator ~ Solvent (nm)? (nm) ILem?)  lLem?)  oq%e
Toluene 385 0.71 0.57
ITX 348
PETA 387 0.23 0.21 1.6
Toluene 408 0.91 0.83
BDAPT 390
PETA 414 2.0 1.8 8.1
Toluene 353 51 1.2
DAPT 365
PETA _d _d _d _d
Toluene 380 0.88 0.71
DANT 389
PETA 390 1.6 14 4.4
Toluene 395 0.46 0.42
DBTX
PETA _d _d _d _d

2The peak wavelength is the maximum absorption near a wavelength of 400 nm if there are
multiple peaks in the spectra. ® The molar absorption coefficient of the species at the wavelength
demonstrating the maximum absorption. © The molar absorption coefficient at the 390 nm
wavelength. ¢ Insufficient signal or difficult to dissolve in the PETA monomer. ¢ Fluorescence
quantum yield when the excitation wavelength was set to 390 nm.
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Figure 2.12. (a) The fluorescence quantum yield of BDAPT, DANT, and ITX in THF. The
fluorescence quantum yield of DAPT in THF is lower than 0.01%. (b) The fluorescence quantum
yield of BDAPT, DANT, and ITX in PETA. DAPT and DBTX suffered a solubility issue in PETA.

2.3.4 Practical Lithographic Printing of New Synthesized Photoinitiators

The extinction coefficient provides a clear representation of the ability of the photoinitiator
to absorb light through a one-photon process; however, it was initially used here as an indicator of
the absorptive properties of the new initiators through a two-photon process. To directly measure
the nonlinear absorption properties, an open-aperture Z-scan was performed for each of the
photoinitiators.?® The measured two-photon absorption (TPA) cross-sections, o2, are presented in
Table 2.2 along with the DLW polymerization writing thresholds for the initiators in PETA. The
writing threshold power is the minimum laser power required to write a defined line structure that
survives the development process.

For comparison purposes, the writing thresholds for each resist were calculated by dividing
the photoinitiator concentration by the writing threshold power at 100 um s™. In order to account
for unknowns in the Z-scan measurement, the ITX molecule with a known c2>** was used as a

reference to calibrate the measurement and obtain the presented values.
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Table 2.2. Two-photon absorption cross-section o2 and writing threshold of photoinitiators

Writing threshold

Photoinitiator o2 (GM)? (108 molecules mw)
BDAPT 368 (+45) 0.651
DANT 524 (£ 61) 1.484
ITX 3(£0.4) 4.065
DAPT 122 (+21) -b
DBTX 22 (+5) -b

2 The values in parentheses indicate one standard deviation from the average measured value. °
Difficulty dissolving this material uniformly in the monomer.

The trend of TPA cross-sections is ITX < DBTX < DAPT < BDAPT < DANT. Although
BDAPT and DANT trade spots in the TPA compared to their linear extinction coefficients
determined through single-photon absorption, the simple extinction coefficient measurements
provide reasonable indicators of the two-photon absorbing process. Moreover, the new initiators,
especially BDAPT and DANT, were much improved relative to the ITX TPA cross-section and
showed lower DLW polymerization thresholds; thus, they stood out as promising photoinitiating
candidates.

Beyond improving the writing threshold for the DLW polymerization, it was necessary to
investigate if the polymerization inhibition effect available in ITX was also present in the
synthesized photoinitiators. To illustrate the depletion of the excited state, a 405 nm exciting laser
was introduced orthogonally to a 633 nm laser beam and signal path (Figure 2.13a). In this
configuration, the 633 nm laser was treated as the depletion laser. Assuming no saturation effects
were occurring, if the addition of individual fluorescence signals for sample exposure by excitation

(405 nm) and depletion (633 nm) lasers was equal to the signal of when both the excitation and
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depletion sources were on, the photoinitiator responds to the each light independently. However,
if the sum of individual signal was higher than the signal of both lasers when they were in the on
state, depletion of the fluorescing state of the photoinitiator occurred. Alternatively, additional
absorption was said to be detected if the sum of the individual signals was lower than that of the
signals when both lasers were in the on state. For the BDAPT in THF solution shown in Figure
2.13b, three different depletion laser powers were tested, and the 405 nm wavelength excitation
power was held constant. For all three depletion intensities the sum of individual signals was
greater than the signal with both lasers on indicating a depletion of the BDAPT excited state by

the 633 nm laser.
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Figure 2.13. (a) A diagram of the experimental set-up for the two-laser spectroscopy system
utilized to detect the depletion of select photoinitiators. (b) The fluorescence spectra with sum of
individual excitation and depletion signals and the signal with both beams on simultaneously
with 633nm as depleting laser. The clear evidence of depletion was a good indicator of the
ability to inhibit the photopolymerization process in actual DLW polymerization processes. As
such, this photoinitiator was brought forward for complete DLW photopolymerization
evaluation.This effect was not observed when 633 nm laser was replaced with 532 nm laser.
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Many factors contribute to a successful photoinitiator for the DLW photopolymerization
process, making it difficult to accurately predict its exact performance during actual printing
conditions. Specifically, the polymerization inhibition effect is not easily measured outside of a
direct test inside a monomer matrix. Due to its performance in the above-mentioned experiments,
BDAPT was selected for its potential ability to perform in the DLW photopolymerization process.
In particular, BDAPT showed promise with respect to the two-laser system described above, due
to its large TPA cross-section, and due to its relatively large solubility in the PETA monomer
compared to DANT. For this evaluation, a 638 nm laser was spatially overlapped with the DLW
800 nm beam and a Gaussian profile is used for both beams; care was taken to ensure that the
focused 638 nm beam diameter was at least as large as the DLW spot. The depletion laser
wavelength of 638 nm was chosen as a result of the above fluorescence depletion experiments.
BDAPT at a loading of 0.25% (by weight) in PETA was used as the test photoresist. Shown in
Figure 2.14, a group of parallel polymer lines were printed using the DLW polymerization process.
During the writing of each line, the sample was exposed to the 638 nm laser for 10 um of the line
path without turning off the DLW beam. During that time of exposure to the inhibition beam,
which correlated to 10 um in space, the polymerization was fully inhibited. It is worth noting,
however, that the conditions to observe this effect required careful control of the DLW beam power
slightly below the writing threshold. This led to the poor quality of printed lines observed in the
figure. Beyond that, the 638 nm laser power required for inhibiting the polymerization was large

compared to using ITX as photoinitiator.
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Figure 2.14. Selectively-inhibited DLW photopolymerization using BDAPT (0.25%, by weight)
as a photoinitiator in the PETA monomer. Polymer lines were written at 100 pum s with the 638
nm diode laser turned on for 10 pum, preventing polymerization in the region shown by the box
highlighted by white dashed lines. Panel (a) shows the AFM image of the printed polymer
nanoscale lines, and panel (b) shows the SEM image of the same polymer lines.

2.3.5 Nanowriting Mechanism Study of New Synthesized Photoinitiators

In order to elucidate the inhibition effects for BDAPT, ultra-fast transient absorption
experiments were performed on BDAPT and ITX (Figure 2.15a). A wavelength of 400 nm was
used as the pump in order to excite the S; state of the molecules, in a manner similar to other
studies.™® This wavelength matched the induced transition of the two-photon absorption occurring
during the DLW polymerization process with a 800 nm laser, and it allowed for more uniform
pumping of the molecules to the excited state with a lower pump laser power. The probe
wavelength was chosen to be 633 nm. Two lifetimes were fit for both ITX (11 =30.2 ps, 12 = 4.2
ns) and BDAPT (11 = 6.9 ps, 12 = 187 ps). In the case of ITX, because the pump energy closely
matches the S; energy level, the fast lifetime (t1) is attributed to the Si* states, and the longer
lifetime is attributed to the S; state, which is consistent with a previous report.® In other words, 1
represents how fast S; is filled while 12 is the rate at which S; is depopulated, where some of the
population from the Si state was transferred to the longer-lived triplet state which initiates

polymerization. In this scenario, the probe beam is interacting with a S; — S, transition.
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Figure 2.15. (a) Ultra-fast transient absorption measurement of ITX and BDAPT in THF. The
pump and the probe wavelengths used were 400 nm and 633 nm, respectively. The solid lines
represent fits to the data, which is shown as either open triangles (ITX) or open squares
(BDAPT). (b) The DFT calculation of the singlet states and triplet states of BDAPT and the most
likely pathway of depletion. S1* levels are not calculated and are sketched for visualization
purposes only.

In the case of BDAPT, a proposed probe interaction was with respect to both the S; — Sn
and the S1*— S, transitions. A sharp initial drop in the transmission curve occurred on a timescale

comparable with the pulse duration, where S; and S1* were filled by the pump beam. The S1*—
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S: intraband transition was then observed to have a lifetime of t1, which was about 4 times shorter
than for ITX. A final Sy lifetime of 12 (187 ps) for BDAPT was found to be about 22 times shorter
than 12 (4.2 ns) for ITX. As shown in the calculations of Figure 2.15b, BDAPT was predicted to
undergo a T1 —Th transition.* The calculated energy gap between T1 and T1s was 581 nm, which
is smaller than the depleting laser used during lithography because the energy gap in PETA
solution is different from the energy gap with no solvent present.®**® This led to the inhibition of
the polymerization by depopulating the T1 state before polymerization occurred, similar to the
mechanism commonly-associated with depletion in ITX-based systems. It is crucial to notice that
the lifetime of the S; state (187 ps) for BDAPT is much shorter than the lifetime of S; state (4.2
ns) for ITX. This large difference leads to a sizeable population of BDAPT entering the T state in
a short period of time. Ty is the energy state leading to polymerization during nanoprinting, which
is why BDAPT can initiate writing at a 5-fold lower power than ITX.

To provide insight into the Ty lifetimes, phosphorescence spectra at a temperature of 77 K
were acquired. As shown in Figure 2.16, all the initiators possess clear phosphorescent emission,
which indicates that the depletion of singlet excited state via intersystem crossing to the triplet
state exists in all of the systems evaluated here. The trend of the phosphorescent lifetimes is DBTX
(10 ms) < ITX (120 ms) < DAPT (219 ms) < BDAPT (287 ms) < DANT (379 ms), which
represents the sequence of how long the molecules would have their T; states populated. When
comparing DBTX, DAPT, and BDAPT, we establish that the addition of conjugated branches
increases the phosphorescence lifetime, though the effect is decreased when the second branch is

introduced.
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Figure 2.16. Phosphorescence spectra of the photoinitiators in toluene at T = 77 K after
excitation at 350 nm. The spectra shown are: (a) ITX with a lifetime of 120 ms; (b) DBTX with a
lifetime of 10 ms; (c) DAPT with a lifetime of 219 ms; (d) BDAPT with a lifetime of 287 ms;
and (e) DANT with a lifetime of 379 ms.

By comparing DAPT and DANT, we see that the naphthalene substituent performs
differently than phenyl substituent to increase the phosphorescence lifetime. This indicates that the
structure design of branches has a significant impact on this photophysical property. Note that ITX
has a moderate phosphorescence lifetime that is shorter than DAPT, BDAPT and DANT. This
informs us that the triplet lifetime is not the only significant determining factor for efficient
depletion. ITX seems to demonstrate an efficient T: —Th, transition allowing easy depletion of the
printing. In the case of BDAPT, the T1 —Th transition was not efficient enough to fully depopulate
the Ty state, which explains why partial depletion was observed in lithography with low depleting
power, but full depletion was challenging to achieve (Figure S8 and S9). To summarize, the
moderate population of ITX on the T state brings about moderate writing power and moderate

depleting power, but the extreme population of BDAPT on the T state leads to a lower writing
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power and a higher depleting power. Consequently, compared to ITX, our new initiator is much
more efficient in initiating the DLW photopolymerization process, but trades this advantage for a
reduced polymerization inhibition capability. Therefore, this molecule could be of significant
interest in applications requiring low laser power (i.e., high throughput, multiple-writing laser
situations); however, additional effort could be placed in decreasing the inhibition threshold of the

next-generation photoinitiators.

24 Summary

To summarize, the moderate population of ITX on the T; state brings about moderate
writing power and moderate depleting power, but the extreme population of BDAPT on the Ty
state leads to a lower writing power and a higher depleting power. Consequently, compared to ITX,
our new initiator is much more efficient in initiating the DLW photopolymerization process.
Therefore, this molecule could be of significant interest in applications requiring low laser power
(i.e., high throughput, multiple-writing laser situations); however, additional effort could be placed

in decreasing the inhibition threshold of the next-generation photoinitiators.
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CHAPTER 3. ITX-BASED PHOTOINITIATORS WITH ELECTRON
WITHDRAWING/DONATING SUBSTRATES

3.1 Introduction: The necessity of Introducing Withdrawing and Donating Substrates to
ITX Core

Direct laser writing (DLW) has developed rapidly in recent years, and it has become an
essential process for 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,%-*2 micro-optics,*® security,* and bioengineering.*>*’" The high
spatial resolution associated with the 2PP process provides an advantage relative to other
fabrication techniques. Unlike single photon absorption, two-photon absorption is confined to the
focal region of a tightly focused laser, which occurs due to non-linear, 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 efficient, 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 attempts to scale production with multiple
beams or image projection. In turn, this has prompted the development of photoinitiator molecules
with superior absorption abilities in the polymerization reaction medium.*® Additionally, 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 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
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that can 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
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 |
initiators are molecules that generate radicals directly by photocleavage. Norrish Type Il initiators
absorb light to form excited states that abstract hydrogen from a co-initiator to generate radicals.
In DLW, the widely-used, commercially-available photoinitiator, 2-isopropylthioxanthone (ITX),
is a special Type Il initiator that operates intramolecularly without the use of a co-initiator. During
the design of 2PP photoinitiators, it has been observed that molecules that follow a donor-acceptor-
donor structure lend themselves as stronger 2-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.?® Additionally, ITX is advantageous 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 printing.1°>22" 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 above listed 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
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monomer. To provide a guideline for synthesis, the absorption spectra of the new photoinitiators
were calculated 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-section of each of the synthesized photoinitiators
was 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 to initiating the polymerization reaction as well as 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
capability during 2PP-DLW was established. By establishing the properties of new photoinitiators
and performing nanolithographic printing, we demonstrate a practical pathway to achieve low-

power and high-resolution 3D photopolymerization through advanced photoinitiator design.

3.2 Experimental Procedure and Characterization

3.2.1 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 Oakwood. 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 with the wavelength range of 330 nm < A < 800 nm.
Fluorescence and phosphorescence spectroscopy data were collected on a Cary Eclipse
fluorescence and phosphorescence spectrophotometer in the wavelength range of 400 nm <A <

800 nm. Phosphorescence data were collected at T = 77 K using deoxygenated solutions of the
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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.?®

3.2.2 Synthesis of New Photoinitiators with Withdrawing and Donating Substitutes

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 in while
the reaction mixture was held at 0 °C. After the addition of the zinc chloride, bromine (8 g, 50
mmol) in 50 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 NaHSOs and extracted with dichloromethane 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) § 8.75 (dd, J = 2.3, 0.4 Hz,
1H), 8.48 (d, J = 1.9 Hz, 1H), 7.70 (dd, J = 8.6, 2.3 Hz, 1H), 7.53 (dd, J = 3.5, 1.3 Hz, 2H), 7.46

(dd, J=8.6, 0.4 Hz, 1H), 3.07 (p, J = 6.9 Hz, 1H), 1.33 (d, J = 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-
yDpyridine (45 mg, 0.22 mmol) and 0.5 mL of 1 M NaxCOs in water was 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
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to 90 °C. After 24 h, the organic mixture was washed with brine three times and DI water three
times followed by an 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) & 8.93 (d, J = 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, J = 8.4 Hz, 1H), 7.67 — 7.61 (m, 2H), 7.56 (d, J = 1.5 Hz, 2H), 3.09 (p, J

= 6.9 Hz, 1H), 1.34 (d, J = 6.9 Hz, 6H).

Synthesis of  4-(7-isopropyl-9-oxo-9H-thioxanthen-2-yl)benzonitrile  (ITX-phenyl-CN,
Compound 3)

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-
yDbenzonitrile (51 mg, 0.22 mmol) was added. After this addition, 0.5 mL of 1 M Na>CO3 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 an extraction with ethyl acetate.
The extracted organic layer was purified by column chromatography after evaporation of the ethyl
acetate. (Hexane:ethyl acetate = 20:1 v/v) to yield a solid with 90% vyield. *H NMR (800 MHz,
Chloroform-d) 5 8.89 (d, J = 2.2 Hz, 1H), 8.53 (d, J = 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, J = 8.2 Hz, 1H), 7.60 — 7.57 (m, 2H), 3.11 (p, J = 7.0

Hz, 1H), 1.36 (d, J = 7.0 Hz, 6H).
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Synthesis of 2-isopropyl-7-phenyl-9H-thioxanthen-9-one (ITX-phenyl, Compound 4)
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-phenyl-1,3,2-dioxaborolane (45
mg, 0.22 mmol) and 0.5 mL of 1 M Na,COs in water was added. After the addition of the Na.COs
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 chromatography 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) & 8.88 (d, J = 2.2
Hz, 1H), 8.52 (s, 1H), 7.87 (dd, J = 8.4, 2.1 Hz, 1H), 7.72 (d, J = 7.2 Hz, 2H), 7.65 (d, J = 8.3 Hz,
1H), 7.54 (d, J = 1.4 Hz, 2H), 7.49 (t, J = 7.7 Hz, 2H), 7.41 (d, J = 7.4 Hz, 1H), 3.08 (p, J = 6.9 Hz,

1H), 1.34 (d, J = 6.9 Hz, 7H).

Synthesis  of  2-(4-fluorophenyl)-7-isopropyl-9H-thioxanthen-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)-4,4,55-tetramethyl-1,3,2-
dioxaborolane (49 mg, 0.22 mmol) and 0.5 mL of 1 M Na,COs in water solution were added.
Tetrakis (triphenylphosphine) 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 D1 water three times followed by an extraction with ethyl acetate.

The mixture was purified by column chromatography after evaporation of the ethyl acetate.
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(Hexane:ethyl acetate = 20:1 v/v) to yield a solid with 76% yield. *H NMR (800 MHz, Chloroform-
d) 8 8.82 (d, ] =2.2 Hz, 1H), 8.53 (s, 1H), 7.82 (dd, ] = 8.3, 2.1 Hz, 1H), 7.68 (dd, J = 8.5, 5.5 Hz,
2H), 7.65 (d, J =8.3 Hz, 1H), 7.55 (d, J = 1.5 Hz, 2H), 7.19 (t, J = 8.6 Hz, 2H), 3.10 (p, J = 7.1 Hz,

1H), 1.36 (d, J = 7.0 Hz, 6H).

Synthesis of 2-isopropyl-7-(4-methoxyphenyl)-9H-thioxanthen-9-one (ITX-phenyl-OCHs,
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;COz in water was added. After the
addition of the Na,COz 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 an 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, J = 8.4, 2.2 Hz, 1H), 7.78 — 7.68 (m, 1H), 7.66 — 7.62 (m, 2H), 7.59 (dd, J = 8.4, 0.5
Hz, 1H), 7.50 — 7.40 (m, 1H), 7.01 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H), 3.07 (pd, J = 6.9, 0.7 Hz, 1H),

1.34 (d, J = 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>COs in water was added. After the
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addition of Na2COs 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-circles, 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 an extraction with ethyl acetate. The mixture was purified by
column chromatography. (Hexane:ethyl acetate = 10:1 v/v) to yield a solid with 77% vyield. 1H
NMR (400 MHz, CDCI3) & 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, J = 8.4 Hz, 1H), 7.56 (d, J = 1.2 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, J = 5.1, 3.6 Hz, 1H), 3.10 (dd, J = 13.8, 6.9 Hz, 1H), 1.36 (d, J = 6.9 Hz,

6H).

3.2.3 Procedure for the Collection of H NMR and 3C NMR.

All NMR data were collected by the Bruker AV-I11-400-HD NMR spectrometer and

Bruker AV-111-800 NMR spectrometer from department of chemistry, Purdue University.
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Figure 3.6. (a) *H NMR and (b) **C NMR spectra of 2-isopropyl-7-(thiophen-2-yl)-9H-thioxanthen-9-
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3.2.4 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 80 MHz repetition rate. A 100 X oil-immersion
objective lens (Nikon, N.A. = 1.49) was used to focus the laser into the photoresist to induce
polymerization. Fabrication was achieved by motion of the sample via a nanopositioner (Mad City
Labs) and laser control by fast mechanical shutter (Uniblitz) that was controlled with a custom
LabVIEW code. The laser power was adjusted through combined use of a half-waveplate and a
polarizer. Photoresists samples were sandwiched between a microscope slide and a coverslip, and
tape was used to provide a ~170 um gap between the two pieces of glass. All printing was
performed at a rate of 100 um s writing speed. For polymerization inhibition experiments, a 638
nm continuous wave laser was introduced to the beam path by dichroic beam splitter and controlled
independently by 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 minutes, rinsed with isopropanol and dried with nitrogen. Fabricated
structures were observed under optical microscope in transmission mode. Select samples were
sputter coated with ~13 nm of a Au/Pd mixture before imaging with scanning electron microscope
(SEM, Hitachi S-4800) to prevent charging. Atomic force microscopy (AIST NT) was performed

using a silicon tip in tapping mode on samples after sputter coating.
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3.2.5 Z-scan Measurements

Two-photon absorption cross-sections were measured using an open aperture Z-scan.?® Z-
scan measurements were performed using 60 fs pulses at 800 nm center wavelength from a 5 kHz
regeneratively amplified laser (Spectra-Physics Spitfire). Solutions of each photoinitiator in
tetrahydrofuran (THF) were prepared in a 1 mm pathlength cuvette for measurement, and these
concentrations are listed in Table S1. Each sample was translated along the optical (z-) axis by
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 Equation 1.

N G0
T(2) =Em-0 22 (1)
where
Blo(t)L
qo(z,t) = —7—3L (2)
(1+—2)
20

Here, B is the two-photon absorption coefficient, I,(t) is the peak intensity at the focus of the
beam, Lz 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 Equation 3.

— ﬁEphoton (3)

02
Pmol

Here, Eppoton 1S the photon energy of 800 nm photon and p,,, is the density of the photoinitiator

molecules in the solution. A calibration factor of 19.3 was found to match ITX value with literature.
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3.3 Results and Discussion

3.3.1 UV-Vis Prediction, Chemical Analyzation and Synthesis Design

According to previous efforts,?® ITX and its derivatives have the potential to be high-
performance 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 3 groups based upon 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-
0x0-9,9a-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-
OCHz) 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-
thioxanthen-9(9aH)-one (ITX-phenyl-F). In all cases, the additional chemical functionality is
added in a manner that makes the substituents conjugated with the core ITX structure.

To guide this molecular design, TD-DFT calculations were utilized to predict the
absorption spectra of these proposed initiators (Figure 3.7).2° 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 1TX-based
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molecules with electron-withdrawing groups present in the structure showed the least amount of

absorption shift. Inspired by the TD-DFT calculation results, this set of molecules based onan ITX

core with different substituent groups were synthesized to experimentally-verify their potential as

photoinitiating candidates and to support or refute this predicted trend.
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Figure 3.7. Predicted UV-Vis absorption plots for: (a) ITX, ITX-pyridine, and ITX-phenyl-CN;
(b) ITX, ITX-phenyl and ITX-phenyl-F; and (c) ITX, ITX-phenyl-OCHz and ITX-thiophene.
Those predictions were made using TD-DFT with a B3LYP/6-31G(d) level of theory. All the

structures of the calculated initiating molecules (aside from ITX) are listed directly below their

simulated absorption spectra.

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 photoinitiators. These added functionalities
extend aromaticity across the molecular systems, which changes the optical properties
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dramatically. A straightforward synthetic pathway was utilized to create the new photoinitiators
(Figure 3.8), and these compounds were characterized by *H NMR spectroscopy and *C NMR
spectroscopy (Figure 3.1 — Figure 3.6). Specifically, 2-bromo-7-isopropyl-9H-thioxanthen-9-one
(ITX-Br) was synthesized from ITX using a bromination reaction catalyzed by zinc chloride.3-3*

Then, the six different substituents were introduced through Suzuki coupling reactions.>>*° The

final molecular targets are air-stable and insensitive to ambient conditions.

O 0
—_—
ZnCl O O
S ntlz s
1
O
Br Pd(PPh3)4
S Nap;COs (aq)
1

- A @C”D o Q@

Figure 3.8. Synthetic pathway for the new photoinitiators.

3.3.2 TD-DFT Calculation of HOMO and LUMO

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 3.9
and 3.10. The thioxanthone core can be regarded as an acceptor and the 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 significant contrast from the photoinitiators we described
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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 a HOMO-1 to LUMO and HOMO to LUMO+1 transition.
Importantly, this means that the excited states associated with the molecules of the current effort
should have fewer alternative pathways beyond that required for polymerization due to no lower

singlet excited states by which to decay being available.
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Figure 3.9. Molecular orbital diagrams calculated at an isovalue of 0.04. These plots are of the
HOMO and LUMO energy levels of: (a) ITX-pyridine; (b) ITX-phenyl-CN; (c) ITX-phenyl; (d)
ITX-phenyl-F; (e) ITX-phenyl-OCHs; and (f) ITX-thiophene. They are used to show the proposed
charge transfer states in these compounds. The HOMO wavefunctions are either spread through
the whole compound or localized to the new attached branch, while the LUMO wavefunctions are
localized to the thioxanthone core. Therefore, electronic transitions from the highest two occupied
orbitals to the LUMO should bring about a transfer of charge from the pendant chemistry to the
ITX core.
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Figure 3.10. Molecular orbital diagrams calculated at an isovalue of 0.02. These plots are of the:
(a) HOMO, LUMO, HOMO-1 and LUMO+1 of ITX-pyridine; (b) HOMO, LUMO, HOMO-1 and
LUMO+1 of ITX-phenyl-CN; (c) HOMO, LUMO, HOMO-1 and LUMO+1 of ITX-phenyl; (d)
HOMO, LUMO, HOMO-1 and LUMO+1 of ITX-phenyl-F; (¢) HOMO, LUMO, HOMO-1 and
LUMO+1 of ITX-phenyl-OCHs; and (f) HOMO, LUMO, HOMO-1 and LUMO+1 of ITX-
thiophene. They are used to show the proposed charge transfer states in these compounds. It can
be revealed that the HOMO, HOMO-1, and LUMO+1 wavefunctions are either spread through
the whole compound or localized to the new attached branch, while the LUMO wavefunctions are
localized to the thioxanthone core. Therefore, electronic transitions from the highest two occupied
orbitals to the LUMO should bring about a transfer of charge from the side to the core, but
transitions to the LUMO+1 should not lead to a formation of charge transfer state.
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3.3.3 Optical Properties of New Synthesized Photoinitiators

To evaluate these computational predictions, the optical properties of the new initiators
were compared to those obtained by TD-DFT calculation. First, the molar absorption coefficients
of the photoinitiators at half the wavelength (400 nm) of 2PP-DLW (800 nm) were measured
(Table 3.1), and the normalized UV-Vis absorption spectra were plotted (Figure 3.11). 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,*1#2 the molar absorption coefficients are larger,
which indicates the potential possibility of lowering the practical laser power requirements. As
predicted by the computations (Figure 3.7), the introduction of new branches to the thiophene 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 simple TD-DFT calculations

shown are a useful predictive tool for photoinitiator design.
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Table 3.1. Single-photon absorption coefficients and phosphorescent lifetimes of the initiators

b c

Photoinitiator hmax ¢ ¢ Aex Aem t
m)*  @o®mol’Lem™  (20° mol'Lem™) (nm)° (nmye (ms)f

ITX 385 7.0 1.6 350 420 120
ITX-pyridine 391 4.6 2.8 365 414 125
ITX-phenyl-CN 393 1.8 1.2 365 414 256
ITX-phenyl 394 45 3.7 370 418 148
ITX-phenyl-F 396 5.7 4.8 365 417 144
ITX-phenyl-OCHs 398 4.2 4.0 365 428 153

ITX-thiophene 402 0.3 0.3 365 431 87

& max IS the peak absorption wavelength near 400 nm if there are multiple peaks or shoulders in
the spectra. ® The molar absorption coefficient of the molecules at the wavelength of the peak.
The molar absorption coefficient at the 400 nm wavelength. ¢ The exciting wavelength (lex) for
each molecule is the wavelength used to obtain clear fluorescence and phosphorescence data. ¢ Aem
is the peak fluorescence wavelength of the emission spectrum at room temperature. ft represents
the phosphorescence lifetime of the molecules at 77 K in toluene.

a b
5 1.0 . = 1.0 .
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Figure 3.11. (a) The normalized UV-Vis absorption spectra of initiators in toluene at room
temperature. (b) The normalized fluorescence spectra of the initiators in toluene at room
temperature.
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In the two most extreme examples (i.e., on the low end and high end of shifts towards the
red), the maximum in the absorption peaks for ITX-pyridine and ITX-thiophene are red-shifted
relative to ITX by 6 nm 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
coefficients of the new photoinitiators are larger than ITX at 400 nm, highlighting the importance
of the design strategy implemented here. The polymerization inhibition process for ITX is
controlled by triplet-triplet absorption instead of stimulated emission depletion (STED),*® which
can be represented by fluorescence quantum yield. The photoinitiators synthesized here emit in a
range from 2 =414 nmto 2 =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 (T1) are essential to understanding the
excited state mechanisms as well. Towards 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 lengthier triplet state lifetimes. As shown in Figure 3.12 and
Figure 3.13, 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
3.1, 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

89



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.
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Figure 3.12. 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 represent the phosphorescence
lifetime and the spectra shown are: (@) ITX-phenyl-CN with a lifetime of 256 ms; («) ITX-
phenyl-OCHs with a lifetime of 153 ms; (m) ITX-phenyl with a lifetime of 148 ms; (v) ITX-

phenyl-F with a lifetime of 144 ms; (a) ITX-pyridine with a lifetime of 125 ms; (e@) ITX with a
lifetime of 120 ms; (#) ITX-thiophene with a lifetime of 87 ms; and () ITX-Br with a lifetime
of 38 ms.
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Figure 3.13. Phosphorescence spectra of the photoinitiators in toluene at T = 77 K.
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3.3.4 Z-scan Measurements and Lithographic Printing

The two-photon cross-sections, o2, were determined for each molecule by open aperture
Z-scan measurements with all the synthesized photoinitiators possessing larger o2 values than ITX,
which is expected.*® The two-photon cross-section value isa 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 other candidates. The measured o> values are presented in Figure 3.14a. 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 a calibration from previous literature.*’ This
provides a more accurate representation of the two-photon cross-sections for the new
photoinitiators relative to one another and ITX. Clearly, ITX-thiophene and ITX-OCHs, 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-synthsized
photoinitiators, efficient two-photon absorption does not directly indicate the polymerization

initiation performance.
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Figure 3.14. (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 pm s
writing speed and concentration of 0.0025 molar ratio of the photoinitiator in the monomer.
Thresholds were determined for 3 different samples of each photoinitiator. All error bars indicate
one standard deviation from the average value represented by the bars in the plot.

A strong intersystem-crossing rate to the triplet state is also required. Therefore,
determining the efficiency of these photoinitiators 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 um s using
separate photoresists containing each initiator. 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. 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 survive the development process was considered
as the writing threshold. The writing threshold determined for each photoinitiator mixture is

displayed in Figure 3.14b. Clearly, the synthesized photoinitiators show improved photoinitiating
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abilities compared to the standard ITX, with ITX-phenyl-OCHs 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 is likely due to other processes that participate in efficient
photoinitiation of polymerization beyond just the photo-absorption process, such as the energy
transfer efficiency between initiators and monomer.

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 efficiency 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 3.15 displays the results
of the test, where all photoinitiators demonstrated the ability to inhibit polymerization under
exposure to 638 nm laser. The 638 nm laser wavelength was chosen for its close matching to the
triplet absorption peak of 1TX.* 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
3.15). The ITX derivatives designed here displayed a less significant inhibition effect due to a shift
in the triplet absorption peak in the modified ITX photoinitiators. Indeed, this is supported by TD-
DFT calculations which predict a significant red shift of the triplet absorption peak of the novel
photoinitiators compared to ITX. Those molecules following the electron-donating scheme, 1TX-

phenyl-OCHs and ITX-thiophene, exhibit the least impressive inhibition capabilities, which
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follows from their expected poor triplet absorption at the 638 nm inhibition wavelength owing to

the predicted absorption peaks being significantly redshifted.
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Figure 3.15. Increase in writing threshold of photoresists consisting of novel and reference
photoinitiators while under exposure of 638 nm inhibition laser at varying powers.

Figure 3.16 shows a representative application of the one of the new photoinitiators, ITX-
phenyl-OCHs, at 0.0025 mol ratio in PETA used for 2PP-DLW. Figure 3.16a shows an example
of the ability to fully inhibit the polymerization under 638 nm laser. Here, several polymer lines
were written at 100 pm s with a laser power 7% above the writing threshold. For a 10 um 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. Going further, the 638 nm inhibition laser beam was modified from the
previous inhibition experiment with a telescoping lens pair to achieve a near diffraction limited

beam focus at the printing location.
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The inhibition laser focus was partially offset laterally from the printing laser focus to
inhibit polymerization in only a fraction of the printed spot. Lines were printed using printing laser
power 13% above the writing threshold while the inhibition laser power was 2.8 mW. The printed
lines were spaced apart by 120 nm such that they were close to the resolution of the printing system
(Figure 3.16b). On the left, only the 800 nm printing laser was on, and the resultant polymerized
lines are touching with little gap between them. The inhibition laser was turned on during the
writing of the right side of Figure 3.16b. This region clearly demonstrates an improvement in the
printing resolution as the individual lines are more clearly distinguishable with larger gap between
lines. Atomic force microscopy measurements (Figure 3.16¢) of the lines provide a clearer picture
of the improved resolution along with a reduced height of the lines under inhibition laser exposure.
These promising lithography results represent a new photoinitiator set tending towards a super-
resolution capable photoresist system with reduced printing power requirements, ideal for high

through-put 3D 2PP-DLW.
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Figure 3.16. Scanning electron micrographs of polymer lines printed at 100 pm s using ITX-
phenyl-OCHz as photoinitiator demonstrating (a) complete inhibition of polymerization under
exposure with 638 nm laser (dashed box) and (b) resolution improvement by partial overlap of
638 nm laser and printing laser. Brown spot indicates 800 nm printing laser is on and red spot
indicates 638 nm laser is on. Arrows indicate direction of printing. In (a), line height is
intentionally varied from top to bottom in steps of 100 nm to ensure lines are attached to the
substrate. (c) AFM image of the same film that is shown in the SEM image of panel (b).

3.4 Summary

A set of six molecules based on an ITX core were designed and synthesized for the
application as 2PP-DLW photoinitiators. While a desired red-shift in absorption was observed for
all molecules, those molecules with electron-donating groups exhibited the largest shift towards
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 1TX-phenyl-OCHz molecule
showed an almost 2-fold reduction in the writing threshold opposed to the base ITX photoinitiator.
In fact, all the newly-synthesized photoinitiators presented had significantly improved two-photon
photoinitiators 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 photoinitiators yielded an existing
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polymerization inhibition pathway similar to 1TX, though not as efficient at the wavelength

evaluated in this study. A further investigation into longer inhibition laser wavelengths may yield

significant improvements in the polymerization inhibition efficiency, particularly for the electron-

donating molecules. However, super-resolution lithography is possible with 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 nanoprinting throughput through

parallelization or similar processes, as well as an expansion of the currently limited pool of

photoinitiators for super-resolution lithography.
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CHAPTER 4. ANATTEMPT TO SYNTHESIZE DETC-BASED
PHOTOINITIATORS WITH MUTI-FUNCTIONALIZATION

4.1 Brief Introduction of the Difference between DETC and ITX

7-diethylamino-3-thenoylcoumarin  (DETC) was another commercially available
photoinitiator like ITX and studied and used in lithographic printing. As the depletion pathway
was mentioned in chapter 1, unlike ITX going through the generation of triplet-triplet energy
absorption, DETC’s depletion mechanism is rationalized by stimulate emission for its fluorescence
quantum yield is much higher compared with ITX. I have modified its structure and synthesize
several new molecules but unfortunately, they do not show any improvement in nanowriting

relative to DETC and the further characterization was stopped.

4.2  The Synthesis Design and Experimental Results

There are three functional parts in the core structure which possess the potential to be
modified in Figure 4.1. They are label in yellow, red and blue colors. The red part of the structure
used to be an oxygen, nitrogen was introduced to replace it and gave the molecule the ability to
connect to other chains on the side. We also introduced functional groups to the blue “R” position

to extend the overall conjugated systems. The yellow area remains temporarily unchanged.

Figure 4.1. Functional points of DETC core.
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The simple and practical way to construct the DETC core with new branches are listed
below in Figure 4.2. By using a traditional ring closing reaction,? 2-aminobenzaldehyde derivatives
and ethyl 3-oxo-3-(thiophen-2-yl)propanoate (bought from sigma Aldrich) can be assembled

together efficiently.

EtoN
[— .
100°C

EtsN
—)
100°C

EtsN
.
100°C

_/
(@] o) o
2L 20 T

—’“

80°C

e
PO
OO

T

o)
T

Figure 4.2. Synthetic route of new DETC derivatives.

Because of the low solubility of nitrogen replaced of detc derivatives, a side chain was
introduced to increase the solubility in Figure 4.2.3 Although the molecules can be obtained
successfully and the solubility issue was fixed, the practical usage of them were unknown for their
lack of efficient ability for the lithographic writing, which cause the termination of further study

of them in terms of nanoprinting project.
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Figure 4.3. Synthetic route of introducing side chain to DETC derivatives.
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4.3 The Characterization of DETC Derivatives in NMR
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Figure 4.4. 'H NMR of MeO-DETC (7-methoxy-3-(thiophene-2-carbonyl)-2H-chromen-2-one)
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Figure 4.5. 'H NMR of DETC-N-chain (1-(2-ethylhexyl)-3-(thiophene-2-carbonyl)quinolin-
2(1H)-one)
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carbonyl)quinolin-2(1H)-one)
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ABSTRACT: Printing of high-resolution three-dimensional nano-
structures utilizing two-photon polymerization has gained significant
attention recently. In particular, isopropyl thioxanthone (ITX) has
been implemented as a photoinitiator due to its capability of initiat-
ing and depleting polymerization on demand, but new photo-
initiating materials are still needed in order to reduce the power
requirements for the high-throughput creation of 3D structures. To
address this point, a suite of new thioxanthone-based photoinitiators
were synthesized and characterized. Then twe-photon polymeriza-
tion was performed using the most promising photoinitiating mole-
cule. Impaortantly, one of the initiators, 2,7-bis[(4-{dimethylamino)
phenyl ethynyl}-9H-thioxanthen-9-one] {BDAPT), showed a fivefold
improvement in the writing threshold over the commonly used ITX

INTRODUCTION Two-photon  polymerization first
reported in 1997,' and this has caused rapid growth in the
field of nanolithagraphy. A type of direct laser writing (DLW),

this two-photon polymerization printing process takes advan-

was

tage of the nonlinearity of multiphoton absorption in a poly-
meric photoresist to improve the spatial confinement of the
printed voxel in a significant manner. In turn, this allows for
the polymerization to occur inside the monomeric photoresist,
and the fabrication of arbitrary 3D structures with submicron
resolution is achieved.* DLW has been highlighted in recent
years as a high-speed and low-cost tool for generating high-
fidelity 3D nanoscale features in fields such as photonics®*
and tissue engineering.>® While the spatial resolution of DLW
is significantly improved relative to analogous single-photon

molecule. To elucidate the fundamental mechanism, the excitation
and inhibition behavior of the BDAPT molecule were evaluated
using density functional theory {DFT) calculations, low-temperature
phosphorescence spectroscopy, ultra-fast transient absorption spec-
troscopy, and the two-photon Z-scan spectroscopic technique. The
improved polymerization threshold of this new photeinitiator pre-
sents a clear pathway for the modification of photoinitiators in 3D
nanoprinting. © 2019 Wiley Periodicals, Inc. J. Polym. Sci., Part B:
Polym. Phys. 2019, 57, 14621475

KEYWORDS: 3D nanoprinting polymerizations; direct laser writ-
ing; thioxanthone-based photoinitiators; two-photon polymeriza-
tion; ultrafast transient absorption spectroscopy

polymerization systems, it remains a diffraction-limited pro-
cess. This significant barrier can be overcome by introducing
a polymerization-inhibiting depletion laser.” That is, in a con-
cept first applied to micruscopy,g the reselution of DLW wasg
improved by spatially overlapping a shaped depletion laser
beam such that the DLW beam is positioned in a minimum of
the depletion laser beam.” In this configuration, the photo-
initiated polymerization is inhibited anywhere outside of the
depletion laser minimum. Critical to the success of this
inhibiticn-based polymerization technique is the optical
response of the phetoinidating species in the DLW process.
That is, the photoinitiator must allow for efficient initiation
(and subsequent propagation) of the polymerization by the
excitation beam while the inhibition beam must stop the poly-
merization reaction in an effective manner. To this end,

Additional Supporting Information may be found in the online version of this article.
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© 2019 Wiley Periodicals, Inc.
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several two-photon photoinitiating species have been devel-
oped, and some of the most promising materials have been
investigated with nanolithographic applications in mind.!%*!
However, there is a demand in both academic and industrial
circles for more efficient photoinitiators in order to reduce
the writing laser power requirements. Because the polymeri-
zation that the phetoinitiator controls is key in the DLW pro-
cess, we synthesized a series of new thioxanthone-based
photoinitiators in order to achieve more efficient initiation
(ie., lower power) of the photopolymerizations at the nano-
scale, and we established that the appropriate design of these
materials and the modulation of their photophysical proper-
ties can significantly reduce the power required to create two-
photon polymerized nanostructures.

The proposed photoinitiator builds from the fact that isopro-
pyl thioxanthone (ITX) is an established photoinitiator in two-
phoeton nanolithographic processes.'? Despite the fact that 1TX
demonstrates the desired photoinitiation and photeinhibition
properties with respect to the writing and depletion
wavelengths,™'* the writing laser power required for this
material is still large at the common writing wavelength of
800nm due to the weak two-photon absorption cross
section of the ITX molecule.'® While not a particular issue for
previously reported proof-of-concept demonstrations, reduc-
ing the amount of power required for photoinitiation is of crit-
ical import for scalable nanomanufacturing (ie, in cases
where multiple lasers would be required in order to achicve
high-throughput production). Also of concern is the tendency
of larger laser powers to lead to parasitic polymerization due
to thermal initiation events, which can impact the minimum
feature sizes that are attainable.!* Thus, there is a significant
need to develop next-generation [TX derivatives that are capa-
ble of having improved light absorption profiles for the DLW
wavelength (& = 800 nm).

From nonlinear optics, the two-photon abserption coefficient
is predicted to be optimal for an incident photon energy that
is 0.7 times the bandgap of a wide bandgap material® [n
terms of designing a molecule for a constant DLW wavelength
of 800 nm, this indicates a necessity to redshift the absorption
peak of the photoinitiators relative to ITX to improve this
ratio of absorption peak wavelength to the incident light
wavelength. Moreover, it has been shown that molecules fol-
lowing a donor-acceptor-donor type structure alse demon-
strate an improved two-photon absorption cross section.'®
Following these lines of thinking, we strive to take ITX and
develop derivatives with improved two-photon absorption
(i.e., increasing the number of initial electrons that are pro-
moted to the singlet state) while studying the resulting effects
on the polymerization initiating and inhibiting properties of
the new compounds (ie, we will evaluate the intersystem
crossing processes and triplet state dynamics as well). We
propose that the introduction of chromophores or electron
donors leads to the generation of the donor-acceptor-donor
or donor-acceptor species, and this will cause a redshift in
the absorption spectrum. Compared to [TX, these derivatives
should demonstrate improved two-photon absorption cross
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sections. In order to accomplish this objective, the functional
groups pendant to the thioxanthen-9-aone core of ITX were
tuned in a systematic manner. Specifically, phenyl, diphenyl,
and naphthyl groups were attached to the ITX core with
alkyne bridges, which leads to extended aromatic systems
along the small molecule backbone. This extended conjuga-
tion, in turn, results in a bathochromic shift in the peak of the
absorbance spectra of the molecules. Dialkylamino groups
were added to terminate the ends of the molecules due to the
strong electron-donating features of these substituents. In
addition, mono- and di-substituted derivatives were synthe-
sized and compared in order to elucidate the influence of the
numbers of pendant groups on the photophysical properties
of the polymerization initiators. The absorption spectra of the
new initiators were predicted by density functional theory
(DFT) calculations in order to provide a guide for the synthe-
sis. Two-photon absarption crass sections were measured for
each of the synthesized photoinitiators to provide a direct
indicator of the DLW polymerizatien performance. The exis-
tence of possible charge transfer states that could arise due to
the donor-accepter molecular motif were rationalized by cal-
culating the frontier molecular orbitals of the molecules.
Ultra-fast transient absorption spectroscopy and phosphores-
cence spectra were utilized to determine excited state life-
times in order to benchmark the polymerization inhibition
characteristics and possible mechanism of the newly synthe-
sized polymerization photoinitiators in comparison to ITX
DLW polymerization was then performed using the most-
promising photoinitiator based on these evaluations, and the
photoinitiating molecule, Z,7-bis[(4-(dimethylamino)phenyl
ethynyl)-9H-thioxanthen-9-one] (BDAPT), demonstrated a
reduction in required laser power for DLW when pen-
tacrythritol triacrylate (PETA) scrved as the monomer for the
polymerizations associated with the engineered photo-
initiators. The writing laser powcr of BDAPT was reduced by
fivefold relative to the laser power required for the same mono-
mer system using the commonly implemented [TX
photoinitiator. Therefore, the archetype presented here is one
that sets a path forward in designing next-generation photo-
initiators for their application towards low-power, high-
throughput photopolymerizations in 3D nanoprinted materials.

EXPERIMENTAL

General Experimental Procedures

All chemicals were purchased from Sigma-Aldrich, and the
chemicals were used as received. The *H NMR spectra were
measured on a Bruker DRX500 spectrometer using a ~1%
polymer solution (by weight) in deuterated chloroform (Sigma-
Aldrich). Ultraviolet-visible (UV-Vis) spectroscopy data were
collected using a Cary 60 spectrometer in the wavelength range
of 330 nm £ i < 800 nm. Fluorescence and phosphorescence
spectroscopy data were obtained using a Cary Eclipse fluores-
cence and phosphorescence spectrophotometer in the wave-
length range of 400 nm £ A <800 nm (with an excitation
wavelength of 350 nm). Phosphorescence data were collected
using deoxygenated solutions of the samples in a glass-forming
solvent, with an absorbance below 0.01 at the excitation
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wavelength. 9,10-Diphenylanthracence was used as a fluores-
cence quantum yield standard (94%) as the quantum yield of
this material in THF is well established.'” In order to correct
for solvent effects, eq 1 was utilized to normalize the quantum
vield obtained for the 9,10-diphenylanthracence when PETA
was the solvent.®

S nZ
Bpprs = Pr (ﬂ) (&) (0

7
Stur Diup

Here, ®yr (9496) is the fluorescence quantum yield of the stan-
dard in THF. Spyp (~2.64 x 10°counts/a) represents the slope
of the integrated fluorescence signal obtained for the standard
molecule vs. abserbance for different concentrations when they
are dissolved in THF, and Spgra (~2.50 X 106counts/a.u.] repre-
sents the same slope when the standard molecule is dissolved in
PETA. The refractive indeices (npgrs = 1.483 and nyp = 1.407)
were obtained from Sigma-Aldrich. From this equation, the fluo-
rescence quantum yield of 9,10-diphenylanthracence in PETA
was calculated as 98.7%. The quantum yield values of different
photoinitiators were tested and referenced to the value of
9,10-diphenylanthracence.

Synthesis of Dibromo-9H-Thioxanthene-9-One (DBTX)
Thioxanthen-9-one (Compound 7, 4 g, 19.2 mmol) was added
to a 500 mL round bottle flask with 32 mL of acetic acid.
Then, 8 mL of bromine were added in a dropwise manner
while the reaction mixture was held at 0 °C. After the addition
of the bromine, the flask was slowly heated to 118°C. After
24 h, a dark red solution formed, and at this time, the solution
was poured into an ice bath. A yellow precipitate appeared,
and it was filtered. After washing with a saturated aqueous
NaHCO5 twice to quench any remaining acid, the yellow solid
was dissolved into toluene and subsequently recrystallized to
form yellow crystals in 51% yield. "H NMR (400 MHz, deuter-
ated chloroform) 8: 8.74 (d, 4 J = 2.35 Hz, 2H), 7.76 (dd,
3)=859,4]=230Hz 2H), 749 (d, 3 ] = 8.61 Hz, 2H).

Synthesis of 6-Bromo-N,N-Dimethylnaphthalen-2-Amine.
(Compound 2)

6-Bromo-2-naphthel (Compound 1, 1.5 g, 6.7 mmol), a solu-
tion of dimethyl amine in methanol (15 mL, 33 mmol), and
Na,S,05 (2.7 g 13.6 mmol), were added to a reaction flask.
Then, 5 mL of H,0 was added to the reaction flask in order to
increase the solubility of Na,5,;0s and the tube was then
sealed. The reaction was slowly heated to 140 °C. After 40 h,
the crude mixture was obtained by filtering the inorganic
solid; the organic sclution was washed with brine and DI-
water three times and extracted with ethyl acetate. The mix-
ture was purified by column chromatography (Hexane: ethyl
acetate = 9:1 v/v) to yield a solid with 60% yield. "H NMR
(400 MHz, deuterated chloroform) & 7.84-7.80 (m, 1H),
7.63-7.57 (m, 1H), 7.51 (dq, J = 8.8, 0.6 Hz, 1H), 741 (dd,
J = 88, 2.0 Hz, 1H), 7.16 (dd, ] = 9.1, 2.6 Hz, 1H), 6.86 (d,
J = 2.6 Hz, 1H), 3.05 (s, 6H).
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Synthesis of N,N-Dimethyl-6-((Trimethylsilyl) Ethynyl)
Naphthalen-2-Amine (Compound 3)

Pd(PPh3),Cl, (0.05 mmol), Cul (0.05 mmol), and 6-bromo-N,
N-dimethylnaphthalen-Z-amine (125 mg, 0.5 mmel) were
added to a round bottle flask under a nitrogen blanket. Subse-
quently, freshly distilled diethyl amine (3 mL) with (tri-
methylsilyl) acetylene {0.14 mL, 1 mmol) were added to the
flask. The reaction was slowly heated to 50°C in the dark.
After 24 h, the reaction mixture was diluted with ethyl acetate
before being washed with brine and DI water three times.
After the organic fraction was dried by Na,SO,, the mixture
was pushed through a silica gel flash column without further
purification.

Synthesis of 4'-Bromo-N,N-Dimethyl-[1,1-Biphenyl]-
4-Amine (Compound 5)

4-(Dimethyl amino) phenylboronic acid pinacol ester
(Compound 4, 494 mg, 2 mmol) and 1-bromo-4-iodobenzene
(676 mg, 2.4 mmol) were added to a 20 mL sealed tube. Then,
0.1 equivalents of Pd (PPhs)s (0.2 mmol) and NayCOs
(6 mmol) were mixed and poured into the tube; 15 mL of
THF and 2 mL of water were then injected to the tube. The
tube was sealed and slowly heated to 80°C overnight under a
nitrogen atmosphere. The dark mixture that formed was
washed with brine and then deionized (DI) water three times
and extracted with ethyl acetate. After drying over NazSO,,
the crude mixture was purified by silica gel column chroma-
tography (hexane: ethyl acetate = 10:1 v/v) to give a solid
with 40% yield. 1H NMR (400 MHz, deuterated chloroform) &
7.52-7.48 (m, ZH), 7.48-7.43 (m, 2H), 7.44-7.38 (m, 2H), 6.79
(d, J = 8.3 Hz, 2H), 2.99 (s, 6H).

Synthesis of N,N-Dimethyl-4'-((Trimethylsilyl)-Ethynyl)-
[1,1-Biphenyl]-4-Amine (Compound 6)

Pd(PPhz),Cl; (0.05 mmol), Cul {0.05 mmol), and 4'-bromo-
N,N-dimethyl-[1,1"-biphenyl]-4-amine {Compound 5, 130 mg,
0.5 mmol) were added in a round bottom flask under a nitrogen
blanket. Subsequently, freshly distilled diethyl amine (3 mL) and
(trimethylsilyl) acetylene (0.14 mL, 1 mmol) were added to the
flask. The reaction was slowly heated to 50°C in the dark. After
24 h, the reaction mixture was diluted with ethyl acetate before
being washed with brine and DI water three times. After the
reaction, the organic fraction was dried with Na,S0,, and the
mixture was pushed through a silica gel flash column without
further purification.

Synthesis of 2,7-Bis[(4-(Dimethylamino)Phenyl Ethynyl)-
9H-Thioxanthen-9-One]

4-Ethynyl-N,N-dimethylaniline (Compound 8, 362 mg, 2.5 mmol),
Pd(PPhs),Cl; (42 mg, 0.06 mmol), Cul (19 mg, 0.1 mmol), and
DBTX (115 mg, 0.32 mmol) were added in a round bottle flask
under nitrogen protection. Then freshly distilled diethyl amine
(4 mL) was injected. The reaction was stirred for 30 h at 53°C
in the dark. The reaction mixture was diluted with ethyl acetate
before being washed with brine and DI water three times. After-
wards, the organic layer was dried using Na,S0,, the mixture
was purified by column chromatography (Hexane:ethyl ace-
tate = 6:1 v/v) to give a solid with 10% yield. It was mixed with
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PETA immediately for use during nanoprinting because of its
fast decomposition in air or exposure to light 'H NMR
(400 MHz, deuterated chloroform) & 7.89 (d, j = 89 Hz ZH),
7.70 (d, J = 8.0 Hz, 2H), 7.49-741 (m, 4H), 7.39 (d, ] = 89 Hz,
ZH), 6.70-6.64 (m, 4H), 3.00 (s, 12H).

Synthesis of Z-Bromo-7-[(4-(Dimethylamino) Phenyl)
Ethynyl]-9H-Thioxanthen-9-One
4-Ethynyl-N,N-dimethylaniline (Compound 8, 50 mg, 0.32 mmol),
Pd(PPh;):Cl; (14 mg, 0.02 mmol), Cul (10 mg, 0.05 mmel), and
DBTX (115 mg, 0.32 mmol) were added to a round bottom flask
under nitrogen protection. Freshly distilled diethyl amine (2 mL)
was injected and the reaction was stirred for 24 h at 50 °C in the
darl. The reaction mixture was diluted with cthyl acetate before
heing washed with brine and DI water three times. After the
organic layer was dried with Na,S04, the mixture was purified by
column chromatography (hexancicthyl acetate = 20:1 v/v) to pro-
duce a solid with 11% yield. 'H NMR (400 MHz, deuterated chlore-
form) & 8.74 (ddd, = 193, 2.1, 05 Hz, 2H), 7.72 (ddd, j = 84, 2.1,
1.5 Hz, 2H), 7.56-7.47 (m, 2H), 7.47-7.41 {m, 2H), 6.68 {d, ] = 9.0 Hz,
2H), 3.01 (s, 6H).

Synthesis of Z-Bromo-7-[(6-(Dimethylamino) Naphthalen-
2-Y1)Ethynyl]-9H-Thioxanthen-9-One

N N-dimethyl-6-((trimethylsilyl}-ethynyl)naphthalen-2-amine
[Compound 3, 200 mg, 0.75 mmol), Pd(PPh;),Cl; (28 mg,
0.04 mmol), Cul (19 mg, 0.1 mmol), and DBTX (115 mg,
0.32 mmol) were added in a round bottom flask under nitrogen
protection. Freshly distilled diethyl amine (2 mL) was injected
and the reaction was stirred for 30 h at 53°C in the dark. The
reaction mixture was diluted with ethyl acetate before being
washed with brine and DI water three times. After the organic
layer was dried with Na,S0,, the mixture was purified by column
chromatography (hexane:ethyl acetate = 20:1 v/v) to give a solid
with 8% yield. It was mixed with PETA immediately for use dur-
ing nanaprinting because of its fast decomposition in air or
exposure to light. '"H NMR (400 MHz, deuterated chloroform)
5877 (d.J = 2.2 Hz, 1H), 7.96-7.89 (m, 1H), 7.80-7.66 (m,
3H), 7.64-7.57 {m, 2H), 7.53-7.45 (m, ZH), 7.41-7.34 (m, 1H),
7.17 (ddd, /= 9.1, 4.8, 2.6 Hz, 1H), 6.88 (d, f = 2.5 Hz, 1H), 3.08
(s, 6H).

Computational Calculations Procedure

The theoretical ultraviolet-visible (UV-Vis) absorpticn spectra of
the relevant molecules were calculated using Gaussian 09.'° The
optimized ground-state geometries of all of the molecules were
computed using DFT with the Becke 3-parameter hybrid functional
with Lee-Yang-Parr correlation (B3LYP) and the 6-31G{d) basis
set, as implemented in Gaussian 09. The optimized structures were
verified by computing the infrared (IR) absorption spectra of
the structure and verifying that ne imaginary frequencies
were present. After computing the optimized structures, the
first 40 excited states of each molecule were computed using
time-dependent DFT (TD-DFT) as implemented in Gaussian
09 at the same level of theory.

To generate the theoretical spectra, each excited state transition
was used to generate a Gaussian function according to eq 2.0

ADVANCED
SCIENCE NEWS

advancedsciencenews.com

WWW POLYMERPHYSICS. ORG

FULL PAPER

- fa_ 29y 2
e(d)=ax 1UﬂLexp {— (M) } (2)

[ [

Here, a is a constant equal to 1.3062974, & is the molar
absorptivity of the molecule due to transition i at the given
wavelength & in units of L mol™" cm™, £, is the oscillator
strength of the transition, 2, is the wavelength of the transi-
tion, and ¢ is standard deviation (representing the width of
the Gaussian function). Because the available range for the
standard deviation is from 0.2 eV to 0.8 eV, a default value of
3.226 x 107* nm™ (equal to 0.4 eV) was used in this calcula-
tion, as has been used previously.'” Summing the Gaussian
functions for each transition provides the theoretical UV-Vis
spectrum of the molecule. The complete tabular data for the
S5y and T, energy levels for the new photoinitiator of interest,
BDAPT, are shown in the Supporting Information Tables §1
and 52, respectively.

DLW Photopolymerization

The excitation source consisted of a Ti:Sapphire oscillator
(Coherent Micra-10} at 800 nm center wavelength and
80 MHz repetition rate. A continuous wave 638 nm diode
laser was used as the inhibition beam, introduced via a
dichroic beam splitter. Both beams were focused through a
100x objective lens (Nikon, N.A. = 1.49) to the sample located
on a 100 pm x 100 pm x 200 pm travel piezostage (Mad City
Labs), which is computer-controlled for translation in space.
Fast mechanical shutters (Uniblitz) were used to contral each
beam independently. Attenuation of the laser power was
achieved by variable neutral density filters. For each laser, a
telescoping lens pair was used to expand the beam diameters
before reaching the objective lens. The samples consisted of
blends of monomer and photoinitiaters sandwiched between
a microscope slide and glass coverslip (thickness ~170 ym)
with a single layer of Scotch tape providing a gap of ~40 pm.
The concentration (by weight) of single photoinitiator in PETA
monomer for each sample was 0.25% for BDAPT, 0.5% for
both DANT and DAPT, and 1.5% for ITX. Coarse positioning of
the sample was performed by a manual, micrometer-driven
stage. The stages and objective lenses were mounted on an
inverted microscope. All of the writing was performed at scan
speed of 100 um s~ Laser powers were measured at the
back of the objective lens through a 6 mm diameter aperture.
The heights of printed polymer lines were measured using an
atomic force microscope {AIST NT) with a silicon tip in tap-
ping mode. After these height measurements were made, the
structures were sputter-coated with an Au/Pd mixture, and
the samples were imaged using a scanning electron micro-
scope (Hitachi S-4800) with 30 kV accelerating voltage.

Z-5can Measurements

The nonlinear two-photon absorption cross sections were
determined using an open-aperture Z-scan.”' All Z-scan mea-
surements were performed using 50 fs pulses from a
regeneratively amplified laser (KMLabs Wyvern-1000) with a
center wavelength of 788 nm and full-width, half-maximum
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(FWHM) bandwidth of 28 nm. The beam was [irst spatially fil-
tered before being focused to a beam waist of ~16 um. Solu-
tions of photoinitiators in THF were evaluated with a 1 mm
path length cuvette holding the solution. During the measure-
ment, the sample was translated along the optical (z-) axis by
a motorized stage. All of the transmitted signal was collected
with a photodetector while a second photedetector measured
the beam before the sample to remove any laser instability
issues in the final reported data.

Excited State Lifetime Measurements

Excited state lifetimes of the photoinitiators were determined
by transient absorption measurements using a collinear
pump-probe scheme similar to a previous work.2? Here, the
800 nm pump beam was frequency doubled to 200 nm and
the probe beam was sel to 633 nm using an optical par-
ameteric amplifier (Quantronix TOPAS-C). The concentrations
of ITX and BDAPT in THF were 82x107% M and
1.3 x 10 > M, respectively. The pump laser fluence was
~1.4% 1072 Jem™2 for BDAPT and ~1.2 X 1077 Jem™2 for ITX.
The probe laser fluence was ~3.9 x 10°* Icm’2 for BDAPT
and ~4.8 x 10 * Jem ™2 for ITX.

RESULTS AND DISCUSSION

As a commercially available photoinitiator, ITX has served as a
model molecule that reveals the mechanism of energy Lransfer
in two-photon DLW polymerizations, and the general picture of
its operating mechanism in photopolymerizations is as follows.
First, an electron in the ground state (S,) of ITX is promoted to
the first excited state (S4) through a two-photon eplical transi-
tion using an 800 nm wavelength laser.?? Then, the excited state
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undergoes intersystem crossing Lo generate the Lriplel slale
(T,), which initiates the polymerization when ITX is blended
with the monomeric species. As revealed by previous pump-
probe spectroscopy experiments,'??® the ITX molecule can
undergo depletion of the excited state through both:
(a) stimulated-emission depletion (STED) and (b) nonradiative
decay by excitation of long-lived species in order to inhibit the
polymerization. The latter of these two dominates in depletion
DLW polymerization when ITX is the photoinitiator,1%23

Due Lo the well-understood excited state dynamics of ITX, it is use-
ful as a starting material for the development of high-performance
polymerization photeinitiators. As such, the design of our photo-
initiators is based on a previous work of the Gryko group.* More-
over, in order to guide the synthetic design, computational
calculations were utilized to predict the absorption spectra of a set
of potential photoinitiator molecules,'” and the experimentally
synthesized materials were those that showed the most promise
from these simulations. For example, relative to ITX, the peak
absorption wavelength is red shifted for the BDAPT; 2-bromo-
7-((6-(dimethylamino)naphthalen-2-y1)ethynyl)-9H-thioxanthen-
9-one (DANT) and 2,7-bis((6-{dimethylamino)naphthalen-2-yl)
ethynyl)-9H-thioxanthen-9-one  (BDANT);  2-bromo-7-((4'-
(dimethylamino)-[1,1"-biphenyl]-4-yl)ethynyl)-9H-thioxanthen-
9-one (DEPT) and 2,7-his((4'-(dimethylamino)-[ 1,1’ -biphenyl]-1-yI)
ethynyl)-9H-thioxanthen-9-one (BDEPT) compounds (Fig. 1).

This agrees with the concept that the extension of the
n-system in photoinitiators can cause a redshift in the peak
absorplion of these ITX-based molecules. Moreover, Lthere was
a predicted redshift between the mono-substituted and the di-
substituted derivatives as well. For example, in the predicted

(@10 (b) 10 (©) 10
—_ red shift ——DAPT . red shift ——DANT . Jp—
S 08 ——BDAPT S 08 " ToaNT S 08 red shit  —gpept
.‘_"'. T £ —_—IT g’ —ITX
306 8 os {1 8 os}
c c e
8 g kS
5 04 5 04 1 5 04
0 17 172
e} 0 K=}
< 02 < g2 {1 < o2}
08 A " " Ug i A A Dg i " "
00 300 400 500 600 700 800 00 300 400 500 600 700 800 00 300 400 500 600 700 800

Wavelength (nm)

Br

BDAPT

Wavelength (nm)

BDANT

Wavelength (nm)

BDEPT

FIGURE 1 Predicted UV-Vis absorption plots for: {a) ITX, DAPT, and BDAPT; (b} ITX, DANT and BDANT; and (c} ITX, DEPT, and
BDPET. These predictions were made using TD-DFT with a B3LYP/6-31G(d} level of theory. The structures of the simulated
photoinitiating molecules (aside from ITX} are shown directly below their calculated absorption spectra. [Color figure can be viewed

at wileyonlinelibrary.com]
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TABLE 1 Absorption Coefficients and Fluorescence Quantum Yields of the Photoinitiators
Peak abhsorption Theoretical peak absorption

Photoinitiator  Solvent  wavelength (nm)®  wavelength {nm) e (10% mol™"Lem™) £ {10* mol™'Lem™") @y (%)°
ITX Toluene 385 348 071 057

PETA 387 0.23 0.21 1.6
BDAPT Toluene 408 390 0.91 0.83

PETA 414 2.0 1.8 8.1
DAPT Toluene 353 365 5.1 12

PETA _d _d _d _d
DANT Toluene 380 389 0.88 0.7

PETA 390 1.6 14 4.4
DBTX Toluene 395 0.46 0.42

PETA _d _d _d _d

® The peak wavelength is the maximum absorption near a wavelength of
400 nm if there are multiple peaks in the spectra.

“The molar absorption coefficient of the species at the wavelength dem-
onstrating the maximum absorption.

UV-Vis absorption data, the maximum absorption wavelength
of BDAPT was redshifted about 25 nm relative to DAPT. This
redshifted trend also was cbserved in the DANT- and DEPT-
based systems due to the extension of the n-system.

All the molecules have a relatively high predicted molar
absorptivity coefficient at 400 nm (Table 1), which demon-
strated their potential feasibility as cfficient photoinitiators.
Based upon these DFT results, the most promising compounds
(i.e, DAPT, BDAPT, and DANT) were synthesized as these mole-
cules exhibited strong absorption and were predicted to have
maximum absorption wavelengths around 400 nm. Specifically,
we designed a series of compounds based on an ITX core with
different substituent groups. After our initial design, a straight-
forward series of high-throughput experiments (vide infra)
were performed in order to down-sclect the most promising
photoinitiating candidates. In this way, design and selection
rules can be had for these types of photoinitiating systems.

In this particular effort, alkyne groups were introduced as
linkers between the backbone and the branches for two major

H
BI’ /N\
HO N323205

ol
O-p
)%(') PdC\z(PPha 2, Nanzco3

4

© The molar absorption coefficient at the 380 nm wavelength.

9 Insufficient signal or difficult to dissolve in the PETA monomer.

* Fluorsscence quantum yisld when the excitation wavelength was set to
290 nm.

reasons. First, this functionality increases the distance
between the backbone and substituent branches to avoid ste-
ric hindrance effects, which may interrupt the conjugated sys-
tem due to the possibility of rotation. Second, this
functionality maintains aromaticity across the melecular sys-
tem. Thus, functional groups were attached through the triple
bond bridge. Specifically, phenyl, diphenyl, and naphthyl
groups were synthesized and bonded through the alkyne
group in a systematic way (Scheme 1). That is after a base-
promoted aromatic substitution with dimethyl amine,?” the
naphthyl substituted group (Compeound 3) was gencerated by a
Sonogashira coupling reaction.?® Similarly, the diphenyl-
substituted group (Compound 6) was generated by a Pd-
catalyst Suzuki coupling®” followed by a Sonogashira coupling
reaction®®  Finally, the 4-ethynyl-nN-dimethylaniline
(Compound 8) was commercially available, and it was pur-
chased directly from Sigma-Aldrich.

The synthetic pathway shown in Scheme 2 was then utilized to
create the advanced photoinitiators, and these molecules were
characterized by 'H NMR spectroscopy and mass spectroscopy

—TMS

DEA, Cul, PdC\;(PPh3)2
T™MS

|
N
= TMS
DEA, Cul, PdCIQ(PPhg)g

SCHEME 1 Synthetic pathway of the substituents of the photoinitiators.
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SCHEME 2 Synthetic pathway for the advanced photoinitiators.

{Supporting Information Figs. $1-53).2%%® Dibromothioxanthen-
9-one (DBTX) can be synthesized through a bromination
reaction.”*! BDAPT and DAPT can be successfully formed by
traditional Sonogashira coupling reactions using a single
step 257332 The major product of these reactions (i.e,, either the
di-substituted BDAPT or mono-substituted DAPT) can be con-
trolled by changing the ratio of two different starting materials.
DANT can also be generated through the same Sonogashira
coupling in similar conditions; however, due to the instability
of those species, the yield of DAPT, BDAPT, and DANT were
low (11%, 10%, and 8%, respectively), and BDEPT, DEPT, and
BDANT were not isolated in a manner that allowed for their
evaluation as photeinitiating species.33*

After the successful syntheses according to Schemes 1 and 2,
the frontier molecular orbitals were calculated and are shown
in Figure 2. The thioxanthone core can be thought of as an
acceptor and the (NN-dimethylamino)phenyl moieties as the
donors. The first two singlet excited states for BDAPT are
transitions from the HOMO to the LUMO and from the HOMO-
1 to the LUMO, respectively. These correspond to the intramo-
lecular charge transfer states, as evidenced by the shift in the
wave function density from the entire melecule te the
thioxanthone center. The third calculated singlet excited state,
which corresponds to the primary excitation at 400 nm, is a
transition from the HOMO to the LUMO+1. This, by contrast,
results in minimal change in the charge density on the mole-
cule. Thus, the transition from S, to the lower optically inactive
singlet states could proceed by a charge transfer mechanism.

The absorption and emission properties of the materials were
characterized in order to compare their experimental

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2019, 57, 1462-1475

properties to the predicted properties and to evaluate their
petential utility in the DLW photopolymerization process. In
particular, synthesizing molecules with large molar absorptiv-
ity values at half the wavelength used in the DLW process
(i.e., 400 nm) is of prime interest. Moreover, these same mole-
cules should demonstrate relatively strong emission at the
common depletion laser wavelength of 532 nm in their fluo-
rescence spectra for quenching of the polymerization via the
STED process. The normalized experimental UV-Vis absorp-
tion data are shown in Figure 3(a). DBTX was included in the
result as a comparison in order to provide a baseline material
that did not include any conjugated branches, and the experi-
mental absorption spectrum of DBTX is redshifted relative te
ITX. BDAPT and DANT had two broad peaks®>*® with rela-
tively high absorbance at 400 nm, which can be attributed te
the a—n* transition at higher wavelength and n—o* jumping
at lower wavelength due to the electron lone pair on the het-
ero atom.>”*® DAPT was also redshifted (Supporting Informa-
tion Fig. S4), likely because of the charge transfer state
generated by the asymmetric structure of DAPT.3? As a result,
all the new photoinitiators were redshifted as designed and
had a relatively high absorption at 400 nm in UV-Vis spec-
trum (Supporting Information Fig. 54), such that the excitation
processes occurred readily.

For light-induced inhibition of the DLW photopolymerization,
ITX has been shown to predominantly follow a triplet-triplet
absorption depletion pathway for the initiating species. How-
ever, for ITX derivatives such as these, there are other poten-
tial depletion pathways that may be nen-negligible, or even
dominating, for inhibiting the polymerization process.*’ In
order to determine the possible contribution of another
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FIGURE 2 Molecular orbital diagrams calculated at an isovalue of 0.02. These plots are of the: {a} HOMO, LUMO of BDAPT; {(b) HOMO
and LUMO of DAPT; (¢} HOMO and LUMO of DANT; (d) HOMO-1 and LUMO+1 of BDAPT; (e) HOMO-1 and LUMO+1 of DAPT; and (f)
HOMO-1 and LUMO+1 of DANT. They are used to illustrate the charge transfer states in those molecules. It can be seen that the
HOMO, HOMO-1, and LUMO+1 wave functions are either spread over the entire molecule or localized to the (N,N-dimethylamino)
phenyl moieties, while the LUMO wave functions are localized to the thioxanthone core. Therefore, electronic transitions from the
highest two occupied orbitals to the LUMO should result in a transfer of charge from the branches to the core, while transitions to
the LUMO+1 should not result in a charge transfer state formation. [Color figure can be viewed at wileyonlinelibrary.com]

popular depletion mechanism, stimulated emission depletion,  trend of the different compounds is DBTX < ITX < DANT <
to the polymerization inhibition process, the fluorescence of = DAPT < BDAPT [Fig. 3(b)]. Exposure of BDAPT at 532 nm
each molecule was established. The peak emission wavelength  may provide the greatest potential for STED because the peak
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FIGURE 3 {a) The normalized UV-Vis absorbance spectra of photoinitiators in toluene. (b} The fluorescence spectra of the initiators in
toluene obtained with excitation at 350 nm. [Color figure can be viewed at wileyonlinelibrary.com]

of fluorescence emission is approaching 532 nm. Excitation
spectra were collected and compared to the absorption spec-
tra. The spectra closely matched, indicating the observed
emission is not due to an instrumentation artifact (Supporting
Information Fig. §5). Thus, from both the UV-Vis and fluores-
cence spectra, BDAPT and DANT showed the potential to
replace ITX as high-performing photoinitiators for DLW
nanolithographic applications.

The coefficient of extinction and fluorescence quantum yield
is listed in Table 1, and the raw data are presented in the
Supporling Information Figure S6. All of the initiators, includ-
ing ITX, had a relatively low fluorescence quantum yield in
PETA, which indicated that the stimulated emission depletion
process likely was not a dominate pathway and nonradiative
decay from the excitation of long-lived species should be the
major process for depletion. Therefore, any depletion effects
exhibited in DLW with new initiators can be expected to fol-
low a similar pathway as observed with ITX.

The extinction coefficient provides a clear representation of
the ability of the photoinitiator to absorb light through a one-
photon process; however, it was initially used here as an

TABLE 2 Two-Photon Absorption Cross Section ¢, and Writing
Thresheld of Photoinitiators

Writing threshold

Photoinitiator oz (GM)? (10" molecules mW '}
BDAPT 368 (+45) 0.651

DANT 524 (+ 61) 1.484

ITX 3 (0.4} 4.065

DAPT 122 (£ 21) -*

DBTX 22 (+5) -

?The values in parentheses indicate one standard deviation from the
average measured value.
" Difficulty dissolving this material uniformly in the monomer.
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indicator of the absorptive properties of the new initiators
through a two-photon process. To directly measure the
nonlinear absorption properties, an open-aperture Z-scan was
performed for each of the photoinitiators.™!
two-photon absorption (TPA) cross sections, o, are presented
in Table 2 along with the DLW polymerization wriling thresh-
olds for the initiators in PETA. The writing threshold power is
the minimum laser power required to write a defined line
structure that survives Lhe development process.

The measured

For comparison purposes, the writing thresholds for each
resist were calculated by dividing the photoinitiator concen-
tration by the writing threshold power at 100 pm s L
order to account for unknowns in the Z-scan measurement,
the ITX molecule with a known o,'*?? was used as a refer-
ence Lo calibrate the measurement and ebtain the presented
values (see the Supporting Information). The trend of TPA
cross sections is ITX < DBTX < DAPT < BDAPT < DANT.
Although BDAPT and DANT trade spots in the TPA compared
to their linear extinction coefficients determined through
single-photon absorption, the simple extinction coefficient
measurements provide reasonable indicators of the two-
photon absorbing process (see Supporting Information Fig. S7
for the raw data for these measurements). Moreover, the new
initiators, especially BDAPT and DANT, were much improved
relative to the ITX TPA cross section and showed lower DLW
polymerization thresholds; thus, they stood out as promising
phetoinitiating candidates.

Beyond improving the writing thresheld for the DLW poly-
merization, it was necessary to investigate if the polymeriza-
tion inhibition effect available in ITX was also present in the
synthesized photoinitiators. To illustrate the depletion of the
excited state, a 405 nm exciting laser was introduced orthogo-
nally to a 633 nm laser beam and signal path [Fig. 4(a)]. In
this configuration, the 633 nm laser was treated as the deple-
tion laser. Assuming no saturation effects were occurring, if
the addition of individual fluorescence signals for sample
exposure by excitation (405 nm) and depletion (633 nm)
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FIGURE 5 Selectively inhibited DLW photopolymerization using BDAPT {0.25 wt %) as a photoinitiator in the PETA monomer.
Polymer lines were written at 100 um s~' with the 638 nm diode laser turned on for 10 um, preventing polymerization in the region
shown by the box highlighted by white dashed lines. (a} The AFM image of the printed polymer nanoscale lines. (b)The SEM image
of the same polymer lines. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 (a) Ultra-fast transient absorption measurement of ITX and
BDAPT in THF. The pump and the probe wavelengths used were
400 nm and 633 nm, respectively. The solid lines represent fits to the
data, which is shown as either open triangles (ITX} or open squares
(BDAPT). (b} The DFT calculation of the singlet states and triplet states
of BDAPT and the most likely pathway of depletion. S,* levels are not
calculated and are sketched for visualization purposes only. [Color
figure can be viewed at wileyonlinelibrary.com]
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initial drop in the transmission curve occurred on a timescale
comparable with the pulse duration, where §; and $;* were
filled by the pump beam. The $;% — 8, intraband transition was
then observed to have a lifetime of T, which was about four
times shorter than for ITX. A final $; lifetime of r; (187 ps) for
BDAPT was found to be about 22 times shorter than z (4.2 ns)
for ITX. As shown in the calculations of Figure 6(b), BDAPT was
predicted to undergo a Ty T, transition.!? The calculated
energy gap between Ty and Tys was 581 nm, which is smaller
than the depleting laser used during lithography because the
energy gap in PETA solution is different from the energy gap
with no solvent present.">*? This led to the inhibition of the
polymerization by depopulating the T, state before polymeriza-
tion occurred, similar to the mechanism commonly associated
with depletion in ITX-based systems.'? [t is crucial to notice that
the lifetime of the S, state (187 ps) for BDAPT is much shorter
than the lifetime ol S, state (4.2 ns) for ITX. This large dilference
leads to a sizeable population of BDAPT entering the T, state in
ashort period of time. T, is the energy state leading to polymeri-
zalion during nanoprinting, which is why BDAPT can initiale
writing at a fivefold lower power than [TX.

To provide insights into the T, lifetimes, phosphorescence
spectra al a lemperature of 77 K were acquired. As shown in
Figure 7, all the initiators possess clear phosphorescent emis-
sion, which indicates that the depletion of singlet-excited state
via intersystem crossing Lo the Lriplet slale exists in all of the
systems evaluated here. The trend of the phosphorescent life-
times is DBTX (10 ms)<ITX (120 ms) < DAPT (219 ms)
< BDAPT (287 ms) < DANT (379 ms), which represents the
sequence of how long Lhe molecules would have their Ty
states populated. When comparing DBTX, DAPT, and BDAPT
(Fig. 8), we establish that the addition of conjugated branches
increases the phosphorescence lifetime, although the effect is
decreased when the second branch is introduced.

By comparing DAPT and DANT, we see that the naphthalene
subslituent performs differently than phenyl substiluent Lo
increase the phosphorescence lifetime. This indicates that the
structure design of branches has a significant impact on this
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FIGURE 4 {a) A diagram of the experimental set-up for the two-
laser spectroscopy system utilized to detect the depletion of
select photoinitiators. {b) The fluorescence spectra with sum of
individual excitation and depletion signals and the signal with both
beams on simultaneously with 633 nm as depleting laser. The clear
evidence of depletion was a good indicator of the ability to inhibit
the photopolymerization process in actual DLW polymerization
processes. As such, this photoinitiator was brought forward for
complete DLW photopolymerization evaluation, [Color figure can
be viewed at wileyonlinelibrary.com]

lasers was equal to the signal of when both the excitation and
depletion sources were on, the photoinitiator responds to the
each light independently. However, if the sum of individual
signal was higher than the signal of both lasers when they
were in the on state, depletion of the fluorescing state of the
phetoinitiator occurred. Alternatively, additional absorption
was said to be detected if the sum of the individual signals
was lower than that of the signals when both lasers were in
the on state. For the BDAPT in THF solution shown in
Figure 4(b), three different depletion laser powers were
tested, and the 405 nm wavelength excitation power was held
constant. For all three depletion intensities, the sum of indi-
vidual signals was greater than the signal with both lasers on
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indicating a depletion of the BDAPT excited state by the
633 nm laser.

This effect was not observed when 633 nm laser was replaced
with 532 nm laser. Many factors contribute to a successful
photoinitiator for the DLW photopolymerization process, mak-
ing it difficult to accurately predict its exact performance dur-
ing actual printing conditions. Specifically, the polymerization
inhibition effect is not easily measured outside of a direct test
inside a monomer matrix. Due to its performance in the afore-
mentioned experiments, BDAPT was selected for its potential
ability to perform in the DLW photopolymerization process. In
particular, BDAPT showed promise with respect to the afore-
mentioned two-laser system, due to its large TPA cross sec-
tion, and due to its relatively large solubility in the PETA
monomer compared to DANT. For this evaluation, a 638 nm
laser was spatially overlapped with the DLW 800 nm beam
and a Gaussian profile is used for both beams; carc was taken
to ensure that the focused 638 nm beam diameter was at least
as large as the DLW spot. The depletion laser wavelength of
638 nm was chesen as a result of the above fluorescence
depletion experiments. BDAPT at a loading of 0.25 wt % in
PETA was used as the test photoresist. As shown in Figure 5,
a group of parallel polymer lines were printed using the DLW
polymerization process. During the writing of each line, the
sample was exposed to the 638 nm laser for 10 pm of the line
path without turning off the DLW beam. During that time of
exposure to the inhibition beam, which correlated with 10 um
in space, the polymerization was fully inhibited. Tt is worth
noting, however, that the conditions to observe this effect
required careful control of the DLW beam power slightly
below the writing threshold. This led to the poor quality of
printed lines observed in the figure. Beyond that, the 638 nm
laser power required for inhibiting the polymerization was
large compared to using [TX as photoinitiator.

Tn order to elucidate the inhibition effects for BDAPT, ultra-
fast transient absorption experiments were performed on
BDAPT and ITX [Fig. 6(a)]. A wavelength of 400 nm was used
as the pump in order to excite the 5, state of the molecules, in
a manner similar to other studies.”! This wavelength matched
the induced transition of the two-photon absorption oceurring
during the DLW polymerization process with a 800 nm laser,
and it allowed for more uniform pumping of the molecules to
the excited state with a lower pump laser power. The prohe
wavelength was chosen to be 633 nm. Twao lifetimes were fit
for both ITX (r; = 30.2ps, 7 = 42 ns) and BDAPT
(v, = 6.9 ps, 7, = 187 ps). In the case of ITX, because the pump
energy closely matches the S; energy level, the fast lifetime (r4)
i attributed to the $;* states, and the longer lifetime is attrib-
uted to the S; state, which is consistent with a previous
report.”’ In other words, T, represents how fast S, is filled
while 7, is the rate at which S, is depopulated, where some of
the population from the S, state was transferred to the longer-
lived triplet state, which initiates polymerization. In this sce-
nario, the probe beam is interacting with a §;—S§,, transition,

In the case of BDAPT, a proposed probe interaction was with
respect to both the S;—5, and the §,*—5, transitdons. A sharp
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FIGURE 7 Phosphorescence spectra of the photoinitiators in toluene at T = 77 K after excitation at 350 nm. The spectra shown are:
{a) ITX with a lifetime of 120 ms; (b} DBTX with a lifetime of 10 ms; (¢} DAPT with a lifetime of 219 ms; (d} BDAPT with a lifetime of
287 ms; and {e) DANT with a lifetime of 379 ms. [Color figure can be viewed at wileyonlinelibrary.com]

photophysical property. Note that ITX has a moderate phos- seems to demonstrate an efficient T;—T, transition allowing
phorescence lifetime that is shorter than DAPT, BDAPT, and  easy depletion of the printing, In the case of BDAPT, the
DANT. This informs us that the triplet lifetime is not the only =~ T;—T, transition was not efficient enough to fully depopulate
significant determining factor for efficient depletion, ITX the T; state, which explains why partial depletion was
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FIGURE 8 The influence of replacing the Br atom by either a single conjugated branch or two conjugated branches to the corresponding T,
lifetime. These resulis indicate that both the exact chemistry and the degree of conjugation (for the same chemistry) can alter the lifetimes of
the T, states for these ITX-based molecules. [Color figure can be viewed at wileyonlinelibrary.com]
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observed in lithography with low depleting power, but full
depletion was challenging to achieve (Supporting Information
Figs. S8 and S9). To summarize, the moderate population of
ITX on the T, state brings about moderate writing power and
moderate depleting power, but the extreme population of
BDAPT on the T, state leads to a lower writing power and a
higher depleting power. Consequently, compared to ITX, our
new initiator is much more efficient in initiating the DLW
photopolymerization process but trades this advantage for a
reduced polymerization inhibition capability. Therefore, this
molecule could be of significant interest in applications
requiring low laser power (i.e, high throughput, multiple-
writing laser situations); however, additional effort could be
placed in decreasing the inhibition threshold of the next-
generation photeinitiators.

GCONCLUSIONS

In this work, we developed and synthesized several new phote-
initiating species based on a thiophene-9-one core and carried
the most promising molecule forward as the photoinitiator for
DLW photopolymerization. The extension of the n-system of our
initiators led to a redshift of the visible light absorption toward
the direction of the desired 400 nm peak (i.e, at half the wave-
length of the pulsed writing laser). Moreover, this melecular fea-
ture increased the molar extinction coefficient of BDAPT
relative to the ITX core. BDAPT demonstrated a fivefold
decrease in threshold writing power compared to ITX for the
photopolymerization of interest, which is key in minimizing
energy requirements and for the potential to use these mate-
rials in high threughput photopolymerization writing. Beyond
that, BDAPT had photopolymerization inhibition capabilities
under DLW when an additional depletion laser was used.
Ultrafast spectroscopic experiments, low-temperature phospho-
rescence spectrescopy and DFT calculations were used to
explain the mechanism of both excitation and depletion of
BDAPT. These data indicate that a short excited state lifetime
leads to poor inhibition of photopolymerization due to a
strongly populated triplet state with inefficient triplet-triplet
absorption depletion pathway. Therefore, we have proposed a
practical direction to modify and improve existing phote-
initiators for two-photon DLW photopolymerization. In turn,
this should allow for the ready modification of existing photo-
initiators in the future 3D nanoprinting photopolymerization
reactions, for not only ITX-based systems but for more exotic
systems as well, by providing insights into the critical properties
of a photoinitiator melecule that leads to a desired phote-
polymerization performance and how to tailor a photoinitiating
molecule to achieve those properties.
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