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ABSTRACT: Nanolithographic printing by direct laser writing (DLW) phot@x.miophene
polymerization has attracted increased attention in recent years, as the spegd, of 1his
printing has increased, while the feature sizes that have been realized have decreasg : o
well into the nanoscale regime. Spally, isopropyl thioxanthone (ITX) has been™™""* ¥
utilized as one of the common photoinitiators in DLW polymerization procesggsw
because of its high-@ency photoinitiating abilities and its ability to have itSxsyidine
initiation properties inhibited through the application of a second wavelength of ligh.cx s £ .
However, improved photoinitiating materials that are built from this successfulTx
archetype are required, by both academic and industrial circles, if advanced high-o °
throughput nanomanufacturing techniques are to be implemented. Here, next-
generation thioxanthone-based photoinitiators with tailored optical and charge
transfer properties were computationally designed and subsequently synthesized. Particularly, brandadly witds|ated

electron donor and electron acceptor qualities, relative to the ITX core, were coupled to the initial thioxanthone substrate. A
having their molecular and optical properties characterized in full, it was evident that these initiators possessed a clear advanc
in terms of photopolymerization initiation relative to ITX. As such, a champion photoinitiator chemistry was brought forward |
demonstrate enhanced two-photon polymerization DLW such that superresolution properties were exhibited. In this way,
introduce a clear means by which to systematically design future photoinitiators for enhanced two-photon polymerization D
nanoprinting processes.

KEYWORDS:thioxanthone-based photoinitiators, two-photon polymerization nanoprinting, direct laser writing,
high-speed nanolithography, low-temperature phosphorescence spectroscopy
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INTRODUCTION development of photoinitiator molecules with superior

Direct laser writing (DLW) has developed rapidly in recen%l;sorption abilities in the polymerization reaction métium.

years, and it has become an essential process for thr
dimensional (3D) nanofabrication. Spedly, the two-
photon polymerization (2PP) DLW process has found use i
a diverse range oélds including nanophotonic3,micro-
robotics’ © micro uidics, ° metamaterial$, * micro-op-
tics™® security’ and bioengineering.!” The high spatial
resolution associated with the 2PP process provides
advantage relative to other nanofabrication techniques. Unl
single-photon absorption, two-photon absorption isiabn
to the focal region of a tightly focused laser beam, which occ
because of nonlinear, multiphoton absorption. This gives rie8
to the submicron 3D structuring capabilities now expected =£
2PP-DLW. Unfortunately, the two-photon absorption procedseceived: November 19, 2020
is typically not ecient, resulting in relatively large laser power\ccepted: February 7, 2021
requirements. While the current power requirements are

suitable for single-beam 2PP-DLW processes, power becomes

an issue when attempting to scale production with multiple

beams or image projection. In turn, this has prompted the

cent eorts have resulted in sigrdant steps toward
esigning photoinitiating molecules with dramatically im-
proved two-photon photoinitiation performafice.in one
case, it was shown that combining general design guidelines
with proper laser wavelength choice leads to near-resonance
enhancement of the two-photon absorption properties in the
Rotoinitiator and a laser power requirement eight times lower
n commercial initiatdrsBeyond only power requirements,
In many instances, the current achievable spatial resolution of
G_P is not to the point where it is of utility in all operations,
d this necessitates the use of resolution-enhancing strategies
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for 2PP-DLW! By introducing a secondary laser into thebility during 2PP-DLW was established. By determining the
DLW system, precise spatial control of the polymerizatioproperties of these new photoinitiators and performing
region can be achieved via a polymerization inhibition processnolithographic printing, we demonstrate a practical pathway
This leads to sigriantly increased DLW resolution (i.e., to achieve low-power and high-resolution 3D photopolymeri-
super resolution), with resolution limits on the order of 12Qzation through advanced photoinitiator design.

nm being achievédinhibition of the polymerization process

via a secondary laser is reliant on the properties of the MATERIALS AND GENERAL EXPERIMENTAL
photoinitiator used. Currently, only a limited number of PROCEDURES

photoinitiators are known to achieve this polymerizatio

AP . IE>heny|boronic acid pinacol ester, 4-methoxyphenylboronic acid
inhibiting eect for controlling the 2PP-DLW process, and th inacol ester, 4-cyanophenylboronic acid pinacol ester, and 4-

library of photoinitiator candidates needs to be expand€qorophenyiboronic acid pinacol ester were purchased from Oak-
signi cantly, such that this promising nanotechnolog¥yood. All other chemicals were purchased from Sigma-Aldrich, and all
application space can reach its full potential. chemicals were used as received. All ultravisible (UV vis)

The choice of the 2PP-DLW photoinitiator can depend onight spectroscopy data were obtained using a Cary 60 spectrometer in
the desired polymerization initiation pathway. Generallyhe wavelength range of 330 800 nm. Fluorescence and
photoinitiators are housed within two clas$ésNorrish phosphorescence spectroscopy data were collected on a Cary Eclipse
Type | initiators are molecules that generate radicals directlyorescence and phosphorescence spectrophotometer in the wave-
by photocleavage. Norrish Type Il initiators absorb light totn9th range of 400 nm =~ 800 nm. Phosphorescence data were

. L LS ollected at = 77 K using deoxygenated solutions of the samples in a
form excited states that abstract hydrogen from a commatoréiaSa

; . . ss-forming solvent, toluene. For these measurements, the optical
generate radicals. In DLW, the widely used, commercialljsorhance was below 0.01 at the excitation wavelength. Finally, the

available photoinitiator 2-isopropylthioxanthone (ITX) is aomputational results were performed as described previously.
special Type Il initiator that operates intramolecularly without Synthesis of 2-Bromo-7-isopropyl-3H-thioxanthen-9-one

the use of a coinitiator. Modation of the ITX photoinitiator ~ (ITX-Br, Compound 1).2-IsopropylHd-thioxanthen-9-one (6.4 g,

for superior absorption properties has been the base of magymmol) was added to a 250 mL round bottagk with 50 mL of
promising and informative cets for photoinitiator design dichloromethane. Then, zinc chloride (0.35 g, 2.5 mmol) was poured,
strategie® 30 During the design of 2PP photoinitiators, it haSWh'Ie the reaction mixture was held&.0After the addition of zinc

chloride, bromine (8 g, 50 mmol) in 50 mL of dichloromethane was
been observed that molecules that follow a dacceptor added in a dropwise manner. Then, the temperature was gradually

donor structure present themselves as stronger two-phot@greased to 25C. After 24 h, a dark red solution formed, and the
initiators’® Holding to this idea, molecular branches attachedojution was quenched by NaHS@d extracted with dichloro-
to the ITX core have been synthesized previously, and this le@thane and water three times. After evaporation of the organic
to improved photoinitiating properﬁé%z. However, several solvent, a light-yellow solid swdissolved into toluene and
of the synthesized moleculesed from low synthesis yield, Subsequently recrystallized to form white crystals in 65%Hyield.
poor solubility, and poor stabifityAlong with the wealth of ~ NMR (400 MHz, chloroforrd). ~ 8.75 (dd.J= 2.3, 0.4 Hz, 1H),
knowledge available for modifying this fairly well-know '38 f(j:v;JH_zl'gHF)'z%lfe)’(3517—08(?6 i'g'zz'fH")'Zélo';)’(;'_sg gdﬂ‘z
initiator, ITX is especially of interest here as its photoinitiatio H) 133 ((’“: 6.9 Hz GE)_' e i e ‘
ability can be turned dghrough exposure to a secondary laser gynthesis of 2-Isopropyl-7-(pyridin-4-yl)-GH-thioxanthen-9-
during the DLW polymerization process, which results iBne” (ITX-Pyridine, Compound 2). 2-Bromo-7-isopropyH9
extremely high-resolution nanoprintiig>* Thus, this is a  thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10
promising molecule to derivatize to further enhance thelL sealed tube with 1 mL of toluene. Then, 4-(4,4,5,5-tetramethyl-
polymerization initiation and inhibition properties that couldl.3,2-dioxaborolan-2-yl)pyridine (45 mg, 0.22 mmol) and 0.5 mL of 1
lead to superior 2PP-DLW performance. M Na,CO; in water were added. Next, tetrakis(triphenylphosphine)
In this work, the abovementioned barriers were 0VerconﬁlIadlum(O) (12 mg, 0.01 mmol) was added with 0.5 mL of ethanol.

. ; . . e reaction turned red. After three frepaenp thaw cycles, the
through an improved molecular design motif. That is, th.gealed tube was slowly heated td@OAfter 24 h, the organic

newly designed photoinitiators continue to achieve superigfixre was washed with brine three times and deionized (DI) water
absorption properties compared to ITX, while having higkhree times, followed by extraction with ethyl acetate. The mixture
synthetic yields, good solubility in a common monomer resias puried by column chromatography (Hexane/ethyl acetate = 3:1
and long-term ambient stability. For these photoinitiators, thev) to yield a solid with 83% yiet#l NMR (400 MHz, chloroform-
isopropyl group common to ITX was maintained, and thig): 8.93 (dJ=2.1Hz, 1H), 8.768.68 (m, 2H), 8.51 (s, 1H), 7.89
allowed the molecules to be readily soluble in the monomdgd, J= 8.4, 2.1 Hz, 1H), 7.71 (d= 8.4 Hz, 1H), 7.677.61 (m,

To provide a guideline for the synthesis routes, the absorptig*f,)‘Jfgé?’]: 1 Mz, 2F), 3,09 (= 6.9 Hz, 4F). 1.34 (1=
spectra of the new photoinitiators were obtained using tim “Synthesis of 4-(7-Isopropyl-9-oxo-GHthioxanthen-2-yl)-
dependent density functional theory (TD-DFT). The penzonitrile (ITX-Phenyl-CN, Compound 3)2-Bromo-7-isoprop-
possibility of charge transfer states was predicted by measuging-thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a
the frontier molecular orbitals of the photoinitiating moleculed.0 mL sealed tube with 1 mL of toluene. Then, 4-(4,4,5,5-
The two-photon cross sections of each of the synthesizégiramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (51 mg, 0.22
photoinitiators were measured usingZtsean technique to mmol) was added. After this addition, 0.5 mL of 1 AC®gin
pro\”de an indicator of two_photon absorptlonlmcy in water was added. Tetl’akls(trlphenylphosphlne)palladlum(O) (12 mg,
DLW. Phosphorescence spectra were used to obtain tripR%Pl mmol) was added with 0.5 mL of ethanol. The reaction turned

- e : TR d. After three freezgump thaw cycles, the sealed tube was slowly
excited-state lifetimes, as the triplet state is vital in initiating t ated to 90C. After 24 h. the crude mixture was obtained: the

polymerization reaction and the polymerization inhibition, ganic solution was washed with brine three times and DI water
process with these photoinitiators. Finally, the polymerizatiqfree times, followed by extraction with ethyl acetate. The extracted
initiation e ciency of the photoinitiators was determined vigorganic layer was pueil by column chromatography after
2PP-DLW. In addition, the polymerization inhibition capaevaporation of ethyl acetate (Hexane/ethyl acetate = 20:1 v/v) to

B https://dx.doi.org/10.1021/acsapm.0c01291
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yield a solid with 90% yielth NMR (800 MHz, chloroforrdy: acetate. The mixture was pedi by column chromatography

8.89 (d,J= 2.2 Hz, 1H), 8.53 (d]= 1.9 Hz, 1H), 7.887.85 (m, (Hexane/ethyl acetate = 10:1 v/v) to yield a solid with 77% vyield.

1H), 7.85 7.82 (m, 2H), 7.817.78 (m, 2H), 7.72 (d] = 8.2 Hz, 1H NMR (400 MHz, CDG): 8.88 (d,J= 2.1 Hz, 1H), 8.53 (s,

1H), 7.60 7.57 (m, 2H), 3.11 (p]= 7.0 Hz, 1H), 1.36 (d1= 7.0 1H), 7.88 (ddJ= 8.4, 2.2 Hz, 1H), 7.61 (@i 8.4 Hz, 1H), 7.56 (d,

Hz, 6H). J=1.2 Hz, 2H), 7.50 (dd,= 3.6, 1.1 Hz, 1H), 7.37 (d#iz 5.1, 1.1
Synthesis of 2-Isopropyl-7-phenyl-%H-thioxanthen-9-one Hz, 1H), 7.15 (ddJ= 5.1, 3.6 Hz, 1H), 3.10 (dd= 13.8, 6.9 Hz,

(ITX-Phenyl, Compound 4).2-Bromo-7-isopropyH&hioxanth- 1H), 1.36 (dJ= 6.9 Hz, 6H).

en-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10 mL sealed DLW Photopolymerization. DLW was performed using a

tube with 1 mL of toluene. Then, 4,4,5,5-tetramethyl-2-phenyl-1,3,@4stom-built fabrication system, and the details of the experimental

dioxaborolane (45 mg, 0.22 mmol) and 0.5 mL of 1 J@0kain setup have been reported previoadifie printing laser consisted of

water were added. After the addition of theC®a solution, an 800 nm femtosecond oscillator (Coherent Micra) at an 80 MHz

tetrakis(triphenylphosphine) palladium(0) (12 mg, 0.01 mmol) wasepetition rate. A full width at a half-maximum pulse wid896ffs

added with 0.5 mL of ethanol. The reaction turned an orangish-reat the sample plane was determined by autocorrelation measurement.

color. After three freezgump thaw cycles, the sealed tube was A 10X oil-immersion objective lens (Nikon, N.A. = 1.49) was used

slowly heated to 9. After 24 h, the crude mixture was obtained; to focus the laser beam into the photoresist to induce polymerization.

the organic solution was washed with brine three times and extracfegbrication was achieved by motion of the sample via a nano-

with ethyl acetate. The mixture was pdrby column chromatog- positioner (Mad City Labs) and laser control by a fast mechanical

raphy after evaporation of ethyl acetate (Hexane/ethyl acetate = 1@&hutter (Uniblitz) that was controlled with a custom LabVIEW code.

v/v) to yield a solid with 80% yiettl NMR (400 MHz, chloroform- ~ The laser power was adjusted through combined use of a half-wave

d): 8.88(dJ=2.2Hz, 1H), 8.52 (s, 1H), 7.87 (dd; 8.4, 2.1 Hz, plate and a polarizer. Photoresist samples were sandwiched between a

1H), 7.72 (dJ= 7.2 Hz, 2H), 7.65 (dl= 8.3 Hz, 1H), 7.54 (dl= microscope slide and a coverslip, and tape was used to pr8&ide a

1.4 Hz, 2H), 7.49 (= 7.7 Hz, 2H), 7.41 (dl= 7.4 Hz, 1H), 3.08 m gap between the two pieces of glass. All printing was performed at

(p, J= 6.9 Hz, 1H), 1.34 (d1= 6.9 Hz, 7H). a rate of 100 m s ! writing speed. For polymerization inhibition
Synthesis of 2-(4-Fluorophenyl)-7-isopropyl-H-thioxanth- experiments, a 638 nm continuous wave laser was introduced to the

en-9-one (ITX-Phenyl-F, Compound 5)2-Bromo-7-isopropyH9 beam path by a dichroic beam splitter and controlled independently
thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10 mhy a variable neutral densitgr and fast shutter (Uniblitz). The 638
sealed tube with 1 mL of toluene. Then, 2i¢tophenyl)-4,4,5,5- nm beam was passed through a telescoping lens pair to achieve a focus
tetramethyl-1,3,2-dioxaborolane (49 mg, 0.22 mmol) and 0.5 mL ofspot size sigriantly larger than that of the 800 nm laser at the

M Na,CO; in water solution were added. Tetrakis (triphenylphos-sample. The laser powers for both beams were measured at the back
phine) palladium(0) (12 mg, 0.01 mmol) and 0.5 mL of ethanol weref the objective lens through a 6 mm diameter aperture. Fabricated
added sequentially, and the reaction turned orange. After thréguctures were developed in an isopropanol bath for 10 min, rinsed
freeze pump thaw cycles, the sealed tube was slowly heated to 9®ith isopropanol, and dried with nitrogen. Fabricated structures were
°C. After 24 h, the crude mixture was obtained; the organic solutig@bserved under an optical microscope in transmission mode. The
was washed with brine three times and DI water three times, followaélected samples were sputter-coated W&hnm of an Au/Pd

by extraction with ethyl acetate. The mixture wasguiny column mixture before imaging with a scanning electron microscope (Hitachi
chromatography after evaporation of ethyl acetate (Hexane/eth§4800) to prevent charging.

acetate = 20:1 v/v) to yield a solid with 76% yteldNMR (800 Z-Scan Measurements.Two-photon absorption cross sections

MHz, chlorofornt):  8.82 (d,J= 2.2 Hz, 1H), 8.53 (s, 1H), 7.82 Wwere measured using an open apemusEar” Z-scan measure-

(dd,J= 8.3, 2.1 Hz, 1H), 7.68 (ddi= 8.5, 5.5 Hz, 2H), 7.65 (dz ments were performed using 60 fs .pulses at an 800 nm center

8.3 Hz, 1H), 7.55 (d]= 1.5 Hz, 2H), 7.19 (f]= 8.6 Hz, 2H), 3.10 wavelength from a 5 kHz regeneratively adplaser (Spectra-

(p, J= 7.1 Hz, 1H), 1.36 (dl= 7.0 Hz, 6H). Physics Spite). _Solutions of each photoinitiator in tetrahydrofuran
Synthesis of 2-lsopropyl-7-(4-methoxyphenyl)-&H-thio- were prepared in a 1 mm path length cuvette for measurement, and

xanthen-9-one (ITX-Phenyl-OCk Compound 6). 2-Bromo-7- these concentrations are listedTable S1 Each sample was

isopropyl-Bi-thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was translated along the optical)(axis by a motorized stage, and the
added to a 10 mL sealed tube with 1 mL of toluene. Then, 2-(4ransmitted beam was collected with a balanced photodetector (New
methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (52 mg, 0Fzcus 2307). The signal from the photodetector was passed through a
mmol) and 0.5 mL of 1 M N@O; in water were added. After the lock-in amplier referencing the laser repetition rate. A Rayleigh range
addition of the N&LO, solution, tetrakis(triphenylphosphine) for the laser of 3 mm wasfrom the measured data. Transmission

palladium(0) (12 mg, 0.01 mmol) was added with 0.5 mL of ethanovalues of the samples weresingeq 1°°

After three freez@ump thaw cycles, the sealed tube was slowly 5q(z O™

heated to 90C. After 24 h, the crude mixture was obtained; the T(2) = %7

organic solution was washed with brine three times and DI water meo (M+ 1)3/2 (1)

three times, followed by extraction with ethyl acetate. The mixture
was puried by column chromatography (Hexane/ethyl acetate 2VNere

15:1 v/v) to yield a solid with 81% yieldl NMR (400 MHz, I(tL

chloroformd):  8.82 (s, 1H), 8.52 (d= 0.6 Hz, 1H), 7.80 (dd~= q(z 9 = g zeﬁ

8.4, 2.2 Hz, 1H), 7.79.68 (M, 1H), 7.667.62 (m, 2H), 7.59 (dd, (1 + Lz)

= 8.4, 0.5 Hz, 1H), 7.50.40 (m, 1H), 7.01 (di= 8.8 Hz, 2H), 3.86 2 @)

(s, 3H), 3.07 (pdJ = 6.9, 0.7 Hz, 1H), 1.34 (d= 6.9 Hz, 6H). Here, is the two-photon absorption caéent,l(t) is the peak
Synthesis of 2-Isopropyl-7-(thiophen-2-yl)-SH-thioxanthen- intensity at the focus of the beaggs the eective thickness of the

9-one (ITX-Thiophene, Compound 7).2-Bromo-7-isopropyH9 sample (taken to be the cuvette path length)zgsdhe Rayleigh
thioxanthen-9-one (ITX-Br, 66 mg, 0.2 mmol) was added to a 10 Mjength of the beam. The sample positipris(measured relative to

sealed tube with 1 mL of toluene. Then, 4,4,55-tetramethyl-2he minimum beam waist location. The two-photon cross section was
(thiophen-2-yl)-1,3,2-dioxaborolane (46 mg, 0.22 mmol) and 0.5 Myetermined according ég 3

of 1 M NgCO; in water were added. After the addition g€CRa

solution, tetrakis(triphenylphosphine)palladium(0) (12 mg, 0.01 _ Ephoton

mmol) was added with 0.5 mL of ethanol. The reaction turned red. 2~ ®)
After three freez@ump thaw cycles, the sealed tube was slowly mol
heated to 90C. After 24 h, the mixture was washed with brine three Here Ey,q0nis the photon energy of 800 nm photon gpgs the
times and DI water three times, followed by extraction with ethydensity of the photoinitiator molecules in the solution.

C https://dx.doi.org/10.1021/acsapm.0c01291
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Figure 1.Predicted UVVis light absorption plots for: (a) ITX, ITX-pyridine, and ITX-phenyl-CN; (b) ITX, ITX-phenyl, and ITX-phenyl-F; and
(c) ITX, ITX-phenyl-OCH, and ITX-thiophene. These predictions were made using TD-DFT with a B3LYP/6-31G(d) level of theory. The
structures of the calculated initiating molecules (aside from ITX) are listed directly below their simulated absorption spectra.

RESULTS AND DISCUSSION

According to previous @ts>° ITX and its derivatives have
the potential to be high-pemftance radical initiating
photoinitiators in the 2PP-DLW processes. Here, we buil
from this previous work to modify the photoinitiator molecula
design in a strategic manner. Spally, new branches to the
ITX core were introduced and clasgiinto three groups
based on their chemical construct. Sgadhbyi, these were
substituents that were (1) @®n-withdrawing groups,
including 7-isopropyl-2-(pyridin-4-y§Fithioxanthen-9-
(9aH)-one (ITX-pyridine) and 4-(7-isopropyl-9-0x@&9,9
dihydro-4&H-thioxanthen-2-yl)benzonitrile (ITX-phenyl-CN);
(2) electron-donating groups)cluding 7-isopropyl-2-(4- _ et v
methoxyphenyl)a-thioxanthen-9¢H)-one (ITX-phenyl- fun.ct|onal|zat|on of the cpnjuga_lte_d branokdgad ameans by_ _
OCH,) and 7-isopropyl-2-(thiophen-2-yd4thioxanthen- wh!ch to_eve}lqate multiple distinct _chemlcal functionalities
9(9aH)-one (ITX-thiophene): and (3) groups that were while maintaining a common chemical core for the photo-
neither strongly electron-accepting nor electron-donatinfitiators. These added functlonaht_les extend aromaticity
namely, 7-isopropyl-2-phengH4hioxanthen-9¢H)-one across.the moleqular systems, which changed 'the optical
(ITX-phenyl) and 2-(4uorophenyl)-7-isopropyé-thio- properties dramatically. A straightforward synthetic pathway
xanthen-9(@H)-one (ITX-phenyl-F). In all cases, the addi- Was utilized to create the new pho_tmmha&nheéme)land
tional chemical functionality is added in a manner that maké&ese compounds were characterizédl B§MR spectrosco-
the substituents conjugated with the core ITX structure. They and*C NMR spectroscopy-igures S1S. Specically,
moleculésbranch designs follow the dormcceptor type  2-bromo-7-isopropyHdthioxanthen-9-one (ITX-Br) was syn-
structures popularly suggested for two-photon initiators.  thesized from ITX using a bromination reaction catalyzed by
To guide this molecular design, TD-DFT calculations werginc chloridé? ** Then, the six derent substituents were
utilized to predict the absorption spectra of these proposdatroduced through Suzuki coupling reactiofi§The nal
initiators Eigure )13’ This computational design could be molecular targets are air-stable and insensitive to ambient
implemented in a straightforward manner here, as all relevaonditions.
optical transitions for similar molecules have been establishedn improved excited state lifetime is predicted for the
previously? The computational predictions indicated that themodi ed ITX molecules as the result of a direct highest
proposed molecules should have an absorption peak thatixupied molecular orbital (HOMO) to lowest unoccupied
red-shifted relative to ITX. This is expected to increase thmolecular orbital (LUMO) transition. The frontier molecular
laser writing eciency of the 800 nm 2PP-DLW, as increasingorbitals were calculated and are showhigare S7The
absorption at a wavelength of 400 nm is key to eieng thioxanthone core can be regarded as an acceptor and the

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

ro le. Spectally, the ITX-based molecules with electron-

onating groups showed the greatest redshift, while ITX-based
molecules with electron-withdrawing groups present in the
structure showed the least amount of the absorption shift.
Inspired by the TD-DFT calculation results, these molecules
based on an ITX core with dient substituent groups were
synthesized to experimentally verify their potential as photo-
initiating candidates and to support or refute this predicted
trend.

Six di erent substituents were altered in a systematic way, as
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Scheme 1. Synthetic Pathway for the New ITX-Based shown are a useful predictive tool for photoinitiator design.
Photoinitiators Variations in the exact values of experimental measurements
o o and computational results can be attributed to the fact that the
)\‘\)‘) Br; Br TD-DFT calculations assume a vacuum environment for the
—_— . .
O s O ZnCl, O s O molecule, whereas the molecules are in solvent during the
X 1 actual experimental measurement.
In the two most extreme examples (i.e., on the low end and

og® o . PaEPh) o . high en_d of shifts toward t_hg red), the m.aximum in the
75(“’ . T absorption peaks for ITX-pyridine and ITX-thiophene are red-
s Na;CO; (aq) s shifted relative to ITX by 6 and 17 nm, respectively, and all of
1 27 the peak absorption values are approaching the target
o i wavelength of 400 nm. Although the extinction aeets
SN OCHa 8 of new photoinitiators are smaller than that of ITX at their
R= ”@ ' ”’©/ ’ ”’© ' ~’©/ ' 0 R, respective peaks, most of the extinctionaieets of the new
2 8 4 s 8 7 photoinitiators are larger than ITX at 400 nm, highlighting the
e ectiveness of the design strategy implemented here. The
introduced branch as the donor. The lowest-energy single@lymerization inhibition process for ITX is controlled by
excited state for each of the initiator candidates is a transitiiplet triplet absorption instead of stimulated emission
from the HOMO to the LUMO. This is a sigrant contrast ~ depletio” which can be represented byorescence
from the photoinitiators we described previdtdipat is, quantum yield. The photoinitiators synthesized here emit in
while the lowest-energy singlet excited state was a HOMO tloe range of = 414 nmto = 431 nm Figure S8f however,
LUMO transition in this previousaat, it was an optically they have weakiorescence emission signals, which are similar
inactive charge-transfer state, withrteptically active state to those observed for ITX. This indicates that any potential
involving both HOMO 1 to LUMO and HOMO to LUMO polymerization inhibition is likely to be predominantly from
+ 1 transitions. Importantly, this means that the excited statg#plet triplet absorption in this case as Welf’
associated with the molecules of the currertshould have Besides therst singlet state, thest triplet states () are
fewer alternative pathways beyond that required for polymefssential to understanding the excited state mechanisms as
ization because no lower singlet excited states by which |, Toward this end, phosphorescence spectra at 77 K were
decay were available. _ - _ obtained? Improved photoinitiator candidates for the 2PP-
To evaluate these computational predictions, the opticgy| v process were found among the new molecules, which
properties of the new initiators were measured and compargdmanstrate longer triplet state lifetimes. As shoviguires
with the computational results. First, the molar absorptiod 5,ysq g the initiators possess clear phosphorescent signals,
ﬁ%e) g:ce;:t,sp?éms &%‘gﬂ%ﬁgi ?r:ehaaslmgg i\lr;lagﬁjlgggltg (40 hich illustrates that the transition from the singlet excited
state to the triplet state through intersystem crossing exists in

1), and the normalized UWis absorption spectra were all the molecular systems evaluated here. The trend of the
plotted Figure S§a Although there is a dirence between hosphorescent lifetimes is liste@ahle 1 which represents

the one-photon absorption process in this test and the tw .
photon absorption process that occurs in the DL e sequence of how long each molecule would have, their T _
proces&®*® the molar absorption coeients are larger, states popglated. As a reference, ITX-Br was also tested, and it
which indicates the potential possibility of lowering thd'ad a relatively short phosphorescence lifetime of 38 ms. For
practica' laser power requirements_ As predicted by tH’@OSt Of the new Initiator (?and|dates, the phosphorescence
computations Higure J, the introduction of new branches lifetimes were moderately increased compared to ITX. The
to the core indeed red-shifted the Wi light absorption — synthesized photoinitiators provide a broddetime range

pro les of the photoinitiators. Moreover, the trend of thethrough the varied functional groups attached to the ITX core.
experimental shift in the absorption leravith respect to  The existence of the lengthy triplet states makes the possibility
chemical functionality peak-shifting ability matches thef undergoing the proposed tripleiplet absorption
computational results, indicating that the TD-DFT calculationghibition mechanism more likely.

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

photoinitiator max (NM)? (10* mol L L cm 1P (10* mol ' L cm ¢ ox (NM)® om (NM)© (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 4.5 3.7 370 418 148
ITX-phenyl-F 396 5.7 4.8 365 417 144
ITX-phenyl-OCH 398 42 4.0 365 428 153
ITX-thiophene 402 0.3 0.3 365 431 87

3peak absorption wavelength near 400 nm if there are multiple peaks or shoulders inieEpedtsrption coeient of the molecules at
the wavelength of the pe@Wolar absorption coeient at the 400 nm wavelendtxciting wavelength used to obtain clearescence and
phosphorescence d&Reak uorescence wavelength of the emission spectrum at room temféraspterescence lifetime of the molecules at
77 K in toluene.
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TXphoryECH withdrawing groups had smaller cross sections. ITX-pyridine

o '
é ; * B < mXphenyl-OCH, was the least improved. Although all the two-photon cross
EZosli ™M e v iomems sections indicate improved absorption by the newly synthe-
zg “‘i\? *= e 2 Menidne sized photoinitiators, eient two-photon absorption does not
£ 5086 \\S\\\ ITX-thiophene directly indicate the polymerization initiation performance.
2%0.4. “\i\:\‘ e ] Therefore, determining the @ency of these photo-
S »‘;\‘\« initiators for initiating polymerization is studied by direct
g Zo02} ‘ \'\\\} R : application in the DLW polymerization process. For the DLW
5 - . _\ N polymenzatlpn testing (_)f the photomltlators, nanosca_le lines of
000200 400 600 800 1000 1200 the polymerized materials were printed at /08 * using

separate photoresists containing each initiator. Using a
constant print speed ensures equal exposure time across each
Figure 2.Natural log of the normalized integrated intensity vs delaphotoresist. To provide a more direct comparison between all
time spectra of the photoinitiators in toluene=af77 K. The slope the initiators, each sample consisted of the photoinitiator
of each line represents the phosphorescence lifetime, and the spegifaaq in the monomer pentaerythritol triacrylate (PETA) at a
shown are ITX-phenyl-CN with a lifetime of 256 ms; ITX-phenyly, o\ ratig of 0.0025:1 photoinitiator-to-PETA loading. At this

OCH; with a lifetime of 153 ms; ITX-phenyl with a lifetime of 148 . S X :
ms; ITX-phenyl-F with a lifetime of 144 ms; ITX-pyridine with amolar ratio, all photoinitiators d|_ssolve(_j completely into the
lifetime of 125 ms; ITX with a lifetime of 120 ms; ITX-thiophene withmonomer Eigure S1)l and no solid particles were observed

a lifetime of 87 ms; and ITX-Br with a lifetime of 38 ms. in the resin with a 100 (N.A. = 1.49) magation
microscope. The writing threshold of each photoresist was
The two-photon cross sectionsyere determined for each determined by varying the power of the printing laser. The
molecule by open apertutescan measurements with all the minimum laser power required to print lines that survived the
synthesized photoinitiators possessing laygealues than  development process was considered as the writing threshold.
ITX, which is expectédThe two-photon cross-section value A lower writing threshold laser power indicates a moiene
is a more promising indicator of improved two-photoninitiator for the DLW process. The writing threshold
absorption during 2PP-DLW compared with one-photorfletermined for each photoinitiator mixture is displayed in
molar absorption. For instance, ITX-thiophene performeffigure B. Clearly, the synthesized photoinitiators show
notably poorer in terms of molar absorption, but its as improved photoinitiating abilities compared to the standard
strong as those of other candidates. The meaguadues are  1TX, with ITX-phenyl-OCklshowing the most improvement,
presented ifrigure &. To account for unknown experimental requiring only 55% of the laser power required for printing
setup variables in thscan measurement (e.g., the beamwith commercial photoinitiator ITX. The trend of the writing
quality), the data were scaled by a constantfactiorg ITX thresholds does not entirely follow the trend of two-photon
as calibration from the previous literatuhis provides a  cross sections for the photoinitiators. This has been observed
more accurate representation of the two-photon cross sectigngviously, and it is likely due to other processes that
for the new photoinitiators relative to one another and ITXparticipate in ecient photoinitiation of polymerization
Representative raw data plots that result from the performéeyond just the photoabsorption process (e.gredces in
Z-scan measurements are showiiginre S10Clearly, ITX- rates of the radical moiety initiating the polymerization of the
thiophene and ITX-OCH both having electron-donating PETA chains), as has been recently outfified. Addition-
groups, show the largest two-photon cross section. This agrelg, it can be pointed out that the two-photon cross-section
with the previous observation of molecules that follow eneasurements were performed in erelt solvent than the
donor acceptor structuré. The molecules with electron- DLW. Two-photon absorbing molecules have shown non-
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Figure 3.(a) Average two-photon absorption cross-section measurements for photoinitiators measured via the Bsmaapecturigjue.
Three measurements were taken for each photoinitiator. (b) Average writing thresholds for all photoinitiators determined auréing0
speed and concentration of 0.0025 M ratio of the photoinitiator in the monomer. Thresholds were determinedfentlsa@olies of each
photoinitiator. All error bars indicate one standard deviation from the average value represented by the bars in the plot.
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monotonic solvent dependence, which could be a contributing
factor in the observed drence in performance between the
two measuremerits
In addition to testing the DLW ability of the photoresists,
the e ciency 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 higl@erey of
the inhibition. This is sigmiant as a photoinitiator with a high
inhibition e ciency would require less inhibition laser power,
thereby reducing undesired sideecés such as heat Figure 5.Scanning electron micrograph of polymer lines printed at
accumulatiorfFigure 4displays the results of the test, where100 m s using ITX-phenyl-OCHas a photoinitiator, demonstrat-
ing complete inhibition of polymerization under exposure to 638 nm
laser (dashed box). The brown spot indicates that the 800 nm

35 . :K,phenyl,CN . printing laser is on, and the red spot indicates that the 638 nm laser is
30 ITX-pyridine . on. The arrows indicate direction of printing. Line height is
25} T et intentionally varied from top to bottom in steps of 100 nm to ensure
20| ¢ !TX-phenyl-OCH, | § that lines are attached to the substrate.

ITX-thiophene °

a

g O O
A <
s

. ™ <

This is a clear demonstration of the ability to control the
3 6 9 12 15 o
Inhibition Laser Power (mW) photopolymerization process of the ITX-phenyl-Q@bkto-
_ _ ing threshold of oh ) _ . initiator via a secondary light source. These promising
Figure 4.Increase in writing threshold of photoresists consisting thography results represent a new photoinitiator set tending
novel and reference photoinitiators while under the exposure of 6 . . .
nm inhibition laser at varying powers. oward a superresolution capable photoresist system with
reduced printing power requirements, which is ideal for high

throughput 3D 2PP-DLW.

all photoinitiators demonstrated the ability to inhibit polymer-

ization under exposure to a 638 nm laser. The 638 nm laser CONCLUSIONS

wavelength was chosen for its similarity to the triple set of six molecules based on an ITX core was designed and
absorption peak of ITX. Therefore, an ecient inhibition ~ synthesized for use in 2PP-DLW photoinitiator applications.
process was expected for ITX, and this was observed \ijjle a desired redshift in absorption was observed for all
practice. To determine a minimum 638 nm laser powegjecyles, those molecules with electron-donating groups
required for inhibiting the polymerization, the writing lase xhibited the largest shift toward the target 400 nm absorption

power was set to 5% above the respective writing threshold {Mvelenath for 2PP-DLW. Indeed. those molecules with
each photoinitiator and the inhibiting laser power was 9 ) '

: g I : lectron-donating groups had the most sigmii absorption

systematically varieeigure ¥ The ITX derivatives designed €
here displayed a less sigant inhibition eect because of a improvement at the ZPP'DLW Wavelength Of_ 800 rm by
shift in the triplet absorption peak in the medliITX scan measurements. Similarly, in DLW experiments, the. ITX-
photoinitiators. Indeed, this is supported by TD_DFTphenyI—OQ!j molecule showed an almost twofold reduction
calculations, which predict a sigaut redshift of the triplet in the writing threshold opposed to the base ITX photo-
absorption peak of the novel photoinitiators compared to ITXitiator. In fact, all the newly synthesized photoinitiators
(Figure S12 Those molecules following the electron-donatingoresented had sigoantly improved writing thresholds
scheme, ITX-phenyl-OGHnd ITX-thiophene, exhibit the compared to the ITX molecule. In addition, these molecules
least impressive inhibition capabilities, which follows fromre stable and soluble in the photoresist monomer, in contrast
their expected poor triplet absorption at the 638 nm inhibitiono past ITX photoinitiator derivatives. An investigation into the
wavelength owing to the predicted absorption peaks beipglymerization inhibition properties of the novel photo-
signi cantly red-shifted. _ o initiators yielded an existing polymerization inhibition pathway

Figure Sshows a representative application of one of thgimilar to ITX, though not as eient at the wavelength
new photoinitiators, ITX-phenyl-Ogldt a 0.0025 mol ratio g a1yated in this study. A further investigation into longer

in PETA for 2PP-DLW. Here, several polymer lines Were hibiti : P
. 1= 0 o ibition laser wavelengths may yield sigmi improve-
written at 100m s _ with a laser power 7% above the writing ments in the polymerization inhibitioncéency, particularly

threshold. For a 10n section of the line printing, the 638 nm : :
laser was turned on with 9.8 mW power. The foci of botﬁor the electron-donating molecules. However, the potential for

beams were well overlapped, with the 638 nm laser spot muyper-resolution nanolithography is c_Iear. for these_mqlecules
larger than the printing laser spot. No polymerization we@lréady. In summary, the ITX-derivative photoinitiators
observed in the speeil region, indicating complete inhibition Presented here are a promising option for mouoterst

of the photoinitiation process. Similar experiments for all othéPP-DLW, a necessary requirement for increasing nano-
photoinitiators are shownfigure S13The width of printed  printing throughput through parallelization or similar pro-
lines varied from100 nm to 150 nm for all photoinitiator ~cesses, and an expansion of the currently limited pool of
systems, with lines getting wider for larger writing powers. photoinitiators for super-resolution lithography.

Increase in Writing Threshold (%)

o
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