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SUMMARY

We introduce techniques for probing the dynamics of triplet states. We employ these
tools, along with conventional techniques, to develop a detailed understanding of a
complex chemical system: a negative-tone, radical photoresist for multiphoton ab-
sorption polymerization in which isopropylthioxanthone (ITX) is the photoinitiator.
This work reveals that the same color of light used for the 2-photon excitation of
ITX, leading to population of the triplet manifold through intersystem crossing, also
depletes this triplet population via linear absorption followed by reverse intersystem
crossing (RISC). Using spectroscopic tools and kinetic modeling, we identify the reac-
tive triplet state and a non-reactive reservoir triplet state. We present compelling ev-
idence that the deactivation channel involves RISC from an excited triplet state to a
highly vibrationally excited level of the electronic ground state. The work described
here offers the enticing possibility of understanding, and ultimately controlling, the
photochemistry and photophysics of a broad range of triplet processes.

INTRODUCTION

The vast majority of stable molecules have singlet ground states (Szab¢ and Ostlund, 1982). When such a mole-
cule absorbs light, one electron is promoted to a higher unoccupied orbital. Because electronic transitions be-
tween states of different multiplicities are formally forbidden, the excited electronic state in such a transition
generally must also be a singlet (Evans and Thompson, 1940). However, spin mixing due to weak spin-orbit
coupling or hyperfine interactions can lead to a subsequent transition from the singlet to an optically “dark”
triplet state, in a process known as intersystem crossing (ISC). Because electronic wave functions must be anti-
symmetric, the unpaired electrons in a triplet state cannot be in the same place at the same time. Thus, the triplet
state for a given electronic configuration virtually always has a lower energy than the corresponding singlet
excited state. The energy gap between the corresponding singlet and triplet states is usually well above thermal
energy atroom temperature. Thermally activated reverse intersystem crossing (RISC) from the lowest triplet state
to the first excited singlet state has a low statistical probability when the energy gap is of this magnitude. The
lowest triplet state can instead relax through processes such as phosphorescence (which also involves a spin
flip, and therefore has an intrinsic lifetime that is considerably longer than that for a typical fluorescence transi-
tion), RISC to a vibrationally excited level of the ground singlet state, and collisional energy transfer. Alternatively,
the triplet may undergo a chemical reaction.

There is a growing recognition that the ability to control triplet dynamics could lead to substantial advances
in many photochemical and photophysical applications. For instance, trapping of population in dark triplet
states reduces the fluorescence quantum yield of molecules and materials, which is a major issue in appli-
cations such as the development of efficient organic light-emitting diodes (Chang et al., 2013) and lumines-
cent carbon nanotubes (Zhao and Mazumdar, 2004). Because of their metastable nature, triplet states can
also be used to store energy; this capability plays an important role in applications such as the frequency
upconversion of low-intensity light (Rauch and Knowles, 2018) and superresolved optical imaging (Bretsch-
neider et al., 2007). Triplet states can also be harnessed for their chemical reactivity, as in photosensitization
(Zhao et al., 2013) and photopolymerization (Chi et al., 2019; Harke et al., 2013).

Controlling triplet-state dynamics is a challenging problem. Any scheme for control must balance the
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(Steiner and Winter, 1978), phosphorescence (Romanovskii et al., 2000), triplet absorption (Carmichael and
Hug, 1986), thermally activated delayed fluorescence (Yang et al., 2017), and even coupling to photonic
states in a cavity (Stranius et al., 2018). Bimolecular processes, such as triplet quenching (Patterson et al.,
1970), triplet-triplet annihilation (Baldo et al., 2000), and singlet fission into two triplets (Smith and Michl,
2010), can also influence triplet dynamics. Developing a holistic understanding that encompasses such
phenomena requires not only knowledge of the energies of both the singlet and triplet states of molecules,
but also of the couplings among these states.

Laser spectroscopy has been a crucial tool for probing the rich photochemistry and photophysics of triplet
states, and has provided a platform for fundamental studies on molecular electronic structure (Lower and
El-Sayed, 1966), molecular reactions (Stromquist et al., 2010), and the dynamics of electronic transitions
(Buck et al., 2019). Despite considerable progress, the study of complex triplet-state dynamics remains
challenging, and triplet electronic and spin properties are areas of intense research. Many triplet-associ-
ated phenomena are “dark,” and as such, probing the nature of these processes often requires the use
of multiple experimental techniques (Ge et al., 2015). Furthermore, the growing interest in multiphoton
methods and applications in complex environments requires triplet probing methods that extend beyond
the classical tool kit of phosphorescence, transient absorption, and electron paramagnetic resonance.

Spectroscopic tools that can probe triplet electronic transitions and dynamics in complex systems are crit-
ical for advancing the ability to control triplet states. Here, we introduce several such techniques, which we
use in combination with existing methods to elucidate the rich triplet dynamics of a molecular system. As a
representative system, we chose isopropylthioxanthone (ITX). Thioxanthones exhibit complex photophy-
sics because their first two singlet excited states, one (m,7*) and one (n,7*), are quite close in energy,
and in fact have an ordering that depends on the solvent (Angulo et al., 2010; Mundt et al., 2016). The
same situation holds for the two lowest triplet states (Rai-Constapel et al., 2014; Villnow et al., 2014), for
which again one is (m,7*) and one is (n,7*).

One reason for our particular interest in ITX stems from the fact that this substance is a photoinitiator that can be
used in multiphoton absorption polymerization (MAP) (Fischer et al., 2010; Harke et al., 2012). MAP has attracted
broad attention as a method for 3D photolithography at the nanoscale (Farsari and Chichkov, 2009; Fourkas,
20716a; LaFratta et al., 2007; Sugioka and Cheng, 2014). In its simplest implementation, MAP is performed in a
negative-tone photoresist incorporating a radical photoinitiator that can be excited via the simultaneous absorp-
tion of two or more photons. Owing to the nonlinear optical nature of such excitation, MAP allows for the cre-
ation of lithographic features in the 100 nm size range using visible, or even near-infrared, light.

Outstanding resolution has been achieved in MAP by adapting approaches (Hell, 2007; Klar and Hell, 1999; Klar
et al., 2000) from super-resolved fluorescence microscopy. In these advanced approaches to MAP, a negative-
tone photoresist is excited using one beam of light and deactivated using a second beam (Fourkas, 2016b;
Gan et al,, 2013; Li et al., 2009; Liaros and Fourkas, 2019). By appropriate spatial shaping of these two beams,
it is possible to improve both the feature size and resolution in MAP. Different mechanisms have been demon-
strated for deactivation, and we will denote this general class of techniques as two-color lithography (2CL) (Four-
kas and Petersen, 2014). A second reason for our particular interest is that ITX has been shown to be a useful initi-
ator for 2CL (Chi et al., 2019, 2021; Fischer and Wegener, 2011; Harke et al., 2012, 2013; Mueller et al., 2014). Even
though ITXis a Type Il photoinitiator, this compound has been demonstrated to be able to initiate crosslinking of
acrylates upon multiphoton excitation with pulsed 800 nm light in the absence of a coinitiator (Harke et al., 2012).
This photochemistry has been shown to be suppressed by concurrent irradiation with a continuous-wave (CW)
laser at either 532 nm or 630 nm (Fischeretal., 2010; Harke et al., 2013). It has been established that the mechanism
of photodeactivation in ITX at these wavelengths is not stimulated emission (Wolf et al., 2011). To date, there has
been no clear evidence regarding the details of the deactivation process, although it has been proposed that
triplet states are involved (Chi et al., 2019, 2021; Harke et al., 2013).

Here, we demonstrate conclusively that excitation in ITX from the ground state to the first excited singlet
state at wavelengths near 800 nm takes place via 2-photon absorption (2PA), even though the apparent
number of photons absorbed is higher (Mueller et al., 2014). This behavior arises from the fact that the light
at the excitation wavelength can also drive deactivation of the triplet state. Thus, although a higher order of
nonlinear absorption can lead to improved feature sizes in MAP, in ITX the apparent greater number of
photons is detrimental to resolution. By employing a combination of new and conventional spectroscopic
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Figure 1. Multiphoton exposure of an ITX/PETA photoresist

(A) Threshold average power for initiation of multiphoton absorption polymerization measured at wavelengths from 750 nm to 850 nm.

(B) Polymerization action spectrum of the photoresist (symbols) and absorption spectrum of ITX in methanol (solid line).

(C) Representative 2-BIT data obtained at 800 nm (symbols) with the best-fit exponent (solid line). The error bars represent +1 standard deviation, as
determined by making multiple measurements.

(D) Dependence of neg (symbols) on the excitation wavelength, with a cubic-spline fit (solid line).

(E) Linearized polymerization action spectrum taking into account negfor each wavelength (symbols) and absorption spectrum of ITX in methanol (solid line).

tools, and by studying ITX both in photoresists and in solvents with similar polarities to the photoresists, we
identify the triplet states and specific dynamics that are involved in the excitation, deactivation, and radical
photochemistry of ITX.

RESULTS
Effective order of nonlinearity of ITX photoresists

ITX is generally considered to be a Type Il photoinitiator, i.e., photoresists that use this material typically also
include a coinitiator (Andrzejewska et al., 2006). However, it has been demonstrated that in some acrylic resins
ITX can be used without a coinitiator, in a Type | process (Harke et al., 2012). Based on its absorption spectrum,
ITX would appear likely to be excited by 2PA using light at wavelengths in the 800 nm range. However, exper-
iments by Mueller et al. on a photoresist composed of ITX and pentaerythritol triacrylate (PETA) monomers
suggested that excitation at 800 nm involves 4-photon absorption (Mueller et al., 2014). Such remarkably efficient
4-photon polymerization would be highly advantageous for high-speed, high-resolution MAP fabrication (Mu-
eller et al., 2014). In contrast, Z-scan experiments have indicated that ITX in a solvent can be excited by 2PA
at wavelengths in the 800 nm region (Kuebler et al., 1999). These results are not necessarily inconsistent, as pro-
motion of an electron to the lowest excited singlet state of ITX might not lead to photopolymerization. On the
other hand, the feature sizes reported for MAP for ITX-based photoresists with 800 nm excitation closely
resemble what would be expected for 2PA. These seemingly contradictory results highlight the potential
complexity of the determination of the true order of nonlinear absorption in multiphoton photoresists.

Figure 1A shows the power threshold for MAP measured at wavelengths in the range of 750 nm-850 nmin a
photoresist composed of 1.5 wt% of ITX in PETA. The threshold power refers to the minimum power that is
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required to form a cross-linked polymer using MAP. The cross-linked polymer has a different refractive in-
dex than the unexposed photoresist, and so can be observed by means of optical microscopy during fabri-
cation. The threshold was determined by creating sets of lines at a constant height above the substrate sur-
face at a stage velocity of 20 pm/s. The distance between adjacent lines was 2 pm, which is large enough to
avoid proximity effects. The threshold power, Py, for which polymerized lines were formed was determined
visually (Baldacchini et al., 2004; Fischer et al., 2015).

An effective means of gaining insight into the order of nonlinearity in MAP is to determine the polymeriza-
tion action spectrum, which is a plot of P ™"
effective order of nonlinear absorption (Baldacchini et al., 2004). Depicted in Figure 1B is a polymerization
action spectrum calculated by assuming that ness = 2. The agreement between the polymerization action
spectrum and the linear absorption spectrum of ITX at half the excitation wavelength is strong evidence
that photoinitiation in this range of wavelengths is a 2-photon process.

as a function of the excitation wavelength, where ngg is the

We measured the effective order of absorption, neg, as a function of excitation wavelength to explore the
discrepancy between the actual order of nonlinear absorption, which is 2, and the higher value of the effec-
tive order of absorption reported previously (Mueller et al., 2014). We employed the 2-beam initiation
threshold (2-BIT) method (Tomova et al., 2016), a type of 2-beam action (2-BA) spectroscopy (Liaros
et al., 2018a, 2018b), to perform in situ measurements of ngs in the ITX/PETA photoresist. In 2-BIT, two
temporally interleaved, spatially overlapped pulse trains are used to expose a multiphoton photoresist
(Figure S1). Pairs of irradiances that together provide the threshold exposure are measured. Data obtained
with this technique obey the relation

Py + Py =1, (Equation 1)

where the overbars indicate normalization of the average excitation power for each beam to the
threshold power for that beam alone. A significant advantage of 2-BIT over other approaches for
measuring the order of nonlinearity of photoresists is that important parameters that can change the
measured value of n.g, such as the exposure time and the repetition rate, are kept constant (Liaros and
Fourkas, 2021).

Representative 2-BIT data for the ITX/PETA photoresist for 800 nm excitation are shown in Figure 1C. The
best-fit nef for these data is 3.19 + 0.05. The data were obtained at a stage velocity of 20 um/s. Although
the value of Py, depends on the stage velocity, the measured value of n.iwas insensitive to velocity in the
tested range of 10 um/s to 40 um/s. In Figure 1D, we plot negras a function of the excitation wavelength. The
corresponding 2-BIT data and fits at each wavelength are shown in Figure S2. As seen in Figure 1D, negde-
pends on the excitation wavelength, ranging from 2.85 + 0.05 at 750 nm to 4.47 + 0.16 at 840 nm. It is
notable that the measured exponents take on non-integer values, which is often assumed to be indicative
of mixed contributions from different orders (Fischer et al., 2015; Mueller et al., 2014; Yang et al., 2019).
However, it is not plausible that the average order of nonlinear absorption should change so radically
over such a small range of excitation wavelengths, given the details of the linear absorption spectrum of
ITX and the fact that higher-order absorption should be a considerably weaker process. We have previously
introduced a method to determine whether 2-BA data arise from a specific pair of orders of absorption (Co-
hen and Fourkas, 2019). The 2-BIT data for ITX do not fit well to either 2-photon plus 3-photon or 2-photon
plus 4-photon absorption, as shown for the case of the 750 nm data in Figure S3.

To estimate the dependence of ngs on excitation wavelength, the data in Figure 1D were fit with a cubic
spline (solid line in Figure 1D) to determine nes(2) in the range A = 750 nm—850 nm. Figure 1E shows a “line-
arized” polymerization action spectrum. To determine the wavelength axis, we assumed, as in Figure 1B,
that the true order of nonlinear absorption over this wavelength range is 2, and we plot P;h"e"u
of the excitation wavelength. The agreement between the linearized action spectrum and the absorption
spectrum at half of the 2PA excitation wavelength is striking. This analysis indicates that polymerization oc-
curs solely through a 2PA process throughout this range of wavelengths. The slight deviation between the
linearized action spectrum and the linear absorption spectrum is attributed to the solvatochromic shift be-

) as a function

ing different for ITX in monomers (for the action spectrum) and in methanol (for the absorption spectrum).
The questions we now address are (1) Why are the measured exponents higher than 2? and (2) Why does n¢
depend strongly on the excitation wavelength? From Figures 1D and 1E, itis also clear that weaker 2PA (i.e.,
a higher value of Py,) correlates with higher ns
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Figure 2. Deactivation and self-deactivation of ITX

(A) Transient-absorption spectra of ITX in ethylene glycol with 355 nm, 7 ns excitation pulses. The AOD scale is correct for
the spectrum with a 10 ps delay. Each subsequent spectrum, moving from longer delays to shorter delays, has been offset
by 0.1 units vertically from the previous one for clarity. The vertical dashed lines indicate spectral features that are
discussed in the text.

(B) AFM images of lines written in an ITX/PETA photoresist with 800 nm, 150 fs laser pulses at a stage velocity of 20 um/s.
A chopped, spatially overlapped, 800 nm, CW beam was used to inhibit polymerization. The average excitation power
was 5 mW and the deactivation power was 30 mW. The scale bar represents 4 um.

(C) Deactivation action spectrum of the photoresist following excitation with 800 nm, 150 fs laser pulses at an average
excitation power of 8.2 mW. The blue square is for deactivation with a 635 nm diode laser, and the red circles are for
deactivation with a Ti:sapphire oscillator in CW mode.

(D) Ultrafast pump/probe spectrum of ITX in glyme. Excitation was performed at 400 nm, and white-light continuum was
used as the probe. See text for an explanation of the labels (A-C).

(E) Representative Jablonski diagram for ITX in a polar solvent.
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Figure 2. Continued

(F) Delay-time dependence of the threshold pulse energy for deactivation at 630 nm of the ITX/PETA photoresist
following excitation with 315 nm pulses. Both beams had a pulse duration of 7 ns and a repetition rate of 10 Hz. The error
bars represent the estimated uncertainty in determining the deactivation threshold.

(G) 2-BIT data and the corresponding nesvalues for photoresists based on PETA (circles, 1.5wt% ITX, and down triangles,
0.5wt% ITX), TMPTA (up triangles, 1.5wt% ITX), PETA and ethyl lactate (squares, 1.5wt% ITX), and PETA and triethylamine
(diamonds, 1.5 wt% ITX).

The error bars in (F) and (G) represent +1 standard deviation, as determined by making multiple measurements.

Triplet-state absorption

A previous study suggested that stimulated emission is responsible for the strong inhibition dynamics that
ITX/PETA photoresists exhibit under irradiation at 532 nm (Fischer et al., 2010). Subsequent ultrafast,
pump-probe spectroscopy experiments revealed that at deactivation wavelengths longer than 500 nm,
the influence of stimulated emission on deactivation is negligible (Wolf et al., 2011). Harke et al. studied
the inhibition of ITX photoresists with a deactivation wavelength of 630 nm (Harke et al., 2013), and sug-
gested that the long-lived photogenerated species in ITX are triplet states. It was therefore proposed
that the inhibition mechanism in this photoresist involves depletion of the lowest triplet state (T;) of ITX
when the deactivation beam is resonant with transition between T; and a higher triplet state. Although
triplet absorption followed by RISC from a highly excited triplet state to a high singlet state has been sug-
gested to be the deactivation mechanism (Chi et al., 2019, 2021; Harke et al., 2013), no direct evidence has
been provided for this process.

The triplet quantum yield of thioxanthones can be as high as 85% (Allonas et al., 2000; Amirzadeh and
Schnabel, 1981), underscoring the potential importance of triplet-state dynamics in these systems. To
investigate these dynamics, we studied ITX solutions using a transient absorption (TA) spectrometer
with atemporal resolution of 0.1 us. TA is a powerful means of studying excited triplet states and identifying
short-lived intermediates (Kajii et al., 1991). The time evolution of the TA spectrum of ITX in ethylene glycol
following excitation at 355 nm is shown in Figure 2A. There are two major features in the initial spectrum,
one at ~318 nm and another at ~605 nm (see dashed vertical lines in Figure 2A). Each of these peaks is
assigned to absorption from both T; and T, to higher triplet states of ITX, on the basis of earlier reports
(Rai-Constapel et al., 2011). The initial peaks decay over a timescale that is considerably longer than the
longest delay time studied, 10 us. A new peak grows in at ~345 nm on a timescale of a few ps. We attribute
this new feature to absorption of ketyl radicals that are created via H-atom transfer from the solvent to the
carbonyl group of ITX in the T, ate. The fact that ketyl radicals can be formed on a timescale that is consid-
erably longer than the expected lifetime of the T, state suggests that this state is at least somewhat ther-
mally accessible from the T; state in ethylene glycol.

The triplet absorption features of ITX are generally long-lived, having lifetimes of tens of us or longer, de-
pending on the solvent (Table S1). Interestingly, the triplet absorption spectrum is non-zero at 800 nm, and
can extend to 900 nm or beyond. This observation raises the question of whether ITX triplet states can be
deactivated within this wavelength region. To investigate this scenario, we fabricated polymer lines in ITX
photoresists using ultrafast excitation at 800 nm, while simultaneously irradiating with CW light at a wave-
length of 800 nm. The two beams were spatially coincident, and the CW beam was chopped. As evidenced
by the atomic force microscopy (AFM) data in Figure 2B, 800 nm radiation can indeed cause complete in-
hibition of polymerization. The fact that the same color of light used for excitation also promotes deacti-
vation suggests that deactivation can be induced by the same laser pulse train that is used for excitation,
decreasing the efficiency of the exposure. We term this phenomenon “self-deactivation.”

Our results are consistent with the previous conjecture (Harke et al., 2013) that deactivation involves triplet
absorption. However, a more rigorous test of this hypothesis requires a comparison of the wavelength de-
pendences of triplet absorption and deactivation. To this end, we developed a technique that we call deac-
tivation action spectroscopy (DAS). In the case of ITX-based photoresists, DAS was implemented by keep-
ing the excitation conditions the same (i.e., wavelength, average power, and stage velocity), while varying
the deactivation wavelength and power. At each deactivation wavelength, we determined the minimum
CW laser power required to cause complete inhibition of polymerization. Assuming that deactivation
occurs through linear absorption, the DAS spectrum is a plot of the inverse of the threshold power for
deactivation as a function of deactivation wavelength. As shown in Figure 2C, DAS data in an ITX-based
photoresist bear a strong resemblance to the triplet absorption spectrum in the same wavelength range
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(Figure 2A). This correspondence provides additional evidence that triplet absorption is a key step in
deactivation.

We performed ultrafast transient absorption spectroscopy on a solution of ITX in glyme to explore faster
triplet dynamics. Figure 2D is a heatmap of the time-resolved absorbance change following ultrafast exci-
tation at 400 nm. For ~500 fs after excitation there is a negative feature (labeled a) from ~400 nm to
~550 nm that arises from stimulated emission. A longer-lasting feature at the shorter end of this wave-
length range arises from a ground-state bleach. After ~500 fs, two positive, excited-state absorption
(ESA) features (labeled b) grow in at ~660 nm and ~700 nm. The Jablonski diagram in Figure 2E shows
the energy levels of ITX in a typical polar organic solvent. The S; and S; states of ITX have similar energies,
in analogy to what is known for the parent molecule thioxanthone (TX) (Villnow et al., 2014). One of these
states has (n,7*) character, whereas the other has (w,7*) character. Density functional theory (DFT) calcula-
tions showed that the energetic ordering of the states depends on the nature of the solvent (Figures S4-S8).
In THF and ethyl acetate, the (n,7*) singlet state has the lower energy, whereas in water and ethylene glycol
the (mr,7*) singlet state has the lower energy. Because glyme is a polar, aprotic solvent, we assign the ESA
feature at ~660 nm to the (n,n*) singlet state and the feature at ~700 nm to the (m,#*) singlet state,
assuming that ESA leads to the same higher excited state from S; and S,. Although absorption from these
states could potentially appear immediately following excitation, the ~500 fs lag time observed presum-
ably arises from a combination of vibrational relaxation and the existence of a negative-going feature in
the same spectral region, which can be seen most clearly at wavelengths longer than 700 nm.

At delay times between 1 ps and 10 ps, there is evidence in the ESA bands for population changes in the excited
singlet states (Figure S9). The blue shift of the ESA bands over this same time period reflects solvation dynamics
(Abdullah and Kemp, 1986). Within 20 ps, the ESA feature has decayed, and a positive feature has grown in at
~650 nm. This latter feature is the result of population growth in a triplet state via ISC. We therefore conclude
that the time constant for the equilibration between the S; and T, states is on the order of 10-20 ps. The triplet
absorption feature (labeled ¢) shifts to the blue on the nanosecond timescale. The triplet state initially populated
is not the lowest triplet state, so this shift reflects a combination of equilibration between the triplet states and
solvation. In the solvent in which these spectra were obtained, glyme, the (m,7*) triplet state should have the
lowest energy, with the (n,7*) triplet being the state through which ISC occurs (Mundt et al., 2016; Villnow
et al., 2014), again in analogy with TX (Rai-Constapel et al., 2014).

We developed an in situ technique to monitor exposure (i.e., crosslinking of a photoresist film) and deac-
tivation to examine in more detail how triplet dynamics are manifested in a photoresist (Figure S10). Large-
area exposures were performed at a repetition rate of 10 Hz and a wavelength of 315 nm using the
frequency-doubled output of an optical parametric oscillator (OPO) with a pulse length of ~7 ns. The
630 nm fundamental of the OPO was used for deactivation. The minimum deactivation power for a fixed
exposure time was determined as a function of the time delay between the 315 nm and 630 nm pulses.
No deactivation was observed when the deactivation pulse preceded the excitation pulse. Figure 2F shows
the deactivation threshold for delay times ranging from 7 ns to 17 ns, a range over which the threshold
decreases by ~40%.

These results yield key insights into the photophysics of deactivation based on the increase in deactivation
efficiency with increasing delay time. The (n,#*) triplet state is expected to be reactive, but the TA
experiments discussed above show that this state generates radicals on a timescale much longer than
17 ns. The 100 ms repetition time used for the large-area exposure experiments is sufficient to allow all
excited molecules to relax between pulses, as is the case in the TA experiments described above. Thus,
the excitation and deactivation in this experiment must occur on a shot-by-shot basis. Based on the
data in Figure 2D, the (n,7*) triplet state undergoes internal conversion to the (m,7*) triplet state on a time-
scale of nanoseconds. This timescale is highly dependent on the solvent environment (Angulo et al., 2010;
Villnow et al., 2014). It appears that relaxation to the (w,7*) triplet state enhances the efficiency of deacti-
vation. Because internal conversion and deactivation are both first-order in the concentration of the (n,7*)
states, the order in which these processes occur does not affect the ultimate (n,7*) population. Thus, the
(m,7*) triplet state serves as a long-term, inert reservoir, but the (n,7*) triplet state remains thermally acces-
sible to population in the (m,7*) state. Furthermore, deactivation occurs more efficiently from the (m,7*)
state than from the (n,7*) state. This phenomenon is likely due to a larger transition dipole for (,7*) absorp-
tion to a higher triplet state. Together, these effects account for the data in Figure 2F.
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We note that the details of exposure are different for excitation with a Ti:sapphire oscillator, as the
oscillator repetition time is on the order of 13 ns, rather than 100 ms. With the short repetition time of
the Ti:sapphire laser, the (n,7*) triplet state is continuously replenished, so that initiation can occur even
in a resist in which T is not thermally accessible from T;. We expect that the chemical nature of the mono-
mers will have an influence on the exposure/deactivation behavior of an ITX-based photoresist. With this
idea in mind, we performed 2-BIT experiments on additional ITX photoresists. We prepared a photoresist
with trimethylolpropane triacrylate (TMPTA) as the monomer, and in another we added 20 wt% of ethyl
lactate to the ITX/PETA mixture. As can be seen in Figure 2G, nes drops from 3.19 + 0.05 to 2.77 +
0.05 in moving from the ITX/PETA photoresist to the ITX/TMPTA photoresist. The decrease in ngs results
from chemical and/or physical differences that cause ITX/TMPTA to have a lower deactivation efficiency
than ITX/PETA, resulting in less self-deactivation by the excitation beam.

The addition of the ethyl lactate to the ITX/PETA photoresist results in an even more dramatic reduction of
Nefs, to 2.23 £ 0.05. We performed TA experiments on ITX solutions containing different percentages of
ethyl lactate to delve into the cause of this behavior. These studies revealed that the triplet-state lifetime
of ITX decreases with increasing ethyl lactate concentration, and that the signal from the ketyl radical ap-
pears rapidly in this solvent (Figure S11). These results indicate that ethyl lactate acts as a coinitiator, trans-
ferring a hydrogen atom to a molecule in the (n,7*) triplet state much more rapidly than the monomers can.

We next made 2-BIT measurements in an ITX/PETA photoresist containing a common coinitiator, triethyl-
amine, to confirm the influence of such species on ngy. In this case n.gdropped even further, to 2.09 + 0.05
(Figure 2G). The considerably more rapid reaction of the triplet-state molecules in the presence of a coin-
itiator renders self-deactivation less effective, because radical initiation can commence before relaxation to
the lowest triplet state. The more efficient the coinitiator, the more rapid the initiation process, and the less
effective the self-deactivation process.

An additional implication of the self-deactivation scenario is that the value of n.4will depend on the con-
centration of the photoinitiator. The lower the concentration of the photoinitiator, the higher the threshold
intensity for polymerization. A higher threshold intensity leads to an increased amount of self-deactivation,
which is predicted to cause nqgto increase. Indeed, we find that with 800 nm excitation, the ngg value of
3.19 + 0.05 measured in a PETA photoresist with 1.5 wt% of ITX increases to 3.86 + 0.05 when the
photoinitiator concentration is decreased to 0.5 wt% (Figure 2G).

Phosphorescence

Phosphorescence provides another means of investigating triplet photophysics. The luminescence inten-
sity, including both fluorescence from S; and phosphorescence from Ty, has the advantage of being linear
in the concentration of excited molecules, which is not the case for photopolymerization (Liaros and Four-
kas, 2021; Yang et al., 2019). We developed a luminescence deactivation technique to probe the photophy-
sics of deactivation. An ultrafast laser was used to excite an ITX solution through a high-numerical-aperture
objective, and luminescence was collected epifluorescently. We chose PEG-400 as the solvent, because
this material approximates the photoresist in polarity and viscosity. A second CW laser beam that
could be tuned through in a wavelength range known to deactivate photoresists containing ITX
(740 nm-840 nm) was focused through the same objective. The focal volumes of the two beams were
overlapped in three dimensions.

As shown in Figure 3A, the CW beam had an inhibitory effect on the luminescence that exhibits the same
qualitative wavelength dependence observed in the deactivation action spectrum in Figure 2C, in which
shorter wavelengths provide more efficient deactivation. The decrease in the luminescence is linear in
the deactivation power. To examine this phenomenon further, we used 800 nm deactivation and probed
the luminescence in different spectral windows (Figure 3B). With unfiltered emission, for powers up to
50 mW, the deactivation is limited to a few percent. A 435 nm bandpass filter with a full width at half
maximum bandwidth of 48 nm restricts transmission to the wavelength region of the ITX fluorescence spec-
trum (Figure S12), although some phosphorescence should fall within this window as well (Chi et al., 2021).
When this filter is used, virtually no deactivation is observed (Figure 3B). A 550 nm longpass filter blocks the
fluorescence of ITX, but transmits some of the phosphorescence (Chi et al., 2021). When this filter is used,
substantial deactivation is observed (Figure 3B), which suggests that the small amount of deactivation

8 iScience 25, 103600, January 21, 2022

iScience



iScience ¢? CellPress
OPEN ACCESS

A B
[]
8 1.0 1 © 10
S 3
S 08 © 0.9 -
2 g
E 06 4 E 0.8 4
=] 3 074
@ %] i
> 2 064 e nofiter
= & b
E 0.2 1 . ggg :m E A 435 nm bandpass
[7] @© 0574 ® 550 nm longpass 3
& oo 280m . . X oo¥ é . ' . i
0 20 40 60 80 100 0 10 20 30 40 50
Deactivation power (mW) Deactivation power (mW)
Cc D o
]
g 1.0 4 § 1.0 4
[}
O 0.8 4 2 031
2 )
£ 06 % 0.6 4
g o
= 0.4 1 8 0.4 4
g N
T 021 g 0-2 16 bandpass, N, = 2.01
Q = A longpass, n,, = 2.43
X oo - T T S 0o —_—
0.00 0.15 0.30 0.45 0.60 00 02 04 06 08 10
Deactivation power (mW) Normalized power beam 1

Figure 3. Luminescence studies of ITX in PEG-400

(A) Luminescence as a function of CW deactivation power. Excitation was performed using 800 nm, 150 fs pulses, and
deactivation was performed at 740 (triangles), 800 nm (squares), and 840 nm (diamonds).

(B) Inhibition of luminescence by 800 nm light with detection in different spectral windows: unfiltered (circles), with a
445 nm bandpass filter to capture predominantly fluorescence (triangles), and with a 550 nm longpass filter to capture only
phosphorescence (squares).

(C) Inhibition of luminescence by 635 nm light using a longpass filter with a 645 nm cutoff. Phosphorescence deactivation
is extremely efficient at this wavelength.

(D) 2-BCEIn data for fluorescence (circles) and phosphorescence (triangles) with ultrafast, 800 nm excitation. The
difference in ngs between the two datasets indicates that self-deactivation plays a role in the phosphorescence data.
The error bars in all panels represent +1 standard deviation, as determined by making multiple measurements.

observed with the 435 nm bandpass filter is also due to inhibition of phosphorescence. In all cases, the
deactivation was linear in the power of the 800 nm CW laser.

The polymerization deactivation action spectrum (Figure 2C) indicates that deactivation is considerably
more efficient at 635 nm than at 800 nm. We therefore tested the ability of CW, 635 nm light to deactivate
phosphorescence, in this case using a 645 nm longpass filter so that scatter from the deactivation beam
would not be detected. Using an efficient deactivation wavelength and filtering out all fluorescence
facilitates the sensitive detection of phosphorescence deactivation. As shown in Figure 3C, this scheme
enables extremely efficient phosphorescence deactivation of ITX, with a reduction of emission of greater
than 80% at a laser power of less than 0.6 mW.

The luminescence observed using longpass filters serves as a proxy for the population of Ty, which is the
(m,7*) triplet state in this solvent. Given that virtually no deactivation is observed when detection is
restricted to the spectral window of the fluorescence spectrum, our results exclude stimulated emission
as the mechanism of deactivation at the CW wavelengths studied here. The T, (n,7*) state is expected
to have a shorter intrinsic phosphorescence lifetime than the T; (m,7*) state (Villnow et al., 2014). However,
because the (n,7*) triplet has an energy similar to that of the first excited singlet state, phosphorescence
from T, will occur in essentially the same wavelength range as fluorescence. In contrast, T; is the most
stable triplet state, and so will phosphoresce at longer wavelengths than does T,. With the 645 nm longpass
filter, the only phosphorescence detected should therefore arise from T;.

We next measured nqs independently for fluorescence and phosphorescence. For these measurements,
we employed another technique that we have developed recently, 2-beam constant emission intensity
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(2-BCEIn) spectroscopy (Liaros et al., 2018b). 2-BCEIn is analogous to 2-BIT, except that neis measured for
the emission intensity (Figure S13). In contrast to traditional methods for studying emission induced by
nonlinear absorption, 2-BCEIn can determine ngsat any given emission intensity, using only a limited range
of average excitation powers.

We note that nes in a given system is dependent on the observable. For 2-photon excitation of ITX, we
expect that ngss = 2 for fluorescence but that nes> 2 for phosphorescence, because self-deactivation will
play a role in phosphorescence that is similar to its role in photopolymerization. 2-BCEIn measurements
in ITX solutions using 800 nm ultrafast excitation bear out this prediction, as shown by the data in Figure 3D.
When a 435 nm bandpass filter is used to probe fluorescence, the measured value of nogis 2.01 £+ 0.05. This
value of n.s agrees with the results of previous studies using the Z-scan technique, in which ultrafast exci-
tation was reported to take place via 2PA (Chi et al., 2021). However, when the phosphorescence is probed
by using a longpass filter, we find that neg= 2.42 + 0.05. The measured exponents were independent of
whether the beams were spatially overlapped, indicating that the 2-BCEIn data were not affected by
repetition-rate-dependent effects.

These results place strong constraints on the deactivation mechanism of ITX. It has been suggested pre-
viously that deactivation involves excitation to a higher triplet state that then undergoes RISC to an excited
singlet state (Harke et al., 2013), which would presumably be higher in energy than S,. The typical fate of
such a state is to relax quickly to S; (Kasha, 1950). In this case, we expect that luminescence deactivation
experiments would show a decrease in phosphorescence, accompanied by an increase in fluorescence,
due to repopulation of Sy. Given the high triplet quantum yield for Sy in ITX, this mechanism would also
repopulate Ty and T, and so deactivation would not be efficient. A second, less common fate of high
singlet states is to undergo ISC to the triplet manifold. This process would also repopulate T; and T,
through rapid internal conversion, and so is not an efficient path for deactivation.

Radiationless relaxation in the singlet manifold is another possible deactivation mechanism (Fischer et al.,
2013). This process could occur in two different manners. The first is that higher excited singlet states un-
dergo internal conversion directly to the ground electronic state. This scenario is unlikely, but not impos-
sible (Villnow et al., 2014). The more plausible explanation is that a higher triplet state undergoes RISC
directly to a highly vibrationally excited level of the ground electronic state, a process that is known to occur
in other aromatic molecules (Callomon et al., 1972; Knee and Johnson, 1985; Otis et al., 1983). The high
density of states of Sy at the energy of a higher triplet state is favorable for RISC from the perspective of
Fermi's golden rule. This mechanism could lead to a small increase in fluorescence in the luminescence
deactivation experiments, due to repopulation of the ground state, but this increase would be counterbal-
anced by the inhibition of phosphorescence in the same wavelength region. Furthermore, in photoresists, a
mechanism that regenerates the ground electronic state is the only plausible scenario in which efficient
deactivation could occur.

Kinetic modeling

To assess the viability of the proposed self-deactivation mechanism further, we next present a simple
kinetic model. Our model contains two electronic states, the ground singlet Sp and the lowest triplet Ty,
as shown in Figure 4A. ISC to Ty is assumed to take place instantaneously upon 2PA, the latter of which oc-
curs with rate constant k,/?, where lis the irradiance. Because ISC is assumed to be instantaneous, the state
Sy is not included explicitly in the model, although the branching ratio for ISC is included implicitly in k.
RISC to Sp is assumed to take place instantaneously following linear absorption from Ty, the latter of which
occurs with rate constant kql. The higher triplet state through which RISC occurs is not included explicitly in
the model, and the branching ratio for RISC is included implicitly in k;. Intramolecular vibrational relaxation
(IVR) is assumed to be instantaneous in the ground electronic state.

The derivation of the kinetic equations is given in the STAR methods. The goal of the kinetic model is to
determine how nq¢ depends on kq and k. We model a train of square pulses at repetition rate f, such
that the duty cycle D is the pulse duration multiplied by f. The key result is that the fraction of population
in the triplet state following an exposure of duration t' is given by

Tl . % B B kel '
[SO]O_IQH_% 1—exp kil + 5t ) (Equation 2)
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Figure 4. Kinetic model for self-deactivation

(A) Schematic of a kinetic model that incorporates 2-photon excitation with rate constant k,/* and linear deactivation with
rate constant k/, where [ is the irradiance.

(B) Dependence of ngg on ki/k; (in units of kg/s®) for parameters given in the text.

(C) Ratio of the triplet population to the equilibrium triplet population as a function of ki/k; for the same parameters as in (B).
(D) Dependence of ngsron the power of a CW deactivation beam for different values of ki/k, for the same parameters as in
(B). The dashed line indicates the positions of the maxima in the curves.

(E) Value of ngras a function of deactivation power in 2-BITD experiments on the ITX/PETA photoresist. The error bars
represent 1 standard deviation, as determined by making multiple measurements.

Here, we assume that the polymerization threshold is reached when 1% of the population is in the triplet
state (i.e. [T1]¢/[Solo> 0.01). The qualitative conclusions from this treatment do not depend on the value
of the threshold.

The measurement of ngs using 2-BIT relies on the concept of limited reciprocity, which means that if the
exposure time is kept constant, then the same degree of crosslinking will occur regardless of the details
of how the exposure is distributed within the exposure window (Liaros and Fourkas, 2021). 2-BIT experi-
ments are performed at a single repetition rate, but the same exponent can be obtained by determining
the threshold irradiance for polymerization as a function of the repetition rate (Fischer and Wegener, 2013;
Liaros and Fourkas, 2021). When the repetition rate is varied in a system exhibiting limited reciprocity, the
peak pulse irradiance [+, obeys the relation

Ip_thaf””e”. (Equation 3)

Thus,
d In(f)

e T ()
Here, we start by choosing a base repetition rate fand then determining I, s at f, 0.99f, and 1.01f. We deter-
mine nqgr by averaging the values calculated from Equation 4 with 0.99fand fand with fand 1.01f. We used
f=80 MHz and a pulse length of 200 fs. The radius of the laser spot size was chosen to be 0.5 pm and the
exposure time 0.025 s (corresponding to a scanning speed of ~40 um/s). The value of k, was held constant
at 2.21 x 1072° s%/kg?, and k; was varied.

(Equation 4)

Figure 4B shows a plot neg as a function of the value of k;. As expected, nes = 2 when ky = 0. As ki/k in-
creases over an order of magnitude from 107" to 107"° kg/s®, nes increases by a factor of nearly 1000.
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This result illustrates that self-deactivation has a strong effect on the measured exponent, and that ne
alone is not a reliable indicator of the actual number of photons involved in the absorption process in
molecules that are subject to this phenomenon.

The equilibrium (maximum) fractional population of the triplet state in Equation 2 is found by setting t' = oo

Mg,

[SO]O - k1 I+%

(Equation 5)

At any time t/, the fraction of the population in T; relative to its maximum value is given by

% = (1 —exp [ - <k12:>,2 + ky I) t'} > (Equation 6)

As shown in Figure 4C, Equation 6 indicates that as k; grows larger, [T1], approaches [T1],, asymptotically.
Once the concentration of Ty is near its maximum value, I, ¢, is insensitive to changes in kq, based on
Equation 3. Accordingly, I« changes less with repetition rate, leading to an increased value of ne. Indeed,

as we show in the STAR methods, when [Ti], = [T1].q. Nest becomes infinite.

eq’
The qualitative behavior observed in this kinetic model is consistent with our experimental observations, point-
ing to self-deactivation as the cause of the large measured values of nes As shown in Figures 1D and 1E, with
increasing fabrication wavelength in the range explored here, k; decreases gradually and k, decreases rapidly.
Therefore, ki/ky increases with wavelength, causing a corresponding increase in ne.

We used the kinetic model to make an experimentally testable prediction regarding what happens if nggis
measured in the presence of a CW deactivation beam. In this case, the equation for the fraction of
population in Ty becomes

[T1]t’ % K kZIZ ) .
Solo W T—exp| = (ki(l+14) + ot ) (Equation 7)
D

where I4is the irradiance of the deactivation beam. The behavior of n.¢ as a function of the deactivation
power is shown in Figure 4D for different values of ki/ky; in this case, the value of k, was reduced to
2.21 x 1072 s5/kg?, an order of magnitude lower than the value used above. The value of nesis nearly con-

stant at low deactivation powers, but does reach a maximum at the CW deactivation power values denoted
by the dashed line in Figure 4D. In this range of deactivation powers, the increase in the threshold irradi-
ance causes the excitation beam to promote even greater self-deactivation. At higher deactivation powers,
nesr drops, eventually reaching a value of 2. When the deactivation power is higher than the excitation
power, the deactivation beam is the major source of deactivation. The smaller the fraction of the deactiva-
tion that comes from the excitation beam, the closer n.s gets to 2.

We developed a class of techniques called 2-beam action with deactivation (2-BAD) spectroscopies to test
the prediction of our model (Figure S14). In this case, we performed 2-BIT in the presence of a CW deac-
tivation beam, in a method we call 2-beam initiation threshold with deactivation spectroscopy (2-BITD). In
Figure 4E, we show that, in agreement with the predictions of our model, n.s decreases with increasing
deactivation power. In these experiments, the ITX/PETA photoresist was exposed with pulsed 800 nm light
and deactivated with CW 800 nm light.

Implications for resolution

In principle, a higher order of absorption is desirable in MAP, providing improved resolution due to the
greater degree of spatial confinement of the optical exposure. However, this notion is based upon nggbe-
ing a measure of the actual number of photons involved in exciting the photoinitiator from Sp to Sy. The
results presented above demonstrate that for ITX, n.g does not reflect the total number of photons that
are involved in this transition, but rather can be thought of as the effective number of photons needed
on average to yield a photoinitiation event. In light of this interpretation of the meaning of n.y, it is impor-
tant to examine whether a higher n.g translates into better resolution in [TX-based photoresists.

We used the kinetic model developed above to determine the spatial distribution of triplets in the focal plane for
values of negranging from 2.0 to 4.5 (roughly the range seen in the 2-BIT data presented here). We assume a
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Figure 5. Relationship between feature size and n.¢ in an ITX/PETA photoresist

(A) Spatial dependence of the fractional triplet population in the kinetic model for different values of n.s at the peak
intensity. The spatial intensity distribution was assumed to be Gaussian, and k, was fixed at 2.21 x 1072¢ s°/kg®.

(B) Minimum experimental linewidth as a function of excitation wavelength for the ITX/PETA photoresist (red, right axis)
and a control photoresist with Lucirin TPO-L as the photoinitiator (blue, left axis). These data demonstrate that a higher
nesr in the ITX photoresist correlates with a broader linewidth. The error bars represent +1 standard deviation, as
determined by making multiple measurements.

Gaussian distribution of irradiance transverse to the direction of laser propagation, use k; = 2.21 x 1072¢s%/kg?,
and for each nggfind the value of k; such that the peak value of [T1]¢/[Solo is 0.01. The results of this modeling are
shown in Figure 5A. We find that as n.gincreases, the spatial distribution of triplet states becomes broader rather
than narrowing. This behavior arises from the fact that the self-deactivation is strongest where the irradiance is the
highest, i.e., inthe center of the beam, thus flattening out the top of the peak of the triplet distribution. Thus, when
nesr is larger than the number of photons involved in the transition from Sg to Sy, we predict that the effect of
increasing nefris to degrade, rather than enhance, the spatial resolution.

We tested these predictions experimentally by creating sets of polymerized lines using different excitation
wavelengths. For each wavelength, lines were fabricated at a range of different irradiances. Scanning elec-
tron microscopy was used to determine the width of the narrowest lines that survived development. The
measured average linewidths are plotted as a function of excitation wavelength in Figure 5B. If absorption
from Spto Sy is a 2-photon process and there is no deactivation, then nos= 2. In this case, the longest wave-
length would yield the broadest lines, with the linewidth being proportional to the excitation wavelength.
As shown in Figure 5B, experiments with such a photoinitiator, Lucirin TPO-L (Baldacchini et al., 2004), gave
minimum linewidths that were effectively independent of excitation wavelength over the range from
740 nm to 840 nm. In ITX, if nesrepresented the average number of photons absorbed to undergo a tran-
sition from Sp to a higher singlet state, then based on the data in Figure 2D, the smallest feature size should
be observed at the longest wavelength. However, as shown in Figure 5B, the linewidth in the ITX photore-
sistincreases with increasing wavelength. This result agrees with the predictions of our model, and is indic-
ative of the presence of self-deactivation.
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Figure 6. Schematic representation of the most important photophysical processes that take place in the ITX
photoresist, with the relevant states (So, S1, T4, T2, and T,) that are involved

Green arrows indicate absorption of a photon, pink arrows indicate non-radiative relaxation, and blue arrows indicate
radiative relaxation. Solid horizontal lines indicate vibrationless electronic states and dashed horizontal lines indicate
vibrationally excited electronic states. The energy levels are not to scale. For each process, the final state is marked in red.

DISCUSSION

The key photophysical steps in photopolymerization using ITX without a coinitiator are summarized in Fig-
ure 6. 2-photon excitation drives a transition between Sy and S; and/or S, (the latter of which is not shown).
Following excitation, the molecule can either fluoresce or undergo ISC to T, or a vibrationally excited level
of Ty (the latter case is not shown), in either case followed by IVR on a timescale of picoseconds. Molecules
in the T, state can react with easily abstractable hydrogen atoms in the monomers. However, internal con-
version from T, to Ty, the latter of which is unreactive, occurs on a timescale of nanoseconds. The T; state
can phosphoresce or, depending on the energy gap between T; and T, which depends on the solvent, may
be able to repopulate T, thermally (not shown). Irradiation at a wavelength that can cause deactivation
takes population in either Ty or T, to a higher triplet state that undergoes RISC rapidly to a highly vibration-
ally excited level of Sp, which relaxes on a picosecond timescale via IVR.

ITX is a complex model system, due to the nearly degenerate, and solvent-dependent energies of its
lowest two singlet excited states and lowest two triplet states. The combination of techniques employed
here enabled us to identify the initial triplet states involved in the optical deactivation of ITX, and also to
ascertain the manner in which the singlet manifold is involved in the deactivation process. This pathway
could not have been established unambiguously from any individual previously established technique or
combination of such techniques. Furthermore, the knowledge that has been gained from our experiments
and modeling provides clear guidance for the development of new TX derivatives with improved perfor-
mance for 2CL. For instance, TX derivatives with an increased energy gap between the lowest two triplet
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states and the next highest triplet states may not exhibit self-deactivation, which could lead to improved
resolution.

The new spectroscopic toolkit presented here is broadly applicable to chemical systems that involve triplet
photochemistry and photophysics. Our work demonstrates that 2-beam action spectroscopies enable the direct
probing of triplet-state dynamics, and underscores the prospects for these methods to elucidate the mecha-
nisms of complex triplet processes. The information obtained in the current study can be used to inform the syn-
thesis of improved thioxanthone photoinitiators, but there are many other potential applications of 2-BA spec-
troscopies in areas of current interest in triplet dynamics. For instance, in the case of triplet-triplet annihilation
upconversion (Bharmoria et al., 2020), 2-beam constant emission intensity spectroscopy offers a new approach
to making precise measurements of the effective order of absorption at any given irradiance, providing a more
sensitive means of determining when the linear excitation regime has been attained (Jacopo and Angelo, 2017).

The new spectroscopies presented here offer a clear path to characterizing and quantifying photodeactivation of
triplets. If there is an observable that allows the triplet population to be determined (e.g., phosphorescence or
photochemistry), then deactivation action spectroscopy can be used to determine the wavelength-dependent
efficiency of deactivation. Wavelength-dependent 2-BA spectroscopies allow for the detailed probing of photo-
chemistry and photophysics, and to identify and quantify any contributions from self-deactivation. These tech-
niques can be used with whatever observables are available from the system of interest (e.g., fluorescence,
phosphorescence, photochemistry, or photocurrent), and comparing the results for different observables
and/or conditions can give valuable information about triplet photodeactivation. The ability to extract a precise
exponent at a given value of an observable provides key advantages over traditional methods of measuring
optical nonlinearity. Although we used 2-BA spectroscopies here to study processes involving multiphoton
absorption, which requires a pulsed laser, if the observable is not a cumulative one (i.e., fluorescence and phos-
phorescence, but not photochemistry), then there is no requirement that the two beams be spatially overlapped.
In this case, the beams can be CW rather than pulsed.

The addition of a separate deactivation beam in 2-BA spectroscopies adds another dimension to the ability
to elucidate triplet dynamics. In MAP using an ITX-based photoresist, this extra beam decreased the
apparent order of nonlinearity in the system. However, the effect of the extra beam on the observed expo-
nent is dependent on the mechanism by which triplet photodeactivation occurs. 2-BAD spectroscopies
therefore have the potential to provide additional mechanistic understanding in processes in which triplet
photodeactivation is involved.

The ability to elucidate pathways for the photodeactivation of triplet states will make it possible to develop
new materials with improved performance for many applications. For instance, in the case of organic LEDs,
triplet states are a bottleneck, because these states are electrogenerated statistically three times as often
as the desired, emissive singlet states (Baldo et al., 2000). A common approach to solving this problem is to
engineer the energies of the electronic states to promote thermal RISC from the lowest triplet state (Yang
et al., 2017). However, this approach increases the effective emission lifetime of molecules, slowing the
cycling of their excitation. Incorporating efficient triplet photodeactivation is another potential path toward
moving population from the triplet manifold into the singlet manifold. In other applications, such as photon
upconversion via triplet-triplet annihilation (Bharmoria et al., 2020), photodeactivation of triplet states is a
deleterious process. It is important to be able to characterize photodeactivation in such cases, so that
systems can be designed that minimize this phenomenon.

Self deactivation of triplet states is a special case of photodeactivation that is not commonly considered in
photochemistry and photophysics. Self-deactivation may be particularly important when multiphoton
excitation is employed, as the irradiances used are much higher than for linear excitation, and so even a
deactivation process that involves weak linear absorption can have a substantial effect. Our work here
shows that self-deactivation can have a negative impact on the resolution in MAP, and the same may
hold true for some other applications of multiphoton absorption, such as in 4-photon upconversion (Izakura
et al., 2018). The characterization of the deactivation process is a key step toward developing molecules
and/or choosing excitation wavelengths that minimize self-deactivation.

There are other applications in which self-deactivation is a desirable process. For example, in multiphoton
fluorescence microscopy, triplet states can act as long-lived bottlenecks that reduce the fluorescence yield
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and increase the probability of irreversible photobleaching (Donnert et al., 2007). Furthermore, for fluoro-
phores with high symmetry, the triplet yield under multiphoton excitation can be higher than that for linear
excitation, because a different excited state is accessed initially; consequently, the fluorescence quantum
yield is decreased under multiphoton excitation (Liaros and Fourkas, 2017). Designing self-deactivation
into fluorophores for multiphoton microscopy has the potential to break the triplet bottleneck, leading
to more efficient emission.

Conclusion

We have developed a suite of optical techniques for studying triplet-state dynamics. In combination with
established spectroscopic methods, these techniques make possible the identification of the states and
pathways involved in complex photophysical and photochemical phenomena involving triplet states. To
demonstrate the power and versatility of this expanded toolkit, we applied these techniques to study
the triplet-state dynamics of ITX that are involved in the use of this material as a photoinitiator in MAP
and 2-color lithography.

The studies presented here highlight the advantages of using multiphoton absorption to study triplet dy-
namics. The differences in selection rules for linear and 2PA for highly symmetric molecules can provide
access to different excited states, which in turn can lead to differences in triplet yields. More importantly,
in less symmetric molecules, one of the main advantages of multiphoton, as opposed to linear, absorption
lies in the differences in triplet absorption at the excitation wavelength. In the case of linear excitation, any
triplet absorption will take the molecules to a highly excited triplet state that is more likely to be reactive
than are lower triplet states. On the other hand, when multiphoton absorption is used for the initial exci-
tation, triplet absorption can involve excitation to lower-lying triplet excited states that are less reactive
and more likely to lead to deactivation.

The self-deactivation process described here is likely a common phenomenon in triplet-state dynamics,
particularly when multiphoton absorption is employed. As was demonstrated above, self-deactivation
not only plays a role in the polymerization kinetics of ITX-based photoresists, but also in the phosphores-
cence of this molecule in solution. Deactivation and self-deactivation are likely to be key elements for
exerting new forms of control in many processes that involve triplet-state dynamics.

Limitations of the study

The methods developed here are best suited to systems in which the yield of photogenerated triplet states
is substantial. However, this requirement could in principle be circumvented by the use of an appropriate
triplet sensitizer.
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KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Isopropylthioxanthone Sigma Aldrich CAS Number: 75081-21-9
Pentaerythritol triacrylate Sartomer CAS Number: 4986-89-4

Software and algorithms

Gaussian09 suite of programs Gaussian, Inc. http://gaussian.com
SigmaPlot 14.0 Systat Software https://systatsoftware.com
RESOURCE AVAILABILITY

Lead contact

Further information requests should be directed to the lead contact, Professor John T. Fourkas (fourkas@
umd.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Any data and analytical methods that are not reported numerically in the main text or in the supplemental
information section are available from the lead contact upon request. This study did not generate any
unique code.

METHOD DETAILS

Substrate functionalization

#1 Corning glass coverslips (25 mm X 25 mm), were cleaned in an oxygen plasma for 3 min, then immersed
overnight (16 h) in a solution of 93% anhydrous ethanol (Pharmco-Aaper), 5% deionized water and 2%

(3-acryloxypropyl) trimethoxysilane (Gelest). The functionalized substrates were rinsed in ethanol for 1 h
and dried in an oven at 95°C for 1 h.

Photoresist preparation

The photoresist samples were made by adding the specified weight percent of ITX to pentaerythritol
triacrylate (PETA) or trimethylolpropane triacrylate (TMPTA) monomers. All samples were heated for
5 minutes in a 55°C oven, and then were mixed at 2350 rpm for 5 min using a centrifugal mixer. This
procedure was repeated until the resins formed homogeneous dispersions. After mixing, a drop of the
photoresist was placed on a functionalized, #1 glass coverslip.

2-BIT measurements

A tunable, ultrafast Ti:sapphire oscillator (Coherent Mira 900-F) was used as the excitation source. The
repetition rate of the laser was 76 MHz, and the pulse duration was ~150 fs. The beam was spatially filtered
and then split into two portions of roughly equal average power. To adjust the power of each beam we em-
ployed a motorized half-wave plate and a Glan-Taylor polarizer. The two pulse trains were combined by
means of a polarizing beam cube and made collinear. The timing between the two pulse trains was
controlled by a delay line, so that consecutive pulses arrived at the sample with roughly equally spaced tim-
ings, and the effective repetition rate was 152 MHz. The beams were sent through the reflected-light illu-
mination port of an inverted microscope and were focused using a 100X, 1.45-NA oil-immersion objective
(o Plan-FLUAR, ZEISS), the back aperture of which was overfilled. Each beam was passed through a sepa-
rate variable beam expander to allow for adjustment of the beam size at the back aperture of the micro-
scope objective. Samples were mounted on a 3-axis piezoelectric stage (Physik Instrumente) for
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nanopositioning in all dimensions. The piezo stage was attached to a motor-driven stage (Ludl Electronic
Products, Ltd) for coarse sample positioning. The movement of the sample stage was controlled using
custom-made LabVIEW (National Instruments) programs, and fabrication was monitored in real time using
a CCD camera and a display. For the proper alignment and overlapping of the point-spread functions of
the two laser beams, gold nanoparticles were coated onto a cover slip from a dilute solution. Once a nano-
particle was located at low magnification from its multiphoton absorption induced luminescence (MAIL)
signal (Farrer et al., 2005). The laser focal point from the 100X objective was scanned over the gold nano-
particle using the piezo stage, either in the xy or xz planes. The signal was collected by a single-photon-
counting avalanche photodiode (EG&G Canada) and was transferred to a computer by a data-acquisition
board (National Instruments). Data collection was performed by a program written in LabVIEW. The first
step in a 2-BIT measurement is to determine the polymerization threshold average powers of each pulse
train independently. These thresholds were measured by focusing the laser beam inside the photoresist
and creating sets of lines at a stage velocity of 20 um/s. The minimum average power at which fabricated
lines were observed was then determined visually on the display screen. During all measurements, the axial
position of the focal plane was kept fixed to ensure that a constant distance was maintained above the
coverslip surface. This restriction is important, because any change in the focal plane inside the photoresist
may affect the determination of the threshold exposure.

To increase the power measurement accuracy, a reflected part of the beam (~5%) was chopped at a fixed
frequency and was sent to a calibrated Si photodiode, the output of which was sent to a lock-in amplifier
(Stanford Research Systems, SR810) referenced to the chopping frequency. The power of the first laser
beam was then lowered to a set of fixed values below the threshold. For each of the fixed values of the
average power of beam 1 (P;), the corresponding minimum value of the average power of the second
beam (P,) for which polymerization was observed at the same stage velocity was determined. The values
of P; were chosen so that a representative range of values of P, was measured, such that the plot of P4
vs. P, could be fit reliably. Here the overbars indicate the average power normalized to the threshold
average power for that beam alone. At least five measurements were made for each set of average powers
so that reproducibility could be quantified. The obtained data were fitted to the equation

Pl +P,=1. (Equation S1)

Because data points near the diagonal of a 2-beam action spectroscopy plot are more indicative of the
value of n, we used a fit weighting for each point of

1

W=s— Equation S2
0.05+ Py — Py] (Eq )

2-BCEIn measurements

The same two-beam arrangement and alignment procedure was used as in the 2-BIT experiments. A 200 uL
sample of 2 wt% ITX in PEG-400 was placed in a custom-made Teflon cell with #0 glass coverslips for win-
dows. The cell was mounted on a three-axis piezoelectric stage for fine sample positioning in all dimen-
sions. The piezo stage was attached to a motor-driven stage for coarse sample positioning. The movement
of the piezo stage was controlled using a LabVIEW program. To avoid photobleaching during the fluores-
cence experiments, the piezo stage was moved constantly in a circle with a radius of 20 pm at a velocity of
50 um/s. This speed is fast enough to prevent immediate photobleaching and slow enough to permit diffu-
sion away from the beam path between subsequent scans over the same spot. The relative positions of the
two focal spots in the sample were determined by monitoring the nonlinear fluorescence excitation signal
of each beam using a CCD camera. To avoid any inner filter effects, the beams were focused near the sur-
face of the cell, and an epifluorescence geometry was used to collect the emission. The fluorescence was
detected by a silicon photodiode (Thorlabs SM1PD1A), the output of which was sent to an analog, low-
noise preamplifier (Stanford Research Systems, SR560), and then to a lock-in amplifier (Stanford Research
Systems, SR810) referenced to the chopping frequency. Appropriate short-pass filters were used to prevent
any excitation laser light from being sent to the photodiode. The average power values cited here were
measured with a power meter at the back aperture of the objective (a Plan-FLUAR, ZEISS) with the chopper
running. The additional loss from the objective was ~30%. No autofluorescence was observed from solvent
blanks at any excitation wavelength used here.
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2-color luminescence excitation/deactivation measurements

A tunable, ultrafast Ti:sapphire oscillator (Coherent Mira 900-F) was used as the excitation source. A sec-
ond, identical laser oscillator was used in CW mode for inhibition of luminescence. The procedure for
the overlapping of the two beams is the same as described for 2-BIT above. A 200 pL sample of 2 wt%
ITX in PEG-400, was placed in a custom-made Teflon cell with #0 glass coverslips for windows. The sample
mounting and detection geometry were similar to those in the 2-BCEIn experiments. Only the ultrafast
beam (excitation) was chopped, and the photodiode signal was sent to a preamplifier (Stanford Research
Systems, SR560), and then to a lock-in amplifier (Stanford Research Systems, SR810). The excitation and
deactivation beams were overlapped using a polarizing beam cube. In all experiments, the neat solvent
was found to have no measurable nonlinear fluorescence signal. For the fitting of the experimental data
and extraction of the order of nonlinearity the same procedure was used as for the 2-BIT data.

In situ measurements of polymerization and deactivation

The fundamental components of the experimental setup are shown in Figure ST0A. The activation
wavelength was 315 nm and the deactivation wavelength was 630 nm. A sample of 0.5 wt % ITX in PETA
was prepared in a thick film between a cover slip and an acrylated cover slip. The sample was irradiated
with a series of the two colors of pulsed light and the deactivation threshold was measured as a function
of delay time. The light used in this experiment was generated by a Continuum Horizon optical parametric
oscillator (OPO) pumped by the third harmonic of an Nd:YAG. The linearly polarized pulses were ~7 ns in
duration with a wavelength resolution of < 0.01 nm. The 630 nm output of the OPO was sent into an Inrad
doubler to generate 315 nm pulsed light that propagated collinearly with the 630 nm pump beam. A
315 nm high reflector was used to separate the two beams into two distinct beam paths. The 630 nm
beam traversed a delay line and was recombined collinearly with the 315 nm beam, allowing the time
between the activation and deactivation pulses to be varied from 0 to 20 ns. The thick-film sample was posi-
tioned in the xy-plane and the beams propagated along the z-axis, normal to the surface of the glass slide.
This geometry is illustrated in Figure S10B. After irradiation, the sample was developed with ethanol to
establish the presence of crosslinking. At a set delay time and activation energy, the deactivation beam po-
wer at which complete deactivation occurred was determined. The energy of the deactivation beam was
decreased in increments of 0.2 mJ/pulse for each consecutive sample, and the deactivation threshold
was measured when evidence of polymerization was clear to the naked eye after development.

Microsecond transient absorption

Microsecond time scale transient absorption studies were conducted using the frequency tripled, 355 nm
output of a Nd:YAG laser (Continuum) with pulses of 4 to 6 ns in duration as the excitation source. The
probe was a 350 W xenon arc lamp that passed through a monochromator to a PMT detector. Samples
were prepared such that the optical density at 355 nm was between 1.0 and 2.0. Solutions were purged
with nitrogen gas both in the solution (minimum of 10 min) and in the headspace (minimum of 5 min).
When obtaining a full spectrum, a fresh supply of the sample was delivered into the cuvette via a nitro-
gen-purged flow cell that connected the cuvette to the stock solution via a double-headed needle. The
photolyzate was drained from the cuvette into a waste vessel. This setup prevents accumulation of photo-
products and avoids the depletion of the ITX throughout the duration of the experiment.

Ultrafast pump-probe spectroscopy

The ultrafast transient absorption spectra were recorded using an ultrafast pump/probe spectrometer
(Newport Corporation). A Ti:sapphire amplified laser produced laser pulses of < 50 fs duration and ~1
mJ pulse energy at center wavelength of 800 nm, with a repetition rate of 1 kHz. A small part of the funda-
mental laser beam was used to generate white light continuum in CaF,. The remaining portion of the beam
was frequency-doubled using a BBO crystal, and any residual 800 nm light was removed using a shortpass
filter. The frequency-doubled beam was used as the pump, and was chopped at 500 Hz. The white light
supercontinuum beam was used as the probe, and could be temporally delayed with respect to the
pump by up to 4.3 ns. The two beams were focused and overlapped in the sample. The sample was stirred
in a 2-mm-path-length cuvette and measured 0.014 OD at 400 nm and 0.206 OD at 381 nm. The images of
the signal and reference probe beams were concurrently recorded as a function of delay time between the
pump and the probe, by means of a CMOS photodiode-array based camera mounted at the exit of a spec-
trograph. The spectrograph was capable of data acquisition at a rate of 1 to 10 kHz data acquisition, or even
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higher with multiple pulses averaged per acquisition. To increase resolution, in each scan 4 s of averaging
per time point was used, and two scans were averaged.

Density functional theory calculations

Geometry optimizations and energy calculations were carried out using the Gaussian09 suite of programs
(Frisch et al., 2009). Structures were optimized using (U)M06-2X/6-311G(d) (Krishnan et al., 1980; Zhao and
Truhlar, 2011). For calculations carried out in solvents, the SMD solvation model was used (Marenich et al.,
2009). Energies of the electronic states were calculated using TD-DFT. A detailed summary of the results of
the DFT calculations is given in the supplemental information (Figures S4-S8).

Details of the kinetic model

For simplicity, we assume temporally square excitation pulses. If the excitation beam has average
irradiance I, then the peak irradiance is I/D, where D is the duty cycle (i.e., the pulse duration divided by
the repetition time). Given a total exposure time of t/, the laser field is on for time

t = Dt. (Equation S3)

Thus, the total linear exposure dose is given by the peak irradiance multiplied by the exposure time

é -Dt =1It. (Equation S4)

This result is relevant to linear absorption. For the case of 2-photon absorption, the total exposure dose is
given by the product of the square of the peak irradiance and the exposure time
1 Pt
— | «Dt'=—. Equation S5
( D) b (Eq )
Based on the scheme in Figure 4A and these equations, the rates of change of the populations of the Sg and
T, states are

2
dLStO} = — ’%’ [So] + ki /[ T4]. (Equation S6)
and
d[Ti] kP
thﬂ = 2?[So] — kil[T]. (Equation S7)
Conservation of population implies that
[Solo = [Soly + [Th]y- (Equation S8)
Substituting this constraint into Equation S4 and integrating yields
_ [Solo ko ? ko PP\ .
[Soly = k1l+% kl + oo - kil + 5 tl]. (Equation S9)
The corresponding triplet population is
Soloke 2
(], = I[< 71(—’1(‘23’2 1—exp| — kil + % t . (Equation S10)
1+

Dividing both sides of Equation S10 by [Splo yields Equation 2. When a CW deactivation beam with
irradiance Iy is also present, kil in the above equations is replaced with k(I + 1).

At t' = o, the threshold concentration of Ty is

[Solo's
[T1]th,oo = k1/+ﬁ.

D

(Equation S11)

The corresponding value of the threshold irradiance at the fundamental frequency is
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Dki[T1]y, o
ka (1 - [Tﬂm,w).

If the repetition rate is doubled, the threshold triplet concentration at equilibrium remains constant.
Therefore,

lins = (Equation S$12)

2Dk, [Tﬂmw
ka (1 - [T1Lh,m)

Along the diagonal in a 2-BIT experiment, the irradiance for each pulse train is the same, and therefore we
must divide the result in Equation S13 by 2, recovering Equation S12. The 2-BIT exponent m in this case is
given by (Cohen and Fourkas, 2019)

lin2f = (Equation S13)

= |r;r(]1(<§)= w (Equation S14)
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