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ABSTRACT: Predicting wavelength-dependent photochemical reactivity is challenging. Herein, we revive the well-established tool
of measuring action spectra and adapt the technique to map wavelength-resolved covalent bond formation and cleavage in what we
term “photochemical action plots”. Underpinned by tunable lasers, which allow excitation of molecules with near-perfect wavelength
precision, the photoinduced reactivity of several reaction classes have been mapped in detail. These include photoinduced
cycloadditions and bond formation based on photochemically generated o-quinodimethanes and 1,3-dipoles such as nitrile imines as
well as radical photoinitiator cleavage. Organized by reaction class, these data demonstrate that UV/vis spectra fail to act as a
predictor for photochemical reactivity at a given wavelength in most of the examined reactions, with the photochemical reactivity
being strongly red shifted in comparison to the absorption spectrum. We provide an encompassing perspective of the power of
photochemical action plots for bond-forming reactions and their emerging applications in the design of wavelength-selective

photoresists and photoresponsive soft-matter materials.

INTRODUCTION

Photochemistry is perhaps the most far-reaching, impactful,
and enabling of all chemical processes," given that life on Earth
itself is sustained by photosynthesis enabled by the energy of
sunlight.” In human endeavors, photochemical processes have
been used since antiquity to cure materials. The literature on
photochemical processes is vast and diverse and has
experienced a significant increase with the advent of laser
technology. The commercial availability of tunable laser
systems has enabled the ability to finely adjust not only the
intensity of light but more importantly its wavelength.’

Photochemists have long sought to identify which color of
light will afford the most effective reaction pathway to the
desired product. On the simplest level, the absorption
spectrum of a molecule provides guidance on the most
effective electronic transitions, which are often portrayed in a
Jablonski diagram.® It is also possible to computationally
determine the absorption spectrum via quantum chemical
methods, such as density functional theory (DFT), to gain an
understanding of its structure before any synthetic effort is
undertaken. However, knowledge of the absorption spectrum
alone has been shown to be insufficient to predict the
wavelength at which photochemical reaction channels can be
activated most effectively.’ This is perhaps most prominent in
anti-Kasha molecules, where the first electronic transition is
chemically inactive.®

Modern soft-matter materials science and polymer chemistry
provide the chemical foundations for a wide range of
photoactive materials.” These materials include surface coat-
ings, medical materials and 3D printing photoresists (reaction
mixtures that can be solidified by light).” Classically, these
photoresists have been cured with a specific color of light (or a

narrow range of colors emitted from an LED or in some cases
with very broad emitting light sources), yielding one specific
material property.” Recently, photoresist technology has
moved into a new phase, in which multicomponent mixtures
contain unique reactive chromophores that are responsive to a
specific color of light, enabling multimaterial 3D printing from
a single resist (or from the user’s point of view, a single printer
cartridge)."® In a projection forward into the future, the user of
a 3D printer would select not only the printed geometry but
also a specific material property that is to be printed at a
specific location within the structure. The technology could
include such disparate materials properties as conducting vs
insulating or degradable vs nondegradable components. To
achieve such a selective photoresist, near-perfect wavelength
orthogonality (sometimes also referred to as chromatic
orthogonality or chromatic selectivity)'' between the photo-
reactive groups is a prerequisite.’” It is pivotal that the
activation of the chromophores occurs independently of the
sequence in which the different colors of light are applied,
which is a tall order. To achieve such a high level of
orthogonality, it is imperative to have information on the
wavelength-resolved reactivity for each photoreactive system in
the solution, relative to their absorption spectrum in the same
solvent. Such information is provided by photochemical action
plots, which have experienced a renaissance over the last 6
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Scheme 1. Evolution of Action Plot Technology from Photobiological Action Spectra (Panel 1, Top Left) to the Finely
Resolved Wavelength Mapping of Covalent Reactions of Distinct Molecules (Panel 2, Top Right)“
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“The information gained from action plots forms the basis for wavelength-gated sets of reactions in a (soft matter) materials science context. Such
reaction systems include synergistic photoreactions that only occur in the presence of two distinct wavelengths (bottom left), orthogonal systems
where specific wavelengths initiate exclusively one reaction without affecting another (bottom middle), and antagonistic systems, where two

wavelengths are required to suppress a reaction (bottom right).

years, driven by the emerging field of light-driven one- and
two-photon activated 3D printing.

The current Perspective surveys the state of the art in
photochemical action plots and projects a path forward for the
wavelength-gated design of functional materials, empowered
by photochemical reaction systems that operate synergistically,
orthogonally, or antagonistically (Scheme 1).

BACKGROUND

The idea of measuring wavelength-dependent chemical activity
is, of course, not a new one. Studies to date have primarily
focused on three broad fields: biological activity, photovoltaics,
and photodissociation.

Since the late 19th century, intense research has been
undertaken to understand the different biological responses to
specific wavelengths. The vast majority of these studies utilize
broad-band lamps with narrow filters to assess the photo-
damage resulting from solar radiation. The effect of irradiation
has been quantified by metrics such as cell viability," vitamin

D3 degradation,'*"” production of erythema,'® changes in

DNA,""~"” and the appearance of tumors,”’ just to name a few.
A critical evaluation of the active wavelength regions of the
mechanism studied can be used to identify the contributing
chromophore leading to such processes. We consider here the
well-studied action of photosynthesis (Scheme 1, panel 1).
There are several key chromophores that contribute to the
absorption of solar radiation in plants and other biological
materials (black lines). Since these chromophores are
instrumental in converting solar energy to chemical energy
driving photosynthesis, it is unsurprising that the net
absorption of these chromophores closely matches the
wavelength-dependent rate of photosynthesis (green line),
usually determined by monitoring oxygen production or
carbon fixation. It was the correlation between these two
curves that led to the discovery of chlorophyll as the key
chromophore for plant growth.”" This has been possible based
on the basis of the assumption that the absorbance spectrum of
the chromophore closely matches the action spectrum. The
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importance of studies such as these cannot be underestimated,
as they have been instrumental in identifying DNA as the core
genetic material®” revealing the key wavelengths leading to skin
cancer,” the transparent optical window of biological tissuezl_t
and the role of color in influencing circadian rhythms.*®
Several reviews have been written on the topic, and thus they
will not be the focus of the current Perspective.”””’

The late 20th century saw a rise in the development of
optical devices capable of harvestin% sunlight efficiently for
applications such as photocatalysis™ and photovoltaics.*
Here, action spectra became routine measurements to
determine the photocurrent efficiency at various wavelengths,
typically achieved using broad-band lamps coupled to a
diffraction grating. The information obtained from these
studies has been vital in understandin§ the primary
contributors to photocurrent generation®””' in order to
develop new materials,””~>* morphologies and device
designs® ™" to enhance the capture and utilization of solar
energy.

Within the field of photochemistry, action spectra have been
primarily limited to photodissociation studies, where a
monochromatic light source, usually a laser, is coupled to a
mass spectrometer and the wavelength—defendent dissociation
of ions in the gaseous phase is recorded.”” As with biological
studies, photodissociation action spectra have been utilized to
identif?I the contributing chromophore in molecular sys-
tems,"** in addition to characterizing radical generation and
unstable isomers**~* and understanding higher state electron
dynamics.*>*’

The above is of course not an exhaustive list, and other
wavelength-dependent chemical studies have covered broad
areas in polymer degradation,*® surface characterization,” and
phototherapy.”® While these studies have been vital in
broadening our understanding of chemical processes and
bond strengths, they have primarily focused on bond-breaking
and isomerization mechanisms. In contrast, herein we highlight
the body of work conducted in characterizing wavelength-
dependent control over bond formation for advanced material
design using different colors of light.

35,36

METHODOLOGY

“Action plots”, as outlined in the current Perspective, were
rejuvenated and refined as a critical tool to assess photo-
chemical covalent bond formation approximately 6 years ago,
by our team. The most influential factor behind this resurgence
is the affordable availability of optical parametric oscillators
(OPOs), which are tunable nanosecond pulsed lasers capable
of emitting monochromatic light across a broad range of
wavelengths from the deep-UV to near-infrared. In comparison
to broad-band light sources, such as LEDs or lamps equipped
with either a diffraction grating or filters (which both severely
limit the light intensity and are never truly monochromatic),
the implementation of tunable lasers in photochemistry has
allowed the intensity, as well as the wavelength, of light to be
precisely tuned according to the users’ needs. This prompted
the concept of mapping chemical activity against wavelength to
be revisited with renewed focus.

The experimental method of acquiring an action plot via a
tunable laser has been included in detail in the Supporting
Information as a tutorial to any user who wishes to conduct
such experiments. Briefly, an identical batch of samples is
prepared at a suitable concentration to minimize light
attenuation throughout the sample volume, while maintaining

sufficient material for characterization. Each sample is
irradiated with an identical number of photons of mono-
chromatic light across the wavelength region of interest.
Irradiation is followed by careful quantitative characterization
to determine the yield of the reaction. The characterization
method will vary depending on the chemical system and
concentrations used. Ideally, structural methods such as NMR
spectroscopy or mass spectrometry, coupled to a suitable
separatory method (LC-MS or SEC-MS), should be used for
quantification. However, the concentrations required for these
techniques are not always practical. Therefore, indirect
methods, such as absorbance and fluorescence, can be
employed if the optical properties allow. The error in these
measurements will vary depending on the chosen character-
ization method but can be minimized by performing
measurements at each wavelength in triplicate.

Once the wavelength-dependent reactivity has been
elucidated, a graph is prepared by overlaying the reactivity
with the molar extinction spectrum, measured in the reaction
solvent. An example of such a plot for two different
photochemical systems is presented in Scheme 1, panel 2,
where the dots indicate the reaction conversion and the shaded
areas indicate the absorbance spectra.

It is important to note here that what is often measured for
optical characterization of chromophores is the molar
extinction spectrum. However, the extinction spectrum is not
necessarily congruent with the absorption spectrum due to
effects such as scattering and reflection. This deviation
becomes particularly significant when the size of the optical
system under investigation approaches the wavelength of the
irradiation source.”’ For small-molecule systems, scattering
cross sections are on the order of 107> cm? molecule™ and
therefore the deviation between absorption and extinction is
minimal.”> For larger polymeric systems, these deviations
should be considered.

DISCUSSION

All of the reactions explored so far largely fall into three
categories: photocycloadditions, photothermal hybrid reac-
tions, and photorelease (Norrish type) reactions. Some
reactions, the reader may find, can fall into more than one
category. We have discussed those reactions in the section we
judged as most appropriate but have included a discussion on
any classification overlaps that we noticed. For ease of
comparison, action plot data obtained within each reaction
class have been normalized by the number of molecules in
solution and the number of photons delivered during
irradiation (refer to section 2 in the Supporting Information),
and are reported as “adjusted % yields”. For the sake of clarity,
error ranges have not been represented on these graphs but
can be found in the relevant literature. Typical error values are
on the order of 3—5%. Where available, molar extinction
coeflicients have been provided. In cases where these were not
reported, normalized absorbance spectra are provided instead.

Photocycloadditions. Photocycloadditions are among the
oldest photoreactions in the field of synthetic chemistry. The
[4 + 4] photocycloaddition of anthracene was first described
by Fritzsche in 1867°° and still finds ample application in
chemistry due to its selectivity and catalyst-free nature.”*™>’
Despite a plethora of research exploring photocycloadditions,
almost all applications in photoligations utilize harsh UV light
to initiate anthracene photodimerization. Only recently, we
began to investigate the wavelength (1) dependence of
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Figure 1. Molar extinction spectra (solid curves, left axis) and adjusted action plot yields (symbols, right axis) of various photocycloaddition

reactions. For ease of comparison, percentage yields were adapted from the literature

83962 67 and normalized by the number of photoreactive

units in solution and the number of photons delivered to the sample to give adjusted % yields. The inset highlights the low-intensity absorption
region. For the full methodology to arrive at the displayed action plots, refer to the Supporting Information.

anthracene photocycloaddition (Figure 1, reaction C6) using
action plots.” Surprisingly, the reaction is initiated just as
efficiently with visible light (4 = 410 nm) as with UV light (4 <
400 nm), challenging a paradigm of more than 100 years. We
observed that the wavelength-dependent cycloaddition yield
only decreases significantly at A > 420 nm, where the extinction
coeflicient approaches zero, and at 1 < 320 nm, where the
competing photocycloreversion was observed to be highly
efficient (Figure S4 in the Supporting Information).

In the realm of [2 + 2] photocycloadditions, the active
development of red-shifted stilbene derivatives emerged after
the rediscovery of styrylpyrene by the team of Asanuma.’’ As a
side note, styrylpyrene was reported by Kovalenko and co-
workers in 1980°" yet only found application in 2016 as a
visible-light-activated photoligation tool for the cross-linking of
DNA strands.”” To utilize the mildest possible activation
wavelengths of styrylpyrene, we recorded an action plot of its
photocycloaddition and photocycloreversion.”® Surprisingly,
the reactivity maximum of trans-(p-hydroxy)styrylpyrene (1 =
435 nm) was red-shifted by close to 60 nm in wavelength in
comparison to the absorption maximum and the reactivity
extends up to A < 470 nm (Figure 1, CS). Moreover, the
reactivity strongly decreased toward shorter wavelengths with a
reactivity minimum at around 4 = 330 nm. Since the action
plot of the competing photocycloreversion of the styrylpyrene
cycloadduct also displayed its reactivity maximum at 1 = 330
nm, it is likely that the strongly decreased yield of the
photocycloaddition at lower wavelengths results from the
competing cycloreversion (Figure S3 in the Supporting
Information).

The presence of such a low wavelength reactivity gap opens
up key opportunities for the design of remotely controlled
multireaction systems. In most cases, even mixtures of two
photoreactive species of significantly different extinction
maxima still display absorption overlaps at shorter wave-
lengths.® As a result, it is usually only possible to address the
longer wavelength reactive species selectively, whereas
irradiation with shorter wavelengths initiates both reactions
at least partially. The experimental observation of a photo-
chemical reactivity gap for styrylpyrene provided the
foundation for the first chemical ligation system, where either

one of the two reactions can be initiated exclusively as a
function of wavelength (a concept termed sequence-
independent A-orthogonality).'"~"* If the kinetics of compet-
ing photocycloaddition and photocycloreversion are altered,
for instance through tethering styrylpyrene units onto a
polymer backbone, the strongly concentration dependent
cycloaddition becomes more favored as the photoreactive
moieties remain in close proximity after cycloreversion.”> As a
result, action plots of the styrylpyrene photocycloaddition in
such a polymer-tethered scenario display a high reactivity in
the UV range and the reactivity minimum around 4 = 330 nm
disappears.”” Importantly, neither UV—vis absorbance nor
fluorescence spectra displayed a significant change between
trans-(p-hydroxy)styrylpyrene and its polymer-tethered coun-
terpart, whereas the action plot directly revealed the altered
wavelength-dependent reactivity.

To shift the activation wavelengths of [2 + 2] photo-
cycloadditions further into the visible light, several stilbene
derivatives with extended conjugated systems, and electron-
withdrawing and -donating substituents, were synthesized and
analyzed. Introducing a quaternized ammonium group as a
pyrene substituent increased the charge-promoted water
solubility and enhanced the triplet state (T;) formation upon
excitation. Concurrent perfluoration of the phenyl ring yielded
1-trimethylammonium-6-pentafluorostyrylpyrene (qStyPy).*’
A subsequent metal-free p-fluoro-thiol reaction gave rise to
functionalized qStyPy-thioethers (R—qStyPy), which led to a
further absorbance red shift of close to 14 nm to 4., = 388
nm. In this case, the absorption red shift was concomitant with
a red shift in reactivity up to 4 > 480 nm, in comparison to
styrylpyrene (Figure 1, C1). When the phenyl ring of
styrylpyrene is substituted with an amide to obtain
acrylamidylpyrene, a blue shift of the extinction maximum of
around 5 nm is observed and the onset of detectable extinction
is blue-shifted significantly (Figure 1, C4).°* Surprisingly,
however, the reactivity is red-shifted and acrylamidylpyrene is
reactive up to 4 > 490 nm. While the reason for the red-shifted
reactivity remains unclear, it is evident that, solely on the basis
of UV/vis data, a prediction of the red shift in the
experimentally observed reactivity would have been impossible.
Importantly, the shift in activation wavelength was sufficient to
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Figure 2. Molar extinction spectra (solid curves, left axis) and adjusted action plot yields (symbols, right axis) of various photothermal cascade

reactions. For ease of comparison, percentage yields were adapted from the literature

72,78,79,81,82 . .
78798182 and normalized by the number of photoreactive

units in solution and the number of photons delivered to the sample to give adjusted % yields. The inset highlights the region of low absorption.
For the full methodology to arrive at the displayed action plots, refer to the Supporting Information.

trigger acrylamidylpyrene dimerization selectively with 4, =
4SS5 nm centered LEDs in the presence of styrylpyrene. In the
case of a pyrene-substituted chalcone, both the absorption
maximum (4,,, = 415 nm) and the extinction onset are
significantly red shifted in comparison to styrylpyrene (Figure
1, C2).%” The peak reactivity was observed at A = 440 nm, and
reactivity was observed up to 4 < 500 nm.

As outlined above, most synthetic attempts aim at
substituting the phenyl ring of styrylpyrene. However,
replacing the pyrene substituent with quinoxaline afforded a
drastically red shifted stilbene derivative: i.e., styrylquinoxaline
(Amex = 380 nm in ACN; Figure 1, C3). During the
investigation of the photophysical properties of styrylquinoxa-
line-terminated PEG, a slightly solvent dependent red shift (S
nm from ACN to H,0) was observed. Remarkably, the
solvent-dependent shift in reactivity was around 10 times more
pronounced (50 nm from ACN to H,0). In H,O, the
cycloaddition can be triggered with light of up to 4 < 550 nm,
making it the longest wavelength that can trigger catalyst-free
photocycloadditions in solution to date. Furthermore, the
reactivity of styrylquinoxaline can be turned off by protonating
the slightly basic amines in acidic media, providing an
additional level of reaction control.

Photochemical-Thermal Cascades. In addition to the
purely photochemically driven cycloadditions, photochemical
action plots have also been utilized to map the wavelength-
dependent reactivity of a specific photochemical step involved
within a larger cascade of reactions. In these examples, action
plots report the yield of the final product formation as a
function of wavelength, with no differentiation made between
the yields of photoinduced and thermal events. Consequently,
there may be an influence on the rate from subsequent thermal
reactions. However, in most examples, the reaction partner
(ene) is employed in large excess to ensure that the
concentration of the ene is not rate-limiting. The photo-
chemical—thermal cascades that have been mapped via
wavelength-dependent action plots are based around two
main classes of functionalities. The first is o-methylbenzalde-
hyde, which upon irradiation undergoes photoisomerization to
yield an o-quinodimethane, an activated diene that readily
reacts in a Diels—Alder [4 + 2] cycloaddition.”’ The second is

1,4-diaryltetrazole, which eliminates molecular nitrogen from
the molecule after photoexcitation, affording a nitrile imine.
When formed in the presence of a suitable dipolarophile, this
reactive intermediate will undergo a 1,3-dipolar cycloaddition
to yield a pyrazoline product.”’

While both of these cascades have been employed in small-
molecule syntheses and macromolecular ligation for a decade
or more prior, they have always been induced by broad-band
UV lamps. With the appeal of milder energy activation as a
motivation, an action plot was employed to establish how
much reactivity was accessible at these longer wavelengths.
Both reactions proceeded with remarkably high efficiency after
the initial excitation with suitable wavelengths.

o-Methylbenzaldehydes can be excited into the second
singlet excited state through a 7 — 7™ transition in the 4 =
300—345 nm regime or into the first excited singlet state by an
n — 7* transition at longer wavelengths (4 = 360—390 nm;
Figure 2, T3). Even in this region of relatively weak
comparative absorbance to the 7— #* transition, the reaction
product was still observed. However, the reactivity from the n
— #* transition was strongly wavelength dependent, in
contrast to the # — 7 transition. Here, longer wavelengths
are less efficient in terms of comparative conversion, on the
basis of the required intersystem crossing from a singlet to a
triplet state, which subsequently rearranges into the triplet (E)-
enol. While this is not the active isomer for thermal
cycloaddition, the singlet (Z)-photoenol is efficiently formed,
allowing the Diels—Alder cycloaddition to proceed. In
comparison, tetrazoles returned more conventional action
plots, with the highest efliciency of the cycloadduct generation
being observed at wavelengths close to the maximum of the
tetrazole extinction spectrum, correlating with an excitation
into the first excited singlet state with a subsequent intersystem
crossing to the triplet surface, yielding the nitrogen elimination
(Figure 2, Ts).”

On the basis of the information from the action plots, it was
possible to design bespoke molecules, which undergo similar
reactions at longer (visible) wavelengths. For the o-
methylbenzaldehyde derivatives (Figure 2, T2—T4), it has
been well established that the presence of an electron-donating
ether moiety ortho to the aldehyde gave enhanced enolization
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yields.”* Replacing the ether with a thioether adduct resulted in
two advantages.”* First, it lowered the energy gap for the 7 —
7* transition that leads to the formation of the photoenol,
subsequently red shifting the absorbance of the molecule.
Second, the thioether moiety enforced and stabilized a
favorable molecular conformation, enabling an enhanced
excited-state intramolecular proton transfer. Indeed, an action
plot investigation revealed a reactivity profile similar to that of
the ether-substituted o-methylbenzaldehyde, but the wave-
length where the maximum reactivity was observed was shifted
by more than 40 nm (Figure 2, T2). Cycloaddition reactions
were now possible in quantifiable amounts well into the visible
regime, close to A = 450 nm.”*

A similar approach was employed for the tetrazole
molecules; however, in this example, the N-aryl moiety was
replaced with a larger polyaromatic group to yield a shift in the
energy required to reach the first excited singlet state. The
literature indicates that, while several moieties have been
installed to effect a red-shifted absorbance (including
substituted biphenyl,”® thiophene,”® and pyrenyl groups’’),
not all gave red-shifted cycloaddition reactivity. To date, the
furthest that the photoinduced nitrile imine formation [3 + 2]
cycloaddition has been pushed is when dual strategies of
extending the conjugated system and introducing electron-
donating substituents have been employed: specifically, a
dimethylamino-functionalized pyrene as the N-aryl substituent
(Figure 2, T1).”® Action plot measurements of the
dimethylamino pyrenyl aryl tetrazole demonstrated activity
well into the green light regime at 4 = 515 nm. Interestingly,
this example, unlike the N-phenyl tetrazole, did not mirror the
absorbance spectrum of the molecule, instead demonstrating
an offset in reactivity by close to 25 nm. Again, this is slightly
different from the o-methylbenzaldehyde example, as it appears
to be not just the longer wavelength reactivity that is shifted
but also the reactivity minima relative to the absorbance
minima. Such behavior indicates that the photochemistry of
the chromophore plays a role more critical than merely as an
antenna for light absorbance.

One final example of a photochemical—thermal cascade is
the photochemical release of a thioaldehyde from a pyreneacyl
sulfide molecule.”” Here, the photoexcited molecule eliminates
the small molecule thioaldehyde, which is subsequently

trapped by a nucleophile to yield an imine or oxime linkage,
or a hetero-Diels—Alder reaction occurs to yield a sulfur-
containing cycloadduct. Utilizing cyclopentadiene in excess as
a trap, the action plot of this photorelease interestingly
demonstrated a red-shifted photoreactivity in comparison with
its absorbance spectrum (Figure 4, R6). However, the
elimination occurs through a Norrish type II mechanism,
correlating well with the trend of other Norrish-type
photoelimination reactions discussed below.

Photochemical Release. While the reactivity of photo-
cycloadditions has arguably been the most prevalent thus far,
the very first action plot following our methodology was of a
Norrish-type photorelease reaction published in 2017.°° The
photoreactivity of two commercial oxime-type photoinitiators,
O-benzoyl-a-oxooxime (Figure 3, R1) and O-acetyloxime
(Figure 3, R2) was investigated, prompted by the observation
that the optimum wavelength for photochemically induced
polymer formation did not seem to coincide with the
absorption maximum.” The absorption maximum of O-
benzoyl-a-oxooxime and O-acetyloxime is at approximately
Amae = 330 nm in ACN, correlating with the excitation of the
N-O bond via n = #* and 7 — 7* transitions, respectively.
However, the most efficient wavelength for initiating the
polymerization of acrylate type monomers was red-shifted by
75 nm relative to the absorbance maxima to A = 405 nm,*"
where the molar extinction coefficients of R1 and R2 are 45
and 2.2 L mol™" cm™!, respectively. At the time, the discovery
of the dissonance between the absorption maximum and the
reaction maximum of a photoreactive moiety came as a
surprise and prompted further investigation. To ensure that the
results were not artifacts of side reactions due to high-intensity
monochromatic laser light, the photopolymerizations were
repeated with LEDs across the same wavelength range and the
results were qualitatively congruent.

Building on our initial study, we carried out a second
investigation into the photostability of photoinitiator-derived
chain termini of polymers initiated by benzoyl-type fragments.
We investigated the Norrish-type I and II cleavages of the
benzoyl chain end fragments of polymers at different
wavelengths and found that the methyl substitution pattern
of the benzoyl end group significantly affected its stability.’
This study found that substitutions in the ortho position
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Figure 4. Molar extinction spectra (solid curves, left axis) and adjusted action plot yields (symbols, right axis) of various photochemical release

reactions for photodegradation. For ease of comparison, percentage yields were adapted from the literature

878590 and normalized by the number of

photoreactive units in solution and the number of photons delivered to the sample to give adjusted % yields. The inset highlights the low-intensity
absorption region. For the full methodology to arrive at the displayed action plots, refer to the Supporting Information.

resulted in the most substantial increase in the end-group
stability. Further methyl substitution on the benzoyl group
further increased the stability, although minutely. A direct
comparison between the benzoyl chain termini with a single
methyl substitution in the para position (Figure 3, R3) and
three methyl substitutions filling the para and two ortho
positions (Figure 3, R4) showed that R4 was resistant to
degradation under UV light up to 4 = 345 nm and
subsequently cleaved to form unsaturated species at a higher
rate with shorter wavelengths. In contrast, R3, with the single
para-substituted methyl group, already started cleaving at
longer wavelengths of around A = 385 nm, and then reached a
plateau at around A = 365 nm. According to DFT calculations,
increasing the methyl substitution is likely to render increased
inductive effects at the benzoyl moiety, resulting in changes to
the HOMO and LUMO and shifting the activation energy to
lower wavelengths.” As the stability of polymer coatings has
been an issue that has fraught industry for a while, studies such
as these, which focused on the photostability of initiator-
derived end groups, helped to identify suitable initiators for
specific applications.** ™

In addition to the exploration of Norrish-type reactions for
photoinitiation, the photorelease of preformed polymer blocks
and networks via Norrish pathways was also mapped. In two
separate studies,”*® o-nitrobenzyl moieties were explored as
potential photolytic units that could be incorporated into
polymers to facilitate on-demand degradation. When the o-
nitrobenzyl was modified by substituting two alcohol groups
(Figure 4, R8) and an action plot was recorded, it was
surprisingly found that the peak reactivity was only red-shifted
by 10 nm relative to the absorption maximum (4,,,, = 350 nm)
associated with the N=0 bond. However, the photorelease of
the o-nitrobenzyl occurred at wavelengths up to 4 < 425 nm,
even when the absorption of the molecule appeared negligible
beyond 4 = 400 nm. This minor red shift of reactivity in
comparison to the absorption maximum was also observed in
the second study, targeting another o-nitrobenzyl species with
one ortho position substituted with an isopropyl alcohol group
and two alkoxy groups in the meta and para positions (Figure
4, R7).*® Interestingly, the change of substituents at the meta

and para positions seems to have resulted in a higher
absorbance and reactivity in R7, in comparison to R8.

In the most recent study examining molecular photorelease
properties via action plots, the wavelength-dependent photo-
reactivity of bimane, dimethylaminobenzene, and o-nitro-
benzene thioether moieties (Figure 4, RS, R9, and RI10,
respectively) were explored. It is worth noting that the
structures of R8 and R9 are identical, except for the
substituents on the oxygen heteroatom, and their absorbances
are comparable. Despite this, their reactivities were found to
differ by 3 orders of magnitude (Figure 4). This is likely
explained by the difference in the electron-donating effect
between the substituents at the ortho positions of the phenyl
ring, even if the substituent is three bond lengths away from
the ring.*® The above is further evidence for the notion that
the absorption spectrum of a chromophore is not necessarily
an accurate guide to its photoreactivity.

Through information afforded from the action plots, the
molecules were designed in such a way that triggering the
photorelease is achieved at independent wavelengths (going
from visible to UV) in a hydrogel matrix via thiol—ene Michael
additions.”” While there are many established methods of
controlling the mechanical properties of hydrogels, none of
them afford the spatiotemporal control that light does.”' "
The above study highlights the possibilities in the materials
design space afforded by action plots, which we will explore in
detail in the final part of the current Perspective.

In summary, a widely applied strategy to induce bath-
ochromic absorption shifts of photoreactive molecules aims to
lower the HOMO—-LUMO gap in order to decrease the
required energy for photochemical excitation.”” This molecular
engineering usually aims to lower the HOMO—-LUMO gap
through an extension of the 7z system and functionalization
with electron-withdrawing and/or -donating groups. Such
functionalization has been shown to induce the anticipated red
shifts of absorbance and reactivity across a range of molecules;
however, in other examples the photoreactivity was lost despite
bathochromic absorption shifts.”>~”” Moreover, the effect of
the substitution positions on the photoreactivity is largely
unknown and should become the subject of future
investigation via action plots.
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While the implementation of action plots, as described in the
current Perspective, has developed over the past 6 years, there
is still immense unexplored potential for probing the limits of
photoreactions. For example, solid-phase action plots or two-
photon action plots are especially attractive for constructing
photoresists for 3D laser lithography.”® We acknowledge that
the acquisition of a suitable pulsed, wavelength-tunable laser is
likely the most significant impediment to action plots for
monitoring covalent bond formation being more widely used
in the scientific community. However, it is hoped that as the
full potential of lasers and OPOs as photochemical tools is
realized, they will become more in demand and therefore,
hopefully, more accessible. So far, from nearly every reaction
where the wavelength-dependent photoreactivity has been
mapped, a red shift of the reactivity—relative to the
absorption—has been observed, usually spanning across tens
of nanometers. It is important to note that a similar red shift is
observed in biological action spectra®®” and is often attributed
to the variation in the transmission of different wavelengths
through biological media. While that is clearly not the
explanation here, we hypothesize that such an observation
can be attributed to a combination of optical and chemical
effects.

It was initially thought that the difference in optical
penetration depth of short and long wavelengths may be the
primary factor affecting reaction efficiency. However, applying
Beer—Lambert’s law to the example of the aforementioned two
oxime photoinitiators (Figure 3, R1 and R2) showed that the
path lengths of the liquid samples would have to be greater
than 2 cm for wavelengths longer than 4 = 394 nm for R1 and
381 nm for R2 for 99% of the incident light to be absorbed in
this specific case.”” Similar calculations hold true for other
systems where a strong red shift is observed.”” Thus, the
absorption profile alone cannot account for the significant
discrepancy between absorption and conversion. Up to this
point, we have assumed that the extinction has been entirely
due to absorption processes; however, as mentioned above,
this may not necessarily be the case. Scattering effects become
more prominent as the ratio between particle size and
irradiation wavelength approaches unity and thus will increase
for shorter wavelengths. As a consequence, when extinction
spectra alone are considered, the absorption may be over-
estimated in short-wavelength regions in lieu of scattering,
contributing to the observed red shift.

From a more chemical perspective, the excited-state
processes will play a key role in the wavelength-dependent
reaction efficiency. In the cycloaddition examples noted above,
it was suggested that the presence of conical intersections
enabled efficient pathways to the formation of carbon-centered
radicals at wavelengths above 1 = 400 nm.””'* While this is
supported by theoretical calculations, this explanation has yet
to be empirically substantiated. Other mechanistic consid-
erations involve s-orbital overlaps between chromophores,
giving rise to transannular bands that serve as low-energy
excited states. Upon thermal relaxation from this transannular
state, the singlet excimer state of 9,10-dimethylenebianthra-
cene became accessible and was proven to be highly efficient
for photoreactions, leading to higher quantum yields at longer
wavelengths.'""

At present, the cause for the red shift in reactivity, in
comparison to the absorbance spectrum, is still conjecture. In
collating the data for this Perspective, we have highlighted that
this phenomenon is not unique to one system but is common

to numerous reaction classes. We therefore call upon our
colleagues in physical and theoretical chemistry to aid in
explaining these observations.

Translation of Action Plot Analysis to Materials
Science. The above exploration has demonstrated that
establishing action plots for covalent bond-forming and
bond-cleavage reactions provides valuable insights into the
optimum activation wavelength for a specific photochemical
process. In the following, we turn our attention to how this
information can be exploited in the pursuit of soft-matter
material design and highlight critical elements that are still
required in order to exploit the full potential of action plot
analysis.

Particularly in the realm of 3D printing via methods such as
stereolithography (SLA)'%*~'* or direct laser writing (DLW)/
3D laser lithography,'*~"%” printing 3D structures that consist
of multiple materials is an outstanding challenge. As noted in
the Introduction, it would be highly desirable if the user of a
3D printer would be able to select not only the geometry but
also the material property. Only an action plot analysis can
provide the required information to exploit wavelength
orthogonality. Modern additive manufacturing not only
encompasses the macroscopic scale, but is also applied more
and more on the nano- and microscopic scale, largely enabled
by 3D laser lithography exploiting two-photon absorption
processes. While the two-photon absorption cross-section of
photoinitiators has been routinely measured,''® there are very
few examples of two-photon action plots."'"'"* Intuitively, one
would expect that a one-photon action plot should also apply
to two-photon absorption as well, yet rare examples in the
literature suggest that this may not be the case. Recording two-
photon action plots is perhaps one of the most important
challenges, as such action plots will directly inform the choice
of reactive chromophores for multicolor wavelength orthogo-
nal 3D laser lithography. This task, however, requires
overcoming specific experimental challenges, with the most
significant being the limited conversions generated in small
irradiated volumes. Ideally, action plots should be quantified
using sensitive online methods such as UV—vis and
fluorescence.'*'"® Indirect methods, such as a minimum
power threshold where polymerization was observed, have also
been used.''' However, these methods do not provide
structural information and therefore are unable to discern
whether the same products are generated under one- and two-
photon excitations. To address this important consideration,
flow setups can be employed to generate sufficient conversion
for a structural analysis such as NMR spectroscopy.
Alternatively, chain growth mechanisms, such as free radical
polymerization, can be exploited to amplify each absorption
event.’

In the context of biomaterials engineering, it is highly
desirable to apply noninvasive cytocompatible chemistries, e.g.
those that do not require additives (catalysts or initiators) and
can be activated by visible light, for altering the cross-linking
density of the substrates. The striking outcome of the action
plot studies (the red shift in photoreactivity in comparison to
the absorbance spectra of the chromophores) has inspired the
use of long-wavelength (up to 4 = 510 nm) visible light in
triggering the photochemical changes with high coupling
efficiency.®>%”7*

It has already been noted above that action plots were
utilized for the design of advanced hydrogel materials. By an
analysis of the specific wavelengths at which covalent bond
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Figure 5. Selected material design concepts based on orthogonal photoactivatable functions by discrete colors of light that are enabled by action
plot analyses. (A) Polymer network formation/photoresist curing by one wavelength (A = 470 nm) and orthogonal curing of the structure by a
different wavelength (4 = 440 nm). (B) Cleavage of a preformed material by blue light (4 = 420 nm), followed by UV (4 = 365 nm and
subsequently 320 nm) light. (C) Conceptual design for cross-linking and tethering a biomolecule of interest by one wavelength (4 = 490 nm)
followed by photorelease of the cargo using a different wavelength (4 = 440 nm). (D) Photocrosslinking of polymer chains (4 = 375 nm) featuring
photolabile bioactive components that can be photouncaged by long wavelengths of visible light (1 = 480 and 680 nm). All phototriggered events

are orthogonal to each other.

formation (or cleavage) is most efficient, it was possible to
engineer hydrogel systems with precise elastic moduli, simply
by irradiating with discrete colors of light (Figure SA,B). The
resulting technique for regulating the mechanics of hydrogels
has significant implications for cell culture studies, where the

cell behavior can be controlled through mild photoinduced
mechanical cues. Specifically, multiple chromophores (ie.,
styrylpyrene (CS) and acrylamidylpyrene (C4)) that can
undergo [2 + 2] photocycloaddition have been incorporated
into a four-arm poly(ethylene glycol) to enable selective cross-


https://pubs.acs.org/doi/10.1021/jacs.1c09419?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09419?fig=fig5&ref=pdf

linking of the polymer under irradiation at either 4 = 455 or
420 nm.** The wavelength-selective stiffening triggers the
detachment of fibroblasts cultured on the hydrogels, thus
introducing a method for harvesting the cell sheets from the
culture substrate using light.

More recently, three photocleavable moieties, bimane (RS),
dimethylaminobenzene (R9), and oNB (R10) (Figure 4),
were incorporated into hydrogel networks for wavelength-
selective degradation of the materials. An analysis of the action
plots on these chromophores revealed the wavelengths at
which the photocleavage of each moiety could be accessed
independently. Consequently, the hydrogels could be degraded
in a stepwise fashion by exposure to light at 4 = 420, 365, and
320 nm in that order, enabling the fabrication of hydrogels
with user-defined storage moduli. When applied to a cell
culture study, photoinduced softening of the hydrogels resulted
in enhanced adhesion and spreading of preosteoblast cells on
the cultured substrates.

In most systems developed to date, the activation sequence
is wavelength-dependent: i.e., switching from green to blue to
violet. With the help of action plots, it is possible to determine
the required wavelengths to achieve orthogonal activation of
independent photochemical events, such as photoligation and
subsequent photodegradation, all within one polymer system
(Figure SC). Photochemically induced cross-linking of
polymer chains in a wavelength-selective fashion—irrespective
of the order in which the two different colors of light are
applied—has been demonstrated in solution.'” However,
translating these findings to cured polymer networks is pivotal
for designing cross-linked systems with desirable traits for
advanced bioapplications. Wavelength-selective photoligation
and photodegradation would allow the design of networks
featuring bioactive components, such as proteins, to be
phototethered to the polymer backbone using one wavelength,
and the release of the cargo trigged by another wavelength.
Ideally, both would be in the visible light regime. In addition to
water-swollen hydrogel systems, such technology could be
applied in the fabrication of photoresist scaffolds''* for
selective cell cultures, providing temporal release of different
growth factors, all controlled by specific wavelengths of light,
and enabling the formation of the organoids of interest in
tissue engineering (Figure SD).'"?

While the light-induced regulation of hydrogel properties
has so far been demonstrated in bulk mechanics, such
photochemical systems could also be applied in mask-based
photolithography, for either photostiffened or photosoftened
patterning of the material surfaces.''® A longstanding challenge
in this research area is the preparation of reproducible
substrates with spatially resolved stiffness gradients, often
attained using gradient photomasks or sliding masks to vary
the light exposure.117 Here, action plots can provide access to
wavelength-selective photochemical activation, in order to
facilitate the selective tuning of the substrate stiffness as a
function of the color of light. In one example, poly(methyl
methacrylate) and poly(4-vinylpyridine) polymers were
functionalized with o-methylbenzaldehyde (T3, 4 = 330 nm)
and styrylpyrene (CS, 4 = 435 nm) moieties, respectively, and
the polymer blend was photocured with both colors of light to
produce interpenetrating polymer networks.''® This technique
allowed the fabrication of surfaces with tunable, and spatially
resolved, regions of disparate swelling ratios, using only a
simple photomask.

While action plots are typically generated in solution with
the aim to guide multicolor 3D printing and photochemical
material design, it is perhaps even more attractive to map
photochemical reactivity directly in quasi-solid-state systems
such as hydrogels.”” However, tracking chemical changes in
networks is a formidable challenge that might be addressed
using solid-state NMR techniques,'”~"*" but more likely with
a postirradiation analysis in specifically designed degradable
networks, where the network fragments can be chemically
analyzed.

CONCLUDING REMARKS

With regard to the recording of action plots, specific
improvements are required that speak to the following
processes. (i) The action plot data should be normalized to
the number of absorbed photons, instead of depositing a
constant number of photons at each wavelength. If the
quantum yield is truly wavelength independent (as it should be
across individual absorption bands), then such an experiment
should result in a constant. Any deviation from such a trend at
longer wavelengths could provide evidence toward resonance-
enhanced intersystem crossing or temperature-dependent
reaction quenching. We have made initial efforts to this effect
on cycloaddition systems and the typical red shifts persist.”® A
challenge in these particular systems is the concentration
required to observe dimerization, limiting light penetration
through the sample. By attachment of the reactive
chromophore as pendant groups on a polymer chain, and
monitoring of the compaction due to folding, low concen-
trations and sufficient light penetration can be maintained,
while proximity issues are eliminated. (ii) Recording action
plots is currently mostly conducted off-line: i.e., the irradiated
sample is analyzed postirradiation via NMR spectroscopy or
liquid chromatography to quantify the conversion or yield.
While in some cases it is possible to assess conversion via UV—
vis or fluorescence spectroscopy, such as when the starting
material and product have distinct optical features, this is not
always feasible. In addition, these spectroscopic techniques do
not allow for assessing the molecular structure of the formed
products. An ideal tool for action plot mapping is the coupling
of a tunable nanosecond laser system with an NMR
spectrometer, directly feeding the light into the NMR probe
head to enable the online monitoring of the molecular changes
within a reaction mixture at distinct wavelengths. We note that
the delivery of an exact quantifiable photon count to the
sample within the probe head can be challenging. (iii)
Methodologies need to be developed to record two-photon
action plots. While measuring two—;hoton absorption cross
sections is a routine procedure,'”” recording two-photon
action plots—which is essential for advanced photoresists
developed for 3D laser lithography—is not. The challenges lie
in having a suitable wavelength-tunable femtosecond laser
(noting that monochromaticity is lost to a large degree in a
femtosecond laser pulse due to the Fourier principle) and the
ability to irradiate sufficiently large sample volumes that allow
the analysis of the generated products. We submit that
overcoming the above three challenges is critical to further
advance action-plot technology for bond-forming reactions to
ultimately drive key material design outcomes, specifically in
applications where wavelength orthogonality is of critical
importance, including orthogonality to living systems. Finally,
(iv), and perhaps most importantly, we note that theoreticians
and experimentalists are called upon to devise approaches that



provide a mechanistic framework for understanding the
observed red shifts, enabling us to provide a predictive
framework for photochemical reactivity.
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