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SUMMARY

Light has emerged as a prominent stimulus to both generate and
manipulate polymeric materials across multiple length scales.
Compared with other external stimuli, light-mediated approaches
enable unprecedented control over when and where chemical trans-
formations occur (i.e., spatiotemporal control). To date, the majority
of established protocols rely on individual wavelengths of light
(~monochromatic), which does not harness the full potential of
light-matter interactions. This review summarizes the nascent prog-
ress in utilizing multiple discrete wavelengths of light as a tool to
create and alter soft matter. The concepts are structured in an effort
to provide a roadmap to foster new directions in light-based poly-
mer materials chemistry. The physical organic nature of wavelength
selectivity is first detailed in the introduction to provide key mecha-
nistic insight and lay a foundation for further developments. Next,
an overview of chromophores that undergo various light-driven
transformations is presented, followed by their utility in polymer
platforms for controlled synthesis, property manipulation, and
advanced manufacturing. The review concludes with a summary
and outlook on the exciting future of wavelength-selective light-
matter interactions in polymer science.

INTRODUCTION

Throughout history, there have been several dramatic paradigm shifts in the under-
standing of light-matter interactions (Figure 1)." In the 1700s, Newton passed sun-
light through a prism and from this experiment deduced that light was a stream of
particles. In the second half of the 19" century, Maxwell described light as electro-
magnetic waves using a set of elegant equations (Maxwell’s equations). In 1905, Ein-
stein built on Planck’s theory of energy quanta by categorizing light as quantized
(photons) to explain the “photoelectric effect,” which is the phenomenon describing
the emission of electrons upon interaction with electromagnetic radiation, such as
light.” This ultimately led to the recognition of the wave-particle duality of light by
de Broglie in 1924.° Together, these transformative discoveries connected photon
energy (E) to the wavelength () of the corresponding electromagnetic wave
(Equation 1).

hv

E= 5 (h: Planck’s constant; v: speed of light in vacuum) (Equation 1)

The practical applications of light date back to 1826, when a discovery by Joseph
Nicéphore Niépce resulted in the first permanent image from nature.” It was also
the first time that light was demonstrated to give control over where and when a
chemical reaction occurs (spatiotemporal control). Today, light plays a central role

2172 Matter 4, 2172-2229, July 7, 2021 Crown Copyright © 2021 Published by Elsevier Inc.

Progress and potential
Light has provided unparalleled
control over when and where
chemical transformations take
place (spatiotemporal control),
yet a third dimension has
emerged where the incident color
of light can tailor reactivity,
termed here spectral control.
Wavelength-selectivity in polymer
science has been influenced by
pioneering reports in light-driven
isomerization (photoswitches),
deprotection (photocages),
coupling (cycloaddition/-
reversion), and electron/energy
transfer (photoredox/-
sensitization), which has enabled
both soft matter fabrication and
property manipulation (e.g.,
mechanical, optical, and
electrical). Advancing and utilizing
wavelength-selective
transformations will rely on (1)
characterizing photochemical
reactions quantitatively as a
function of wavelength, (2)
introducing new reactive
chromophores, (3) expanding the
mechanistic scope in
manufacturing beyond light-
induced radical reactions, and (4)
manipulating material properties
outside mechanical. Going
forward, these transformations
will facilitate the design and
fabrication of next-generation
“smart” materials, which have
advanced properties tailored for
applications that range from
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Figure 1. The paradigm shift on the nature of light throughout history

in a myriad of commercialized and emergent technologies, from photography, coat-
ings, and adhesives to microelectronics and three-dimensional (3D) printing.

Since the inception of these everlasting discoveries, light-driven chemistry, or mo-
lecular photochemistry, has been the subject of immense research efforts, especially
in the development of chromophores, or compounds that demonstrate a distinct
interaction (e.g., absorption and/or scattering) with discrete wavelengths of light.”
Mechanistically, absorption of photons raises chromophores to a higher energy
excited state capable of undergoing various chemical transformations (Scheme 1).
Compared with other stimuli (redox, heat, pH, and electricity), photoexcitation
affords unparalleled spatiotemporal control (Scheme 1), while additionally
offering an avenue toward wavelength-selective reactivity, termed here spectral
control.®

In the last few decades, there have been substantial advances in both the synthesis
and characterization of new chromophores. However, the majority of established
photochemical protocols utilize a single non-discrete broadband light (i.e., emission
across the UV and visible spectra) or near monochromatic light (i.e., emission with a
narrow wavelength distribution, such as from a light-emitting diode [LED]).””"" To
fully exploit the potential of light-matter interactions within soft materials/polymers,
it is necessary to establish multi-chromatic processes mediated by different discrete
wavelengths (or colors) of light. This may be accomplished by (1) bidirectional
photochemical pathways that switch between two states of a single chromophore
and/or (2) disparate reaction pathways that are selectively activated by multiple
chromophores.

Upon exposure to different wavelengths of light (1, and A,), bidirectional photo-
chemical reactions within a single chromophore fall into one of three general cate-
gories: (1) E/Z isomerization (Scheme 2A),"%"3 (2) isomerization by ring opening
(Scheme 2B),"*"® and (3) dimerization (Scheme 2C)."¢"’

Wavelength-orthogonal (no cross-reactivity) activation of multiple chromophores to
induce/control distinct reaction pathways (e.g., reactant A to product A versus reac-
tant B to product B) is an attractive mode to expand the scope of accessible mate-
rials.” However, orthogonality between each chromophore remains a formidable
challenge (Figure 2A)."®?" In general, these two rules can guide the design of an
orthogonal system comprising two chromophores (C, and Cy): (1) selective absorp-
tion of incident light and (2) electronic mismatch to preclude electron/energy trans-
fer between chromophores and other reactants that may be present in each photo-

system (e.g., co-initiator(s)).'”*

By avoiding absorption of photons from a single light source, rule #1 guarantees
that the chromophores (C, and Cy,) are not activated simultaneously (Figure 2B).
However, it is also critical to consider the strength of absorption, termed molar
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Scheme 1. Facets of photochemistry

General schematics for (A) molecular photochemical pathways in chromophores and (B)
spatiotemporal control in a light-mediated process.

absorptivity & (Equation 2, Beer's law), as well as the quantum yield @ (Equation 3), of
each process.”
A . .
€= Txe (A: absorbance; I: optical path length; c: concentration of chromophore)
(Equation 2)

_ Number of molecules reacted
" Number of photons absorbed

(Equation 3)

Notably, chromophore absorption does not necessarily predict reactivity at a spe-
cific wavelength (i.e., the reaction quantum yield), and selecting a wavelength based
solely on the absorption spectrum provides only limited guidance. Instead, the
optimal excitation wavelength can be identified by employing tunable monochro-
matic light sources to screen a reaction’s conversion as a function of wavelength
at a constant photon flux and provide wavelength-dependent photoreactivity
spectra, so-called action plots of photoreactivity.'??%2

By mitigating crossover interactions (electron/energy transfer) between chromophores
in their ground and excited states (C,* and C,, C, and C,.*, C,* and C,*) through careful
design, rule #2 is fulfilled to enable orthogonal photochemistry (Figure 2C). An addi-
tional consideration is that excited states (C,* and Cp*) can include either singlet or
triplet energy levels, where different modes of electronic cross-communication are
possible. Furthermore, several photosystems operating in the visible-to-near-infrared
(NIR) region rely on electron/energy transfer to a separate molecule (e.g., co-initiator),
and the electronic properties of the oxidized or reduced species for all components
involved need to be considered when designing wavelength-orthogonal reactions.
Although crossover reactions can be excluded thermodynamically, selecting two chro-
mophores that fully conform to these two rules is anything but trivial.?® Therefore, kinetic
modes of selectively driving photochemical reactions will be discussed, meaning those
that do not fully abide by the two rules yet are capable of inducing/controlling distinct
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Scheme 2. General schemes of bidirectional photochemical pathways within a single
chromophore

(A) Photoreversible isomerization, with azobenzene as an example.

(B) Photoreversible ring opening, with spiropyran as an example.

(C) Photoreversible dimerization, with coumarin as an example (for simplicity, only one isomer of
the dimer is shown).

chemical reactions upon exposure to different wavelengths of light in the desired time
frame, termed here wavelength-selective. This includes stepwise photomediated pro-
cesses that are accomplished in a single reaction vessel by toggling an external light
source between two different wavelengths, usually from long (lower energy) to short
(higher energy) wavelengths (Figure 3).

The development of wavelength-orthogonal/selective photochemistry will un-
doubtedly augment the toolbox to create more sophisticated polymeric materials
and structures, such as those inspired by nature, including materials with elegant hi-
erarchical architectures and fine-tuned multi-functionality. This review highlights
recent literature that demonstrates wavelength-selective light-matter interactions
in polymer science, both present capabilities and challenges, to inform and invigo-
rate further innovation. The next section provides an overview of the different classes
of photochemical transformations to provide readers with a foundation to build-
upon for future research, followed by a section that focuses on wavelength-selective
protocols that have been developed in photocontrolled polymerization, which
permit the synthesis of well-defined polymers through distinct mechanisms. The
fourth section turns to wavelength selectivity in manipulating material properties
(e.g., optoelectronic, ion-transport, and mechanical), for both synthetic materials
and biomaterials. The penultimate section emphasizes wavelength selectivity in ma-
terials fabrication through photolithography and light-based 3D printing, and we
conclude the review with a perspective on future opportunities in this exciting area.

THE TOOLBOX AND PROTOCOLS FOR WAVELENGTH-SELECTIVE
PHOTOCHEMISTRY

The wavelength of incident irradiation is a critical parameter used to alter photoreactivity
in chemical transformations. Through careful selection of the incident light source,
different classes of wavelength-selective reactions can be triggered, including those
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Figure 2. Orthogonal photochemical reactions
(A) Schematic representation for reactions enabled by chromophores C, and Cy,. The orthogonality
enables discrete activation of two sequences: reactant A to product A with blue light and reactant B

to product B with red light in any order (or simultaneously).
(B and C) (B) Overlaid ground-state UV-vis absorption spectra for two arbitrary chromophores (e:

molar absorptivity) C, and Cp. While C, and Cy, have significant overlap in the UV region, there is
little to no overlap in the visible-to-NIR region to follow rule #1 (absorption orthogonality) and (C)
possible molecular photochemical pathways between C, and Cy, where “X" indicates no

interaction to follow rule #2 (no crossover reactivity).

containing a single chromophore that switch between different states/isomers and those
with more than one chromophore that access different redox states. An absorption pro-
file can be thought of as a unique blueprint intrinsic to chromophores under a particular
setof conditions (e.g., matrix polarity and temperature), and the magnitude of absorption
(molar absorptivity) at a given wavelength correlates with the likelihood that an incident
photon will result in an excitation event. However, an increased likelihood of excitation
does not necessarily correlate with reactivity at any given wavelength.'”?* In this section,
a snapshot of wavelength-selective reactions spanning from UV (100-400 nm) to visible
(400-780 nm) excitation will be discussed within three overarching classes: photo-
switches, photoremovable protecting groups, and light-driven (ir)reversible coupling.
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Figure 3. Schematic illustration of a wavelength-selective approach

(A) Overlaid ground-state UV-vis absorption spectra for two arbitrary chromophores (e: molar
absorptivity), C, and Cy, that possess little to no overlap at long wavelengths (1) but significant
overlap at short wavelengths (1,), including wavelengths in the UV region. This violates rule #1
(absorption orthogonality).

(B) Schematic showing a wavelength-selective stepwise transformation in going from long-
wavelength (red) excitation first, followed by short-wavelength (blue) excitation. However, non-
selective, simultaneous photochemical transformations occur with initial exposure to the shorter
wavelength of light (blue).

Photoswitches

Molecular photoswitches are small molecules that reversibly isomerize between two or
more states upon light irradiation. A photoswitch alters its geometry and m-conjugation
through the formation or dissociation of covalent bonds. Accordingly, the photochem-
ical and physicochemical properties of the photoswitches change reversibly by toggling
the incident light “ON" and “OFF”. Parameters of interest for materials applications that
will be mentioned here include rate of reversibility, photochromism (color change), po-
larity change, fatigue resistance, and operational wavelength range, with emphasis on
the latter given its connection to wavelength selectivity. The two main photoisomeriza-
tion modes that result in these fascinating effects are cis/trans (or Z/E) isomerization and
electrocyclization/ring opening. For a more comprehensive discussion on photoswitches
we refer readers to the following published reviews."*'*?’~*° With respect to the oper-
ational wavelength range, early molecular photoswitches were primarily restricted to
higher energy UV light (<400 nm), which can be damaging and difficult to distinguish
among chromophores due to near universal UV absorption. Recent synthetic efforts
have unveiled numerous visible light-activated derivatives, which provides an avenue to-
ward wavelength-selective transformations that can leverage inexpensive and mild LEDs
as narrow-band irradiation sources.

Z/E photoisomerization
Stilbenes (1945),%' azobenzenes (1937),'? a-bisimines (2014),%? (thio)indigo dyes
(1961),>* and hydrazones (2009) undergo Z/E isomerization upon exposure to
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Figure 4. Overview of commonly employed Z/E photoswitches
(A) Stilbenes switch between trans/cis isomers upon light irradiation (300-380 nm).

(
(C) a-Bisimine switches between the (Z,2), (E,E), and (E,2) isomers with light and heat.
(

)
D)

light.>* This mode of isomerization was discovered in 1937 for azobenzenes and has
since blossomed into a versatile array of derivatives capable of operating across the
UV-to-visible spectrum (300-700 nm) with rapid reversibility, photochromism, polar-
ity changes, fatigue resistance (cycling stability), and molecular motion. These
different classes are briefly described below, highlighting absorption windows and
how to tailor them for wavelength-selective transformations.

Stilbenes were first synthesized in 1843,°° but it was not until 1945 that their Z/E
photoisomerization was discovered (Figure 4A).?" Traditional non-functionalized
stilbene derivatives strictly absorb UV light, with peak absorption at 294 nm for
E-stilbene and 278 nm for Z-stilbene.*® Notably, absorption of UV light by the Ziso-
mer not only results in a Z-to-E isomerization but can also result in cyclization to form
dihydrophenanthrene, discussed in photocyclization/-reversion. Cyclization upon
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B) Azobenzene undergoes reversible isomerization with UV or visible light with specific ortho-substitution.

(Thio)indigo dyes photoswitch between E and Z isomers. (E) (Acyl)hydrazones photoswitch between E and Z isomers.
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exposure to UV light can be avoided using a fused ring analog (stiff-stilbene),?’
which has additionally been adopted as a structural motif in Feringa-type molecular

motors.38'39

Azobenzenes, first reported in 1937, are the most widely studied family of photo-
switches given their ease of synthesis and versatility. They follow a photoisomeriza-
tion process similar to that of stilbenes, but the presence of nitrogen results in a
notable change in dipole moment and red-shift in absorption relative to analogous
stilbene. Irradiation of bare azobenzene with UV light (~340 nm) converts the
thermodynamically stable E isomer to the less stable Zform, which reverts upon irra-
diation with blue light (~450 nm) (Figure 4B).“° Since its discovery, an impressive
library of azobenzene derivatives have been synthesized and examined in terms of
switching kinetics, thermal stability, fatigue resistance, and absorption.”’ Intro-
ducing electron-donating amine and withdrawing nitro groups on opposing para
positions generates “push-pull” azobenzenes and results in an absorption red-shift
to ~120 nm for both isomers.*> Azobenzenes with ortho-fluorination can be revers-
ibly addressed using different wavelengths of UV and visible light, providing high
photoconversion and remarkably long thermal half-lives in the photostationary Z
configuration.**** Coordination of BF, has also been proved as an effective method
to red-shift peak absorption to 710 nm (far-red) for the Zisomer.*>*¢ Thus, function-
alized azobenzenes represent excellent candidates for wavelength-selective
photochemistry.

a-Bisimines, first examined by Jean-Marie Lehn in 2014,*? undergo photochemical/
thermal isomerization between three configurations, (Z,2), (E,2), or (E,E), due to the
rotation around the C=N double bonds (Figure 4C). a-Bisimines are primarily em-
ployed for molecular machines. However, isomerization is restricted to UV light,
(Z,2) to (E,E) with <280 nm and (E, E) to (E,2) with 365 nm, while (E,E) to (Z,2) can occur
thermally. This limits their utility in wavelength-selective photochemistry and
presents an opportunity for the development of novel synthetic a-bisimine

derivatives.*’

Indigo dyes were first identified by Mostoslavskii in 1961 (Figure 4D),** and are
attractive for their low-energy visible light photoisomerization and excellent photo-
stability. For example, hemiindigo dyes (X = N, Figure 4D) with electron-rich aro-
matic substituents can be photoswitched with yellow-to-red light (~593-633 nm)
for both isomers. The utility of visible light has been advantageous for photopharma-
cological and biological applications, but poor thermal stability has been limiting.
To this end, N-aryl functionalization and incorporation of electron-withdrawing
groups (e.g., CF3 or CN) have been used to enhance the thermal stability of the Z
isomer while maintaining absorption of red light.*®

(Acyl)Hydrazones represent a more recent photoswitch, first developed by Lehn’s
group in 2011 (Figure 4E).*” The ease of synthesis, excellent fatigue resistance,
negative photochromism (photoinduced decoloration and thermal coloration),
large change in absorption (for Z versus E isomers), tunable thermal half-life,
and good quantum yields are among the favorable properties. Additionally, hy-
drazone derivatives containing a phenyl or quinolinyl group retain their photo-
switchability in polar protic solvents, aprotic solvents, and acids and bases. In
2015, Hecht and coworkers synthesized a library of over 40 acylhydrazone photo-
switches and investigated the photochromic properties as a function of substitu-
tion, finding absorption maxima primarily residing in the long-wave UV region
(Amax = 292-403 nm).””

¢? CellPress

Matter 4, 2172-2229, July 7, 2021 2179




- ¢? CellP’ress Matter

| \ A Diarylethenes

d f

i O 3.) | 0 = 230 - 460 nm
1

| ' 230-830 nm

1

I\ x ; &

. 7 M=

O &

365 — 600 nm

UV light (365 nm)

-

550- 600 nm, A

a . Ispi . merocyanine merocyanine
O —\‘_ spiropyranispirooxazine (quinoidal form) (zwitterionic form)

UV light (365 nm) . Q

_— >

550- 600 nm, A

C Dihydropyrenes D Donor-Acceptor Stenhouse Adducts

O =0 O = = ®=0

500 — 900 nm i 500 700 nm
Ri Ry i Acceptor o o
! Donor gTTTTTooes \
I \ 1 visible light X
far-red/NIR H ‘ - 0 X (> 400 nm)
: i R : P8 _NH O
! ’ L ' R™+'r
- Re : linear f |
i inear form non-polar lized form pol
DHP-closed isomer-aromatic CPD-open isomer-cross conjugated | strongly coloufed e Iézbu%essp o

Wavelength (\ Polarity Fatigue m Opened Cyclic { \_\ :
o range ,\) change -[El} resistance Structure Structure ", PRBIGEIIomISm

Figure 5. Overview of commonly employed open/close photoswitches

(A) Diarylethenes photocyclize and photorevert upon exposure to different wavelengths of light.

(B) Spiropyrans/spirooxazines transform to merocyanines and vice versa in the presence of illumination.

(C) Dihydropyrenes (DHPs) photoswitch between aromatic and cross-conjugated ring isomers with NIR light.
(D)

D) Donor-acceptor Stenhouse adduct (DASA) structures photoswitch between a linear and cyclized form.

Photocyclization/reversion

Diarylethenes (1988)," spiropyrans/spirooxazine (1 952),"% dihydropyrene (1 965),°?
and donor-acceptor Stenhouse adducts (2014)°° undergo ring closing/opening
upon exposure to light. This mode of isomerization was first noted with spiropyrans
in 1952, and has since resulted in a myriad of derivatives capable of operating across
the UV-to-visible spectrum (300-700 nm) with rapid reversibility, photochromism,

thermal stability, polarity shifts, fatigue resistance, and fluorescence.

Diarylethenes (DAEs) were inspired by dihydrophenanthrenes, which arise from photo-
cyclization of Z-stilbenes and result in a distinct red-shift in absorption.”” However, dehy-
drogenation in air irreversibly produces phenanthrene, limiting their utility.> It was not
until 1988 that Irie and coworkers discovered that stable and reversible photochromism
resulted when replacing the phenyl rings of stilbene with electron-rich thiophene rings to
give diarylethene.”' DAE photoswitches are known for their thermal stability and fatigue
resistance (Figure 5A).?” Additionally, their derivatives can be bidirectionally switched
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between the ring-opened and -closed forms with excellent wavelength selectivity, which
can be accomplished in the solid state, facilitating applications in optical data storage
devices. Hexafluorocyclopentene dithienylethenes are a class of DAEs that undergo
photocyclization with UV to short-wave visible light (230-460 nm, depending on the de-
rivative) to convert from a colorless open form to a stable colorful closed-ring form that
reverts back upon exposure to visible light (425-830 nm, depending on the derivative).>
The large absorption range for closed DAE derivatives has been accomplished by
installing a variety of strong donor/acceptor substituents and extending 7-conjugation
at the 5,5” position, which enables their utility in wavelength-selective photochemistry.

Spiropyran (SP) represents one of the earliest photoswitches, introduced by Fischer
and Hirschberg in 1952."* Spiropyran is the name given to the colorless and thermo-
dynamically stable ring-closed isomer that upon irradiation with UV light (~365 nm)
opens to form a colored zwitterionic compound called merocyanine, which reverts
thermally or with visible light (~550-600 nm) (Figure 5B). These isomers are partic-
ularly attractive for their dramatic dissimilarities in physicochemical properties
(e.g., volume, absorption, pK,, and polarity).”® Operational wavelengths range
from 365 to ~600 nm, which is impacted by substitution, associated m-conjugation,
and matrix polarity, with non-polar media stabilizing the quinoidal form that red-
shifts absorption of merocyanine. Spirooxazines are structurally similar to spiropyr-
ans; however, these photochromic compounds provide unique properties, such as
excellent fatigue resistance (>1,000 switching cycles without degradation).

Dihydropyrene (DHP) represents one of the earliest negative photochromes, introduced
by Boekelheide in 1965.°2 DHP undergoes a 67 cycloreversion to form decolored cyclo-
phanediene (CPD), which thermally converts back to their fully aromatic form.>’ Recently,
Hecht and coworkers applied “donor-acceptor” substitution to the DHP scaffold, shifting
the absorption of the parent molecule from the visible to the NIR region (Figure 5C).>®
The donor-acceptor substation of DHPs generally enhances the quantum vyield of the
ring opening proceeding via the first excited state. Through this strategy, the NIR
cross-section has been increased by two orders of magnitude, while the thermal half-
lives could be modulated from milliseconds to hours.

Donor-acceptor Stenhouse adducts (DASAs) represent a unique class of photochromic
switches introduced in 2014 by Read de Alaniz and coworkers that demonstrate a
distinct change in absorption and polarity upon isomerization/cyclization (Figure 5D).>”
In contrast to the majority of photochromic switches, DASAs are negative (or reverse)
photochromes, where the thermodynamically stable ring-opened triene state is colored
and the photostationary cyclopentenone state is colorless. Negative photochromes are
attractive for materials applications that require deep light penetration, which is hin-
dered by high extinction coefficients of standard (not reverse) photostationary states re-
sulting in complete attenuation in the outermost layers of a sample. Moreover, their ab-
sorption profiles are highly tunable from green (~500 nm) to far-red (~700 nm) through
variations in the donor (amine) and acceptor (carbon-acid) composition, making them
excellent candidates for wavelength-selective transformations.

Photoremovable protecting groups

A photoremovable protecting group (PPG) is a light-sensitive compound (also
known as a “photocage”) that is bound to a leaving group (LG) (e.g., alcohol, thiol,
amine, carboxylic acid) to protect (“cage”) it from otherwise reactive conditions.
Upon exposure to a particular wavelength of light, the PPG reacts (e.g., bond scis-
sion) to release (“uncage”) the LG to which it was bound. In contrast to photo-
switches, PPGs typically go through an irreversible transformation upon irradiation
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Figure 6. Common photoremovable protecting groups (PPGs) with demonstrated or potential utility in wavelength-selective photochemistry, with
wavelength ranges for reported photouncaging

(A-F) (A) Nitroaryl groups, (B) arylcarbonylmethyl groups, (C) salicyl alcohol derivatives, (D) coumarin groups, (E) boron dipyrromethene (BODIPY), and
(F) coordination complexes. Color wheels indicate demonstrated wavelengths of light used to induce the chemical reactions shown.

with light. Altering the substitution pattern of the chromophore results in large shifts
in absorption maxima (Amax) and photocleavage at corresponding wavelengths. This
facilitates wavelength-selective uncaging and utility of PPGs in future materials sys-
tems. Significant efforts have been made to expand An,.« of various PPGs from UV
(<400 nm) to the visible region (<700 nm). The overall efficiency of LG release is eval-
uated using the quantity @, sometimes referred to as the uncaging cross-section,
where ¢ is the reaction quantum yield and ¢ is the molar absorptivity. Impressively,
subtle compositional changes of PPGs, including variations in substitution, can be
used to carefully adjust these critical parameters (A,.x and ¢e). For each selected
PPG family, this section highlights their discovery and operable photolysis, as well
as chemical modification to tailor absorption profiles and optimize photolysis effi-
ciency for wavelength-selective reactions. For in-depth reviews of PPGs, readers

are directed to two recent comprehensive reviews.””*°

Nitroaryl groups were one of the first known PPGs, with photolysis reported by Barton
and coworkers in 1962 using dinitrobenzenesulfphenyl esters,®’ followed by Patchornik
and coworkers in 1970 who showed that ortho-nitrobenzyl (oNB) derivatives could be
used as PPGs upon exposure to UV light (Aya = 262 nm, & = 5,200 M~" cm™"). Since
these discoveries, nitroaryl derivatives have become the most widely utilized PPGs, of
which oNB and ortho-nitrophenethyl (o0NPE) dominate (Figure 6A).53 Upon exposure
to UV light (<365 nm), bare oNB (1 and 2) and oNPE (3) release an LG and convert
into the corresponding ortho-nitroso-benzaldehyde and ortho-nitrostyrene derivatives,
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respectively. Red-shifting peak absorption and reactivity into the visible region have
been accomplished through the introduction of electron-donating groups (e.g.,
-OCHs) or m-extension, such as derivatives 4 (Amax = 351 nm, e3gs = 3,500 M~
em N and 5 (Anax = 420-433 nm, ¢ = 30,000 M~" cm™").%° One general method
that has been employed to improve @ has been a-methylation (relative to the LG). For
example, with pivalate as the LG, compound 1 gave ¢ = 0.13, while compound 2
gave ¢ = 0.64.°° Similar results have also been observed for oNPE derivatives.®’

Arylcarbonylmethyl groups have been used extensively as PPGs, with one of the
earliest derivatives, p-hydroxyphenacyl (6), discovered by Givens and Park in 1996
(Figure 6B).%® Absorbing in the UV range (Anax = 275 nm), derivatives of 6 release
LGs via a photo-Favorskii rearrangement, as demonstrated with phosphates (¢ =
0.4),%” carboxylates (¢ = 0.3-0.4),7%72 phenolates (¢ = 0.04-0.1 1),”® and thiolates
(¢ = 0.085).”%’° Red-shifting the absorption has been accomplished through ex-
tending m-conjugation by replacing phenyl with pyrene (7), shifting Amax to
~355 nm and enabling efficient photorelease with visible light (410 nm) for both car-
boxylic acids and alcohols (¢ = 0.30-0.41 and 0.17-0.20, respectively).”®

Salicyl alcohol-based PPGs, developed by Wang and coworkers in 2007, are unique
in that they have been utilized for protecting carbonyl functionalities (Figure 4C).”’
Uponirradiation with UV light (<400 nm), ketones and aldehydes have been released
with good quantum efficiency (¢ = 0.11). While this class of PPGs to date only reacts
to UV light exposure, the exact Amax can be tailored with inductive effects, whereby
more electron-donating substituents red-shift absorption from ~320 to 350 nm. In
2011, Wang and coworkers demonstrated wavelength-selective sequential photore-
lease by combining bare compound 8 (absorbing UV light <280 nm) with derivatives
9 and 10 having electron-withdrawing fluorine and donating dimethylamino groups
that shifted deprotection wavelengths to <280 nm and >320 nm, respectively.’®

Coumarin PPGs date back to 1984 when Givens and Matuszewski showed that UV
irradiation triggered the release of phosphate from a methoxy-substituted deriva-
tive, 11 (Amax = 365 nm, e = 17,000 M~ em™).” Since then, coumarin PPGs
have received considerable attention owing to their synthetic versatility, ability to
react under visible light (up to 600 nm),®° and some of the highest photouncaging
yields (up to 0.7 for a carboxylate) (Figure 6D).8" Red-shifted absorption and
enhanced quantum yield have primarily been accomplished in three manners, (1)
amino (over alkoxy) substitution at the 7—|oosi‘cion,82 (2) thiocarbonyl substitution at
the 2-position (thiocoumarin),®® and (3) extension of Tt-conjugation with (electron-
rich) styryl derivatives at the 3-position.®* In particular, coumarin derivative 12 with
3-styryl functionality has provided the highest quantum yields to date (¢ = 0.7,
Amax = 515nm, e = 25,000 M~ cm~") as a result of rapid intramolecular cyclization
that occurs upon photolysis.®’

Boron dipyrromethene (BODIPY) photocages were first reported independently by
Winter and Weinstein in 2015,%%% demonstrating efficient visible light reactivity
(Figure 6E). Although the original derivative 13 (Anax = 544 nm, ¢ = 62,000 M-
cm™") showed a low photouncaging quantum yield upon exposure to green light
(530 nm), with acetate (¢ = 0.00095) and nitrophenol-based carbonate (¢
0.0016) as LGs,*>® boron-methylation and pyrrole-halogenation, 14 (Amax
538 nm, ¢ = 60,700 M~" cm™"), resulted in orders-of-magnitude improvement for

0

0

analogous photorelease of carboxylate (¢ =~ 0.28).®” The dramatic improvement
in ¢ was ascribed to a combination of inductive (electron-donating methyl groups)
and heavy-atom (halogenation) effects, which increased stability of the photolyzed
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ionic product and triplet excited state lifetime, respectively. Furthermore, red light
photocleavage (up to 680 nm) has been accomplished with m-extension, whereby
conformational restraint, such as in compound 15 (Anax = 641 nm, ¢ = 139,000
M~" ecm™"), greatly improves quantum yield (¢ = 0.038) by blocking undesired
excited state relaxation pathways.®

Coordination complexes that consist of a central atom or ion with surrounding ligands
have been used as visible light active PPGs, where photolysis occurs off the central
atom or ion (Figure 6F). For example, Ru(ll)bipyridyl derivative, 16 (Anax = 489 nm, e
~ 10,000 M~" cm™"), was first employed in 2003 as a PPG to release 4-aminopyridine
(# = 0.02) upon exposure to a blue laser (473 nm),®” and subsequently tryptamine (¢
= 0.018), tyramine (¢ = 0.028), and serotonin (¢ = 0.023) upon irradiation with a
blue LED (~450 nm).”® Cobalt(lll) complexes, such as 17 (Vitamin Bz, Amax = 510 nm,
e = 8,500 M~' cm™"), have also been employed as PPGs, where bond homolysis re-
leases a radical LG® upon exposure to green (#s0 nm = 0.286) or red (Peeo nm =
0.074) light.”" The farthest red-shifted PPG reported from a coordination complex has
been from Si-phthalocyanine macrocycles, 18 (Anax = 690 nm, ¢ = 100,000 M~!
cm™"), where axial aryloxy ligands undergo homolytic cleavage upon irradiation with
red light (@490 nm = 0.0027) to form reactive radical anion intermediates.””

Although less common, a variety of organic dyes that strongly absorb visible light
have been employed as effective PPGs, including xanthenes (<550 nm), cyanines
(<700 nm), amino-benzoquinones (<620 nm),”® benzothiadiazoles (<430 nm), stil-
benes (<460 nm), and hydroxyquinolines (<420 nm).%° The wide range of accessible
wavelengths for photouncaging coupled with examples where @ exceeds 0.1 makes
these underexamined derivatives attractive for future wavelength-selective
photochemistry.

Photoinduced irreversible and reversible coupling

Photoexcitation can induce changes in the geometric and electronic structure of mole-
cules, which in -turn can unveil reactive pathways that are unavailable in the ground state.
Among these reactions, cycloadditions are very efficient and have gained popularity in
organic/materials chemistry. The major photoinduced cycloaddition reactions are [2 +
2],[3 + 2], and [4 + 2] whereby two, three, and four carbon atoms are added to an alkene
moiety, respectively. These light-driven reactions can either be irreversible or reversible,
yet they are primarily restricted to narrow excitation wavelengths in the UV region
(<400 nm), presenting an opportunity to expand the photochemical toolbox and
leverage these efficient reactions in wavelength-selective transformations.

Photoinduced irreversible coupling

While coupling reactions have been known for decades, it was not until 2001 that
Sharpless and coworkers introduced the concept of click chemistry and classified
chemical conjugations, which was rapidly extended to photoclick chemistry (also
termed photoligation).”*”®

2-Substituted benzaldehyde derivatives, initially reported in 1961,7¢ are among the
most popular adducts for photoinduced coupling due to their high efficiency (¢ =
0.94), mild reaction conditions, and synthetically accessible chemical structure.
The photoenolization of 2-substituted benzaldehydes upon irradiation causes a
structural rearrangement in going through a 1,5-sigmatropic hydrogen transfer to
produce a dienol that reacts rapidly with a dienophile via a Diels-Alder reaction (Fig-
ure 7A).77 Derivatives bearing an ether functionality ortho to the aldehyde have
proved useful in photoligation with various dienophiles. Interestingly, the use of
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Figure 7. Photoinduced coupling

(A) 2-Substituted benzaldehydes that undergo a photoenolization followed by Diels-Alder cycloaddition.

(B) Tetrazoles that undergo a 1,3-dipolar cycloaddition upon exposure to light.

(C) Acyl sulfides that form reactive thioaldehydes upon exposure to light, followed by a hetero Diels-Alder reaction with a diene (shown) or nucleophile.
Color wheels indicate demonstrated wavelengths of light used to induce the chemical reactions shown. EWG, electron-withdrawing group.

electron-deficient alkynes results in Diels-Alder adducts that can be converted to
highly fluorescent naphthalenes upon the addition of acid.”® While these photoliga-
tions typically require UV light (<390 nm), a red-shift in absorption toward visible
light activation (390-430 nm) has been accomplished by simply replacing the oxy-
gen (in the ether) with sulfur (thioether), expanding their potential utility in wave-

length-selective reactions.”’

Tetrazole derivatives that undergo 1,3-dipolar cycloaddition were first reported in
1967 by Huisgen and Sustmann,’’® and subsequently adopted in 2008 by Lin and
coworkers for biorthogonal protein modification.’®" Substitution of tetrazole at
the 2- and 5-positions facilitates 1,3-dipolar cycloadditions upon irradiation with
UV-visible (UV-vis) light, providing a powerful ligation technique for direct access
to a variety of heterocycles (Figure 7B)."%? More specifically, irradiation of the tetra-
zole releases nitrogen and generates nitrile imines via photolytic cleavage, which
then reacts with a dipolarophile, such as a carboxylic acid (nitrile imine-mediated
carboxylic acid ligation [NICAL]), alkene, or alkyne to form a fluorescent pyrazoline
(nitrile imine-mediated tetrazole-ene cycloaddition [NITEC]), thiols, amines, or itself
in the absence of a suitable partner. The reaction is fast (~minutes), efficient, and
proceeds under mild, ambient light conditions. Red-shifted absorption has been
accomplished by incorporating an electron-rich species at the N-substituted posi-
tion and by extending the tetrazole w-conjugation (shifting from ~300 to ~420 nm).

2H-Azirine derivatives were independently discovered by Padwa and Schmid in
1973,"9%1%% finding that phenyl-2H-azirine undergoes a 1,3-dipolar cycloaddition
in the presence of UV light (~300-320 nm) (Figure 7C). Upon irradiation 2H-azirines
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Figure 8. Photoinduced reversible cycloadditions

(A) [4 + 4] dimerization of anthracene.

(B) [4 + 2] cycloaddition between triazoline-diones and naphthalene.

(C) [2 + 2] dimerization of w-conjugated enes. Color wheels indicate demonstrated wavelengths of light used to induce the chemical reactions shown.

form a reactive nitrile ylide intermediate that rapidly undergoes dipolar cycloaddi-
tion with an electron-deficient alkene to generate nitrogen containing five-
membered heterocycle. Recently, it was discovered that replacing the phenyl with
a more T-conjugated pyrene chromophore red-shifts absorption to facilitate cyclo-
additions with visible light (~420 nm)."%°

Acyl sulfide derivatives have also proved useful in photoinduced coupling reactions
since their initial discovery in 1986 (Figure 7D)."%¢ Irradiation with UV light (~350 nm)
converts acyl sulfides into reactive thioaldehydes, which then rapidly undergo a het-
ero Diels-Alder reaction with nucleophiles (e.g., dienes, amines, aminoxyls, thiols) to
form the corresponding heterocyclic sulfide products. Similarly, to tetrazoles,
installing pyrene in place of phenyl shifts the reaction from 350 to ~420 nm.

Photoinduced reversible cycloaddition

In general, photoinduced dimerization following a [2 + 2] or [4 + 4] cycloaddition oc-
curs in the UV (300-400 nm) or visible (>400 nm) region while cycloreversion occurs
at shorter wavelengths (<250 nm) or thermally in the dark.

This wavelength selectivity depends on the nature of the chromophore and typically
leads to many by-products (i.e., head-to-head or head-to-tail products, syn versus
anti additions, and so forth). However, certain derivatives provide an avenue toward
“clean” reversible cycloadditions, which offers an attractive handle to tune material
properties in a reversible manner with the potential for wavelength selectivity.

[4 + 4] anthracene dimerization occurs upon exposure to UV light and is one of the
oldest photochemical transformations, pioneered by Fritzche and Prakt in 1867."%
Specifically, exposure to 365 nm light causes unsubstituted anthracenes to undergo
[4 + 4] cycloaddition reactions to form dimers, which dissociate upon irradiation with
short-wave UV light (<300 nm) (Figure 8A)."°® Since its inception, it has become
widely adopted in materials chemistry with applications in optical storage
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devices,'” drug delivery,''® and solar cells.”"" Substituting anthracenes (e.g., cen-
tral electron-withdrawing Br, triazole, or ester groups) have been used as an effective
method to red-shift their photodimerization into the visible region (400-500 nm), ex-

panding applicability in wavelength-selective reactions.'%

[4 + 2] triazolinedione (TAD) cycloaddition with naphthalene occurs upon irradiation
with 520 nm light, as first noted by Kjell and Sheridan in 1984 (Figure 8B)."'?""? Inter-
estingly, the photostationary state (during irradiation) can result in a near quantita-
tive yield of the cycloadduct; however, upon removal of light cycloreversion sponta-
neously occurs at ambient temperature. This provides a unique long-wavelength
switch that has been employed in biological applications and photoresists for 3D
laser lithography.''*'"*

[2 + 2] m-conjugated ene derivatives are known to undergo dimerization upon
exposure to light (Figure 8C). For example, styrylpyrene was originally reported
by Kovalenko and coworkers in 1980 to dimerize under violet/blue light
(~435 nm) and revert under UV light (~330 nm).""®""” This photocycloaddition re-
sults in 12 different isomers."'® Similarly, acrylamidylpyrene (~410-490 nm), stil-
bene (~300-435 nm), coumarin (~254-365 nm), thymine (~150-365 nm), and
cinnamic acid (~300-400 nm) also undergo [2 + 2] photocycloaddition reactions
upon exposure to UV or visible light irradiation, with details provided in a recent
review.'” Recently, the [2 + 2] photocycloaddition of styrylquinoxaline has
extended the operable excitation wavelength to green light (~550 nm), represent-
ing the longest wavelength reported to date, with cycloreversion occurring at
~350 nm.""? Functionalized styrylpyrene derivatives are particularly attractive for
wavelength-selective materials applications given their longer wavelength of acti-
vation and ability to toggle between monomeric and dimeric states solely with
different wavelengths of light.

Toolbox and protocol summary

This section is aimed to introduce molecular photochemistry observed in photo-
switches, PPGs, and (ir)reversible cycloaddition reactions with potential applicability
in wavelength-selective photochemistry. Particular efforts have been made to shift
from high-energy UV light to milder visible and NIR reactive systems, which opens
up applications in both a biological and materials context, described in later sec-
tions. In addition to these photochemical reactions that constitute a substantial

foundation of light-matter interactions in polymer science,'*° 121

122

photoinitiators
and photoredox catalysts ““ represent an alternative route toward wavelength-se-

lective reactivity that will be introduced in the next section.

WAVELENGTH SELECTIVITY IN PHOTOCONTROLLED POLYMER
SYNTHESIS

Controlled polymerizations triggered by light have become a major research inter-
est over the last 10 years due to the associated benefits of using a mild, spatiotem-
porally controlled stimulus.'®"?3'?* There are two subcategories of light-mediated
polymerizations, those that are (1) photoinduced and (2) photocontrolled (Figures
9A and 9B)."*> A photoinduced polymerization describes the scenario in which light
only plays a role during the initiation step and not during propagation. However,
photocontrolled propagation is often necessary (for radical mechanisms) to control
(de)activation, and minimize unwanted side reactions (e.g., termination and chain
transfer) that can yield polymers with ill-defined chain ends and large molecular
weight distributions. In contrast, photocontrolled polymerizations rely on light to
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Figure 9. Schematic representation of photoinitiated polymerization, photocontrolled polymerization, and wavelength-selective photocontrolled

polymerization

(A-C) In photoinduced polymerizations (A), the initiator is activated upon irradiation with light, leading to an uncontrolled propagation. In

photocontrolled polymerizations (B), both initiation and propagation are mediated by light, allowing for temporal control where growth occurs during
light “ON" and halts during light “OFF.” Wavelength-selective photocontrolled polymerizations (C) are a subcategory of photocontrolled

polymerizations where different wavelengths of light are used to control different controlled polymerization processes, as illustrated with a

monofunctional initiator here.

both initiate and (de)activate propagation, providing polymers with well-defined
chain ends and narrow molecular weight distributions.

To date, a number of photocontrolled polymerizations have been developed, including
photo-atom transfer radical polymerization (ATRP, metal'?® versus metal-free'?’7'%9),
photoreversible addition fragmentation chain transfer (RAFT, photoinduced electron/
energy transfer RAFT [PET-RAFT], ¥ photoiniferter RAFT'#*'%%), photo-ring-opening
polymerization (ROP),"**"*¢ and photo-ring-opening metathesis polymerization
(ROMP, metal'""'%8 versus metal-free'37149). Notably, these photocontrolled polymer-
izations demonstrate excellent spatiotemporal control and can be regulated by a wide
range of irradiation wavelengths, from UV to visible (Figure 10). By selecting photocon-
trolled polymerization systems that operate via mechanistically distinct reaction path-
ways, their successful combination can be achieved using different irradiation wave-
lengths (Figure 9C). This section describes how wavelength selectivity has been
utilized to regulate polymerization mechanisms and polymer topology, and to enable
sequential polymerization and coupling. Notably, in nearly all examples to date irradia-
tion with two wavelengths of light has been performed sequentially, with the lower en-
ergy (longer wavelength) being used first, followed by the higher energy (shorter wave-
length). This presents an opportunity to further improve the wavelength selectivity such
that the higher energy wavelength of light can be employed first without activating both
light-mediated processes.

Wavelength-selective regulation of polymerization mechanisms

One of the earliest examples of wavelength selectivity in photocontrolled polymer-
izations was reported by Boyer and coworkers, who combined photoacid-mediated
ROP with PET-RAFT polymerization.'*® Here, a dual functional initiator containing

2188 Matter 4, 2172-2229, July 7, 2021


mailto:Image of Figure 9|tif

Matter

¢? CellPress

{ .
sulfonium salt | (

Ir(ppy)3 pyrylium salt
R

R

spiropyran/merocyanine

R=tBuorH

B

SOzH

R=tBuorH

250 2?0 31.5 | 400 500, ] 600 , 700 780
J L
L
- ]
phenothiazine trithiocarbonate Eosin Y ZnTPP
R j\ CN Q
Ikyl OH
Wiss SM O
o] COONa
R =Ph
N s Br X Br
Ikyl OH
LU0 [ K,
s = R (e] Br Br
J J OH Y,

Figure 10. Representative chromophores reported in wavelength-selective photocontrolled polymerizations

Corresponding chemical structures and absorption wavelengths are provided.

both a chain-transfer agent (trithiocarbonate) and an alcohol was synthesized,
whereby the alcohol functionality enabled the photoacid-mediated cationic ROP
of lactone while poly(acrylate) chains where formed at the trithiocarbonate terminus
through PET-RAFT polymerization (Figure 11A). To achieve selectivity, two different
catalysts activated by different wavelengths of light were employed. A red light-
absorbing photocatalyst, zinc tetraphenyl porphyrin (ZnTPP), was used to control
PET-RAFT polymerization,’*" whereas blue light reversibly activated a merocyanine
photoacid (PAH). Interestingly, the ZnTPP catalyst, which can be activated under
blue light, showed negligible activity during blue light irradiation in the presence
of the PAH. As such, blue light irradiation led to the selective ROP of lactones, while
red light irradiation allowed the preferential polymerization of acrylate monomers.
Similarly, a dual-wavelength-mediated protocol employing a bifunctional initiator
for the radical polymerization of methyl methacrylate (MMA) via reversible complex-
ation-mediated polymerization (RMCP) with indole as the photocatalyst under long-
wave visible light (550-750 nm) and photoinitiated ROP of lactones using a sulfo-
nium salt under long-wave UV light (350-380 nm) was disclosed by Goto, Kaji, and
coworkers (Figure 11B)."*? These examples represent a method to grow block co-
polymers from a central bifunctional initiator with wavelength selectivity.

Recently, Fors and coworkers demonstrated the ability to toggle between cationic
polymerization of vinyl ethers and radical polymerization of acrylates via a novel
wavelength-selective approach.'®® Rather than using a dual functional initiator,
the authors employed a single trithiocarbonate chain-transfer agent to selectively
induce the radical polymerization of acrylates or the cationic polymerization of vinyl
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Figure 11. Wavelength-selective regulation of polymerization mechanisms

(A) Dual photoacid-mediated ring-opening polymerization (ROP) under blue light and photoinduced electron/energy transfer-reversible addition
fragmentation chain-transfer (PET-RAFT) polymerization under red light.

(B) Dual photoacid-mediated ROP under long-wavelength UV and reversible complexation-mediated polymerization (RCMP) polymerization under
visible light.

(C) Interconversion of cationic and radical polymerization via oxidizing (tri-methoxyphenyl pyrylium) and reducing (Ir(ppy)s) photocatalysts. Overlaid
UV-vis absorption plots of Ir(ppy); and p-OMeTPPT are shown to the right.

ethers. This strategy was possible through a dual photocatalytic system featuring an
oxidizing pyrylium photocatalyst (p-OMeTPPT) that was activated under green light
irradiation,’** and a reducing iridium polypyridyl photocatalyst (Ir(ppy)s) that was
activated under blue light irradiation (Figure 11C)."*® Critically, polymerization un-
der green light led to the selective incorporation of iso-butyl vinyl ether (IBVE)
into the polymer chain via a cationic mechanism, while blue light induced the poly-
merization of methyl acrylate (MA) via a radical mechanism to form block-like copol-
ymers. Uniquely, this strategy allowed the main-chain units to be switched between
IBVE and MA, which is not possible through the dual functional initiator approach.
On the other hand, the oxidizing pyrylium and reducing Ir(ppy)s; photoredox cata-
lysts have significant spectral overlap, which necessitates future work on developing
new catalysts with more distinct spectral properties.

Wavelength-selective regulation of polymer topology

Apart from switching between mechanistically distinct polymerization processes, wave-
length-selective photocontrolled polymerizations can also be used to regulate polymer
topology. For example, Boyer and coworkers demonstrated the wavelength-selective
photoactivation of different chain-transfer agents (Figure 12A)."% It was discovered
that dithiobenzoates could be activated under red light (690 nm) irradiation in the pres-
ence of pheophorbide a (PheoA) while trithiocarbonates were not. To exploit this selec-
tive activation, a copolymerization of MMA and a trithiocarbonate functionalized meth-
acrylate (BTPEMA) was performed. Upon irradiation with red light (690 nm), PheoA
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Figure 12. Wavelength-selective regulation of polymer topology

(A) Synthesis of graft copolymers through selective activation of dithiobenzoate and trithiocarbonate under red and green light irradiation,
respectively. Overlaid UV-vis absorption plots of ZnTPP and PheoA are shown to the right.

(B) Synthesis of graft copolymers through selective activation of trithiocarbonates under green and blue light irradiation.

(C) Synthesis of graft copolymers through selective activation of PET-RAFT and metal-free ATRP under blue and purple light irradiation, respectively.
Overlaid UV-vis absorption plots of phenothiazine and Eosin Y are shown to the right.

resulted in a photocontrolled polymerization of methacrylate, while the BTPEMA inimer
(initiator/monomer) was subsequently activated using ZnTPP and green light irradiation
(530 nm) in the presence of acrylates. As a result, well-defined graft copolymers were
formed in a mild one-pot two-step process by simply adding acrylate monomer and
toggling a light switch.

Matyjaszewski, Boyer, and coworkers have also demonstrated a dual-wavelength-selec-
tive photoactivation process using a catalyst-free, photoiniferter (photo-initiator/transfer
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agent/terminator) approach (Figure 12B)."# In this work, two trithiocarbonate chain-
transfer agents with distinct absorption bands were selected: 4-cyano-4-[(dodecylsulfa-
nylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), having a thiocarbonyl n — 7* transi-
tion with an absorption maximum of ~530 nm (green light) tailing down to ~500 nm,
and 2-(n-butyltrithiocarbonate)-propionic acid (BTPA), having a thiocarbonyl n — =*
transition with an absorption maximum of ~450 nm (blue light) tailing up to ~525 nm.
The combination of CDTPA with a BTPA functionalized methacrylate (BTPEMA) thus al-
lowed the formation of graft copolymers through green light irradiation to polymerize
MMA, and subsequent blue light irradiation to polymerize dimethyl acrylamide
(DMAm) side chains. Matyjaszewski and coworkers have extended this work for the for-
mation of structurally tailored and engineered macromolecular gels, whereby a polymer
network is formed under green light irradiation and subsequently expanded under blue
light irradiation leading to chain extension with MA or DMAm through the pendant
BTPA groups.'*®

Chen and coworkers have presented a dual catalytic system for the wavelength-se-
lective polymerization of linear and branched fluoropolymers (Figure 12C)."*7 In this
work, eosin Y was used as a photocatalyst under blue light (450 nm) irradiation to
selectively activate a trithiocarbonate chain-transfer agent for PET-RAFT polymeriza-
tion of 2-bromo-trifluoropropene (BTP) and a fluorinated methacrylate monomer
(HFBMA). Subsequently, phenothiazine was activated with violet light (405 nm) for
photocontrolled metal-free ATRP from the bromide comonomer BTP, which was
possible due to the high reduction potential of phenothiazine relative to esoin Y.
Additionally, branched architectures could be formed directly under 405 nm irradi-
ation in the presence of phenothiazine given its high reduction potential resulting in
activation of both BTP and the chain-transfer agent, causing addition of HFBMA to
both the side chain and backbone, resulting in graft copolymers.

As a final example, Barner-Kowollik and coworkers recently demonstrated that
different colors of light can produce cyclic or linear topologies during the photocy-
cloreversion of styrylpyrene adducts.'? Specifically, carboxystyrylpyrene units were
introduced at the termini of linear telechelic polyethylene glycol and a step-growth
polymerization was induced by blue light (460 nm) irradiation. By increasing the con-
centration of the polymer, intermolecular reactions are favored over intramolecular
cyclization. Subsequently, employing two distinct wavelengths, UV-B (330 nm) or vi-
olet light (410 nm), afforded linear or cyclic depolymerization adducts, respectively.
The authors hypothesized that violet light triggers the cycloreversion as well, yet
dynamically reforms smaller cyclic polymers.

Sequential polymerization and coupling using dual wavelengths

In addition to dual polymerization approaches, photocontrolled polymerizations
have been combined with light-driven post-modification coupling reactions by ex-
ploiting wavelength selectivity. For instance, Boyer, Yeow, and coworkers demon-
strated that wavelength selectivity can be used for photopolymerization-induced
self-assembly (photo-PISA) and subsequent photo-crosslinking (Figure 13A).">" In
this work, the initial polymerization and supramolecular self-assembly was accom-
plished via PET-RAFT polymerization with ZnTPP under orange light (590 nm) irradi-
ation. A coumarin functionalized methacrylate monomer was incorporated into the
polymer backbone to enable subsequent photoinduced crosslinking via a [2 + 2]
dimerization of coumarin upon irradiation with UV light (365 nm). In a complemen-
tary system, photo-PISA and subsequent particle dissociation was also demon-
strated.”? In this work, the initial polymer synthesis was performed using a nitroben-
zyl methacrylate monomer and PET-RAFT polymerization under red light irradiation.
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Figure 13. Wavelength-selective sequential polymerization and post-modification

(A) Synthesis of nanoparticles through sequential PET-RAFT and coumarin dimerization under orange and UV light irradiation, respectively.

(B) Synthesis of a block copolymer through sequential PET-RAFT and tetrazole-ene cycloaddition under orange and purple light irradiation,
respectively. Overlaid UV-vis absorption plots of ZnTPP and tetrazole are shown to the right.

Following particle formation, irradiation with UV light induced nitrobenzyl cleavage,
changing the polarity of the polymer chain and dissociating the polymer particles.
Delaittre and coworkers proposed an alternative strategy for the functionalization
of polymeric nanoparticles prepared by photo-PISA that relied on visible light-medi-
ated PISA to generate a copolymer bearing a UV-responsive tetrazole function-
ality."®® Subsequently, attachment of maleimides via NITEC under UV light was
demonstrated as an effective protocol to introduce various functionalities at the
polymer nanoparticle surface. This work inspired a more recent protocol by
Barner-Kowollik, Boyer, and coworkers that relied on two visible wavelengths of
light.">* Here, PET-RAFT with ZnTPP under orange light (590 nm) irradiation pro-
duced an acrylate copolymer from a pyrene-tetrazole functionalized chain-transfer
agent, which undergoes a cycloaddition reaction with activated double bonds
(e.g., maleimide) upon exposure to violet light (415 nm) (Figure 13B). This was
used to prepare a diblock copolymer, given the chain-end functionalization, and
presents a mild alternative to fabricating other functional polymeric materials.

WAVELENGTH-SELECTIVE POLYMER PROPERTY MANIPULATION

Photoswitches (e.g., azobenzene, spiropyran, and diarylethene) have been utilized
to reversibly manipulate polymeric materials for decades, and as such this section
will only emphasize literature from the last decade on wavelength-selective transfor-
mations. Additionally, as there exist several comprehensive recent reviews on
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(A) Chemical structures of donor-acceptor Stenhouse adduct (DASA) polyacrylates P1 and P2. Visible light irradiation switches both P1 and P2 into
colorless photostationary states P1* and P2*, while the process is reversed through heating.

(B) Schematic illustration of multicomponent selective photopatterning. In a first step the P1 + P2 blended thin film on glass was irradiated with warm
white light through a photomask of three alternating transparent rectangles. Subsequently, an inverted photomask from the first was placed on top and
irradiated with an orange LED for 5 min. Removal of the photomask revealed a patterned sample with three distinct regions: purple (P1 + P2), pink (P1 +

P2*), and colorless (P1* + P2*). Heating the sample at 70°C for 5 min in the dark fully erased the pattern and returned the sample to its original state.
163
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Image modified with permission from Read de Alaniz and coworkers.
Copyright (2017), American Chemical Society.

related topics,”®"°°"%? the selected references in this section are merely represen-
tative. Emphasized herein is the distinction between bidirectional photochemical
pathways (single-chromophore systems) and disparate photochemical pathways
(multiple-chromophore systems), broken down by the properties under manipula-
tion, including optoelectronic, ion-transport, and mechanical.

Wavelength-selective optoelectronic properties

Photoswitches are well-established motifs for modulating the optoelectronic proper-
ties of soft materials.'*® Whether chemically bonded to or physically blended with an
optoelectronically active polymer, photoswitches have been demonstrated to enable
control over (1) absorption, (2) fluorescence, and/or (3) conductance. These photo-
responsive materials are attractive for a variety of applications, such as rewritable
data storage, super-resolution biocimaging, and organic light-emitting devices.

Photomediated absorption

Materials with tunable absorption profiles allow for selective photopatterning that is
potentially useful in rewritable data storage. This was demonstrated with wave-
length-selective bidirectional photochemistry by Read de Alaniz and coworkers us-
ing multicomponent films composed of DASA molecules covalently tethered to
polymers."®? Specifically, polyacrylates bearing either a para-methoxyaniline-mel-
drums acid DASA unit, P1, or an indoline-barbituric acid DASA unit, P2, were synthe-
sized and physically blended to enable wavelength-selective photopatterning (Fig-
ure 14A). Photopatterning was accomplished by first irradiating a thin film of the
polymer blend through a photomask with white light (warm white 4,000 K, 66
mW/cm?), switching both DASA components into colorless states. Subsequent irra-
diation with orange light (617 nm, 72 mW/cmz) selectively switched P2, providing a
ternary pattern (purple; pink; colorless). Given the reversibility of photoswitching,
the pattern could be completely erased by heating the sample (70°C) above the
glass transition temperature of the polymer matrix to provide a new slate for photo-
patterning (Figure 14B).
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Figure 15. Photomediated fluorescence

(A) Chemical structures of fluorescent molecules: F1, F2, and photochromic reaction of DAE-1.

(B) Photoresponsive reversible fluorescence images of a F1/F2/DAE-1 doped PMMA films (4., = 365 nm). The orange and blue regions represent areas
irradiated with visible and UV light, respectively.

(C) Chemical structure and photochromic reaction of DAE-2.

(D) Confocal images of macrophage cells incubated with the polycaprolactone nanoparticles for 1 h (scale bar, 10 um): blue emission channel (460-

500 nm) and orange emission channel (600-780 nm).

Image (B) modified with permission from Park and coworkers.'® Copyright (2012), American Chemical Society. Image (D) modified with permission from
Park and coworkers. > Copyright (2019), Springer Nature.

Photomediated fluorescence

DAEs are well-established photoswitches for modulating emission of luminescent
polymers due to their (1) large absorption change upon switching and (2) excellent
thermal stability and fatigue resistance.?’” Photomediated fluorescence is enabled
by Forster resonance energy transfer (FRET) that occurs with the more m-conjugated
closed DAE form. For example, Park and coworkers employed poly(methyl methac-
rylate) films comprising two fluorophores (F1 and F2) with different emission colors
(blue and orange) and DAE-1 (Figure 15A).'®* Critically, the emission of F1 at
~470 nm overlaps with the absorption of F2 and DAE-1 in its closed (colored)
form, enabling FRET, but not DAE-1 in its open (colorless) form. In this mixture,
closedDAE-1 acts as a non-radiative acceptor for F1, precluding emission from F2
and resulting in blue fluorescence. However, switching DAE-1 to the open form al-
lows for FRET between F1 and F2, resulting in orange fluorescence. Therefore, wave-
length-selective switching of DAE-1 from open to closed with UV light (365 nm) and
reversal (closed to open) with visible light (>550 nm) enables photomediated fluo-
rescence patterning (Figure 15B). In a subsequent publication, the same group
accomplished photomediated fluorescence with a more simplified two-component
system embedded in polycaprolactone nanoparticles.'®> The key here was a blue
fluorescent closedDAE-2 combined with an orange fluorescent dye (Figure 15C).
In this example, irradiation with UV light results in blue + orange emission, while
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(A) Chemical structures of DAE-3 isomers (both open and closed forms) under UV light (315 nm) and visible light (528 nm).

(B) Energy level diagram showing the proposed switchable charge trapping mechanism.
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Copyright (2019), Springer Nature.

visible light irradiation forms openDAE-2, turning off fluorescence and leaving only
orange emission. This was applied to microscopic bioimaging of macrophage cells
with reversible fluorescence switching (Figure 15D).

Photomediated charge transfer
Recently, photoswitchable organic electronics, such as organic LEDs, organic
169170 and organic light-emitting transistors (OLETs),"”"'"? have

166-168

thin-film transistors,
gained interest for their utility in next-generation reprogrammable devices. To
date, this has been demonstrated by blending semiconducting polymers with
photochromic DAE-3 that act as a bidirectional wavelength-selective charge trap
(Figure 16A). In combination with a semiconducting polymer that contains a
ground-state energy level between those of the two isomeric DAE states, the
DAE can act as a hole trap in the closed state (UV irradiated) and not in the open
state (visible irradiated) (Figure 16B). This has been applied to OLETs by Samori
and coworkers, where both current and luminescence were reversibly modulated
by irradiation cycles with UV (315 nm) and visible light (528 nm)."”" The spatiotem-
poral control offered by light was elegantly demonstrated in these OLETs by gener-
ating rewritable emissive patterns on a single device (Figure 16C). Recently, the
same group has identified guidelines for fabricating high-performance optically
switchable devices: (1) weak interactions between polymer matrix and DAE; (2)
low-percentage crystallinity in the polymer matrix for homogeneous mixing; (3)
polymer HOMO (highest occupied molecular orbital) level close to the closed
DAE for higher device mobility or close to the open DAE for higher on/off current

ratio.'’?

Wavelength-selective ion transport

Similar to the optoelectronic properties discussed previously, the ion-transport prop-
erties of polymeric materials can also be tuned with the aid of photoswitches. Unlike
the dependence on photoswitchable energy transfer in previous examples, the
following systems rely on the bidirectional wavelength-selective ion affinity of
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photoswitches. To date, two established photomediated mechanisms governing the
strength of ion affinity have been demonstrated: (1) aromaticity and (2) acidity/basicity.

Photomediated aromaticity

lon-transport modulation has been accomplished by Read de Alaniz and coworkers us-
ing a wavelength-selective polymer ionic liquid containing positively charged DAE
units (DAE-4)."”* The key was tuning the cationic character of the imidazolium bridging
group upon photoswitching (Figure 17A). Specifically, openDAE-4 (obtained upon
irradiation with visible light) molecules are aromatic and delocalize the positive charge,
weakening the ionic interactions. In contrast, irradiation with UV light triggers the for-
mation of closedDAE-4, leading to a non-aromatic imidazolium with greater localiza-
tion of the positive charge, strengthening the binding with mobile ions. Thus, revers-
ible modulation of ionic binding strength resulted in tailored ionic conductivity
(Figure 17B). The influence of different counterions (I~ versus BF,;~ versus TFSI™) was
further investigated, which revealed that anions featuring stronger cation-anion inter-
action (I7) and higher ratios of ring-closed photostationary states have a greater
impact on photomediated ionic conductivity.'’* More recently, the same group inte-
grated these photochromic molecules with self-healable polymer electrolytes, illus-

trating potential applications in “smart” electronics.’’”

Photomediated acidity

Apart from DAEs, SPs have also been used as photoswitches to control ionic trans-
port across polymeric membranes. Here, modulation relies on a decrease in acidity
(increase in pK,) in going from the “closed” SP to the “open” merocyanine (MC)
state. Bakker and coworkers utilized this pKj, shift for proton exchange membranes
comprising SP and a cation exchanger (Borate R™), where ion selectivity was depen-
dent on the state (“open” or “closed").’’® The proton gradient was generated across
amembrane by irradiating one side with UV light and the other with visible light. In a
0.1 M HCl solution, the change in electrochemical potential resulted in the genera-
tion of a photocurrent, with proton transport aided by Borate R™ (Figure 18). Further-
more, reversibility was demonstrated by cycling between UV and visible light irradi-
ation, which induced an alternating current.

Wavelength-selective mechanical property tuning

The mechanical properties of a polymeric material (e.g., stiffness, hardness, storage/
loss modulus, tensile strength) are critical in determining its suitability for a particular
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Figure 18. Photomediated acidity

The left side of the membrane is illuminated with UV light (365 nm) and the right with visible light
(482 nm). The membrane contains spiropyran (SP), a cation exchanger, a lipophilic salt
(tetradodecylammonium tetrakis(4-chlorophenyl)borate), and nitrophenyloctylether (NPOE) as the
solvent. For simplicity, the lipophilic salt and NPOE are not shown. Image modified with permission
from Bakker and coworkers.'’® Copyright (2014), Nature Publishing Group.

application."”” The ability to manipulate mechanical properties with spatiotemporal
control will pave the way for next-generation functional plastics. To date, wave-
length-selective transformations have facilitated the preparation of materials with
disparate mechanical properties in two fashions: (1) photoisomerization and (2) mak-
ing and breaking covalent bonds.

Photoisomerization

Unique to mechanical property manipulation of polymers with photoswitches is the
ability to do so through altering non-covalent interactions, such as solid-state pack-
ing of polymer chains.'’® In this regard, azobenzene has been extensively examined
due to the dramatic change in molecular properties that occurs upon switching be-
tween trans and cis configurational isomers, including end-to-end distance (9.0-
5.5 A, respectively) and dipole moment (0-3 D, respec‘tively).13 To maximize the
impact that azobenzene photoswitches have on mechanical properties, it is impor-
tant to select a polymer matrix that will undergo a macroscopic shift in response
to a microscopic change (e.g., isomerization). For example, Wu and coworkers
demonstrated that a polyacrylate bearing azobenzene side chains converts
from an ordered solid (P3-transAB, Ty ~ 48°C) to an isotropic liquid (P3-cisAB, Tq4
~ —10°C) upon irradiation with UV light (~365 nm, 67 mW/cm?), and reverts back
to a solid (P3-transAB) upon exposure to visible light (~530 nm, 5 mW/cm?) (Fig-
ure 19A).""7 This reversible transformation in physical appearance is accompanied
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Figure 19. Photoisomerization to tailor mechanical properties through non-covalent solid state packing interactions

(A) Chemical structures of P3-azobenzene isomers under UV light (365 nm, 67 mW/cm?) and visible light (530 nm, 5 mW/cm?), with corresponding
photorheology data highlighting G, G”, and tané. Insets are pictures showing the transformation from a solid to liquid form upon isomerization from
P3-transAB to P3-cisAB.

(B) Chemical structures for P4-AB isomers (trans and cis forms) under UV light (365 nm, 200 mW/cm?) and visible light (455 nm, 200 mW/cm?), with
corresponding photorheology data highlighting the wavelength selectivity and temporal control over G’ and G".

(C) Chemical structures of P5-azobenzene isomers under UV light (385 nm, 100 mW/cm?) and green light (530 nm), with corresponding polarized optical
microscopy images (top) and actuation (scale bar, 100 pm).

Image (A) modified with permission from Wu and coworkers.'’” Copyright (2016), Nature Publishing Group. Image (B) modified with permission from
Meijer and coworkers.'®’ Copyright (2017), Wiley-VCH. Image (C) modified with permission from Hayward and coworkers.'®' Copyright (2020), American
Chemical Society.
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by stark changes in mechanical properties, such as storage and loss moduli (G' and
G") measured using photorheology that shows solid-like behavior for P3-transAB (G’
> G") and liquid-like for P3-cisAB (G' < G").

In contrast to polymers with azobenzene side chains, main-chain incorporation of
azobenzene has also enabled wavelength-selective manipulation of mechanical
properties. For example, Meijer and coworkers prepared linear homotelechelic
poly(dimethylsiloxane) derivatives end-capped with azobenzene units (P4-AB)
and demonstrated reversible conversion from solid to liquid upon irradiating
with UV light (365 nm, 200 mW/cm?), and back again with visible light (455 nm,
200 mW/cm?)."8° Monitoring G’ and G” via in situ rheology revealed a significant
drop in both moduli upon exposure to UV light, and a near full recovery upon
switching to blue light (Figure 19B). These materials are attractive as photoswitch-
able adhesives. Additionally, main-chain poly(azobenzene)s have been used to
convert photon energy into mechanical work (photomechanical actuation). In a
recent report by Hayward and coworkers,'®' this was demonstrated using semicrys-
talline main-chain poly(azobenzene)s, prepared by thiol-Michael addition. Bidirec-
tional wavelength-selective reversible melting and recrystallization upon irradia-
tion with UV light (385 nm, 100 mW/cm?) to P5-cisAB and green light (530 nm) to
P5-transAB, respectively, led to photoactuation with shape memory applications
(Figure 19C).

Photoisomerization to modulate mechanical properties via bidirectional wavelength
selectivity has also been accomplished by tuning the rate and degree of dynamic
crosslinking using functionalized photoswitches with configurationally dependent
reactivity. For example, Kalow and coworkers prepared tetra-armed poly(ethylene
glycol) (PEG) with either a boronic acid functionalized azobenzene (P6-AB) or diol
as end groups (Figure 20A)."%? It was experimentally observed (and theoretically
computed) that the boronic acid on P6-AB was more reactive with diol (to form
boronic esters) when the azobenzene was in a cis form (P6-cisAB), which was lever-
aged to toggle between a sol and gel state by irradiating with different wavelengths
of light. Specifically, exposure to UV light (365 nm, 3.6 mW/cm?) resulted in trans-to-
cis isomerization and gel formation, while exposure to blue light (470 nm, 900 lux)
resulted in reversion back to sol. The authors extended this work to a more thermally
stable and purely visible light-controlled system (blue, 470 nm and green, 525 nm)
by using ortho-difluoro-azobenzene derivatives. The resultant hydrogels can serve
as promising candidates to probe mechanobiology, which examines the effect of dy-
namic mechanics on cell behavior.'®?

In addition to azobenzene crosslinkers with wavelength-selective reactivity, DAE
photoswitches have also been examined. One example was a dialdehyde-DAE by
Hecht and coworkers, which had configurationally dependent amine condensation
reaction kinetics.'®* Irradiation with UV light (313 nm) resulted in the ring-closed
form that was shown to be more electrophilic and thus reactive toward primary
amines by ~1 order of magnitude relative to the ring-open, less electron-delocalized
form that occurred upon exposure to visible light (579 nm) (Figure 20B). Reacting the
dialdehyde-DAEs with a multi-functional amine-containing polysiloxane resulted in
the formation of a dynamic covalent polyimine network capable of self-healing
with a rate controlled by the wavelength of light (UV = faster healing relative to
visible light). The same group developed another strategy based on a photomedi-
ated Diels-Alder reaction, where a DAE-bearing furan acted as a diene in the
open form (upon irradiation with visible [460 nm] light) capable of undergoing ther-
mally reversible Diels-Alder reactions.'®>""®¢ However, irradiation with UV light
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Figure 20. Photoswitch-based crosslinkers to modulate the rate and equilibrium of dynamic
covalent bonds within polymer networks

(A) Photoreversible boronic ester formation under alternating UV (365 nm, 3.6 mW/cm?) and visible (470 nm,
900 lux) light irradiation to convert between a sol and gel (shown in the corresponding images).

(B) UV-light-accelerated imine exchange used for self-healing that is faster in UV-light-exposed
areas (right) as compared with non-exposed areas (left).

(C) A Diels-Alder adduct that shows accelerated thermal reversibility (retro-Diels-Alder) in the open form
relative to the closed form. Corresponding microscopy images of a scratched film that heals upon heating in
the non-exposed region (left), and not the UV-light exposed region (right).

Image (A) modified with permission from Kalow and coworkers.'®” Copyright (2018), Royal Society of
Chemistry. Image (B) modified with permission from Hecht and coworkers.'®* Copyright (2016), Wiley-VCH.
Image (C) modified with permission from Hecht and coworkers.'® Copyright (2016), Springer Nature.

closed the ring and eliminated the diene unit necessary for the Diels-Alder reaction.
This wavelength-selective reactivity was demonstrated to tailor the mechanical
properties and self-healing behavior of a polymer network bearing maleimide func-
tionality poised for Diels-Alder reactions with the furan-functionalized DAE cross-
linkers (Figure 20C).
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Figure 21. Wavelength-selective switching of polymer metal organic cage networks.

(A) Schematic illustration of photomediated interconversion between two different network topologies. Photoresponsive MOCs are introduced as junctions within
polyMOCs. Under UV irradiation (300 nm), the MOCs convert from PdsL to Pdaglag, which can be reversed with green light (518-528 nm).

(B) Impact of photoswitchable network topology on storage modulus (G') (left) and self-healing (center) properties, and associated fatigue as a function
of irradiation time per cycle (right).

Image modified with permission from Johnson and coworkers.'®” Copyright (2018), Macmillan Publisher Ltd.

Recently, Johnson and coworkers demonstrated a unique strategy to tailor the topology
and associated mechanical properties of polymer metal-organic cage (polyMOC) net-
works using a bidirectional wavelength-selective photoswitch.'®” In this example, the poly-
mer chains were crosslinked via a bifunctional PEG end capped with pyridyl functionalized
DAE photoswitches (PEG-DAE). The photoswitches facilitated reversible metallosupramo-
lecular assembly of discrete metal-organic cages (MOCs) by altering the bond angle be-
tween the pyridines (and associated bite angle in the presence of a metal) upon converting
between open (62°) and closed (138°) states.'®® Thus, mixing PEG-DAE with Pd?* afforded
polyMOC gels with nanosized metal,ligand, (M,L,) cages as crosslink junctions that could
be switched from small (Pd;L¢) to large (Pdz4lag) MOCs upon irradiation with UV light
(300 nm) and back again when exposed to green light (518-528 nm) (Figure 21A). The
larger junctions from PEG-closedDAE were found to be less dynamic than the smaller
ones from PEG-openDAE and, as such, irradiation with UV light increased the storage
modulus (G') from ~8 to 14 kPa, which was partially reversible upon exposure to green light

2202 Matter 4, 2172-2229, July 7, 2021


mailto:Image of Figure 21|tif

Matter

(Figure 21B). Furthermore, self-healing was shown to occur only in the small junction gels,
PEG-openDAE, after UV irradiation. However, fatigue was observed for the gels with
extended irradiation, as noted by a decrease in storage modulus upon repeated irradia-
tion cycles.

Making and breaking covalent bonds

Photoreversible cycloadditions provide thermosets capable of making and breaking
covalent bonds upon exposure to light of a selective wavelength. Sumerlin and co-
workers designed water-soluble linear polymers bearing coumarin side chains that,
upon exposure to long-wavelength UV light (365 nm, 7 mW/cm?), crosslinked via
dimerization to form hydrogels (Figure 22A)."7 However, upon irradiation with
short-wavelength UV light (254 nm) these hydrogels could be reverted to soluble
polymer precursors. To overcome the limitations of short-wavelength UV light,
particularly for biomedical applications, Truong, Forsythe, and coworkers reported
wavelength-selective coupling and decoupling of polymers via the photoreversible
cycloaddition of styrylpyrene (StyP) mediated by visible (410-460 nm, cycloaddition)
and long-wavelength UV light (365 nm, cycloreversion) irradiation (Figure 22B)."7°
Leveraging this bidirectional wavelength-selective reversible transformation, the
mechanical properties of the resultant hydrogels (4arm-StyP-StyP-PEG) could be
modulated. Furthermore, self-healing was demonstrated by irradiating fractured hy-
drogels with UV light followed by visible light. This was taken one step further by
combining styrylpyrene with a more red-shifted derivative, acrylamidylpyrene
(AP), which enabled the formation of a hydrogel (4arm-StyP-AP-PEG) with disparate
wavelength-selective stiffness (Figure 22B)."”" These hydrogels can serve as a prom-
ising platform to probe mechanobiology.

Combining two orthogonal photochemical reactions with wavelength-selective acti-
vation has also been used to control the mechanical properties of polymer networks.
Anseth and coworkers demonstrated this by combining PPGs with a free radical pho-
topolymerization.'”? In this example, a hyaluronic acid hydrogel was fabricated with
photodegradable oNB crosslinks and polymerizable methacrylates. Sequential
exposure to UV light (365 nm, 10 mW/cm?) in the absence of a photoinitiator and
visible light (400-500 nm, 10 mW/cm?) in the presence of lithium phenyl-2,4,6-trime-
thylbenzoylphosphinate (LAP) as a photoinitiator resulted in photodegradation to
soften (14.8 to 3.5 kPa) and polymerization to stiffen (3.5 to 27.7 kPa) the hydrogel,
respectively (Figure 23A). Furthermore, the degree of each photochemical transfor-
mation was dependent on the total light dosage, which facilitated mechanical prop-
erty tuning, and each was shown to be cytocompatible, making it an attractive
method for tissue engineering applications.

In a later example, Barner-Kowollik and coworkers designed a strategy that elimi-
nated the need to add photoinitiator in a separate step by combining disparate re-
actions that could be activated first with visible light followed by UV light."”* Specif-
ically, in one pot, a dimethacrylate crosslinker bearing a central disulfone unit was
copolymerized with butyl acrylate using a photoinitiator (lvocerin) reactive to visible
light (400-520 nm), while also including an oNB protected cyclohexylamine that re-
mained intact under these initial conditions (Figure 23B). Subsequently, exposure to
UV light (355-390 nm) resulted in release of the photogenerated amine that then re-
acted with the disulfone crosslinks and softened the polymer network, ultimately re-
sulting in a transformation from solid to liquid after ~4 h.

Wavelength-selective polymerization and manipulation of mechanical properties
has also been accomplished using photoinduced dynamic covalent bond exchange
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Figure 22. Photoreversible cycloaddition reactions to enable wavelength-selective mechanical
modulation of hydrogels

(A) Coumarin crosslinked hydrogels using reversible photodimerization. Left: solution of polymerin
water (5 wt %); right: hydrogel formed after irradiation of 5 wt % polymer solution with 365 nm light
(7 mW/cm?).

(B) Styrylpyrene (StyP) and acrylamidylpyrene (AP) photodimerization. Left plot: irradiation of 4arm-
StyP-AP-PEG at A = 420 nm (20 mW/cm?) triggered gelation increasing the storage modulus to
4.8 kPa, with no change upon increasing the wavelength to 455 nm; Right plot: irradiation of 4arm-
StyP-AP-PEG with light at A = 455 nm (20 mW/cm?) resulted in gelation and a maximum storage
modulus of 1.74 kPa, which could be further increased to 5.4 kPa upon irradiating with 420 nm light.
Image (A) modified with permission from Sumerlin and coworkers.'®? Copyright (2018), American
Chemical Society. Image (B) modified with permission from Truong and coworkers.'”" Copyright
(2020), Wiley-VCH.

in networks by Bowman and coworkers ."”* In a first step the thermoset network was
generated using visible light (400-500 nm, 10 mW/cm?) to activate an acylphosphine
oxide photoinitiator (I-819) that reduced a Cu(ll) precatalyst (CuCl,/PMDETA)
and led to Huisgen 1,3-dipolar cycloadditions between a multi-functional alkyne
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Figure 23. Schematic representation of stepwise photoreactions for controlling mechanical properties

(A) The initial hydrogel was irradiated with UV light (365 nm, 10 mW/cm?) first. After the addition of photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), the materials were irradiated by visible light (400-500 nm, 10 mW/cm?).

(B) The thermoset was prepared by photopolymerization through visible light (400-520 nm). The photodegradation happened after the light source was
changed to UV light (355-390 nm).

Image (A) modified with permission from Anseth and coworkers.'”? Copyright (2017), Wiley-VCH. Image (B) modified with permission from Barner-
Kowollik and coworkers.'”* Copyright (2017), American Chemical Society.

(Tri-AK and AS-AK) and azide (BZ-N3) (Figure 24A)."7° Subsequently, UV light irradi-
ation (365 nm, 8 mW/cm?) was used to generate radicals from the photoinitiator
dimethoxy-2-phenylacetophenone, which prompted dynamic covalent bond ex-
change of AS-AK, the allyl sulfide repeat units that were embedded in the main chain
(Figure 24B). The authors demonstrated that the photoinduced dynamic bond ex-
change could be used for stress relaxation, even in the glassy thermosets. Stress
relaxation was demonstrated by irradiating a thick polymer sample under tension
from one side, where partial light penetration manifested as curling once tension
was released, as shown in Figure 24A. Furthermore, UV irradiation of samples during
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(A) Schematic of process used to create and manipulate dynamic polymer networks with light. In the
first step, visible light is used to activate Cu-catalyzed alkyne-azide cycloaddition (CuAAC),
followed by irradiation under tension to active stress relaxation via allyl sulfide bond exchange.
Chemical structures of visible light initiator 1-819 (Irgacure 819), copper catalyst (CuCl,/PMDETA),
and UV initiator DMPA (2,2-dimethoxy-2-phenylacetophenone) are shown beneath the
corresponding arrow. The image on the right shows a film that was irradiated from alternating sides
through a photomask under tension, resulting in a wave (indicated by the dashed line trace).

(B) Chemical structures of the primary resin components, a difunctional azide monomer (BZ-N3),
trifunctional alkyne crosslinker (Tri-AK), and allyl sulfide-based difunctional alkyne monomer (AS-
AK). The bond exchange mechanism is shown in the box at the bottom.

Image (A) modified with permission from Bowman and coworkers.'?* Copyright (2006), Wiley-VCH.
Image (B) modified with permission from Bowman and coworkers.'” Copyright (2020), Wiley-VCH.

mechanical loading resulted in a 50% improvement in elongation to break and 40%
improvement in toughness when compared with the same network without photoin-
duced bond exchange during the measurement.

More recently, Bowman and coworkers developed a method to modify mechanical
properties by combining thiol-ene crosslinking with photobase generation to acti-
vate dynamic covalent thioester bond exchange (Figure 25A)."7° In the first step,
visible light (455 nm, 30 mW/ecm?, 1 min) exposure of a hexaarylbiimidazole (HABI)
photoinitiator induced thiol-ene crosslinking between pentaerythritol tetra(3-mer-
captopropionate) and a difunctional thioester-based crosslinker, while in the pres-
ence of an oNB protected tetramethyl guanidine (TMG) photobase. Subsequent
irradiation with UV light (365 nm, 40 mW/cm?, 10 min) released TMG, a base capable
of deprotonating thiols, which converted the originally solid static network into a
liquid-like dynamic network through rapid bond exchange with the thioester cross-
links. The inverse conversion from fluid to solid was also demonstrated by including
TMG in the formulation to create an initially dynamic network, followed by activation
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Figure 25. Wavelength-selective photoswitchable states of matter

(A) Schematic representation with chemical structures showing thiol-ene polymerization under
visible light (455 nm) to create a solid polymer network followed by photobase generation with UV
light (365 nm) to induce dynamic bond exchange that resulted in fluid-like behavior.

(B) Imprint lithography with spatial control over the state of matter. A nanoscaled pattern (noted by
the color) was transferred from a stamp to the sample via compression.

Image modified with permission from Bowman and coworkers.'”® Copyright (2018), Springer
Nature.

of a photoacid (oNB protected benzoic acid) with UV light to quench the TMG and
halt bond exchange. This method was applied to imprint lithography with spatio-
temporal control over the dual-wavelength network formation and photorelease
of base or acid (Figure 25B).

Wavelength selectivity to control property-function relationships in
biomaterials

Photochemical transformations to create and manipulate biomaterials have gained
considerable attention in the last couple of decades, in particular with respect to ap-
plications in regenerative medicine.'”*'”” The utility of photoresponsive units in
biomaterials (e.g., hydrogels, proteins, DNA) has enabled spatiotemporal control
over chemical transformations to locally modulate both the chemical and physical
environment.'”%'77 For example, bioactive ligands (i.e., proteins, cells, and pep-
tides) have been reversibly incorporated through photochemical means and used
to direct cell proliferation, migration, and differentiation. Additionally, mechanical
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properties (e.g., stiffening/softening) have been manipulated with light irradiation,
which has proved useful in disease models and delivery of therapeutics. Recently,
a few examples of wavelength-selective photochemistry using multiple chromo-
phores have been demonstrated in the realm of biomaterials, bringing synthetic an-
alogs one step closer to accurately mimicking those found in nature.

In 2013, Anseth and coworkers reported one of the first examples of wavelength-se-
lective photochemistry in biomaterials to facilitate sequential release of small mole-
cules.”® Disparate reactivity was accomplished by employing oNB and coumarin
methylester (CM) as photocleavable units to selectively release dyes (rhodamine
and fluorescein) and proteins (bone morphogenic proteins, BMP-2 and BMP-7) at
different times (Figure 26A). It was found that CM resulted in selective photorelease
upon exposure to violet light (405 nm) relative to oNB, while oNB was shown to react
faster than CM when exposed to UV light (365 nm). The utilization of these two pho-
toprotecting groups enabled sequential release of multiple proteins, which was
used to increase human mesenchymal stem cell differentiation in a temporal
manner. In 2017, Forsythe and coworkers developed novel photodegradable hydro-
gels incorporating multiple photolabile linkers to selectively release cells from syn-
297 Functionalized oNB derivatives (P1-Pé), 7-(diethylamino)
coumarin (P7), and perylene (P8) were employed in the photodegradable hydrogels,

thetic hydrogels.

and degradation kinetics of resultant polymer networks upon UV and broad-spec-
trum visible LEDs (i.e., 365, 420, 455, 470, and 530 nm) were monitored (Figure 26B).
Consequently, selective release of different proteins/cells from biomaterials was
demonstrated upon irradiation with different wavelengths of light, where both the
P7 and P8 derivatives provided the greatest sensitivity to visible light.

The native extracellular matrix (ECM) is a highly dynamic environment consisting of
complex heterogeneous microenvironments. To date, synthetic biomaterials have
not been able to effectively mimic the ECM, although wavelength-selective photo-
patterning has proved to be one of the most promising routes to this end. In 2012,
DeForest and Anseth utilized two biorthogonal photochemical reactions to
demonstrate the reversible presentation of a biological cue with spatial control.”*?
The hydrogels were fabricated using copper-free, strain-promoted azide-alkyne
cycloaddition click chemistry, which incorporated alkenes as anchor points for func-
tionalization of biochemical cues (Figure 27). Eosin Y was then used as a visible light
photoinitiator (490-650 nm) to covalently attach oNB-containing fluorescently
labeled peptides via thiol-ene chemistry. Subsequently, UV light irradiation
(365 nm) triggered the scission of oNB groups, releasing the attached fluorescently
labeled peptides from the hydrogels, as observed using fluorescence microscopy.

Photochemical reactions have been commonly utilized to fabricate optically
controlled, nanoscale biomaterials with applications in nanomedicine, DNA nano-
technology, and more."”” Recently, wavelength-selective transformations have
enabled more sophisticated control over these materials. For instance, Famulok, Va-
lero, and coworkers reported reversible control over DNAzyme activity by incorpo-
rating two distinct photoswitches, 2’,6'-dimethylazobenzene (DM-Azo) and N-
methyl-arylazopyrazole (AAP).?°% In the trans configurations, which were present
when exposed to blue light (450 nm) for DM-Azo and orange light (590 nm) for
AAP, DNA hybridization was allowed (Figure 28A). However, irradiation with UV light
(<400 nm) hindered hybridization due to steric constraints that arise from the cis iso-
mers. Impressively, the application of three different colors of light (UV, blue, and
orange) enabled reversible switching in DNAzyme activity. In 2019, the Famulok
group utilized azobenzene derivative to mimic the movement of biological motors
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Figure 26. Photodegradable hydrogels containing multiple photolabile compounds to release biologically active species

(A) Chemical structures for the crosslinked PEG network containing oNB and CM photocages. Absorption spectra of the two photocleavable
compounds and utility in sequential release of bone morphogenic proteins (BMP-2 and BMP-7) using UV (365 nm) and visible (405 nm) light.

(B) Representative photocleavage of compounds P2 (oNB) and P8 (pyrene-based) and chemical structures for the remaining six photocleavable linkers
(in the dashed box). Plot of degradation rate constants for hydrogels containing different photolabile linkers upon irradiation with different wavelengths
of light, showing selectivity.

Image (A) modified with permission from Anseth and coworkers.””” Copyright (2013), Wiley-VCH. Image (B) modified with permission from Forsythe and
coworkers.””’ Copyright (2017), American Chemical Society.

(i.e., DNA walkers).”’" Two azobenzene derivatives, 2',6'-dimethy-4'-(methylthio)
azobenzene (S-DM-Azo) and DM-Azo, were utilized to demonstrate entirely light-
induced molecular walking that relied on a precise coordination of strand displace-
ment that occurred when cycling between cis/trans states (Figure 28B). Again,
irradiation with UV light (365 nm) induced trans-to-cis isomerization, hindering
DNA hybridization, while exposure to visible light (450 nm) converted the azoben-
zene photoswitches to their trans state and strengthened hybridization. As a final
example, in 2020, Asanuma and coworkers reported orthogonal photocontrol of
hybridization between serinol nucleic acid (SNA) and ribonucleic acid (RNA) by
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Figure 27. Photoreversible patterning of biomolecules

sequence (RGDS). Subsequently, exposure to UV light resulted in photocleavage of oNB to release the biological cues. Fluorescence microscopy of
photopatterned hydrogels showed selective adhesion of mouse embryonic fibroblast (NIH 3T3) cells in regions functionalized with RGD, along with

selective detachment in regions subsequently irradiated with UV light that cleaved the RGD sequence. Green, RGD; red, F-actin; blue, nuclei. Scale bar,
200 pum. Image modified with permission from Anseth and coworkers.?’> Copyright (2012), Wiley-VCH.

incorporating vinyladenine moieties that undergo reversible cycloaddition/-rever-
sion upon exposure to different wavelengths of light (Figure 28C).?°> These two
novel vinyladenine derivatives, 8-naphthylvinyl adenine ("YA) and 8-pyrenylvinyl
adenine ("VA), enabled intrastrand photocrosslinking that destabilized SNA/RNA
duplexes and resulted in dissociation into single strands. Both homo- and hetero-
[2 + 2] photocyclization were demonstrated, whereby cyclization occurs upon expo-
sure to long-wave UV light (340-405 nm) for NVA and visible light (405-460 nm) for
PYA, and both cyclorevert upon exposure to UV light (<300 nm and <340 nm for
NVA and PVA, respectively), which facilitates duplex formation.

WAVELENGTH-SELECTIVE ADVANCED MANUFACTURING

Photochemical reactions have been vital in several manufacturing processes
from two-dimensional (2D) optical lithography for microelectronics to additive
manufacturing (or 3D printing). Besides traditional synthetic polymers, biocompat-
ible materials, such as hydrogels, have also received widespread attention due to
their implications in medicine (e.g., tissue engineering and drug delivery). Tradition-
ally, high-energy UV light has been employed to initiate photochemical reactions via
direct photolysis, owing to the myriad of reactive molecules that absorb UV light to
impart rapid chemical transformations along with the associated spatiotemporal
control. However, the recent commercialization of LED technology has enabled a
broader palette of colors to be explored to carry out organic and polymer synthesis,
particularly using visible-to-NIR light that is more benign in a biological context. Also
empowered by this advancement is wavelength-selective photochemistry for the
fabrication of next-generation multi-functional materials. In this section, we highlight
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Figure 28. Photoresponsive nanoscale biomaterials

(A) Chemical structure of DM-Azo and AAP. Wavelength-selective photoswitchability upon exposure to three different colors of light (UV, blue, and
orange) was used to modulate the activity of DNAzyme for hybridization.

(B) Chemical structure of 2/,6’-dimethy-4’-(methylthio)azobenzene (S-DM-Azo) and 2’,6’-dimethylazobenzene (DM-Azo) used to photocontrol strand
displacement and DNA walking.

(C) Chemical structure of 8-naphthylvinyl adenine (NVA) and 8-pyrenylvinyl adenine (PYA) for photocontrolled SNA/RNA duplex dissociation and
formation.

Image (A) modified with permission from Famulok and coworkers.”%® Copyright (2018), American Chemical Society. Image (B) modified with permission
from Famulok and coworkers.”* Copyright (2019), Wiley-VCH. Image (C) modified with permission from Asanuma and coworkers.””> Copyright (2020),
Wiley-VCH.

recent examples where wavelength-selective photochemistry has been used for
photolithography and light-based 3D printing of polymeric materials/objects that
are seemingly unattainable with only a single wavelength of light.

Photolithography

Over the last 60 years, light-responsive polymers (e.g., photoresists) have played an
essential role in the preparation of well-defined 2D surfaces via lithography, which
has led to the boom of modern microelectronics found in everyday appliances
from phones to televisions and computers. However, in contemporary photolithog-
raphy the smallest feature size (resolution) is diffraction limited (roughly = 1/2),
which has led to the use of expensive and harmful light sources with shorter wave-
lengths into the deep UV (<200 nm). Moreover, when resins can only react through
a single light-driven chemical transformation, only monolithic (single component)
objects are possible. However, in the last decade innovative methods that employ
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multiple wavelengths of light have been developed to go beyond diffraction limited
resolution and introduce multiple materials/functionality.

Super-resolution two-color photolithography

Photopatterning with multiple colors of light has enabled super-resolution lithog-
raphy, which goes beyond the diffraction limit. In 2009, this was demonstrated by
three independent groups, where one color of light activates a chemical transforma-
tion and the second color deactivates it.”**°® In one example, McLeod and co-
workers utilized two distinct wavelengths of light to facilitate wavelength-selective
photoinitiation and photoinhibition.?°® Specifically, a two-component photoinitia-
tion system, camphorquinone (CQ) and ethyl 4-(dimethylamino)benzoate (EDAB),
were used to initiate a radical photopolymerization under blue light (473 nm), while
thiuram disulfide (TED) terminated polymerization when irradiated with UV light
(364 nm) (Figure 29A). By focusing a UV light beam into a Gauss-Laguerre (GL)
“doughnut” shape surrounding the primary visible light beam, features down to
64 nm were achieved (~A/7.5).

In the same year, Fourkas and coworkers, developed a novel two-color photolitho-
graphic technique referred to as resolution augmentation through photoinduced
deactivation (RAPID) lithography.?” This process relies on two-photon absorption
of 800 nm light for excitation and subsequent radical polymerization and a second
800 nm laser beam that inhibits the polymerization (Figure 29B). The concept of
RAPID lithography was inspired by stimulated emission depletion fluorescence mi-
croscopy, which utilizes a second laser pulse to deactivate the excited molecules
through stimulated emission. In this report, a single molecule, malachite green
carbinol base, acted as both the photoinitiator and photoinhibitor upon the first
and second laser beam exposures, respectively. With this technique, features
down to 40 nm (~1/20) were obtainable.

In a third example, Menon and coworkers invented a technique termed absorption
modulation lithography, whereby a photochromic dye was used to modulate the ab-
sorption of photoresists upon two-color irradiation.”*® In this process, a thin layer of
photochromic molecules was placed on top of the recording photoresist layer (Fig-
ure 29C). To create the nanoscale patterns, the photochromic layer was exposed to
an interference pattern that overlaps peaks at 325 nm with nodes at 633 nm. Regions
exposed to UV light resulted in isomers transparent at that wavelength; however, in
the regions exposed to red light, the layer efficiently absorbs the UV irradiation and
protects the photoresist. Therefore, only the regions exposed to little to no red light
elicited the UV-activated photochemical reaction, resulting in subwavelength reso-
lution modulated by the intensity ratio of red/UV light, ultimately yielding a resolu-
tion of ~36 nm (~A/10).

Since these three pioneering examples appeared just over a decade ago, there
have been exciting advancements in multicolor lithography. For example, based
on the initial contribution from the McLeod group, Gu and coworkers systemati-
cally examined the influence of the inhibiting laser power and its exposure
time on feature size, demonstrating a resolution limit of 40 nm (~A/12 the initi-
ating laser) at higher inhibitor laser intensities (Figure 30Ai).?%7 In 2013, the
same group developed a two-photon photoinitiation (800 nm) and one-photon
photoinhibition (375 nm) mechanism, with 2,5-bis(p-dimethylaminocinn amyli-
dene)-cyclopentanone as the photoinitiator and TED as the photoinhibitor,
revealing feature sizes down to 9 nm (A/42 relative to the inhibition beam)
(Figure 30Aii).?"°
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Figure 29. Two-color photopatterning to achieve resolution beyond the diffraction limit

(A) Schematic setup of two-color direct-write photolithography. Camphorquinone (CQ) and thiuram disulfide (TED) were utilized for orthogonal
photoinitiation and photoinhibition given their non-overlapped absorbance at visible (473 nm) and UV (364 nm) light, respectively.

(B) Experimental setup for resolution augmentation through photoinduced deactivation (RAPID) lithography. Schematic of the process with the
chemical structure shown for the photoinitiator/inhibitor, malachite green carbinol base (MGCB), and associated scanning electron microscopy (SEM)

images of written lines.
(C) Photoisomerization of a thermally stable photochromic diarylethene derivative upon two-color irradiation, used for subwavelength patterning via

absorbance modulation.

Image (A) modified with permission from McLeod and coworkers.”%® Copyright (2009), American Association for the Advancement of Science. Image (B)
modified with permission from Fourkas and coworkers.””” Copyright (2009), American Association for the Advancement of Science. Image (C) modified
with permission from Menon and coworkers.?® Copyright (2009), American Association for the Advancement of Science.

In addition to two-color activation/deactivation of polymerizations, this has also
been applied effectively to directly photocontrol individual bond formation reac-
tions (e.g., coupling and crosslinking chemistry). For example, in 2017, Wegener,
Barner-Kowollik and coworkers utilized direct laser writing to generate photoenol
isomer intermediates (E-enol versus Z-enol) from a-methyl benzaldehyde (Fig-
ure 30B).2™" Two-photon absorption with far-red light (700 nm) resulted in the forma-
tion of the E-enol, capable of acting as a diene in Diels-Alder reactions. However,
irradiation of the E-enol with blue light (440 nm) converts it to the non-reactive
Z-enol that undergoes rapid relaxation back to the original benzaldehyde derivative.
This photoswitchable coupling chemistry was used to pattern polymerization initia-
tors onto the surface of glass, providing surface-bound brushes with a lateral reso-
lution of 100 nm post polymerization. Recently, Blasco, Wegener, Barner-Kowollik,
and coworkers utilized photoswitchable spirothiopyran (820 nm versus 640 nm)
that crosslinks via supramolecular interactions after exposure to NIR light (820 nm)

Matter 4, 2172-2229, July 7, 2021 2213



mailto:Image of Figure 29|tif

¢? CellP’ress Matter

A (i) One photon absorption, photo-initiaton/-inhibition (40 nm resolution) B R Io & R OH R OH
700 nm ’ ii
—_—
—_—
—>
benzaldehyde hira biradical E-enol

Increasing power of inhibiting laser ———————= (~10ps) o

(ii) Two photon absorption, photo-initiaton/-inhibition (9 nm resolution) i \
Optical reverse 440 nm | N-R
two-beam hydrogen OPA
transfer o]
nhibition S i:\(\ Diels-Alder
OH 0

beam (375 nm) R

Z-enol
Polymerization Writing & (~ Oe‘ln :s
i beam (800 nm) N—R'

Excitation
(700 nm)

S S
N N )J\S _ S)J\ N N
) TED k
(photoinhibitor)

coupled product o
min. feature ~60 nm FWHM

20

=
(9]

=)
height (nm)

5
0
Depletion
(440 nm)
” ------------ \‘
1
1
o : + ]
4 & |
® i T A
! Excitation 1
! Dep/etlon |
i 0 %% 8 & | (©20nm) L (Ghom |
\/( i ) O Supramolecular ! Reduced | ]
- o) | reaction N !
Closed form (SP) Open form (MC) crosslinking ' Tolime . I,
Above diffraction limit Below diffraction limit = ———===—=—======

Excitation +

Excitation only Depletion

Excitation only

Figure 30. Recent advancements in two-color super-resolution photolithography

(A) One-photon (i) and two-photon (ii) absorption methods of photoinitiation/photoinhibition to generate sub-diffraction-limited patterns. SEM images
of cured spots fabricated using different inhibition laser powers with one-photon absorption only (i) and schematic of the two-photon absorption
process with corresponding chemical structures for photoinhibitor and photoinitiator.

(B) Photocontrolled Diels-Alder reactions using excitation of a-methyl benzaldehyde via two-photon absorption (TPA) with far-red light (700 nm) to
generate a reactive E-enol (diene) and depletion with a Gauss-Laguerre beam to convert the E-enol to an unreactive Z-enol via one-photon absorption
(OPA) with blue light (440 nm). Atomic force microscopy images of surface-bound polymer brushes (bottom) with varying depletion light intensity.
(C) Photoswitchable spirothiopyran for supramolecular crosslinking. TPA by the closed spiropyran (SP) with NIR light (820 nm) results in the reactive
open merocyanine (MC) form, while irradiation with red light (640 nm) reverts to the unreactive SP form. Excitation and depletion focus was used to
generate sub-diffraction features, as seen in the SEM images (bottom).

Image (A) (i) modified with permission from Gu and coworkers.”?” Copyright (2011), The Optical Society. Image (A) (i) modified with permission from Gu
and coworkers.”'% Copyright (2013), Springer Nature. Image (B) modified with permission from Wegener and coworkers.”'" Copyright (2017), American
Chemical Society. Image (C) modified with permission from Blasco and coworkers.”'? Copyright (2019), American Chemical Society.
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Figure 31. Wavelength-selective polymer network formation via dual polymerization

Sequential reactions were accomplished through thiol-Michael addition induced by a photobase generator, 2-(2-nitrophenyl)propyloxycarbonyl
tetramethyl guanidine (NPPOC-TMG) activated with visible light (400-500 nm), and radical acrylate homopolymerization using 2-hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (I 2959), a UV-activated photoinitiator (355 nm). The selected monomers are pentaerythritol tetra(3-
mercaptopropionate) (PETMP) and tricyclodecane dementhanol diacrylate (TCDDA). Image modified with permission from Bowman and coworkers.”’
Copyright (2017), American Chemical Society.

to give the open MC form, while irradiation with red light (640 nm) reverted it to the
uncrosslinked SP form. With this photoswitchable transformation, two-color super-
resolution patterning was accomplished using a GL depletion beam (640 nm) sur-
rounding the primary beam (820 nm) to yield linewidths down to 31 nm (Figure
30C).*"?

Wavelength-selective photoresists and related processes

The formation and degradation of polymer networks with multiple colors of light has
been exploited in advanced photoresist applications, including the formation of
multi-material/functional patterns. In one of the first examples, Bowman and co-
workers integrated a photobase generator, 2-(2-nitrophenyl)propyloxycarbonyl tet-
ramethyl guanidine (NPPOC-TMG), and a photoradical initiator, 2-hydroxy-4'-(2-hy-
droxyethoxy)-2-methylpropiophenone (I 2959), for sequential wavelength-selective
|oo|ymerizations.213 Upon exposure to visible light (400-500 nm), a base (tetramethyl
guanidine) was released to initiate an anionic thiol-Michael polymerization, while
radicals were subsequently generated for a second-stage acrylate polymerization
at an independent wavelength (365 nm) (Figure 31). Through manipulating the
thiol/acrylate ratio, the properties of both the intermediate and final networks could
be tuned. For example, when the thiol/acrylate ratio was changed from 1:1 to 1:2,
the modulus of the intermediate network decreased slightly from 8 MPa to 2 MPa
while that of the final network increased substantially from 8 MPa to 23 MPa.

In 2019, Barner-Kowollik and coworkers developed a photoresist that combined a
photoinduced radical polymerization with self-dimerization of photocaged dienes
(Figure 32A).?"* The polymerization was conducted with visible light (>400 nm) using
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819), followed by non-
radical crosslinking via uncaging and [4 + 4] dimerization of o-methylbenzaldehyde
(o-MBA) with UV light (330 nm). Leveraging wavelength selectivity, the hardness pro-
files within the same material could be adjusted spatially from 30 MPa to almost 300
MPa (as determined with nanoindentation). More recently, the Barner-Kowollik
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Figure 32. Wavelength-selective polymer network formation via dimerization
(A) Free radical polymerization of methacrylate (R-MA) and photoenol methacrylate (PEMA) with visible light (>400 nm), followed by non-radical
photodimerization with UV light (300-400 nm).
(B) Wavelength-selective dimerization of ortho-methylbenzaldehyde (o-MBA) upon exposure to UV light (330 nm) to produce material A and

styrylpyrene (StyP) upon exposure to blue light (435 nm) to produce material B. Image (B) modified with permission from Barner-Kowollik and
coworkers.”'® Copyright (2019), Wiley-VCH.

group demonstrated disparate multi-material photoresists consisting of UV-sensi-
tive o-MBA and blue light-active styrylpyrene (StyP) (Figure 32B).?'® Here, UV light
exposure selectively resulted in dimerization of 0o-MBA while simultaneously revert-
ing StyP cycloadducts that could be formed selectively using blue light irradiation
(435 nm) through a [2 + 2] dimerization, enabling independent curing based solely
on the wavelength of incident light. Recently, material property manipulation,
including Young’s modulus and swelling ratio, of this multi-material photoresist
was thoroughly examined while maintaining spatiotemporal control.?'®

Light-based 3D printing

Recently, 3D printing (or additive manufacturing) has drawn widespread attention as
an inexpensive and less wasteful alternative to traditional (e.g., subtractive)
manufacturing processes.”’” While a number of sophisticated 3D-printing methods
exist, stereolithography, or light-based additive manufacturing, offers some of the
fastest build rates, highest feature resolution, and widest materials scope.”'® How-
ever, multi-material stereolithography remains elusive,”'? yet highly attractive given
the potential to fabricate 3D objects consisting of multiple components with discrete
functionality/properties (e.g., mechanical, optical, electronic, thermal, and spin).
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(A) Reaction components for green (diarylethene [DAEs3g], 2,4,5,7-tetraiodo-3-hydroxy-6-fluorene [HNus3s], methyl acrylate [MA], and tetraethylene
glycol diacrylate [TEGDA]) and blue (diarylethene [DAE470], camphorquinone [CQ], 3-ethyl-3-hydroxymetyloxetane [OXA], and 3,4-
epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate [ECC]) light active resins, along with representative network structures formed under green

and blue light.

(B) Digital butterfly image (left) and corresponding object (right) with soft joints separating stiff segments.

Image modified with permission from Hawker and coworkers.”?” Copyright (2018), Wiley-VCH.

The simplest approach for multi-material stereolithography has been to manually
change the photoreactive liquid (resin) during the printing process. However, this
is an extremely energy- and time-intensive process that requires expensive equip-
ment and reduces the precision and associated resolution.?”>?*! As a recent alter-
native, wavelength-selective photochemistry has been developed and applied to
stereolithography for multi-material fabrication from a single resin.

In 2018, Hawker and coworkers reported a methodology termed solution mask liquid
lithography (SMaLL) that utilized wavelength-selective photochemistry to fabricate opti-
cally governed 3D objects composed of both stiff and soft domains.?*? In this work, di-
arylethene photochromic masks (DAEs3zq and DAE47q for green and blue light, respec-
tively) were combined with a green and blue light-activated radical and cationic
polymerization, respectively (Figure 33A). The photochromic masks facilitated a photo-
bleaching front such that photocuring could occur through the depth of the resin while
remaining confined to the irradiation zones. The dual photocatalysts employed for wave-
length-selective photocuring were a xanthene green light absorbing dye (HNus3s), used
to produce the soft domains via radical polymerization of an acrylic, and a blue light
absorbing CQ photosystem to initiate both the radical acrylate and cationic epoxy
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(A) UV (3,4-Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate [ECC] and triarylsulfonium salts) and visible (hydroxyl ethyl acrylate [HEA] and
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide [Irgacure 819]) light-sensitive photoinitiating systems and resins employed.
(B) Digital models of 3D-printed sea star (left) and the swelling-induced actuation of the corresponding 3D-printed object (right). Image modified with

permission from Boydston and coworkers.””

Copyright (2019), Springer Nature.

polymerizations to produce domains composed of stiff interpenetrating polymer net-
works (Figure 33B). Recently, this strategy was extended to fabricate resilient multi-ma-
terial, polymer-polymer composite objects containing a spatially resolved stiff exterior
shell and a soft core with well-defined pore arrays,?** along with a detailed examination

of the resultant multi-material interfaces.”**

In 2019, Schwartz and Boydston showed a similar concept using a combined UV and
visible light stereolithographic approach, demonstrating the ability to produce 3D
objects beyond optically governed shapes.??* In this work, a visible light-sensitive
photoinitiator (Irgacure 819, Acutoff = 450 nm) was used for radical curing of a soft
and hydrophilic acrylate and a UV-sensitive triarylsulfonium salt (TAS, Acuoff =
390 nm) induced both the radical acrylate curing and cationic epoxy curing to
form a stiff and hydrophobic material (Figure 34A). Furthermore, the 3D-printed ob-
jects were shown to be stimuli responsive through swelling-induced actuation,
commonly referred to as “4D printing” (Figure 34B).

In 2020, Barner-Kowollik and coworkers prepared photoresists comprising anthra-
cene dimers for direct laser writing (DLW) using two-photon absorption with NIR
light (780 nm). This was used to fabricate microscopic “4D-printed” objects with
locally tailorable mechanical properties by irradiation with a second light source
(Figure 35).* A boxing ring provided the exemplary 3D structure, where
DLW (16 mW, 3,000 pm-s~") was used iteratively to first prepare the frames out of
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Figure 35. Preparation of a multi-material 3D microstructure with locally adaptive mechanical properties

A "boxing ring” was prepared in a multistep fashion using direct laser writing (DLW) with NIR light (780 nm) to cure an acrylic resin followed by

dimerization of pendent anthracene units with violet light (415 nm) to exclusively enhance bridge stiffness.
Image modified with permission from Barner-Kowollik and coworkers.”® Copyright (2020), Royal Society of Chemistry.

non-adaptive resin, primarily consisting of pentaerythritol triacrylate. DLW (10 mW,
200 pm-s~") was then used to print bridges from an anthracene dimer-containing
resin, during which some fraction of the anthracene dimers cleaved into monomers,
softening the bridges. Subsequent irradiation with violet light (415 nm) induced
anthracene dimerization, increasing the mechanical stiffness of the bridges from 5
MPa to 45 MPa (as determined by nanoindentation).

The concept of wavelength-selective photochemistry in stereolithography has also
been applied to enhance the rate of printing, which is quite relevant for industrial/com-
mercial applications. In traditional bottom-up stereolithography, photopolymerization
occurs in a static layer-by-layer fashion, whereby a mechanical stage raises and lowers
the resin between each successive curing step to construct the 3D object. The recoat-
ing and repositioning processes that occur between each layer greatly increases the
total print time. This was first addressed by DeSimone and coworkers using continuous
liquid interface production (CLIP),??” which creates a thin layer at the window/resin
interface (bottom of the vat) where no polymerization occurs due to the presence of
oxygen that diffuses through the window. This inhibition region, called the “dead
zone,"” enables the build platform to be continuously raised out of the resin bath during
irradiation as fresh resin flows underneath, greatly enhancing the build rate. However,
the thickness of the dead zone is a critical parameter that impacts both maximum
speed and resolution, making it difficult to scale for the rapid production of very large
objects. To address this, wavelength-selective photoinitiation and photoinhibition was
developed and employed in an analogous stereolithography process by Scott and co-
workers (Figure 36A).%?% Unlike CLIP, a two-color irradiation process was used,
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Figure 36. Wavelength-selective photoinitiation and photoinhibition for rapid 3D printing

(A) Optical setup for two-color stereolithographic process with digital light projection (DLP) (left) and example objects printed with this method at a rate
of 500 and 350 mm/h, respectively.

(B) Schematic of optically governed volumetric 3D printing that uses perpendicular blue (470 nm) and UV (365 nm) irradiation for photoinitiation and
photoinhibition, respectively (left), and an example object (prism) containing two circular holes from UV light inhibition (right).

Image (A) modified with permission from Scott and coworkers.””® Copyright (2019), American Association for the Advancement of Science. Image (B)
modified with permission from Scott and coworkers.”?? Copyright (2019), American Chemical Society.

whereby a resin formulation containing CQ and EDAB undergoes photopolymeriza-
tion upon irradiation with blue light (458 nm) while bis[2-(o-chlorophenyl)-4,5-dipheny-
limidazole] (o-CI-HABI) acts as a radical inhibitor upon irradiation with UV light
(365 nm). With this approach, a blue image was created via digital light projection
while UV light was irradiated uniformly throughout the build area. The inhibition vol-
ume thickness was controlled by the incident initiating (blue) and inhibiting (UV) light
intensities along with the inclusion of blue and UV absorbing dyes (called passive ab-
sorbers or opaquing agents) to attenuate the incoming light without activating a
chemical transformation. This resulted in print speeds of ~2 m/h, which is ~100 times
faster than conventional static stereolithography processes. The same group also
demonstrated volumetric photopolymerization confinement by utilizing a similar pro-
tocol of wavelength-selective photoinitiation and photoinhibition (Figure 36B).”*? In
this example, butyl nitrite was used as the UV-active photoinhibitor, activated at
365 nm, and CQ + EDAB as the blue light reactive photocuring system to produce
optically governed shapes.

As a final example, in 2020, Regehly, Hecht, and coworkers introduced xologra-

phy as a novel dual-color volumetric 3D-printing technique that relies on a photo-
switchable photoinitiator that is only active at the intersection of UV and visible
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Figure 37. Dual-color volumetric 3D printing (xolography)

(A) Chemical structures and mechanism for photoswitchable photoinitiator.

(B) UV-vis absorption plot overlaying the dormant spiropyran benzophenone (closedSP) and active photostationary merocyanine (openMC) (left), along
with a 3D rendition of the xolography setup.

(C) Representative models and images of 3D prints with a free-floating ball in a spherical cage (left) and a resolution print showing the smallest
achievable feature size in the SEM image (right). All scale bars represent 1 mm.

Image modified with permission from Hecht and coworkers.”*” Copyright (2020), Springer Nature.

light beams.”*° The photoswitchable photoinitiator is a benzophenone function-
alized spiropyran, adding to the small library of photoswitchable photopolymeri-
zation initiators.”?""?* In this case, the spiropyran is dormant in its closed thermo-
dynamic state (closedSP), with little to no visible light absorption (Figure 37A).
Irradiation with UV light (375 nm) results in ring opening to the photostationary
merocyanine (openMC) that strongly absorbs visible light, which activates the
benzophenone and can induce radical polymerization. To gain 3D spatial control
a UV light sheet is passed along the width of a resin vat (x axis), while a projected
visible image (400-700 nm) is incident orthogonal (z axis) to the plane of the UV
light sheet (Figure 37B). Using a mechanical stage, the resin vat is moved away
from the visible projection source while simultaneously displaying new 2D slices
to reconstruct the 3D object in a continuous fashion. This method boasts an un-
matched combination of resolution (~25 pm in x and y and ~50 pum in z), around
ten times higher than state-of-the-art volumetric printing methods, and speed
(55 mm?3 s7"), four to five orders of magnitude faster volume generation than
two-photon photopolymerization, while enabling the fabrication of free-floating
objects (Figure 37C).

Matter 4, 2172-2229, July 7, 2021 2221


mailto:Image of Figure 37|tif

¢? CellPress

CONCLUSION AND OUTLOOK

Light as an energy source to create and manipulate soft matter (e.g., polymers) has
demonstrated unmatched spatiotemporal control, which has enabled numerous ap-
plications from microelectronics to medicine. In the last decade, the ability to
leverage different colors of light as discrete packets of energy to selectively activate
distinct chemical transformations, or spectral control, has unveiled exciting potential
to access next-generation materials, such as stimuli responsive (“smart”) plastics and
multi-functional 3D objects. Given the potential, it is anticipated that the next
decade is likely to witness a considerable rise in both fundamental designs and com-
mercial applications of wavelength-selective photochemistry in polymer science to
affording high-performance materials with an unprecedented combination and
regulation of properties. This review, based on specific examples, provides a road-
map to foster the objective of improved spectral control by detailing a distinction
and associated requirements for both bidirectional photochemical pathways (sin-
gle-chromophore systems) and disparate photochemical pathways (multiple-chro-
mophore systems). These two photochemical pathways are highlighted through
various chromophores that react to light in unique manners, including photo-
switches, PPGs, and compounds that undergo photoinduced irreversible/reversible
coupling. To guide the next generation of wavelength-selective reactions in polymer
science these chromophores, along with photosensitizers for energy transfer and
photoredox compounds for electron transfer, are placed into context through recent
examples of (1) photocontrolled polymerization, (2) photoswitchable materials, and
(3) advanced manufacturing. These advances lay the foundation for future discov-
eries, with some prospects outlined below following the order of sections in this
review:

The toolbox and protocols for wavelength-selective photochemistry

Several established photochemical reactions exist that now span the electromag-
netic spectrum from UV through visible (up to red light, ~700 nm). However,
improving the reactivity and selectivity in this region is necessary to advance the ef-
ficiency and capabilities of wavelength-selective photochemistry. Furthermore,
fewer reactions have been driven by far-red (700-780 nm) and NIR (~780-
1700 nm) light, presenting an opportunity to harness these smaller packets of energy
(longer wavelengths of light) to create and manipulate soft materials. This is partic-
ularly enticing for biological applications (e.g., sensing, imaging, and tissue engi-
neering), as many are sensitive to UV light through scattering, absorption, and/or
degradation, which may be mitigated by red-shifting photochemical transforma-
tions. Specifically, a combination of novel analytical characterization and powerful
computational modeling will undoubtedly improve our understanding of light-mat-
ter interactions as a function of wavelength and accelerate efforts in the design and
synthesis of optimal chromophores and photosystems.

Wavelength selectivity in photocontrolled polymer synthesis

Photocontrolled polymerizations encompass versatile mechanisms based on reac-
tive intermediates that include radical, cation, and metal alkylidene, yet photocon-
trolled anionic polymerization methods remain elusive. Access to such anionic
protocols with spatiotemporal control will expand the monomer scope and provide
an orthogonal toolset to use in wavelength-selective controlled polymerizations.
Additionally, improving wavelength selectivity of existing polymerization mecha-
nisms will enable more facile and economical one-pot preparation of custom macro-
molecular materials with predefined architectures and sequences that rival the
functionality found in nature.
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Wavelength-selective polymer property manipulation

The vast majority of methods to modulate polymer properties (e.g., optoelectronic,
ion-transport, and mechanical) with wavelength selectivity have relied on the use of a
single bidirectional photoswitch. This presents an opportunity to examine systems
with multiple switches to improve the sophistication (or “smarts”) of polymeric ma-
terials by granting access to more than two metastable states. However, it is also
important to consider the associated “return on investment” in terms of the time
and energy that goes into creating such complex materials and how that translates
to potential commercialization. Apart from bidirectional photoswitches, disparate
wavelength-selective protocols have been restricted to manipulating mechanical
properties, providing an opportunity to tailor additional facets of soft materials
through dual (or more) photochemical pathways.

Wavelength-selective advanced manufacturing

The utility of multiple light sources in fabrication through light-induced chemical
crosslinking (photocuring) has enabled photolithographic patterning beyond the
diffraction limit of light and stereolithographic 3D printing of multi-functional/mate-
rial objects or geometrically complex objects at incredible speeds. The next steps
include (1) merging the resolution demonstrated in 2D patterning with the produc-
tion speed and scale of 3D printing and (2) introducing multiple functionalities
beyond alteration of mechanical properties into 3D objects. To the latter objective,
improved wavelength selectivity will be paramount.

The current review attempts to educate, engage, and exhilarate the scientific com-
munity on wavelength-selective light-matter interactions in polymer science through
describing the basic design rules, current photochemical toolbox, and state-of-the-
art demonstrations with two wavelengths of light in controlled polymer synthesis,
property manipulation, and advanced manufacturing. While impressive feats have
been accomplished to date, the full potential of wavelength-selective photochem-
istry has yet to be unlocked. As we continue to learn more, exciting opportunities
to create and manipulate soft materials will present themselves, and in this regard
we end with a question: why stop at two wavelengths of light?
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