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ABSTRACT: Since the earliest investigations of olefin metathesis
catalysis, light has been the choice for controlling the catalyst
activity on demand. From the perspective of energy efficiency,
temporal and spatial control, and selectivity, photochemistry is not
only an attractive alternative to traditional thermal manufacturing
techniques but also arguably a superior manifold for advanced
applications like additive manufacturing (AM). In the last three
decades, pioneering work in the field of ring-opening metathesis
polymerization (ROMP) has broadened the scope of material
properties achievable through AM, particularly using light as both
an activating and deactivating stimulus. In this Perspective, we
explore trends in photocontrolled ROMP systems with an
emphasis on approaches to photoinduced activation and
deactivation of metathesis catalysts. Recent work has yielded a myriad of commercial and synthetically accessible photosensitive
catalyst systems, although comparatively little attention has been paid to achieving precise control over polymer morphology using
light. Metal-free, photophysical, and living ROMP systems have also been relatively underexplored. To take fuller advantage of both
the thermomechanical properties of ROMP polymers and the operational simplicity of photocontrol, clear directions for the field are
to improve the reversibility of activation and deactivation strategies as well as to further develop photocontrolled approaches to
tuning cross-link density and polymer tacticity.
KEYWORDS: olefin metathesis, photocatalysis, ruthenium, ring-opening metathesis, photocontrol

■ INTRODUCTION
Plastics manufacturing plays a vital role in our everyday lives.
As consumer demand for manufactured products continues to
grow exponentially, the consumption of electrical and thermal
energy and the production of CO2 have become unsustainable.
In fact, CO2 emissions directly associated with energy
generated for plastics manufacturing are set to eclipse those
of coal power by the year 2030.1 It is increasingly clear that
more energy- and atom-efficient manufacturing practices are
needed to combat the global challenge of climate change.
Additive manufacturing (AM), where material is deposited to
create a 3D form, presents a viable alternative to traditional
manufacturing, minimizing energy consumption and enabling
distributed manufacturing to be realized at competitive cost.
While AM comes in many flavors from the perspective of
materials and production methods, photocured polymer resin
systems require minimal energy input for curing and have
progressed in development to commercial relevance. Photo-
polymer AM is now used in the manufacturing of a wide
variety of consumer products including dental products,
hearing aids, footwear, jewelry, and sporting goods. However,
the polyacrylate resins at the forefront of commercial
applications are ultimately limited in terms of their mechanical
performance and thermochemical stability.2 As the demand for

AM products expands to other industries, new materials are
needed to address these challenges, driving the need for new
polymerization chemistries.

Ring-opening metathesis polymerization (ROMP) expands
the range of accessible properties that can be achieved by AM
polymers. During ROMP, cyclic olefin monomers are
polymerized to yield polyalkenamers, and advanced Ru-based
catalysts now enable fine control over their molecular weight,
stereochemistry, and tacticity, among other parameters. ROMP
can be carried out under air in the presence of various
impurities and is thus ideally suited for AM. Further,
polynorbornenes produced by ROMP, most notably poly-
dicyclopentadiene (pDCPD), exhibit excellent mechanical
properties, are chemically resistant, and can used in
applications with operating temperatures up to 400 °C.3,4

Research over the past decades has shown that thermally latent
ROMP precatalysts can be initiated with light, opening new
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possibilities in photomediated AM.5,6 However, ROMP-based
AM has only recently garnered commercial attention from
companies such as Polyspectra7−11 and Promerus,12−15 whose
resins have novel long-term stability and tunable materials
properties (Figure 1). The precedent from their work has
motivated further research and development on catalyst design
and Ru carbene photochemistry.

While radical photopolymerization has been studied
extensively, photoactivation of olefin metathesis reactions is
relatively underexplored. Compared to bulk activation
methods like heat or redox chemistry, the energy efficiency
and spatiotemporal control achieved through light irradiation
is unparalleled. Fast and selective activation, and in some cases
deactivation, can be achieved by judicious tuning of
formulation and process parameters, including chromophores,
initiating species, activating wavelengths, and light intensities.
This means that polymerization can, in many cases, be turned
on and off with tremendous ease−a desirable feature for fast,
high-precision AM of materials with pixel-sized resolution. The
spatial control afforded by light gives precise control over the
shape of a printed part or the extent of cure in a given area of
the polymer resin.

Photoactivation of ROMP was first reported nearly three
decades ago,16 and significant progress has been made on
understanding how olefin metathesis catalysts can be initiated
with light. In fact, we now understand that most Ru-based
carbene complexes can be photoinitiated, either directly or
through the use of photoacids or photosensitizers, demonstrat-
ing a vast potential design space for this chemistry in AM.17−20

More work is needed to understand the photochemical

mechanisms of Ru catalyst activation, to unravel how light
can be leveraged to influence polymer stereochemistry and
network structure, and to develop even more efficient catalyst
systems that are latent, robust to environmental impurities
such as water and oxygen, and can be rapidly initiated using
low intensity visible light.19,20

This mini-review details some of the most significant reports
of the last two decades as they pertain to photocontrolled
ROMP. For the sake of focus and brevity, relevant mechanistic
details are described only briefly; instead, ease of use,
versatility, and fundamental insights gained from these studies
are emphasized. While most research in this field has been
dedicated to devising strategies for the selective activation of
metathesis catalysts, unique strategies for both photoinitiation
and photopatterning are also discussed. Photodeactivation
strategies are also addressed. To date, only a handful of
examples have demonstrated photodeactivation of olefin
metathesis catalysts, the majority of which employ irreversible
chemistries, limiting their potential for large-scale, economical,
and energy and atom efficient photoROMP printing.
Heterogeneous and photophysical strategies for photocon-
trolled polymerization are also conspicuously scarce but could
provide versatility to both enhance resin latency and modulate
cured resin properties. In the progression of photoROMP
toward rapid manufacturing of complex, highly resolved
architectures, new strategies for reversibly controlling catalyst
activity must be developed, along with an improved under-
standing of the relationship between polymerization medium
and catalyst activity.

■ THE ORIGINS OF PHOTOROMP
The first commercial process using ROMP was developed in
1976 for the production of poly(norbornene) under the trade
name Norsorex.4 Though only a niche product today, its useful
properties and low feedstock pricing set the stage for future
ROMP polymer systems, including cyclooctadiene, tetracyclo-
dodecene, and dicyclopentadiene (DCPD), among others.
While early studies on ROMP involved the use of
heterogeneous transition metal catalyst systems−the active
species of which remain difficult to characterize−a tremendous
amount of (Nobel Prize-winning) work has since been
dedicated to creating well-defined homogeneous catalysts
with tunable reactivity, i.e. metal carbene complexes.21 Though
it was not further explored at the time, some early reports of
these complexes and their precursors indicated photo-
sensitivity, for example, in accelerating Hα-abstraction to
form the alkylidenes.22 To the best of our knowledge, the
first photoROMP system was reported in 1995 by Mühlebach
and co-workers for the synthesis of poly(norbornene)
derivatives.23 This work inspired the development of a wealth
of simple and straightforward methodologies for photoinduced
ROMP, though early systems suffered from poor catalyst
latency, stability, synthetic accessibility, and functional group
tolerance.24

■ CATALYST PHOTOACTIVATION
Realization of photoROMP requires catalyst systems that are
active in response to light yet are otherwise (thermally) latent.
Ideally, the rate of their spontaneous background polymer-
ization at room temperature must be nominal to maximize the
processing window of the prepolymer mixture, and the
conversions between inactive and active catalyst states occur

Figure 1. Photoactivation of olefin metathesis reactions enables
control over the shape of a printed part during AM. A) Schematic
representation of a bottom-up approach to AM with olefin resins,
particularly DCPD. (B-D) Images of DPCD-based printed parts
utilizing resins from (B) Promerus, (C) Leguizamon et al.,6 and (D)
polySpectra. Images are provided by means of (B) Promerus and (D)
polySpectra.
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rapidly to enable spatiotemporal control. The plurality of
developments in these systems, and most of the works
described herein, utilize ruthenium vinylidene species as the
catalysts (either as the initiating species or formed in situ),
though photoinitiated ROMP also occurs with a variety of
metals including tungsten,16 molybdenum,25 and rhenium.26

Recent designs of Ru-based photoROMP catalysts can be
grouped into three categories (Figure 2): those that initiate
polymerization via 1) direct photoactivation (e.g., photo-
induced ligand dissociation or isomerization), 2) indirect
photoactivation (e.g., ligand dissociation mediated by photo-
acid generators), and 3) photophysical activation.
Direct Activation. For the scope of this review, “direct

activation” is broadly defined as a strategy in which a catalyst is
converted from an inactive state to an active state through
photoexcitation of the metal carbene complex.

Photodissociation of labile ligands remains the most
common strategy for designing direct-activation systems. The
archetype for direct activation systems was established by the
Buchmeiser group using triflate salts of ruthenium N-
hetercyclic carbene (NHC) precatalysts (Ru-1, Figure
3).27,28 Through a combination of quantum chemical
calculations and irradiation experiments, it was revealed that
these otherwise latent species were capable of initiating
polymerization through photoinduced dissociation of two
tert-butyl isocyanide ligands. Weitekamp and co-workers
demonstrated that latent Fischer-type carbenes (Ru-2) can
be directly photoactivated to pattern 2D and 3D structures
with ROMP, as well as the ability to incorporate a wide variety
of functional groups into the final polymer network.11,29

Recently, the Lemcoff group reported a photodissociation
approach to activating phosphite-ligated Hoveyda-Grubbs

(HG2) catalysts (e.g., Ru-3), extending the potlife of HG2-
olefin monomer systems up to 9 h.30

Another approach to designing latent catalyst systems relies
on photoisomerization. Lemcoff and co-workers have
developed a library of catalysts bearing pincer-type benzylidene
ligands with coordinating sulfur atoms (e.g., Ru-5). These S-
chelated species are thermally latent, and thus active only at
elevated temperatures, but undergo cis-to-trans isomerization
upon irradiation with UV light. Subsequent dissociation of the
sulfur−ruthenium bond yields a metathesis-active species.31

The electronic characteristics of both the NHC and the pincer
ligand can be tuned to affect the efficiency of activation as well
as the activating wavelength.32 The Lemcoff group was also the
first to recognize the photoreactivity of the commercially
available, phosphite-coordinated cis-Caz-1 (Ru-6).33 Inspired
by this discovery, they explored the potential of a P-chelated
congener of their S-chelated series. Unfortunately, this catalyst
exhibited poor reactivity, presumably due to the strong
coordination of the phosphite group. However, this finding
would later inform the design of a photodeactivated catalyst
system based on photolabile nitrobenzyl-phosphite ligands
(discussed below).34 The promise of these systems, both
employing apical ligands with selective and tunable lability,
naturally sparked a wealth of creative new strategies for
photoactivation.30,35−37 Subsequent catalyst design inspired by
Lemcoff’s original S-phenyl and S-naphthyl catalysts have
yielded a swath of photoactive Ru carbenes with improved
activity as well as remarkable regioselectivity.38 Studies on the
electronic character of the chelating group, as well as the halide
ligands, have also provided remarkable insight into the factors
affecting mechanism and energetics of photoisomerization and
initiation.32,39

Figure 2. Notable examples of the three categories of photoROMP using Ru-based catalysts and of photodeactivation of Ru-catalysts. Direct
activation is well illustrated by Lemcoff and co-workers’ library of S-chelated species that are thermally latent but undergo cis-to-trans isomerization
upon direct irradiation with UV light.32,33 Alternatively, indirect activation through such species as photoredox catalysts can enable the use of lower
irradiation intensities and longer wavelengths of light.52 The addition of carbon nanotubes, or as shown, plasmonic gold nanoparticles, enables NIR
activation of thermally latent Ru-catalyst via photophysical means.63 Though generally irreversible, clever methods for reversible photodeactivation
exist including the use of an azobenzene-functionalized NHC as introduced by the Hong group.68
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Leveraging the stability of less reactive isomers can also
enable latency, even in readily available catalysts. In a recent
report, Stawiasz et al. demonstrated that the phosphite chelate
of the commercially available Grubbs’ second generation
catalyst (Ru-4) undergoes UV-induced photoisomerization
and subsequent ligand dissociation to generate a species active
for frontal polymerization of DCPD.40 Photoisomerization,
particularly of adducts of commercially available catalysts,
holds tremendous promise as an operationally simple method
to engender reactivity on demand.
Indirect Activation. Converse to direct activation,

“indirect activation” is defined here as a strategy in which a
catalyst is converted from an inactive state to an active state

through reaction with a photogenerated species. In these
systems, a molecule other than the metal carbene complex is
photoexcited and then undergoes a secondary chemical
reaction with a metal complex to generate a species that is
metathesis-active.

The earliest strategies for indirect photoactivation naturally
evolved from photochemical synthetic pathways toward metal
carbene complexes. Though rarely explored since, the in situ
generation of carbenes through the reaction of precatalysts and
photogenerated ligands offers the unique advantage of total
catalyst latency at the expense of slower activation kinetics. For
example, initiation of ruthenium sandwich complexes (e.g., Ru-
12) by ligand photodissociation was utilized for the polymer-

Figure 3. Catalysts are referenced throughout this Perspective. Common names, when available, are included.
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ization of poly(norbornene) derivatives by Mühlebach et al. as
early as 1995.23 In 1992, Demonceau et al. showed that a
ruthenium-cymene complex promoted ROMP of strained
cyclic olefins upon activation with ethyl diazoacetate,
presumably through the in situ formation of the metathetically
activate vinylidene.41,42 This observation of carbene transfer
directly inspired recent work on related complexes by
Chemtob and co-workers, who used a photogenerated NHC
to promote the formation of a ruthenium vinylidene species
from a sandwich complex precatalyst (Ru-13).43 This study
also revealed a limitation of this activation strategy: during
polymerization, uncontrolled, nonmetathetic cross-linking
(between 11 and 34%) was observed, presumably as a result
of the highly enthalpic polymerization. This gave rise to
inconsistent material properties between samples. Though
certainly a limitation of the system, this study highlights the
importance of the interplay between thermal and photo
contributions to reactivity.

The first reported indirect activation strategies for photo-
ROMP using preformed catalysts closely followed Buchmeiser
and co-workers’ reports of UV-activated Ru(II) complexes. In
1998, the Grubbs group reported the acid activation of ROMP
catalysts via ligand sequestration.44 Nearly a decade later, they
demonstrated the use of a photoacid generator to convert
acetylacetonate-functionalized Grubbs-type precatalysts (e.g.,
Ru-7) to their metathesis-active forms.17 The strategy of
photoacid generation has since been expanded upon;18 though
its robustness is limited, owing to inherent sensitivity of various
monomers and Ru vinylidines to acidic and basic function-
alities.45 Nonetheless, this approach inspired a multitude of
related chemistries employing precatalyst species with
chemo-,46 photo-,47 and redox-labile ligands.48,49

Bis-NHC species are particularly well-suited for photo-
activation, as the dissociation of NHCs is thermodynamically
disfavored. This renders such catalysts latent even at elevated
temperatures but still capable of generating the active species
with an external energy input or transmetallating agent.50,51

The sensitivity of NHC complexes is also easily synthetically
tuned, allowing greater specificity in the choice of activating
stimulus (i.e., wavelength, activation mechanism, etc.). For
example, the Rovis group accomplished polymerization of
DCPD with visible light by combining a thermally latent bis-
NHC complex (Ru-8) and a photoredox catalyst.52 Photo-
induced electron transfer from a pyrylium photooxidant to the
catalyst led to the dissociation of one NHC group, forming the
metathesis-active 14 electron species. In addition to the
benefits of visible light over UV-initiation from the perspective
of energy input and user safety, this system exhibited excellent
spatial control and microscale resolution. The Buchmeiser
group demonstrated a similar system employing NHC-
coordinated W-vinylidene species (e.g., W-1) in 2D photo-
lithography.53 Pushing toward even lower-energy radiation
sources�a near-IR-initiated ROMP system using an osmium
photooxidant was also investigated.54 Though this system
required acetone as a cosolvent and therefore exhibited limited
feasibility for applications in photolithography, the use of NIR
radiation as the activating stimulus enabled through-barrier
initiation, a feature impossible with visible light methods. It
also exhibited remarkable reversibility over several on-and-off
irradiation cycles.

Changing the ligand sphere affects not only photoactivation
energy and kinetics but also regioselectivity. Compared to their
dichloro congeners, the less well-studied diiodo ruthenium

vinylidenes exhibit remarkable selectivity for terminal olefins
and reticence toward ring opening of even highly strained
internal alkenes.55,56 However, the two can be interconverted
by anionic ligand exchange, enabling the facile synthesis of
catalyst systems with impressive latency or activity toward ring-
closed species. Leveraging this selectivity, the Lemcoff group
demonstrated that DCPD could be stored at ambient
temperatures in the presence of a diiodo S-chelated ruthenium
benzylidene for over 24 h without a reaction. However, in the
presence of a chloride photocage molecule, 8-(chloromethyl)-
4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a diaza-s-indacene
(Cl-BODIPY), the monomer was fully polymerized within
30 min upon irradiation.57 This study not only expands the
avenues available for tailoring catalyst reactivity on demand but
also sets the stage for photoswitchable polymerization and
depolymerization chemistries.

Indirect activation strategies enable reactive prepolymer
resins to exist stably over long processing windows, a feat
difficult to achieve with thermally isomerizable precatalysts.
This is particularly useful for frontal polymerization, which
requires enthalpic polymerizations driven by highly active
catalysts to sustain a reaction front. Since thermal initiation
occurs even at room temperature according to Arrhenius
kinetics, storage stability for frontal-ROMP systems employing
thermally latent catalysts is inherently limited under even mild
processing conditions.58 Gradual consumption of the mono-
mer may result in gelation or stalled fronts due to lower
exotherms, and the use of extremely latent catalyst necessarily
increases the exothermicity required for front propagation. The
contradictory requirements for catalyst reactivity and latency
render the engineering of frontal polymerization systems a
unique challenge.

By contrast, the use of light as an activating stimulus enables
the use of highly latent catalysts. Stawiasz et al. demonstrated
that long-lived prepolymer solutions of bis-NHC indenylidene
precatalyst D899 (Ru-9) in dicyclopentadiene (DCPD) could
be prepared and stored for up to two months without
significant spontaneous background polymerization.59 Subse-
quent frontal polymerization of the resin was accomplished
through a cascade reaction involving UV photoreduction of
CuII by an acryidinium photocatalyst, followed by trans-
metalation of one of the Ru-coordinated NHC ligands.

Recently, Leguizamon and co-workers demonstrated that
the use of a tertiary amine and photosensitizer accelerated
ROMP of DCPD in an additive manufacturing system with a
wide range of commercial Ru catalysts (e.g., Ru-6,-10, and
-11).6,60,61 It was presumed that a radical or energy transfer
mechanism and possibly subsequent catalyst isomerization and
ligand dissociation enabled the formation of metathetically
active species. The accelerating effect was observed for
photosensitizer and catalyst mixtures and could be enhanced
via the addition of a tertiary amine. Though the mechanism of
acceleration has yet to be fully elucidated, this evidence
suggests that photosensitization is an effective strategy for the
indirect activation of virtually any latent metathesis catalyst. This
represents a promising approach to robust and versatile ROMP
systems that merits greater attention. Precatalyst activation and
addressing the associated challenges therein are emerging areas
of research that will certainly receive more attention in the
future.
Photophysical Activation. To date, only a small number

of photophysical methods of catalyst release or activation have
been explored and thus present tremendous potential for
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development. Here, we define photophysical methods as those
involving photoexcitation and subsequent processes that
involve primarily physical (e.g., heating) rather than chemical
changes. This includes thermal activation of metathesis
catalysts by plasmonic heating or photomediated catalyst
release from microcapsules, for example. Frećhet and co-
workers demonstrated an early archetype for encapsulation of
ROMP catalysts using light-rupturable microcapsules.62

Incorporation of carbon nanotubes in the microcapsules
enabled them to absorb at NIR frequencies, resulting in fast,
photothermally driven release of the Grubbs second-generation
catalyst in DCPD (Ru-4). More recently, the Lemcoff and
Weismann groups used plasmonic gold nanoparticles, absorb-
ing at visible and NIR frequencies, to initiate thermally latent
catalysts for photoROMP of DCPD as well as ring-closing
metathesis.63 This strategy allowed tuning of the nanoparticle
size and geometry to vary the activation wavelength, as well as
the potential for multistage photocuring (a desirable feature for
some fabrication techniques). Recent work on encapsulated
metathesis catalysts in neat DCPD extended resin pot lives to
over 12 months, also enabling the use of highly active initiators
such as HG2 (Ru-14) for frontal polymerization.64 Though
catalyst release was achieved only through thermal activation,
research into photoinduced capsule degradation mechanisms is
ongoing. Direct chemical activation of metathesis catalysts is
an attractive area of study, and future work on photoactivation
should not discount the benefits of heterogeneous manufactur-
ing systems utilizing photophysical methods.

■ DEACTIVATING CATALYSTS
It is important to note that the activation strategies discussed
to this point, with few exceptions, rely on controlling the
mechanism of initiation. Often, this occurs through irreversible
ligand dissociation or in situ carbene generation. We note that
in such systems photogeneration of the active species results in
propagation that continues unabated. Only a handful of

examples to date have demonstrated systems capable of
reversible activation. Exploration of ways to couple deactiva-
tion processes with light or other stimuli offers opportunities
not only for photolithography but also can be leveraged to
control runaway reactions−a serious consideration in indus-
trial-scale ROMP. Pioneering work by the Fogg group on
catalyst deactivation through metallacyclobutane deprotona-
tion sets the stage for the most prominent deactivation strategy
yet explored.65 Combining photolabile nitrobenzyl-derived
photobase generators (well explored systems for thiol-Michael
addition polymerization)66 with Grubbs-type catalysts (Ru-
15), the Lemcoff group created a photoactivated ROMP
system with an orthogonal UV−C activated “kill switch”.34

Though this system was amenable to orthogonal photo-
activation and decomposition at distinct wavelengths, partial
decomposition of the catalyst at the activation wavelength
rendered the system unsuitable for photolithography. Foster
and co-workers addressed this issue by separating catalyst and
inhibitor into two antagonistic systems.5 Using the thermally
latent Heatmet catalyst (Ru-10), which bears an N-chelating
pincer vinylidene ligand and a photosensitizer, the activation
wavelength was pushed further into the visible region. This
enabled selective and orthogonal activation of the initiator and
the inhibiting photobase at distinct wavelengths, making the
system amenable to continuous AM. Another strategy for
chromatic orthogonality in catalyst activation and deactivation
was devised by Lemcoff and co-workers using latent S-chelated
ruthenium catalysts with protected supersilyl-functionalized
NHC ligands (Ru-16).47 The catalyst was active upon UVA
irradiation but destroyed by UVC-photogenerated supersilyl
groups. Crucially, in both examples, activation and deactivation
occurred through irreversible processes. Though this is
advantageous for AM processes, it also requires high catalyst
loadings to overcome decomposition and limits the recycla-
bility of the resins, which are poisoned by photogenerated
amines or silyl groups.

Figure 4. Stereochemical and selective photoactivation of olefin monomers. (A) Page and co-workers developed a method for stereoselective
ROMP of cyclooctene to yield patterned crystallinity. (B) Images of samples with patterned crystallinity and their corresponding stress−strain
curves in vertical tension. (C) Metal-free-ROMP for the formation of linear PDCPD. Conversion of norbornene over time undergoing metal-free-
ROMP. Periods of exposure to blue light and periods of no irradiation are indicated by solid and dotted lines, respectively. Data point labels
indicate Mn values (kDa) as determined by GPC analysis. (A and B) are reprinted from ref [70]. Reprinted with permission from AAAS (2023).
(C−D) are reproduced from ref [78]. Copyright (2015) American Chemical Society.
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Reversible strategies for direct and indirect activation and
deactivation are rare in the field of photoROMP, owing to the
challenges enumerated above in addition to kinetic complica-
tions. An early example from Teator et al. saw the use of a
dithienylethene-functionalized NHC (Ru-17) to toggle the
reactivity of a metathesis catalyst between ROMP and ring-
closing metathesis.67 Though the catalyst remained active in
this system and both direct photoactivation and deactivation
processes were sluggish, this nonetheless demonstrated
potential as a way to extend the lifetime of an additive
manufacturing ROMP resin. The Hong group, taking clever
advantage of well-established photoisomerization chemistry,
devised a metathesis catalyst bearing an azobenzene-function-
alized NHC (e.g., Ru-18).68 The photoisomerization of this
group from the cis to trans configuration resulted in steric
congestion of the metal center, slowing olefin insertion. This
resulted in an excellent temporal control. Unfortunately, the
thermally favored form of the catalyst was also the metathesis-
active species. This meant that 1) control over ROMP
necessitated continuous irradiation to maintain a latent state,
which is not ideal from a manufacturing perspective, and 2)
heat transfer from the exothermic polymerization process
resulted in some catalyst deactivation. Just as in photo-
excitation and photodegradation strategies, catalyst activation
and degradation must be decoupled in an ideal photoROMP
system. Future photoROMP studies would benefit tremen-
dously from modeling to capture the full kinetic complexity of
the catalyst equilibria and heat transfer associated with
polymerization.

■ USING LIGHT TO CONTROL POLYMER
PROPERTIES

Polymer stereochemistry dictates the packing patterns of
individual polymer chains, giving rise to different micro-
structures that, in turn, dictate the mechanical properties of the
bulk material. Olefin metathesis reactions operate under kinetic
or equilibrium control, depending on the susceptibility of
backbone olefins toward secondary metathesis reactions.
ROMP of norbornene monomers produces a statistical
product distribution of stereo- and regioisomers. In non-
stereoselective olefin metathesis systems where secondary
metathesis may occur, the ratio of E- and Z-olefins, which is
typically about 9:1, E:Z, reflects the thermodynamic energy
difference between the two isomers. Thus, most metathesis
systems yield a mixture of cis- and trans olefins, leading to
largely amorphous materials. Stereoselective metathesis
catalysis have therefore received considerable attention in the
past decade, both for small molecule and polymer synthesis.69

Page and co-workers envisioned photoactivation of stereo-
selective catalysts as an inexpensive, operationally simple way
to generate polymers with spatially resolved stereochemistry
and therefore integrated stiff and elastic domains (Figure 4).
Screening of a library of photoactive and stereoselective
catalysts (e.g., Ru-19) afforded a visible light-sensitive system
for the polymerization of cis-cyclooctene, which could be
isomerized to the trans isomer in illuminated regions with the
use of a nonstereoselective catalyst (e.g., Ru-8).70 Selective
irradiation yielded materials with microscopically precise and
mechanically robust “hard” and “soft” domains within the
poly(cyclooctene) rubber. Unlike traditional approaches to
making multimaterials, e.g., varying local cross-link density,
controlling tacticity decreases the risk of brittle failure and
interfacial stress between domains.71−75 Future work in this

area should seek to expand the monomer scope, allowing
access to a broader range of materials, and explore the utility of
tacticity gradients. Furthermore, this highlights the need for
photobased approaches to control cross-link density, as both
microstructure and chemical cross-linking affect thermoset
strength and toughness.

A related but underexplored approach to the photocontrol
of tacticity takes advantage of the inherent isomerizability of
the olefin moiety. Michaudel and co-workers have undertaken
extensive research on stereoretentive ROMP, particularly of cis-
phenylenevinylenes (PVs). The polymer, which was synthe-
sized in its all-cis form, was rapidly photosiomerized to the all-
trans configuration upon irradiation with 365 nm light.76

Owing to the inherent insolubility of these highly aromatic
species, this technique is limited to solution-phase polymer-
ization. Nonetheless, it is easy to envision the extension of this
principle to bulk manufacturing: rather than controlling the
activity of the catalyst, choosing a photolabile monomer might
allow yet another avenue to tacticity control employing only a
single catalyst.

■ METAL-FREE ROMP
Applications of ROMP in biological or electronic applications
are yet relatively unexplored, owing in part to the high cost of
typical transition metal carbene catalysts as well as the dubious
biological compatibility of residual Ru species. Metal-free
alternatives to traditional ROMP naturally offer a route to
avoid expensive and inefficient procedures required to remove
catalyst from the final polymer product and to avoid the use of
expensive transition metals altogether. In 2001, Chiba et al.
reported the first example of electrocatalytic olefin cross-
metathesis.77 The mechanism was determined to proceed via
electrocyclization and subsequent cycloreversion, similar to
traditional catalytic metathesis, following one-electron oxida-
tion of a vinyl ether. Years later, taking direct inspiration from
these studies, the Boydston group envisioned a metal-free
ROMP (MF-ROMP) system for norbornenes utilizing photo-
redox mediators to generate the initiating radical cation
(Figure 4).78 Conveniently, the Mn growth of polymer chains
was determined to correlate with monomer conversions during
on−off cycles, indicating that the polymerization possessed
both “living” characteristics and the advantage of temporal
control afforded by light stimulus. However, this approach was
found to be limited in monomer scope, as intermolecular
reactions between propagating radical cations and neighboring
olefins drastically limited conversion of monomers possessing
multiple alkene groups. Furthermore, this approach offered no
means to control polymer tacticity.79

Recent work has addressed many of these initial short-
comings. Judicious choice of initiator structure and counterion
was determined to drastically improve tacticity control of
poly(norbornene).80 Whereas linear pDCPD has historically
been difficult to produce with transition metal catalysts owing
to their high reactivity, its synthesis was recently achieved in a
metal-free system, enabling access to a manifold of unexplored
ROMP polymer structures.81 This could enable the synthesis
of elusive macromonomers for viscosity and shrinkage control
in ROMP-based AM systems. Incorporation of vinyl ether
initiators into the polymer backbone in MF-ROMP systems
has also enabled the synthesis of acid-degradable block
copolymers, indicating the intrinsic utility of this unique
system.82 While transition-metal-based catalytic systems offer
undeniably superior reactivity, MF-ROMP excels from the
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perspective of greenness, initiation latency, cost, and potential
bio- and electronic compatibility. MF-ROMP should no longer
be considered a niche system but rather a competitive
alternative in the broader scope of photoROMP systems.

■ CONCLUSIONS AND OUTLOOK
From the perspective of balancing thermomechanical proper-
ties and energy efficiency, ROMP polymers represent a
versatile and robust alternative to polyacrylates, particularly
in the realm of AM. Existing strategies for low-energy
activation and through-barrier polymerization hold great
promise for the facile initiation and generation of functional
materials. However, several challenges are yet unmet. Whereas
photoactivation strategies have been largely focused on
controlling the kinetics of initiation, realization of an ideal
photocontrol system will require a polymerization catalyst that
can be both activated and deactivated reversibly. This may
require developing systems in which a catalyst antagonist can
interact with a propagating species rather than just an initiator.
Strategies for reversible chain growth that are unimolecular in
the propagating catalyst, akin to those developed for controlled
polymerization strategies (ATRP, RAFT, etc.), must also be
considered, although they may be complicated by the
associated enthalpy of polymerization as well as the kinetics
of chain transfer. Work from the Kilbinger group is expanding
the scope of “living” ROMP using vinyl ether and 1,3-diene
moieties as chain transfer agents.83−86 Incorporation of a
photosensitization mechanism into these systems represents
the next challenge on the horizon. Catalysts that can be
reversibly and selectively photoactivated or deactivated without
sacrificing activity or being compromised by concomitant
thermal deactivation must also be devised. Multimolecular
strategies for reversible deactivation, for example, by the
presence of radical species, are extremely promising.

As with any photopolymerization strategy, finding ways to
further tune the initiating wavelength, whether through catalyst
design or novel photosensitization strategies, is of primary
interest. Broadening the gap between activating wavelengths
could enable combinations of photoinitiated polymerization
chemistries, enabling greater control over both polymerization
kinetics and material properties. The Page group demonstrated
a photoredox strategy for the synthesis of interpenetrating
polyurethane and acrylate networks.87 It is easy to envision
extending this principle to ROMP. For example, a system in
which a photobase generator and ROMP initiator are both
present and activated orthogonally.

Physical methods of releasing either catalyst or polymer-
ization inhibitor must also be considered as a way to address
the issues enumerated above.62,64 One unique advantage of
such systems over chemically derived photocontrol methods is
that the enthalpy of polymerization, which has been shown to
affect the degree of cross-linking in pDCPD systems, is
directed by swelling or melting of the incorporated nano-
particles. This could allow for more precise control over the
degree of cross-linking in the photoROMP thermosets.
Furthermore, the versatility of photophysical systems allows
selective photorelease of the initiator or inhibitor (or both,
orthogonally) to match the desired properties of the system.
The incorporated nanoparticles also represent a unique
chemical interface for both the catalyst as well as the resultant
polymer and thus present an opportunity to easily generate
materials with tunable mechanical properties. Better under-
standing of the role of the polymerization medium in both heat

transfer and catalyst solvation must be accomplished for 2D
and 3D photolithographic methods. It may not require total
reinvention of the wheel, either: ten years ago, Grubbs and co-
workers described a photolithographic system utilizing readily
prepared ruthenium vinylidene ether complexes saturated with
secondary olefins.11 The answers to the questions of reversible
photocontrolled ROMP may be right in front of us.
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