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CONSPECTUS

Addition of new covalent bonds between the chains of thermoplastic polymers (i.e. crosslinking)
provides improved mechanical strength and enhanced high-temperature performance, while also
providing an effective strategy for photopatterning. Traditionally, however, crosslinking of each
polymer substrate has required the use of a specific crosslinking technology (hydrosilylation for
PDMS, vulcanization for rubber, etc.). The lack of a general solution to the challenge of polymer
crosslinking means that there are many thermoplastics (e.g. polypropylene or
polyhydroxyalkanoates) that have desirable properties, but which cannot be upgraded by

traditional crosslinking technologies.

Our lab developed the first universal crosslinkers for aliphatic polymers by leveraging
trifluoromethyl aryl diazirine motifs—functional groups that have been widely used in chemical
biology for >30 years, but which had seldom been exploited in materials science. These novel
reagents work (via C—H insertion) on essentially any commodity polymer that contains aliphatic
C—H bonds, including industrial plastics like polypropylene (the crosslinking of which has been
an outstanding challenge in the field for >50 years), as well as commercially important
elastomers (e.g. polydimethylsiloxane), biodegradable polymers (e.g. polycaprolactone), and

green polymer materials derived from biomass (e.g. polyhydroxyalkanoates).

Subsequent structure—function work from our group led to crosslinkers that were >10-fold more
effective in undergoing C—H insertion with aliphatic substrates. We then developed an improved
synthesis of our electronically optimized diazirines, and incorporated them into a family of
cleavable crosslinker reagents, which permit the on-demand generation of reprocessable

thermosets. At the same time, other groups replaced the perfluoropropyl linker in our first-



generation crosslinker with a series of dynamic linkages; these permit the ready generation of
vitrimeric materials and can be used in the reactive compatibilization of immiscible plastic

waste.

Since the publication of our initial Science paper in 2019, this burgeoning field of diazirine-
based polymer crosslinkers has experienced an explosion of interest. Publications from our lab
and others have described the use of these reagents in covalent adhesion, photopatterning of low
dielectric materials for microelectronics, and direct optical printing of quantum dots. Our
crosslinkers have also been shown to heighten the robustness of ice-phobic coatings and improve
the performance of woven ballistic fabric, while—perhaps most unexpectedly—substantially
improving the stability of high-performance perovskite solar cells. Electronically optimized
diazirines can also be used to covalently link proteins to polymer surfaces, suggesting a broad
range of applications in biocompatibilization of medical devices. This Account will summarize
the development of trifluoromethyl aryl diazirine reagents for materials science, over the past 5
years. A brief comparison will also be made, in the Summary and Outlook section at the end of
the Account, to competing (and often complementary) reagents based upon azide and diazoalkyl
motifs. Finally, we have compiled a Frequently Asked Questions list that covers many practical

aspects of crosslinker design and application; this is appended as Supporting Information.
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1. BACKGROUND and OBJECTIVES

Introduction of new covalent bonds——crosslinks—between polymer chains dramatically affects
the chemical and mechanical properties of the resulting material. By transitioning from
thermoplastics (i.e. linear polymers) to thermosets (i.e. network polymers), materials acquire
reduced solubility, increased high-temperature stability (due to a reduction in melting enthalpy,
and a decrease in material creep) and increased resistance to chemical, biological, and electrical
degradation.’ Many crosslinked polymers are also mechanically stronger than their non-
crosslinked counterparts, due to increased storage modulus, tensile strength, and Young’s
modulus.>” For example, native rubber (a low-melting material with poor mechanical properties)
is made into tires using vulcanization: a crosslinking process in which sulfur molecules react in
the vicinity of the double bonds present in the rubber polymer (Figure 1A).® Similarly, linear
polydimethylsiloxane (PDMS) is made into high-performance silicone through hydrosilylation

911 while cotton is

(Figure 1B) by taking advantage of Si—H bonds in the polymer substrate,
imbued with wrinkle-resistance properties by crosslinking with formaldehyde derivatives
(Figure 1C) that react with OH groups in the polymer substrate.!>"!*> Polymers can also be
photopatterned via on-demand crosslinking (i.e. negative-tone photopatterning, in which photo-

activation leads to crosslinking in areas of the material exposed to light; unexposed areas remain

uncrosslinked and are subsequently removed with solvent).!¢
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Figure 1. Summary of existing crosslinking technologies.



Polymer crosslinking is economically valuable, but established crosslinking technologies are
inherently specialized. Vulcanization requires the presence of alkenes present in butadiene
rubber (or styrene-butadiene copolymers), hydrosilylation requires the Si—H bonds present in
PDMS, and electrophilic formaldehyde derivatives like DMDHEU require the presence of
nucleophilic residues on cotton. Similarly, negative-tone photopatterning in the microelectronics
industry leverages polymer resists that are equipped with functional groups (often epoxides);
secondary polymerization events across these functional groups result in crosslinking between
the primary polymer chains.!”!® In the coatings, adhesives, sealants and elastomers (CASE)
industry, crosslinking reactions between resin-bound epoxides and oligoamines (or oligothiols)
lead to densely crosslinked networks in epoxies (Figure 1D), while crosslinking reactions
between poly(ureas) and isocyanates lead to stable polyurethane coatings, sealants, foams, and

apparel (Figure 1E).!>-%

Because of the inherent specificity of traditional polymer crosslinking reactions, there exist
many useful thermoplastics that cannot be crosslinked using standard approaches. For example,
while crosslinking in high-density polyethylene (HDPE) is accomplished commercially using
radical reactions (Figure 1F),21"2 the existence of competing beta-scission events during radical
crosslinking (leading to chain-fragmentation, rather than chain-coupling) means that such
methods cannot be ported to other structurally related aliphatic polymers.?* Prior to the work
described herein, therefore, there were no good crosslinking or photopatterning methods for
biodegradable or biomass-derived polymers like PCL (polycaprolactone), PLA (polylactic acid),
or P3HB (polyhydroxybutyrate). Polypropylene (PP) was established as a particular challenge to
the field, since the extra methyl substitution in PP (relative to PE) favors beta-scission through

stabilization of the resulting secondary radical.?**



We sought to develop a more general solution to the challenge of crosslinking—and by
extension, photopatterning—of low-functionality materials. Our goal was to create a novel suite
of crosslinking reagents that would work with almost any aliphatic polymer (including
unfunctionalized, commodity materials like polyethylene or polypropylene), to make new inter-
chain bonds in an on-demand fashion. The implicit challenge, of course, is that because such
polymers lack anything that would traditionally be recognized as a functional group (e.g.
nucleophilic or electrophilic groups, reactive pi systems, etc.) they are immune to most chemical

transformations that would lead to the creation of new covalent bonds.

To address this challenge, we drew inspiration from the chemical biology field, where
trifluoromethyl aryl diazirine (TAD) reagents had been used extensively for biological target
identification studies.?®?” The TAD structure was introduced by Brunner, who showed that the
parent trifluoromethyl phenyl diazirine (TPD; 1) could be photolyzed to reveal a reactive
carbene, which was sufficiently long-lived to undergo C—H insertion with aliphatic substrate
molecules.”® We hypothesized that by linking two or more TAD units together, we might be able

to achieve successive C—H insertions between polymer chains (Figure 2).
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Figure 2. Carbene generation from trifluoromethyl phenyl

diazirine (TPD) and proposed utility in polymer crosslinking.

While anticipating several potential challenges to this approach, we were mindful from the

outset of the project of three specific advantages that diazirine-based crosslinkers would have,

relative to existing crosslinking strategies:

1. Broad Generality: because essentially every aliphatic polymer (with the exception of
Teflon) contains at least some C—H bonds that could be sites for insertion, our approach could
constitute an almost universal strategy for polymer crosslinking: something that would be in

stark contrast to the existing crosslinking technologies outlined above, each of which is restricted

to a single polymer class.

2. Substrate Fidelity: because the high energy species (the carbene) would be localized to the

reagent rather than to the polymer backbone, there would be no mechanistically obvious



pathway for polymer fragmentation reactions to occur—in direct contrast to traditional radical
methods, where unwanted beta-scission events may lead to diminishing of desirable polymer

properties.

3. Topical Application: we reasoned that if we could make new covalent bonds between
polymer chains, then we should also be able to make new covalent bonds between polymer
surfaces. This could lead to new opportunities in covalent adhesion for low surface-energy
plastics. Moreover, surface treatment would not require the substrate polymer to be solubilized

prior to crosslinking.

FUNDAMENTAL ADVANCES IN
DIAZIRINE CROSSLINKER DESIGN

1%t generation
bis-diazirine crosslinkers

SELECTED APPLICATIONS

crosslinking woven UHMWQPE
adhesion of LSE plastics

photopatterning of poly(HNB)

application in organic LEDs
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diazirine patterning in elastic circuits

structure—properties study application in ballistics
photopatterning of QDs
longer wavelength activation
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antipathogenic coatings

3 gen. crosslinkers:
electronic optimization
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Chart 1. Timeline for the development of TAD crosslinkers. Refer to Figure S1
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for a graphical summary of the different generations of diazirine crosslinkers.

2. DEVELOPMENT of 15T GENERATION bis-DIAZIRINE CROSSLINKER 4

Although diazirine-mediated labeling of biological targets (i.e. photo-affinity labeling) is
ubiquitous in chemical biology, we were surprised to find that there had been little exploration of
TAD reagents in the field of materials science.?=*° Beginning in 2019, we synthesized and
evaluated several candidate bis-, tris-, and fetrakis-diazirines (Figure 3A), comparing their ease
(and cost) of synthesis, their physical properties (e.g. their volatility or lack thereof, as well as
their miscibility with polymer matrices), their ability to crosslink model substrates, and their
bench-stability.! Aware that the incorporation of two (or more) diazirines into a single molecule
may come with a risk of shock sensitivity, we took particular care to characterize each of our
compounds according to empirical formulae developed by Yoshida for the safe production of
high-energy reagents.’! We found that the minimal bis-diazirine 2 (previously synthesized by the
Hayes group®’®) fell above the shock-sensitivity and explosive propagation limits proposed by
Yoshida (Figure 3B), and so that compound was not pursued further. The pyridine-bridged
structure 3 was also explored, since a report from Manetsch and co-workers suggested that an
electron-deficient heteroaromatic ring within a TAD group improved handling under ambient
light.*> Regardless, compound 3 fell even further into the predicted danger zone than did 2, and
so neither compound was synthesized on larger scale. Fortunately, additional thermal stability
could be engineered into the molecule by simply increasing the molecular weight. We had the
best early success with compound 4, in which two TPD groups were bridged by a

perfluoroisopropyl unit.! (The extensive fluorination was chosen in part to minimize the
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likelihood of self-reaction through C—H insertion.) In subsequent work, we evaluated several
additional compounds such as those with longer perfluoroalkyl linkers (e.g. 5a and 5b),* and
those with increased rigidity and a larger number of diazirine substituents (e.g. 6). As illustrated
by their placement on the Yoshida plot in Figure 3B, compounds 4-6, as well as all subsequent
diazirines synthesized in our research program, fall below the shock-sensitivity and explosive-
propagation curves, and exhibit no propensity for explosion. Compound 4, in particular, was put
through an extensive barrage of thermomechanical testing (e.g. heating the neat oil above its
activation temperature, impact testing by hitting with a hammer, etc.) and no explosive
decomposition has ever been observed. In thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) experiments (Figure 3C), 4 was observed to cleanly lose an amount
of mass equivalent to two molecules of nitrogen gas, and to exhibit an exotherm (at the same

temperature as the mass loss) consistent with diazirine activation to the desired carbene.!

12



FAC CF.  FaC S CF --- shock sensitivity limit
’ e - ® --- explosive propagation limit
N 15004 |
*2 3 _ 3 e
(=2 7 -
S ®2 _ol--
N=N N=N ?; ’-;/_-
FaC CF, %1000- ’—’.-",'
£ PPl
c P e 4
w .’ g
FQC CF3 500 ’4 ”1 60 . 53
N=N ¢4 S #5b
FBC>© RFRF
(N)” ° 50 100 150
FFFF i
CF3 Tonset( C)
5a(n=1) @ 5b(n=2) N=N C
TGA/DSC plot for 4
100- P L2.0
. 95 1.5 %
= -10.7% ¢ 8
= 2 x Ny i -
] (2x 2): L0 &
2 90 ! 0z
N S =
=N = =
i {e]
CF; — weight Los —
&1 — heat flow
0.0
s01= . i
50 100 150 200

Temperature (°C)

Figure 3. Thermal properties for representative diazirines. A: Structures of diazirines 2—6. B:
Yoshida analysis to determine the safety of synthesized compounds 2—6. C: Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) data for compound 4, showing a
clean exotherm and loss of mass consistent with the expulsion of two equivalents of N». Panel C

adapted from reference 1 with permission from AAAS.

The ability of 4 to crosslink aliphatic substrates was first explored using cyclohexane as a
small-molecule surrogate for polyethylene (Figure 4A). Successful isolation (proven by 'H and

F NMR spectroscopy, Figure 4B) of the bis-cyclohexane adduct 7 confirmed the crosslinking
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ability of the diazirine reagent.! We then used 4 to crosslink several aliphatic polymers (Figure
4C), including paraffin wax, polydimethylsiloxane, polycaprolactone, polystyrene, polyisoprene,
and polypropylene.' The successful crosslinking of polypropylene, demonstrated by showing an
increase in the glass transition temperature (7) and a decrease in fusion enthalpy correlated with
crosslinking density (Figure 4D), was particularly significant, given that this substrate is not
easily crosslinked using competing radical methods. Subsequent testing of compound 4 revealed
it to be non-toxic and non-mutagenic;** diazirine 4 also had attractive physical properties, in that
it was significantly less volatile than 2 or 3, and had a melting temperature of +34°C, which

meant that it could be weighed out as a crystalline solid, but then applied to polymer surfaces as

an oil.!
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Figure 4. Crosslinking using bis-diazirine 4. A: Crosslinking of cyclohexane, employed as a
small-molecule surrogate for polyethylene. B: NMR data confirming the isolation of bis-

cyclohexane adduct 7. C: A partial list of aliphatic polymers for which successful crosslinking
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has been achieved using diazirine 4. D: Differential calorimetry data proving crosslinking of PP
(blue circles: Ty, red triangles: fusion enthalpy). Panel B adapted from reference 1 with

permission from AAAS.

3. SELECTED APPLICATIONS of 15T GENERATION DIAZIRINE CROSSLINKERS

Following our initial report in 2019 describing the utility of bis-diazirine 4 for crosslinking
aliphatic polymers, several papers from other groups (as well as a number of studies carried out
by our lab in collaboration with others) described the use of bis-diazirine reagents for polymer
crosslinking and photopatterning applications. For example, a team at Promerus, LLC published
a process in 2020 for crosslinking and photopatterning poly(5-hexyl-1-norbornene) (poly(HNB))
using bis-(benzyl)diazirine 8 (Figure 5).%° This is a notable achievement, since poly(HNB)
contains no functional groups other than C—H and C—C bonds, and would thus be non-
patternable using traditional methods. Importantly, the crosslinked polymer maintained a low
dielectric constant, when tested at 1 kHz.*> Somewhat similarly, Pavel Anzenbacher’s group
published two papers describing the use of bis-(phenyl)diazirine 9 for photopatterning of

3637 while Deqing Zhang’s lab used tetrakis-(aryl)diazirine 10

solution-processed polymer LEDs,
for photopatterning in polymeric semiconductors.*® In related work, Zhenan Bao’s group used
bis-(benzyl)diazirine 11a, containing a long lipophilic linker between the two warheads, for
photopatterning of high-density elastic circuits intended to interface with the human body,*
while the groups of Huang and Feng used crosslinkers 12a—c and 11b for patterning of organic

electrochemical transistors for use as implantable neural interfaces.***!
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Figure 5. Photopatterning of poly(HNB) using bis-diazirine 8, and selected examples of related
bis-diazirines that have been used for photopatterning applications in microelectronics (9-12).
For additional recent examples, see references 42—45. Inset photopatterning data adapted from

reference 35 with permission from the American Chemical Society.

Perhaps most impressively, a team led by Hao Zhang showed in 2022 that bis-diazirine 5a (a
molecule that we originally developed for adhesion applications; vide infra) could be used to
directly photopattern quantum dots, by crosslinking the lipophilic stabilizing groups on the dot
(Figure 6).* While the patterning efficiency in air was limited through unwanted quenching of
the intermediate carbene by atmospheric oxygen (a process that will be discussed in more detail
below), this creative application of diazirine-promoted patterning nevertheless represented a
significant step forward for the field. The same lab also recently described the optical patterning

of perovskite nanocrystals using 5a.%’
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Figure 6. Direct photopatterning of quantum dots using bis-diazirine Sa. A: Crosslinking of
lipophilic stabilizing groups leads to photopatterning. B: Regular arrays of quantum dots, printed
under N>. C: Whimsical image printed under N». D: Attempted printing under air is unsuccessful,
due to quenching of the intermediate carbene by atmospheric Oz. Panels B-D adapted from

reference 46 with permission from John Wiley and Sons.

A collaborative team led by Yiqgiang Zhan also employed bis-diazirine 4 in the formulation of
highly stable perovskite solar cells (Figure 7A).* The proposed mechanism for increased
stability involves crosslinking of organic cations by 4. Perovskites made using 4 had high
efficiency as solar collectors (>24%), and were found to be stable for >1,000 hours of continuous

operation.*® By contrast, control perovskites exhibited a rapid decrease in performance.
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Diazirine crosslinkers can also be used to upgrade the mechanical performance of commodity
materials. Working in collaboration with Abbas Milani’s laboratory, we showed that application
of 4 to the surface of woven ultra-high molecular weight polyethylene (UHMWPE)—followed
by thermal activation to trigger crosslinking—Iled to improved tear strength.! Building upon this
result, our team found that multi-layered sheets of crosslinked UHMWPE had superior
projectile-stopping ability, compared with non-crosslinked controls (Figure 7B).*° This is a
notable result, given the importance of UHMWPE in ballistic-protection apparel. The improved
performance was ascribed largely to the presence of inter-fiber crosslinks within the polymer
fabric. Moving beyond crosslinking of polyolefins, we also found—in collaboration with Kevin
Golovin’s group—that diazirine 4 could be used to improve the abrasion resistance of ice-phobic

PDMS brushes (Figure 7C).>° The crosslinked surfaces maintained their desired liquidlike
behavior, even following multiple rounds of abrasion.

- wme - dib

perovskite solar cell « improved stability woven UHMWPE * increased tear strength
+ high efficiency (particularly in bias direction)
« improved ballistic properties

Sad

ice-phobic coating * improved abrasion resistance

Figure 7. Selected materials science applications for bis-diazirine 4. A: Improvement in

perovskite solar cell robustness. B: Improved anti-ballistic performance for crosslinked woven
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UHMWPE. C: Improved abrasion resistance for crosslinked liquidlike PDMS brushes. Panels A

and C adapted from references 48 and 50 with permission from Elsevier.

4. ADHESION of LOW SURFACE ENERGY MATERIALS:

RISE of 2™ GENERATION CROSSLINKERS and POLY(DIAZIRINE) PRIMERS

Traditional adhesives work through a combination of van der Waals forces, hydrogen bonding
interactions, and mechanical interlocking. Adhesive bonding is challenging for low surface
energy materials like polyethylene or polypropylene, because the non-polar surface limits polar
interactions with the adhesive. We recognized at the outset to our research that bis- or oligo-
diazirines might be able to crosslink two polymer surfaces together through C-H insertion,
resulting in strong covalent adhesion. We found that simply painting compound 4 between two
pieces of HDPE, then thermally activating to make new bonds across the polymer junction,
resulted in adhesive strengths of up to >5 MPa (Figure 8A).!** Compounds with longer
perfluoroalkyl tethers between the two diazirine warheads (Sa or 5b) afforded similar adhesion
strength, while providing improved mechanical compliance (Figure 8B): a measure of the
molecular ‘stretchiness’ in the adhesive bond.** Moreover, because the adhesive connection
functions through insertion into a C—H bond (and because most aliphatic polymers contain an
abundance of these bonds), the protocol was effective for bonding a broad range of substrates.
Thus, samples of polypropylene, UHMWPE, poly(methyl methacrylate), and polycarbonate
could all be bonded using diazirines 4, Sa, and Sb. Lap-shear samples made from dissimilar

materials (e.g. HDPE—polypropylene or UHMWPE—polypropylene) also exhibited strong
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bonding.*® In 2022, a team at Facebook (now Meta) filed a patent claiming the use of bis-

diazirine molecules for adhesion of elastomers used in soft-robotics applications.’!

Because the additional conformational flexibility in compounds Sa and Sb (relative to 4)

contributed to a tougher adhesive bond, we referred to such reagents as 2" generation

crosslinkers.>>
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Figure 8. Comparison of rigid crosslinker 4 with conformationally flexible crosslinkers 5a and
Sb. A: bis-Diazirine 4 affords the best adhesion when applied in large amounts, but flexible
crosslinkers Sa and 5b give better bonding at lower loadings. B: Flexible crosslinkers Sa and Sb
display improved compliance in the adhesive layer, even in cases where they don’t give higher
bonding. C: Illustration of the lap-shear setup used to test adhesion. VC = vehicle control. SG =

super glue (ethyl cyanoacrylate). Adapted from reference 33 under Creative Commons license.
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We also designed a diazirine-enabled primer (13; Figure 9), in which a commodity
polyamine (polyethylenimine; PEI) was functionalized with an average of ~10 diazirine groups
per polymer chain.>? Once synthesized, 13 could be applied to lipophilic substrates (either hard
plastics or woven polymer fabric), and activated photochemically to drive the formation of new
covalent bonds (via C—H insertion) between the primer and the surface.’? Inter- and intra-primer
bonds also form (Figure S6), resulting in a thermoplastic-to-thermoset transition within the
primer, and presumably helping to support mechanical interlocking with the substrate surface.
We could then exploit the remaining nucleophilic groups on the polyamine backbone, applying
commodity adhesives (e.g. epoxies, cyanoacrylates, or polyurethanes) that react with amines.
This resulted in the construction of extended covalent networks, extending from the surface of
one lipophilic polymer, through the covalently linked primer, into the commodity adhesive, and
then into another piece of primer-bonded lipophilic polymer. Lap-shear samples constructed in
this manner displayed considerably enhanced adhesion strength, relative to control samples made
without the primer. In the best case, a 950% increase in bonding strength was observed, using

polyurethane as the bulk adhesive.>
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Figure 9. Use of a polyamine—diazirine conjugate as an adhesion primer. ®West System® 105
epoxy resin containing West 205 hardener. ®Gorilla® super glue made with 97% ethyl
cyanoacrylate. “Lepage® PL premium polyurethane. Images adapted with permission from

XLYNX Materials.

The presence of the covalently linked amine groups was also exploited to produce
UHMWPE-reinforced epoxy composites. Since UHMWPE is significantly lighter than
traditional strengthening agents (glass or carbon fiber), its use as a reinforcing material led to

lightweight composite materials.>

5. SURFACE FUNCTIONALIZATION USING DIAZIRINE REAGENTS

Because diazirine-born carbenes can react directly with the surface of aliphatic polymers, they

can provide a convenient platform for surface-functionalization. Working in collaboration with
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the Buckley, Menon, and Niikura laboratories, we demonstrated that the diazirine—
photosensitizer conjugate 14 could be applied to the surface of various commodity materials
including melt-blown polypropylene.**>¢ Thermal activation resulted in the formation of new
covalent bonds between the small molecule and the polymer surface—establishing a robust
linkage between the photosensitizer and the substrate (Figure 10A). In the presence of light, the
zinc porphyrin photosensitizer contained within 14 can convert atmospheric *O; into singlet
oxygen: a molecule that is destructive to both viruses and bacteria. We observed the production
of 'O, (Figure 10B) from polypropylene surfaces functionalized with 14, and we could watch in
real time as polypropylene samples treated in this way inactivated viral particles that impinged

).54

upon the surface (Figure 10C).”* Analogously treated samples were capable of disrupting

biofilms formed from both Gram-positive and Gram-negative bacteria (Figure 10D).%>
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Logio reduction of PFU/mL active virus vs. exposure time to visible light. D: Confocal
microscopy images of biofilms treated (or not) with 14 and/or light. Panels B and C adapted
from reference 54 with permission from Springer Nature. Panel D adapted from reference 56

with permission from Elsevier.
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6. ELECTRONIC TUNING for IMPROVED DIAZIRINE REAGENTS: DEVELOPMENT OF

3" GENERATION CROSSLINKERS

N=N N=N N=N
@%CF:} CFa \/@)(Cfﬁ
1 HO 15 HO 16
(@]

Figure 11. Commercially available diazirine building blocks.

The majority of diazirine-enabled reagents are designed around synthetic expediency, and are
therefore built starting either from a commercially available carboxylic acid derivative of TPD
(15, Figure 11) or else from the corresponding benzyl alcohol (16). Moving beyond these
limited building blocks, we wondered whether changes to the electronic properties of the
trifluoromethyl diazirine aryl group might result in improvements to C—H insertion performance,
which could be translated into improved efficacy for diazirine-based crosslinkers. Working in
collaboration with the DiLabio group, we synthesized a series of monomeric trifluoromethyl aryl
diazirines, in which the electronics on the aryl group were systematically varied from electron-
poor to electron-rich (Figure 12A).> We found that more electron-rich diazirines performed far
better in C—H insertion experiments with cyclohexane, regardless of whether photochemical or
thermal activation was employed. A host of computational and experimental evidence—together

with critical earlier findings from the Sheridan®’ and Lindel*®

groups—Iled to the conclusion that
the different outcomes could be largely attributed to the singlet—triplet gaps in the intermediate

carbenes.? Electron-neutral and electron-poor diazirines are believed to generate singlet carbenes

upon initial activation, but these can rapidly relax to the corresponding triplet species, which are
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lower in energy (Figure 12B). Triplet carbenes can engage in C—H insertion reactions (through
radical-rebound mechanisms) but they can also be quenched by adventitious O». This ‘uses up’
the carbene, resulting in a lower yield of the desired C—H insertion adduct. By contrast, the
presence of an electron-rich aryl ring provides a small degree of stabilization to the vacant p-
orbital of the singlet carbene—lowering the energy of the singlet (relative to that of the
corresponding triplet) enough for it to be the ground state for the carbene intermediate, and yet
remain a highly reactive species. The moderately stabilized singlet carbene is largely immune to
the presence of oxygen, and can engage in concerted, low-barrier C-H insertion reactions. Very
high percent conversions and isolated yields (>90%) were observed, even when cyclohexane was

used as the substrate (Figure 12C).>
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Figure 12. Structure—properties survey in monomeric aryl diazirines. A: Summary of the study.

B: Activation of diazirines to afford singlet or triplet carbenes; singlets are generally preferred

for effective C—H insertion. C: Onset temperatures and C—H insertion yields correlate with the

degree of electron-richness in the aromatic ring; electron-rich TADs give much higher yields in

reaction with cyclohexane. D: Electron-rich TADs also have longer activation wavelengths.

Panels B and D adapted from reference 2 under Creative Commons license.

Replacement of the trifluoromethyl group was also examined both computationally and

experimentally. Exchanging the CF3; motif for a methoxy group or halogen (Cl or F) also

stabilized the singlet carbene following activation, but in these cases the singlet species was too

stabilized, as a result of positioning a strong pi-donor directly on the carbon that supports the
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carbene. This resulted in much higher barriers for the desired C—H insertion reaction. The
optimal substitution pattern to support effective, high-yielding C—H insertion reactions was
therefore identified as encoding a “push-pull” diazirine group, where an electron-withdrawing
CF; stabilizes the filled orbital of the singlet carbene, and an electron-rich aromatic ring partially

stabilizes the vacant p-orbital.
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Figure 13. Rational design of a prototypical electronically optimized 3™ generation bis-diazirine
crosslinker. A: Free energy of reaction (DLPNO-CCSD(T)/cc-pV(D-T)Z CBS//M06-2X-D3/6-
31G(d,p)) leading from diazirine starting materials to the corresponding singlet or triplet carbene,
for 11 different TADs with varied electronics. A crossover point in singlet vs. triplet energy is
revealed, suggesting the optimal use of para-alkoxy trifluoromethyl aryl diazirines. B: A
prototypical bis-(para-alkoxy trifluoromethyl aryl diazirine) provides a greatly improved C—H
insertion yield for aliphatic substrates. C: Application of crosslinker 17 to the photopatterning of
poly(HNB) leads to improved resolution, as well as lower dielectric constant and dielectric
dissipation factor. Panels A and C adapted from references 2 and 59 under Creative Commons

license.

Building upon these insights, we rationally designed a series of electronically optimized bis-
diazirines, of which compound 17 served as the prototype (Figure 13).* The two ether linkages
in diazirine 17 render the attached aromatic rings just electron-rich enough to make the singlet
carbene lower in energy than the corresponding triplet (something that was initially predicted
based upon the computational results in Figure 13A, where a para-alkoxy linkage lies just to the
left of the crossover point in the two Hammett plots, and was subsequently confirmed
experimentally by collaborators in the de Bruin 1ab®®). Remarkably, 17 was able to crosslink
cyclohexane in >90% isolated yield, upon application of either thermal or photochemical
activation (Figure 13B).> This represents a >10-fold improvement over the isolated yield for the
bis-cyclohexane adduct formed from 4. Working once again with collaborators in the Milani
laboratory, we showed that the electronically optimized reagent 17 was much more effective in

crosslinking woven UHMWPE fabric, such that the quantity of extractable, unlinked reagent
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dropped by an order of magnitude. Of equal importance, we observed a direct increase to tensile
strength in the crosslinked UHMWPE fabric for the first time.>*' Improving tensile strength in
UHMWPE fabric is much more challenging than improving tear strength, since the fabric is
already extremely strong in the warp and weft directions. In collaboration with lululemon, we
also found that we could tunably increase stretch modulus in apparel fabrics,’ suggesting

potential applications in garment customization.

Interestingly, we also found that the temperature for thermal activation of the diazirine group
decreased with increasing electron-richness of the aryl ring in a TAD group, while the activation
wavelength increased (Figure 12C-D). Thus, while thermal activation of 4 requires
temperatures of >110°C, 17 can be activated at 80°C—a significant advantage for many
applications. Similarly, whereas 4 (and most other diazirine reagents that are known in the
literature) is activated with UV light (~365 nm), 17 can be efficiently activated either with UV

light or using visible-frequency LED light strips operating at 395 nm.>

7. SELECTED APPLICATIONS for ELECTRONICALLY OPTIMIZED DIAZIRINES

As described above (Figure 5), workers at Promerus had previously demonstrated the use of
bis-(benzyl)diazirine 8 for crosslinking and photopatterning of poly(HNB).** We collaborated
with the team at Promerus to conduct a head-to-head comparison of 8, 4, and 17. Together, we
found that 17 performed much better than either of the two earlier bis-diazirines, affording faster
photo-printing speeds (250 mJ/cm? compared with ~400 mJ/cm? for 8 and ~650 mJ/cm? for 4) as
well as improved resolution (Figure 13C).> Most importantly, poly(HNB) that was crosslinked

with 17 maintained a significantly lower dielectric constant and dielectric dissipation factor
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(measured at 10 GHz) than poly(HNB) that was cured with either 4 or 8.%° This was true
regardless of whether thermal or photochemical activation was employed. Compound 17 also
proved more efficacious in helping cured poly(HNB) adhere to a smooth copper film—an

important consideration for the creation of printed circuit boards.

We also collaborated with the Zhang lab to test the effect of electronically optimized
diazirines like 17, and found that these permitted photo-patterning to be done in air—even for

sensitive heavy metal-free quantum dots.*°

Returning to the concept of surface functionalization (as described above with 14), we
collaborated with the Sask group to show that electrophiles (imidazole carbamates or benzyl
halides) could be covalently linked to electronically-optimized diazirines; the resulting
conjugates could be used to functionalize the surface of PDMS.%* The electrophiles were
maintained throughout the surface-functionalization step, and could then be used for reactions

with antibodies or other proteins—covalently immobilizing these species.5

Polymer surface functionalization could also be carried out with an electronically optimized
analogue of the polyamine primer shown in Figure 9. This optimized form facilitated better
curing to UHMWPE fabric, readily transforming the surface from hydrophobic to hydrophilic.%
Photo-curing of the primer could be done by shining light through a pre-cut mask, allowing the
polyamine to be patterned onto the surface. The pattern could be permanently encoded in color,
either by thermally degrading the polyamine backbone (resulting in a strong yellow coloring) or
by reacting the surface-bound amines with an electrophilic dye.®* Covalent dyeing of lipophilic

h’64—66

fabrics is an important field of researc since colorants tend to be polar molecules that will

wash out of such materials if they are merely adsorbed onto the surface.®’
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8. REPROCESSABLE THERMOSETS USING DIAZIRINES: 4" GENERATION

CROSSLINKERS

Because carbenes that are produced from diazirine reagents can react with any aliphatic C—H
bond, bis- or oligo-diazirines can readily link together dissimilar plastic materials—as was
shown in the adhesion experiments described above. In principle, these reagents could be reacted
with mixed plastic waste to bond together two or more types of incompatible polymers into a
covalently bound composite. Doing so might allow such waste materials (which otherwise cause
significant problems for plastic recycling schemes) to gain a second life. At the same time,
crosslinking of any polymer material produces thermosets, which are not generally recyclable
themselves, because they cannot be melt processed (although at low crosslinking density, a
melting transition remains, allowing for some degree of melt processing while still gaining the

benefits of crosslinking).
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Figure 14. Crosslinkers containing labile covalent bonds. A: Efficient synthesis of a suite of
electronically optimized bis-diazirines, containing chemically cleavable linkages. Alcohol 19,
accessible in two steps from 1, is a versatile intermediate. B: bis-Diazirines synthesized by the
Chen and Rovis groups. The dynamic linkers confer advantages for polymer recycling, and for

the compatibilization of mixed plastic waste.®®
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One strategy for creating reprocessable thermosets would be to incorporate a cleavable or
dynamic linkage between the two diazirine warheads. In this way, polymer substrates (either a
single type of polymer, or a mixture of dissimilar plastics) could be crosslinked to form a
network polymer, and then during some subsequent processing step the cleavable linkage could

be broken, restoring thermoplastic character to the material to support recycling.

We incorporated a series of chemically cleavable linkages (a carbonate, a silyl ether, and an
oxalate) into electronically optimized bis-diazirines, and used these to prepare crosslinked
polyethylene, crosslinked polypropylene, and a crosslinked PE:PP composite (Figure 14A).*
Each of these materials displayed clear rubbery transitions in dynamic mechanical analysis
(DMA) experiments, confirming successful crosslinking. Cleavage of the labile linking group
restored thermoplastic behavior, as evidenced by the return of a melting transition in the DMA
trace.* The broken linkage could be restored by adding a suitable electrophile, or else the residual
functional group that remained connected to the substrate polymer could be harnessed to add

additional surface functionality.

Meanwhile, a team led by Eugene Chen and Tomislav Rovis incorporated dynamic linkages
(a thioester, a disulfide, and an anhydride) into bis-diazirines 21a—c (Figure 14B) and used these
for compatibilization of waste plastic materials, although without optimizing the electronics of
the diazirine warhead.®® The crosslinked material in this case can be viewed as a vitrimer. Most
impressively, the team was able to form stable, well-compatibilized composites of lipophilic
polyolefins (polyethylene or polypropylene) with polar polyesters (PLLA and PHB). The authors
were even successful in producing a ternary blend of three mutually incompatible materials:
LDPE:iPP:PLLA. The presence of the dynamic linkage allows the crosslinked composite

materials to be reprocessed using standard extrusion techniques.®®
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9. SUMMARY and OUTLOOK

Diazirine reagents have immense utility in materials science. Multivalent small-molecule
diazirines can be used for polymer crosslinking, photopatterning, and surface-functionalization
of virtually any aliphatic material—including polymers like polyethylene, polypropylene, or
poly(HNB) that have no functionality beyond C—C and C—H bonds. Functionalization of PDMS
is also straightforward, opening new horizons in medical device manufacture. Additionally,
poly(diazirine)s—polymers in which several diazirine units are present along the polymer

chain—can be particularly useful as primers or adhesives, >

or for the assembly of
hydrogels.®” 7! In this context, a recent publication from the Hawker group,’? in which diazirine-
containing acrylate and methacrylate monomers were successfully polymerized using reversible
addition—fragmentation chain transfer (RAFT) and atom-transfer radical polymerization (ATRP),

is especially noteworthy. The availability of these and other polymeric diazirines will drive

additional innovation in the future.

At the same time, it is critical to remember that not all diazirine reagents are created equal!
Our findings strongly implicate electron-rich trifluoromethyl aryl diazirines as enabling greatly
improved performance. These electronically optimized crosslinkers can be somewhat more
challenging to synthesize (especially since the desired products have low activation
temperatures) but the recent availability of ethylene-glycol conjugate 19 will help to mitigate this
synthetic challenge. Compound 19 is available in only 2 synthetic steps from the TPD parent
structure, and can be considered as a drop-in replacement for the more commonly used benzyl

alcohol 16—but with up to 10-fold improvement in C—H insertion efficacy. We hope that
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diazirine reagents derived from 19 (and electronically similar species) will be adopted more

broadly across the field.

Of course diazirines are not the only reagents that can generate reactive intermediates capable
of undergoing C—H insertion. Aryl azides (which afford nitrenes upon thermal or photochemical
activation) and a-diazo esters (which produce carbenes adjacent to carbonyl groups) are
somewhat faster to synthesize than diazirines, and both of these classes of reagents have been
exploited in materials science.”> 7 The reactive intermediates generated from such reagents tend
to be less well-behaved, however, than the carbenes derived from aryl diazirines. Aryl nitrenes
undergo Buchner ring expansions unless the aromatic ring is extensively fluorinated, whilst
carbenes positioned next to carbonyl groups can suffer unwanted Wolff rearrangements.”’
Electron-rich trifluoromethyl aryl diazirines are therefore generally preferred when one seeks

controllable reactivity for the free carbene.”

Another reason for the preference of aryl diazirines over azides and diazoalkanes relates to
ease of photo-activation (which governs photo-curing efficiency and photo-patterning speed).
Aryl diazirines are activated at longer wavelengths than aryl azides, and generally have higher
photo-activation efficiency than diazoalkanes.?® However, most aryl diazirines have modest
extinction coefficients, meaning that a high photon flux is required for photo-curing. Moreover,
the range of wavelengths that can be used for photo-activation remains quite limited,
notwithstanding the advent of reagents like 17 that can be activated with ~400 nm light. In
parallel work, we recently found that diazirines can be conjugated to light-harvesting
chromophores, allowing them to be activated with longer wavelengths of light. Two-photon

activation can even be achieved, allowing high-intensity pulses of red light to be used.” This
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finding potentially opens the door to a broader set of diazirine-enabled reagents for both

biological and materials science applications.

ASSOCIATED CONTENT

Supporting Information

Frequently asked questions for diazirine-based crosslinkers.

AUTHOR INFORMATION

Corresponding Author

Jeremy E. Wulff — Department of Chemistry, University of Victoria, Victoria, British
Columbia VW 3V6, Canada; Centre for Advanced Materials and Related Technology
(CAMTEC), University of Victoria, Victoria, British Columbia VSW 2Y2, Canada;

orcid.org/0000-0001-9670-160X; Email: wulff@uvic.ca

Authors

Mathieu L. Lepage — Fundamental and Applied Heterochemistry Laboratory (UMR CNRS
5069), Paul Sabatier University, 31062 Toulouse Cedex 9, France; https://orcid.org/0000-
0001-5236-7902

Stefania F. Musolino — XLYNX Materials, Inc., Victoria, British Columbia, V8P 5C2,

Canada; https://orcid.org/0000-0002-0990-1855

37


mailto:wulff@uvic.ca

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript. { These authors contributed equally.

Notes

The authors declare the following competing financial interest: J.W. is the cofounder of XLYNX

Materials.

Biographies

Jeremy Wulff obtained his PhD at the University of Calgary, working under the supervision of
Thomas Back. He undertook postdoctoral studies at Harvard University with Andrew Myers,
before beginning his independent career at the University of Victoria in 2007. His research
interests revolve around complex molecule synthesis, chemical biology, functionalized polymer

synthesis, and—most recently—polymer crosslinking.

Mathieu Lepage obtained his Diplome d’ingénieur and MSc in Organic Chemistry in 2011 at the
University of Strasbourg. He received his PhD from the same university in 2014 (with Philippe
Compain). He then took postdoctoral positions in Canada (with David Perrin at UBC and Jeremy
Wulff at UVic) and the Netherlands (with Ben Feringa at the University of Groningen). He also
worked in the industry for 2 years, in Groningen. His expertise encompasses the synthesis of
small molecules, the radio-labeling of nuclear imaging agents, and the modification and
crosslinking of polymers. In 2023, he started an independent research position as a CNRS

researcher in Toulouse.

38



Stefania Musolino completed her PhD in Chemistry at the University of St Andrews under the
supervision of James Taylor and Andrew Smith, and earned a MSc in Chemistry and
Pharmaceutical Technologies from the University of Pisa. Following a MITACS postdoctoral
fellowship with the Wulff group at the University of Victoria, she joined XLYNX Materials in
2022. Currently, she is the R&D manager at XLYNX, overseeing the design, testing, and

production of innovative fluorine-free diazirine crosslinkers.

ACKNOWLEDGMENTS

We wish to extend our sincere gratitude to all the phenomenal students and postdocs who have
joined us on our exploration into diazirine chemistry. We are also deeply grateful to the many

collaborators who have worked with us on our crosslinking projects over the past 5 years.

REFERENCES

(1) Lepage, M. L.; Simhadri, C.; Liu, C.; Takaffoli, M.; Bi, L.; Crawford, B.; Milani, A. S.;
Wulff, J. E. A Broadly Applicable Cross-Linker for Aliphatic Polymers Containing C—H
Bonds. Science 2019, 366 (6467), 875-878. https://doi.org/10.1126/science.aay6230.

(2) Musolino, S. F.; Pei, Z.; Bi, L.; DiLabio, G. A.; Wulff, J. E. Structure—Function
Relationships in Aryl Diazirines Reveal Optimal Design Features to Maximize C-H
Insertion. Chem. Sci. 2021, 12 (36), 12138-12148. https://doi.org/10.1039/D1SC03631A.

(3) Musolino, S. F.; Mahbod, M.; Nazir, R.; Bi, L.; Graham, H. A.; Milani, A. S.; Wulff, J. E.
Electronically Optimized Diazirine-Based Polymer Crosslinkers. Polym. Chem. 2022, 13
(25), 3833—-3839. https://doi.org/10.1039/D2PY00687A.

(4) Bi, L.; Godwin, B.; Baran, M. J.; Nazir, R.; Wulff, J. E. A Cleavable Crosslinking Strategy
for Commodity Polymer Functionalization and Generation of Reprocessable Thermosets.
Angew. Chem. Int. Ed. 2023, 62 (30), €202304708. https://doi.org/10.1002/anie.202304708.

(5) Aljoumaa, K.; Allaf, A. W. Morphology, Structure, Properties and Applications of XLPE.
In Crosslinkable Polyethylene: Manufacture, Properties, Recycling, and Applications;
Thomas, J., Thomas, S., Ahmad, Z., Eds.; Springer: Singapore, 2021; pp 125-166.
https://doi.org/10.1007/978-981-16-0514-7 6.

39



(6) Rodriguez-Pérez, M. A. Crosslinked Polyolefin Foams: Production, Structure, Properties,
and Applications. In Crosslinking in Materials Science; Springer: Berlin, Heidelberg, 2005;
pp 97-126. https://doi.org/10.1007/b136244.

(7) Hirabayashi, H.; Iguchi, A.; Yamada, K.; Nishimura, H.; Ikawa, K.; Honma, H. Study on
the Structure of Peroxide Cross-Linked Polyethylene Pipes with Several Stabilizers. Mater.
Sci. Appl. 2013, 4 (9), 497-503. https://doi.org/10.4236/msa.2013.49060.

(8) Joseph, A. M.; George, B.; Madhusoodanan, K. N.; Alex, R. Current Status of Sulphur
Vulcanization and Devulcanization Chemistry: Process of Vulcanization. Rubber Sci. 2015,
28, 82—-121.

(9) Lukin, R. Y.; Kuchkaev, A. M.; Sukhov, A. V.; Bekmukhamedov, G. E.; Yakhvarov, D. G.
Platinum-Catalyzed Hydrosilylation in Polymer Chemistry. Polymers 2020, 12 (10), 2174.
https://doi.org/10.3390/polym12102174.

(10) Sturgess, C.; Tuck, C. J.; Ashcroft, I. A.; Wildman, R. D. 3D Reactive Inkjet Printing of
Polydimethylsiloxane. J.  Mater. Chem. C 2017, 5 (37), 9733-9743.
https://doi.org/10.1039/C7TC02412F.

(11) Fortenbaugh, R. J.; J. Lear, B. On-Demand Curing of Polydimethylsiloxane (PDMS) Using
the Photothermal Effect of Gold Nanoparticles. Nanoscale 2017, 9 (25), 8555-8559.
https://doi.org/10.1039/C7NRO1423F.

(12) Pierce Jr., A. G.; Frick Jr., J. G. Crosslinking Cotton with Formaldehyde in Phosphoric
Acid. J. Appl. Polym. Sci. 1967, 11 (12), 2577-2585.
https://doi.org/10.1002/app.1967.070111217.

(13) Petersen, H. Reaction Mechanisms, Structure, and Properties of Methylol Compounds in
Cross-Linking Cotton. Text. Res. J. 1968, 38 (2), 156-176.
https://doi.org/10.1177/004051756803800208.

(14) Dorset, B. C. M. Recent Developments in Crease-Resist and Delayed-Cure Finishes. Text.
Manuf. 1970, 96, 70-76.

(15) Manickam, M. Wrinkle Free Finish: Unfolding the Chemistry. Asian Dyer 2008, 5, 33-35.

(16) Zhang, D.; Li, C.; Zhang, G.; Tian, J.; Liu, Z. Phototunable and Photopatternable Polymer
Semiconductors. Acc. Chem. Res. 2024, 57 4), 625-635.
https://doi.org/10.1021/acs.accounts.3c00750.

(17) Liu, J.; Cai, B.; Zhu, J.; Ding, G.; Zhao, X.; Yang, C.; Chen, D. Process Research of High
Aspect Ratio Microstructure Using SU-8 Resist. Microsyst. Technol. 2004, 10 (4), 265—
268. https://doi.org/10.1007/s00542-002-0242-2.

(18) Campo, A. del; Greiner, C. SU-8: A Photoresist for High-Aspect-Ratio and 3D Submicron
Lithography. J. Micromech. Microeng. 2007, 17 (6), R&I1-RYS.
https://doi.org/10.1088/0960-1317/17/6/R01.

(19) Dusek, K. Cross-Linking of Epoxy Resins. In Rubber-Modified Thermoset Resins;
Advances in Chemistry; American Chemical Society, 1984; Vol. 208, pp 3-14.
https://doi.org/10.1021/ba-1984-0208.ch001.

(20) Golling, F. E.; Pires, R.; Hecking, A.; Weikard, J.; Richter, F.; Danielmeier, K.; Dijkstra, D.
Polyurethanes for Coatings and Adhesives — Chemistry and Applications. Polym. Int. 2019,
68 (5), 848-855. https://doi.org/10.1002/pi.5665.

(21) Khonakdar, H. A.; Morshedian, J.; Wagenknecht, U.; Jafari, S. H. An Investigation of
Chemical Crosslinking Effect on Properties of High-Density Polyethylene. Polymer 2003,
44 (15),4301-4309. https://doi.org/10.1016/S0032-3861(03)00363-X.

40



(22) Anbarasan, R.; Babot, O.; Maillard, B. Crosslinking of High-Density Polyethylene in the
Presence of Organic Peroxides. J. Appl. Polym. Sci. 2004, 93 (1), 75-81.
https://doi.org/10.1002/app.20390.

(23) Ahmad, H.; Rodrigue, D. Crosslinked Polyethylene: A Review on the Crosslinking
Techniques, Manufacturing Methods, Applications, and Recycling. Polym. Eng. Sci. 2022,
62 (8), 2376-2401. https://doi.org/10.1002/pen.26049.

(24) Ritzsch, M.; Arnold, M.; Borsig, E.; Bucka, H.; Reichelt, N. Radical Reactions on
Polypropylene in the Solid State. Prog. Polym. Sci. 2002, 27 (7), 1195-1282.
https://doi.org/10.1016/S0079-6700(02)00006-0.

(25) Borsig, E.; Fiedlerova, A.; Lazar, M. Efficiency of Chemical Cross-Linking of
Polypropylene. J. Macromol. Sci. Part A Pure Appl. Chem. 1981, 16 (2), 513-528.
https://doi.org/10.1080/00222338108058488.

(26) Hashimoto, M.; Hatanaka, Y. Recent Progress in Diazirine-Based Photoaffinity Labeling.
Eur. J. Org. Chem. 2008, 2008 (15), 2513-2523. https://doi.org/10.1002/ejoc.200701069.

(27) Dubinsky, L.; Krom, B. P.; Meijler, M. M. Diazirine Based Photoaffinity Labeling. Bioorg.
Med. Chem. 2012, 20 (2), 554-570. https://doi.org/10.1016/j.bmc.2011.06.066.

(28) Brunner, J.; Senn, H.; Richards, F. M. 3-Trifluoromethyl-3-Phenyldiazirine. A New
Carbene Generating Group for Photolabeling Reagents. J. Biol. Chem. 1980, 255 (8), 3313—
3318. https://doi.org/10.1016/S0021-9258(19)85701-0.

(29) For sporadic examples of the use of diazirines in materials applications prior to 2019, see:
(a) Blencowe, A.; Blencowe, C.; Cosstick, K.; Hayes, W. A Carbene Insertion Approach to
Functionalised Poly(Ethylene Oxide)-Based Gels. React. Funct. Polym. 2008, 68 (4), 868—
875. https://doi.org/10.1016/j.reactfunctpolym.2007.12.009. (b) Blencowe, A.; Cosstick, K.;
Hayes, W. Surface Modification of Nylon 6,6 Using a Carbene Insertion Approach. New J.
Chem. 2006, 30 (1), 53-58. https://doi.org/10.1039/B514205A. (c) Simonton, K.; Fewkes,
E. Novel Photocrosslinking Molecules. In UV & EB Technical Conference Proceedings
2006. https://www.radtech.org/proceedings/2006/papers/045.pdf. (d) Lawrence, E. J;
Wildgoose, G. G.; Aldous, L.; Wu, Y. A.; Warner, J. H.; Compton, R. G.; McNaughter, P.
D. 3-Aryl-3-(Trifluoromethyl)Diazirines as Versatile Photoactivated “Linker” Molecules
for the Improved Covalent Modification of Graphitic and Carbon Nanotube Surfaces.
Chem. Mater. 2011, 23 (16), 3740-3751. https://doi.org/10.1021/cm201461w. (e) Welle,
A.; Billard, F.; Marchand-Brynaert, J. Tri- and Tetravalent Photoactivable Cross-Linking
Agents. Synthesis 2012, 44, 2249-2254. https://doi.org/10.1055/s-0031-1290444. (f)
Ghiassian, S.; Ismaili, H.; Lubbock, B. D. W.; Dube, J. W.; Ragogna, P. J.; Workentin, M.
S. Photoinduced Carbene Generation from Diazirine Modified Task Specific Phosphonium
Salts To Prepare Robust Hydrophobic Coatings. Langmuir 2012, 28 (33), 12326-12333.
https://doi.org/10.1021/1a301975u.

(30) The Steele group has published several excellent papers on the use of diazirine conjugates
of PAMAM and polycaprolactone for biological wound-healing applications. For leading
references, see: (a) Ping, J.; Gao, F.; Chen, J. L.; Webster, R. D.; Steele, T. W. J. Adhesive
Curing through Low-Voltage Activation. Nat. Commun. 2015, 6 (1), 8050.
https://doi.org/10.1038/ncomms9050. (b) Shah, A. H.; Pokholenko, O.; Nanda, H. S,
Steele, T. W. J. Non-Aqueous, Tissue Compliant Carbene-Crosslinking Bioadhesives.
Materials Science and Engineering: C 2019, 100, 215-225.
https://doi.org/10.1016/j.msec.2019.03.001. (c¢) Djordjevic, I.; Wicaksono, G.; Solic, L;
Steele, T. W. J. In Vitro Biocompatibility of Diazirine-Grafted Biomaterials.

41



Macromolecular Rapid Communications 2020, 41 (21), 2000235.
https://doi.org/10.1002/marc.202000235. (d) Ambrosi, A.; Singh, M.; Webster, R. D.;
Steele, T. W. J. Precise Control of Diazirine Reduction to Tune the Mechanical Properties
of  Electrocuring Adhesives. ChemElectroChem 2021, & (14), 2715-2725.
https://doi.org/10.1002/celc.202100594. (e) Singh, M.; Varela, C. E.; Whyte, W.; Horvath,
M. A.; Tan, N. C. S.; Ong, C. B.; Liang, P.; Schermerhorn, M. L.; Roche, E. T.; Steele, T.
W. J. Minimally Invasive Electroceutical Catheter for Endoluminal Defect Sealing. Science
Advances 2021, 7 (14), eabf6855. https://doi.org/10.1126/sciadv.abf6855. (f) Ellis, E.;
Djordjevic, I.; Bin Mohd Ali, M. N.; Steele, T. W. J. Carbene-Based Bioadhesive Blended
with Amine, Thiol, and Acrylate Liquid Additives. ACS Appl. Polym. Mater. 2023, 5 (2),
1440-1452. https://doi.org/10.1021/acsapm.2c01658.

(31) Experimental Evaluation of Fire and Explosion Hazards of Reactive Substances. In
Industrial Safety Series; Yoshida, T., Wada, Y., Foster, N., Eds.; Safety of Reactive
Chemicals and  Pyrotechnics; Elsevier, 1995; Vol 5, pp  75-253.
https://doi.org/10.1016/S0921-9110(06)80014-5.

(32) Kumar, A. B.; Tipton, J. D.; Manetsch, R. 3-Trifluoromethyl-3-Aryldiazirine Photolabels
with Enhanced Ambient Light Stability. Chem. Commun. 2016, 52 (13), 2729-2732.
https://doi.org/10.1039/C5CC09518B.

(33) Simhadri, C.; Bi, L.; Lepage, M. L.; Takaffoli, M.; Pei, Z.; Musolino, S. F.; Milani, A. S.;
DiLabio, G. A.; Wulff, J. E. Flexible Polyfluorinated Bis-Diazirines as Molecular
Adhesives. Chem. Sci. 2021, 12 (11), 4147—4153. https://doi.org/10.1039/DOSC06283A.

(34) Baran, M. J.; Hof, R.; Groot, A.; Eurlings, I.; Gijsbrechts, J.; de Jong, B.; Wulff, J. E.
Safety Evaluation of a Prototypical Diazirine-Based Covalent Crosslinker and Molecular
Adhesive. Int. J. Toxicol. 2024, 43 (2), 146-156.
https://doi.org/10.1177/10915818231215692.

(35) Burgoon, H.; Cyrus, C.; Skilskyj, D.; Thoresen, J.; Ebner, C.; Meyer, G. A.; Filson, P.;
Rhodes, L. F.; Backlund, T.; Meneau, A.; Cull, T.; Afonina, 1. Photopatterning of Low
Dielectric Constant Cycloolefin Polymers Using Azides and Diazirines. ACS Appl. Polym.
Mater. 2020, 2 (5), 1819-1826. https://doi.org/10.1021/acsapm.0c00043.

(36) Dey, K.; Chowdhury, S. R.; Dykstra, E.; Koronatov, A.; Lu, H. P.; Shinar, R.; Shinar, J.;
Anzenbacher, P. Diazirine-Based Photo-Crosslinkers for Defect Free Fabrication of
Solution Processed Organic Light-Emitting Diodes. J. Mater. Chem. C 2020, § (34),
11988-11996. https://doi.org/10.1039/DOTC02317E.

(37) Dey, K.; Roy Chowdhury, S.; Dykstra, E.; Lu, H. P.; Shinar, R.; Shinar, J.; Anzenbacher, P.
Effect of Bis-Diazirine-Mediated Photo-Crosslinking on Polyvinylcarbazole and Solution-
Processed Polymer LEDs. ACS Appl. Electron. Mater. 2021, 3 (8), 3365-3371.
https://doi.org/10.1021/acsaelm.1c00354.

(38) Wu, C.; Li, C.; Yu, X.; Chen, L.; Gao, C.; Zhang, X.; Zhang, G.; Zhang, D. An Efficient
Diazirine-Based Four-Armed Cross-Linker for Photo-Patterning of Polymeric
Semiconductors.  Angew. Chem. Int. Ed. 2021, 60 (39), 21521-21528.
https://doi.org/10.1002/anie.202108421.

(39) Zheng, Y.-Q.; Liu, Y.; Zhong, D.; Nikzad, S.; Liu, S.; Yu, Z.; Liu, D.; Wu, H.-C.; Zhu, C.;
Li, J.; Tran, H.; Tok, J. B.-H.; Bao, Z. Monolithic Optical Microlithography of High-
Density Elastic Circuits. Science 2021, 373 (6550), 88-94.
https://doi.org/10.1126/science.abh3551.

42



(40) Lai, Y.; Cheng, J.; Xie, M.; Chen, J.; Zhu, G.; Huang, W.; Feng, L.-W. Precisely Patterned
Channels in a Vertical Organic Electrochemical Transistor with a Diazirine Photo-
Crosslinker.  Angew. Chem. Int.  Ed. 2024, 63  (18), e202401773.
https://doi.org/10.1002/anie.202401773.

(41) Gao, L.; Zhang, Q.; Lai, Y.; Xie, M.; Liu, C.; Zhang, D.; Peng, Y.; Bai, L.; Wu, M.; Feng,
L.-W.; Huang, W.; Yu, J.; Yu, X. High-Loading Homogeneous Crosslinking Enabled Ultra-
Stable Vertical Organic Electrochemical Transistors for Implantable Neural Interfaces.
Nano Energy 2024, 129, 110062. https://doi.org/10.1016/j.nanoen.2024.110062.

(42) Suzuki, R.; Ochiai, Y.; Nakano, K.; Miyasaka, M.; Tajima, K. Detrimental Effects of
“Universal” Singlet Photocrosslinkers in Organic Photovoltaics. ACS Appl. Energy Mater.
2023, 6 (9), 4982—-4988. https://doi.org/10.1021/acsaem.3c00526.

(43) Wang, L.; Gao, L.; Li, B.; Hu, B.; Xu, T.; Lin, H.; Zhu, R.; Hu, B.-L.; Li, R.-W. High-
Curie-Temperature Elastic Polymer Ferroelectric by Carbene Cross-Linking. J. Am. Chem.
Soc. 2024, 146 (8), 5614-5621. https://doi.org/10.1021/jacs.3¢14310.

(44) An, S.; Jeong, K.-J.; Hassan, S. Z.; Ham, G.; Kang, S.; Lee, J.; Ma, H.; Kwon, J.; Jeong, S.
Y.; Yang, J.; Woo, H. Y.; Cho, H.-H.; Cha, H.; Son, C. Y.; Chung, D. S. Hydrophilic
Photocrosslinkers as a Universal Solution to Endow Water Affinity to a Polymer
Photocatalyst for an Enhanced Hydrogen Evolution Rate. Adv. Sci. 2024, 11 (28), 2309786.
https://doi.org/10.1002/advs.202309786.

(45) Hassan, S. Z.; Kwon, J.; Lee, J.; Sim, H. R.; An, S.; Lee, S.; Chung, D. S. Photophore-
Anchored Molecular Switch for High-Performance Nonvolatile Organic Memory
Transistor. Adv. Sci. 2024, 11 (23), 2401482. https://doi.org/10.1002/advs.202401482.

(46) Lu, S.; Fu, Z.; Li, F.; Weng, K.; Zhou, L.; Zhang, L.; Yang, Y.; Qiu, H.; Liu, D.; Qing, W_;
Ding, H.; Sheng, X.; Chen, M.; Tang, X.; Duan, L.; Liu, W.; Wu, L.; Yang, Y.; Zhang, H.;
Li, J. Beyond a Linker: The Role of Photochemistry of Crosslinkers in the Direct Optical
Patterning of Colloidal Nanocrystals. Angew. Chem. Int. Ed. 2022, 61 (23), €202202633.
https://doi.org/10.1002/anie.202202633.

(47) Liu, D.; Weng, K.; Zhao, H.; Wang, S.; Qiu, H.; Luo, X.; Lu, S.; Duan, L.; Bai, S.; Zhang,
H.; Li, J. Nondestructive Direct Optical Patterning of Perovskite Nanocrystals with
Carbene-Based Ligand Cross-Linkers. ACS Nano 2024.
https://doi.org/10.1021/acsnano.3c¢07975.

(48) Liu, K.; Rafique, S.; Musolino, S. F.; Cai, Z.; Liu, F.; L1, X.; Yuan, Y.; Bao, Q.; Yang, Y.;
Chu, J.; Peng, X.; Nie, C.; Yuan, W.; Zhang, S.; Wang, J.; Pan, Y.; Zhang, H.; Cai, X.; Shi,
Z.; Li, C.; Wang, H.; Deng, L.; Hu, T.; Wang, Y.; Wang, Y.; Chen, S.; Shi, L.; Ayala, P.;
Wulff, J. E.; Yu, A.; Zhan, Y. Covalent Bonding Strategy to Enable Non-Volatile Organic
Cation Perovskite for Highly Stable and Efficient Solar Cells. Joule 2023, 7 (5), 1033—
1050. https://doi.org/10.1016/j.joule.2023.03.019.

(49) Lepage, M. L.; Takaffoli, M.; Simhadri, C.; Mandau, R.; Gashti, M. P.; Nazir, R.; Mohseni,
M.; Li, W.; Liu, C.; Bi, L.; Falck, G.; Berrang, P.; Golovin, K.; Milani, A. S.; DiLabio, G.
A.; Wulff, J. E. Influence of Topical Cross-Linking on Mechanical and Ballistic
Performance of a Woven Ultra-High-Molecular-Weight Polyethylene Fabric Used in Soft
Body Armor. ACS Appl.  Polym. Mater. 2021, 3 (11), 6008-6018.
https://doi.org/10.1021/acsapm.1c01301.

(50) Zhao, X.; Bi, L.; Khatir, B.; Serles, P.; Filleter, T.; Wulff, J. E.; Golovin, K. Crosslinking
Inert Liquidlike Polydimethylsiloxane Brushes Using Bis-Diazirine Chemical Insertion for

43



Enhanced  Mechanical = Durability. Chem. Eng. J. 2022, 442, 136017.
https://doi.org/10.1016/j.cej.2022.136017.

(51) Wallin, T. J. F.; Pan, W.; Purvis, L. J. Synthesis and Use of Multi-Functional Diazirine
Adhesives for Elastomer Bonding. US 2022/0298399, September 22, 2022.

(52) Nazir, R.; Bi, L.; Musolino, S. F.; Margoto, O. H.; Celebi, K.; Mobuchon, C.; Takaffoli,
M.; Milani, A. S.; Falck, G.; Wulff, J. E. Polyamine—Diazirine Conjugates for Use as
Primers in UHMWPE-Epoxy Composite Materials. ACS Appl. Polym. Mater. 2022, 4 (3),
1728-1742. https://doi.org/10.1021/acsapm.1c01577.

(53) Wulft, J. E.; Baran, M. J.; MacFarlane, M.; Nazir, R.; McFarland, M. Diazirine-Based
Adhesives and Primers Facilitate Bonding to Low Surface Energy Plastics. Adhesives &
Sealants Magazine 2022, 99719.

(54) Cuthbert, T. J.; Ennis, S.; Musolino, S. F.; Buckley, H. L.; Niikura, M.; Wulff, J. E.;
Menon, C. Covalent Functionalization of Polypropylene Filters with Diazirine—
Photosensitizer Conjugates Producing Visible Light Driven Virus Inactivating Materials.
Sci. Rep. 2021, 11 (1), 19029. https://doi.org/10.1038/s41598-021-98280-6.

(55) Musolino, S. F.; Shatila, F.; Tieman, G. M. O.; Masarsky, A. C.; Thibodeau, M. C.; Wulff,
J. E.; Buckley, H. L. Light-Induced Anti-Bacterial Effect Against Staphylococcus Aureus of
Porphyrin Covalently Bonded to a Polyethylene Terephthalate Surface. ACS Omega 2022,
7 (33), 29517-29525. https://doi.org/10.1021/acsomega.2c04294.

(56) Shatila, F.; Tieman, G. M. O.; Musolino, S. F.; Wulff, J. E.; Buckley, H. L. Antimicrobial
Photodynamic Inactivation of Planktonic and Biofilm Cells by Covalently Immobilized
Porphyrin on Polyethylene Terephthalate Surface. International Biodeterioration &
Biodegradation 2023, 178, 105567. https://doi.org/10.1016/j.ibiod.2023.105567.

(57) Song, M.-G.; Sheridan, R. S. Regiochemical Substituent Switching of Spin States in
Aryl(Trifluoromethyl)Carbenes. J. Am. Chem. Soc. 2011, 133 (49), 19688-19690.
https://doi.org/10.1021/;a209613u.

(58) Raimer, B.; Lindel, T. Photoactivation of (p-Methoxyphenyl)(Trifluoromethyl)Diazirine in
the Presence of Phenolic Reaction Partners. Chem. Eur. J. 2013, 19 (21), 6551-6555.
https://doi.org/10.1002/chem.201203479.

(59) Kandanarachchi, P.; Meyer, G. A.; Musolino, S. F.; Wulff, J. E.; Rhodes, L. F. Crosslinking
Vinyl-Addition Polynorbornenes via Difunctional Diazirines to Generate Low Dielectric-
Constant and Low Dielectric-Loss Thermosets. Macromol. Rapid Commun. 2024, 45,
2400200. https://doi.org/10.1002/marc.202400200.

(60) Fu, Z.; Musolino, S. F.; Qing, W.; Li, H.; de Zwart, F. J.; Zheng, Z.; Cai, M.; Gao, Y.; de
Bruin, B.; Dai, X.; Wulff, J. E.; Zhang, H. Direct Photopatterning of Colloidal Quantum
Dots with Electronically Optimized Diazirine Crosslinkers. J. Am. Chem. Soc. 2024,
accepted manuscript.

(61) Mahbod, M.; Musolino, S. F.; Wulff, J. E.; Vaziri, R.; Milani, A. S. Mechanical
Characterization of Neat and Chemically Crosslinked UHMWPE Fabrics Subjected to
Quasi-Static Loadings. In Twenty-Third International Conference on Composite Materials
(ICCM23); 2023.

(62) Li, J.; Bi, L.; Musolino, S. F.; Wulff, J. E.; Sask, K. N. Functionalization of
Polydimethylsiloxane with Diazirine-Based Linkers for Covalent Protein Immobilization.
ACS Appl. Mater. Interfaces 2024, 16 (1), 1-16. https://doi.org/10.1021/acsami.3c08013.

(63) Nazir, R.; Musolino, S. F.; MacFarlane, M. A.; Wulff, J. E. Surface Modification and
Dyeing of Ultrahigh-Molecular-Weight Polyethylene Fabrics Using Diazirine-Based

44



Polymers. ACS  Appl. Polym. Mater. 2024, 6 (3), 1688-1697.
https://doi.org/10.1021/acsapm.3c02531.

(64) Jiang, H.; Guo, G.; Chen, W.; Cui, Z. Reactive Dyeing of Synthetic Fibers Employing Dyes
Containing a  Diazirine = Moiety.  Dyes  Pigm. 2021, 194, 109555.
https://doi.org/10.1016/j.dyepig.2021.109555.

(65) Guo, G.; Jiang, H.; Chai, L.; Cui, Z.; Chen, W. Design and Synthesis of Diazirine-
Containing Dyes for Polypropylene Fibre: A Study on the Effect of Alkyl Chain. Color.
Technol. 2022, 138 (5), 551-564. https://doi.org/10.1111/cote.12613.

(66) Liu, R. Y.; Luo, S.-X. L.; Hirst, E. S.; Doona, C. J.; Swager, T. M. Bifunctional Diazirine
Reagent for Covalent Dyeing of Kevlar and Inert Polymer Materials. Polym. Chem. 2023,
14 (36), 4205-4215. https://doi.org/10.1039/D3PY00907F.

(67) For an unrelated application of electron-rich trifluoromethyl aryl diazirines, which
leverages these species’ ability to react with polar groups, see: de Zwart, F. J.; Wolzak, L.
A.; J van den Berg, K.; Baran, M. J.; Wulff, J. E.; Flapper, J.; de Bruin, B. Diazirine-
Functionalized Polyurethane Crosslinkers for Isocyanate-Free Curing of Polyol-Based
Coatings. ACS  Appl. Polym. Mater. 2024, 6 (6), 3517-3522.
https://doi.org/10.1021/acsapm.4c00266.

(68) Clarke, R. W.; Sandmeier, T.; Franklin, K. A.; Reich, D.; Zhang, X.; Vengallur, N.; Patra,
T. K.; Tannenbaum, R. J.; Adhikari, S.; Kumar, S. K.; Rovis, T.; Chen, E. Y.-X. Dynamic
Crosslinking Compatibilizes Immiscible Mixed Plastics. Nature 2023, 616 (7958), 731—
739. https://doi.org/10.1038/s41586-023-05858-3.

(69) Chen, Y.; Li, R.; Li, B.; Li, K.; Hao, Y. A Controlled Light-Induced Gas-Foaming Porous
Hydrogel with Adhesion Property for Infected Wound Healing. Int. J. Biol. Macromol.
2024, 261, 129751. https://doi.org/10.1016/j.ijbiomac.2024.129751.

(70) Ziverec, A.; Bax, D.; Cameron, R.; Best, S.; Pasdeloup, M.; Courtial, E.-J.; Mallein-Gerin,
F.; Malcor, J.-D. The Diazirine-Mediated Photo-Crosslinking of Collagen Improves
Biomaterial Mechanical Properties and Cellular Interactions. Acta Biomater. 2024, 180,
230-243. https://doi.org/10.1016/j.actbio.2024.03.033.

(71) Yakufu, M.; Wang, Z.; Li, C.; Jia, Q.; Ma, C.; Zhang, P.; Abudushalamu, M.; Akber, S.;
Yan, L.; Xikeranmu, M.; Song, X.; Abudourousuli, A.; Shu, L. Carbene-Mediated Gelatin
and Hyaluronic Acid Hydrogel Paints with Ultra Adhesive Ability for Arthroscopic
Cartilage Repair. Int. J. Biol. Macromol. 2024, 273, 133122.
https://doi.org/10.1016/j.ijbiomac.2024.133122.

(72) Huang, B.; Xu, M.; Hawker, C. J. Synthesis and Reactivity of Diazirine-Containing
Polymers via Controlled Radical Polymerization. Macromolecules 2024, 57 (9), 4536—
4543, https://doi.org/10.1021/acs.macromol.4c00443.

(73) Png, R.-Q.; Chia, P.-J.; Tang, J.-C.; Liu, B.; Sivaramakrishnan, S.; Zhou, M.; Khong, S.-H.;
Chan, H. S. O.; Burroughes, J. H.; Chua, L.-L.; Friend, R. H.; Ho, P. K. H. High-
Performance Polymer Semiconducting Heterostructure Devices by Nitrene-Mediated
Photocrosslinking of Alkyl Side Chains. Nat. Mater. 2010, 9 (2), 152-158.
https://doi.org/10.1038/nmat2594.

(74) Tan, Z.-S.; Jamal, Z.; Teo, D. W. Y.; Ko, H.-C.; Seah, Z.-L.; Phua, H.-Y.; Ho, P. K. H,;
Png, R.-Q.; Chua, L.-L. Optimization of Fluorinated Phenyl Azides as Universal
Photocrosslinkers for Semiconducting Polymers. Nat. Commun. 2024, 15 (1), 6354.
https://doi.org/10.1038/s41467-024-50257-5.

45



(75)

(76)

(77)

(78)

(79)

Castro, J.; Westworth, X.; Shrestha, R.; Yokoyama, K.; Guan, Z. Efficient and Robust
Dynamic Crosslinking for Compatibilizing Immiscible Mixed Plastics through In Situ
Generated Singlet Nitrenes. Adv. Mater. 2406203.
https://doi.org/10.1002/adma.202406203.

Yu, L.; Wang, Y.; Zhou, Q.; Wu, X.; Yu, Z.; Xu, Y.; Li, Z.-C.; Wang, J. Ring-Opening
Polymerization of a-Diazo Lactones: Access to Diazo-Containing Polyesters and Their
Post-Polymerization Modifications. Macromolecules 2024.
https://doi.org/10.1021/acs.macromol.4c00750.

The diazoalkyl group need not necessarily be positioned beside a carbonyl. The Moloney
group has extensively developed the chemistry of bis(aryl)diazomethanes for materials
science applications; these generate bis(aryl)carbenes that can be useful in functionalizing
polymer surfaces, dyeing polymer fabrics, etc. For leading references see: (a) Wang, H.;
Griftiths, J.-P.; Egdell, R. G.; Moloney, M. G.; Foord, J. S. Chemical Functionalization of
Diamond Surfaces by Reaction with Diaryl Carbenes. Langmuir 2008, 24 (3), 862—868.
https://doi.org/10.1021/1a702701p. (b) Yang, P.; Moloney, M. G. Surface Modification of
Polymers with Bis(Arylcarbene)s from Bis(Aryldiazomethane)s: Preparation, Dyeing and
Characterization. RSC Adbv. 2016, 6 (112), 111276-111290.
https://doi.org/10.1039/C6RA24392D. (¢) Hu, Z.; Chng, S.; Liu, Y.; Moloney, M. G.;
Parker, E. M.; Wu, L. Y. L. One-Step Chemical Functionalization of Polyethylene Surfaces
via Diarylcarbene Insertion. Mater. Lett. 2018, 218, 157-160.
https://doi.org/10.1016/j.matlet.2018.01.166. (d) Xu, W.; Wang, D.; Guo, Q.; Zhu, S;
Zhang, L.; Wang, T.; Moloney, M. G.; Du, W. Robust Sub-5 Nanometer
Bis(Diarylcarbene)-Based Thin Film for Molecular Electronics and Plasmonics. Adv.
Mater. 2023, 35 (36), 2303057. https://doi.org/10.1002/adma.202303057.

For additional recently disclosed methods for functionalization of commodity polymers
through reaction at C—H bonds, see: (a) Plummer, C. M.; Li, L.; Chen, Y. The Post-
Modification of Polyolefins with Emerging Synthetic Methods. Polymer Chemistry 2020,
11 (43), 6862—6872. https://doi.org/10.1039/d0py01279c. (b) Plummer, C. M.; Zhou, H.;
Li, S.; Zhong, H.; Sun, Z.; Bariashir, C.; Sun, W.-H.; Huang, H.; Liu, L.; Chen, Y. A Direct
Functionalization of Polyolefins for Blend Compatibilization by an Insertion of 1,1-
Bis(Phenylsulfonyl)Ethylene (BPSE). Polym. Chem. 2019, 10 (24), 3325-3333.
https://do1.org/10.1039/C9PY00599D. (c) Fazekas, T. J.; Alty, J. W.; Neidhart, E. K_;
Miller, A. S.; Leibfarth, F. A.; Alexanian, E. J. Diversification of Aliphatic C—H Bonds in
Small Molecules and Polyolefins through Radical Chain Transfer. Science 2022, 375
(6580), 545-550. https://doi.org/10.1126/science.abh4308. (d) Neidhart, E. K.; Hua, M.;
Peng, Z.; Kearney, L. T.; Bhat, V.; Vashahi, F.; Alexanian, E. J.; Sheiko, S. S.; Wang, C.;
Helms, B. A.; Leibfarth, F. A. C-H Functionalization of Polyolefins to Access
Reprocessable Polyolefin Thermosets. J. Am. Chem. Soc. 2023, 145 (50), 27450-27458.
https://doi.org/10.1021/jacs.3c08682.

Michelini, L.; Slaney, T.; Qie, L.; Corejova, K.; Lepage, M. L.; Musolino, S. F.; Oliver, A.
G.; Hong, D.; DiLabio, G. A.; Wulff, J. E. A Diazirine’s Central Carbon is sp>-Hybridized,
Facilitating Conjugation to Dye Molecules. ChemRxiv 2024.
https://doi.org/10.26434/chemrxiv-2024-bqp13-v2.

46



	Lepage_Mathieu AccChemRes_2024.pdf
	Accounts_revised.pdf



