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Polymer Functionalization

A Cleavable Crosslinking Strategy for Commodity Polymer
Functionalization and Generation of Reprocessable Thermosets

Liting Bi, Benjamin Godwin, Miranda J. Baran, Rashid Nazir, and Jeremy E. Wulff*

Abstract: Covalently crosslinked polymeric materials,
known as thermosets, possess enhanced mechanical
strength and thermal stability relative to the correspond-
ing uncrosslinked thermoplastics. However, the presence
of covalent inter-chain crosslinks that makes thermosets
so attractive is precisely what makes them so difficult to
reprocess and recycle. Here, we demonstrate the
introduction of chemically cleavable groups into a bis-
diazirine crosslinker. Application of this cleavable cross-
linker reagent to commercial low-functionality polyole-
fins (or to a small-molecule model) results in the rapid,
efficient introduction of molecular crosslinks that can be
uncoupled by specific chemical inputs. These proof-of-
concept findings provide one potential strategy for
circularization of the thermoplastic/thermoset plastics
economy, and may allow crosslinked polyolefins to be
manufactured, used, reprocessed, and re-used without
losing value. As an added benefit, the method allows the
ready introduction of functionality into non-functional-
ized commodity polymers.

Introduction

The annual global production of thermoset polymers is over
65 million tons and comprises about 18% of polymeric
materials manufactured today.[1] Addition of covalent cross-
links into polymer networks gives the resulting thermoset
enhanced tensile strength, as well as thermal and chemical
resistance.[2a] However, this comes at the expense of
reprocessability and recyclability. Transforming thermoplas-
tics into thermosets limits the possibility of mechanical
reprocessing (melt-and-remould) because the crosslinked
structures preclude flow, even at elevated temperatures.[2b]

Consequently, most thermosets are incinerated or landfilled

after their useful lifetimes.[3,4a] Existing strategies to create
reprocessable thermosets have focused on the incorporation
of stimuli-triggered degradation or dynamic interactions
such as the installation of silyl ether linkages within poly-
dicylopentadiene,[5] carbamate exchange in polyurethane
foams,[6] reversible enamine linkages in poly-
diketoenamines,[7] and boronic ester hydrolysis in
vitrimers.[8] None of these methods, however, combine on-
demand crosslinking with the ability to uncouple the key
inter-chain bond, and most require that bespoke polymer
substrates be synthesized, rather than permitting the upgrad-
ing of existing, commodity polymer materials.

Traditional crosslinking methods include rubber
vulcanization,[9] silicone hydrosilylation[10] and epoxy resin
polyamine curing.[11] However, low-functionality polymers
such as polyethylene and polypropylene (the most widely
produced polymers in the world) lack intrinsically reactive
functional groups for crosslinking. As a result, industrial
polyethylene crosslinking involves either high-energy radia-
tion (γ rays or electron beams) or peroxide-induced radical
reactions. Both methods are poorly controlled, and are
generally unsuitable for polypropylene (and even for certain
forms of polyethylene) due to competing chain-scission
events.[12]

Recently, trifluoromethyl aryl diazirines have shown
promising efficacy in polymer crosslinking[13] and photo-
patterning applications.[14] Upon exposure to heat or light,
the strained diazirine heterocycle loses a molecule of nitro-
gen gas (N2) to generate a highly reactive carbene, which in
turn can insert into neighboring C� H bonds.[15] Thus, the use
of bis-, tetrakis-, or poly-diazirines provides a convenient
and practical method to rationally install molecular cross-
links into commercial polyolefins without the risk of
competing fragmentation reactions, and without any re-
quirement for functional groups to be already present along
the polymer chain.[13b,16] Recent structure-function studies
revealed that trifluoromethyl aryl diazirines bearing elec-
tron-rich aryl groups were much more efficient at under-
going C� H insertion than the corresponding electron-
neutral or electron-poor systems.[17a] This in turn led to the
design of a prototypical, electronically optimized bis-diazir-
ine crosslinker containing aryl ether linkages, which showed
improved performance in crosslinking both polymers and
small-molecule models.[17b]

In the current work, we describe the design, synthesis,
and testing of a series of electronically optimized bis-
diazirines that incorporate chemically cleavable functional
groups (Figure 1). These include a carbonate, an oxalate,
and a silyl ether, each of which can undergo bond cleavage/
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reformation under external stimuli (e.g., acid, base, fluoride
etc.), thereby allowing low-functionality commodity poly-
mers to be reversibly crosslinked through strong—yet
selectively cleavable—covalent bonds. As with other bis-
diazirines, the suite of reagents described herein can be
topically applied to manufactured polymer materials without
the need to melt or dissolve the polymer substrate. The
addition of a cleavable group adds the potential for
thermoset reprocessibility, together with facile polymer
functionalization.

Results and Discussion

Design and synthesis of cleavable crosslinkers

Carbonate functional groups have been widely used in
polymeric networks to establish reprocessable materials that
can be degraded using specific chemical stimuli such as
hydroxide or alkoxide anions.[18] Meanwhile, oxalate link-
ages, which benefit from higher rates of cleavage, have also
been built into polymer materials.[19a] These have been
investigated for certain medical applications, such as drug
delivery and medical sutures.[19b] Silyl ether linkages have
likewise been found to serve as robust and thermally stable
sites in polymeric materials, which can be cleaved following
the addition of acid or fluoride reagents. Such linkages can
even be dynamic in nature, when amine groups are
positioned nearby to facilitate fast exchange.[20]

We therefore set out to prepare a collection of cleavable
crosslinkers with carbonate, oxalate, or silyl ether linkages
installed between two electron-rich trifluoromethyl aryl
diazirine warheads (4–6, Scheme 1b). Traditionally, bis-,
tetrakis-, or poly-diazirine crosslinkers have either been
made by functionalizing a suitable precursor with a

commercially available diazirine-containing benzyl
bromide,[13e–g,21] benzyl alcohol,[13d,14a,b] or benzoic acid[22] (in
which case the synthesis is straightforward, but the product
does not contain electronically optimized diazirine groups)
or else by first derivatizing a desirable aromatic core with
trifluoromethyl ketone groups and then elaborating the
resulting product through a tedious sequence of oxime
formation (using hydroxylamine), activation (using either
tosyl chloride or nosyl chloride), diaziridine formation
(through addition of ammonia) and finally oxidation to
afford the desired diazirine.[13a–c,14c–e,17b] This latter approach
allows one to exert more control over both the diazirine
warhead and the linker group. However, it necessarily
means that each new diazirine reagent requires a 6–8 step
linear synthesis (Scheme S1). Seeking a faster and more
efficient route to access the suite of cleavable crosslinkers
proposed here, we recognized that the parent trifluorometh-
yl phenyl diazirine (1, Figure 1) was widely available, and
could be sourced for as low as US$ 2/gram on multi-
kilogram scale. We were therefore attracted to the idea of
functionalizing precursor 1 with a para-linked ethereal
tether. As discussed above, the use of an electron-rich
aromatic group (which would be established through the
addition of the para-oxygen) helps to stabilize the singlet
carbene following diazirine activation,[23] which in turn
affords up to 10-fold more efficient C� H insertion than is
observed using electron-neutral or electron-poor
trifluoromethyl aryl diazirines.[17a] If the ether linkage were
to terminate in a functional group handle, this could then be
exploited for the ready introduction of the desired
carbonate, oxalate, and silyl ether cleavage sites.

While more step-economical than previous syntheses of
electron-rich bis-diazirines, this approach introduced an
additional synthetic challenge: because trifluoromethyl aryl
diazirines containing para-alkoxy groups on the aromatic

Figure 1. A broadly applicable, cleavable bis-diazirine crosslinker strategy for reprocessing thermosets.
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ring decompose above ca. 40 °C, we were unable to harness
palladium couplings to install the key aryl-oxygen bond,
without resorting to prohibitively expensive ligand sets.
Fortunately, we found that a low-temperature copper
coupling based upon methodology from the Chae and Sun
groups[24] provided an efficient and cost-effective solution.

In the event, treatment of 1 with N-iodosuccinimide in a
mixture of trifluoroacetic acid, acetonitrile, and sulfuric
acid[25] afforded para-iodo functionalized aryl diazirine (2)
on >100 gram scale in 93% yield (Scheme 1a). Subsequent
reaction of 2 with excess ethylene glycol at 40 °C was
facilitated by the use of recrystallized Cu(acac)2, completing
an efficient 2-step synthesis of key intermediate 3, which
had previously been prepared from 4-bromophenol over 7
steps, using the more traditional diazirine-construction
sequence outlined above.[26] Cleavable crosslinkers 4–6 were
then easily synthesized by subjecting glycol 3 to standard
conditions for carbonate, oxalate, or silyl ether synthesis
(refer to the Supporting Information for full details).

Evaluation of crosslinking-decrosslinking activity using a
molecular model

To determine if our proposed method of introducing
cleavable groups via bis-diazirine reagents would be useful
for crosslinking and decrosslinking low-functionality materi-
als, we first explored the use of a molecular model.
Cyclohexane was chosen as a convenient surrogate for
aliphatic polyolefins, since (like polyethylene) it contains
only non-activated methylenes.

As reported previously, electronically optimized (but
non-cleavable) bis-diazirine 11 (Scheme 1b) can crosslink
this challenging substrate upon thermal or photochemical
(395 nm) activation.[17b] The isolated yield of the pure bis-
cyclohexane adduct from 11 was 91% when the reaction was
conducted at 140 °C, which is 10-fold better than a proto-
typical electron-poor diazirine-based crosslinker.[17b] When
reacted at 90 °C for two hours, 11 still efficiently provided
82% conversion. Repeating this experiment with 4–6 at
110 °C for one hour, we found that crosslinkers 4 and 6
performed similar to 11, giving the carbonate-linked
cyclohexane adduct 7 and silyl-linked 9 in 80% conversion
(Scheme 2). Although crosslinker 5 has poor solubility in
cyclohexane, it still proceeds with >70% conversion under
the same reaction conditions, to afford the desired oxalate
adduct, 8. Photo-activation at 395 nm provided similar
percent conversions; refer to the Supporting Information for
full details.

To preliminarily assess the hydrolysis conditions and
follow the reaction spectroscopically for each bis-adduct,
compounds 7–9 were dissolved in CD3OD, and aqueous
NaOH was added directly to the NMR tube. After 4 hours,
90% of compound 7 hydrolyzed to afford free alcohol 10
(Figure 2). By contrast, compound 9 showed only 2%
hydrolysis under same basic conditions. On the other hand,
when the crosslinked cyclohexane adducts were exposed to

Scheme 1. Crosslinker design. a) Synthesis of cleavable crosslinkers
from a common, readily accessible key intermediate. b) Structures of
cleavable and non-cleavable bis-diazirine crosslinkers used in the
present study.

Scheme 2. Comparison of cyclohexane crosslinking efficacy and hydro-
lysis/regeneration of the resulting crosslink. Values for the cyclohexane
insertion step indicate percent conversion to 7–9 (as diastereomeric
mixtures) following thermal activation of the diazirine reagents. For
isolated yields after column chromatography (which were slightly lower
due to the sensitivity of the cleavable group), and for results following
photochemical activation, refer to the Supporting Information.
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aqueous HCl in CD3OD, silyl ether 9 hydrolyzed within
3 hours, but carbonate 7 remained unreacted. In both basic
and acid conditions, oxalate 8 hydrolyzed within 15 minutes
(refer to the Supporting Information for additional discus-
sion). To demonstrate circularity in our molecular model,
we directly added carbonyldiimidazole (CDI) into a suspen-
sion of compound 10 and K2CO3 in acetonitrile, to success-
fully reform the carbonate-linked bis-adduct 7 in quantita-
tive conversion. Adducts 7–10 were isolated and fully
characterized following each experiment; refer to the
Supporting Information for spectroscopic details.

Polymeric models for evaluation of crosslinking and
decrosslinking activity

To evaluate the suitability of the cleavable crosslinkers for
reprocessing of low-functionality plastics via crosslink-
decrosslink-recrosslink cycles, paraffin wax (PW; m.p. 58–
62 °C; estimated Mr ca. 440) was chosen to facilitate rapid
and accurate characterization by gel permeation chromatog-
raphy (GPC). We firstly compared the effectiveness of all
four crosslinkers (4–6, plus compound 11 as a non-cleavable
control) in crosslinking paraffin wax. As evidenced by the
presence of a higher molecular weight shoulder at 19–
20 mins in the GPC traces (Figure 3a), each bis-diazirine
reagent was capable of crosslinking the polymer.

We observed that crosslinkers 6 and 11, containing less-
polar tethers, crosslinked paraffin more efficiently than did
4 and 5, which have more-polar tethers. This was evidenced
by both a decreased retention time for the GPC peak
associated with the crosslinked polymer, and a higher
intensity for that same signal (Figure 3a). The incompati-
bility between the polar tether of crosslinkers 4 and 5 and
the lipophilic polymer substrate results in phase separation
(Figure S17) which leads to the lower crosslinking efficacy.
Changing the polymer substrate to poly(ethylene glycol)
(PEG; m.p. 44–48 °C; Mr ca. 1500), crosslinkers 5 and 11
showed similar crosslinking efficacy (Figure 3e) and there
was no visible difference between the crosslinked polymer
samples (Figure S17). By increasing the crosslinker loading
from 10 to 20 mol%, the crosslinking efficacy changes
similarly for both crosslinkers (i.e. compare Figure 3e and f).

Decrosslinking procedures were then applied to each
crosslinked material. The paraffin wax samples crosslinked
with 4 and 5 (i.e. PW-X-4 and PW-X-5) were rapidly
degraded by the addition of dilute NaOH (ca. 140 mM) to a
solution of polymer in a mixture of tetrahydrofuran and
methanol. Paraffin that had been treated with silyl ether 6
(PW-X-6) was treated with an equivalent concentration of
dilute HCl (refer to the Supporting Information for full
details). GPC analysis of the crude products showed
complete degradation of the crosslinked polymers to the
original molecular weight with no residual high MW
shoulder (Figure 3b and c). As expected, paraffin wax
crosslinked with 11 (PW-X-11; employed as a negative
control for the decrosslinking step) did not hydrolyze under
basic or acidic conditions. The sample of PEG that was
crosslinked with compound 5 (i.e. PEG-X-5) was also
successfully degraded into its original size under basic
conditions (Figure 3e and f); once again the negative control
sample (PEG-X-11) was unaffected by the addition of
NaOH.

Functionalization and recrosslinking

Following decrosslinking, the pendant OH groups remaining
on the paraffin wax provide the opportunity for recrosslink-
ing or other modification. To demonstrate recrosslinking,
the electrophile CDI was added directly to the decrosslinked
paraffin wax samples, coupling nearby hydroxyl groups to
reform a carbonate linkage. GPC analysis showed the
reappearance of the high MW shoulder indicative of cross-
linking (Figure 3d).

While the crosslink-decrosslink-recrosslink cycle illus-
trated thus far affords a potentially useful means of shuttling
between thermoplastic and thermoset states within a given
polymer material, we were also attracted to the potential to
add new functionality to the hydroxyl-containing decros-
slinked thermoplastic intermediate. To explore this possibil-
ity, we chose to add diazirine groups directly to hydrolyzed
PW-X-4. To this end, a sample of paraffin wax was first
crosslinked with 10 mol% of crosslinker 4, and the forma-
tion of the carbonate-containing crosslink was confirmed by
1H NMR (Figure 4). The sample was then hydrolyzed

Figure 2. Hydrolysis of cyclohexane adducts 7 and 9 under basic (NaOH) and acidic (HCl) conditions. All experiments were performed directly in
NMR tubes at room temperature, and use CD3OD as solvent.
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through the addition of NaOH, and once again the
successful transformation was confirmed spectroscopically.
Finally, an excess of diazirine-containing benzyl bromide
was added, and (after washing away excess electrophile), the
formation of the labeled product was confirmed by both 1H
NMR spectroscopy and DSC (Figures S41 and S42).

Application to commercial low-functionality polyolefins

To translate the results on cyclohexane and paraffin wax to
more challenging polymeric substrates, isotactic polypropy-
lene (iPP; Mn ca. 5000 gmol

� 1) was selected as a representa-

tive low-functionality plastic. Of the three cleavable cross-
linkers investigated above, oxalate-linked compound 5
appeared to contain the most labile linkage. We therefore
added 10 wt% of crosslinker 5 or 11 (as a non-cleavable
control) to commercial iPP, and thermally activated the
sample (110 °C for 2 hours) to initiate crosslinking. Thermal
properties for the samples (as well as those of the relevant
vehicle control) were then analyzed by differential scanning
calorimetry (DSC). As expected, both of the crosslinked
polymer samples demonstrated decreased enthalpies in the
melting transition, when compared to the vehicle control
sample. These enthalpy decreases, where crosslinked regions
of the polymer structure behave as thermosets and therefore
no longer melt,[2a,13b] were consistently displayed in both the
heating and cooling cycles of each DSC trace (Table 1). To
test the reprocessability of crosslinked iPP samples, aqueous
NaOH was mixed with the iPP substrates (refer to the
Supporting Information for full details). As anticipated, the
iPP sample that had been crosslinked with 5 afforded the
same enthalpy values as the vehicle control sample following
the decrosslinking procedure—indicating successful rescue
of thermoplastic properties. Conversely, the iPP sample
crosslinked with 11 maintained its reduced crystallization
and fusion enthalpies, indicating that no decrosslinking had
taken place within the negative control.

To explore the effect of crosslinking and decrosslinking
on mixtures of aliphatic polymers, we added crosslinkers 4–
6, as well as non-cleavable crosslinker 11, at 10 wt% loading,
to a 1 :1 mixture of polyethylene (PE; m.p. 92 °C; Mn ca.
1700 gmol� 1) and iPP (m.p. 157 °C; Mn ca. 5000 gmol

� 1).
Once again we observed a consistent decrease in the
enthalpy associated with the melting and crystallization
transitions (Table 2), with the three cleavable crosslinkers
performing more efficiently than non-cleavable bis-diazirine
11. Reprocessability of these new thermoset materials was
then demonstrated by hydrolyzing them back into their
thermoplastic states. Basic conditions were employed for

Figure 3. GPC traces of polymer samples after crosslinking/decrosslink-
ing. a) Paraffin wax (PW) crosslinked (X) with 10 mol% bis-diazirine 4,
5, 6 or 11, compared to native paraffin wax (vehicle control). b) Paraffin
wax crosslinked with 10 mol% 4 or 5 treated with NaOH and
compared to negative and vehicle controls. c) 10 mol% 6-doped
paraffin wax treated with HCl and compared to negative and vehicle
controls. d) Decrosslinked paraffin wax (containing pendant OH
groups) reacted with CDI to achieve recrosslinking. e) 10 mol% 5 or 11
(negative control)-doped PEG before and after NaOH treatment.
f) 20 mol% 5 or 11-doped PEG before and after NaOH treatment. RI,
refractive index. Vehicle control samples were prepared identically to
the test samples, but without the addition of crosslinker.

Table 1: Evolution of thermal properties of crosslinked polypropylene
before and after hydrolysis.

[a] The integrated region for crystallization enthalpy was from 90 to
150 °C. [b] The fusion enthalpy was determined from the second
heating cycle and integrated from 90 to 170 °C. Percentage values
(shown in parentheses) are defined relative to the appropriate vehicle
control.
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samples crosslinked with 4 and 5, while tetrabutylammo-
nium fluoride (TBAF) was used for samples crosslinked
with 6. As expected, the crystallization and fusion enthalpies
for samples crosslinked with 4–6 returned to nearly the
values associated with the corresponding vehicle control
samples, while samples crosslinked with non-cleavable

control 11 maintained lower enthalpies—indicating resist-
ance to hydrolysis conditions.

Application to reversible PDMS crosslinking

To demonstrate curing in a representative liquid polymer
matrix, we applied polydimethylsiloxane (PDMS; viscosity
18000–22000 cSt) containing 5 wt% of bis-diazirine 4 to a
rheometer stage for direct measurement of the change in
storage modulus during crosslinking. As anticipated, we
observed a pronounced increase in shear modulus as the
sample passed beyond the activation temperature for 4
(Figure S63). A PDMS control sample, by contrast, showed
no such modulus increase upon heating.

We also crosslinked bulk PDMS with 4, and then
decrosslinked the sample by addition of NaOH. As
expected, crosslinked PDMS was a mechanically stable gel,
while the decrosslinked sample regained the ability to flow
with gravity (Figure S62 and Movie S1).

Thermomechanical testing of crosslinked polymers

To assess the effective crosslink density within a representa-
tive commercial polyolefin treated with a cleavable cross-
linker, 5 wt% of carbonate crosslinker 4 was added to
injection-moulding grade low-density polyethylene (LDPE;
melt flow rate 21). After thermal activation and melt-

Figure 4. Stacked 1H NMR spectra indicating the functionalization of a
hydrolyzed (decrosslinked) paraffin wax sample reacted with a benzyl
bromide-containing diazirine. All spectra were recorded in CDCl3. See
Figure S41 for integrations.

Table 2: Enthalpy analysis of crosslinked and decrosslinked mixed-polyolefin plastics.

[a] The integrated region for crystallization enthalpy was from 50 to 120 °C. [b] The fusion enthalpy was determined from the second heating cycle
and integrated from 50 to 170 °C. Percentage values (shown in parentheses) are defined relative to the appropriate vehicle control. [c] A mixture of
isotactic polypropylene (iPP) and polyethylene (PE) were reacted with non-cleavable crosslinker 11, as a negative control for the decrosslinking
experiment. [d] A mixture of iPP and PE were reacted with the indicated cleavable crosslinker.
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processing to generate regular-dimensioned macro-scale
objects (refer to the Supporting Information for details),
crosslinked samples (or vehicle controls, prepared identi-
cally but with no added crosslinker) were extracted with hot
toluene to determine the gel content,[7,27a] and were sub-
jected to dynamic mechanical thermal analysis (DMTA) to
measure the average apparent molecular weight difference
between crosslinks (Mc,a).

Despite the low loading of bis-diazirine 4, crosslinked
LDPE samples were found to have a gel content of 95�3%
(compared with 0% gel content for the corresponding
vehicle control samples). Perhaps most significantly, DMTA
analysis of the crosslinked samples revealed a pronounced
rubbery plateau above ca. 125 °C, confirming that these
samples had been transformed into thermosets (Figure 5b).
The corresponding vehicle control samples, by contrast,
behaved as pure thermoplastics, exhibiting clean melting
transitions at elevated temperature (Figure 5a).

The rubbery plateau for LDPE samples crosslinked with
5 wt% of 4 corresponds to storage modulus of 0.414�
0.010 MPa. Calculating the Mc,a from this value using the
theory of rubbery elasticity[27] and the measured sample
density (0.936�0.007 gcm� 3) revealed a distance between
mechanically productive crosslinks of approximately
23300 gmol� 1 (i.e. 1660 methylene units between crosslink
points). Comparison to the total number of C� H insertion
events expected for 4 within a polyethylene matrix (based
on the cyclohexane model experiments discussed above;
refer to the Supporting Information for calculations)
suggests a ratio of productive crosslinks (where 4 bridges
two polyethylene chains) to unproductive loops (where 4
reacts twice on the same chain) of approximately 1 :2.5. A
distinct rubbery plateau was also observed for LDPE
samples crosslinked with only 2 wt% of 4 (see Figure S49).
While this necessarily occurs at a lower storage modulus (ca.
0.12 MPa) due to the very low ratio of crosslinker molecules
to LDPE methylene units, it nevertheless provides compel-
ling evidence for the ability of small-molecule bis-diazirines
to imbue thermoplastic materials with thermoset-like per-
formance characteristics.

We next prepared melt-processed mixtures of LDPE
and amorphous polypropylene (aPP), in which the samples
were either treated with 5 wt% of bis-diazirine 4 or a
solvent blank. Once again, the vehicle controls showed
melting transitions consistent with thermoplastic behavior
(Figure 5c), while the samples treated with 4 displayed
stable rubbery plateaus consistent with their conversion to
thermosets. The plateau modulus was lower than that
observed for the crosslinked pure LDPE samples in Fig-
ure 5b, indicating a lower density of mechanically productive
crosslinks. This decrease in performance is reflective of the
challenge inherent in crosslinking immiscible materials, and
was also reflected in a reduced gel content for the cross-
linked mixture of LDPE+aPP (73�6%), compared with
that discussed above for crosslinked LDPE. Nevertheless,
the existence of a stable and consistent rubbery plateau in
these samples (together with complementary microscopy
and tensile data available in Figures S53 and S59) provided
good evidence that some portion of crosslinks within the

material were occurring at the LDPE:aPP interface. By
contrast, control samples prepared from pre-crosslinked
LDPE and pre-crosslinked aPP (in which both homopol-
ymers are individually crosslinked, but where no cross-
linking is possible at the interface) performed poorly and
irreproducibly in DMTA testing (Figure S61a).

Figure 5. DMTA curves for polymer samples after crosslinking/decross-
linking. a) Vehicle control samples prepared from low-density poly-
ethylene (LDPE). b) LDPE samples crosslinked with 5 wt% bis-diazirine
4. c) Vehicle control samples prepared from a 1 :1 mixture (by weight)
of amorphous polypropylene (aPP) and LDPE. d) aPP:LDPE samples
crosslinked with 5 wt% bis-diazirine 4. e) aPP:LDPE samples treated
with NaOH. f) crosslinked aPP:LDPE samples (prepared identically to
those tested in panel d), then treated with NaOH to trigger decrosslink-
ing. Replicate samples are indicated in differing shades of blue; at least
3 samples were tested for each condition. Melting behavior is
highlighted in light green. Rubbery plateau regions are highlighted in
yellow. Refer to Tables S9 and S12 for collected DSC and WAXS data for
crosslinked polymers; no significant differences in percent crystallinity
were observed, even when the enthalpy of melting was substantively
reduced.
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Finally, to demonstrate the ability to convert the cross-
linked LDPE:aPP thermoset composite back into a mixture
of thermoplastics, we subjected (LDPE+aPP)-X-4 samples
to hydrolysis conditions. This served to remove the rubbery
plateau (compare Figure 5f to Figure 5d), giving samples
that performed identically to the corresponding vehicle
controls (compare Figure 5f to Figure 5e).

Conclusion

A series of simple, yet powerful, cleavable crosslinkers has
been introduced that can be used to upcycle low-function-
ality thermoplastic materials into reprocessable thermosets.
Cleavage of the labile linker groups can be accomplished
using a range of external stimuli (base, acid, or fluoride),
and the decrosslinked polymer products resulting from these
operations contain pendent hydroxyl groups that can either
be used for recrosslinking or further functionalization.

The opportunity to crosslink mixtures of incompatible
polymers (e.g. polyethylene and polypropylene) together to
form novel covalent composites is particularly attractive,
given the persistent problem of mixed plastic waste streams.
Polyethylene is frequently contaminated with polypropy-
lene, and polypropylene is even more frequently contami-
nated with polyethylene.[28] Simple melt-blending of these
mixed materials leads to poor mechanical properties due to
phase separation,[29] and cross-contamination challenges of
this type are partially responsible for the fact that only 9%
of all plastics ever produced have been recycled.[4] Because
small-molecule bis-diazirines react promiscuously with poly-
mer substrates and cannot easily distinguish between differ-
ent polymer architectures, they readily connect dissimilar
polymers.[13c] Together with other recently disclosed reagents
for functionalization of commodity polymers through reac-
tion at C� H bonds,[30] the cleavable crosslinkers described
herein may provide a useful means of generating reprocess-
able thermosets from low-functionality thermoplastics and
post-consumer waste.
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