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Abstract: Accumulation of end-of-life plastics presents
ongoing environmental concerns. One strategy to solve
this grand challenge is to invent new techniques that
modify post-consumer waste and impart new function-
ality. While promising approaches for the chemical
upcycling of commodity polyolefins and polyaromatics
exist, analogous approaches to repurpose unsaturated
polymers (e.g., polybutadiene) are scarce. In this work,
we propose a method to upcycle polybutadiene, one of
the most widely used commercial rubbers, via a mild,
metal-free allylic amination reaction. The resulting
materials have tunable thermal and surface wetting
properties as a function of both sulfonamide identity
and grafting density. Importantly, this approach main-
tains the parent alkene microstructure without evidence
of olefin reduction, olefin transposition, and/or chain
scission. Based on these findings, we anticipate future
applications in the remediation of complex elastomers
and vulcanized rubbers.

sumer plastics. On the other hand, fewer examples exist for
the direct upcycling of unsaturated rubbers (e.g., polybuta-
diene, polyisoprene), the main constituents in consumer
tires. Approximately 1 billion tires are discarded each year,
but major processing strategies still rely on landfilling,
pyrolysis, and downcycling (e.g., asphalt filler).[28–30]

Direct polydiene upcycling is especially challenging due
to the high reactivity of the carbon-carbon π-bond relative
to alternative functionalization pathways. For example,
polybutadienes are readily converted to saturated materials
via alkene difunctionalizations[31–36] that imbue the resulting
polyolefin products with diverse functional groups at the
expense of saturation (Figure 1A). An alternative approach
to modify polydienes utilizes olefin transposition reactions
to retain backbone unsaturation.[37] For example, treatment
with triazolinediones[33, 38–40] or hypervalent iodine

In the United States, 75 % of all plastic consumed ends its
life in a landfill. An additional 16 % is combusted for energy,
while only 9 % is repurposed through downcycling, closed-
loop recycling, or upcycling.[1–6]      Polymer upcycling, or
chemical modification to create value-added materials, is a
promising way to mitigate plastic waste. Post-polymerization
modification (PPM) of existing post-consumer plastic is a
common approach to upcycle commodity materials[7–11] with-
out needing to design novel monomers for depolymeriza-
tion-repolymerization strategies.[12–15]

Recently, strategies for the functionalization of
polystyrene,[16] polyolefins,[17–20] polyethers,[21] polylactides,[22]

and polyacrylates[23, 24] have evolved concurrently with the
modernization of synthetic organic methodology.[25] Advan-
ces in C  H activation,[8] (photo)redox catalysis,[21,26, 27] and
organocatalysis[17,18] have enabled the streamlined synthesis
of previously inaccessible macromolecules from post-con-
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Figure 1. A) Evolution of 1,4-polybutadiene functionalization and B) al-
llylic C  H amination conditions that inspired (C) this polybutadiene
upcycling work.
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compounds[41] affords functionalized polydienes, albeit with
concomitant alkene migration. Because microstructure in
unsaturated polymers can influence physical properties,[42–44]

it would be advantageous to retain the original 1,4-diene
microstructure following upcycling.

To overcome this long-standing challenge, in this work
we demonstrate the first example of direct 1,4-polybuta-
diene upcycling through a metal-free C  H allylic functional-
ization reaction inspired by recent work on terpenoid
functionalization (Figure 1B).[45] Importantly, this selenium-
catalyzed amination process maintains the parent 1,4-diene
backbone without detectable chain scission, crosslinking,
and/or alkene transposition. Sulfonamide functionality is
introduced directly to the native backbone without pre-
incorporation of designer monomers; the functionalized
polymers reported herein would be difficult to synthesize via
alternative synthetic routes. Through methodology develop-
ment for 1,4-polybutadiene upcycling via grafting sulfona-
mides (PUGS) we find that both sulfonamide identity and
density (Figure 1C) can modulate thermal and surface
wetting properties as assessed by differential scanning
calorimetry and drop shape analysis.

To begin, we synthesized low molar mass (Mn,MALS = 15–
20 kDa) telechelic-functionalized 1,4-polybutadiene (1,4-
PBD) (ca. 77 % trans, Figures S38 and S39) via ring-opening
metathesis polymerization (ROMP) of 1,5-cyclooctadiene
(COD) and a cis-alkene chain transfer agent (Table S1).[46,47]

ROMP enables strict formation of PBD devoid of 1,2-vinyl
branched isomers and establishes well-defined chain ends;
both structural features allowed for simplified structural
analysis following PPM using NMR spectroscopy. Initial
conditions for 1,4-PBD amination were based on recent
successful examples of allylic terpenoid functionalization.[45]

Specifically, 1,4-PBD and sulfonamide were subjected to
catalytic selenium (i.e., selenourea or phosphine selenide)
and PhI(OAc)2 (Figure 2A). We envisioned that perturba-
tions to sulfonamide identity could impact bulk properties of
PUGS materials. Initial efforts focusing on tosyl sulfona-
mide (TsS) and nosyl sulfonamide (NsS) functionalization of
silyl ether-capped 1,4-PBD revealed broadened diagnostic
aromatic (7.6–7.8 ppm) signals by 1H NMR spectroscopy
(Figures S21–S25). We confirmed that these results were not
due to sulfonamide intercalation with 1,4-PBD by rigorously
purifying all samples with preparative-scale gel permeation
chromatography (GPC) (Figure S1). Sulfonamide densities
ranging between DNMR = 9.0–64 mol % [Eqs. (S4) and (S5)],
as assessed by 1H NMR spectroscopy analysis (Figure 2B),
were obtained by varying the catalyst and/or sulfonamide
identity (Table 1). With promising initial amination results
on a lower molar mass polymer sample, we turned our
attention to higher molar mass 1,4-PBD (Mn,MALS = 32 kDa)
(Table S1) for more challenging upcycling using trifluoro-
methane sulfonamide (TFMS) and trifluoropropyl sulfona-
mide (TFPS). Polymer semifluorination is known to engen-
der the resulting materials with novel thermal and surface
coating properties.[48]     Subsequent 19F NMR spectroscopy
analysis (Figure 2C) of upcycled telechelic 1,4-PBD bearing
trifluoromethyl phenyl chain ends (Figure S33–S36) revealed
sulfonamide densities ranging between DNMR = 5.4–41 mol %

Angew. Chem. Int. Ed. 2023, 62, e202303115 (2 of 6)

Figure 2. A) Scope of 1,4-PBD upcycling ([Se] = IMeSe or PCy3Se). [Se],
PhI(OAc)2, and RSO2NH2 relative to PBD monomer units. B) Sample
1H NMR spectrum used to assess grafting density of PBD-TsS.
C) Sample 19F NMR spectrum used to assess grafting density of PBD-
TFPS.

[Eqs. (S1)–(S3)]. We attempted to corroborate these NMR
spectroscopy data with complementary absolute molar mass
determination using analytical GPC coupled with a multi-
angle light scattering (MALS) detector, but these data
proved to be unreliable. We surmise that this issue is due to
self-assembly or aggregation of the upcycled polymers (i.e.,
via hydrogen bonding) and/or analyte interaction with the
GPC columns; counterintuitive increases in retention time
(Figures S6–S13) relative to 1,4-PBD samples of comparable
length (Figures S3–S4) despite an increase in PUGS molar
mass support these hypotheses (Table S2).

Upcycled materials with higher densities (> 20 mol %)
generally were isolated with shorter average chain lengths,
as assessed by 1H NMR spectroscopy, relative to parent 1,4-
PBD chain lengths. We surmise that chain aggregation (see
above) complicated purification during preparative GPC
and ultimately resulted in artificial molar mass fractionation.
Nonetheless, the average chain lengths of lower density
upcycled polymers were generally in good agreement with
parent 1,4-PBD chain lengths, demonstrating that this allylic

© 2023 Wiley-VCH GmbH
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Table 1: Analytical characterization data of upcycled 1,4-polybutadienes.

Sulfonamide

None
NsS
NsS
TsS
TsS
TFMS
TFMS
TFPS
TFPS

[Se] DNMR [mol%][a]

N/A 0
IMeSe 9.0
PCy3Se                               22
IMeSe                                29
PCy3Se                               64
PCy3Se                               14
IMeSe                                41
IMeSe 5.4
PCy3Se 33

DTGA [mol%][b]

0
10
15
18
46
15
34

5.9
31

Tg [°C]
[c]

24[d]

  18
  49[d]

  21
15

  21
4.3
15[d]

25

Θ [°][e]

82–84[f ]

86

88
87
79
83
90
94
85

Synthesized using [Se] (15 mol%), PhI(OAc)2 (2 equiv) and RSO2NH2 (2 equiv), all relative to PBD monomer units, in CH2Cl2 (0.2 M). [a] NMR
grafting density determined by 1H NMR spectroscopy or 19F NMR spectroscopy. [b] Thermogravimetric analysis (TGA) grafting density. [c]
Determined by differential scanning calorimetry (DSC), 2nd heating at 5 °C/min. [d] No Tg observed, only Tm observed. [e] Determined by drop shape
analysis (average of three measurements). [f ] For 1,4-PBD with PhCF3 chain ends θ = 82°, for 1,4-PBD with TBS chain ends θ = 84°.

functionalization reaction does not result in chain cleavage
(Table S2). Furthermore, across all PUGS samples, alkene
stereochemistry does not change significantly following
amination (68–85 % trans, Figures S41–S44) compared to

vinyl branching, our parent 1,4-PBD samples (ca. 77 % trans,
Figures S38 and S39) have an observable melt at Tm =
24 °C[52] with no observable glass transition as assessed by
DSC measurements to   173 °C (Figure S66). Analysis of

the parent 1,4-PBD samples (ca. 77 % trans, Figures S38– upcycled 1,4-PBD samples by DSC (Figures S58–S65)
S39). To demonstrate compatibility with industrially-rele-
vant elastomers, we also performed PUGS using TsS
(15 mol %     SePCy3)     on     commercial     PBD     (PBD-SA,
Mn,MALS = 5.7 kDa, Tg =   96 °C) containing 13 % 1,2-vinyl
linkages (Figure S40) solid PBD-SA-TsS was obtained
following purification. Overall, these collective PUGS
materials serve as representative examples from which to
probe the impact of sulfonamide identity and density of
backbone incorporation on subsequent physical properties
by thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and drop shape analysis (Table 1).

We next assessed the thermal stability of PUGS samples
via TGA (Figures S48–S56). While the appended sulfona-
mide functionality led to a decrease in the onset of
decomposition temperature (Td,10%), we were able to
correlate structural features with thermal decomposition
profiles. Parent 1,4-PBD shows a single Td,10% = 386 °C
whereas upcycled PBD samples generally show two separate
decomposition events. Depending on the sulfonamide den-
sity and identity, the first onset between Td,10% = 194 °C to
Td,10% = 310 °C corresponds to the temperature where sulfo-
namide functionality begins decomposing from the back-
bone (Figure 3A). A second decomposition onset is ob-
served     near     386 °C     as     the     PBD     backbone     begins
decomposing. The mass loss between these two events
represents the approximate mass attributed to grafted
sulfonamide functionality. Conversion from mass loss to
sulfonamide density (mol %) [Eqs. (S6)–(S11)] leads to
functionalization values (DTGA) that are in good agreement
with sulfonamide densities calculated by NMR spectroscopy
(DNMR) (Table 1 and Tables S2).

Prior to decomposition, 1,4-PBD has rich thermal
properties depending on the olefin microstructure. Predom-
inantly cis-1,4-PBD is crystalline with a melt below room
temperature (Tm = ca. 1 °C).[50] As cis content decreases, the
corresponding     melt     temperature     increases     to     above
100 °C.[51] As is typical for trans-rich 1,4-PBD devoid of 1,2-

Angew. Chem. Int. Ed. 2023, 62, e202303115 (3 of 6)

reveals thermal transitions that depend on sulfonamide
density and identity. At the lowest sulfonamide density,
PBD-TFPS (5.4 mol %) retains a melt near room temper-
ature (Tm = 15 °C); thermal properties are not drastically
influenced. At higher sulfonamide densities, however, such
as PBD-NsS (9.0 mol %), the upcycled material is amor-
phous with Tg =   18 °C. When higher densities of NsS were
used to access PBD-NsS (22 mol %), only a single melt was
observed (Tm =   49 °C). These data are in stark contrast to
those of structurally similar PBD-TsS (29 mol %) which is
amorphous with Tg =   21 °C.

We hypothesize that at higher NsS densities, hydrogen
bonding via the nitrophenyl acceptor results in sidechain
crystallization. Hence, by simply modulating the hydro-
phobicity and/or polarizability of the sulfonamide, vastly
different thermal properties can be achieved relative to
unfunctionalized 1,4-PBD. When the identity of the sulfona-
mide remains constant, we observe a general increase in
transition temperature as sulfonamide density increases. For
example, for PBD-TsS, Tg =   21 °C at 29 mol % and in-
creases to Tg = 15 °C at 64 mol % (Figure 3B). Similarly, for
PBD-TFMS, Tg =   21 °C at 14 mol % and increases to Tg =
  4.3 °C at 41 mol %, while for PBD-TFPS Tm = 15 °C at
5.4 mol % and increases to Tg = 25 °C at 33 mol % (Fig-ure
3C). Our work demonstrates that PBD thermal proper-
ties can be tuned using PUGS, even at low sulfonamide
densities, without altering microstructure.

On the other hand, by incorporating even low degrees of
1,2-vinyl branching (< 10 %), PBD becomes amorphous with
a Tg =   96 °C (e.g., PBD-SA, 13 % vinyl). The impact of 1,2-
branching, the amount of which remains unchanged after
PUGS (Figure S25), becomes apparent with an increase in
Tg     for PBD-SA-TsS (69 mol %) (Tg �50 °C) relative to
similar 1,4-PBD analog PBD-TsS (64 mol %) (Tg = 15 °C). A
small molecule competition experiment (Scheme S1 and
Figure S80) demonstrates that secondary allylic C  H posi-
tions (i.e., adjacent to the internal olefin of a 1,4-PBD

© 2023 Wiley-VCH GmbH
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PBD-SA-TsS (69 mol %) to have some sulfonamide incor-
poration at tertiary sites, quantification is below the
detection limits of NMR spectroscopy.

Polymeric coatings find broad utility in surface modu-
lation by modifying substrate functionality, wettability,
adhesion, and reactivity.[53–55] To explore the implications of
1,4-PBD upcycling on coating applications, we hypothesized
that post-polymerization modification could impact wettabil-
ity. We assessed how PUGS influences surface properties of
hydrophobic 1,4-PBD by measuring water contact angles (θ)
of spin-coated silicon wafers using a drop shape analyzer
(Figures S68–S77). The sulfonamides chosen for our studies
are amphiphiles; the sulfonamide moiety is inherently
hydrophilic but is capped by a hydrophobic hydrocarbon or
semifluorinated group. Drop shape analysis and subsequent
one-way ANOVA test reveals density-dependent materials
properties based on the bipolar nature of the sulfonamides
(Figures S78–S79). At lower sulfonamide densities, we
generally observe higher θ relative to that of 1,4-PBD (θ =
82–84°) (Figure 4A); these data indicate an increase in
hydrophobicity as sulfonamide grafting seemingly increases
surface roughness and hence θ.[56] As sulfonamide density
increases further, we generally observe a counterintuitive
decrease in θ (i.e., increasingly hydrophilic surface). For
example, PBD-TFPS (5.4 mol %) is significantly more
hydrophobic (p < 0.001) (θ = 94°) (Figure 4B) than 1,4-PBD
but PBD-TFPS (33 mol %) shows no statistically significant
difference in θ (θ = 85°) compared to that of 1,4-PBD (θ =
82°). A similar trend is observed when non-fluorinated TsS
or NsS are used; PBD-TsS (29 mol %) reveals no statistically
significant difference (θ = 87°) in θ relative to that of 1,4-
PBD (Figure 4C) but PBD-TsS (64 mol %) is significantly
more hydrophilic (p < 0.001) (θ = 79°) (Figure 4D) than 1,4-
PBD (θ = 84°). As sulfonamide density increases, however,
hydrogen bonding between neighboring sulfonamides[49]

Figure 3. A) TGA curves of PBD-TsS and PBD-TFPS compared to 1,4-
PBD. B) DSC curves of PBD-TsS samples compared to 1,4-PBD.
C) DSC curves of PBD-TFPS compared to 1,4-PBD. All grafting
densities refer to DNMR.

backbone) are more reactive than tertiary allylic C  H
positions (i.e., adjacent to the terminal olefin of a 1,2 vinyl
branch). These data suggest that although it is feasible for

Angew. Chem. Int. Ed. 2023, 62, e202303115 (4 of 6)

Figure 4. Water contact angles (θ) of A) 1,4-PBD and B)–D) upcycled
1,4-PBD (DNMR listed) as measured by drop shape analysis. Reported
water contact angles are an average of measurements on three
separate water droplets on an SiO2 surface. Scale bars = 2 mm.

© 2023 Wiley-VCH GmbH
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and/or water may result in burying of the hydrophobic tails
to ultimately increase surface hydrophilicity.

PBD-TFMS samples are distinct outliers to the trend as
hydrophobicity increases as a function of TFMS density. At
lower sulfonamide density, PBD-TFMS (14 mol %) shows
no statistical difference in θ (θ = 83°) relative to that of 1,4-
PBD (θ = 82°), but unlike other examples (see above), at
higher densities PBD-TFMS (41 mol %) is significantly
more hydrophobic (p < 0.001) (θ = 90°) than 1,4-PBD. We
surmise that the more acidic nature of TFMS (pKa = ca. 7)
may result in differences to film assembly and/or surface
roughness in PBD-TFMS relative to other PUGS samples
(pKa = ca. 15). Overall, the ability to modulate wettability as
a function of both sulfonamide density and identity
(Figures S78 and S79) presents opportunities for the devel-
opment of novel flexible coatings and soft materials with
tunable surface hydrophilicities.

In summary, we demonstrate the utility of PUGS, a
mild, selenium-catalyzed allylic amination process that
engenders previously unrealized materials from prevalent
polybutadiene elastomers with and without 1,2-vinyl branch-
ing. Importantly, the underlying mechanism that drives
PUGS necessitates retention of the parent diene backbone
without olefin saturation and/or transposition. Control over
grafting density, as assessed by NMR spectroscopy and
thermogravimetric analysis, of diverse sulfonamides pro-
vides a versatile platform from which to modulate thermal
transitions. Furthermore, the amphiphilic nature of sulfona-
mides provides an opportunity to increase or decrease
surface wettability as a function of grafting density.
Combined, these results reveal how judicious selection of
sulfonamide identity and density for PUGS permits de-
coupled thermal and surface properties in the final materi-
als. Our collective work not only provides a viable solution
for the direct upcycling of polybutadienes, but also for the
future development of post-polymerization modifications on
more complex elastomers (e.g., styrene-butadiene-styrene)
and surface modifications of vulcanized rubbers.
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