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Abstract: We perform the conversion of a commodity
plastic of common use in pipes, window frames, medical
devices, flexible hoses, etc. like polyvinyl chloride
(PVC) to single-chain nanoparticles (SCNPs). SCNPs
are versatile, protein-mimetic soft nano-objects of grow-
ing interest for catalysis, sensing, and nanomedicine,
among other uses. We demonstrate that the metamor-
phosis process -as induced through metal-free click
chemistry- leads to well-defined, uniform SCNPs that
are stable during storage in the solid state for months.
All the conversion process (from PVC isolation to PVC-
SCNPs synthesis) can be run in a green, dipolar aprotic
solvent and involving, when required, a simple mixture
of ethanol and water (1/1 vol.) as non-solvent. The
resulting PVC-SCNPs are investigated as recyclable,
metalloenzyme-mimetic catalysts for several representa-
tive Cu(II)-catalyzed organic reactions. The method
could be valid for the metamorphosis and valorization of
other commodity plastics in which it is feasible to install
azide functional groups in their linear polymer chains.

Introduction

In addition to recycling, waste valorization by converting
polymeric waste materials into more useful products is
attracting significant interest to mitigate plastic pollution
issues. Polyvinyl chloride (PVC) is the 3rd most widely

produced synthetic polymer in the world after the most
commonly used polyolefins, polyethylene (PE) and poly-
propylene (PP).[1] Current global PVC production is esti-
mated at ca. 40 million metric tonnes (Mt) per year. Around
6.5 Mt of PVC are annually manufactured in the European
Union (EU) with ca. 2 Mt of post-consumer PVC waste
generated.[2] Mechanical recycling of rigid PVC from the
construction and building sector (e.g., windows, pipes) is
currently the main relevant recycling process in the EU for
post-consumer PVC waste. Recycling or valorization of
flexible PVC waste from e.g. packaging, automotive and
medical sectors is complicated by the difficulty to handle
banned plasticizers (e.g., bis(2-ethylhexyl) phthalate) -still
entering recycling streams- after isolation of neat PVC from
flexible PVC waste. This seems to be the main cause of the
closure in 2018 of the only plant in the EU established to
recycle up to 10000 t of flexible PVC waste a year.[3]

Incineration and landfilling represent the main non-recycling
treatment routes for PVC.[2] Currently, significant effort is
devoted by many research groups on breaking PVC down to
useful products. For instance, Jin, Yoshioka et al. introduced
a new and green approach to achieve—in a single step—the
complete dechlorination of PVC, as well the conversion of
hydrogen carbonate to formate with nearly 100% selectivity
and 16% yield.[4] Sun, Xie and co-workers have recently
reported the first highly selective conversion of PVC waste
into C2 fuels by a universal photoinduced sequential C� C
bond cleavage and coupling pathway under simulated
natural environment conditions.[5] Tour et al. were able to
convert a mixture of plastic wastes containing PVC into
flash graphene via flash Joule heating.[6] Additionally,
Yoshioka et al. have developed the Cl recovery process,[7]

which entails the dechlorination of PVC in NaOH/ethylene
glycol (EG) solvent by ball-milling and treating the Cl ion
dissolved in EG by electro-dialysis for the simultaneous
recovery of NaCl and EG.

Herein, a complementary concept of polymeric waste
valorization is introduced through metamorphosis of a
commodity plastic like PVC to efficient catalytic single-
chain nanoparticles (SCNPs). Synthetic SCNPs are ob-
tained through folding/collapse of discrete functionalized
polymer chains by means of intra-chain (reversible/cova-
lent) interactions.[8] Within the local compact domains of
SCNPs active species like catalysts, drugs, or lumino-
phores can be immobilized either reversibly or
permanently.[9] These soft nanoparticles open a plethora
of opportunities for the development of new drug delivery
vehicles, highly efficient catalysts and improved sensing
elements, among other ones.[10] For instance, Paulusse
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et al. developed a method for intracellular location of
SCNPs by controlled surface modification with tertiary
amines to improve intracellular targeting for biomedical
applications.[11] Cheng et al. synthesized SCNPs loaded
with the anticancer drug doxorubicin displaying selective
cytotoxicity toward HeLa cancer cells, without affecting
healthy NIH/3T3 cells.[12] Tang et al. showed polydop-
amine-coated surfaces containing SCNPs with excellent in
vitro bactericidal activity against both Staphylococcus
aureus and Escherichia coli with >99.9% killing efficacy,
excellent protein adsorption resistance, antibacterial ad-
hesion and low cytotoxicity.[13] Recently, Yan et al.
reported CO2-folded SCNPs as recyclable, improved
carboxylase mimics able to catalyze CO2-insertion of
C(sp3)� H and, even, C(sp2 and sp)� H substrates at room
temperature (r.t.).[14] Additionally, Tan et al. synthesized
enzyme-mimetic SCNPs containing chiral Fe(II)-oxazoline
complexes allowing efficient asymmetric sulfa-Michael
addition of thiols to a wide range α,β-unsaturated ketones
in water at r.t. without the need of any organic solvent or
additional additives.[15] Remarkably, Collot et al. reported
stealth and bright monomolecular fluorescent SCNPs as
artificial analogues of fluorescent proteins, surpassing the
latter >50-fold in terms of brightness.[16] More recently, a
strategy for self-reporting both intra-molecular compac-
tion and inter-molecular aggregation of SCNPs based on
the installation of orthogonal luminophores via Hantzsch
ester formation has been developed by our group.[17]

However, SCNPs have always been synthesized from
specialty polymeric precursors, and not from waste of
commodity plastics.

As illustrated in Scheme 1, we propose the metamor-
phosis of “PVC waste” to PVC-SCNPs in two steps: i)
partial azidation of discrete linear PVC chains via

nucleophilic substitution to give PVC-N3 in which some of
the chlorine atoms are replaced by azide groups; and ii)
intra-chain reaction of individual PVC-N3 chains with the
Sondheimer diyne[18] (5,6,11,12-tetradehydro- dibenzo-
[a,e]cyclooctene, 1) via metal-free Huisgen cycloaddition
reaction at r.t. to produce PVC-SCNPs. Two constraints
of the valorization strategy reported in this work to
produce PVC-SCNPs should be mentioned: the require-
ment of using PVC waste free from banned plasticizers,
and the relatively expensive cost of 1. The resulting PVC-
SCNPs will be investigated as recyclable, metalloenzyme-
mimetic catalysts.

Results and Discussion

As a proof-of-concept, we initially started by performing the
metamorphosis process using neat, commercial PVC and
common (non-green) organic solvents. PVC chains can be
functionalized by nucleophilic substitution of the chlorine
atoms with a range of nucleophiles (e.g., azide, thiolates,
thiocyanate) through a SN2 mechanism.[19] We target partial
azidation of PVC to give PVC-N3

[20] as the right functional-
ization step for the subsequent intra-chain metal-free click
chemistry procedure. In this sense, SCNPs are typically
prepared from precursors containing between 10 and
30 mol% of functional groups.[8] It is well known that the
degree of substitution in PVC depends on the nature of the
nucleophile, the polarity of the solvent, temperature,and the
duration of the reaction. We obtained a degree of substitu-
tion of 12.2 mol% by performing the azidation reaction with
sodium azide (NaN3, 1 equiv) in N,N-dimethylformamide
(DMF) at 80 °C for 4 h, as revealed by elemental analysis
(EA) data of PVC-N3 after its isolation by precipitation in a

Scheme 1. Metamorphosis of “PVC waste” to PVC single-chain nanoparticles (PVC-SCNPs) in two steps: i) partial azidation of PVC to PVC-N3; and
ii) intra-chain metal-free click chemistry at r.t. involving individual PVC-N3 chains and the Sondheimer diyne (5,6,11,12-tetradehydrodibenzo-
[a,e]cyclooctene, 1) to give PVC-SCNPs.
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mixture of methanol (MeOH) and H2O (1/1 vol.) followed
by drying at 50 °C under vacuum for 24 h. These reaction
conditions were selected to minimize secondary reactions
that lead to aggregation during PVC-SCNP synthesis (see
below). PVC-N3 was subsequently characterized by proton
(1H) and carbon (13C) nuclear magnetic resonance (NMR)
spectroscopy, size exclusion chromatography (SEC) and
infra-red (IR) spectroscopy (see Figure 1).

The 1H NMR spectrum of commercial PVC (weight
average molecular weight, Mw(MALLS) =46.5 kDa; disper-
sity, Ð =1.35) shows tacticity features in both the methine
(Cl� CH� CH2� ) and methylene (Cl� CH� CH2� ) protons
placed at 4.06–4.60 and 1.85–2.39 ppm, respectively.[20]

Upon partial azidation, new bands appear in the 1H NMR
spectrum of PVC-N3 located at 4.05–4.18 and 1.85 ppm
that can be attributed, respectively, to N3� CH� CH2�

methine and N3� CH� CH2� methylene protons (Fig-
ure 1a). Similarly, in the 13C NMR spectrum of PVC-N3

new signals from N3� CH� CH2� methine and
N3� CH� CH2� methylene carbons are clearly visible at
55.8 and 42.0 – 43.3 ppm, respectively, when compared to
the signals of neat PVC (Figure 1b). The weight average
molecular weight and dispersity of PVC-N3 (Mw(MALLS) =

51.4 kDa, Ð =1.35) were found to be very similar to those
of the starting PVC material, as determined by SEC
(Figure 1c). Complementary, the IR spectrum of PVC-N3

showed an intense band centered at ca. 2110 cm� 1 corre-
sponding to the stretching vibration of the azide moiety
(Figure 1d). Taken together, these results support the
successful (partial) functionalization of PVC chains in
DMF with a number of azide pendants.

As a next step towards SCNPs from PVC-N3 we
selected the strain-promoted double-click (SPDC) reac-
tion as first introducedby Kii et al. for the chemical
modification of azido-biomolecules,[21] by involving the
Sondheimer diyne[18] (1, see Scheme 1) which is currently
commercially available. 1 is a bisreactive molecule with
two highly strained alkyne bonds ready to react sponta-
neously with two azide moieties of the same PVC-N3 chain
if the reaction is carried out at high dilution (i.e., below
the critical overlap concentration of polymer coils, c*).[8]

Notably, the second cycloaddition reaction of 1 was
predicted by a density functional theory method, and
confirmed experimentally with model compounds, to have
a lower activation energy (i.e., faster kinetics) than the
first one due to the resulting highly-distorted alkyne
bond.[22] Consequently, we expect a relatively fast intra-
chain reaction of the second alkyne bond of 1 after the
first cycloaddition of 1 and an azide group of a PVC-N3

chain. It is worth of mention that in the case of polymer
chains some differences from the reactivity of model
compounds are expected due to conformational
restrictions.[8] Nevertheless, due to the expected increased
kinetics of the second cycloaddition reaction it its
especially important to guarantee that no other PVC-N3

chains are in close proximity. This requirement is only
fulfilled by working at very high dilution conditions where
the PVC-N3 chains are truly isolated one from another.
Trying to minimize as much as possible inter-chain
coupling events, we carried out the intra-chain SPDC
reaction of 1 within individual PVC-N3 chains by means of
a continuous addition technique[23] with tetrahydrofuran
(THF) as the solvent. Hence, we feed slowly with a
syringe pump (2.1 mLh� 1) a concentrated PVC-N3 solu-
tion (2 mgmL� 1) into a diluted solution of 1 (0.2 mgmL� 1)
under stirring, both solutions at r.t. (see Electronic
Supporting Information, ESI, Figure S1). After optimiza-
tion of the reaction conditions, we selected a molar ratio
of alkyne (1) to azide (PVC-N3) groups of 1.35. After
complete addition of the PVC-N3 solution (ca. 12 h), we
left the system under stirring for additional 12 h to allow
the strain-promoted double-click reaction to proceed until
completion. Next, since we employed a small excess of 1
when compared to the amount of reactive azide groups in
PVC-N3, we added an appropriate amount of benzyl azide
(see ESI) to deactivate any potentially unreacted strained
alkyne bonds. Notably, this end-capping procedure was
found to be essential to guarantee an excellent long-term
stability of the resulting PVC-SCNPs (see below). We
isolated the PVC-SCNPs by precipitation in cold ethanol
(EtOH) to remove potential traces of low molecular
weight compounds followed by further drying under
vacuum at 50 °C.

Figure 2 shows the 1H and 13C NMR spectra of the
PVC-SCNPs. The most notorious features are the pres-
ence of new bands in the 1H and 13C NMR spectra of the
PVC-SCNPs coming from the incorporation of the intra-
chain cross-linker 1 and the disappearance of the bands
from N3� CH� CH2� and N3� CH� CH2� protons as well as
N3� CH� CH2� and N3� CH� CH2� carbons when com-

Figure 1. a) 1H NMR spectra, b) 13C NMR spectra, c) SEC traces (multi-
angle laser-light scattering (MALLS) detector, THF, 1 mLmin� 1) and d)
IR spectra of PVC (purple) and PVC-N3 (light green). New bands
associated to PVC-N3 after azidation of commercial PVC are highlighted
by dotted orange squares.
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pared, respectively, to the 1H and 13C NMR spectra of
PVC-N3 (Figure 1a, b). SEC provided a solid confirmation
of efficient formation of PVC-SCNPs. A shift towards
longer SEC retention time and, hence, a reduction in
average hydrodynamic size was clearly observed upon
PVC-SCNPs formation (Figure 3a and Figure S2). Simul-
taneously, the weight average molecular weight and
dispersity of PVC-SCNPs (Mw(MALLS) =92.1 kDa, Ð =1.34)
were consistent with the expected behavior upon incorpo-
ration of 1 as intra-chain cross-linker. Dynamic light

scattering (DLS) measurements in THF (Figure 3b) con-
firmed a reduction in average hydrodynamic radius from
10.1 nm (PVC-N3) to 6.5 nm (PVC-SCNPs). Complemen-
tarily, we determined the radius of gyration (Rg) and size-
scaling exponent (ν) of PVC-N3 and PVC-SCNPs by
means of small-angle X-ray scattering (SAXS) measure-
ments (see ESI). PVC-N3 showed Rg (PVC-N3) =14.7 nm and
ν(PVC-N3)�0.6 -the typical value for linear polymer chains
in good solvent conditions- (Figure S3). As expected,
PVC-SCNPs showed a significant reduction in both Rg and
ν: Rg (PVC-SCNPs) =6.7 nm, ν(PVC-SCNPs) =0.46 (Figure S4). A
reduction in Rg and ν is commonly observed upon intra-
chain folding of isolated chains to produce SCNPs.[8,17]

Specifically, the lower value of ν in the case of PVC-
SCNPs when compared to ν(PVC-N3) �0.6 is a clear
indication of a higher level of chain compaction. More
importantly, no significant changes were detected when
the PVC-SCNPs were subjected to SAXS experiments
after 2 months of storage in the solid state (Figure 3 and
Figure S5), or when stored in THF solution for 2 months
(Figure S6). These experimental findings show that the
PVC-SCNPs are highly stable during storage and no
significant inter-chain aggregation processes were in-
volved either in solution or in the solid state for months.
We attribute this stability to the final end-capping
procedure with benzyl azide that is able to limit the
number of residual reactive functional groups. Also, the
absence of any metallic catalyst in the intra-chain cross-
linking step contributes -presumably- to the stability of
the PVC-SCNPs. Folding of individual PVC-N3 chains to
PVC-SCNPs resulted, additionally, in a modification of
the thermal properties of the bulk material as illustrated
in Figure 3d and Figure S7. Partial azidation of PVC to
PVC-N3 decreased by 10 °C the glass transition temper-
ature (from Tg (PVC) =80 °C to Tg (PVC-N3) =70 °C) due to an
increase in free volume introduced by the azide pendants,
when compared to the chlorine moieties.[24] Interestingly,
the glass transition temperature increased by 15 °C upon
PVC-SCNPs formation (Tg (PVC-SCNPs) =85 °C) as a conse-
quence of the reduced segmental mobility caused by the

Figure 2. Selected regions of the a) 1H NMR and b) 13C NMR spectra of PVC-SCNPs synthesized via intra-chain metal-free click chemistry at r.t.
from individual PVC-N3 chains and the Sondheimer diyne (1) showing signals from protons and carbons of the main chain in green, and signals
from protons and carbons of the intra-chain cross-linker in purple.

Figure 3. a) SEC traces (MALLS detector, THF, 1 mL min� 1) of PVC-N3

(light green) and PVC-SCNPs (orange), b) DLS size distributions of
PVC-N3 (light green) and PVC-SCNPs (orange), c) SAXS results of PVC-
N3 (light green), PVC-SCNPs just after synthesis (orange) and after
2 months of storage in the solid state (blue), and d) DSC traces of neat
PVC (purple), PVC-N3 (light green) and PVC-SCNPs (orange). The PVC-
N3 and PVC-SCNPs traces have been downshifted for clarity.
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intra-chain cross-links (Figure S8). All the above results
support the successful formation of stable, well-defined
PVC-SCNPs via intra-chain metal-free click chemistry at
r.t. from commercial PVC and common organic solvents.

Next, we investigated if the same concept could be
implemented for valorization of real “PVC waste” involving
green and sustainable solvents[25] instead of DMF and THF,
as well as EtOH and water as replacement for MeOH.
Although we initially selected dihydrolevoglucosenone (Cy-
reneTM) as a green, apolar diprotic solvent derived from
waste cellulosic biomass, the PVC azidation step was found
to require longer time and higher temperature in this non-
mutagenic solvent than in DMF. Even worse, during PVC-
SCNPs synthesis in this green solvent we systematically
observed significant aggregation of the PVC-SCNPs (Fig-
ure S9). To solve this problem, we turned our attention to
N-butylpyrrolidinone (NBP) (Figure 4a) as a non-reproduc-
tively toxic substance (according to OECD 414 test method),
non-mutagenic compound (OECD 471) and inherently
biodegradable (OECD 302B) dipolar aprotic solvent, which

is commercially available in industrial relevant quantities
(SolvagreenTM, TamiSolveTM).[26] Recently, NBP has been
reported as the best green solvent candidate to replace
reprotoxic DMF in solid-phase peptide synthesis.[27] We
found that all the process comprising PVC isolation, PVC
azidation and PVC-SCNPs synthesis can be efficiently
carried out in NBP, using exactly the same reaction
conditions during the azidation step as in DMF (80 °C, 4 h).
Azidation of PVC in other green solvents under such
conditions resulted in a significant lower azidation degree
(see Figure S10).

We selected an out-of-use piece of clear flexible PVC
hose (Figure 4b) for valorization to PVC-SCNPs, and we
started by isolating the PVC material (valorized PVC,
vPVC) by a solution/precipitation method using NBP as the
solvent and a cold mixture of EtOH and water (1/1 vol.) as
non-solvent. The dried vPVC (Mw(MALLS) =104.9 kDa, Ð=

1.57) was subjected to azidation with NaN3 (1 equiv) in NBP
at 80 °C for 4 h, and isolated by precipitation in cold EtOH/
H2O (1/1 vol.) and further drying under vacuum at 50 °C.
Successful partial azidation of vPVC in NBP to give vPVC-
N3 was confirmed by the same characterization techniques
previously employed for the azidation of neat, commercial
PVC. Specifically, the degree of chlorine substitution of
vPVC in NBP was found to be 16.0 mol%, as determined by
EA (Table S1). The stretching vibration of the azide moiety
at ca. 2110 cm� 1 was clearly visible in the IR spectrum of
vPVC-N3 (see Figure S11) whereas no relevant changes in
both Mw and Ð were found by SEC after azidation of vPVC
in NBP (see ESI, Table S4). Figure 4c shows a comparison
of the SEC traces of vPVC-N3 and valorized PVC-SCNPs
(vPVC-SCNPs) prepared using only NBP as green solvent,
and a cold mixture of EtOH/H2O (1/1 vol.) as non-solvent.
vPVC-SCNPs showed a clear shift towards longer SEC
retention time, as a consequence of reduced hydrodynamic
size when compared to vPVC-N3. Complementary, size
reduction upon vPVC-SCNPs formation was also confirmed
by DLS and SAXS measurements (see Figures S12–S14).
Moreover, as illustrated in Figure 4d, the thermal behavior
of vPVC, vPVC-N3, and vPVC-SCNPs was almost identical
to that recorded for PVC, PVC-N3, and PVC-SCNPs (Fig-
ure 3d). Taken together, the above results confirm the
successful metamorphosis of an out-of-use piece of clear
flexible PVC hose to vPVC-SCNPs in “green” media
involving only NBP, EtOH and H2O. It is worth noting that
the method also works for rigid PVC waste, so very similar
results were obtained starting with a rigid PVC pipe (see
ESI and Figure S15).

The locally compact domains of SCNPs offer a plethora
of opportunities for the development of recyclable, enzyme-
mimetic catalysts by using the beneficial outer coordination
sphere effect of the folded/collapsed chain.[28] In this sense,
we loaded the vPVC-SCNPs with Cu(II) ions (7.3 mol%)
(see ESI) and investigated the resulting vPVC-SCNPs as
recyclable / enzyme-mimetic catalysts for a variety of
Cu(II)-catalyzed reactions.

First, we selected the solvent-free alkyne homocoupling
reaction[29] as a benchmark transformation to investigate the
efficiency and recyclability of the resulting vPVC-SCNPs/

Figure 4. a) Chemical structure of N-butylpyrrolidinone (NBP) selected
as alternative dipolar aprotic solvent to DMF. b) Metamorphosis of
“PVC waste” to “valorized” PVC single-chain nanoparticles, vPVC-
SCNPs, following the valorization process depicted in Scheme 1 using
only NBP as “green” solvent, and a cold mixture of EtOH / H2O (1/1
vol.) as non-solvent. c) SEC traces (MALLS detector, THF, 1 mLmin� 1)
of vPVC-N3 (purple) and vPVC-SCNPs (orange). d) DSC traces of vPVC
(purple), vPVC-N3 (light green) and vPVC-SCNPs (orange). Traces of
vPVC-N3 and vPVC-SCNPs are downshifted for clarity. e) “Valorized”
PVC single-chain nanoparticles loaded with 7.3 mol% of Cu(II) ions,
denoted as vPVC-SCNPs/Cu(II), were employed as heterogeneous,
recyclable catalyst in the homocoupling reaction of neat propargyl
acetate (2) (TEA= triethylamine).
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Cu(II) (see Figure 4e and Figures S16–S21). We found that
vPVC-SCNPs/Cu(II) when combined with neat propargyl
acetate (PAc, 2) and a catalytic amount of triethylamine
(TEA) under air atmosphere for 6 h at 60 °C provided hexa-
2,4-diyne-1,6-diyl diacetate (3) in very good yield (93%).
Interestingly, vPVC-SCNPs/Cu(II) can be easily recycled
several times without losing catalytic activity (Figure 4e) and
neither acidic nor thermal treatment was required, only
filtration followed by drying under vacuum overnight.
Consequently, the vPVC-SCNPs/Cu(II) catalyst offers a
significant advantage over the homologous inorganic catalyst
(CuCl2) that showed 86% yield in the first reaction cycle,
but was found to be completely inactive when isolated
following our conditions and used in a second homocoupling
reaction of 2 (see ESI). We attribute the superior activity
and recyclability of the vPVC-SCNPs/Cu(II) catalyst over
CuCl2 to both the confinement effect offered by the folded/
collapsed nanoparticles to the Cu(II) ions and to the
presence of triazole-Cu(II) interactions within the locally
compact domains of the SCNPs. The decreased yield after
three reaction cycles was a consequence of the progressive
aggregation of the SCNPs, as revealed by DLS in combina-
tion with a leaching experiment (Figures S22–S24). Upon
SCNPs aggregation, most of the active catalytic sites become
inaccessible to the substrate. In this sense, vPVC-SCNPs/
Cu(II) were found to be efficient catalysts for the homocou-
pling of polar alkynes (e.g., 1-ethynyl-4-fluorobenzene) but
failed in the case of relatively apolar ones (e.g., 1-octyne)
(see ESI, Figures S25–S26).

Next, we investigated the metalloenzyme-mimetic prop-
erties of vPVC-SCNPs/Cu(II) in the transformation of a o-
diphenol model compound (3,5-di-tert-butylcatechol,
DTBC) into a o-quinone product (3,5-di-tert-butyl-o-
quinone, DTBQ) (see ESI). Reactions were carried out in a
methanol/DMF (1/1 vol.) mixture in which the vPVC-
SCNPs/Cu(II) catalyst was soluble. The successful formation
of DTBQ was followed by UV/Vis spectroscopy (Figure 5a).
As illustrated in Figure 5b, higher conversion and faster
initial rate of reaction were observed for vPVC-SCNPs/
Cu(II) when compared to CuCl2 at identical Cu(II) concen-
tration (Figure S27). At constant concentration of the
vPVC-SCNPs/Cu(II) catalyst (Figure S28), a kinetic satura-
tion pattern was found at high substrate concentration
(Figure 5c) resembling enzyme-like behavior.[30] Analysis of
the data in Figure 5c provided an apparent Michaelis–
Menten constant (KM,app) of 2.33 mM and an apparent
catalytic constant (kcat,app) of 1.98×102 h� 1. Notably, the
catalytic activity of vPVC-SCNPs/Cu(II) is similar to that
reported for some model copper complexes of the catechol
oxidase metalloenzyme,[31] as well as to the catalytic activity
of aldolase enzyme-mimetic SCNPs reported by Huerta
et al.[32] (KM,app =5.36 mM, kcat,app =1.91×102 h� 1).

Aditionally, we performed a comparison of the vPVC-
SCNPs/Cu(II) catalyst against CuCl2 for the oxidation
reaction of styrene to benzaldehyde in the presence of
hydrogen peroxide.[33] vPVC-SCNPs/Cu(II) in acetonitrile
at 70 °C for 30 min provided benzaldehyde in 66% yield,
whereas the reaction yield dropped to 28% with the
homologous inorganic catalyst even at a higher concen-

tration of Cu(II) in the latter case (see ESI, Figures S29–
S30). The turnover frequency (moles of product per mole
of catalyst per unit of time, TOF) of the vPVC-SCNPs/
Cu(II) catalyst in this reaction was 4.9×104 h� 1, higher
than that reported for Cu(II)-triazole complexes (TOF=

1.2×102 h� 1).[33] All the above results pave the way to the
potential use of vPVC-SCNPs/Cu(II) as efficient catalyst
in other Cu(II)-catalyzed organic transformations (e.g.,
cyclopropanation, Chan–Lam coupling, Henry reaction).

Conclusion

In conclusion, we disclose a complementary concept of
polymeric waste valorization (upcycling) by metamorpho-
sis of a commodity plastic of common use in daily life like
polyvinyl chloride (PVC) to “valorized” PVC single-chain
nanoparticles (vPVC-SCNPs). The full valorization proc-
ess (PVC isolation, PVC azidation, vPVC-SCNPs syn-
thesis) can be run in a green, dipolar aprotic solvent like
NBP and involving, when required, a simple mixture of
EtOH and H2O (1/1 vol.) as non-solvent. We show that
the metamorphosis process when carried out via metal-
free click chemistry by means of the Sondheimer diyne as
intra-chain cross-linker plus a specific end-capping proce-
dure with benzyl azide leads to well-defined, uniform
vPVC-SCNPs that are stable during storage in the solid
state for months. We demonstrate that vPVC-SCNPs
when loaded with 7.3 mol% of Cu(II) ions -to give vPVC-
SCNPs/Cu(II)- become an efficient and recyclable catalyst
in the solvent-free homocoupling reaction of polar

Figure 5. a) Characteristic UV absorption band of DTBQ at ca. 400 nm
upon aerobic catalytic oxidation of DTBC over time using vPVC-
SCNPs/Cu(II) as enzyme-mimetic catalyst. b) Illustration of the
superior catalytic activity of vPVC-SCNPs/Cu(II) vs. CuCl2 at identical
Cu(II) concentration. c) Enzyme-like kinetics of vPVC-SCNPs/Cu(II) in
the oxidation of DTBC to DTBQ. d) Michaelis–Menten kinetic
parameters obtained from the data shown in c).
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alkynes, showing enzyme-mimetic behavior in the oxida-
tion of 3,5-di-tert-butylcatechol to 3,5-di-tert-butyl-o-
quinone as well as very high TOF in the peroxidative
oxidation of styrene to benzaldehyde. We envision the use
of vPVC-SCNPs/Cu(II) as efficient catalyst in other Cu-
(II)-catalyzed organic transformations like cyclopropana-
tion, Chan–Lam coupling or the Henry reaction, among
other ones. Notably, this new concept is amenable for the
valorization of other commodity plastics in which it is
feasible to install azide functional groups along their
linear polymer chains.
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