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ABSTRACT: The transition towards sustainable, high-performance tyre CHALLENGE STRATEGY IMPACT
technologies has accelerated the adoption of silica as a reinforcing filler, offer-
ing significant environmental and functional advantages over carbon black.
This transition is of critical importance in light of the fact that tyre production
and wear contribute substantially to global CO, emissions, microplastic pol-
lution, and resource depletion throughout their life cycle. However, the inher-
ent polarity discrepancy between hydrophilic silica and hydrophobic
elastomers, such as styrene—butadiene rubber (SBR), persists as a significant
impediment to the attainment of uniform dispersion and robust interfacial
adhesion. This review critically examines chemical strategies for elastomer
functionalization that enable improved silica compatibility, highlighting three
major pathways: (i) functionalization during polymerization, particularly via
living anionic polymerization, which affords precise control over architecture
and chain-end chemistry; (ii) post-polymerization modification, with emphasis on thiol—ene “click” reactions for efficient grafting of
polar moieties under mild conditions; and (iii) depolymerization-driven approaches, which valorize waste rubbers into telechelic olig-
omers, advancing circular economy principles. A mapping of functional groups, silanes, mercaptans, epoxides, and amino derivatives
drawn from scientific and patent literature is provided, correlating chemical design with enhanced filler dispersion, reduced rolling
resistance, and improved wet grip. Despite notable progress, challenges persist in industrial scalability, cost-effectiveness, and environ-
mental impact. Future directions should prioritize green chemistry paradigms, multifunctional elastomers, and advanced characteriza-
tion to unlock next-generation tyre materials aligned with sustainability goals and global efforts to mitigate environmental burdens.
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1. INTRODUCTION Silica is made up of SiO, monomers, presenting on its surface
hydroxyl groups (—OH), called silanol groups, as shown in

The functionalizati f elast ith pol ieties, t ! . . . .
¢ functionalization Ol €lastomers with polar MOIeues, to Figure 1, which can be geminal, vicinal, or isolated.!>13

enhance their compatibility with a polar filler such as silica ) . 1
P v po% , Because of this structure, its surface is highly polar. Instead,
has become a cogent area of research in the development of

. . o . most diffused elastomers, which are generally composed of car-
composites for demanfimg apphcaflons such as those in high- bon and hydrogen, are hydrophobic. !5 Hence, the dispersion
pelz?ghrr; ?ln;eee;r;;i sus:lr::eb::;);lriiz due to the use of zinc oxide of silica into the polymer matrix is challenging, and not only

oug ytyr .\ L because of the different solubility parameters.16 Indeed, hydro-
the main industrial operators transitioned to carbon black for its en bonds between the silanol erouns lead to silica agelomera-
structural reinforcement properties and UV protection. This & group 58

. . o . tion, hence to the formation, in the elastomer matrix, of filler
technological shift offered such significant advantages that it ! . . ’ . ’ .
S . . networks, which are disrupted by applying thermomechanical
overcame the market’s initial resistance to the dark aesthetic . o . .
2 energy. Rubber composites exhibit strain softening phenomena
of the product.

17-20 L 21-23
It was not until the 1980s that silica-based composites were known as Payne, and Mullins, effects. The Payne

explored. Silica is generally considered an environmentally

friendly filler because it can be derived from natural or waste Received: December 11, 2025 "
sources.” ® In comparison to carbon black, it reduces hysteresis Revised:  April 24 2028 §usrq‘m%g!5
in elastomeric composites for dynamic mechanical applications, Accepted:  April 2 4; 2026 '
such as tyre compounds. This reduces rolling resistance and fuel Published: May 13,2026

consumption, as well as CO, emissions.” "' Furthermore, silica
enhances wet traction of tyres.
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Figure 1. Silanol groups of silica.

effect represents non-linearity of the viscoelastic modulus which
occurs under oscillation shear, while the Mullins effect occurs in
large strain uniaxial cyclic stretching. They have been interpreted
either with the agglomeration—deagglomeration process of the
filler network above the filler percolation threshold,**~*” or with
the debonding of the filler from the polymer chains.***%73

To prevent silica agglomeration, shielding and coupling
agents are traditionally used.

The surface energy of silica is reduced by modification with
long-chain alcohols®”%® or amines,?”*° leading to a reduction
in the extent of particle agglomeration. The enhancement of
filler dispersion is counterbalanced by a diminution in adhesion
between the two phases. The net result is a decrease in the rein-
forcing potential of the filler, attributable to excessive molecular
slippage under an applied load. Fatty acids (mainly stearic
acid)*” and silanes without functional groups able to react with
elastomer chains*' are effective shielding agents but cannot
reduce the ratio between the loss and the elastic modulus of
the elastomer composite.

Sulphur based silanes are traditionally used, also at commer-
cial level, as shielding and coupling agents.*' The most diffused
is (bis-(triethoxysilylpropyl)tetrasulfide) (TESPT),**~>° which
establishes covalent bonds with silica through the reaction of
the ethoxy groups with the silanols, with the release of ethanol,
as shown in Figure 2.

The sulphur atoms in TESPT enable the formation of chem-
ical bonds with the elastomer chains, during vulcanization. The
occurring of this reaction during compounding leads to prema-
ture scorch, with increase in viscosity and poor processability of
the rubber compounds.*” During vulcanization, TESPT can also
act as a sulphur donor or as an accelerator.*®

Some of the authors proposed a new class of coupling agents,
Janus pyrrole molecules, which react with silica and elastomers,
avoiding ethanol release and premature crosslinking during
compounding.*’

Another strategy consists in the ex-ante modification of silica
with elastomers, of high or low molecular mass, containing
polar groups: either a polar elastomer,™ or a traditional hydro-
carbon elastomer with a polar group as chain end.>' Li ef al.

grafted silica with epoxy functionalized elastomers like poly(eth-
ylene-co-vinyl acetate-co-glycidyl methacrylate),”® enhancing
the dispersion and interfacial bonding of silica in the rubber
matrix, leading to improved mechanical properties and
performance.

Sek et al. chemically coupled functionalized S-SBR onto sil-
ica,”! generating a hybrid organic—inorganic filler that was then
formulated into model tyre tread compounds. Anchoring S-SBR
onto silica accelerates vulcanisation, resulting in a shorter scorch
time and faster cure. This is attributed to the hydrophobisation
of the silica surface and reduced adsorption of accelerators. The
improved reinforcement was rationalised through the physical
entanglement and co-curing of silica-grafted chains with the
matrix rubber.

Anyszka et al. grafted long oligomeric polymer brushes onto
the silica surface acting as molecular “hooks”, while the cross-
linked rubber matrix acts as the “loops”. Unlike rigid chemical
cross-links, these interactions function through a hook-and-
loop mechanism. The highly mobile oligomer brushes act as
‘hooks’ that physically interlock with the rubber ‘loops’. Once
the stress is released, these brushes quickly re-engage and ‘re-
hook’ into the elastomer matrix, ensuring a remarkable recovery
rate.>”

One of the authors added a minor amount of low-molecular-
weight, chain-end functionalized isoprene oligomers to a stan-
dard isoprene rubber matrix, improving silica dispersion and
significantly reducing filler networking without needing to alter
the chemical nature of the primary bulk elastomer.>®

Functionalized elastomers, which represent the core of this
review, are effectively employed to bridge the polarity gap
between hydrophilic silica and the hydrophobic hydrocarbon
elastomer matrix.* Elastomers with polar groups are indeed
increasing in importance. They also enhance the properties of
elastomer composites based on sp* carbon allotropes, such as
carbon black®* and graphene nanoplatelets.” Various studies
have demonstrated that these modifications enhance the inter-
action of the elastomer chains with silica, resulting in superior
material properties.*®>!

Far from the objective of being exhaustive, this review reports
on the main functionalization methods of elastomers and on the
effects on the properties of the elastomer composites, as it arises
from the analysis of both scientific and patent literature.

The review is organized in three sections. The first one sheds
light on the functionalization methods, from the chronological
evolution to their chemical aspects and mechanisms. The sec-
ond part discusses the effects on the elastomer composites.
The last section focuses on the future directions, pointing up
the main challenges, specifically scalability, cost-effectiveness,
and environmental issues. A SWOT analysis provides a holistic
view that considers not only the chemical and physical rigor of

TESPT silica

-EtOH \—0 O~
NP N N L |
oSt S S
(0] o o
Silanization \

Figure 2. Condensation reaction among TESPT and silica, also known as silanization. This process results in ethanol releasing from TESPT.
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the processes, but also their technological readiness and poten-
tial for integration into current tyre production lines.

2. FUNCTIONALIZATION OF ELASTOMERS

The functionalization methods discussed in this review are sum-
marized in Figure 3.

They can be categorized into three main approaches: functio-
nalization during polymerization, post-polymerization modifica-
tions, and controlled polymer chain cleavage or depolymerization.

Functionalization through living anionic polymerization is
one of the cornerstone techniques in this field and enables func-
tionalization in both o and ® positions. Living anionic is used
for the preparation of S-SBR, the main polymer in a tyre tread
compound. To overcome the stereochemical limitations of
anionic polymerization, which fails to yield high 1,4-cis content,
the synthesis of functionalized diene homopolymers is per-
formed via the pseudoliving insertion polymerization of 1,3-
butadiene using catalysts for insertion polymerization.

Among the post-polymerization strategies, the thiol-ene
‘click’ reaction stands out for its efficiency in preparing various
functional polymers through simple chemical modifications.

Depolymerization and oxidative cleavage are increasing their
importance as functionalization techniques, also for their contri-
bution to polymers recycling and circular economy.

Polymers’ modification leads to the introduction of func-
tional groups in different positions of the polymer chains, either
at the end or along the backbone chain, as illustrated in
Figure 4. Synthetic procedures are summarized as follows:

1. Functionalized initiator. A functionalized initiator, typi-
cally an alkyl lithium, triggers the polymerization (e.g.,
of butadiene and styrene), resulting in polymers with
functional groups at the a-position of the chain.

2. Chain-end functionalization. This technique involves
adding a functional group to the end (w position), of a

Functionalization

of
Polymers

Figure 3. The functionalization strategies explored in this work.
Created in https://BioRender.com.
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polymer chain grown through a living polymerization,
typically anionic.

3. In-chain functionalization: on the backbone. This tech-
nique involves copolymerizing hydrocarbon monomers
(e.g, styrene and butadiene) with a functionalized mono-
mer, thus incorporating functional groups directly into
the polymer backbone. This approach enables functional
groups to be distributed uniformly along the main chain.

4. In-chain polymerization: on the lateral substituent.
Functional groups are added to side groups of the poly-
mer chain.

Each of these methods offers unique advantages, enabling the
synthesis of functionalised polymers with tailored properties to
enhance performance in a variety of applications.56

These functionalization processes lead to the introduction of
families of functional groups. Most explored are shown in
Figure S. They are carboxylic acid, epoxy, alcohols/urethanes/
amides, silanes, mercaptans, and amines/imidazoles.

The interactions range from weak, reversible hydrogen
bonds, typical of carboxylic acids, alcohols, and amides, to
strong, irreversible covalent linkages provided by epoxy and
silane groups. Furthermore, the inclusion of nitrogen-based
groups (amines/imidazoles) introduces acid-base synergies par-
ticularly effective with acidic silica surfaces, whereas sulfur-based
mercaptans remain vital for direct rubber crosslinking.

Hence, the strength of interfacial interaction depends on the
types of functional group as well as on their amount.®’

The extent of functional groups plays indeed a key role.
According to Bohm et al,, an excessive degree of functionaliza-
tion can lead to over-saturation of the silica surface, preventing
the adsorption of other rubber chains, hence reducing the
bound rubber content and promoting chain slippage at the
interface. This, in turn, could compromise the overall mechani-
cal reinforcement and modulus of the vulcanizate.*®

In recent decades, the functionalization of elastomers has
been the subject of extensive research efforts, both in academia
and in industry, documented by the increasing number of pub-
lications and patents, as it is shown in Figure 6.

The bar charts reveal the exponential growth of scientific
publications, while the patents number went through a substan-
tial growth from 2013 to 2016, with a decline in recent years.
The industrial sector could be in a phase of technological
consolidation and/or refinement, while basic research is still
flourishing.

2.1. Silica as Reinforcing Filler in Elastomer Composites:
Timeline and Milestones

The integration of silica into elastomer composites was pursued
through multifold approaches, from silica modification to elas-
tomer functionalization. Figure 7 illustrates the timeline, with
main milestones.

The oil crisis of 1973 represented a pivotal moment for the
rise of “green tyres”, with manufacturers prioritizing the reduc-
tion of fuel consumption.*® In the 1970s, silica was the subject
of study with regard to its properties. However, the technology
required to make silica an effective reinforcing filler was not yet
sufficiently advanced. The use of TESPT in silica based com-
posites was patented in 1972.° Studies on silica properties were
indeed available,*® but silica was used only in special tyres, such
as off-road tyres, as it did not effectively promote the
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Figure 4. Functionalization approaches: initiator, chain end, main chain and side chain functionalizations. Created in https://BioRender.com.
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Figure 7. Timeline of the evolution of functionalization strategies for silica-based tyre.

reinforcement of the composite. Studies presented then the
potential of silica to reduce hysteresis without compromising
abrasion resistance.”” A milestone was represented by
Rauline’s patent for the silica-based compounds: SBR obtained
in solution, with high vinyl content, was combined with a grade
of silica with high surface area and high oil absorption, finally
combining the mechanical reinforcement with reduced hystere-
sis at high temperature.®” Nevertheless, the control of the filler
networking of silica in elastomer composites remained a critical
issue. Living anionic polymerization, first revealed from Szwarc
et al.,%® was then applied and developed by Quirk® in his inspir-
ing works, which established paths for the introduction of reac-
tive moieties at the polymers chain-ends. In 2001, Sharpless’
pioneering work in click-chemistry marked a significant
advancement in the research for the introduction of functional
groups along the polymer chain,® particularly with regard to
thiol-ene reaction, firstly introduced in 1905 by Posner.®®

Nowadays, scientific literature reports a plethora of synthetic
techniques, which are designed to ensure safety, sustainability
and cost-effectiveness for industrial scalability. An emergent
research area focuses on the depolymerization of polymer
chains to produce functionalized telechelic oligomers. These
intermediates can be used as building blocks to engineer new
elastomer architectures, specifically designed to enhance filler-
polymer interactions in silica-based tyres.”” From the next
paragraphs, main functionalization techniques are discussed,
beginning with chain end functionalization through living and
pseudo living polymerization, then presenting the functionaliza-
tion of the backbone chain.

2.2. Functionalization During Polymerization

Functionalization during polymerization led to the synthesis of
chain-end-functionalized polymers. It includes chain end func-
tionalization via i) living polymerization (by introducing func-
tional groups during the initiation or propagation stages), ii)
pseudo living polymerization and iii) metathesis polymerization.

2.2.1. Chain End Functionalization Through Living
Polymerization. The methodology of living anionic polymer-
ization, especially using alkyl lithium initiators for styrene,
diene, and (meth)acrylate monomers, is ideal for creating
chain-end-functionalized polymers with precise structures. This
process avoids spontaneous chain termination and chain transfer
reactions, maintaining stable anionic polymer chain ends after
all the monomer is consumed. As a result, this technique enables
the synthesis of well-defined, chain-end-functionalized polymers
with very low compositional heterogeneity.****%° Figure 8 sum-
marizes the main anionic polymerization mechanism and the
initiators/terminators presented in the section.

2.2.1.1. Functionalization by Termination With
Electrophilic Reagents. In general, o-functionalized poly-
mers can be synthetized through electrophilic reagents post
anionic polymerization reaction. In fact, the products of living
anionic polymerization are polymers chains with carbanionic
chain ends which can react with electrophilic species.®®

2.2.1.1.1. Carbonation. The synthesis of carboxy-terminated
polymers is possible by simple reaction between polymeric orga-
nolithium compound and gaseous carbon dioxide, obtaining side
products. Indeed, aldehydes and alcohols are formed, next to

PLi + XY

a. Hydroxyl-protected initiators
U )
NSNS0

(0)

Li\/\/\/OTO\/

b. Amino-protected initiators

_— PX +

a. Carbonation (CO, H;0")
b. Hydroxylation (ethylene oxide, H;0™)

c. Silylation d. Amination
l‘{ \)@
Cl —Sll— R rR-Ns

Figure 8. Terminal functionalization of elastomers using protected initiators or electrophilic terminators.
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the desired carboxylated product by aggregation of the chain ends
in hydrocarbon solution.®*~"*

2.2.1.1.2. Hydroxylation. The preparation of hydroxyl-
terminated polymers from polymeric organolithium compounds
by reaction with ethylene oxide is one of the few simple and effi-
cient functionalization reactions. The reaction of poly(styryl)-
lithium with excess ethylene oxide in benzene solution produces
the corresponding hydroxyethylated polymer in quantitative yield
without formation of detectable amounts of oligomeric ethylene
oxide blocks.”

Specific functionalization methods using a variety of different
epoxides have been reviewed by Quirk et al.”> Based on reactiv-
ity, application, conditions, substituents and chain length,
hydroxy-group can be added also by reaction with propylene
oxide, butene oxide, styrene oxide, 3,4-epoxy-1-butene, 3-glyci-
doxypropyltrimethoxysilane, oxetane and formaldehyde.

2.2.1.1.3. Silylation. Polymers can be functionalized with
silicon-based groups, and they are widely used. The reaction
of polymeric organolithium compounds with a variety of silyl
halides is a very efficient reaction that is not complicated by
competing side reactions.”*”>

2.2.1.1.4. Amination. The introduction of an amino
group at the polymer chain-end in anionic conditions is a signif-
icant occurrence, due to the acidity of the nitrogen-hydrogen
bond. Using protected amine is the solution. The primary ami-
nation of organolithium polymers can be obtained using N-
trimethylsilyl-protected imines with no acid o-hydrogen, to
avoid side reactions. While secondary chain-end amine can be
obtained using N-benzylidenemethylamine.®

2.2.1.2. Functionalization by Functionalized
Alkyllithium Initiators

An alternative procedure for the preparation of end-
functionalized polymers is to use alkyl lithium initiators which
contain functional groups. Because most functional groups of
interest (e.g, hydroxyl, carboxyl, amino) are not stable in the
presence of either simple or polymeric organolithium reagents,
it is generally necessary to use suitable protecting groups in the
initiator. A suitable protecting group is one that is not only stable
to the anionic chain ends but is also readily removed upon com-
pletion of the polymerization. There are several distinct advan-
tages in the use of a functionalized initiator, such as the
possibility to synthetize a- or &, @-functionalized polymers.*®

2.2.1.2.1. Hydroxyl-Protected Initiators. Acetal pro-
tecting groups like 2-(6-lithio-n-hexoxy)-tetrahydropyran and
ethyl 6-lithiohexyl acetaldehyde acetal can be used as initiators
for polymers synthesis, to introduce hydroxy group, after mild
acid hydrolysis.

2.2.1.2.2. Protected Amine-Functionalized Initiators. Schulz
and Halasa™ used N,N-bis(trimethylsilyl) amine to protect the
primary amine group during polymerization. This protection pre-
vents unwanted proton transfer that would otherwise disrupt the
polymerization process. The bis(trimethylsilyl)amine groups
could be readily hydrolysed under acidic conditions, restoring
the primary amine functionality in the polymer.

Tertiary amine-functionalized polymers are easier to prepare
than their primary amine counterparts. Stewart, Shepherd,
and Service”” developed a method to produce 3-
dimethylaminopropyllithium in benzene with over 90% vyield,
which was then used to polymerize butadiene in hexane at room
temperature, resulting in polybutadienes with high 1,4-micro-
structure. Pitsikalis and Hadjichristidis”® used the same initiator

1258

to create three-armed star-branched polybutadienes, which were
then linked with methyltrichlorosilane. Lawson, Antkowiak, and
colleagues’” developed tertiary amine-functionalized phenyl-
lithium initiators for low-hysteresis elastomers. These initiators
produced polymers with tertiary amine and reactive benzalde-
hyde end-groups, depending on the specific conditions used.®®

2.2.2. Chain End Functionalization Through Pseudo
Living Polymerization

A pseudo living polymerization mimics the behaviour of a living
propagation. Lanthanides based catalysts are known to promote
pseudoliving polymerizations and the neodymium-based ones
emerged as prominent choices for both industrial scale-up and
academic research due to their high activity, exceptional regiospe-
cificity, and unique ability to mediate reversible chain transfer.”*””

In neodymium-mediated systems, this process is commonly
known as Coordinative Chain Transfer Polymerization
(CCTP),*~#* which operates through a dynamic equilibrium
between a catalytically active species and a passive species.
The active species consists of a polymer chain attached to a
transition metal or lanthanide center (the pre-catalyst), while
the dormant species involves a polymer chain linked to a
main-group metal-based chain transfer agent (CTA), typically
an organoaluminium or organomagnesium compound. In this
equilibrium, the polymer chain is rapidly transferred between
the neodymium center and the CTA via a bimetallic bridge.
Because the concentration of the CTA is usually much higher
than that of the neodymium pre-catalyst, most polymer chains
at any given moment are present in a dormant state on the alu-
minium or magnesium atoms. This mechanism ensures that all
chains have an equal probability of growth, resulting in a narrow
molar mass distribution and a linear increase in with respect to
monomer conversion.*”*?

This finding is pivotal for the industrial production of poly-
mers with controlled architectures, such as high cis 1,4-content
polybutadiene (up to 99%),** and for the efficient functionaliza-
tion of polymers employed in the manufacture of high-
performance tyres. A variety of functionalizing agents have been
demonstrated to react with pseudo living polybutadiene.®>~°

2.2.3. Metathesis Polymerization

The ring opening metathesis polymerization (ROMP), to poly-
alkenamers, was first perfomed by Giulio Natta and coworkers
with the aid of anionic coordination Ziegler catalysts.”® Over
the past fifty years, olefin metathesis has assumed fundamental
importance in organic and polymer synthesis. The process is
based on the trans-alkylidenation of two double bonds, which
is facilitated by metal complexes.””'°* Indeed, the mechanism
has been refined thanks to the development of highly active
and functional group-tolerant catalysts, such as those developed
by Schrock'® and Grubbs.'**'%

In the elastomers’ field, the development of ROMP,'%¢~108
together with acyclic diene metathesis polycondensation
(ADMET),'*>~"'% enable the synthesis of defined and con-
trolled polymer architectures, such as cis-1,4-polybutadiene
hydroxy and iodo terminated,'"* polynorbornene derivatives,''*

poly[carbo(dimethyl)silane].'**

2.3. POST-POLYMERIZATION FUNCTIONALIZATION

Post-polymerization functionalization is defined as the chemical
modification of a pre-formed polymer scaffold, with the
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objective of introducing functional groups along the chain. The
techniques employed are click-chemistry reactions, thiol-ene or
1,3-dipolar cycloaddition, and radical grafting.

2.3.1. In Chain Functionalization Through Click-Chemistry

The concept of “click”-chemistry reaction, introduced by K.
Barry Sharpless,®® describes a series of chemical reactions that
should ideally occur fast, selective, atom-economic, under mild
conditions, with high yield and easy to purify.®>!'37116

By using monomers with different functionalities it is possi-
ble to tune some polymers properties such as degree of cross-
linking, degradability, shrinkage stress and other physical
features.'"”

2.3.1.1. Radical Thiol-Ene. The thiol-ene reaction is the
addition of a thiol to an “ene” bond, usually a carbon—carbon
double bond, to form an alkyl sulfide, better known as hydro-
thiolation reaction.''® The radical thiol-ene proceeds via a chain
process involving initiation, propagation and chain transfer, and
termination steps, as described in Figure 9."'7'"?

Thiol-ene reaction has its applicability for the functionaliza-
tion of polymers, even if it’s limited to low-molecular-weight
thiols/olefins. Lately, this technique is widely used to enhance
the mechanical properties, chemical resistance, and biocompat-
ibility of elastomers.'*"

Generation of radicals is possible via the thermal decomposi-
tion of initiators or photo-cleavable initiators.

2.3.1.1.1. Initiated by UV-light. The thiol-ene reaction
typically proceeds via a radical chain mechanism, which is com-
monly initiated by UV irradiation. This starts with the photo-
cleavage of a suitable photoinitiator to generate a thiyl radical.
UV-light initiation offers precise spatiotemporal control,
enabling rapid curing, solvent-free processing and minimal heat
generation.'*" This is particularly advantageous for encapsulat-
ing heat-sensitive materials or fabricating complex microstruc-
tures.'”” The inherent atom economy, rapid kinetics and
robustness against oxygen inhibition (compared to traditional
radical polymerization) further highlight the usefulness of UV-
initiated radical thiol—ene reactions in various fields.'**'**

Photoinitiators play a crucial role in determining the effi-
ciency and characteristics of UV-light initiated polymerizations,
including the thiol-ene “click” reaction, by generating reactive

/\R'

\ Propagation

Initiation

R-SH R-S’ Ry R
R-S’ R-S-S-R
RS + C-R R-S-C-R'
R-C R-C-C-R’

Termination
R R R-SH
Chain transfer

Figure 9. General mechanism of a radical thiol-ene reaction.
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species when light is absorbed.'** Broadly, photoinitiators are
categorized into two main types based on their radical genera-
tion mechanism: Type I (cleavage) photoinitiators and Type
II (abstraction) photoinitiators.'*>2¢

Type I photoinitiators, also known as unimolecular photoini-
tiators, undergo direct homolytic cleavage upon UV irradiation,
generating two active radicals that can immediately initiate poly-
merization. Prominent examples include acetophenones such as
DMPA (2,2-dimethoxy-2-phenylacetophenone), often referred
to by its trade name Irgacure 651, and 1-hydroxycyclohexyl phe-
nyl ketone (Irgacure 184). Due to its high efficiency and non-
yellowing properties, Irgacure 184 is the industry standard for
clear topcoats in wood and furniture finishing, where surface
hardness and aesthetic clarity are paramount. Another impor-
tant class comprises acylphosphine oxides, e.g., 2,4,6-trimethyl-
benzoyldiphenylphosphine oxide (TPO).'?” These initiators
are highly efficient, providing rapid polymerization kinetics
and are particularly effective in formulations requiring fast cur-
ing speeds, such as 3D printing (SLA/DLP) and optical fiber
coatings, even in highly viscous media. Phosphine oxides exhibit
reduced oxygen inhibition and good through-cure properties in
thicker sections due to their stronger absorption in the long-
wavelength UV region.'*®

In contrast, Type II photoinitiators operate via a bimolecular
mechanism, requiring a co-initiator (typically a tertiary amine or
thiol) to generate radicals through hydrogen abstraction from
the co-initiator upon excitation by UV light. Common Type II
initiators include benzophenones, thioxanthones (e.g., Irgacure
ITX) and camphorquinone (CQ). The use of ITX is particu-
larly prevalent in pigmented printing inks (offset and screen
printing), as its spectral sensitivity helps overcome the “inner-
filter effect” where pigments absorb the UV light needed for
curing. Similarly, Camphorquinone represent the cornerstone
of dental restorative composites, as its ability to be activated
by safe, visible blue light (approx. 470 nm) allowing for chair-
side polymerization.'*” Upon excitation, the Type II photoini-
tiator abstracts a hydrogen atom from the co-initiator, yielding
a ketyl radical from the photoinitiator and a highly reactive rad-
ical from the co-initiator (e.g., an aminoalkyl radical or a thiyl
radical).”*® Their dependence on a co-initiator means that its
choice can significantly influence the overall reaction kinetics
and final polymer properties. The selection between Type I
and Type II initiators is therefore critical, depending on factors
such as desired curing speed, thickness of the material, spectral
overlap with the UV source, and the specific application
requirements.'3"!3

2.3.1.1.2. Initiated by Thermal Energy. Heat initiation
normally makes use of thermal radical initiators (TRIs) such
as azobis(isobutyronitrile) (AIBN) or peroxides (e.g.,, benzoyl
peroxide, BPO).!337136

Advantages of thermally initiated thiol-ene reactions include
the potential for processing thick or opaque material where
UV light cannot penetrate effectively, as well as the potential
for minimized processing equipment due to elimination of the
need for UV lamps."*” The process also allows for more gener-
ous reaction conditions, such as easy control of the reaction
temperature, which in turn regulates the rate of reaction and
end-polymer properties. However, the process of thermal initi-
ation presents technical challenges. In contrast to UV-light acti-
vation, which exhibit spatiotemporal control, this reaction lacks
such specificity, consequently precluding its restriction to a par-
ticular moment or area. This has been shown to increase the

https://doi.org/10.1021/acssusresmgt.5c00668
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risk of premature polymerization during high-temperature pro-
cessing steps. This is particularly relevant in cases where the
decomposition temperature of the initiator is too close to the
required temperatures for mixing or extrusion.'*® Moreover,
heat generation resulting from the exothermic reaction itself
needs to be well controlled, especially in bulk systems, to pre-
vent thermal runaway.'®® These characteristics results in a
reduced scalability when compared with UV-light reactions.
Despite these considerations, thermally initiated thiol-ene
chemistry remains a viable approach for bulk polymerization
processes, crosslinking of materials without the need for light
exposure, or integration into established thermal production
processes.

2.3.1.1.3. Catalysed by a Base or a
Nucleophile. Thiol-click reactions that depend upon the
nucleophilicity of the thiol component proceed with a wide
range of rates according to the substrate and its propensity for
nucleophilic attack by either thiols or thiolate anions.
Reactions are initiated by strong bases, which can be added sep-
arately as a catalyst to increase the reaction rate. The rate
increases with the nucleophilicity of the catalyst.'*
Additionally, increasing electron deficiency of the double bond
increases the thiol addition rate.'"*' A significant difficulty with
thiol coupling reactions is the susceptibility of free thiol func-
tionalities to oxidation to disulfides, which can be avoided by
removing oxygen from the reaction environment.

Even if the process leads to the same product (thioeter) there
are two main mechanistic differences:

(1) Base-catalysed pathway, where the base directly depro-
tonates the thiol to generate the thiolate anion, which
is the nucleophile that attacks the alkene. The bases
used for this application are primary or secondary
amines, such as hexylamine (C(H,;NH,), din-
propylamine (NH(C,H,),), and triethylamine at room
temperature under bulk conditions.'*’

(2) Nucleophile-initiated pathway in which the nucleophilic
catalyst such as dimethylphenylphosphine and 1,8-dia-
zabicyclo[5.4.0Jundec-7-ene (DBU) first attacks the
electron-deficient alkene to form a carbanion/enolate
intermediate, which then deprotonates the thiol to gen-
erate the reactive thiolate anion and regenerate the cat-
alyst. This mechanism is often faster.'**

2.3.1.2. 1,3-Dipolar Cycloaddition

The 1,3-dipolar cycloaddition is a chemical reaction between a
1,3-dipole and a dipolarophile to form a five-membered ring,
First studies were conducted by Smith'** and then developed
by Huisgen in the ‘30s.'#7146

This technique is also reported in literature, and it is
employed for the functionalization of elastomers as discussed
below in the text in Section 3.'#7!48

2.3.2. Other Functionalization Techniques

In the patent literature, radical grafting was also used as post-
polymerization method to functionalize elastomer along the
chain.'**'%° The radical grafting process is typically initiated
by a free radical initiator, such as an organic peroxide, which
creates reactive sites along the polymer backbone. The reaction
is efficiently carried out through thermomechanical processing
within a co-rotating twin-screw extruder. Inside the extruder,
the elastomeric base and the functionalized monomers are
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subjected to high temperatures, and intense shear forces for a
short duration. The selection of monomers can tune the prop-
erties of the modified polymers.

2.4. FUNCTIONALIZATION THROUGH
DEPOLYMERIZATION

The term depolymerization is used to include all situations in
which reduction of macromolecular size occurs without change
of chemical composition or alteration of the monomer unit
structure.'>!

Functionalization of polymers via depolymerization is a
sophisticated approach that combines the breakdown of poly-
mers into smaller units with the strategic introduction of func-
tional groups. This process allows for the transformation of
existing polymers into new materials with enhanced properties
or novel functionalities. By carefully controlling the depolymer-
ization conditions, such as temperature, catalysts, and the
choice of reagents, it is possible to achieve precise modification
of the polymer’s chemical structure. This technique is particu-
larly valuable for recycling and upcycling polymer waste, con-
verting it into high-value materials with specific applications in
different fields. Additionally, functionalized depolymerization
can lead to the production of tailor-made monomers and oligo-
mers, offering a pathway to more sustainable and innovative
material design.'>*

Figure 10 summarizes NR depolymerization strategies.

2.4.1. Photochemical Depolymerization

Sunlight and ultraviolet light can cause covalent bond cleavages
in certain substances, with consequent formation of free radi-
cals. In the presence of UV light, this via can produce telechelic
liquid natural rubber with hydroxyl termination. Under ultravi-
olet irradiation, hydrogen peroxide undergoes cleavage yielding
hydroxyl radicals. These radicals then interact with the C—H
labile bond in alpha to give hydroxyl end groups leaving behind
the macroradicals.'>*

2.4.1.1. Oxidation at Elevated Conditions. Masticated
NR dispersed in toluene, containing 30—40% of hydrogen per-
oxide, when heated at 150 °C in a reactor at 14—20 atm of pres-
sure, leads to the formation of hydroxyl telechelic natural rubber
with Mn between 2500 and 3000 g/mol. The efficiency
obtained through this method is low because of side
reactions.'>*

2.4.1.2. Redox Depolymerization. This depolymeriza-
tion method exploits an appropriate mixture of oxidizing and
reducing agents (a redox couple). The redox couple can cleave
polymer chains with the introduction of reactive terminal
groups on the resulting oligomers. This method is employed
to depolymerize NR to yield telechelic liquid natural rubber.

The oxidizing agent can be organic peroxide, hydrogen perox-
ide, atmospheric oxygen or ferric chloride-oxygen, coupled with a
reducing agent, such as an aromatic hydrazine or sulphanilic acid.
The average molecular weight obtained using this technique is
between 3000 and 35000 g/mol. Depolymerization can be carried
out either in an organic solvent or directly in the latex phase. One
example of this process is the depolymerization reaction of NR in
the latex phase, using phenylhydrazine as reducing agent and
atmospheric oxygen as an oxidizing agent, owing to it being eco-
nomically viable on an industrial scale.

Another interesting example is provided by Tangpakdee
et al,’>> who were able to demonstrate that a redox couple

https://doi.org/10.1021/acssusresmgt.5c00668
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Figure 10. NR depolymerization strategies.
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composed by potassium persulphate, K,S,0g, and propanal can
degrade NR at 60 °C. The proposed mechanism involves the
oxidation of chain by a radical initiator, followed by a reaction
of propanal with aldehyde terminal group. The obtained tele-
chelic liquid natural rubber contained aldehyde and ketone
groups.

2.4.1.3. Specific Oxidative Cleavage of Double
Bonds. Specific oxidative cleavage of double bonds is a chem-
ical reaction where the double bond in an alkene is broken, and
the carbon atoms involved in the double bond are converted
into carbonyl compounds. This process is particularly useful
in organic synthesis for fragmenting larger molecules like poly-
mers into more functionalized units.'>®

2.4.1.3.1. Ozonolysis. The term ozonolysis indicates a
treatment with ozone, which leads to the double bonds’ cleav-
age of rubbers, like polyisoprene, polybutadiene, polyisobuty-
lene, with the consequent formation of a mixture of shorter
functionalized polymers or oligomers. This oxidative technique
brings to the formation of ketones, aldehydes, carboxylic acids
and peroxide compounds on polymer chains, with a lower mol-
ecule weight with respect to the starting polydienic com-
pound.’®® This is a promising approach, which still needs
effort to increase the selectivity towards a specific functional
group. Ozone is a highly toxic gas for concentrations higher
than 0.1 ppm, with a boiling point of —111 °C and a melting
point of —192 °C. Its reactivity should be modulated through-
out the setting of process time (not too long), concentration
and flow rate. The chosen solvent has an important role as well.
The mechanism of interaction between ozone and C=C was
studied by Cringe,'>> who proposed a path of reaction passing

through unstable intermediates (molozonides), reaching stable
carbonyl compounds or unstable carbonyl oxide, called zwitter-
ion. The unstable carbonyl oxides tend to stabilize in a follow-
ing step. The nature of the rubber will influence the preferred
path.

Recently, the effect of humid atmosphere during ozonolysis
has been analyzed, supposing the existence of a new route of
cleavage in addition to the already known mechanism, which
implies the formation of hydroxyl radicals.'>”

2.4.1.3.2. Oxidative  Cleavage @ With  Periodic
Acid. According to literature,'>>'¥%5? 4-CPBA (meta-chloro-
perbenzoic acid) is added to the polydienic rubber to form
epoxides in random positions, in correspondence of C=C of
the chain, which can be broken in a second step of reaction with
periodic acid in its dihydrate form. m-CPBA can transform
C=C into a tensionate ring with O that could be easily attacked
by periodic acid. After oxidative cleavage, a bi-functionalized
polymer or oligomer is obtained, with an aldehyde in chain
end position and a ketone in beta position on the other side.

The percentage of epoxide is directly linked with the weight
of the produced oligomers.

2.5. CRITICAL REMARKS

Table 1 summarizes the main advantages and disadvantages of
most diffused techniques discussed above.

Considering the requirement for sustainability and circular-
ity, living anionic polymerization remains the gold standard
for producing model polymers with nearly absolute control over
architecture, with well-established industrial processes to

https://doi.org/10.1021/acssusresmgt.5c00668
ACS Sustain. Resour. Manag. 2026, 3, 1253-1275


http://pubs.acs.org/acssrm?ref=pdf
https://doi.org/10.1021/acssusresmgt.5c00668

ACS Sustainable Resource Management

pubs.acs.org/acssrm

Table 1. Comparative Evaluation of Functionalization Strategies: Trade-Off, Performance Gains vs Environmental Burdens, and

Current Debates

Strategy Precision vs Scalability Trade-Off Performance Gains vs. Environmental Burdens Current Debates
Living Anionic High precision. Control of molecular Performance; enables “natural-like” Use of unconventional media
Polymerization weight and architecture. precision. -~ Burden: High reliance such asldeep eutectic solvents
Industrial maturity. Needed removal on toxic organic solvents (DES).

of polar impurities (special equipment
at lab scale%J

Radical Thiol-Ene Click Moderate precision.'®* Rapid kinetics and
solvent-free processing. Scalability.

Performance: robust, fast and generally
water-resistant.

(e.g., cyclohexane) and energy-intensive
cryogenic conditions.

Side by-products from competitive

Burden: High odor and homopolymerization.

toxicity of low-M.W. thiols.

Nucleophilic Thiol- High precisionModerate scalability.

Michael Addition in a narrower range than from
radical pathways. . TMore uniform
functionalization and" Restrlcted to
electron-deficient “enes”.

Oxidative Low precision.Industrial maturity.'”’

Depolymerization Economically viable for producing

liquid natural rubber: broad molecular
weight distributions (3,000—35,000 g/mol).

Performance: better ductility due to the
step-growth nature of the process."
Burden: High catalyst concentrations.

Prevention ({f 9disulﬁde
formation.

Performance ; conversion of waste into functional Enzymatic pore formation and
oligomers.'”'-CPBA). mBurden: Use of highly
toxic gases (e. g ozone), or reagents

chemical cleavage for vulcanized
rubber degradation.

produce styrene-butadiene copolymers. While the process is
industrially mature, it is accompanied by significant sustainabil-
ity issues. The utilization of toxic solvents and energy-intensive
conditions, such as low-temperature control and rigorous puri-
fication to remove polar contaminants, drives the search for
more robust and eco-friendly synthetic alternatives.'®
Unconventional media like deep eutectic solvents (DES) are a
novel opportunity.'®’ They are a new class of green, tunable,
and biodegradable liquids formed by mixing solid hydrogen
bond donors and acceptors to achieve significant freezing point
depression.

Thiol-ene reaction offers a valid alternative, particularly for
cross-linking and surface modification. Its ability to proceed rap-
idly in bulk (solvent-free) under ambient conditions makes it a
favorite for large-scale manufacturing.'®> Provided that issues
related to odor, toxicity, and network heterogeneity are
addressed through the adoption of nucleophile-initiated thiol-
Michael addition where appropriate.”®

Functionalized depolymerization has the potential to trans-
form the field by enabling true “polymer-to-polymer” recycling,
provided that innovations in enzymatic and chemodivergent
catalysis continue to enhance selectivity and energy
efficiency.'®

3. EFFECTS OF FUNCTIONALIZED ELASTOMERS ON
THE COMPOSITES’ PROPERTIES

The effects of polymer functionalization on silica-based com-
pounds are discussed in the scientific literature, which addresses
themes such as change in the nature of dangling chains, melt
viscosity and elasticity, and filler networking.

The removal of dangling chain has been shown to decrease
internal friction.!”>~'7° Nevertheless, it is well established that
functionalized elastomers affect the processability of the com-
pound:'””'7® the filler-polymer interaction during compound-
ing causes the melt elasticity, a phenomenon defined as the
ability of molten polymer to recover from elastic deforma-
tion.'”® This is the main factor responsible for die swell of
(tyre) compounds.'®® This property is effectively measured
through Mooney viscosity measurements, which reveal the
increase of Mooney viscosity and Mooney relaxation.'®! '8

Increasing the polymer-filler interactions by using end-
functionalized polymers inhibits the filler flocculation, resulting
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in less extensive filler networking (reduced magnitude of Payne
effect).'8¢~188 Furthermore, end-functionalized polymers have
been demonstrated to effectively trap the chain ends at the
interface with the filler, reducing hysteresis.

Analysis of scientific and patent literature was carried out, to
investigate the correlation between the structure of the func-
tionalized elastomers and the properties of the composites, also
on a quantitative basis.

3.1. Data From Scientific Literature

The data reported in the scientific literature are summarized in
Table 2, which shows the functionalization method, the functio-
nalizing agent, the functional group introduced into the elasto-
mers and its effect on the silica-based composites.

Data are organized as a function of the position and of the
type of the functional group: as chain end or in chain as the
position, and silane, amine, hydroxy, epoxy, carboxylic acid as
the functional groups.

Functionalization of polymers at the chain-end via living
anionic polymerization was mostly used to introduce silane
groups or amino groups. The use of silanes, such as
APTES,'® resulted in an increase of viscosity (24%), and a
reduction of Payne effect (23%). The tan delta profile was mod-
ified, with a slight increase at low temperature and reduction at
high temperature. Increase of tensile strength and slight reduc-
tion of elongation at break were observed.

With an amino,'”® DPE-(NMe,),"”® and carbamate
groups,”' reduction of Payne effect was observed. With the lat-
ter two functional groups tan delta was observed also at low
temperature, and simultaneous increase of tensile strength and
elongation at break were obtained, up to 60% with the former
modifier.

When amines were combined with alkoxysilyl groups, as in
the case of the initiator formed from a functional styrene deriv-
ative (N-(dimethyl(vinylbenzyl)silyl)-N,N-bis(trimethylsilyl)a-
mine) and either n- or sec or tert-butyllithium,'”" an increase
in the reinforcement index (up to 88%) and tensile strength
(up to 14%) was obtained, and tan delta at 70 °C decreased
by 25%.

When a coupling agent as TEOS was used,'”* viscosity
increased by 36%, with a reduction of Payne effect by 23%.
The elongation at break worsened by 29% with respect to the
reference compound.

https://doi.org/10.1021/acssusresmgt.5c00668
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In chain functionalization, achieved primarily through thiol-
ene reactions or the oxidation of double bonds, exhibited con-
siderably more pronounced effects.

In the case of S-SBR functionalized with 3-(mercaptopro-
pyl)triethoxysilane, 86% increase of viscosity and 89% decrease
of Payne effect were observed.”” Grafting of triethoxysilane was
also shown'?? to reduce rolling resistance by 30%, and abrasion
by 38%, and to improve the wet-skid resistance by 88%.

Primary hydroxy group®” reduced the compound viscosity by
14% and the rolling resistances by 21%, with an improvement of
wet skid resistance of 112%.

In chain epoxidation,'**'** showed an increase of tan delta at
0 °C by up to 184%, with a reduction by 52% at 60 °C. In addi-
tion, the reinforcement index, the tensile strength and elonga-
tion at break increased with respect to the reference compound.

Mercaptoundecanoic acid®” reduced Payne effect by 89% and
provided a major increase in tensile strength up to 73%, with a
reduction of elongation by 25%.

As a summary, common effects of the functional groups were
the reduction of Payne effect and hysteresis at high tempera-
ture. In most cases, the reinforcement index was not remarkably
modified, the tensile strength was enhanced and the elongation
at break was reduced.

3.2. Data from Patent Literature

In Table 3 were collected patents which refer to the functiona-
lization of elastomers, both chain-end and in chain. The aim of
the research activity covered by the patents was to achieve a bet-
ter balance between wet grip, rolling resistance and abrasion
resistance. Comments in the following refer to the prevailing
effects brought about by the functional groups.

A good number of patents are available on living anionic
polymerization and many of them report the introduction of
silanes as chain ends.'”*72°! Silanes led to the increase of com-
posites’ viscosity, to the reduction of Payne effect and to a bet-
ter hysteresis profile, higher at low temperature and lower at
high temperature. A clear increase of the M300/M100 ratio
was also observed, in most cases. The ultimate tensile properties
were not remarkably affected, but an appreciable reduction of
elongation at break was also reported.

Functional groups such as hydroxy, or carboxy
groups®** led to similar results, but with a larger increase of vis-
cosity. Better abrasion was also claimed.

When a coupling agent as TEOS was use the increase of
viscosity was more than 100%, with a reduction of the M300/
M100 index.

The metathesis reaction led to the formation of oligomers
with chain end functional groups, which promoted a substantial
reduction of viscosity, together with remarkable reduction of
Payne effect (80%) as well as tan delta at 60 °C (52%).2%°

The in-chain functionalization was characterized by the
remarkable increase of viscosity and the large reduction of
Payne effect. It is worth observing that, in most cases, the tan
delta values were reduced both at high and low temperature,
hence failing to meet the target of improving the wet grip of a
tire compound. For example, functionalization with carboxylic
acid led to the reduction of tan delta at low tempera-
ture' 159206 up to 579%.'*’ Imidazole functionalization'*” led
to the reduction of tan delta by 39% and 38% at 23 °C and
100 °C respectively. Notably, grafting on the polymer chain of
imidazole!*” or tetrazole,*® via 1,3-dipolar cycloaddition, was
performed in-situ during compounding. Grafting with tetrazole

202,203

d}ZOS
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increased the tensile strength by 89% and the elongation at
break by + 17%.

The effects of functional groups, which arise from the data
reported in Table 2 and Table 3, from scientific and patent lit-
erature respectively, are substantially in line. However, it is
worth observing that the grating of polar groups, either through
radical process of 1,3-dipolar cycloaddition led to the men-
tioned reduction of tan delta at low temperature, whereas the
addition, through thiol-ene reaction, of silane, OH, COOH
groups and the oxidation to epoxide, reported in the scientific
literature, led to the increase of tan delta at low temperature,
thus suggesting a key role of the functionalization technique.

3.3. Simultaneous Optimization of Processing and
Composites’ Properties

Values reported in Table 2 and Table 3 reveal that functional-
ized elastomers lead to superior mechanical and hysteretic prop-
erties. However, processing can be challenging. The functional
group per se does not affect the rheological behavior, but the
adduct of the functionalized chain with the filler does it. This
issue can be resolved by targeting controlled molecular architec-
ture during polymerization.

According to White and Tokita,?°” Tokita and Pliskin,?°® and
Cotten,”® raw elastomers, when processed, must be investi-
gated through a nonlinear viscoelastic approach, including the
Mooney and Mooney Stress relaxation test.

In this frame, commercially available elastomers are charac-
terized by very complex structures, and the nonlinear viscoelas-
tic response is strongly affected by changes in the relaxation
time spectrum of the polymer matrix, when for example,
branched chains are involved. Introducing branched chains
directly affects the relaxation dynamics of the entanglement net-
work, resulting in a change in the distribution of relaxation
times. Variations in well-known parameters such as the
Mooney stress relaxation plot and the dynamic modulus cross-
over point are observable effects. Given the configuration of the
processing equipment, the variation in relaxation time intro-
duced by branching points translates directly into a different
dimensionless parameter, such as the Deborah number, and
modified processability.*'®**!

E-SBR, for example, is widely used in rubber mixing due to
its good filler incorporation and to the favorable processing of
E-SBR based compounds. In emulsion copolymerization of
butadiene and styrene using a free-radical initiator, an inherent
chain transfer mechanism results in long branch formation.
Broad molecular weight distribution and long branches pro-
mote filler incorporation and processability. However, this poly-
merization mechanism shows poor flexibility in terms of
molecular architecture. As discussed above, the anionic solution
polymerization is thus used to have better control of the micro-
structure of SBR, for optimum vulcanizate properties (namely
mechanical reinforcement and hysteresis). However, the result-
ing nearly linear structure and the narrower molecular weight
distribution do not benefit processability, as indicated by the
higher Mooney viscosity.

S-SBR containing a controlled amount of long-chain branch-
ing can be designed to optimize processing and performance
simultaneously.

In a recent patent the macromolecular architecture of func-
tionalized polybutadiene was designed to achieve good process-
ability. This was done by controlling the branching of the
polymer. A degree of branching equal to or greater than 2 was

https://doi.org/10.1021/acssusresmgt.5c00668
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obtained during the synthesis, by adjusting the type, quantity
and the ‘timing’ of the addition of branching and coupling
agents, containing nitrogen and silicon atoms. For example,
the utilization of trimethoxy(4-vinylphenyl)silane as branching
agent and an aminoalkoxysilane as coupling agents led to the
synthesis of a branched polymers which resulted in an increase
in Mooney viscosity by 80%, a decrease of Payne effect by
30% and Mooney shear rate maintained within a specific range
of 0.10 to 0.40, measured at 100 °C.>!*

4. FUTURE PERSPECTIVES IN ELASTOMERS
FUNCTIONALIZATION AND SWOT ANALYSIS

Despite significant advancements in elastomer functionaliza-
tion, there are still some important challenges to overcome
before it can be considered industrially viable and sustainable.
Nevertheless, these challenges present opportunities for future
research.”!”

The modern elastomer functionalization landscape must
address three key issues: scalability, economic feasibility and
environmental sustainability.>'8722°

It is a significant technical challenge to transfer functionaliza-
tion reactions demonstrated in the laboratory to an industrial
scale.””! While much useful functionalization chemistry takes
place under highly controlled laboratory conditions, this does
not consider reaction homogeneity and heat dissipation in large
reactors. For instance, anionic polymerizations necessitate
extremely dry and oxygen-free conditions, which are difficult
to guarantee in industrial-scale reactors.””” Similarly, although
radical thiol-ene reactions are efficient, they can generate large
exotherms and require precise control over initiation and termi-
nation to prevent runaway reactions or the formation of
unwanted by-products.'*> Recently, the functionalization land-
scape is continuously expanding through the integration of
highly efficient synthetic methodologies, such as advanced click
chemistry platforms. Revived by Sharpless group, SuFEx, the
sulfur (VI) fluoride exchange, stands as a promising new option
for widely expanding the toolbox for polymers’ post-
polymerization modification.'*!

In addition to technical scaling up, the economic aspects are
subjects of significant academic and industrial interest.
Incorporating functionalized steps into the elastomer produc-
tion process complicates it and makes it more expensive.”*?
This often involves using expensive functionalized reagents, ini-
tiators, or noble metal catalysts (e.g, ruthenium for ROMP
reactions).”** These additional costs must be justified. In short,
functionalized elastomers must offer significant performance
benefits, such as longer tyre life, improved grip or reduced roll-
ing resistance for better fuel economy, which are worthwhile for
manufacturers and consumers alike.**®

Finally, environmental issues and the increasingly urgent
need to develop more sustainable chemistries are dictating
research agendas.”?® Most established functionalization
methods utilise volatile organic compounds (VOCs), such as
toluene or THF, which pose severe environmental and health
risks.””” These approaches result in the formation of unwanted
by-products or entail the use of toxic metal catalyst residues that
must be removed from the end material, creating disposal
issues. Therefore, regulatory bodies and society are increasingly
pushing for more sustainable production processes to be
created.”*®

1267

Using bio-based feedstocks is one of the most significant
moves towards greater sustainability.”>***° This involves shift-
ing from using fossil fuels to using renewable feedstocks to pro-
duce monomers, initiators and functionalizing reagents. This
process can dramatically reduce the carbon footprint and reli-
ance on non-renewable petroleum resources.”*’ Examples
include using bio-based terpenes,”** vegetable oils,***** or
sugars>®® as feedstocks for new elastomers or functionalizing
agents, or as direct bio-based monomers for polymerization.
This approach affects not only the functionalizing agent, but
also the entire elastomer value chain.**

A future milestone will be to incorporate the self-healing
function into elastomers. Developing self-healing polymers that
can repair low-order damage, such as micro-cracks, would sig-
nificantly enhance tyre life and reduce waste.”*”**® This
involves inserting functional groups capable of forming revers-
ible bonds, such as reversible hydrogen bonding, disulfide brid-
ges239 or reversible Diels—Alder adducts,>*° which rupture
under stress and are reversible under relaxation or specific stim-
uli. Integrating self-healing sites into the silica-rubber interface
with the utilization of Diels-Alder chemistry is a promising tech-
nology. By functionalizing the silica surface with silanes carrying
specific moieties, the filler particles themselves become revers-
ible cross-linking nodes.**' Another possible application is cre-
ating adaptive reinforcing filler-polymer ~ matrix
interfaces.”*>~>** These interfaces would dynamically respond
to environmental stimuli, such as temperature variations or
mechanical loads, by changing their interaction strength.**>*%¢
These interfaces would be capable of dynamically adjusting
the tyre’s characteristics (e.g, traction and rolling resistance)
based on driving conditions, offering a degree of performance
tuning that was previously unimaginable.**’

Lastly, due to limited resources, it is crucial to recycle and
reuse elastomers, since their mechanical performance and safety
are affected by their end-of-life disposal methods.**® A truly cir-
cular economy requires the creation of materials with inherent
characteristics that enable their recyclability at the end of their
life, such as controllable de-crosslinking or the introduction of
easily breakable and reformable bonds.*** Addressing these
challenges requires a focused research agenda, demanding the
development of new materials with improved self-healing prop-
erties, as well as low-cost, large-scale production methods and
the wider application of these materials.”*° Adopting this multi-
disciplinary approach is essential for managing sustainable
materials and significantly reducing our environmental impact.
This approach is in line with global efforts to protect the envi-
ronment and utilise resources more efficiently.*>’!

To provide a clear picture of the current situation and sug-
gest future research directions, a SWOT analysis of the main
functionalization strategies discussed in this review was con-
ducted. This assessment, the details of which are presented
in Figure 11, considers the strengths of current methodolo-
gies, the weaknesses that limit performance or industrial appli-
cability, the opportunities provided by emerging needs and
technology, and the external threats that could hinder progress
in this field.

There are many strengths in the field of functionalized elas-
tomers for tyres, particularly in developing new products with
low rolling resistance, better grip and a longer lifetime. They
are even more important in silica-based nanocomposites, where
modifications with polar groups enable better dispersion of the
filler and improve processability and performance.”* This

https://doi.org/10.1021/acssusresmgt.5c00668
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v" Mechanistic versatility
v Grafting efficiency
v" Improved performance

v' Elastomers’ adaptability

v" Development of new materials
v' Sustainability

v Bio-based feedstock

v' Circular economy

%

Figure 11. SWOT analysis of elastomers’ functionalization topic.

v' Specificity and control
v" Synthetic complexity
Bond stability

Processing issues

Enviromental regulations
v Large-scale costs
v' Health and safety issues

v Industry conservatism

meets today’s market requirements. One of the most important
opportunities lies in committing to sustainability through green
chemistry. This involves using fewer toxic reagents and solvents
and implementing cost-saving, atom-efficient reactions. Other
prospects include incorporating bio-based feedstock to generate
functional or monomeric units from renewable resources and
adhering to the principles of the circular economy by creating
elastomers that allow tyre recycling or repair.”>* Among weak-
nesses, synthesis has several drawbacks. Selectivity and control
over the position and quantity of functional groups are issues
resulting from specificity and reaction control. Furthermore,
the synthetic complexity of some functionalized elastomers or
single initiators, which often require harsh conditions (e.g,
anaerobic conditions for anionic polymerization) or costly
reagents/catalysts (e.g, ruthenium or palladium), may hinder
commercial scaling up. In terms of performance, the long-
term stability of bonds under operational stresses (e.g., heat
and oxidation) and processing issues (e.g,, rheology modifica-
tion as a function of functional groups) require careful optimi-
sation of manufacturing processes. Furthermore, recent studies
undertaken by Blume et al. demonstrated that the release of eth-
anol in silica/silane systems is elevated in the presence of cer-
tain functional groups for S-SBR, such as amine, due to the
significant acceleration of the silanization process they can
affect. This finding is not consistent with the current trend of
reducing VOCs emissions. This is attributable to the fact that
such a reduction has implications for emission management
(ie., cost and environmental issues) and process efficiency.'”®
Numerous external pressures, so-called threats also need to
be considered, such as increased environmental standards
demanding a reduction in the carbon footprint and the phasing
out of toxic chemicals.>****> The cost-benefit ratio is a key bar-
rier to uptake: the additional cost and complexity of functiona-
lization must be offset by a significant improvement in

performance. Competition from other materials, health and
safety issues arising from handling some reagents and the con-
servatism inherent in the long-established tyre industry all hin-
der the adoption of new technologies.**®

5. CONCLUSIONS

Chemical functionalization of elastomers remains a fundamen-
tal strategy to overcome the polarity gap between hydrophobic
polymer matrices and hydrophilic reinforcing fillers such as sil-
ica, a prerequisite for producing high-performance, sustainable
tyres. This review outlines the main chemical approaches for
the functionalization of elastomers, including polymerization-
based methods (e.g., smart functional initiators in living anionic
polymerization), post-polymerization modifications (e.g., effi-
cient thiol—ene “click” reactions), and depolymerization strate-
gies. Together, these techniques provide a robust toolkit for
designing elastomers with tailored reactivity and compatibility,
directly improving filler dispersion and interfacial adhesion.

Significant progress has been achieved, particularly in con-
trolling polymer architecture and end-group chemistry in unsat-
urated elastomers such as SBR. However, challenges remain:
synthetic complexity, stringent reaction conditions, byproducts
and VOCs emission and unfavourable cost-to-benefit ratios still
limit industrial scalability.

Functional groups like alkoxysilanes have proven highly effec-
tive in enhancing silica-based composites properties: lower
Payne effect, better tan delta profile, higher at low temperature
and lower at high temperature, higher reinforcement index and
tensile strength, lower abrasion. These composites can thus
improve the trade-off of wet grip, rolling and abrasion resis-
tance, the well-known magic triangle. Issues such as increase
of viscosity and melt elasticity are the subject of continuous
research.
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Future research must embrace a retrosynthetic and circular
approach to material design, rethinking elastomer chemistry
from origin to end-of-life. This means prioritizing greener,
atom-efficient, and solvent-free reactions, integrating bio-based
feedstocks, and engineering polymers that are not only high-
performing but also inherently recyclable and regenerable.
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Bl ABBREVIATIONS

ADMET Acyclic diene metathesis
polycondensation
AIBN Azobisisobutyronitrile
APTES (3-aminopropyl)triethoxysilane
cQ camphorquinone
CCTP Coordinative Chain Transfer Polymerization
DBU 1,8-diazabicyclo[5.4.0]Jundec-7-ene

1269

DES Deep eutectic solvent

DMPA 2,2-Dimethoxy-2-phenylacetophenone
DMTHFA N,N-dimethyltetrahydrofurfurylamine
DPE-(NMe2)2 1-(4-dimethylaminophenyl)-1-phenylethylene

E-SBR Emulsion styrene butadiene rubber

EVMG Ethylene-vinyl acetate-glycidyl methacrylate
terpolymer

ITX Irgacure thioxantone

LPO Lauroyl peroxide

m-CPBA Meta-chloroperbenzoic acid

MPL 3-mercaptopropanol

MPTES 3-mercaptopropyltriethoxysilane

MUA Mercaptoundecanoic acid

M.W. Molecular weight

NR Natural rubber

PEG-PDMS  poly(ethyleneglycol)-poly(dimethylsiloxane)-
block copolymer

PETA Pentaerythritol tetraacrylate

ROMP Ring-opening metathesis
polymerization

SBR Styrene butadiene rubber

S-SBR Solution styrene butadiene rubber

SWOT Strengths, weaknesses, opportunities,
threats

TEMPO 2,2,6,6-Tetramethylpiperidine 1-oxyl,
2,2,6,6-Tetramethyl-1-piperidinyloxy,
free radical

TEOS Tetraethoxy silicate

TES Triethoxysilane

TESPD Bis-(triethoxysilylpropyl)disulfide

TESPMA 3-(triethoxysilyl)propyl methacrylate

TESPT Bis-(triethoxysilylpropyl)tetrasulfide

T, Glass transition temperature

TPO 2,4,6-trimethylbenzoyldiphenylphosphine
oxide

TRIs Thermal radical initiators

VOCs Volatile organic compounds
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