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Chemical modification of hydrocarbon 

elastomers: a versatile toolbox for the design of 

novel, functional elastomers † 
 
Rubber products have grown to become an integral and essential part of our daily 

lives over the last 150 years. More stringent demands and new applications in rubber 

technology drive towards the development of specialty elastomers, i.e. new 

elastomers with a relatively high added value combined with a relatively low 

production volume. Chemical modification of existing elastomers provides an elegant 

route towards elastomers with new chemical reactivity and/or adjusted polarity, 

useful for filler/substrate adhesion, blend compatibilization and/or bio-compatibility, 

and also (thermoreversible) cross-linking. In this paper a comprehensive and critical 

overview is provided of the most commonly employed, post-polymerization 

modification strategies for elastomers. Particular attention is paid to unsaturated and 

low-unsaturated/saturated, hydrocarbon elastomers (NR and BR vs. EPDM, EPM, IIR 

and PIB) as examples for the general toolbox provided. Not surprisingly, only those 

chemical modification routes that, on the one hand, exploit low-cost reactants and 

simple process technology and, on the other hand, result in clear performance 

improvement have found industrial application. 

 
1.2. Reactions on C=C bonds 1.3. Reactions on C-H bonds 

1.2.1. Hydrogenation 1.3.1. Halogenation 

1.2.2 Oxidation/hydroxylation 1.3.2. Alder-ene 

1.2.3. Epoxidation 1.3.3. Free-radical grafting 

1.2.4. Hydroboration 1.3.4. Carbene insertion 

1.2.5. Hydroformylation 1.3.5. Nitrene insertion 

1.2.6. Thiol-ene 1.3.6. Phosphorylation 

1.2.7. Hydrosilylation 1.3.7.Friedel-Crafts alkylation 

1.2.8. Sulfonation  

1.2.9. Carbocyanation  

 
  

                                                 
This chapter is based on: L. M. Polgar, M. van Duin, A. Pucci and F. Picchioni, ‘Chemical modification of 
hydrocarbon elastomers: a versatile toolbox for the design of novel, functional elastomers’ submitted to 
Progress in Polymer Science 2016 
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1.1. Introduction 

 

Cross-linked elastomers are polymeric materials with a unique combination of 

properties and are well known for their ability to absorb large deformations in a 

reversible manner without failure [1,2]. Typically, elastomers are compounded with 

additives such as fillers (carbon black) and plasticizers (oil) and cross-linked, yielding 

rubber products [3]. Such rubber products are mostly utilized for their softness, 

flexibility, elasticity, toughness and thermal, chemical and solvent resistance. These 

intrinsic properties make rubber products suitable for a very broad range of 

applications such as tires, seals, tubes, belts and impact modifiers.  

 

Hydrocarbon elastomers contain only carbon and hydrogen atoms, resulting in a low 

polarity. Although a wide variety of hydrocarbon elastomers such as natural rubber 

(NR), polybutadiene (BR) and ethylene-propylene-diene terpolymers (EPDM) is 

currently commercially available, there are some structural deficiencies limiting their 

applications. For improved or new applications, improvements in adhesion, blend 

compatibility, reactivity, resistance (to wear, heat and/or chemicals), thermal and 

oxidative properties are desired [4,5]. Tailoring existing elastomers for a specific 

application by improving the most relevant deficiencies can greatly extend their 

technological applications. In addition to improving their properties for existing 

applications, specific elastomers can be designed and developed for completely new 

ones.  

 

There are several approaches that can be used to modify the properties of existing 

elastomers [6]. These could be improved by blending with other elastomers, or 

adjusting the final rubber compound formulation, i.e. by varying the type and amount 

of additives, such as fillers, plasticizers and cross-linkers. More possibilities arise by 

introducing functional groups or monomers along the polymer backbone in a 

controlled fashion. This can be achieved either by copolymerizing desired functional 

monomers into elastomers or by post-polymerization modification of the elastomers, 

for example by grafting functional monomers on the polymer backbone or by chemical 

modification of unsaturated carbons in the elastomers. Copolymerization and post-

polymerization modification techniques are often employed when the final rubber 

product has to meet stringent requirements for given applications [7-9]. 

 

Copolymerization of functionalized monomers can be performed with a variety of 

vinyl monomers. However, for ionic or insertion (Ziegler-Natta or metallocene) 

polymerizations, the presence of transition metal catalysts is required. Unfortunately, 

the active catalytic species are sensitive to most (polar) functional groups. Often, the 

Lewis basicity of the functional co-monomer competes with the olefinic unsaturation 

in the complexation to the transition metal. The smooth incorporation of functional 
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groups into hydrocarbon elastomers still remains a challenging area for further 

research into polymerization catalyst development [10]. Some elegant but expensive 

and unpractical solutions for these problems include using a spacer between the 

reactive unsaturated carbons and the functional group, adding an excess of catalyst or 

using protecting groups. Although the free-radical polymerization of ethylene does 

allow for direct copolymerization with polar, reactive monomers such as maleic 

anhydride (MA), (meth)acrylic acid, glycidyl methacrylate and vinyl acetate, this 

requires high-pressure processes [11,12]. 

 

Post-polymerization modification is a convenient alternative for introducing the 

desired functional groups on a polymer chain [13]. The newly acquired chemical 

reactivity should be present throughout the material and therefore will require bulk 

modification [14] rather than surface modification [15-18]. These reactions can be 

carried out in the melt [19,20] or in solution [21,22]. Considering the numerous 

chemical reactions available, the possibilities for chemical modification of elastomers 

are nearly limitless. The main advantage of chemical modification lies in the fact that it 

can be used to enrich elastomers with a new (chemical) reactivity that is not present 

in the original polymer [23]. This new reactivity could be beneficial for a number of 

properties, ranging from blend compatibilization, adhesion with fillers (micro-scale) 

or substrates (macro-scale), bio-compatibility to reactivity for subsequent reactions 

such as cross-linking. Introducing suitable functional groups into hydrocarbon 

elastomers may also increase their polarity, resulting in a better compatibility with 

other, more polar polymers, such as epoxy resins, polyesters or polyamides, so that 

the modified elastomers can better be used as impact modifiers [24-30].  

 

Herein an attempt is made to provide an overview of the wide variety of possibilities 

for the chemical modification of hydrocarbon elastomers based on published, 

scientific studies (patents are not included). The idea is to demonstrate the large 

diversity of chemical modification routes for hydrocarbon elastomers with emphasis 

on literature from the last decade rather than to provide an encyclopedic overview. 

The hydrocarbon elastomers considered can be divided into two classes based on 

their unsaturated content and, thus, their reactivity. The most reactive elastomers 

contain a high number of unsaturated C=C bonds in their backbone, such as natural 

rubber (NR), polyisoprene (IR), BR and styrene-butadiene copolymers (SBR). 

Elastomers with low amounts of or no unsaturation have a relatively low reactivity, 

including EPDM, butyl rubber (IIR), ethylene-propylene copolymer (EPM) and 

polyisobutylene (PIB). The latter elastomers distinguish themselves by their 

outstanding ozone, weathering, and high temperature resistance [2].  

 

The chemical modifications that can be applied on the hydrocarbon elastomers can be 

roughly divided into two classes based on their reaction mechanism (Table of content 

Chapter 1). The first class considers reactions that require unsaturated C=C bonds, 
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which are typically being converted into saturated C-C bonds. Examples are 

(ep)oxidation and addition reactions. Their application to elastomers has previously 

been considered in scientific reviews [7,31]. The second class of elastomer reactions 

occurs at a C-H bond. Examples of such reactions are insertion and abstraction 

processes, such as carbene insertion and free-radical grafting respectively. This 

second class does not only include reactions of aliphatic C-H bonds, but also of allylic 

C-H bonds, such as allylic substitution or ene reactions, after which the C=C 

unsaturation remains intact. 

 

1.2. Reactions on C=C unsaturations in hydrocarbon elastomers 
 

In organic chemistry there is a wide range of reactions for alkenes (i.e., on C=C bonds) 

[32]. Addition reactions constitute the largest group of alkene modifications and lead 

to functionalized, saturated products. Electrophilic additions are reactions between 

the electron-rich unsaturation and an electrophile. These reactions can be 

regioselective and stereospecific and can be controlled for the synthesis of 

enantiomerically pure pharmaceuticals. As well established, electrophilic additions 

take place in such a way that the electronegative atom attaches to the more 

substituted carbon (Markovnikov position) [33-35], although there are several 

reactants capable of the alternative attack (anti-Markovnikov position) [36,37]. For 

the modification of elastomers on an industrial scale, effectivity and costs are usually 

more important than regioselectivity. Some addition reactions to alkenes, such as the 

Alder-ene and aza-Wittig reactions, are denoted as ‘click chemistry’, i.e. a set of highly 

reliable and selective reactions for the synthesis of new, useful compounds and 

combinatorial libraries [38]. Click reactions are by definition stereospecific, are wide 

in scope, have high conversions, proceed under mild reaction conditions without 

solvent and are insensitive to water and oxygen [38]. Generally, click reactions 

proceed rapidly at room temperature and, therefore, are ideal for post-polymerization 

modifications [39]. The remarkable tolerance for a broad variety of functional groups 

enables facile introduction of reactive groups. The modification of multiple groups on 

a polymer chain requires a highly efficient reaction because the residual reactants and 

formed by-products cannot be simply separated from a high molecular weight 

polymer, opposed to most small molecule substrates. Unfortunately, most click 

reactions (e.g. the oxime, Straudinger, hydrazone and aza-Wittig reactions) require 

other reactants besides a C=C bond. This makes them poorly suited for the 

modification of hydrocarbon elastomers. Therefore, currently, only a limited number 

of click reactions are applicable to C=C bonds in elastomers. 

 

1.2.1. Hydrogenation 

Hydrogenation is the most simple reaction possible for unsaturated C=C bonds. It is 

used to convert unsaturated, hydrocarbon elastomers into their saturated analogues 
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(Scheme 1.1). These reactions are usually the only “practical” way to produce specific 

polymers. A well-known example is the hydrogenation of NR to alternating EPM, 

which is not available via random copolymerization of ethylene and propylene. It can 

be performed with either a NR solution or the aqueous NR latex [40-43]. Partial 

hydrogenation of NR could provide a future route to bio-based, EPDM-like elastomers.  

 

Scheme 1.1. Hydrogenation an unsaturated polymer (NR as example). 

 
 

Obviously, hydrogenation is not performed to introduce a new chemical functionality 

along the polymer backbone, rather to improve the high-temperature and ageing 

performance of unsaturated elastomers [40]. An industrially relevant example is the 

hydrogenation of the BR midblock of polystyrene/BR/polystyrene tri-block 

copolymers (SBS), yielding tri-block copolymers with ethylene-butylene copolymer 

midblocks (SEBS) [44]. Both SBS and SEBS have thermoplastic elastomeric behavior 

with SEBS having superior weathering performance compared to the starting SBS. 

Another industrial example is the hydrogenation of acrylonitrile-butadiene 

copolymers (NBR) in solution using hydrogen and a metal catalyst to acrylonitrile-

ethylene-butylene terpolymers (hNBR) [45-49]. Obviously, the full hydrogenation of 

NBR results in hNBR, with the best high-temperature performance and oxidation 

resistance. Since such hNBR lacks any reactivity towards sulfur vulcanization, 

peroxide curing is typically applied for cross-linking. Since hydrogenation does not 

add a new chemical function and reduces the reactivity of the elastomer towards 

cross-linking or any other follow-up reactions, it will not be discussed any further. 

 

1.2.2. Oxidation/hydration/ozonolysis 

Alcohols are among the most commonly applied functional groups that can be 

introduced into polymers. They provide the substituted elastomers with a higher 

polarity and increase the possibility for follow-up reactions. There are several ways to 

introduce oxygen into elastomers, all profiting from the reactivity of unsaturated C=C 

bonds present.  

 

Free-radical oxidation of (un)saturated elastomers with air is the most simple way of 

introducing oxygen functionalities. It proceeds as auto-oxidation with oxygen or 

water, abstracting hydrogens under the influence of temperature or light and, usually, 

results in ill-defined products, such as mixtures of alcohols, ketones, aldehydes and 

carboxylic acids (Scheme 1.2A, with ultimately the formation of a di-alcohol as an 

example). These processes are often accompanied by side-reactions such as cross-

linking and/or chain scission [50]. A more controlled, radical oxidation can be 

achieved by using oxygen in combination with catalysts, such as cobalt, manganese or 
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iron derivatives [51,52]. This can result in the selective conversion of unsaturated C=C 

bonds into an alcohol on the allylic position (Scheme 1.2B). Depending on the catalyst 

used, oxygen or peroxides can also be used to convert such unsaturated C=C bonds 

into epoxides (paragraph 1.2.3.) [53,54]. Another way of converting alkene groups 

into alcohols in a controlled fashion is by exposing them to an aqueous solution of 

sulphuric acid. Water acts as a nucleophile to trap the carbocation that is formed by 

initial protonation. This electrophilic hydration follows the Markovnikov rule and the 

hydroxyl group ends up at the more substituted carbon (Scheme 1.2C).  

 

Scheme 1.2. Introduction of oxygen in unsaturated hydrocarbon elastomers (NR as example). 

 
 

Next to formation of mono-alcohols, higher degrees of oxidation are possible. The 

Wacker oxidation, for example, enables the conversion of unsaturated C=C bonds on 

elastomers into ketone groups (Scheme 1.2D) [55-57]. This oxidation process is very 

efficient, but also sensitive to the reaction conditions. It requires an expensive 

palladium catalyst and is typically performed in water/dimethylacetamide mixtures. A 

higher degree of oxidation is achieved by the osmium-catalyzed hydroxylation with N-

methyl morpholine-N-oxide as an oxidant, which is one of the most efficient methods 

for the preparation of vicinal diols (Scheme 1.2E) [58]. The major benefit of this 

method is the high enantioselectivity of the functionalization process [59]. Although 

numerous unsaturated chemicals can be readily hydroxylated [58], the application on 

polymers is rather limited [60,61], probably due to the high toxicity and high price of 

the osmium tetroxide catalyst [62]. 

 

Finally, there are also several ways of oxidizing elastomers that result in telechelic 

functional groups. One way to convert unsaturated C=C bonds into aldehyde groups, 
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for example, is by specific oxidative C=C bond cleavage methods [50]. Such oxidative 

cleavages result in the shortening of the macromolecular backbone and yield only 

end-group functionalities [63]. For NR, this was achieved by oxidative 

photodegradation with hydrogen peroxide [64,65]. Ozonolysis is a more mild and 

controlled alternative (Scheme 1.2F) and can be followed by several reaction steps to 

yield telechelic polymers with different degrees of oxidation [66-69].  

 

1.2.3. Epoxidation 

Electrophilic oxidizing agents are capable of connecting a single oxygen atom to both 

carbons of a C=C bond. For instance, the hydroxyl group in peroxycarboxylic acids can 

be added to C=C bonds to form epoxides (Scheme 1.3). The reactivity of epoxidation 

increases with alkyl substitution of the C=C bond, which enables enantioselective 

synthesis and is ideal for reactions on polymers. The tri-allyl substitution and the 

close vicinity of the strained norbornene ring makes the residual exocyclic 

unsaturation of ethydilene norbornene (ENB)-EPDM rubber highly reactive towards 

epoxidation (>90% conversion) [9] compared to other elastomers such as SBR [70].  

 

Conventional epoxidations in solvents utilize peroxide agents and are associated with 

a significant level of side reactions [71]. Modern epoxidation techniques, on the other 

hand, make use of relatively easy, solvent free processes, preferably involving a 

transition metal catalyst [72]. Peroxyacetic acid and peroxy chlorobenzoic acid are 

often used for epoxidation reactions in lab scale epoxidation reactions. In industry, 

however, the use of the less explosive magnesium mono-peroxyphthalate is preferred.  

 

The modification of elastomers by the epoxidation of their unsaturated C=C bonds 

improves their miscibility with other, more polar polymers such as epoxy resins [31] 

or polyesters, and it improves their adhesion to other (polar) materials such as 

polyamide and metals [73,74]. The epoxide functionality can be employed for various 

functions which were otherwise unavailable, such as the coupling to silica that is often 

employed in tire applications, all sorts of compatibilization reactions in blends with 

engineering plastics and for self-cross-linking rubber applications [73]. Furthermore, 

epoxidized rubbers can be applied as toughening agents for epoxy resins, which suffer 

from brittleness at ambient temperatures. This expands the use of these rubbers in 

applications in the fields of polymer composites and alloys. Finally, the epoxidation of 

NR is known to improve the solvent and wear resistance and the gas barrier 

properties. Epoxidized NR retains the typical strain-induced crystallization 

performance of NR, but has a higher glass transition temperature and higher polarity 

than NR, resulting in improved oil resistance and adhesion.   

 

Epoxide groups are well known to be versatile synthetic intermediates. The 

epoxidation of elastomers could be considered as a first reaction step after which the 

resulting epoxidized product could be used as a starting material for a large number of 
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follow-up reactions [7,75] (Scheme 1.3) which may help in avoiding any secondary 

reactions [7] and offer a potential reactivity for further reactive blending [9]. Using 

epoxides as an intermediate for specific follow-up modification reactions may help 

avoiding any secondary reactions [7]. In practice most epoxide rings are cleaved 

under acidic conditions which can lead to side reactions such as ring opening 

polymerization of the epoxides, intramolecular rearrangements of epoxide units and 

cyclization of polydiene chains [76,77]. Mild reaction conditions can be used in order 

to avoid these undesired side reactions [78].  

 

Scheme 1.3. Epoxidation of an unsaturated elastomer with a peroxycarboxylic acid and some 

possibilities for further chemical modification (NR as example). 

 
 

1.2.4. Hydroboration 

Hydroboration of unsaturated elastomers is an elegant route for obtaining modified 

elastomers [79]. Mechanistically, hydroboration lies between electrophilic addition 

and hydrogenation. The first step is the π-complexation of the unsaturated C=C bond 

to the electron-deficient boron, after which a concerted transfer of the hydrogen to 

carbon takes place. Hydroboration therefore enables addition to C=C bonds in an anti-

Markovnikov fashion [80]. Multiple hydroboration of unsaturated polymers yields 

saturated, organoboron polymers [81,82]. The stereochemical aspects of this process 

depend on the catalyst used [83,84]. Usually, rhodium catalysts are applied in 

combination with the desired borane to yield a reactive site on the anti-Markovnikov 

position. Since the formed bonds are not stable and the hydroborated product is very 
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susceptible to nucleophilic substitution [85], any follow-up reaction after 

hydroboration results in the anti-Markovnikov products. 

 

Besides simple alkenes, also more sterically hindered C=C bonds such as those in 

norbornene are susceptible to hydroboration [86]. For elastomers, hydroboration 

reactions are often used as a catalytic precursor for follow-up reactions, such as 

oxidative hydration [83,86], amination [87,88] or esterification [89]. The resulting 

alcohols, amine or ester functional groups are more polar and have a different 

reactivity than the C=C bonds they replace. A good example is the hydroboration of 

EPDM containing 1,4-hexadiene as diene monomer (Scheme 1.4) [87,90-93]. The 

formed hydroborated compounds are usually converted into alcohols or amines by 

oxidative hydration or amination [88,94,95]. Other follow-up reactions like 

isomerization, displacement, cyclization, protonolysis and halogenation are also 

possible [95]. Moreover, hydroborated polymers can also be used to initiate graft 

copolymerization of vinyl monomers such as propylene, styrene, vinyl acetate or 

methyl methacrylate, yielding phase-separated graft copolymers [90,93]. 

 

Scheme 1.4. Hydroboration of an unsaturated elastomer and subsequent oxidative hydration or 

amination (hydroboration of 1,4-hexadiene-EPDM with 9-borabicyclo(3.3.1)nonane used as 

example).  

 
 

1.2.5. Hydroformylation 

Hydroformylation involves the catalyzed reaction of a mixture of carbon monoxide 

and hydrogen with unsaturated polymers (Scheme 1.5). It can be used to introduce 

reactive aldehyde groups into unsaturated hydrocarbon elastomers [96,97]. This oxo-

synthesis is a more controlled alternative to the oxidative processes described 

previously (paragraph 1.2.1.) [98]. These reactive, hydrophilic groups can be 

selectively introduced into the elastomer without affecting its bulk chemical 

resistance [96]. Hydroformylation can be performed either in solution or in the melt 

[97]. A major benefit of hydroformylation is that the amount of hydroxyl 
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functionalities can be controlled in a wide range of molecular weights and practically 

without any undesired side-reactions [97].  

 

Scheme 1.5. Hydroformylation of an unsaturated elastomer, followed by sodium borohydride 

(NaBH4) reduction into alcohol or by conversion into aldoxime and subsequent phosphorous 

pentoxide (P2O5) dehydration into a nitrile (BR used as example) [99,100].  

 
 

Hydroformylation begins with the generation of an unsaturated metal-carbonyl 

complex that binds to alkenes. The resulting complex can undergo a migratory 

insertion reaction to form an alkyl complex. In some systems (e.g. nickel hydride 

tristriphenyl phosphite) migratory insertion does not occur. In these cases, the 

reaction of the hydride with the unsaturated C=C bond is reversible and can result in 

the isomerization of the alkene via -hydride elimination from the alkyl. Another 

possible side-reaction is hydrogenation. Catalysts modified with cobalt or phosphines 

have shown an increased hydrogenation activity, where up to 15% of the olefin is 

hydrogenated. For hydroformylation, the catalyst should ensure that the rate of 

migratory insertion of the carbonyl carbon into the C-M bond is greater than the rate 

of -hydride elimination [101]. When the addition takes place in a Markovnikov 

fashion, the resulting alkyl group has a larger steric bulk close to the ligands on the 

catalyst. Hence, bulkier ligands offer a greater selectivity toward products with fewer 

bulky side-groups.  

 

Elastomers such as BR and EPDM can be modified via catalytic hydroformylation 

using homogeneous cobalt and rhodium catalysts [99,100,102-104]. The 

encapsulation of the catalytic site ensures the regioselectivity towards the most 

substituted carbons in this example. A possible follow-up reaction is sodium 

borohydride reduction that can be used to convert the modified elastomers into 

polyols (Scheme 1.5). Such polyols could be cross-linked with polyfunctional 

isocyanates to form a polyurethane rubbers [97]. Another possibility is the conversion 

into aldoximes by using hydroxylamine hydrochloride, or further dehydration with 

phosphorous pentoxide yielding polymers containing nitrile groups which are 

commonly used to improve flame retardancy. 
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1.2.6. Thiol-ene reactions 

Thiol-ene reactions are simple addition reactions that involve the addition of a thiol to 

an unsaturated C=C bond by either a free-radical or an ionic reaction mechanism 

[105]. Thiol-ene chemistry is in particular renowned for its simplicity, high reactivity, 

excellent yields and tolerance for a broad variety of solvents and available reagents 

[105]. Because of this, the thiol-ene addition is often considered to be a "click" 

reaction [11,106]. Thiol-ene chemistry is currently extensively investigated for the 

fabrication of functional materials [107] and appears to be particularly useful for the 

modification of (unsaturated) elastomers [108-110].  

 

Thiol-ene reactions can also occur as a Michael addition, coupling nucleophiles to 

alkenes with electron withdrawing substituents [111]. This reaction can proceed 

under a variety of experimental conditions, such as acid/base-catalyzed, 

nucleophilically catalyzed or via a solvent-promoted process [112]. For elastomers 

however, thiol-ene coupling generally proceeds photochemically or thermally induced 

via a radical-mediated reaction mechanism, as this does not require an activated C=C 

bond [113,114]. After excitation of the photo-initiator upon UV illumination, the 

resulting free radicals initiate the thiol-ene reaction by reacting with the thiol moieties 

via hydrogen abstraction, which leads to the formation of thiyl radicals that add to the 

unsaturations. The coupling of thiol-substituents is regioselective towards the anti-

Markovnikov product [115]. Various termination reactions include the formation of 

disulfides, thioethers, and covalent C-C bonds [116].   

 

The degree of substitution has a significant effect on the overall rate of hydrothiol 

anion. Terminal alkenes are generally far more reactive towards hydrothiolation 

compared to internal alkenes [115,117]. Although pendant C=C bonds are 10 times 

more reactive than internal C=C bonds [118], several successful thiol-ene 

modifications of elastomers with unsaturations in their backbone have been 

demonstrated [109]. Especially the residual exocyclic unsaturations of ENB-EPDM 

show a high reactivity due to bond angle distortion [108,119]. Thiol-ene reactions are 

therefore frequently performed on elastomers such as ENB-EPDM [117], BR 

[109,118,120,121], PIB [122], polyethylene glycol [123] and polysiloxanes (Scheme 

1.6).  

 

Scheme 1.6. Thiol addition to an unsaturated elastomer (ENB-EPDM as example). 
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The thiol-ene modification of rubbers used as fillers in composites can help improve 

mechanical performance and abrasion resistance as it increases the interaction 

between the rubber and the thermoset matrix as well as with fibers in composites 

[107,124]. The thiol-ene reaction is also employed for the coupling of silica reinforcing 

filler to unsaturated rubber using coupling agents [125]. Here, a combination of a 

trialkoxysilane functionality that reacts with the silanol groups of the silica surface, 

and a thiol functionality that reacts with the unsaturated rubber, is used. Typically, 

this chemistry is not performed via pre-modification of the rubber with the 

siloxanethiol, but in-situ during mixing of the rubber with the silica filler. A wide range 

of thiol-compounds with a second functionality can be prepared relatively easily 

[105,108]. The thiol-ene addition can therefore be used to functionalize elastomers 

with amines [118], alcohols [31,126], diols [105], acids [127], halides, ethers or 

aldehydes [118]. The radical addition of thiols to C=C bonds is also a highly efficient 

method for polymerizations  [121] and dendrimer synthesis [128]. Finally, di- and 

oligothiols can be used to cross-link unsaturated elastomers. Often some peroxide is 

added as initiator for such reactions.  

 

1.2.7. Hydrosilylation 

Hydrosilylation of unsaturated elastomers with hydrosilanes results in rubber silyl 

derivatives [129]. Hydrosilylation of unsaturated elastomers can proceed via two 

distinctive reaction mechanisms, i.e. via a radical chain addition mechanism or a 

platinum-catalyzed mechanism using for example Karlstedt’s catalysts (Scheme 1.7) 

[130-133]. Both types of reactions can be performed simultaneously. Unfortunately, 

the platinum catalysts that are generally required are very expensive and, thus, make 

industrial bulk applications less viable [134]. Silane groups have been attached to 

elastomers using several other catalysts, including ruthenium, nickel and iron 

complexes [135]. Like in the thiol-ene reaction, hydrosilylation takes place on the least 

substituted carbon, yielding the anti-Markovnikov product. 

 

Scheme 1.7. Hydrosilylation of an unsaturated elastomer (BR as example). 

 
 

For certain polymers the presence of oxygen is required to enable hydrosilylation 

[133]. Most of the hydrosilanes that have successfully been attached to unsaturated 

elastomers are of the HSiR3 type with R being alkanes and alkenes with various 

lengths. Also HSi(OEt)3, HSiMe2Ph, HSi(i-Pr)3 and HSiCl(Me)2 have been used [135], 

though mainly to serve as intermediates for further reactions. 
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Siloxane modification is mainly applied to improve the interaction with reinforcing 

fillers as pendant alkoxy groups react with the filler surface [136-138]. Since silicone 

rubbers exhibit some excellent chemical, physical and electrical properties, similar 

positive effects on the properties of modified hydrosilylated elastomers can be 

achieved by the addition of reactive silanes or siloxanes. The linking of a silicon 

rubber tail to polymers in general is known to result in high gloss, high gloss 

retention, low viscosity, and improved thermal stability [139], increased 

hydrophobicity and enhanced water resistance [140]. Such silicon rubber derivatives 

have many useful applications, such as household equipment or construction 

materials. Finally, compounds with multiple Si-H bonds, such as polydimethylsiloxane 

can be used to cross-link unsaturated elastomers. Elastomers that are used in the 

cable industry are often functionalized with organofuctional silanes and cross-linked 

by moisture curing [141-144]. Although the diene content has a negative effect on the 

silane curing, the reaction could still be considered for the more saturated elastomers 

as an alternative to irradiation, peroxide- and azo-processes. 

 

1.2.8. Sulfonation 

Sulfonation reactions are well known and often applied on commercial hydrocarbon 

elastomers such as EPDM (Scheme 1.8) [145,146]. The modification of elastomers by 

sulfonation is usually performed in order to improve their proton conductivity or 

converting them into ionomers [147,148]. While synthetic routes towards ionomers 

are often cumbersome and consist of several subsequent steps [149,150], the 

introduction of ionic interactions in existing polymeric materials by chemical 

modification is achieved via a relatively simple method, conceivable for up-scaling to 

industrial level [151]. The application of elastomer modification by sulfonation is 

facilitated by the fact that an extruder can also be used as an effective, continuous 

tubular reactor for this reaction [152]. That, and the broad applicability of sulfonated 

polymers make sulfonation one of the most effective and universally applicable 

method of chemical treatment [18]. The methods used rely on the use of sulfonating 

agents derived from sulfuric or sulfonic acid and are generally not easy to control in 

terms of regioselectivity as well as the occurance of side reactions [153]. The 

sulfonation of elastomers such as EPDM is usually performed with chlorosulfuric acid, 

which is very reactive and produces highly reactive sulfonated elastomers [148]. 

Unfortunately, the produced material usually has inferior material properties 

compared to the virgin material as the rubber loses its elastomeric characteristics and 

becomes a rigid and fragile sulfonated EPDM. The reason is that the reactive 

chlorosulfonic acid induces chain cleavage during sulfonation. An alternative is found 

in the milder acetyl sulfate where no such polymer degradation is observed [154]. 

Although this methodology has been commonly used to obtain sulfonated elastomers 

[155-157], the required procedure is not very feasible on an industrial level because it 

requires the polymer to dissolve. Fully saturated hydrocarbon elastomers such as 

EPM [158] or hydrogenated SBS (HSBS) [159] can also be sulfonated as the tertiary 
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carbons in EPM and the phenyl groups in HSBS are susceptible to the reaction with 

chlorosulfonic acid (Scheme 1.8).  

 

Scheme 1.8. Sulfonation on an unsaturated elastomer with tertiary C-H bonds (sulfonation with 

sulfonic acid of EP(D)M as example) [160-162]. 

  
Elastomer modification by sulfonation introduces polar groups on the polymer 

backbone. The modified polymers have been widely used as in situ compatibilizer in 

polymer blends [158,162-166]. Neutralization of the sulfonated elastomer results in 

ionomers with strongly modified properties [151,167]. The incorporation of sulfonic 

acid into elastomers via sulfonation improves characteristics such as adhesion, 

wettability, barrier properties, dyeability, metallization, electrostatic charge 

dissipation, electrical and proton conductivity, and abrasion resistance [168,169]. 

These features have led to an exploration of a variety of applications for sulfonated 

polymers, such as batteries, sensors, displays, ion-exchange resins, and, recently, fuel 

cells [153,170-173]. Finally, electrostatic interactions in polymeric materials 

represent an attractive route for physical cross-linking [151]. 

 
1.2.9. Carbocyanation 

Carbocyanation is the addition reaction of an organic nitrile to an unsaturated C=C 

bond through cleavage of the R-CN bond of the nitrile. The strength of the C-CN bond 

(> 100 kcal/mol) makes its activation limited to systems in which relief of strain or 

aromatization serves as the driving force [174]. The usefulness of nitriles as ligands in 

transition metal complexes and their overall stability are well known. Usually, a 

palladium catalyst such as tetrakis(triphenylphosphine) palladium (Pd[P(C6H5)3]4) 

[175] or nickel/Lewis acid cooperative catalysis [174] is applied for carbocyanation 

[176]. The homolytic cleavage of the C-CN bond enables the carbocyanation of 

unactivated C=C bonds. This addition reaction involves the introduction of a cyano 

group on one carbon atom, while attaching an aliphatic group on the other carbon 

atom (Scheme 1.9) [177]. 
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Scheme 1.9. Carbocyanation of an unsaturated elastomer (BR as example). 

 
 

The carbocyanation of unsaturated C=C bonds allows for a wide variety of nitriles to 

participate in the reaction. This includes aryl, alkenyl, alkynyl and allyl cyanides 

amongst others [178]. Although the majority of the open literature on carbocyanation 

is focused on the modification of non-polymeric unsaturated chemicals [175-177,179], 

similar reactions could be performed on unsaturated elastomers [180]. 

1.3. Reactions on C-H bonds in hydrocarbon elastomers 

Most modification reactions on polymers take place on functional groups that have a 

higher electron density than the polymer bulk, the majority of which is outside the 

scope of this review. The only functionality with a high electron density with respect 

to hydrocarbon elastomers considered are unsaturated C=C bonds and their 

corresponding modification reactions (section 1.2.). Still, a number of reactions are 

effective towards the barely reactive C-H bonds that compose the majority of 

hydrocarbon elastomers. C-H bonds are most reactive when they reside on an allylic 

position. This implies that while the presence of a certain degree of unsaturation in 

the elastomer is required for these reactions to take place, the unsaturated carbon 

bonds themselves stay intact upon modification. Examples of such reactions that take 

place on allylic C-H bonds are halogenation and Alder-ene reactions. Other reactions 

can even take place on an alkylic C-H bond. Some of these reactions such as free-

radical grafting and phosphorylation substitute the H from the C-H bond while 

reactions with carbene and nitrene insert into the C-H bond. As a final example, the 

Friedel-Crafts alkylation takes place on aromatic C-H bonds.    

 

1.3.1. Halogenation 

Rubber halogenation is a well-known industrial process that is used to increase the 

surface hardness of rubber products and to improve their durability [181]. Although 

there are various ways to halogenate elastomers [182], the free-radical route is the 

most commonly applied. Homolysis of halogen gas into reactive species occurs when 

exposed to high temperatures (> 300 ᵒC for chlorine) or irradiated with ultraviolet 

light (initiation). A small amount of the formed halide radicals can abstract hydrogen 

atoms to form the corresponding halic acids. The resulting macromolecular radicals 
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can then react with a halogen molecule to form the halogenated elastomer and 

another halogen radical (propagation). Overall, hydrogen atoms are substituted, thus 

forming the halogenated elastomers and the corresponding halic acids (Scheme 

1.10A). Since the halogens leave the process as hydrohalic acids, this route to 

halogenated rubbers imposes significant environmental hazards [183].  

 

When unsaturations are present in the elastomer however, allylic halogenation is the 

preferred pathway. In the presence of the halic acids however, hydrobromination of 

unsaturated C=C bonds can also take place via addition mechanism (Scheme 1.10B). 

This ene addition usually results in a mixture of exo and endo products, but can also 

give rise to a number of consequent reactions. De-hydrobromination of these 

halogenated elastomers for example, can take place upon heating, eliminating the 

halogens as halic acids and replacing them by C=C unsaturations. Several alternative 

ways of performing the halogenation are available, most of which require the addition 

of a stabilizer or an oxidant [184].  

 

Scheme 1.10. A: Halogenation of saturated elastomers (Chlorination of EPM as example). B: 

Halogenation of an unsaturated elastomer (bromination and hydrobromination of BR and de-

hydrobromination of brominated BR as example). 

 

 

  

 

The substitution of halogen atoms in general strongly reduces the molecular mobility 

and increases the glass transition temperature. One of the problems with all 

halogenation reactions is the lack of control. The exothermic, free-radical reaction 

does not distinguish between the formation of mono-, di- or tri- substituted carbons. 

For most practical applications however, this should not impose significant problems 

as the thermal properties depend only on the total halogen content. While iodine is 

not reactive enough for halogenation, chlorine, bromine and fluorine are all used 

A 

B 
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frequently for the halogenation of elastomers. As in all free-radical processes, the 

substitution of the most substituted carbon is preferred. However, the more reactive 

fluorine and chlorine discriminate much less between the various types of C-H bonds 

than bromine.  

 

Chlorinated rubbers are known for their adhesion, wearability, flame retardancy, 

thermal stability and abrasion as well as corrosion resistance [184]. Consequently, 

they are widely used in the production of raw materials for paints, coatings, adhesives 

and inks [185] and as reinforcing agents for brittle thermoplastic materials [186,187]. 

Similarly, brominated rubbers such as brominated SBR and BR vulcanize more rapidly 

with sulfur, have an even better adhesion and allow for co-vulcanization with other 

rubbers [185]. Brominated PIB elastomers are mainly used for their low gas 

permeation and high damping performance. Halogenation of IIR using chlorine or 

bromine results in the substitution of allylic hydrogen atoms, combined with allylic 

rearrangement. The corresponding CIIR and BIIR elastomers have enhanced reactivity 

towards sulfur vulcanization, thus, allowing co-cure of halogenated IIR inner-liners of 

tires, and towards resol curing (no metal halide activator is required; just addition of 

zinc oxide). Halogenation of IIR is typically performed in solution, although a reactive 

extrusion process has also been developed [188].  

 

Fluorinated rubbers exhibit high thermal stability, enhanced chemical resistance and 

low surface energy [182,189]. These characteristics result from the strong C-F bonds 

and the small size and low polarizability of the fluorine atoms [182]. Some alternative 

methods for the bulk incorporation of fluorine atoms as functional groups on the 

polymer backbone of elastomers are more selective and controlled without inducing 

degradation or cross-linking [182]. Nevertheless, the majority of fluorination of EPDM 

rubbers involves the modification of their surface rather than the polymer bulk 

[16,17,190]. This surface modification is of importance in heat or electric insulation, 

water repellants and surfaces with low friction [191].  

 

Finally, halogenated sites on polymers can serve as an initiator for a number of follow-

up reactions [192]. An example is found in the copolymers of isobutylene and p-

methylstyrene. Bromination of the p-methyl group results in polyisobutylene-like 

polymers with bromine cure sites. They provide an alternative for IIR, but without the 

unsaturation in the main chain and, thus, with improved heat stability and ozone 

resistance. The benzylic bromine function allows for cross-linking with zinc 

oxide/stearic acid combinations, sulfur vulcanization systems or resol. The 

halogenation of BR also enhances the reactivity towards sulfur and resol cross-linking 

compared to IIR. 
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1.3.2. Alder-ene reactions 

The Alder-ene reaction is a concerted reaction in which the C=C bond migrates and 

the unsaturation is preserved. Although the presence of a C=C bond is required for 

modification via the Alder-ene reaction, it is categorized in this section because the 

reaction takes place on a C-H bond of an allylic carbon. The Alder-ene reaction 

involves the interaction between an alkene, having an allylic hydrogen (ene), and a 

compound containing an unsaturated bond (enophile), to form a new bond with 

migration of the unsaturation and 1,5-hydrogen shift [193]. Traditionally, the Alder-

ene reaction has been thought to proceed through a concerted mechanism involving 

six electrons transition state, similarly to the much better known Diels-Alder reaction 

[194]. Differently from the latter, the Alder-ene reaction requires more drastic 

conditions, such as highly electron-deficient enophile and/or elevated temperature. 

Longer reaction times and increased concentrations are known to increase the 

grafting efficiency [195]. Temperatures higher than 160°C, long residence times and a 

strong enophile such as MA are generally used for Alder-ene polymer modifications 

[196,197]. The thermally induced Alder-ene reaction is usually catalyzed with Lewis 

acids and is known as the most selective method for the substitution of elastomers 

with MA [198-200]. The reaction is site-specific and enables high anhydride content 

with fewer side-reactions than its free-radical alternative (paragraph 1.3.3.) [199].  

 

Since the enophile is electron deficient, Lewis acids are effective in accelerating the 

Alder-ene reaction. Catalytic amounts of stannous and ruthenium chlorides (about 

0.001 mol equivalents with respect to MA) in the presence of radical scavenging agent 

allow for efficient functionalization of olefin-terminated polypropylene [199]. Several 

Lewis acid species (stannous chloride dihydride, ruthenium chloride hydride and 

aluminum trichloride) were tested as catalysts in the Alder-ene functionalization of 

EPDM rubber with MA. They were found to affect the degree of functionalization via 

the evolution of HCl during the reaction, which may promote the isomerization from 

vinyl to vinylidene and thereby increase the reactivity [198,201]. 

 

The Alder-ene modification of vinylidene-terminated polyolefins has been thoroughly 

investigated, because of its suitability for polymer functionalization in the melt phase 

[198,199,202-204]. Particularly, unsaturated elastomers such as PIB [205-208], BR 

[209] and EPDM [196] have been efficiently functionalized in the melt with MA in the 

absence of peroxides. Since multiple Alder-ene additions are possible, the reaction 

kinetics are second order and an excess of MA always yields more than one functional 

group grafted per PIB chain (Scheme 1.11) [210]. 
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Scheme 1.11. Multiple addition of Alder-ene on an unsaturated elastomer (PIB with terminal 

unsaturation and maleic anhydride as examples). 

 
 

Notably, the Alder-ene reaction is reversible (retro-ene process) and it appears to be 

affected by steric effects [211]. Studies of the reaction of low-molecular-weight olefins 

with MA show that isomerization of the starting vinyl occurs during the reaction, 

which provides a mixture of isomeric anhydrides in the final product with the 

distribution depending on the reaction time and temperature [210,212]. Nevertheless, 

a terminal unsaturated C=C bond (vinyl) should be more rapidly functionalized than 

an internal unsaturated bond (vinylidene). 

 

The Alder-ene functionalization reaction of PIB and SBR triblock copolymers is also 

reported with MA or diethyl maleate as enophiles [201]. The latter gave low levels of 

conversion due to its reduced reactivity as enophile. Nevertheless, functional levels of 

1.5wt% MA units per PIB chain were obtained, thanks to the improved mixing 

efficiency provided by the liquid and less polar maleate. Melt functionalization 

provided SBR with 0.1-0.3 mol of grafted diethyl maleate per 100 repeating units of 

polymer with limited degradation, thanks to the use of a stable, free-radical trapping 

species such as 2,2,6,6-tetramethylpiperidin-N-oxyl. 

 

Sulfonate-substituted maleic anhydrides were proposed to simultaneously introduce 

metal sulfonate substitutes (sulfonate ionomer moieties after neutralization) and 

reactive anhydride groups into EPDM rubber. Notably, the presence of the strongly 

electrophilic sulfonate activates the MA unsaturation towards the Alder-ene reaction 

and substantially increases its reactivity with low unsaturated hydrocarbon rubbers 

[213]. The resulting maleated elastomers can be used for a number of follow-up 

reactions as will be further discussed in the section on free-radical grafting 

(paragraph 3.3.). The Alder-ene reaction could be used for (thermoreversible) cross-

linking of elastomers [214] since this reaction can take place on the hindered C=C 

bond of ethylidene-norbornene in EPDM and the retro-Ene reaction takes place at 

elevated temperatures (>600°C) [198]. 

 

1.3.3. Free-radical grafting 

Free-radical grafting of functional, unsaturated monomers is by far the most 

commonly applied modification technique for hydrocarbon polymers (both 
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polyethylene and polypropylene, but also for elastomers [215,216]. Free-radical 

grafting is generally initiated by free-radical initiators, such as peroxides, that 

decompose easily into free radicals upon heating. The formed alkoxy radicals can 

abstract hydrogens from the polymer backbone, yielding macro-radicals. Allylic 

moieties in unsaturated elastomers are easily converted into such macro-radicals, 

enabling an efficient way to graft a broad variety of functional monomers (Scheme 

1.12A). Alkoxy radicals are so reactive however, that they can also abstract hydrogens 

from a saturated polymer backbone. This type of grafting generally takes place on 

tertiary carbon atoms, which yield more stable radicals (Scheme 1.12B). The fact that 

free-radical grafting can take place on both unsaturated and saturated hydrocarbon 

polymers makes it a versatile method, especially for the modification of elastomers 

with no (EPM and PIB) or low (EPDM and IIR) levels of unsaturation.  

 

Scheme 1.12. Free-radical grafting of an unsaturated monomer to an (un)saturated elastomer 

using peroxide (maleation of ENB-EPDM as example). 

 
 

Unfortunately, free-radical reactions suffer from several disadvantages, such as low 

selectivity, undesired cross-linking (Scheme 1.12C), main chain degradation by -

scission (Scheme 1.12D), disproportionation and coupling [217,218]. This leads to 

undesirable changes in the product’s properties (reduced elasticity, hardness and 

modulus) and the release of volatiles [219]. The addition of a co-monomer may 

increase the extent of functionalization and may promote chain extension, thus 

compensating chain scission [220]. Although styrene and methylstyrene are often 

used for this purpose, furan or thiophene derivatives have also been investigated 

[221,222]. An electron donor such as stearamide has been shown to prevent some of 

the undesired side-reactions [200,220,223].  

 

The simplicity and cost effectiveness make functionalization by melt grafting an 

attractive method to prepare functional polymers [5]. Free-radical grafting of 

elastomers is most conveniently carried out via continuous reactive extrusion (REX) 
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at high temperatures to ensure melt processing at the proper rheology [224,225]. REX 

allows for fair mixing and temperature control of high viscous media [226]. The 

advantage of REX is that no solvents are used, avoiding a number of environmental 

and recovery issues. The process is typically influenced by the reactivity of the C=C 

bond on the functionalization agent and its solubility in the reaction medium [227]. 

Usually, polar and/or reactive groups are grafted onto the polymer backbone in order 

to achieve better adhesive power [228]. The resulting polymers have a wide range of 

applications as compatibilizer or adhesive in food packaging, automotive or building 

applications [228].  

 

Free-radical grafting offers a broad versatility due to the large number of functional 

monomers (Table 1.1) that can be used in combination with a variety of radical 

initiators [5,19,217,229]. Numerous peroxides, hydroperoxides and azo chemicals are 

available for this purpose. They can be selected on the basis of their decomposition 

temperature, reactivity, selectivity and solubility in the polymer [224,225]. As an 

alternative to using peroxides, grafting can be achieved via photo-irradiation or high-

energy irradiation [197,230]. 

 

Next to the unsaturation, grafting monomers often contain a carboxylic acid, ester, 

anhydride or amine group to increase the polarity or reactivity of the target polymer 

[231]. These electron-withdrawing groups also enhance the reactivity of the 

unsaturation for addition to the somewhat electron-rich alkyl radical in the 

hydrocarbon polymer. This explains why monomers like MA, maleimides and 

(meth)acrylates have such good grafting efficiencies. 
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Table 1.1. Unsaturated monomers used for free-radical grafting of (un)saturated hydrocarbon 

elastomers.  
Monomer Structure Derivatives References 

maleic and itaconic 

anhydrides 
 

R1: H, CH3, halogen 
21,223,227, 

232-239 

maleimides 

 

R1: H, R, R-OH, R-O-R, R-epoxy, 

R-COOH,  

R2: H, CH3, halogens 

197,223, 

231,240 

maleates (cis) and 

fumarates (trans) 
 

R1: H, R, aryl, R-amine,  

R-oxazoline 

R2: H, CH3, halogen 

14,197,223, 

231,240-

249 

 

itaconates 

 

R1: H, R, aryl 

 
240,250  

vinyl ketone 

  

R1: H, CH3 251 

(meth)acrylic acids 
  

R1: H, CH3 252,253 

(meth)acrylates 

 

R1: H, CH3 

R2: H, R, OH, R-OH, R-NH2,  

R-epoxy, R-N(CH3)2,  

R-NH(t-Bu), R-isocyanate 

R3: R-amine, R-diamine, furan, 

thiophene 

219,222, 

254-265 

(meth)acrylamides 

 

R1: H, CH3 

R2: R, aryl, tert-butyl sulfonic 

acid 

266-269 

(meth)acrylonitrile 

 

R1: H, CH3 
259,268, 

270-274  

vinyl halide  R1: halogen 186,275 

styrene derivatives 

  
 

R1,2,3: halogen, N-carbazole, 

benzotriazole, naphthalene 

259,270-

274,276-

278 

heterocyclic vinyl 

derivatives 
 

imidazole,  

pyrrolidone and 

oxazoline, respectively 

249,279-

281 

vinyl 

trialkoxysilane 
 

R1: CH3, CH2CH3 
142,282, 

283 

R = alkyl 

 

Two types of grafting monomers can be distinguished, i.e. monomers that terminate 

upon grafting and thus yield (mainly) monomeric grafts, like MA (which will be 

described in full detail below), and monomers that can propagate and thus yield 
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polymeric grafts, such as styrene. An industrially relevant example of the latter is BR 

grafted with styrene. Such materials usually do not only consist out of the graft 

copolymer (BR-g-PS), but also contain unreacted starting elastomer (BR) and free 

homopolymer (PS). Usually, the starting elastomer (BR) and the grafted polymer (PS) 

have different polarities and, thus, are not thermodynamically miscible. As a result, 

such graft copolymers show phase separation and can be viewed as compatible, 

heterogeneous blends (BR-g-PS acting as compatibilizer for the BR/PS blend). BR 

grafted with an excess of styrene is a compatible blend of BR particles dispersed in a 

PS matrix and, thus, has a much higher impact toughness compared to the parent PS. 

The grafted product is the basic ingredient of the commercially available high-impact 

polystyrene (HIPS). When EPDM is used instead of BR as the starting elastomer, more 

UV-resistant and heat-stable HIPS is obtained. Grafting of BR with a mixture of styrene 

and acrylonitrile, yields BR-g-SAN, i.e. ABS. Since SAN has a higher glass transition 

temperature than PS, acrylonitrile butadiene styrene terpolymers (ABS) have a higher 

softening point than HIPS and can be used at higher temperatures. Finally, grafting of 

styrene and acrylonitrile onto EPDM results in EPDM-g-SAN, i.e. ESA, which combines 

the highest softening point with the best UV/temperature stability. 

   

Grafting of MA or maleation is the most commonly applied free-radical modification 

technique used for elastomers [223,227,232-239]. In REX processes, the radical 

grafting of MA is generally initiated by peroxides [238,242,284-286]. Commonly 

dicumyl peroxide [223] and dibenzoyl peroxide [287]. Maleation of elastomers via 

melt grafting results in functionalized products with up to 3wt% grafted MA 

[223,227,238,288-290]. For EPDM, mostly single anhydride ring grafting takes place 

on both tertiary carbons and terminal unsaturated C=C bonds formed by β-scission. 

However, unsaturated, oligomeric grafts can also be formed [284,291,292]. 

Elastomers that are grafted with MA are sensitive to moisture and hydrolysis may 

occur under atmospheric conditions, resulting in a certain amount of succinic acid 

units randomly distributed along the polymer chain [223].  

 

MA derivatives such as maleates, fumarates, maleimides, succinic and itaconic acid 

can be grafted in a similar fashion [197]. The characteristics of the final product are 

determined by the kind and amount of grafted moieties, their chemical structure (also 

in terms of polymeric or monomeric grafts) as well as the processing conditions [289]. 

The anhydride groups are highly reactive in successive reactions [240]. Maleated 

elastomers exhibit increased reactivity, polarity, hydrophilicity and improved 

adhesion (both covalent towards amines as secondary due to dipole-dipole 

interactions), making them suitable for printing and coating applications, 

compatibilizing agents and impact modifiers in polymer blends [140,200,284,293-

296].  
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Grafting of MA onto a polymer backbone increases its reactivity and makes it 

susceptible towards a number of follow-up reactions, such as with water, alcohols, 

salts (hydroxide, oxide, acetate) and amines [297] (Scheme 1.13). A typical example is 

the use of saturated elastomers such as PIB and EPM in lubricant oils as viscosity 

modifiers [298]. Automotive gasoline engines have to operate at temperatures 

between -35 and +150°C (cold winter start vs. hot running motor). Base lubricant oils 

show a very large variation of viscosity over this temperature range and, thus, do not 

have an optimum lubrication performance. The addition of amorphous, apolar 

polymers, such as PIB and EPM, results in thickening of the oil at elevated 

temperatures, thereby reducing the temperature dependence of the oil viscosity. 

Grafting of PIB or EPM with MA, followed by capping of the grafted anhydride with an 

aromatic amine, like N-phenyl-1,4-phenylenediamine, or a polyamine, like 

triethylenetetramine, results in polymers that bind soot and metal particles in aged oil 

and, thus, reduce wear of the engine. The latter amine-capped, maleated elastomers 

combine viscosity index improvement with dispersant activity. Due to the versatile 

and high reactivity of the grafted MA groups, MA-grafted polymers can be used in 

coatings by cross-linking them with polyamines, polyols or epoxy resins [197]. 

Neutralization of maleated elastomers with salts results in ionomers, which can be 

applied as thermoplastic elastomers. A final example of a follow-up reaction is the 

graft polymerization of caprolactam on maleated elastomers to yield impact-modified 

polyamide-6 [299]. 

 

Scheme 1.13. Possibilities for further modification of maleated elastomers (maleated EPM as 

example). 
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1.3.4. Chlorophosphorylation 

Phosphoric acid groups and their derivatives can be readily linked to saturated 

hydrocarbon elastomers by oxidative chloro-phosphorylation [300]. The radical 

reaction between phosphorus tri-chloride and oxygen was discovered simultaneously 

by several groups [301,302]. Subsequently, this reaction was applied for the bulk 

phosphorylation of high-molecular-weight polymers [303]. The chloro-

phosphorylation reaction proceeds remarkably fast at relatively mild temperatures 

[304]. First, a labile hydrogen atom is abstracted from the polymer, followed by the 

formation of the carbon-phosphorus covalent bond (Scheme 1.14) [304]. The 

polymeric phosphoryl dichloride that is formed is highly reactive and can be easily 

converted to either the polymeric phosphoric acid by hydrolysis or to the polymeric 

phosphonate by esterification [300,305]. Chlorophosphorylation is accompanied by a 

competing oxidation reaction of the phosphorus trichloride reagent, which reduces 

the yield [304] 

 

Scheme 1.14. Phosphorylation of saturated elastomers and subsequent hydrolysis/esterification 

(EPM as example). 

 
The chloro-phosphorylation reaction with EPM rubber proceeds rapidly at low 

temperatures (60-70 °C) and can be used to incorporate phosphoryl groups randomly 

without significant degradation of the polymer main chain [300]. The resulting 

products have excellent physical properties [306]. The introduction of relatively small 

quantities of phosphoric moieties to elastomers improves their adhesion, dyability, 

hydrophobic properties and thermal stability [305]. Unfortunately, this is usually 

accompanied by an undesirable decrease in the polymer stiffness and elongation 

[303,307]. These effects are attributed to a decrease in crystallinity with increasing 

phosphonate concentration [300]. Additionally, the reaction is very sensitive to 

impurities [308] and it is difficult to maintain control over chain branching [309]. 

 

1.3.5. Carbene insertion 

Carbenes are extremely reactive and their lifetimes are generally shorter than one 

second [217,264]. Carbenes are so reactive that besides alkenes, they are also capable 

of reacting on C-H bonds [310,311]. This high reactivity makes them of particular 

interest for the modification of fully saturated elastomers such as EPM. Carbene 

insertion proceeds via a one-step mechanism and can be performed in the polymer 

melt (Scheme 1.15). The addition reaction of carbenes to unsaturated C=C bonds 
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differs from other addition processes, because in carbene reactions a single carbon 

atom becomes attached to both C-atoms of the unsaturation. Reagents containing 

diazirines have been utilized extensively as carbene precursors [312]. They 

decompose on exposure to light, heat or copper metal by loss of nitrogen to form 

carbenes. The selectivity of the insertion strongly depends on the type of catalyst 

used. The reaction preferably takes place at the most substituted (tertiary) carbons, 

but often occurs at the secondary carbons due to steric effects [313]. 

 

Scheme 1.15. Carbene insertion of a saturated elastomer (modification of EPM with acetate as 

example). 

 
Carbene insertions into C-H bonds allows for polymer functionalization with 

functional groups such as alkanes, acetates, ketones or more polar esters, while 

avoiding side reactions [217,311]. The chemical diversity of the functional groups can 

only be accounted for when combined with the appropriate diazocarbonyl compound 

[311,314]. For EPDM rubber, a controlled degree of functionalization between 5 and 

10 wt% has been achieved [217]. Unfortunately, the extremely high reactivity and 

toxicity of carbenes makes their large-scale applicability quite limited [315]. 

Nevertheless, carbene insertion allows for reactions that would otherwise not be 

possible [217]. An example is the migratory carbene insertion, which is a new tool for 

the catalytic C-C bond formation [315].   

 

1.3.6. Nitrene insertion 

Organic nitrenes are less reactive than carbenes, but are nevertheless reactive 

towards both alkenes and alkanes. This makes them interesting compounds to modify 

saturated elastomers such as EPM, or elastomers with a limited amount of reactive 

functional groups such as EPDM [136,316]. Azides, which are a resonance hybrid of a 

linear structure consisting of three nitrogen atoms, are commonly used as nitrene 

precursors. When exposed to radiation or heat, the azide functionality decomposes, 

yielding the nitrene by releasing nitrogen [317]. The nitrene formed is an uncharged, 

electron deficient and highly reactive species. Although nitrenes can be created by 

other methods, azide decomposition is by far the most common one. Various azides 

are reactive towards saturated hydrocarbons [318]. 

 

In the case of sulfonyl azides, the nitrene is initially formed in a singlet state with two 

paired electrons. Eventually, it can convert into a lower energy triplet state in which 

the electrons are unpaired (Scheme 1.16) [319]. The nitrene is reactive in both states 
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and can undergo an insertion reaction with saturated hydrocarbons. In the singlet 

state, the nitrene inserts into a saturated C-H bond with retention of the configuration. 

In the triplet state, hydrogen is abstracted via a free-radical process similar to the 

free-radical peroxide reaction (paragraph 3.3.).  

 

Scheme 1.16. Reaction mechanism of azide decomposition and subsequent insertion of nitrene in 

the singlet state and abstraction of nitrene in triplet state (reaction of EPM with a Tosyl azide as 

example) [317]. 

 
 

The insertion reaction of the nitrenes in their singlet state occurs without the 

formation of side products, which is the case for the radical reaction of the triplet state 

[320]. Azides and azidoformates react mostly via this insertion mechanism, although 

the triplet formation cannot be excluded [320,321]. In the presence of unsaturated 

C=C bonds, nitrenes preferably add to these in a rapid rearrangement reaction [318]. 

This reaction dominates over the nitrene reaction with the saturated backbone. In 

either case, the desired functional group will be grafted to the hydrocarbon elastomer 

via a covalent bond. 

 

The reactivity of azide compounds is largely determined by its chemical substituents 

and the directly neighboring group determines the decomposition temperature and 

the reaction path of the azide [322,323]. Some available classes of azide compounds 

are acyl azides (R-CO-N3) [324], alkyl azides (R-N3) [38], aryl azides (R-C6H4-N3), 

sulfonyl azides (R-SO2-N3) and azidoformates (R-O-CO-N3) [317]. Acyl-azides are 

known to be the most reactive and are therefore often applied in click chemistry 

[38,322]. Unfortunately, enhancing the grafting efficiency onto elastomers remains 

arduous, even when increasing the azide loading [317]. 

 

Chemical modification of rubbers using compounds containing one azide functionality, 

mostly in the form of sulfonyl azide and azidoformate, can be used to introduce new 

functional groups [325-327]. Sulfonyl azides are preferred over azidoformates due to 

their higher decomposition temperature, which allows for melt mixing with polymers. 
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These modification methods are especially useful since reactions can be performed 

under simple industrial conditions, as long as the mixture is heated above the 

decomposition temperature of the azide, or exposed to irradiation. Azides have to be 

used with care because of their explosive nature.  

 

An important requirement for reactive mixing is the compatibility of the modifying 

agent with the rubber itself. For this reason, the reaction of phenyl- and benzyl-azides 

with EPM rubber is very efficient, whereas the reaction of acetamido-azides proves 

more difficult due to their insolubility in the polymer matrix [317]. Aniline 

functionalities have been successfully introduced in LDPE and SBR rubber by 

modification with mono-sulfonyl azides containing the aniline functionalities 

[328,329]. Similarly, mono-azides and azide sulfonyl silanes have been applied as 

silica coupling agents [136,326,327]. Finally, poly-functional azides such as diphenyl-

4,4’-di(sulfonyl azide) have been successfully applied for the cross-linking of 

(un)saturated rubbers such as EPDM for quite some time [330,331]. It appears that 

azide cross-linking is also effective for saturated elastomers, which are the most 

difficult to cure by conventional cross-linking systems based on sulfur or peroxide 

[317,322,332]. 

 

1.3.7. Friedel-Crafts alkylation 

The Friedel-Crafts reaction allows for a simple route of achieving the addition of 

carbon electrophiles to aromatic groups. Considering the hydrocarbon elastomers 

discussed in this review, the Friedel-Crafts reaction can be used for the alkylation or 

the alkanoylation of SBR (Scheme 1.17). The reaction requires a very reactive carbon 

electrophile that can form a carbocation in the presence of acids. This means that 

alkenes can be used, but alcohols and halides also serve as precursors. The reaction 

usually involves treatment of the unsaturated C=C bonds with a tertiary alkyl chloride 

and the Lewis acid AlCl3. A disadvantage is that Friedel-Crafts alkylation is not 

selective towards mono-substitution of the aromate. The reactions can be performed 

in a reactive extrusion process. 

 

Scheme 1.17. Friedel-Crafts alkylation of aromatic elastomers (alkylation of SBR with acetyl 

chloride as example). 

 
The Friedel-Crafts reaction can also be used to promote the interaction between 

saturated elastomers and aromatic polymers such as polystyrene [333]. These in-situ 
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compatibilization, grafting or cross-linking reactions, however, usually involve a prior 

reaction step to functionalize the saturated hydrocarbon elastomers [334-340]. The 

resulting materials have attracted significant attention as novel, high-performance, 

and optoelectronic materials. Their intermolecular cyclization gives them a high glass-

transition temperature, good thermal stability, high optical transparency and low-

hygroscopicity [341]. 

1.4. Future outlook 

The overview on the chemical modification routes for (un)saturated, hydrocarbon 

elastomers presented in the preceding paragraphs shows that a versatile, chemical 

toolbox is available for the polymer chemist. In this last paragraph, first a brief 

overview is presented of those routes, which - as far as the authors are aware of - have 

found actual application in the industry with most examples already being discussed 

in the respective paragraphs. Hydrogenation of SBS and NBR in solution yields 

saturated SEBS and hNBR, respectively, which have improved heat and oxidation 

stability compared to parent SBS and NBR, respectively. Chlorination and bromination 

of IIR in solution yields C/BIIR, which have enhanced reactivity towards sulfur and 

resol cross-linking compared to IIR. Brominated copolymers of isobutylene and p-

methylstyrene have better heat and ozone resistance compared to unsaturated IIR. 

Epoxidation of NR latex with peracids, produced from hydrogen peroxide, yields 

epoxidized NR with oil resistance, damping and adhesion superior over NR. Maleation 

of low-molecular weight PIB and BR with vinyl unsaturation via the Alder-ene 

addition of MA is performed in the low-viscous melt. Maleation of high-molecular 

weight, fully saturated EPM and SEBS is performed via free-radical grafting of MA, 

usually in a reactive extrusion process (REX). Maleated BR, EPM and SEBS are used as 

adhesives. Maleated EPM and SEBS are also used as impact modifiers for polyamides. 

Capping of maleated PIB and EPM with aromatic amines or polyamines yields 

viscosity index improvers for lubricant oil applications. Free-radical grafting of BR (or 

EPDM) with styrene yields (UV/heat resistant) HIPS with better impact resistance 

compared to PS. Free-radical grafting of BR or EPDM with a mixture of styrene and 

acrylonitrile results in ABS or ESA, respectively, with higher softening points than 

HIPS.  

 

As far as the authors are aware of, the other approaches presented in this review are 

more of academic interest and are not (yet) industrially applied. The various examples 

that did find industrial application always appear to have the right balance of 

relatively low-cost production and significant performance enhancement (i.e., 

relatively high added value). Typically, low-cost chemicals (hydrogen, chlorine, 

bromine, hydrogen peroxide, maleic anhydride, styrene and acrylonitrile) and small 

amounts of initiators (peroxide) or catalysts are used in these approaches. The 

chemical modification is usually performed via relatively simple process technology 
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characterized by a low viscosity (i.e., in solution, latex or a low-viscous melt) or by 

high shear extrusion processes such as REX. These observations directly point 

towards the necessary improvement for the other chemical modification routes 

reviewed in this paper, but which are not applied in industry (yet). This mostly 

concerns cost reduction of the starting materials and/or catalysts. Other technical 

aspects, such as improving the conversion (less reactants needed and less recycling of 

unreacted chemicals) and the selectivity (suppression of side reactions, such as cross-

linking or chain scission) also need further attention before these will become 

industrially feasible.  

 

Other types of reactions could be regarded as well. One good example is found in the 

field of click chemistry, which is defined as a set of powerful and highly reliable 

selective reactions for the synthesis of new compounds and combinatorial libraries 

[38]. Typical benefits of Click reactions for the modification of elastomers are the 

smaller degree of side reactions (cross-linking or chain scission) [38,342,343] than 

occur in free-radical grafting. Additionally, the mechanism, the reactivity and the 

resulting structures are better understood which allows more control. Thus, Click 

chemistry may have some interesting opportunities for new applications in the field of 

hydrocarbon rubber modification. 
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