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Abstract

Elastomeric materials (commonly called rubbers) play a fundamental role in human life, having
myriad applications ranging from wiper blades to spacecraft seals, albeit most of the world's
rubber ends up in tyre production. An elastomer can be defined as a polymeric material with
the following typical characteristics: (1) the glass transition temperature should be lower than
room temperature; (2) amorphous in unstrained conditions and (3) characterized by low
Young modulus and high failure strain.

Generally, elastomers are obtained either from natural sources (known as ‘Natural Rubber’) or
by synthesis. Modern industry and technology could not exist as they are today without
synthetic rubber since natural rubber fails to meet the growing demand for worldwide rubber.
The research described in this thesis focuses on the development of new synthetic elastomeric
materials, obtained from renewable natural resources, for tyre production. Currently, the
synthetic elastomers used in the tyre compounds (mainly polybutadiene and styrene-
butadiene copolymers) are synthesized from monomers coming from fossil sources such as
butadiene, isoprene and styrene. The need to abate the current environmental issues, such as
global warming, and the massive amount of fossil-based plastic pollution that wind up in the
oceans every year, urges a reduction in the usage of fossil-based materials, and their
replacement with more sustainable alternatives. These issues have inspired many scientists to
design and implement more sustainable approaches for polymer synthesis. The identification
and assessment of new and renewable biobased monomers have become a major topic of
interest en route to a circular economy. In this context, a natural, potentially alternative source
of hydrocarbons is represented by the large family of terpenes, molecules characterized by the
presence of one or more double bonds with a cyclic or acyclic unsaturated structure. They are
formally oligomers of isoprene units produced by many plants, animals, and some insects.
Despite their structural similarity with 1,3-alkadienes, their use as monomers for polymer
synthesis has been scarcely investigated and gained attention only in recent times. The aim of
this project was, therefore, the synthesis of polymeric materials starting from terpene
monomers, testing their mechanical properties, and preparing the first compounds for high-
performance tires, in order to partially replace the rubbers obtained from fossil sources. These
researches were conducted in collaboration with Pirelli S.p.a. (Milan, Italy), in whose
laboratories the mechanical properties of compound formulations, obtained from terpene-

based elastomers synthesized, have been studied.
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This thesis is divided into six chapters:

Chapter 1 is devoted to important background information. This chapter introduces the
category of treated materials, the elastomers, with a brief historical mention of the origin of
natural rubber and the development of synthetic elastomers. The viscoelastic properties that
make these materials unique as well as the main types of rubbers and industrial applications

are highlighted.

Chapter 2 is dedicated to terpenes, in particular to acyclic ones that in last years have received
a lot of attention from academia and industry for their possible uses as starting monomers for
more sustainable elastomers. The biological origins of these molecules, current applications,

and an overview of their stereoregular polymerization are proposed and discussed.

In Chapter 3, the stereoselective copolymerizations of renewable terpene monomers such as
ocimene, myrcene, and farnesene with butadiene were investigated. For this purpose, [0SSO]-
type bis(phenolate) titanium-based complexes, activated by modified methylalumoxane under
mild reaction conditions, were used. The study was then extended to the synthesis and

characterization of terpolymers, in particular employing ocimene, butadiene, and styrene.

In the synthesis of new elastomers, the influence of another transition metal centre, a cobalt
complex with phosphane ligands, on the stereoselectivity and the catalytic activity were further

investigated. The results are described in Chapter 4.

In Chapter 5, soluble alkillithium-free heterocomplexes consisting of sodium hydride in
combination with trialkylaluminum derivatives were used as anionic initiating systems for the
production of various elastomers. Homo-, co- and ter-polymerization of myrcene with styrene

and isoprene were reached.

The scale-up of selected elastomeric samples is illustrated in Chapter 6. The study (in the
laboratories of Pirelli) of the mechanical properties of the polymers obtained and their use for
the formulation of innovative compounds for high-performance tires were carried out and here

presented.

A detailed description of the main experimental procedures and characterization techniques is

reported in Appendix 7.



: PON
UNIONE EUROPEA Mt £tV Hsronsit RICERCA

£ INNOVAZIOoN
Fondo Sociale Europeo o ddblr Totrree N

014 IXER




PON
; . RICERCA
UNlONE EUROPEA A istone S Pniraits EIﬂﬂGVHZI(_JﬂE

Fondo Sociale Europeo o bt ot rece

«A man has cause for regret only when he sows and no one reaps»

Charles Goodyear (1800 - 1860)

Chapter 1

Elastomers: an introduction

1.1 From natural rubber to synthetic elastomers

The first documents on rubber date back to the mid-16th century. Originating from a flowering
plant (Hevea brasiliensis) found in the jungles of the Amazon, rubber was used for centuries in
its raw form by indigenous tribes who called it cauchu (means ‘weeping wood’). Cristoforo
Colombo was (probably) the first European to see natural rubber (NR) during his voyage to the
New World (1493-96). The polymer arrived in Europe from South America after a few centuries,
brought by Charles de la Condamine (1736-1743); in 1770, Joseph Priestley highlighted the
usefulness of little pieces of NR to erase undesirable pencil marks on paper by rubbing, hence
the English term rubber. However, NR remained unused until 1823, when Charles Macintosh

patented the use of NR solutions in light oils to waterproof cloths.12

The poor elastic properties and the lack of dimensional stability
greatly limited its use until 1839 when, in the United States, Charles
Goodyear discovered that superior qualities could be given to rubber
by heating it with sulfur. Hancock exploited this process, introducing

the term 'vulcanization' (from the Latin God Vulcanus), to prepare

Figure 1 - Charles Goodyear materials that are less sticky when hot and insoluble in common
photographed by Southworth
and Hawes solvents.23

Rubber began to circulate more and its demand soon far exceeded supply: exports from Brazil
grew rapidly, from a few hundred tons in 1846 to 10,000 tons in 1880. The increase in demand
led the British to consider the possibility of cultivating Hevea brasiliensis in Asia as well. Thus,
in 1876, in an act of blatant bio-piracy (or entrepreneurial far-sightedness, depending on point
of view), Sir Henry Alexander Wickham shipped about 70,000 seedlings of Hevea brasiliensis
from Brasil to Kew Gardens (London), falsely claiming as "academic specimens".# Some of the
imported seeds were sent to Ceylon (now Sri Lanka); those surviving plants (only about 2,400

germinated) gave rise to the first plantations in Malaysia, Indonesia, Thailand, and Sri Lanka,

10
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countries that currently produce 80% of the world's natural rubber. Since the early 1900s,
rubber, initially considered a raw material of secondary interest, used as an ingredient in textile

colors, paper, and sweetmeats, has become a fundamental element in civil life as well as in war.2

Rubber’s breakthrough was mainly determined due to the rise of the motor vehicle because
cars, trucks, motorcycles, and bicycles needed rubber for tires. During the 19th century, Brazil
has met most of the demand for rubber from its wild-growing Amazonian Hevea brasiliensis
trees, but in 1915 British Malaysia has become the most important rubber supplier with a
global market share of 41 %.> Simultaneously with the development of technologies to improve
and preserve the properties of NR, studies flourished with the aim of reproducing it
synthetically in the laboratory, starting from conjugated dienes such as 1,3-pentadiene, 2,3-
dimethyl-1,3-butadiene, and butadiene. However, the great availability of NR made the

research on this subject unattractive at that time.

The situation suddenly changed with the First World War causing, especially in Germany and
Russia, a serious shortage of rubber; Germans, under the stimulus of the blockade imposed by
the Allies, began production of “methyl rubber”. This was an inferior substitute and, after the
war, german manufacturers returned to the cheaper and more satisfactory NR. It was always
in Germany that the industrial production of polybutadiene (Buna rubber, 1926) and,
subsequently, of the styrene-butadiene (Buna S, 1929) and styrene-acrylonitrile copolymers
(the 1940s) began. The products were called Buna, from butadiene as raw material and
natrium (sodium) as catalyst. No type of synthetic rubber was used commercially until almost
1940.6 During the Second World War with Japan occupying prime rubber-producing areas in
Southeast Asia, the U.S. feared it would run out of the vital material: every tire, hose, seal, valve,
and inch of wiring required rubber. The war represented once again the push towards the
research and development of new synthetic elastomeric materials capable of compensating for

the limited supply of NR from Asia.l2

In the 1950s the discovery of Ziegler-Natta organometallic catalysts has stimulated a strong
research activity in the field of stereospecific catalysis of dienes, which was led to the
preparation of synthetic rubbers with different microstructures, thus opening a new exciting

chapter of this story.

11
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1.2 Mechanical behavior of elastomers

A wide range of stress-strain behaviors exhibits polymeric materials that can be categorized
into three main types as shown in figure 2: brittle plastic, tough plastic, and elastomer.”

Brittle plastics (green line), by virtue of stronger intermolecular bonding, have a linear stress-

t strain curve up to the fracture point with

Brittle Plastic

small deformation (normally from 2% to 5 %

Tough & Strong Plastic

TN elongation) and high Young's modulus of a

Strain Hardening

Stress (o)

Hard & Tough Plastic

few GPa. At room temperature, these
polymers are mostly in the glassy state, have

M higher strength and lower flexibility with a

high glass transition temperature (7g) such

Y

Strain (g) _ o 8
Figure 2 - Stress-strain curve as polystyrene (Ty = ~100 "C).

The orange and red curves represent the behavior of tough plastics: an initial linear elastic
deformation is observed then followed by a region of plastic deformation.
The blue curve belongs to the plastic polymers, known as elastomers, the deformations of which

are totally elastic.

Elastomers are amorphous polymers composed of long flexible chain-like molecules existing
above their Ty that have the ability to elastically deform under stress and then almost to quickly
recover their initial state (shape and size) as soon as the forces causing deformation are

removed. They are also able to dissipate

Unvulcanised Vulcanised
Network

energy thanks to their viscoelastic Q

nature. To achieve and improve these

Sulphur
—_—
specific properties it is necessary for the
polymer to come subjected to a
crosslinking process (vulcanization or
curing) (Figure 3).° This process
. . ( Sulphur s
changes rubber from plastic material to \ - -
an elastic or hard material, greatly
Rubber Molecules Crosslinks
improves rubber strength and Figure 3 - Vulcanization process

eliminates its deficiencies at temperature extremes. It is generally accomplished by the

formation of a cross-linked molecular network with sulfur bridges, formed by a sulfur atom or

12
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a short chain of sulphur atoms. Rubbers are also capable of adhering to most other materials,

enabling different hybrid constructions.

1.3 Classification of elastomers

Elastomers are obtained from two sources: naturally from NR or synthetically from man-made
polymeric processes. They are classified according to ASTM D-1418 (American Society for

Testing and Materials International) and are abbreviated as reported in Table 1.7.10.11

Table 1. Classifications of elastomers

Last letter in the abbreviation Examples*
M: saturated chains of carbon atoms, no double bonds EPDM, FKM, FFKM
R: double bonds in the carbon chain (unsaturated) NR, CR, BR, SBR, NBR, HNBR, IIR
0: oxygen in the polymer chain Epichlorohydrin rubber (ECO)
Q: silicon and oxygen in the polymer chain VMO, FVMQ
T: sulfur in the polymer chain Polysulphide elastomer
U: carbon, oxygen, and nitrogen in the polymer chain Polyurethane rubber (PU)

* The abbreviations will be made explicit in the text.

NR is is the most ancient natural polymer known used in the production of elastomers. It is
harvested from Hevea Brasiliensis, by making incisions in the bark and collecting the fluid as a
colloidal white suspension in vessels (Figure 4), in a process called "tapping" usually done once
every 2-3 days for 9 months each year.1? The amount of milky latex obtained on each tapping
is about 300 mL. NR combines high strength (tensile and tear) with outstanding resistance to
fatigue; it shows low hysteresis (which leads to low heat generation), low rolling resistance,
high resistance to cutting, chipping, and tearing but moderate resistance to environmental
damage by heat, light, and ozone. These properties derive from its
composition and unique molecular structure. Indeed, fresh NR latex
comprises approximately 94% rubber hydrocarbon and 6% nonrubber
constituents (proteins, phospholipids, glycolipids, fatty acids, etc).13 The
rubber hydrocarbon inside the rubber, as disclosed by nuclear magnetic
resonance (NMR) studies, is essentially consisting of the initiating group

(referred to as w), two trans-1,4 isoprene units, a long sequence of cis-

isoprene units, and terminal group (referred to as a), as shown in Figure

5.13,14

13
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Figure 5 -Proposed structure of natural rubber molecule

In the last years, the production of synthetic rubber greatly exceeded the production of NR
because on one hand the cultivation of Hevea Brasiliensis is circumscribed to few climatic areas
of the planet, and on the other hand the final properties of synthetic rubber can be precisely
tailored by a judicious choice of the reaction parameters (feed composition, catalyst, reaction
conditions, etc.). Thailand, Malaysia, and Indonesia are among the world’s largest producers of

NR (Figure 6); China is currently the largest consumer utilizing (~33%).1°

Million Metric Tons ®mNatural = Synthetic

19 Other

Indonesia

Vietnam

-

4
India

2
China
Malaysia
0

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

-

-
o

®

o

'S

~N

Figura 6 - On the left, the world production of NR and synthetic rubber (2000-2017); on the right, leading natural rubber
producers. Source: International Rubber Study Group.

Synthetic rubbers include many types of elastomers:?11 styrene-butadiene rubber (SBR),
polybutadiene rubber (BR), polyisoprene rubber (IR), ethylene propylene diene monomer
rubber (EPDM), chloroprene rubber (CR), and so on. Specialty rubbers mainly include nitrile
rubber (NBR or HNBR), epichlorohydrin rubber (ECO), butyl rubber (IIR), silicone rubber
(VMO), fluorosilicone (FVMQ), fluororubber (FKM), perfluoroelastomers (FKKM), PU rubber,
etc. BR and SBRs are by far the two largest volume synthetic rubber produced, being main
players in the tyre industry. Both these elastomers are derived from butadiene that is obtained
as by-product of ethylene production from steam crackers. SBR is a random copolymer of
butadiene and 10-25% (mol) styrene produced on a large scale from emulsion (E-SBR) and

solution (S-SBR) polymerization.1¢ The addition of styrene lowers the price and improves the

14
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abrasion and aging resistance, and blend properties of BR.11 Indeed, SBR combines the
properties of BR, which is a highly rubbery polymer (Ty = -100 °C) having low hysteresis and
thus offering low rolling resistance in addition to wear resistance, with the properties of
polystyrene (PS), which is a glassy polymer (Tg = 100 °C) characterized by high hysteresis and

thus offering good wet grip properties.

1.4 Uses of elastomers and tires

For their unique properties, elastomers have been developed and applied for many industrial
applications: seals, adhesives, belts, gloves, implants and prosthetics, footwear, molded flexible
parts, and, above all, automotive products. Indeed, 70% of world rubber consumption goes into
the tire industry. The growth in world tire production has been in response to the growth in the
automotive sector, in particular in those countries, such as China, India, and Brazil, where there
has been a demographic and industrial increase in the last 20 years. Therefore, the number of
vehicles in the world’s major markets is constantly and progressively increasing. This trend is
especially evident for China, where it is expected to move from 147 million passenger cars in
2016 to 309 million in 2024.17

The word tire is a short form of attire, from the idea that a wheel with a tire is a dressed wheel.
The main structural components of tires are the tread, body, sidewalls, and beads, composed of
elastomeric compounds, steel, fabric and, in addition, a variety of other raw materials including
tire cord, carbon black (or silica-based compounds), curatives, antidegradants, reinforcing
fibers and processing oils. Figure 7
provides an internal view of the

composition of a tire. Tire components are

Side Wall

assembled like a puzzle and molded

Belt System

together in the curing process, which

Tire Casing

causes the tire components and rubber

Bead compounds to adhere to their surrounding
Figur”_Pa&S of a tyre components to create a singular product.

The make-up of tires varies depending on

the type - truck or passenger vehicle - manufacturer and place of manufacture (i.e. locally or

internationally).

The most commonly used material in the composition of the car tire compound is the SBR

polymer, while the truck tire compound is mainly composed of NR. The limitations of SBR are
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inferior mechanical properties, low resilience, low tear strength, and poor resistance to oil and

ANTIOXIDANTS, ANTIOZONANTS, ANTIOXIDANTS, ANTIOZONANTS, 0ozone. Thus, SBR dom]nates ln the

CURING SYSTEMS NATURAL RUBSER CURING SYSTEMS

14% 10%

car and motorcycle tread for the

b wwa  possibility of adjusting Ty and the

FILLERS

Passenger/
Light Truck
Tires

resistance to high temperatures.

Hence, NR is used in a 100% in the

FILLERS

SYNTHETIC
POLYMERS

24%

TEXTRE
o

heaviest and most severe uses,

SYNTHETIC

TEXTILE

rHal— iy - such as tires for buses and aircraft.

12% o

Figura 8- Typical tyre composition. Source: https://www.ustires.org/
BR is the second-largest volume of

synthetic rubber produced, next to SBR. It in the cured state exhibits high elasticity and
resilience (the ability to recover size and shape after stress) with resultant excellent low heat
buildup, abrasion resistance, low-temperature flexibility, and resistance to flex cracking and
cut growth (growth in the size of an initial cut in the cured rubber), but it is characterized by
poor wet traction due to low transition glass temperature because of low vinyl content. For this

reason, it is usually blended with other elastomers for tread compounds.

As seen above, rubber represents more than 40 % of a tire's composition. The tread is the part
of the tire in direct contact with the soil; the composition of the tread is of fundamental

importance since it must ensure high mechanical properties during the rolling of the wheel.

Taking into consideration the large volumes of global tire production, the replacement of
synthetic rubber from fossil monomers with rubber derived from renewable resources could
guarantee in the near future the desirable shift to more environmentally sustainable
materials.’® The term “sustainable development” was introduced by the Brundtland
Commission (1987), with the definition as “development that meets the needs of the present

without compromising the ability of future generations to meet their own needs”.1?

Among all the compounds derived from biomass, terpenes belong to a large family of
hydrocarbons, present mainly in plants and insects, with a cyclic or linear unsaturated
structure. Recently, they emerged as viable candidates to serve as building blocks for the

synthesis of polymers and elastomers. In the next chapter, terpenes will be discussed.
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«Study and in general the pursuit of truth and beauty is a sphere of activity
in which we are permitted to remain children all our lives»

Albert Eistein (1879 - 1955)

Chapter 2

Terpenes as renewable raw materials for polymers

2.1 Introduction: the reasons for seeking alternative resources

The reduction in the consumption of fossil fuels is one of the most significant challenges of the
modern era. The chemical industry still relies heavily on materials derived from petroleum,
which is a complex mixture of hydrocarbons and other compounds (from 2009 to 2018, the
worldwide daily demand for crude oil increased by 18% and is predicted to continue to
increase).2021 Qur life is deeply linked to this resource since petroleum products include
transportation fuels, combustible oils for heating and electricity generation, asphalt, and raw
materials for the production of various chemicals and materials such as plastics and synthetic
rubber. In the last years, there is a growing body of evidence that the largest driver of the
warming of Earth's surface and troposphere (the lowest layer of the atmosphere) is the
emission of gases that create a greenhouse effect, of which more than 90% are carbon dioxide
and methane.?2 Fossil fuel burning (coal, oil, and natural gas) for energy consumption is the
main source of these emissions, with additional contributions from agriculture, deforestation,
and manufacturing. Besides, another relevant concern of our time is widespread of large
quantities of single-use plastic waste into the environment without controlled disposal.23.24
Indeed, their accumulation in the oceans endangers marine organisms and, due to the

formation of micro-plastics, potentially causes health risks of all links on the food chain.24-26

For these reasons, the search for more sustainable and renewable resources capable of
replacing, or at least limiting, the consumption of fossil resources is constantly developing and
is an active task of research in both industry and academia. Currently, more than 90% of
existing polymers are obtained from non-renewable raw materials of fossil origin, while only a

small percentage (<5%) is from renewable sources.27.28

Fortunately, nature offers many different not fully exploited compounds, which are excellent

building blocks for constructing advanced materials: polysaccharides and their derivatives,
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lignin, suberin, vegetable oils, tannins, monomers originating from sugars, furan derivatives,
lactic acid, and fatty acid, which are just a few examples.2?-3> Among the wide range of
molecules derived from biomass, a natural source of unsaturated hydrocarbons coming from

cheap non-food crops is represented by the vast family of terpenes (>80.000 members).36:37

2.2 Terpenes: origin, classification, and applications

Terpenes and terpenoids (oxygenated derivatives) are ubiquitous unsaturated hydrocarbons
molecules. Although they can be found in nature with various chemical structures (acyclic,
monocyclic, bicyclic, and polycyclic structures), their classification is based on the number of
isoprenes (I) structural units (C5), linked in a regular (head-tail) or irregular (head-head)
arrangement, that a given molecule contains: monoterpenes (C10), sesquiterpenes (C15),
diterpenes (C20), sesterpenes (C25), triterpenes (C30) and so on. This classification is known

as the “biogenetic isoprene rule”, formulated by Leopold Ruzicka (1887-1976).

These molecules have been known for hundreds of years, being the main components of
essential oils extracted from the leaves, flowers, and fruits of various plants (mainly conifers).

Also, a limited number of insects, marine microorganisms, and fungi are capable of producing

3 Acetyl-CoA
ﬂ them. Indeed, in the majority
/w of organisms (bacteria, fungi,
HO OH
Mevalonic Acid mammals, and plants), the

biosynthesis of terpenes

PP —= oo
0740740 074-0°4.0

o occurs via a common

Isopentylpyrophosphate (IPP) Dimethylallylpyrophosphate (DMAPP) .
ﬂ synthesis, the mevalonate

(MEP)

o o pathway (Scheme
/M/\ -P< -P~.. &= Monoterpenes (C10)
o O

1).3839 MEP starts from three

Geranylpyrophosphate (GPP) . .
acetyl-CoA units leading to the

ﬂ + DMAPP . . .
o formation of mevalonic acid,
| 1]
P.__P. i
= N o7 o7 o == Sesauiterpenes (C15)  the  central precursor  for
F I hosphate (FPP .
amesylpyrophosphate (FPF) isopentyl pyrophosphate
ﬂ+DMAPP
o (IPP) and its  isomer
1] 1]
X X = = o'g_\o'c.)jo— dimethylallyl pyrophosphate
Triterpenes (C30) {—== Geranylgeranylpyrophosphate =—=% Diterpenes (C20) (DMAPP) DMAPP and IPP
Polyisoprene (C5n)  Carotinoides (C40) condense to give geranyl

Scheme 1- MEP pathway pyrophosphate (GPP), which
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in turn reacts with another DMAPP to form farnesyl pyrophosphate (FPP). By this synthetic
sequence, all terpene compounds can be stepwise generated, from monoterpenes to

polyisoprene (natural rubber), through enzymatic catalysis (terpene synthases).

The largest natural source of terpenes is turpentine (world production is approximately
350000 tons per year),%0 the volatile fraction
particularly isolated from resins of the genus

@ Pinus belonging to the Pinaceae family. This
plant resin has the important biological role of
o-pinene B-pinene  3-carene camphene

defending plants from attacks by insects and

bacteria and of providing for rapid closure of

wooden wounds. Turpentine has a distinctive

limonene p-phellandrene B-myrcene

odor and is a colorless liquid but turns yellow
for the tendency of terpenes to easily oxidize.
Figure 9 - Major turpentine components Its chemical composition can vary depending
on the species, age of the tree, geographical location, extraction method, etc.4! Pinenes, bicyclic
monoterpenes that exist in the form of two structural isomers, namely a-pinene and f-pinene,
are major turpentine constituents (up to 45-97 % and 0.5-28 % for a- and f-isomers,
respectively) with smaller amounts of other monoterpenes such as 3-carene, limonene,
camphene, f-phellandrene, and f-myrcene (M) (Figure 9). From the pyrolysis of pinenes, it's

possible to isolate on an industrial scale acyclic monoterpenes such as f-ocimene (0) (from a-

pinene) and its isomer M (from f-pinene).

Although the biological functions of terpenes are not yet fully understood, it is ascertained their
function as secondary metabolites in many plants, playing important ecological roles as a plant
defense against herbivory and insects (repellents), disease resistance, as well as potentially
plant-plant communication, growth regulators, and activators of symbiotic mechanisms

(attracting specific insects to stimulate cross-pollination processes).4243

Nowadays, in terms of uses, terpenes are important sources of intermediates and ingredients
for flavorings and fragrances, tackifiers, solvent, diluting agents for varnishes and dyes, fuels
cosmetics, food additives, pharmaceuticals, insect repellents, biodegradable surfactants, chain

transfer agents, and much more.#4-46
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2.3 Acyclic terpenes

Terpenes are divided into cyclic and acyclic (or linear) compounds. Among these compounds,
some linear ones - due to the structural similarity to classical petrochemicals such I and
butadiene (B) - have recently aroused growing attention as building blocks for the synthesis

of a vast range of polymers, including elastomers.30.3435:47

Acyclic monoterpenes as O and M (Figure 2) have certainly been the most studied for wide

availability and low cost. O, M and their isomer { |
allocimene (A) can be considered unsaturated Q § \ f ﬂ
1 )

derivatives of 2,6-dimethyloctane.4!

! 2,6-dimethyl- N ;
' octane a-myrcene [-myrcene Ccis-a—ocimene |
M (7-methyl-3-methylene-octa-1,6-diene) is a colorless d L J//”
; N = PN
oil that exists as two isomers, a- and 5-M. The a-isomer (l [ I f
|

(2-methyl-6-methylene-1,7-octadiene) has not been /;J\. /H\

! trans—a—ocimene cis-f-ocimene trans-f-ocimene
found in nature and therefore the f-isomer is simply ‘

indicated as myrcene. M is industrially generated by ‘ | | | | |
pyrolysis of f-pinene and new developments on its \ |

production from microbial synthesis via metabolically 4.is-6-trans-4-cis-6-cis- 4-trans-6-cis- 4-trans-6-trans-,
‘allocimene  allocimene allocimene allocimene i

engineered Escherichia coli were also investigated.48 M ;

found in smaller percentages, up to 2%, in the hop, ' - ~ e A

a—farnesene

celery, ginger root, rosemary, nutmeg, and sage. By using

[ = =
different polymerization techniques (radicalic, anionic,

p-farnesene

cationic, and coordinative polymerization), M can be Figure 10 - Acyclic terpenes
polymerized. Really, the first works on M date back to the 40s of the last century and concern
an emulsion polymerization and a study to avoid the deterioration of the monomer during

storage due to its reactivity.

O is produced from the thermal cracking of a-pinene, while A can be obtained by O
isomerization at high temperature in a mixture of four isomers which undergo a cyclization on
heating, giving mainly S-pyronene. O and its derivative ocimenol, which is produced by acid-

catalyzed hydration, are mainly used as perfume components.

F is alinear polymerizable sesquiterpene that can be found in nature in the form of six isomers.
a- and - isomers of F differ only by the location of one double bond. Constituent of many higher

plants and communication pheromone,*® F can be obtained through fermentation of sugar
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feedstockss? and is gaining increasing attention in the last years as a biofuel,5! and precursor

for a wide variety of commercial molecules.

For their characteristics, these molecules can be considered as alternative bio-sourced
monomers since they can also be easy polymerized and functionalized giving access to a large
variety of macromolecules,>2-5% such as polyketones, polyesters, polyamides, cycloolefinic
polymers via controlled/living cationic polymerization or ring-opening polymerization

(ROP).5556

Furthermore, the presence of a double bond, replaced with electron donor groups, makes the
cationic mechanism a concrete way for the polymerization of terpenes. Indeed, one of the first
works (1937) concerned a-pinene, using AlCl3 as the initiator of cationic polymerization.>?
Afterwards, in the literature examples of polymerization of cyclic and acyclic terpenes through
anionic, cationic, or radical polymerization have been reported.>® However, with these
techniques it is not possible to achieve a high control of the polymer microstructure as in the
case of the coordinative polymerization promoted by homogeneous catalysts based on
transition metals. In analogy to the polymerization of 1,3-alkadienes, the microstructure of the
resulting polymers, the molecular mass and thus the physical and chemical properties of the
final material are heavily dependent on the polymerization technique and catalytic system
employed. The nature of the metal center and the type of ancillary ligand play a crucial role in
tuning and determining these properties as well as the range of application of the materials

produced.

2.3 Stereoregular polymerization of acyclic terpenes: state of art

The stereoregular homo- and co-polymerizations of M, O, and F with various comonomers have
been reported to be promoted by catalytic systems based on titanium, 5° group 3 and rare-earth
metals, 0-63 jron,®* and cobalt.6>66 As we will see, for polymers deriving from these monomers
containing double bonds along the polymer chain it’s possible not only to have polymers with
different concatenation (chemoisomerism 1,2, 1,4 or 3,4) and cis-trans geometric isomerism,
but also stereoisomerism iso-syndium due to groups present along the polymer chain. Let's

review the main advances in this research field.
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2.3.1 Titanium

Titanium catalysts were the first systems used for the polymerization of 1,3-dienes, and the
system AlR3/TiCls is still one of the most important for the preparation of cis-1,4-polyisoprene
(PI). About terpenes, attempts to stereoregularly polymerize M dates back to 1960 by
employing heterogeneous Ziegler-Natta type catalysts, using approximately 3 mol% of Al‘Bus
and TiCls ([Al]/[Ti] = 2-2.5). At low temperatures (0 °C), the highest molecular weights
polymers were reported, observing a monomer conversion of ~80 %. However, the inherent
viscosity (Minh = 0.3-1) indicated relatively low M» and a structure consisting of 1,4 units was
assigned to polymers. 1,4-PMs with higher molecular weights (ninh = 2-5.5) were reached with
AlBus and VCls ([Al]/[V] = 5-8.5) in heptane solution, obtaining conversions almost
quantitative, but batches usually contained considerable amounts of insoluble products (15-20
% or even more).67 Surprisingly, after these initial studies, monomers such as M were forgotten

and only recently “rediscovered”.

In 2017, Capacchione et al. described stereoregular polymers of M and O and their
copolymerizations with styrene (S),%® by using homogeneous [0SSO]-type bis(phenolate)

Ra \©/\R1 titanium complexes 1-269 and catalyst 3 (Figure 11),

o activated by methylaluminoxane (MAO).

The nature of the ancillary ligand on the metal

g center had a strong influence on stereoselectivity.
3 Indeed, in O polymerization ([0]/[Ti] = 500,
[Al]/[Ti] = 500, 24 h, 0-70 °C, toluene), 1 and 2
1 R,='Bu, R,='Bu

2 R,=Cumyl, Ry=Cumy provided a polymer (M, up to 33.7 kg mol-1, D = 1.1-
Figure 11 - Ti-based complexes 1, 2 and 3. 1.7, Tg from -17 to -29 °C) having mainly trans-1,4
fashion (70%) at 70 °C, while at lower temperature (0 °C) an isotactic 1,2-PO (>99%) was
produced. In M polymerization, 1/MAO system yielded a prevalently (92%) trans-1,4-PM (M,
up to 66.4 kg mol1, b =1.22-1.71, Ty from -58 to -62 °C). Instead, titanocene catalyst 3 showed

a predominance of cis-1,4 microstructure (56-92 %) for both monomers.

Complexes 1 and 2 were also able to copolymerize M and O with S in a wide range of
compositions (11-96% mol of M and 13-85% mol of 0), giving copolymers with relatively
narrow D (1.1-1.9) and higher molecular weight (M» up to 102 kg mol-1). In particular, for S-M
copolymerization, the reactions were performed at 70 °C ([Al]/[Ti] = 500, [M + S]/[Ti] = 1000,
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24 h), producing the corresponding copolymers with M present as trans-1,4 units (62-89%
mol) with isolated S units for copolymers with a lower S amount and short isotactic PS

segments in polymers having a higher S content.68

2.3.2 Group 3 and rare-earth metals

Complexes based on group 3 or rare-earths elements have been widely used in the
stereoselective polymerization of 1,3 alkadienes.”0 In particular, lanthanide-based catalysts are
well-known to be highly cis specific in the polymerization not only of B but also of many other
substituted butadienes. The serious problem, especially of rare-earths elements, is to

implement their catalysts in industrial processes due to the high cost of these metals.

In 2016, Li and Zhang reported the first stereoregular O polymerization, employing half-
sandwich rare-earth metal dialkyl complexes 4-10 (Figure 12), bearing chiral and achiral

cyclopentadienyl ligands, in combination with [PhsC] [B(C6F5)4] and Al‘Buz.71.72

20 % |
Ocymene Ocymene

: l\\- V

n Si_
\ .
_ Cationic active species = = n
4M=Sc 5 M=Lu, 6M=Y,

cis-1,4-PO 7 M=Dy, 8M=Sc, trans-1,2-PO
9 M=Lu,1I0M=Y

Figure 12 - Regio and stereo-controlled polymerization of O by complexes 4-10.

Under mild experimental conditions ([0]/[Metal] = 450, [Al]/[Metal] =5, 0.2-71 h, T = from
-40 to 30°C, toluene), Sc complex 4 delivered syndiotactic cis-1,4-PO (selectivity up to 100%,
rrrr = 100%), while the corresponding achiral cyclopentadienyl-ligated 8 afforded isotactic
trans-1,2-PO (selectivity up to 78%, mm up to 54%), showing the highest catalytic activity (264
kg molsc~! h-1). POs obtained displayed Mn up to 446 kg mol-! and narrow P (1.38-1.79). The
temperature strongly influenced the selectivity: cis-1,4 and syndiotactic (rrrr) selectivity
progressively increased up to 100% as the polymerization temperature decreased from 30 to -
40 °C. Albeit with lower activity, the same selectivity of 8 was observed for Lu 5and 9, Y 6 and
10, Dy 7 complexes analogs (trans-1,2-selectivity = 36-100%, mm = 33-100%, Mn = 27-255 kg
molt, b =1.36-3.13).

Later on, Hou has successfully used half-sandwich Sc-based complexes 11-13 (Figure 13), in

combination with an equimolar of [Ph3C][B(CesFs)4, for the copolymerization of M with ethylene
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(E) and propylene (P).”? Under mild conditions R |
(IM]/[Sc] = 150-500, pE = 0.1 MPa, 0.08-1 h, 25 °C, R1R Re 3=
R
toluene), 11 gave diblock poly(M-b-E) up to 97 % of M lr\}-SC 1 //Sc\OQ
\ :
content (cis-1,4 = 93-94 %, Mn = 880-930 kg mol'1, D = N /Sl'\ SiT
/N
1.78-1.80), while 12 provided a multiblock M-E MR =R, =H
172 T 13

copolymers with 12-58 % of M contents (3,4 = 69-73 12Ri=Me,R; =Si(Me)s

%). Depending on the amount of M used, 13 produced Flgure 13- Half_sanf;v_iigsc dlallyl complexes
alternating (when M was abundant) or random M-E copolymers. The obtained copolymer
possessed Tys between -51 and -71 °C and melting temperatures (Tm) at 122 and 133 °C,
relating to PM and PE blocks, respectively. More remarkably, the terpolymerization of M, E and
P could also be achieved using 13 (pE = 0.03-0.06 MPa, pP = 0.17-0.38 MPa), yielding a new
family of E-P-diene rubbers (EPDM) with controllable compositions, unimodal and narrow D
(Mn = 880-930 kg mol-1, b = 1.55-1.79). In addition, it was also possible to introduce various

other polar groups (such as thioacetic acid, sulfoacid, epoxidized, hydroxylated-chlorinated,

and furan) in the C=C double bonds of resulting M-based polymers.

O Zhang, Li, and Qiu synthesized a new fluorenyl-amide based
constrained-geometry-configuration lanthanide alkyl complexes
:Si\N /0’3 (m3m1-FluSiMe2NtBu)Mt(CH2SiMe3)(THF)2, where Mt = Sc (14), Y (15),
3/ ;/M\CSiMes and Lu (16) (Figure 14).7* These complexes, activated by different
Q borate cocatalyst and in the presence of AlR3 (R = Mes, Ets, ‘Bus), were
:g m:fg used in the M polymerization ([M]/[Metal] = 250-4000, [Al]/[Metal] =
16 M=Y 5-40, 1-48 h, 0-70°C, toluene, chlorobenzene or ortho-
Fiiﬁfnep}:,(;fﬁ.bffd dichlorobenzene), affording PMs contained mainly cis-1,4-

microstructure (76-100%) and a trace amount of 3,4 (M» = 100-900 kg mol-1, bimodal P = 1.66-
4.26, Tgs in the range from -60 to -67 °C). At 0 °C complete cis-1,4-selectivity (100%) and the
narrowest D (1.66) were obtained. The concentration of M affected positively the catalytic
activity, which was found for 16 the highest (118 kg molLu! h'1) and the lowest for 15 (0.002
kg moly! h-1).

Zhang et al. reported on the living 3,4-polymerization of ©_\’!l Q\N ZZBRN Q W
) N :

M and its living 3,4-copolymerization with I (P = 1.06- N I

1.20), catalyzed by binuclear Y complex 17, bearing a

bridged amidinate ligand (Figure 15).7> Upon activation

Figure 15 - Binuclear Y amidinate complexes 17
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with two equiv of [Ph3C][B(CsFs)4], at the temperatures between -20 and 80° C, the catalyst 17
furnished PMs (M, = 32-86 kg mol1), exhibiting ultra-high 3,4 selectivity (86-100%) and

stereoselectivity (mm up to 100%, mmmm up to 95 %). At 80 °C, 3,4-selectivity dropped to 86%

N —%
METHF >
R\ sime,
SiM93

18 R=Me, M =Lu
19 R='Pr,M=Lu
20 R=Me,M=Y
21 R=Pr,M=Y

Figure 16 - Anilido-oxazoline
supported Lu and Y complexes
18-21

and the D increased slightly (1.20). The copolymerization was also
successfully carried in the range of -20 to 25 °C, providing a di-block
3,4-rich poly(I-b-M) (Mn = 79-91 kg mol}, b = 1.10-1.22, 3,4-PI = 91-
100%, 3,4-PM = 97-100%).

Subsequently, others complexes of Lu and Y (18-21) (Figure 16),
supported by an anilido-oxazoline ligand and activated with one equiv
of [Ph3C][B(CsFs)4], were found to be active in M polymerization
([M]/[Lu or Y] = 1000, 0.5-2 h, 30 °C, toluene), offering high cis-1,4-
selectivity (82.3-94.5 %), Mn = 69-152 kg mol-! and D = 1.87-2.05.76

Very recently, Shi et al. reported that rare-earth complexes 22-25 (Figure 17), containing rigid

4,5-(PR2)2-2,7,9,9-tetramethylacridane-based pincer ligands

(acri-RPNP; R=Pr and Ph), were found to be active in M polymerization

([M]/[Metal] = 500-1000, 0.08-2 h, 25-80°C, toluene).”” Combined with R'P\M\/P\
[PhsC][B(CeFs)4] or [PhMe:NH][B(CsFs)4], 22-25 produced PM with SiMe,®Mes

22 M=Lu, R="Pr,

high M, (up to 182 kg mol-1) and very narrow D (<1.08), that last data 23 M = Lu, R= Ph,

24 M=Y, R='Pr,

suggested that polymerizations proceeded in a living manner. At room 25 M=Y, R=Ph,
temperature, 24 /[Ph3C][B(CeFs)4] was able to convert 500 equiv of M Figure 17 - PNP ligated rare-

with a yield of 73.4 % in 6 min (cis-1,4-PM = 98 %).

earth complexes 22-25
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By using a lanthanum catalyst 26 (Figure 18), Zinck and co-workers exploited the coordinative
chain transfer

polymerization (CCTP) of M

(/\)\M/ and its statistical co- and ter
%
S EL , THF J& >m n polymerizations with I and

(H,B)" ia\ poly(1,4-trans M-co-1,4-trans |)

4(H & THF S. The complex 26 was used
4
7 } in combination with n-
26/ n-BuEtMg/AI'Bus

/ < Py butylethyl magnesium
/% (MgrBuEt) and Al‘Bus.’8
CCTP involves a single

poly(1,4-trans M-co-1,4-trans I-co-S)  transition metal-based
Figure 18 - CCTP of M, I, and S co- and ter-polymers obtained by using complex 26 catalyst and a metal alkyl of
the main groups as chain transfer agent (CTA). In this kind of polymerization, the reversible
chain transfer from the catalyst to the CTA allows the growth of several polymer chains per
metal centre, improving the catalyst economy and the regioregularity of the final polymer.”°
Thus, highly trans-1,4 stereoregular poly(M-co-S), poly(M-co-I), and poly(M-co-I-co-S)
copolymers were obtained ([Mg]/[Al]/[La] in different ratios, [Monomers]/[La] = 1000, 2-20
h, 70 °C, toluene) in a wide range of compositions and features (trans-1,4 selectivity up to 99%,
Mn = 3-113 kg mol1; D = 1.3-2,4; Ty in the range of -17 and -69 °C). By increasing the quantity
of MgnBuEt, the increase of 3,4 enchainments (up to 87%) was observed in the microstructure
of the co- and ter-polymers. Furthermore, the use of Al'Bus, as a chain transfer agent, retained

trans-1,4 stereospecific character of the polymerization.

Later on, Li and Sun examined M polymerization and its copolymerization with I through a -
iminophosphonamide ligated lanthanum bis(benzyl) complex 27 (Figure 19), in combination
@ Q with one equiv of [Ph3C][B(CéFs)4] and 5-40 equiv of AlRs (R = Mes3,

Ets, Bu3).80 High trans-1,4 selectivity (64.9-97.9 %) in a living

fashion was observed in almost all experiments ([M]/[La] = 500, 2-
6 h, 0-60 °C, toluene). The resulting PM displayed low T, values
(usually below -60 °C) with moderate M, (up to 62 kg mol-1) and

relatively narrow P (1.17-1.83). In the copolymers, M
Figure 19 - Complex 27 incorporation rate varied from 10% to 80%, observing lower Mn
(up to 39 kg mol-1) and P = 1.18-1.77. According to the Fineman-Ross method, M was found to

be more reactive than I (rm = 2.49 and r1 = 0.85). Furthermore, thanks to the living
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polymerization character, via sequential monomer addition, unprecedented poly(I-b-M-b-I)

triblock copolymer was also reached (M» = 48 kg mol'l, D = 1.22-1.24).

High cis-1,4 stereoselectivity of M was achieved by Visseaux et al. by means of neodymium
borohydride-based complexes, Nd(BH4)3(THF)3/MgrBuEt, Cp*Nd(BH4)2(THF)2 (Cp* = CsMes)
and Nd(BHa4)3(THF)3/BX/Al‘Bus (BX = [CPhs][B(CesFs)4]; B(CeéFs)3; [HNMe2Ph][B(CsFs)4], in a
1:1 or 2:1 ratio with respect to [Nd]).81 Nd(BHa4)3(THF)3/MgrBuEt was poorly efficient at room
temperature, but the increase in temperature (80 °C) led to more than 80% polymer yield
(~90% of cis-1,4) in 2 h for [MgrBuEt]/[Nd] = 1-2. PMs reached, under experimental conditions
([M]/[Nd] =300, 22-80 °C, 0.5-240 h, toluene), showed M» in good accordance with theoretical
values expected (up to 71 kg mol-1), and D in the range of 1.29-2.02. When [Mg"BuEt]/[Nd] = 3-
20, a narrowing of D (1.27) and a decrease in Mn (~3 kg mol-1) were observed, while the 3,4-
rate defects in the polymer increasingly appeared. These results were compatible with a CCTP,
in which the propagation step takes place not exclusively on Nd, but also on Mg.”® By using the
Cp*Nd(BH4)2(THF)2 half-sandwich complex generated in situ, PM synthesized was highly
stereoregular (cis-1,4 = 98,5%). Further studies showed that Nd(BH4)3(THF)3 combined to
Al'Bus in the presence of a boron activator (BX) provided the highest activity (yield of 61 % in
10 minutes) and the highest M» (49-91 kg mol1), but a less stereoregular, slightly soluble,
crosslinked polymer with larger D (2.18-3.26) was obtained.

Afterward, end-functionalized high trans-1,4-PM were prepared by means of
Nd(BH4)3/Mg"BuEt.82 The living trans-1,4 stereoregular (>97 %) polymer chain was reacted
with benzophenone afforded trans-1,4-PM up to 83 % CPh20H end-group.

In 2016, Gomez introduced two different Nd-based catalysts: Nd(OPr)s and NdVs, for M
polymerization (50-60 °C, 1.5 h, cyclohexane), affording high M» (up to 300 kg mol-1) with broad
D (2.4-8.8) and cis-1,4 selectivity of 92-96 %.83 Nd(OPr)s was combined with
[HNMe2Ph][B(CéFs)4] (or [CPh3][B(CéFs)4]), and Al‘Bus (or Al'BuzH), and NdV3 was activated
by Al‘Bus and AlEtzCl, showing first-order kinetics of monomer consumption. Features of bio-
based polymeric products, especially in terms of M» and D, were dependent on the nature and
molar ratio of borane and alkyl aluminum co-catalysts. Indeed, the alkyl aluminum, on the one
hand, in the formation of the active species was involved; on the other hand, it had the function
of CTA by lowering the M,. Dynamic mechanical analysis of PMs (Ty = from -66 to -62 °C)
showed that the samples have properties similar to natural rubber, but the modulus values at

its rubbery plateau were still low to be considered useful in applications at room temperature.
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NdVs3 was also tested, in combination with Al'BuzH or m-MAO as cocatalyst, and AlEt2Cl as
halogen source, in 0, M, and F polymerization.84 The catalyst system NdV3/Al‘BuzH/AlEt2Cl was
employed for O polymerization ([0]/[Nd]=600, 50 °C, 4 h, cyclohexane), providing PO with cis-
1,4 content (54-69%), Mn of 20-57 kg mol-1, broad D (3.8-8.2) and Ty in the range of -30 to -26
°C.NdV3/m-MAO/AlEt2Cl was able to polymerize M and F ([M or F]/[Nd] = 150-600, 55 °C, 2 h,
cyclohexane) for [Al]/[Cl] ratio = 35, since smaller ratios provided only traces of PM. For these
copolymers, cis-1,4 content was >92%, M, values were higher and the P were narrower

compared to PO results (M» = 155-243 kg mol1, b =3.1-3.9).

Later, Stefan et al. described a halide-free complex of Nd, coordinated with three bidentate
diethylphosphate (DEP) ligands ([Nd(p-DEP)3]x and combined with Al'Bus, that was able to
promote M polymerization at room temperature.8> High cis-1,4 selectivity (295 %), Mn =13-
48.5 kg mol-1, and relatively narrow D (1.8) were reached. Kinetics experiments demonstrated
the pseudo-living character of polymerization, confirmed by the successful synthesis of block

copolymer poly(M-b-I) (M» = 15.5 kg mol-1, D = 3.1) through sequential monomer addition.

In 2017, Carpentier et al. reported on the copolymerization of M and F with S using an ansa-

neodymocene catalyst (28) (Figure 20) in the presence of 10 equiv
T™MS

\_‘\L of ("Bu)2Mg.8¢ M and F were incorporated in the copolymers (M
S —TMs

(NG) ~— THF content = 5.6-30.8 mol %, F content = 1.5-9.8 mol %) depending on
the initial feed, showing a microstructure consisting of 1,4- and 3,4-
poly(terpene) units randomly distributed within syndiotactic PS

segments. This distribution was also confirmed by the presence of

28

. o .
Figure 20 - Complex 28 a unique Ty (between -58 and 100 °C), whose value was a function

of terpene content. A series of poly(S-co-M) and poly(S-co-F) (Mn» = 14-37 kg mol-1, D = 1.3-3.9)
were produced ([S]/[Nd] 6000-16000, [Terpene]/[S] = 0.125-1, 60-120 °C, 2-22 h,

cyclohexane or n-dodecane). The catalyst productivity, very low in homopolymerizations (0.28-
5 kg molne! h1), reached up to 374 kg molne? h'l in the case of S-M copolymerization.
Terpolymers of S with M and E were also achieved (M» up to 122 kg mol-1, activity = 64-250 kg
molne? h-1). A narrow and monomodal dispersities (P = 1.3-1.6) confirmed the formation of

poly(S-co-E-co-M).
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Li and Cui reported on the first example of high 3,4-selective polymerization of M, using a
dialkyl Lu-based complex, bearing a NSN bidentate -diimidosulfonate ligand (29) (Figure 21),
activated by [Ph3C][B(CeéFs)4], and Al'Bus.8” This system exhibited
N“~n—(_ )  highactivity in Mand I polymerization with 3,4-regio- (> 99 %) and

Mess.)u/;\THF isospecific stereo-selectivity (mmmm > 99%). The 3,4-content was
MesSi influenced by aluminum alkyls, decreasing passing from Al‘Bus to

48 AlEt3 and AlMes, and M, dropped dramatically (from 461 to 28 kg

Figure 21 - Complex 29 mol-1) due to the chain transfer to the Al center. Iso-PMs with a low

Ty (-42°C) and narrow P (1.41-2.43) under various experimental conditions ([Lu]/[B]/[AlR3] =
1:1:5, 0.1-12 h, T between -30 and 60 °C, chlorobenzene or toluene) were obtained. Complex
29 was also active in random and block copolymerization of M and I (Mnr = 143-253 kg mol-1,

= 1.46-1.63), by one-pot mixing or sequential addition of the two monomers.

Soon after, Li and Cui observed that the use of NPN-ligand

R, Ph Ph
O N%N R framework around metal and the variation of substituents on the
R Lu\ Ry N-aryl ring did not affect the catalytic activity, but changed the
MeaSIMeaS' " stereoselectivity.88 Indeed, using catalysts 30, 31, and 32 (Figure
Z:’ ';:Z';:?;:Rf Pr 22), a shift from syndiotactic to moderate isotactic PM (rr up to
Rs=H, R4= Et 66 % and 33 % for 30 and 32, respectively; mm up to 95 % for 36)

32 R,=R;= H, Ry=R,= Et

was achieved. Notably, this phenomenon was attributed to the
Figure 22 - Structures of
complexes 30-32 polar solvent (chlorobenzene) and to the less steric space of
complexes 30 and 32, which increased the possibility of forming the exo-endo geometry,
favoring thus isoselectivity. The syndio-3,4 PM showed a higher Ty (-30 °C) compared to that of
iso-3,4 PM (-43 °C). The increase of the polymerization temperature (from -30 °C to 60 °C) had
a slight influence on 3,4 selectivity (decreased from >99 % to 94 %), but a positive effect on

catalytic activity.

Lately, using the ternary catalytic system 31/[PhsC][B(CeFs)4]/AliBus (6h, -30 °C,
chlorobenzene), further work on the synthesis of random copolymers of 3-methylenehepta-
1,6-diene (MHD) with I or M was carried out.8? The resulting copolymers had high regio and
stereoselectivities (1,2-selectivity >99%, mm triad >90%)), as confirmed by NMR spectroscopy.
Molecular weights were rather low (M» = 9-13 kg mol-1) with narrow P (1.5-1.6). For random
poly(MHD-co-I) and poly(MHD-co-M) an elastomeric thermal behavior was observed (single

Ty values at -14.9 °C and -43 °C, respectively). Furthermore, these polymers were post-
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functionalized via thiol-ene “click” reaction by use 2,2-dimethoxy-2-phenylacetophenone as
photoinitiator, transforming all pendant vinyl groups into the corresponding -CH2CH2SR

functionalities, allowing to preparation materials with tailored thermal and surface properties.

2.3.3 Iron

Despite iron-based catalysts having not been much studied in the past, the interest for these
systems in the field of the stereospecific polymerization of conjugated dienes has grown
enormously in recent years thanks to the fact that iron, being less toxic than many other

transition metals, is characterized by greater sustainability and lower environmental impact.70

In 2012, Ritter et al. investigated the polymerization of M and F (only f-isomers) with very
active iron(ll) iminopyridine complexes 33-34 (Figure 23).64 In particular, complex 33
([Fe]/[Al]/[Phs3C*]/[M] = 1:5:1:20012 h, 23 °C) led mainly to trans-1,4 polymer, while complex
34 ([Fe]/[Al]/[Ph3C*]/[F] = 1:30:1:200, 24 h, 23 °C) led to cis-1,4 polymer. Both complexes
were activated by [Ph3C][B(CesFs)4], trityl BArF and Al'Bus or AlEts in toluene. Although the
origin of the high selectivity was not elucidated, the authors proposed that the higher electron
density on the iron atom increases the trans-1,4 selectivity. Thus, alkyl-substituted imines (33)
favored trans-1,4 insertion, whereas aryl-substituted imines (34) favored cis-1,4 insertion. The

PM and PF obtained possessed high M» (>70 kg mol-1) and controlled D (1.4-2.1).
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More recently, Wang and co-authors introduced for M and F polymerization a library of novel

aminopyridine iron(II) chloride catalysts 35-38, bearing different alkyl substituents (methyl,

7 N\ ethyl, benzyl, and isopropyl groups) on the amine
=N - N— 7\

NN R N\ moiety.9° The catalytic activity was both influenced by

c’ cl

‘Bu c’ cl

33 R=-§~<|\;e

the steric hindrance of the ligand and the Lewis acidity

of the metal center. The isopropyl group of 38 appears

Me 35 R=Me
Ph = . N o
36 R=Et to show the best compromise, facilitating coordination
34 R=+% Ph 37 R=Bn
38 R=Pr and insertion of monomers and providing the higher
PH

activity (13.7 kg molre! h-1 in the case of PF). Complex

38 had excellent thermal stability and, activated by

=N @ N( —N ®\N"’( MAO, was able to promote polymerization of terpenes
v

> ([Monomers]/[Fe] = 500-1000, 25 °C, 2 h, toluene),

exhibiting 1,4-regularity (up to 59% and 75% for PM

I

and PF, respectively) and a smaller amount of 3,4-units.

Figure 23 - I) Fe(II) iminopyridine complexes Intriguingly, the inaCtiVity of O was explained

33-34 and aminopyridine Fe(IlI) chloride ) . . .
catalysts 35-38. 1I) Proposed mechanism of considering that the long alkyl chain hampers its

coordination and insertion for O and M. . . .
e e coordination to the metal center (Figure 23, part II). PM

and PF have been achieved with M» = 310-490 kg mol-1 and b = 1.9.

2.3.4 Cobalt

Cobalt-based catalysts were intensively investigated for the stereoregular polymerization of
1,3 alkadienes, and therefore are also considered viable candidates for the terpene

polymerization.”0

m R Gong et al. reported the first example of Co(II)
H ‘NTONT N § catalyst in the copolymerization of M with I, using
|

Bu,P— . N=/ 39 (Figure 24) combined with AIEt2Cl (30 °C, 1-2

Co
X/ \X R h, toluene) in a living cis-1,4 fashion. After
39 40 R=H,X=8Br consumption of I, the sequential addition of M

41 R=Me, X=B _ .
42 R= Pr?, X = (3|r provided poly(I-b-M) with M» up to 95.3 kg mol!

Figure 24 - Structures of Co(II)-based complexes 39-42 and very narrow b (1'05'1'09)'91 For PM blocks,
NMR suggested mainly the presence of cis-1,4 microstructure (93.4 %), while two Ty values (-

61.9 and -56.7 °C), relating to the two polymer blocks, were detected by DSC.
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In 2019, the same authors synthesized new cobalt complexes 40-42 (Figure 24) , supported by
PN3 ligands and activated by AlEt2Cl, for M polymerizations ([Al]/[Co] = 150-500, 1 h, 30-80 °C,
toluene).6¢ The microstructure of PMs (Mn» = 121-289 kg mol-1, D = 1.2-2.6) was found from
moderate to high cis-1,4 (66.1-99.4 %) with minor 3,4 units. Significantly, the increased steric
hindrance for complexes 41 and 42 has a negative effect on the activity and selectivity if
compared to 40. Furthermore, complex 40 also allowed the preparation of random poly(I-co-
M) (Mn = 103-156 kg mol-1, D = 1.6-1.9) with a broad range of compositions, by varying the
monomer feed composition, with typical M content of 7.6-57.6 %. The copolymers showed cis-
1,4 microstructure (69.4-73.4 % and 79.4-83.4 % for I and M units, respectively) and Ty in the
range of -41.7 and -51.1°C.

Later on, Co(II) complexes 43-48 (Figure 25), bearing bis-chelated phenoxy (4,6-di-tert-butyl-
2-phenol, naphthalen-2-ol)-imine ligands with pendant donor atoms (O, S, or P), were
reported.®? In combination with m-MAO or Al'Bus, these complexes were able to convert M into

cis-1,4-PM (selectivity up to 97.2 %). For

8 these catalysts, in the range of 0-100 °C
Y /\DZQ S \DZ_Q ([Al]l/[Co] = 300, 2 h, toluene), comparable

\
D1-CO/D\‘ “p, 7};{,//4{1 specificity (cis-1,4 = 74.9-97.2 %) and activity

Q’E’f o @nE o were observed, proving PM with Mn of 272-
O 312 kg mol! and P of 1.8-3.2. Notably, the
O nature of the donor plays a fundamental role

43D,;=0,D,=N 46D, =0, D, =N in stereocontrol and activity, influencing the

44D1= ,D2=N 4TD1= ,D2=N . .

45D, = PPhy, D;= N 48 D, = PPhy, D, =N insertion of the monomer. Indeed, the oxygen
Figure 25 - Co(II) complexes 43-48 and sulfur atoms in 43, 44, 46, and 47 are

more prone to the metal-donor dissociation, favoring the coordination of the monomer with a

consequent increase of selectivity.

Further investigations by the same research group on the synthesis of cobalt complexes 49 and
50, supported by a 2-oxazoline-pyridine (N,N) ligand bearing a labile 6-(di-tert-butyl-
phosphine oxide) moiety (Figure 26), and on their ability to copolymerize I with M derivative
2-methyl-6-methyleneoct-7-en-3-ol (M-OH) were disclosed.?? In presence of an excess of
AlEt2Cl and various masking agents such as MAO, AlEts, Al'Bus, Al'BuzH, AlEt2Cl or Al'BuzCl, 49
and 50 ([AlEtzCl]/[Co] =300, 1-3 h, 30 °C, toluene) allowed the synthesis of a poly(I-co-M-OH)
with M-OH incorporation from 4.4 mol% to 31.5 mol%, Mnr of 23-453 kg mol-! and D of 1.2-2.6.
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(‘Bu)Ry —N bR ('Bu)2Py bR
o Co b-co ° . . . .
/- [ 10.5 °C) increasing by increasing the
Cl cl ClI cCl cl
o ~ incorporation of higher hydroxyl content.
49 50 RY= N > 52 R-Y=;\N'() p & y Y
Y

From these copolymers, it was possible to
51 RY= 53 R_Yj\'h;o) prepare SiO:z filled vulcanizates in order to
study the effect of the hydroxyl functionality

54 R-Y = :> in the compatibilization with the elastomeric

g
7:42
N\
&2
=
Z—
\_ 7/
£
L7 N

cl matrix. The mechanical performances showed

55
Figure 26 - Structures of Co(II)-based complexes 49-56 improvement of the tensile strength (9.6 + 0.2
MPa) and elongation at break, an unusual stretchability (over 885.3 + 2.0%), and improved

hysteresis loss in comparison to standard PI/SiO2 vulcanizates.

Recently, Gong et al. reported on a series of new Co-based complexes (51-55) (Figure 26) very
active (yields in most cases above 90 % in about 1 h) in the polymerization of bifunctional
monomers M derivatives (hydroxyl, furan, and pyridine group) and their controlled
copolymerization with 1.94 Copolymerization followed a first-order kinetics dependence on
monomer without obvious chain transfer and termination. The produced functional
copolymers (Mn = 133-166 kg mol-1, D = 1.1-3.2) were mainly enchained with cis-1,4 fraction of
65.0%-74.1%, showing significantly improved hydrophilicity (proven by the reduced water
contact angle), stable thermal property with a decomposition temperature exceeding 400 °C

and good tolerance towards low temperature.

In order to develop more environmentally friendly polymer chemistry, the choice of natural
building blocks (acyclic terpenes, in our case) is just the initial step. Indeed, the selection of
catalytic systems that combine good performances, easy handling, and low costs would be
highly desirable as well, allowing an improvement of the process's overall sustainability.

With the aim of synthesizing bio-based materials that could compete in properties with the
typical petroleum-based elastomers, the stereoselective coordinative polymerization
promoted by transition metal complexes seemed to be the best strategy to obtain materials
with specific properties. Furthermore, some titanium-based catalysts (bearing [OSSO]-type
bis(phenolato) ligands) developed at the University of Salerno have proved to be active and

versatile in the synthesis of stereoregular polymers from conjugated dienes and in their
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copolymerization with S and E. Therefore, these catalytic systems looked like the ideal

candidates for the development of homogeneous catalysts for the polymerization of terpenes.
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«Dans la vie, rien n’est a craindre, tout est a comprendre»

Marie Curie (1867-1934)

Chapter 3

Stereoselective (co)-polymerization of acyclic terpenes catalyzed
by titanium-based complexes

3.1 Introduction

Titanium was the first transition metal to be used for the polymerization of dienes. In 1954,
after the discovery of the remarkable activity in the polymerization of E and P by Karl Ziegler
and Giulio Natta, TiCl4 and TiCl3 were used, in the presence of aluminum alkyls (AlRs3), to obtain
polymers from different conjugated dienes.?>%¢ These studies led to the first highly
stereoregular cis-1,4 polyisoprene, observing for these material properties very similar to those
of NR. Subsequently, the stereoselective polymerization of B (cis-1,4) was carried out with a
system based on Til4 and AlR3.97

The synthesis of polydienes catalyzed by transition metals has two significant advantages. The
first is represented by the possibility of having well-defined regiochemistry polymerization,
thus creating polymer chains with repetitive units of a single type; the second advantage linked
to the use of these metals is that the polymerization mechanism, in addition to being
regioselective, can also be stereoselective. A catalytic system able to synthesize stereoregular
polymers allows producing materials with specific properties. The control of the
microstructure of the polymers, as well as the control of their molecular masses, is fundamental
to obtaining materials with interesting mechanical properties for industrial applications.
Titanium is the ninth-most abundant element in Earth's crust (0.63% by mass) and the seventh-
most abundant known metal.?8 Its concentration is about 4 picomolar in the ocean. In addition,
this metal is non-toxic and biocompatible. Thus, the synthesis of highly stereoselective Ti-based
catalysts for the polymerization of olefins and dienes represents an attractive and economical
target from an industrial point of view. In 2003 a considerable step towards the development
of potentially versatile and useful Ti-based catalysts was represented by the synthesis of the
first tetradentate [0SSO]-type bis(phenolato) ligands, reported by Okuda.?® Indeed, the
combination of the hard phenoxo-units with the two soft donors sulfur atoms imparts unique

electronic properties to the metal center. The hemilabile nature of the interaction between the
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sulfur atoms and the metal center has been shown to be crucial in modulating the reactivity and
the selectivity, in many cases, allowing the obtaining of new polymeric materials.

In the first studies, the dichloro complex 1 (Figure 26) and the corresponding di(iso-propoxo)
homolog were used, activated by MAO, in S
polymerization, leading to isotactic PS with high molecular
weight (up to 2 654 Kg mol1) and narrow dispersity (P =
1.7-2.0). The isospecific S polymerization remained

confined to the heterogeneous Ziegler-Natta catalysts until

) the discovery of these C(2)-bridged [OSSO]-titanium
1 R,='Bu, R;='Bu

2 Ry=Cumyl, Rp=Cumy! complexes. In the light of these results, it was decided to
56 R,=Cumyl, R,= Me

Figure 26 - [0SSO]-titanium complexes  L€St these catalytic systems for the synthesis of polydienes.
In 2007, Capacchione et al. observed that 1/MAO system was active in the stereoselective
polymerization of B and I, as well as in the copolymerization of B with S, giving mainly trans-
1,4 polymers (80-96%).100 Afterwards, complex 1 was also employed in the synthesis of
alternating copolymers of E with I'01 and 4-methylpentadiene (4MPD)192 and in the
copolymerization of p-methylstyrene with B and 1.103

Binary copolymerizations of 4MPD with S, B and I, promoted by the titanium complex
dichloro{1,4-dithiabutanediyl-2,2'-bis[4,6-bis(2-phenyl-2-propyl)phenoxy]}titanium (2) in
combination with MAO, were also reported.104

In 2010, the dichloro complex {1,4-ditiabutanedil-2,2'-bis[4-methyl-6-(2-phenyl-2-
propyl)phenoxy]} titanium (56) (Figure 26), activated by MAO, allowed to obtain, by living
polymerization, an isotactic-PS-block-trans-1,4-PB copolymer, through sequential additions of
monomers.10>

Otherwise, Ti(n>-CsHs)-(m2-MBMP)Cl (MBMP = 2,2'methylen bis(6-tert-butyl-4-
methylphenoxo) (Figure 26) (3) was found to be active in the polymerization of S and

conjugated dienes such as I and B, showing a high syndio-selectivity and predominantly cis-1,4

microstructure (80-94%).

As described in 2.3.1 paragraph, in 2017, Capacchione’s research group using homogeneous
[0SSO]-type bis(phenolate) titanium complexes 1-2 and catalyst 3 achieved different
stereoregular polymers of M and O and their copolymers with S.68 Motivated by this recent
encouraging results, we decided to investigate the homo, co- and ter-polymerization of O, M and
F (Figure 27) with B and S in the presence of various [0SSO]-type titanium catalysts.

Surprisingly, in spite of the importance of B in the industrial production of elastomers, its
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copolymerization with acyclic terpenes had not yet been performed while [ was conducting my

investigations.

Ao A-Jo Ao

Figure 27 - Structure of $-ocimene (0), B-myrcene (M) and B-farnesene

3.2 Results and Discussion

3.2.1 Binary copolymerization of butadiene with ocimene and myrcene

Complex 2 has already been shown to promote the highly stereoselective B and O
homopolymerization (95% of trans-1,4 and 92% of 1,2-stereoselectivity, respectively).>?
Therefore, we investigated its performances in the copolymerization of B and O, under mild

experimental conditions (24 h, 30°C, and toluene).

Table 1 summarizes the main results. Due to the lower reactivity of O compared to B, an excess
of O in the monomers feed was necessary. Using [0]/[B] = 1-9, it is possible to obtain
copolymers in a wide range of compositions with the incorporation of the terpene up to 85%
(run 1, Table 1). Probably due to the preferential incorporation as vinylic units (OV), Tgs are
sensibly higher by increasing the amount of O (See Appendix 7, Figure 3556). Yields and
molecular weights increased by increasing the B feed content. For these materials, the narrow

D values confirmed a copolymeric nature.

Table 1. Copolymerization of S-ocimene (0) and butadiene (B) results.

Run? Ofeed Bfeed Activity Mwl Db Polymer Composition¢ Tgd
B B structures % oT/ov
(mol %)  (mol%) kg/(molTi)-h (kDa) (mol%) 1,2 14cis 14trans (molarratio) (°C)
1 90 10 0.3 15 1.3 15 - 5 95 8/92 -24.3
2 80 20 0.7 23 1.3 40 - 5 95 11/89 -38.1
3 70 30 1.4 29 1.3 68 4 5 91 12/88 -53.0
4 50 50 5.2 101 1.8 80 4 6 90 9/91 -61.6

a Reaction conditions: Catalyst = 9 mg (1 -10-5 mol), [Al]/[Ti] = 800, [0] = 0.5 M (1.6 g), toluene, 30°C, 24 h. b
Determined by SEC. ¢ Determined by NMR (25 °C; CDCls), for further details see Appendix 7. 4 Determined by DSC.

According to the methods reported in Appendix 7 (Figures 3S1-3S4 and Equations 1-6),
polymer compositions were determined by 1H and 13C{1H} NMR spectroscopy in solution.

Figure 28 shows 13C{1H} NMR spectra of the copolymers having different O content. The
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evaluation of such spectra allows us to unequivocally assign the main signals of poly(ocimene-

butadiene) copolymers (POB), whose complete assignments are reported in Table 2.

Spectroscopic data analysis allowed us to identify a multiblock microstructure that mainly
consists of trans-1,4-PB and vinyl O segments. This last possesses an isotactic trans-1,2

tacticity, in analogy to homopolymers of O obtained using the same catalyst system.>?

‘_,.,_JV\,JUL_MA_ AN U e L o \\ a
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21 } — - 20
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11 29 | l

33 32 12
4. 31 30 1’.611 23 | ol
' ; ] N 1
!J’\ PAVL /‘-L A LW R AV ROV VAW A A\ N \a——-b

Figure 28. Aliphatic region of 13C{1H}NMR spectrum of POB copolymers: (a) 15 % B (run 1, Table 1), (b) 40% B
(run 2, Table 1), and (c) 80 % B (run 4, Table 1).

It was also possible to assign the signals reasonably associated with the junctions between
blocks, through a deep study of 1D and 2D NMR techniques (lines 29-33 of Figure 28 and Table
2). An example of the reasoning made to identify the signals is the following: for the signal
centred at 30.73 ppm (line 29 of Table 2, identified as a methylene through HSQC, Figure 3515
of Appendix 7), analysis of the HMBC spectrum (Figure 3516, Appendix 7) reveals correlations
with protons at 5.40 and 1.33 ppm; these latter peaks were associated, by comparison with the
literature data, with BTz and OV3, thus identifying the signal as the B4 carbons linked with an

ocimene vinylic unit (BTBT40V and OVBT40V).

In addition, stereoerrors throughout the O segments were also detected (0TOV20T at 46.51

ppm), similarly to previously reported NMR data for PO samples.>?
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Table 2. NMR assignments for POB synthesized with 2/m-MAO (runs 1-4, Table 1).

Unit« Line Atom 1Ha 13Ca
(ppm) (ppm)
1 o™y 1.87-2.11 31.43-31.93
2 0T, 5.05-5.12 123.74-125.02
3 073 - 136.15-138.60
4 07074 0T 1.92-2.02 49.48
5 0Ts 1.40-1.54 11.64-13.11
6 076 1.87-2.11 31.43-31.93
7 0Ty 5.05-5.12 123.74-125.02
8 0Tg - 130.05-131.95
9 0To 1.66 25.95
10 0T1o 1.57-1.59 18.02
11 o% 1.33 37.16
12 ()2 1.94-1.98 43.66
13 0Y3 - 136.15-138.60
14 0V 5.05-5.12 123.74-125.02
15 0Vs 1.40-1.54 11.64-13.11
16 0V 2.67 26.98
17 0vy 5.05-5.12 123.74-125.02
18 0Ys - 129.00-131.60
2 19 0V 1.68 25.83
20 0V10 1.62 17.88
c .1 21 BT 2.02 32.89
=/ 22 BT, 5.40 130.18
23 B¢ 2.02 27.57
_— 24 BC, 5.25-5.37 129.60
25 BY: 4.88-4.99 114.36
A 26 BY; 5.53-5.60 142.89
v ,): 27 BY3 1.86-1.98 -
1 28 BV, 1.86-1.98 -
BTBT.0V
29 OVBT.OV 1.78-1.92 30.73
30 OVBT;BT 2.02 36.57
31 BTOV20V 1.92-2.02 45.74
32 0TOV,0T 1.92-2.02 46.51
33 OVOY,BT 1.92-2.02 48.75

a CDCls, 25 °C, 600 MHz.
In the copolymerization of M with B, catalytic behavior of 2/m-MAO was also evaluated
applying similar reaction conditions of O-B copolymerizations (different monomer ratios, 24 h,

30°C, and toluene as solvent). Table 3 summarizes the results of the experiments performed.

Due to the sluggish reactivity of M compared to B, the incorporation of an appreciable amount
of the terpene into the polymer chain (M content between 15 and 47 %) was possible only by
using an excess of M with respect to B. In analogy with POB copolymers, yield and molecular
weight increased by increasing the B in the alimentation feed.

Molecular weights distributions are monomodal and narrow P (ranging from 1.4 to 2.0)
confirmed that true copolymers were formed. The DSC curves of the copolymers showed Ty

values in the range of application as elastomers.
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Table 3. Copolymerization of f-myrcene (M) and butadiene (B).
Run? Mfeed Bfeed Activity Mw? Db Polymer Composition¢ Ty

B B structures %  MT/MV

(mol%) (mol%) kg/(mol Ti)-h  (kDa) (mol%) 1,2 14cis 14trans (molarratio) (°c)
5 90 10 0.1 26 1.5 53 3 7 90 71/29 -65.5
6 80 20 0.5 32 1.4 70 2 8 90 69/31 -68.8
7 70 30 0.9 45 1.5 77 3 8 89 68/32 -71.1
8 50 50 3.2 76 2.0 85 4 8 88 67/33 -69.7

a Reaction conditions: Catalyst = 9 mg (1 -10-5> mol), [Al]/[Ti] = 800, [M] = 0.5 M (1.6 g), toluene, 30°C, 24 h.®
Determined by SEC. ¢ Determined by NMR (25 °C; CDClI3), for further details see Appendix 7 . 4 Determined by DSC.

The microstructure of the synthesized poly(myrcene-butadiene) copolymers (PMB) was
further examined by NMR characterization and the results of the complete assignments are
summarized in Table 4. 1H NMR spectra (See Appendix 7, Figures 355-3S8) clearly showed the
presence of both monomers and the presence of the M units mainly enchained as trans-1,4 (MT)
with a lower amount of 3,4 vinyl units (MV).

Moreover, the inspection of 13C{1H} NMR spectra (Figure 29) gave more detailed information
on the distribution of the two repeating units along the polymeric chain, revealing a structure
with prevalently isolated M units in the copolymers with higher B content (BTMT4BT), and a

multiblock microstructure for the polymers with a higher M content.

** Signals due to the presence of BHT as antioxidant. -

——
e
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Figure 29. Aliphatic region of 13C{1H}NMR spectrum of PMB copolymers: (d) 53 % B (run 5, Table 3), (f) 70 % B (run 6,
Table 3) and (g) 85 % B (run 8, Table 3).
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Also for PMB, several signals that arise from the junction between comonomers blocks have

been reasonably assigned (lines 29-32, Table 4).

Table 4. NMR assignments for PMB synthesized with 2/m-MAOQ (runs 5-8, Table 3).

Unit @ Line Atom 1Ha 13Ca
(ppm) (ppm)
1 MT; 2.03 37.55
2 MT> - 139.04
3 MTs 5.12 124.83
4 M7, 2.03 27.08
5 MTs 2.03 27.18
6 M7 2.03 30.55
7 M7 5.12 124.59-124.78
8 MTg - 131.58-131.64
9 MTo 1.60 17.83
10 MT10 1.66-1.69 25.88
11 M1 4.72,4.79 109.38
12 AR - 151.59
13 MV 2.03 46.46
14 MVs 2.03 37.12
15 MVs 2.03 26.47
16 MVs 2.03 31.67
17 MV 5.12 124.59-124.78
18 MV - 131.58-131.64
19 MVe 1.60 17.88
20 MVi1o 1.66-1.69 25.88
c 1 21 BT, 2.03 32.88
A=/ 22 BT, 5.41 130.18
23 B¢, 2.03 27.55
. 24 BC, 5.32-5.39 129.58
25 BV 4.91-4.98 114.39
Y. 26 BY, 5.53-5.60 142.87
v 27 BY3 1.86-1.98 -
1 28 BV 1.86-1.98 -
MTMT,BT
29 BTMT.BT 2.03 28.06-28.12
30 MTBTBT 2.03 33.17-33.37
31 MVBT{BT 2.03 38.31
32 MVMV3BT 2.03 43.65

aCDCls, 25 °C, 600 MHz.

3.2.2 Homopolymerization of farnesene and its copolymerization with butadiene

The catalytic activity of the 2/m-MAQO system in the homopolymerization of F and its

copolymerization with B was also investigated.

Homopolymerization attempt at 30°C was unsuccessful, reasonably due to the lower reactivity

of F, compared to its predicted forenamed congeners O and M, towards our catalytic system.
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Thus, a rise of the temperature to 50°C was necessary. Data relating to the experiments

performed are shown in Table 5.

Table 5. Copolymerization of S-farnesene (F) and butadiene (B) results.

Run® Ffeed Bfeed Activity Mwb Db Polymer Composition¢ Tyd

B B structures % FT/FV

(mol %) (mol %) kg/(mol Ti)-h  (kDa) (mol%) 1,2 14cis 14trans (molarratio) (°C)
9 100 0 0.04 9 1.4 - - - - 84/16 n.d.
10 90 10 0.07 20 1.1 48 - 9 91 79/21 -58.0
11 80 20 0.2 41 13 66 4 7 88 83/17 -65.9
12 70 30 0.4 56 2.0 77 4 8 87 86/14 -67.0
13 50 50 2.0 90 14 81 5 7 87 77/23 - 68.6

a Reaction conditions: Catalyst 1 = 9 mg (1 -10-> mol), [Al]/[Ti] = 800, [F] = 0.5 M (2.4 g), toluene, 50°C, 24 h. b
Determined by GPC. ¢ Determined by NMR (25 °C; CDCls), for further details see supporting information. 9
Determined by DSC.

Poly(fS-farnesene) (PF) was obtained with a molecular weight of 9 kDa and narrow D of 1.4
with a prevalence of 1,4-insertions as revealed by the NMR data recorded, according to the
literature.106 In view of these results, the study was extended to the synthesis of poly(farnesene-

butadiene) copolymers (PFB) (runs 10-13, Table 5).

* Peaks marked with asterisks are due to acetone.
** Signals due to the presence of BHT as antioxidant.

A5 T
= s ' 18,
10(t), 5,20 ‘10(0): T 4(0). 299(t),
25(t) ", 250} 33) | 24(q) 24(t)
=
l
& | L |
ML, WA, UL 'ubbw'u_mi

Figure 30. Aliphatic region of 13C{tH}NMR spectrum of PFB copolymers: (g) 48 % B (run 10, Table 5), (h) 66 % B (run 11,
Table 5) and (i) 81 % B (run 13, Table 5).
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On the whole, copolymerization data were similar to those observed in the case of PMB (M
incorporation in between 19 and 42%, considerable trans-1,4 stereoselectivity, molecular

weight up to 90 kDa, b = 1.1-2.0).

Table 6. NMR assignments for PFB synthesized with 2/m-MAO (runs 9-13, Table 5).

1Ha 13Ca
Unit @ Line Atom
(ppm) (ppm)
1 FTy 1.95-2.03 37.26
2 FT, - 138.72-139.59
3 FT3 5.10 122.84-125.77
4 FTy 1.97-2.16 26.63-27.40
5 FTs 2.03 30.97
6 FTe, 1.97-2.16 26.63-27.40
7 F17, 5.10 122.84-125.77
8 FTg, - 134.66-135.79
9(t) FTo 1.55-1.61 16.22
u 9(c) FTo 1.63-1.73 23.55
9 10(t) FT1o 1.93-2.02 39.90
12\ 10(c) FT1o 2.03 32.19
" 11 FT11 1.97-2.16 26.63-27.40
i 12 FT12 5.10 122.84-125.77
13 FT13 - 131.13-131.89
14 FT14 1.57-1.64 17.84
15 FTis 1.69 25.84
16 FV, 4.66-4.81 109.94
17 FY, - 154.46
18 FVs 2.03 46.55
19 FVs 1.99-2.03 38.37
20 FVs 2.03 30.97
21 FVs 1.97-2.16 26.63-27.40
22 Fv; 5.10 122.84-125.77
23 FVs - 134.66-135.79
24(t) FVs 1.55-1.61 16.22
24(c) FVo 1.63-1.73 23.55
25(t) FV10 1.93-2.03 39.90
25(c) FV10 2.03 32.19
26 FV11 1.97-2.16 26.63-27.40
27 FViz 5.10 122.84-125.77
28 FV13 - 131.13-131.89
29 FVis 1.57-1.64 17.84
30 FVis 1.69 25.84
, 31 BT, 2.03 32.89
¢ s 32 BT, 5.41 130.18
33 B¢ 2.03 27.58
Lo 34 BC, 5.25-5.37 129.60
35 BY: 4.88-4.99 114.36
" 36 BY, 5.53-5.60 142.89
v 37 BV 1.86-1.98 -
1 38 BV 1.86-1.98 -
FTFT,BT
39 BTFT,BT 2.03 28.19
40 FVFV4BT 2.03 43.00-43.68
41 FVEV3;BT 1.91-1.99 48.77
42 FTFT,BT 1.91-1.99 49.54

aCDCl3, 25 °C, 600 MHz.
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These outcomes, even if not surprising considering the structural similarity between M and F
(see Fig. 27), are even so noteworthy. In fact, the outstanding industrial interest in the
production of farnesene (due to its utilization as fuel, in agriculture and in cosmetics) pushed
the development of advanced biotechnological processes (such as MegaBio).107.108 This would
encourage the intensification of the use of F as chemical building block which remains still
unexploited.

Samples of PFB were characterized by 1D and 2D NMR spectroscopy and the main signals
assignments are reported in Figure 30 and Table 6. A possible multiblock microstructure was
detected with short homosequences of monomers, both mainly inserted as trans-1,4 units. It
should be underlined that the long alkyl pendant groups of the F blocks, the methylene of the
butadiene segments and the cis/trans isomerism of both make the 1H NMR spectra, and thus
correlations in COSY, HSQC and HMBC, particularly difficult to analyze (See Appendix 7, Figures
3S33-3S36).

3.2.3 Terpolymerization of ocimene with butadiene and styrene

With the aim of extending our study, a series of 0/B/S terpolymerizations was also performed
under mild conditions (different monomers ratios, 24 h, 50°C, and toluene as solvent), using
[0SSO]-type titanium catalysts, 2 and 56 (Figure 26), activated by m-MAO. The introduction of
S brings numerous advantages to elastomeric materials intended for tires in terms of breaking
resistance, low rolling resistance in addition to wearing resistance.19° The most relevant results

are summarized in Table 7.

Table 7. Terpolymerization of f-ocimene (0) with butadiene (B) and styrene (S) results.

Run® O B S Activity Mwb Db Polymer Composition¢ Ty?

feed feed feed

B B structures %  OT/0V (0 %) S

(mol %) kg/(mol Ti)+h (kDa) (mol %)  14cis t:(;is (molar ratio) (mol %) (°C)
14 333 333 333 4.2 39.8 1.7 41 3 97 9/91 (16) 44 3.3
15 33.3 50.0 16.7 6.1 358 1.7 60 4 96 11/89 (15) 25 -29.8
16 32.9 45.2 21.9 6.2 383 1.5 50 7 93 9/91 (17) 33 -13.4
17 27.8 50.0 22.2 6.6 49.1 19 55 8 92 14/86 (15) 30 -20.7
18* 333 33.3 33.3 5.3 73.7 2.0 43 3 97 13/87 (16) 43 1.5
19* 278 50.0 22.2 7.9 67.2 2.1 55 8 92 18/82 (13) 32 -21.7
20* 20.0 54.0 26.0 8.1 70.7 2.2 62 7 93 9/91 (6) 31 -28.0

a Reaction conditions: Catalyst 2 =9 mg (1 -10-5> mol), Catalyst 56 (*) = 7 mg (1 -10-5> mol), [Al]/[Ti] = 1200, [0+B+S]

=1.4 M, toluene (total solvent 25 ml), 50°C, 24 h.® Determined by GPC. < Determined by NMR (25 °C; CDCl3 or TCDE),
d Determined by DSC.
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The biobased integral poly(0-co-B-co-S) terpolymers (POBS) were successfully synthesized in
a wide range of compositions (the incorporation of the terpenes was up to 17 % mol) with Mw
of 35.8-73.7 KDa, P of 1.5-2.2 and Tys between -28 and 3.3 °C. The process was trans-1,4
stereospecific for B (92-97%), while it provided mainly OV (82-91 %) in the case of O.
Terpolymer compositions were determined by 1H and 13C NMR spectra (a typical example is
provided in the Fig. 31): I) Ratio between S and O+B was calculated using 1H NMR by integrating
aromatic peaks of S (7.4-6.4 ppm) and methyne peaks of B and O (5.3-4.5) (S mol% = (Area7.-
6.4/5)/[(Areaz.4-64/5)+((Areas.s-45/8)*4)]*100; B+0 mol% = 100 - S mol%; II) Ratio between O
and B was determined by 13C{*H}NMR by integrating methylene signals at 32.9 (B™1 trans-1,4),
27.6 (B¢ cis-1,4),31.7 (OT1 and OT¢), and 27.0 (0OVes) ppm.

o Bo

NP U PRI S I O A N S —

39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 ppm
8 s 2|4l
oo

- o

e ——

I L

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure 31. 1H NMR spectrum (TCDE, 25 °C, 600 MHz) of POBS from run 20 of Table 7 (top Figure); enlargement of aliphatic
region of 13C NMR spectrum of the previous sample (Figure in the middle); 13C NMR spectrum (TCDE, 25 °C, 600 MHz) (lower
Figure).

The composition of the alimentation feed was set in order to obtain a terpolymer with the

lowest Ty containing about 5-20% mol of O in the polymer chain. Complex 57 was more active
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than 2 and showed moderately productive for terpolymerizations (5.3-8.1 kg-mol-1-h-1). Its
productivity increased with an increase in the [B]o +[S]o feed ratio. As shown in Table 7, the
POBSs were fully characterized through SEC, DSC, and NMR analyses. As previously noted for
copolymers, small PS sequences in the terpolymers were predominantly isotactic (identifying
the diagnostic ipso carbon signal at § 145.2 ppm in the carbon spectra).110 Finally, from the NMR
spectroscopic analyzes and the Tys data, the microstructure of the terpolymers was reasonably

random.

3.3 Materials and methods

General Procedures and Materials. Air- and moisture-sensitive compounds were
manipulated under a nitrogen atmosphere using standard Schlenk techniques or an MBraun

glovebox. All glassware was stored in an oven at 130 °C prior to use.

Commercial grade toluene (Sigma-Aldrich) was dried over calcium chloride, refluxed 48 h
under a nitrogen atmosphere over sodium and distilled before use. Modified
methylaluminoxane (m-MAO; 7 wt% solution in heptane; AkzoNobel) was used as received. 1,3
butadiene, purchased from Societa Ossigeno Napoli (S.0.N.), was dried by passing through a
column filled with activated silica and molecular sieves (3-4 A) and was slowly condensed in a

Schlenk tube containing toluene at 0°C.

p-ocimene (= 90 %; mixture of cis and trans isomers), f-myrcene (= 95 %) and f-farnesene
(mixture of isomers) were purchased from Sigma-Aldrich and were purified by overnight
stirring over calcium hydride and distillation under reduced pressure. Dichloro{1,4-
dithiabutanediyl-2,2'-bis[4,6-bis(2-phenyl-2propyl)phenoxy]}titanium complex was

synthesized as reported in the literature.111

Instrumentation and Methods. 'H and 13C NMR spectra were recorded with Bruker
spectrometers (300, 400 and 600 MHz) using 5 mm (o0.d.) NMR tubes. 30 mg of samples were
dissolved in CDCls (0.5 mL) and were analyzed at room temperature. Chemical shifts were
referenced to TMS and calculated by using the residual isotopic impurities of the deuterated
solvent (CDCl3: = 7.26 ppm in 1TH NMR and 6 = 77.16 ppm in 13C NMR experiments; TCDE: 6 =
5.80 ppm in 1H NMR and & = 73.80 ppm in 13C NMR experiments).

IH NMR spectra were recorded using zg pulse program; pre-scan delay was 6.0 ps, and the
relaxation delay between scans was 1 s; spectrum width was 12.0 ppm; 64 scans were

accumulated.
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13C NMR spectra were recorded using zgpg30 pulse program; pre-scan delay was 6.0 ps, and
relaxation delay between pulses was 2 s; spectrum width was set to 220.0 ppm; number of

scans was 32000.

Exponential digital filter with the Ib parameter of 2 Hz was applied prior to Fourier
transformation. All the NMR spectra were integrated after baseline correction (a mean of

minimum three integration values has been taken for each calculation).

Diffusion-ordered spectroscopy (DOSY) experiments were performed at room temperature on
a Bruker Avance 600 spectrometer equipped with a 5 mm PABBO 600S3 BBF-H-D-0S-Z-SP
probe. The standard Bruker pulse program, ledbpgp2s, employing a double stimulated echo
sequence and LED, bipolar gradient pulses for diffusion, and two spoil gradients was utilized.
The pulse gradients were increased from 5% up to 95% of the maximum gradient strength in a
linear ramp with a total experiment time of 25 min. Diffusion times were 2500 ms, the eddy
current delay was 5 ms, the gradient recovery delay was 0.2 ms, and the gradient pulse was
1000 ms. Individual rows of the quasi-2D diffusion databases were phased and baseline
corrected. After Fourier transformation and baseline correction, the diffusion dimension was
processed with the software Topspin3.2 and Diffusion from Bruker. Diffusion coefficients were

calculated by Gaussian fits with the T1/T2 software of Topspin3.2.

The average molecular weights and molecular weights distributions of the samples were
determined with a 150 C Waters GPC equipped with a RI detector, a JASCO 875-UV (254 nm)
detector and a set of four columns from PSS (pore size of 106, 105, 104, and 103 A, particle size
of 5 um). Tetrahydrofuran was used as carrier solvent with a flow rate of 1.0 mL/min at 25 °C.
Calibration curve was established with commercial polystyrene standards. Thermal analysis
(differential scanning calorimetry, DSC) was carried out on a DSC Q20 from TA Instruments,

using a heating rate of 10 °C/min.

General copolymerization procedure (runs 1-13, Tables 1, 3, 5). In a round-bottomed flask,
equipped with a magnetic stirrer, toluene, the linear terpene (f-ocimene, f-mircene or (-
farnesene), m-MAO and a solution of butadiene (0,11 g/mL in toluene) were sequentially
introduced. The mixture was stirred for few minutes at room temperature before adding
complex 2 (1,0:10> mol) and warming to the desired temperature (30°C or 50°C). The
polymerization was quenched by adding ethanol and then poured in acidified ethanol solution
containing butylated hydroxytoluene (BHT). The polymer was recovered by filtration and then

dried under vacuum at room temperature.
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General terpolymerization procedure (runs 14-20, Table 7). In a round-bottomed flask,
equipped with a magnetic stirrer, toluene, f-ocimene, styrene, m-MAO and a solution of
butadiene (0,11 g/mL in toluene) were sequentially introduced. The mixture was stirred for
few minutes at room temperature before adding complex 2 or 57 (1,0-10-> mol) and warming
to 50°C. The polymerization was quenched by adding ethanol and then poured in acidified
ethanol solution containing butylated hydroxytoluene (BHT). The polymer was recovered by

filtration and then dried under vacuum at room temperature.
3.4 Conclusion

In this chapter, the homopolymerization of F and, for the first time, the copolymerizations of O,
M, and F with B catalysed by the [0SSO]-type titanium complex 2 activated by m-MAO, under
mild reaction conditions, were achieved. The final polymers were characterized through SEC,
DSC, and 1D and 2D NMR techniques. Thus, full assignment of the main signals and, in the case
of copolymers, of the junctions between comonomer units were performed. In addition, the
terpene content in the copolymers was found to be easily adjustable through judicious
modifications of the alimentation feed. POB materials were obtained in a high degree of
stereoselectivity (up to 95% of trans-1,4 for B and 92% of 1,2 insertions in the case of 0),
incorporating up to 85% mol of the terpene amount. Tys of the samples were found to be
strongly dependent on the O content. Likewise, PMB copolymers were obtained with a good
stereoselectivity (up to 90% and 71% of trans-1,4 insertion for B and M, respectively) and the
content of M incorporated was in the range of 15-47%. F showed a behavior similar to that of
M and PF was achieved mainly as a 1,4-trans polymer, in the reaction of copolymerization with
B. This first explorative study encouraged also the investigation of O, B, and S terpolymers,
leading to obtaining polymers in a wide range of compositions with elastomeric properties (Tgs
between -28 and 3.3 °C) containing 5-20% mol of 0. Two catalytic systems, 2 and 56 (the latter
was the most active) activated by m-MAO and under mild experimental conditions (different
monomers ratios, 24 h, 50°C, toluene), in this type of synthesis were tested. The catalysts were
found to be moderately productive for stereospecific terpolymerizations, providing trans-1,4
units for B (92-97%), mainly OV (82-91 %) in the case of O, and predominantly isotactic PS

sequences.
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« Wenn du es nicht einfach erklaeren kannst,
hast du es nicht gut genug verstanden»

Albert Eistein (1879 - 1955)

Chapter 4

Stereoselective (co)-polymerization of acyclic terpenes catalyzed
by a cobalt complex with phospane ligands

4.1 Introduction

In order to enlarge the number of stereoregular polymers obtained from linear terpenes, our
attention has turned to catalytic systems based on transition metals capable of providing
stereocontrol different from titanium-based systems previously tested. In particular, cobalt-
based catalysts have shown a unique behavior in the polymerization of 1,3-dienes giving, on
the base of the ligand framework, highly stereoregular cis-1,4- or 1,2- polybutadienes (see
paragraph 2.3.4).70.112,113

In this context, an interesting class of cobalt catalysts for the polymerization of dienes is those
of the bis(phosphane) complexes of general formula CoCl2(PRPhz)2 (R = methyl, normal-propy],
ethyl, allyl, iso-propyl, cyclohexyl), activated by m-MAOQ.113114 The peculiarity of this family of
complexes consists in the fact that they allow obtaining PB with a controlled microstructure
(cis-1,4; 1,2; mixed cis-1,4/1,2 structure) simply by varying the nature of the phosphane
framework coordinated to the cobalt atom. PB with a high cis content was obtained in the case
of bulky aliphatic phosphines (e.g., P‘Bus and PiPr3), while PB with a cis-1,4/1,2 mixed structure
was reached with aliphatic phosphines with a smaller steric hindrance (e.g., PEt3 and P"Pr3). On
the contrary, the use of catalysts based on complexes with aromatic phosphines led to the

insertion of essentially 1,2- units of B (BY), showing an increase of the syndiotactic degree with

Ph Cl Ph increasing the phosphine steric hindrance.113114 Especially,

CylP—('Zo—P/—Cy by means CoClz(PCyPhz2)z, (57, Figure 32, Cy = cyclohexyl),

Ph/ E \Ph Ricci and co-workers observed a higher B polymerization rate
Cl

(75% yield in 5 min), reaching stereoregular polymers (up to
Figure 32. Complex CoCL(PCyPh2)2 (57) 8804 mol of BY and a syndiotactic index up to 78 %) in

hydrocarbon solvents such as heptane at 20 °C.
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These results prompted us to investigate for the first time the behavior of this catalytic system

towards the stereoselective polymerization of O, M, and F and their copolymerization with B.

4.2 Results and discussion

4.2.1 Homopolymerization of ocimene, myrcene, and farnesene

The performance of the catalysts 57, activated by m-MAO, was explored under mild
experimental conditions (24 h, 25 °C, and hexane) in the polymerization of acyclic terpenes:
Table 8 summarizes the main results.

Homopolymerizations were carried on at room temperature in hexane because aromatic
solvents were avoided for two main reasons: firstly, they can coordinate to the cobalt atom
influencing the catalyst geometry and competing with the incoming monomer;11> moreover,
they tend to be more toxic and dangerous compared to aliphatic solvents and thus not
convenient in industrial processes.116

In the case of PO (Table 8, run 21), the catalyst 57 produced a polymer with a molecular weight
of 10.8 KDa, narrow polydispersity (P = 1.4) and Ty of -31.3 °C. 1H and 13C {1H} NMR spectra
and methods used for determining polymer composition are reported in Appendix 7 (See Figs.
451, 454-5, and Equations 15-16). A deeper understanding of the microstructure arose from
the solution NMR characterization. A prevalence of 1,2-insertions (72 % mol) was revealed
and the polymer tacticity was determined by analyzing the 1H NMR spectrum on the basis of
the similar microstructure of 1,2-poly(3-methyl-1,3-pentadiene):117 the two peaks at 0.90-1.35
ppm, attributed to the methylene protons of 0OV1, (See Fig. 451, Appendix 7) evidenced mainly
1,2 syndiotactic structure.

The system 57/m-MAO was also active in the polymerization of M (Table 8, run 22).
Analogously in the case of PO, polymer composition was determined by 1H NMR spectroscopy
(see Equations 17-18 in Appendix 7). ThelH NMR (Fig. 452) clearly showed the presence of the
M units mainly (84 %) enchained as cis-1,4 units (MC€) and a lower amount (16 %) of 3,4 vinyl
units (MV). Reasonably, the different structure of M and O (see Fig. 27) exalts the steric effects
governing the regiochemistry of monomer insertion, explaining a lower amount of vinyl units
along the polymer backbone of PM compared to PO.33

An accurate inspection of the 13C {{H} NMR spectra demonstrated also the presence of signals
related to head-to-head and tail-to-tail units along the polymer backbone (see Figure 4S6-7,

Appendix 7).118 The molecular weight characteristics of the synthesized elastomer was studied

50



PON

- _ RICERCA
UNIONE EUROPEA AMeristire At Wbsvrsiti € INNOVAZIONE

Fondo Sociale Europeo o ddble ol s

by SEC, showing that the resulting PM had an Mw of 13.8 KDa, monomodal and narrow P (1.8).
DSC analysis displayed a Ty of -62.5 °C, the typical value of elastomeric materials.
A similar approach was used to explore the homopolymerization of F. In the last case, the

system 57/m-MAO showed a very low catalytic activity (Table 8, run 23).

Table 8. Polymerization of f-ocimene (0), f-myrcene (M), and S-farnesene (F) results

Run? Monomer Activity? Mys© De Polymer Compositiond Tge
kg/(mol h) (kDa) (%, molar ratio) (°c)

21 o 1.0 10.8 1.4 ov72/0¢28 -31.3
22 M 0.3 13.8 1.8 MV16 / McC 84 -62.5
23 F 0.1 8.5 1.5 F34 33 /F14 67 -72.5

aReaction conditions: 57 = 7 mg (1.05 -10-5 mol), [Al]/[57] = 300, Hexane (16 mL), 0 =M = F = 0.009 mol, 24h, 25
°C. b Activity = kg/(mol 57-h) ¢ Determined by SEC. 4 Determined by 13C {{H}NMR and 'H NMR analysis of the
polymer (25 °C; CDCls).c Determined by DSC.

PF obtained had a molecular weight of 8.5 kDa, unimodal and narrow b (1.5). The
microstructure of PF is predominantly constituted by 1,4 addition units (67% mol), as
evidenced by the presence in the 1H NMR spectrum of a broad peak at 5.10 ppm, related to
olefinic protons (H3,H7,H12 of =CH- units, see Figure 4S3, Appendix 7). It was not possible to
assign insertion regiochemistry (cis or trans). The 13C {IH} NMR spectrum (Figure 4S8,
Appendix 7) also showed characteristic signals corresponding mainly to 1,4-units and, to a
lesser extent, to 3,4-regioinsertions (33 %). The catalytic system 57/m-MAO has been shown
to be able to polymerize O, M, and F, but with lower activity with respect to the B

polymerization, as reported in the literature.

4.2.2 Copolymerization of butadiene with ocimene

As shown in the previous chapter, copolymerizations of O, M, and F with B were for the first
time investigated by our research group,!1? by using Ti-based complexes bearing an [0SSO]-
bisphenolate ligands. 118 In order to enlarge the study on butadiene-terpene copolymerization,

the efficiency of 57/m-MAQO in these transformations was also evaluated (Tables 9-10).

Table 9. Copolymerization of S-ocimene (0) and butadiene (B) results

Run2 Ofeed Bfeed  Activity® Mys  Dc Polymer Compositiond
(mol %) (mol %) kg/(molh)  (kDa) B B structures (%) ov/oc Tge
(mol %) 1,2 1,4-cis (%, molar ratio) ~ (°C)
24 90 10 0.9 32 2.4 33 85 15 77/23 -23.4
25 70 30 1.4 73 1.9 54 81 19 80/20 -9.6
26 50 50 2.7 139 1.8 68 85 15 82/18 -5.7

a Reaction conditions: 57 = 7 mg (1 -10-5 mol), [Al]/[57] = 300, Hexane (16 mL), 0+B = 0.0120 mol, 24 h, 25 °C. b
Activity = kg/(mol 57-h) ¢ Determined by SEC. ¢ Determined by 13C {{H}NMR and 'H NMR analysis of the polymer
(25 °C; CDCls). ¢ Determined by DSC.

51



PON
; . RICERCA
UNlONE EUROPEA A istone S Pniraits EIﬂﬂUVHZI(_JﬂE

Fondo Sociale Europeo o bt ot rece

The data relating to Mw, D, polymer composition (see Equations 15, 19, and 23, Appendix 7) and

Ty for poly(ocimene-butadiene) copolymers (POB) have been collected in Table 9.

By using a [0]/[B] ratio of 9 in the alimentation feed, POB with an My of 32 KDa and a relatively
narrow D was gained (Table 9, run 24). Both Mw and activity (up to 139 kDa and 2.7 kg/(molco
h), respectively) increased gradually by increasing the percentage of B in monomer feed (runs
25-26). Notably, a shift of the Ty values towards higher temperatures was also noticed,
reasonably as a result of the reduction of the flexibility of the chain due to the introduction of

comonomer B, mainly as 1,2 units.

The microstructure of copolymers was investigated by 1H, 13C {1H} and 2D NMR experiments.
A blocky microstructure and a clear tendency of both comonomers to preferably insert as 1,2-
vinylic unit emerged (See 4512, 4514, 4516-18, Appendix 7). The NMR-DOSY confirmed the
existence of copolymer, excluding the presence of homopolymer contaminants (Fig. 4540,
Appendix 7). Fig. 33 reveals 13C {{H} NMR spectra of the POB samples with different B content
(up to 68 %mol) and Table 10 summarizes the complete assignation of the main signals for

these copolymers.

9,19
11,16 10, 20
14,24 | 6
22 7,12,17 |
/' 88 lp3 |
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A%/313 4 o “ 277 1| || 18
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Figure 33. 13C{tH}NMR spectrum of POB copolymers: (A) 33 % of B (run 24, Table 9), (B) 54 % of B (run 25, Table 9) and
(C) 68 % of B (run 26, Table 9).

Beyond the peaks attributable to homosequences, some signals reasonably related to junctions
between blocks were also detected. For example, in the region between 110 to 150 ppm of the
13C {IH} NMR spectra it was observed that, as the content of B increases, the signals at 114.99

ppm (line 21, Fig. 33) and 143.13 ppm (line 22, Fig. 33) relative to BV1 and BV2z increase with
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respect to the signals at 114.10 ppm (line 25) and 143.88 ppm (line 26). These last peaks can

be assigned to butadiene vinyl carbons in OVBV10Y, OVBV1BV or BVBV10V and OVBV20VY, OVBV2BY

or BVBY20V units. In addition, stereoerrors in the O and B segments (in particular 0¢0V20¢ and

BCOV2BC units between 45.40 to 46.65 ppm) were also detected, in analogy with PO samples

reported in previous works.118

Table 10. NMR assignments for POB synthesized with 57/m-MAO (runs 25, Table 9).

Unita Line Atom 1Ha 13Ca

(ppm) (ppm)

1 ov1 0.90-1.35 37.54

2 0V, 2.07 43.23

3 0v3 - 135.89

4 0Vs 5.08,5.00 125.44

5 0Vs 1.35-1.48 11.30-12.30

6 0V 2.65 26.97

7 0vy 5.08,5.00 123.77

8 OVs - 131.08

9 0Y 1.68 25.82

10 0V10 1.61 17.84

11 0% 1.86-2.17 30.85-33.55

12 0¢; 5.08,5.00 123.50-124.20

13 0% - 135.60-136.40

14 04 2.49 41.20

15 0¢ 1.53 18.60

16 0% 1.86-2.17 30.85-33.55

17 0¢; 5.08,5.00 123.50-124.20

18 0% - 130.80-131.60

19 0%y 1.68 25.95

20 0Cy0 1.61 17.98

21 BY1 4.84-4.99 114.99

22 BV 5.32-5.39 143.13

23 BY3 1.74-1.86 38.92

24 BVs4 1.02-1.28 39.70-42.60

25 OVBV10V 4.75-4.91 114.10

“ OVBV1BY “ “

“ BVBV10V “ “

26 OVBV.0v 5.38-5.43 143.88

“ OVBV2BY “ “

“ BVBV,0V “ “

27 0cov20c¢ 1.98-2.04 45.40-46.65

“ BCOV,B¢ “ “

aCDCls, 25 °C, 600 MHz.
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4.2.3 Copolymerization of butadiene with myrcene

Experimental data related to copolymerizations of M and B promoted by the same catalytic system
57/m-MAO are shown in Table 11 (runs 27-29). This reaction was carried on in experimental

conditions analogues to those of the O and B copolymerization (24 h, 25 °C, and hexane).

Table 11. Copolymerization of f-myrcene (M) and butadiene (B) results

Run? Mfeed Bfeed Activity? Mw Dc Polymer Composition?
(mol%)  (mol%) (kDa) B B structures % MV/MC¢ Tge
(mol%) 1,2 1,4 cis (molar ratio)  (°C)
27 90 10 0.04 10 1.7 25 78 22 28/72 -55.1
28 70 30 0.1 14 2.1 39 75 25 47/53 -49.8
29 50 50 0.4 41 2.7 66 74 26 51/49 -37.1

a Reaction conditions: 57 = 7 mg (1 -10-5 mol), [Al]/[57] = 300, Hexane (16 mL), M+B = 0.0120 mol, 24 h, 25 °C. ?
Activity = kg/(mol 57-h) ¢ Determined by SEC. 4 Determined by 13C {{H} NMR and 'H NMR analysis of the polymer
(25 °C; CDCl3). ¢ Determined by DSC.

However, the catalytic behavior was found to be dramatically influenced by the terpene nature.
Indeed, the use of M as a comonomer resulted in an overall poorer catalytic activity (up to 0.4
kg mols71-h'1). Moreover, lower Mw samples were obtained, even at relatively high content of
butadiene. 13C {IH} NMR spectra of the PMB samples with increasing B content (up to 66 mol
%) are reported in Fig. 34.

E q | \ \ “ln“' I
o M NA A A SRS, SAV VI S| S
| s 4515 1020
. 3,7,17 | 14,27 3,19
At | 1126
o 20 |t | 135 6/
Il . . _wj‘ A Y AL W W !

140 130 120 110 100 90 80 70 60 50 40 30 20 Ppm

Figure 34. 13C{1H}NMR spectrum of PMB copolymers: (D) 25 % of B (run 27, Table 9), (E) 39 % of B (run 28, Table 9) and
(F) 66 % of B (run 29, Table 9).

Interestingly, from the NMR analysis of PMB samples, a peculiar trend emerged. Indeed,
differently from the case of POB, the molar percentage of terpene vinyl unit is not constant with

the copolymer composition but sensitively increases by increasing the B content from 25 mol%
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to 39 mol%. As a result of this tendency, in the PMB sample with the higher content of terpene,
a clear prevalence of cis 1,4-unit was obtained.
Full 1D and 2D NMR characterization led to assignation of main peaks (Table 12) in accordance

with the studies in the literature.

Table 12. NMR assignments for PMB synthesized with 57/m-MAO (runs 29, Table 11).

Unit 2 Line Atom 1Ha 13Ca

(ppm) (ppm)

1 M¢ 2.04 37.08

2 M¢; - 139.38

3 M¢C3 5.09-5.13 124.74

4 \Y (1 1.99-2.30 26.98

5 M¢Cs 1.99-2.30 27.15

6 MC 2.04 30.81

7 M¢; 5.09-5.13 124.74

8 MCg - 131.48

9 M¢Cy 1.61 17.84

10 MC10 1.69 25 83

11 MYy 4.67-4.85 109.85

12 MV - 152.14

13 MV3 2.04 46.99
14 MV, 2.00-2.31 39.90-40.45

15 MVs 2.12 26.60
16 MVs 1.83-2.15 31.80-34.18

17 MV, 5.09-5.13 124.74

18 MVs - 131.48

19 MVo 1.61 17.84

20 MV1o0 1.69 25.83

21 B¢ 2.07 27.57

. .. 22 BV4B¢1BY - 25.23

-\2;/- 23 BY4BC¢;BY - 130.72

24 BVBC;BV3 - 127.82

A 25 BY1 4.80-5.05 114.99

,j: 26 BV 5.30-5.48 143.12
1 27 BV3 2.01-2.30 38.54-39.91
28 B4 1.12-1.43 41.00-43.17

a CDCl;3, 25 °C, 600 MHz.
Although the choice of Co-based catalyst 57 has led to stereopolymers different from those
obtained by Ti complexes, low catalytic activity (especially in the case of M) limits its possible
use on a larger scale. Furthermore, 57 was found to be inactive in the S polymerization and
therefore it was not possible to obtain terpolymers. In Fig. 35 the differences in terms of
stereoselectivity of the POB and PMB copolymers produced by using Ti- and Co-based

complexes of this work are highlighted.
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Figure 35. Stereoregularity of the POB and PMB copolymers obtained using the catalytic complexes 2 and 57 (Fig.s 26 and 32)

4.3 Materials and methods

General Procedures and Materials. All operations involving air- and moisture-sensitive
compounds were carried on under a dry nitrogen atmosphere using an MBraun glovebox and
Schlenk techniques. All glassware was stored overnight in an oven at 130 °C before use.

Hexane (Sigma-Aldrich) was dried over sodium/benzophenone and distilled prior to use.
Modified methylaluminoxane (m-MAO; 7 % wt solution in heptane; AkzoNobel) was used as
received. 1,3 butadiene, purchased from Linde, was dried by passing through a column filled with
silica and activated molecular sieves (3-4 A) and was slowly condensed in a Schlenk tube
containing hexane at 0 °C.

p-ocimene (= 90 %; mixture of cis and trans isomers), f-myrcene (= 95 %) and f-farnesene
(mixture of isomers) were purchased from Sigma-Aldrich and were dried over calcium hydride
and distilled under reduced pressure before use. CoCl2(PCyPhz2)2 was prepared as reported in the

literature.114

Instrumentation and Methods. 1H and 13C {1H}, HSQC, COSY and HMBC spectra were recorded
in CDCl3 (0.7 mL) at 25 °C on a Bruker spectrometer (300, 400 and 600 MHz) calibrated relatively

to the solvent peak in reference to tetramethylsilane (TMS).

Molecular weights distributions (Mw/Mn) and the polymers’ number average molecular weights

(Mn) were measured at 25 °C with a 150 C Waters GPC equipped with a RI detector, a JASCO 875-
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UV (254 nm) detector and a set of four columns from PSS (pore size of 106, 105, 104, and 103 A,
particle size of 5 pm). Tetrahydrofuran was used as eluent at a flow rate of 1.0 mL/min.

Calibration curve was established with commercial polystyrene standards.

Thermal analysis (differential scanning calorimetry, DSC) was carried out on a DSC Q20 from TA
Instruments, with a heating and cooling rate of 10 °C min in the range -100 to 200 °C. Glass

transition temperatures was reported for the second heating cycle.

General copolymerization procedure (runs 21-23, Table 8). In a round-bottomed flask,
equipped with a magnetic stirrer, hexane, the linear terpene (0, M or F) and m-MAO were
sequentially introduced. The mixture was stirred for few minutes at room temperature before
adding complex 1 (1,0*10-> mol). The polymerization was quenched by adding ethanol and then
poured in acidified ethanol solution containing butylated hydroxytoluene (BHT). The polymer
was recovered by filtration and then dried overnight under in a vacuum oven at room

temperature.

General copolymerization procedure (runs 24-29, Tables 9, 10). In a round-bottomed flask
equipped with a magnetic stirrer hexane, the linear terpene (0, M or F), m-MAO and a solution
of butadiene (0,11 g/mL in hexane) were sequentially introduced. The mixture was stirred for
few minutes at room temperature before adding complex 1 (1,0 x 10> mol). The
copolymerization was quenched by adding ethanol and then poured in acidified ethanol solution
containing butylated hydroxytoluene (BHT). The polymer was recovered by filtration and then

dried overnight under in a vacuum oven at room temperature.

4.4 Conclusion

In this chapter, stereoselective polymerization O, M and F promoted by Co(II) complex 57 with
phosphane ligands, activated by m-MAO at room temperature, were described.
Homopolymerizzazions of O, M and F led to obtaining rubbers with a prevalent 1,2-vinylic
microstructure in the case of PO (72%) and predominantly 1,4-units in the case of PM and PF
(cis-1,4 = 84 % for PM, 1,4-addition = 67 % for PF). These polymerizations were carried on in
hexane with a [terpene]/[Co] ratio of 850 in very mild conditions (24 h, 25° C). The system
57/m-MAO ([Al]/[56] = 300) showed a low catalytic activity for F (0,1 kg molco? h'1) and

better activities for the other two terpenes (up to 1 kg molco! h-1).
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The cobalt-based catalyst 57 was also able to promote binary copolymerization of O and M with
B, providing copolymers (POB and PMB) in a wide range of compositions. For these samples,
the catalytic activity increased by increasing B in the feed (up to 2.7 kg mol-! h-1 for POB).
Copolymers POB (M» up to 77 kDa, D = 1.8-2.4, 1,2-vinylic units = 77-82 %) and PMB (M» up to
15 kDa, P = 1.7-2.7, cis-1,4 units = 49-72 %) with blocky microstructure and elastomeric
thermal properties (Ty from -5.7 °C to -72.5 °C) were obtained, having up to 67 % and 75% mol
of 0 and M, respectively. Furthermore, the samples were fully characterized by DSC, SEC and
NMR. In the latter case, an in-depth study of 1D and 2D NMR data allowed a reasonable

assignation of main signals and the junctions between comonomers blocks.
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«Somewhere, something incredible is waiting to be known»

Carl Sagan (1934-1996)

Chapter 5

Myrcene-Based elastomers via anionic polymerization

5.1 Introduction

During my PhD study, I spent seven months (from April to October 2019) at the Technische
Universitit Miinchen (TUM) in Germany. There, I also worked on another important
polymerization technique: anionic polymerization.

The concept of anionic polymerization was first developed by Ziegler and Schlenk in early
1910.120 Their pioneering work on the polymerization of diene initiated with sodium metal set
the stage for the use of alkali metal-containing aromatic hydrocarbon complexes as initiators
for various a-olefins. In 1936, Karl Ziegler proposed that anionic polymerization of S and B by
consecutive addition of monomer to an alkyl lithium initiator occurred without chain transfer
or termination. Twenty years later, living polymerization was demonstrated by Szwarc and
coworkers, using sodium naphthalene as an initiator for the polymerization of S in THF.121 In
one of the breakthrough events in the field of polymer science, Szwarc showed unambiguously
that electron transfer occurred from radical anion sodium naphthalene to S. This work
provided the foundations for the synthesis of polymers with improved features.

More than 50 years later, anionic polymerization is still one of the most powerful synthetic tools
for the preparation of well-defined polymers, allowing the control of the molecular architecture
(molecular weight, low dispersity, composition and microstructure) depending on the chosen
reaction conditions (temperature, counterion, additive and solvent).34 122

Carbanions (or oxanions) with metallic counterions are mostly the active centres, highly
sensitive to oxygen, moisture, functional groups and protic impurities in the chain propagation
step. In the rubber industry, S-SBR is synthesized by an anionic polymerization process, which
is initiated by organolithiums compounds, such as sec-BuLi or n-BuLi, soluble in common
organic solvents.?10,16123,124

The key requirement for an aliphatic monomer to be suitable for living anionic polymerization

is the existence of a 1,3-diene moiety in the monomer structure. Since I is the simplest alkyl-
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substituted 1,3 diene monomer and terpenes formally consist of isoprene units, M and F have
been reported as monomers for carboanionic polymerization.125126

In the 1980s, pioneering anionic studies have shown that M can be polymerized using sec-BuLi
in nonpolar solvents (e.g., benzene, cyclohexane), obtaining PM with a high amount of the
preferable 1,4-units. In particular, anionic polymerization of M by means sec-BuLi in
cyclohexane results in PM with 94% of the preferred 1,4-units and 6% of 3,4- units, while the
polymerization in the more polar solvent THF, as reported by Bolton et al, results in 30% of
1,4-units, 57% of 3,4-units, and 13% of 1,2-units.12? In the ‘green’ ether solvents, like
cyclopentyl methyl ether and 2-methyltetrahydrofuran, 1,2 and 3,4 units (36%-86%) were
found enriched.128

Generally, high content of 1,4-units of polydienes is required for a low Ty and improved

elasticity, when compared to polydienes with higher 3,4- or 1,2 content. Indeed, the slope of the

e linear correlation of the Ty strongly correlates with

-104 e Polymyrcene

A Polyisoprene the polydiene architecture and diene monomer

structure.12? For example, a significant decrease of
the slope in the order PI > PM > PF is observable
(see Fig. 36), which is clearly related to the terpene

side chain length. In the case of PF, a weak vinyl unit

1 ——————1— content Ty dependency can be attributed to its

viny! content (1,2- and 3,4-units) / % bottlebrush-like structure that results in a hindered
Figure 36. Glass transition temperature as a function . . . .
of vinyl content for PI, PM, and PF. tight packing of the polymer chains, resulting in a

higher free volume and consequently in a lower Tj.

In several recent works, copolymerization of M and S was also studied. In particular, the anionic
copolymerization by sec-BuLi results in dependency of the polarity of the solvent in tapered
copolymers (cyclohexane), random copolymers (cyclohexane and polar additives such as
tetrahydrofurfuryl ether or tetramethylethylenediamine), and inverse block-like copolymers
(THF; temperature-induced block copolymer). 34

Very recently, a temperature-controlled one-pot anionic approach for the preparation of
diblock copolymers consisting of PS and PM blocks has been described by Gallei et al. initiated
by sec-BuLi.130

A viable alternative to organo-lithium compounds as anionic polymerization initiator is
represented by alkali metal hydrides (LiH, NaH, and KH) that have been barely investigated due

to their low solubility in organic solvents. They are compounds quickly available and stable
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under an inert atmosphere in which one or more hydrogen centers have nucleophilic, basic, or
reducing properties, commonly used as reducing agents in organic synthesis. However, in the
literature, it is reported that the addition of Lewis acid (R3Al, R3B, R2Zn, or R2Mg) to LiH, NaH,
and KH allows their solubilization in non-polar solvents by the formation of bimetallic

complexes.131-134

In rare and limited cases, LiH, NaH and KH have been employed in polymerization.13> Recently,
systems based on their association with alkyl, alkoxide and hydride derivatives of Al, Mg and
Zn in the retarded anionic polymerization (RAP) of S and dienes have been explored. Deffieux
et al. reported that triisobutylaluminium (TIBA) in combination with NaH form soluble
heterocomplexes (Al'Busz/NaH) able as initiating systems for the RAP of S at high temperature
in concentrated monomer conditions.13¢ The best performances were obtained at ratios 0.7<
[Al]:[Na] <1, since for stoichiometric proportion or higher than 1 the system was found to be
inactive. As depicted in Figure 37, at ratios [Al]:[Na] 21, only the 1:1 complex with an inactive
site (s1) was formed. Instead, in the presence of a slight excess of NaH with respect to TIBA, in

addition to the 1:1 complex, the formation of the 1:2 complex with an active site (sz) was

-Bu i-Bu postulated. Furthermore,
12 na A7 Na-H s1: inactive
(Al:Na) TRET- W s,: active the addition of
/ _ _ tetrahydrofuran (THF)
i-Bu -Bu
i-BusAl + NaH * NaH |- NaH A NaH as a second polar
i-Bu 2
\ Q additive increased the
1:1 Ji-Bu i-Buy ..
AINa) N \,\A( reactivity of the system
StHT HBu and could lead to a

Figure 37. Formation of 1:2 and 1:1 [Al]/[Na] heterocomplexes of AliBusz/NaH system and mixture of complexes n

influence of THF on an inactive 1:1 complex, as suggested by Deffieux et al. which the formation of

active Na-H bond (sz) was favored.134137 Thus, the anionic homo-, co- and ter-polymerization of
M, S and I by sodium hydride in combination with TIBA, as anionic initiator heterocomplexes,
in highly concentrated monomer media at 100 °C were investigated. These initiating systems
can represent a very useful and economical approach for the copolymerization of M with
commodities such as S and I, enlarging the armory of techniques that allow the synthesis of

more sustainable elastomers starting from terpenes.
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Table 13. Homopolymerizations of M, S and [, using Al'Bus/NaH as initiating systems at 100 °C

Run Monomers [NaH] [mon] Time Yield Myl plcl T,lfl Polymer composition
[a] feed *10-3 [NaH] (h] [b] and microstructure [%)]
s e s
(1,4/3,4/1,2) (1,4{cis™}/3,4/1,2)
30%* 100,0,0 6.0 500 24 - - - - - - -
31 100,0,0 6.0 500 24 58 50.2 1.7 -61.8 100 (46/52/2) - -
321d] 100,0,0 6.0 500 24 7 264.9 1.7 n.d. 100 - -
“ “ “ “ “ “ 7.9 1.7 n.d. “ “ “
33 100,0,0 3.0 1000 72 85 79.6 1.7 n.d. 100 (49/48/3) - -
34 100,0,0 2.2 1450 72 40 89.3 2.0 -76.5 100 (51/47/2) - -
35 0,100,0 6.0 500 8 100 151.2 1.4 105.5 - 100
36 0,100,0 2.2 1450 8 91 285.1 1.5 n.d. - 100 -
37 0,0,100 6.0 500 12 40 24.9 1.5 n.d. - - 100 (30{53}/56/14)
38 0,0,100 6.0 500 24 74 334 1.5 -11.4 - - 100 (32{52}/55/13)
39 0,0,100 3.0 1000 24 55 59.1 1.6 -14.9 - - 100 (35{53}/54/11)

[a] Reactions were performed in toluene; [monomers] = 3.0; [Al]/[Na] = 0.8; [THF]/[Na] = 50. [l Conversion was determined by
gravimetry. [l Determined by SEC in THF at 40°C, calibrated with polystyrene standards. [dl [THF]/[Na] = 0.

le] Successive monomer additions (1st: styrene; 2nd: myrcene). [fl Determined by DSC. N.d. = not determined.

* No TIBA ** the complement to 100 is the percentage of the trans isomer

5.2 Results and discussions

PM, PS, and PI were synthesized (100 °C in degassed and dry toluene solutions) by anionic
polymerization using the combination of TIBA/NaH as initiating systems (runs 31-39, Table
13). A blank experiment was performed with just NaH without TIBA and did not provide any
polymer (run 30, Table 1). The effect in terms of efficiency and polymerization control of a
second polar additive such as THF was observed in the M homopolymerizations. Its absence
(run 32, Table 13) had negative effects on the polymerization yield (7%), by providing bimodal
molecular weight distribution (D).

As already observed in previous studies, at ratios 0.7< [Al]:[Na] <1, THF reasonably increased
the reactivity of the system, shifting the equilibrium of the complexes toward the formation of
species with active sites (sz) to which propagation reactions are restricted. According to 1H
NMR analysis of the vinylic proton signals at § 4.7-5.2 ppm (see Fig. 5S1 and equations 27-28
of Appendix 7), PM consisted of an almost equimolar mixture of 1,4 cis/trans and 3,4 units with
a small percentage (2-3%) of 1,2 units. In detalil, the signals between 5.00-5.20 ppm were found
assignable to the olefinic protons of cis-trans 1,4-units, whereas the doublets at 4.73-4.76 ppm
belonged to 3,4-units. The determination of the cis and trans geometric isomers for 1,4 units
was not possible to determine due to structural irregularity of PM and the overlap of some
diagnostic signals in 13C {IH} NMR spectra (See Fig. 5S2, Appendix 7). However, a deeper
analysis of the aliphatic portion of 13C NMR spectrum (See Fig. 553, Appendix 7) permitted to
detect, in accordance with literature data, the presence of many peaks (28.55, 29.89 and 37.23
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ppm) related to head-to-head and tail-to-tail regio-irregular 1,4 units along the polymer
backbone.118138 Furthermore, as evidenced by Sarkar et al., the presence of a higher percentage
of 3,4-addition microstructures (47-52%, in our case), could make PM samples more
susceptible toward sulfur vulcanization.139.140 Sjze exclusion chromatography (SEC) analysis of
synthesized PMs (runs 31-34, Table 13) revealed Mw in the range of 50.2-89.3 KDa and a
monomodal P = 1.7-2.0. The broader distribution of D, compared to the narrower values
generally obtained with anionic polymerizations, can be explained by several factors.
Especially, the high operating temperature (100 °C) in experimental conditions could facilitate
termination reactions, as well as the presence of a chain transfer agent such as TIBA. Yields
increased prolonging the polymerization times from 24 h (58%) to 72 h (85%); Mws increased,
at the expense of yield, increasing the [Monomer]/[NaH] ratio. PMs showed low Ty values
(usually below -60°C) comparable to conventional rubbers.

PS obtained by Al'Bus/NaH system (runs 35-36, Table 13) had characteristic spectra of an
atactic polymer (for 1H and 13C NMR see Fig.s 556-5S7 of Appendix 7).110 This evidence was
also confirmed by DSC analysis that displayed a Ty around 105 °C without any Tm. As the trend
of molecular weights of PMs, Mw grew up in line with the increase of the [monomer]/[NaH]
ratio. For [S]/[NaH] = 1450, Mw was found to be 285.1 KDa with b =1.5 and yield of over 90%
in 8 h. The I homopolymerization has been reached using similar ternary initiating systems
based on alkali metal hydride, trialkylaluminium and alkoxides in cyclohexane at different
temperatures (80-120 °C), achieving mainly a mixture of 1,4 and 3,4 isoprene units (94-97%)
and a small amount of 1,2 units (3-6%).141 Data relating to I polymerizations (runs 37-39) are
shown in Table 13. The best monomer conversion (74%) was achieved in 24 h, starting from
[NaH] = 6.0*10-3 mol/L and [I]/[NaH] = 500. In Appendix 7 (Fig. 558) was reported a typical 1H
NMR spectrum, in which the peaks between 4.50 and 6 ppm were attributed to olefinic protons
of 3,4- addition (4.65-4.72 ppm), 1,2- addition (4.80-4.90 ppm), 1,4- (cis and trans) addition
(5.02 ppm) and 1,2- addition (5.70 ppm). The polymer compositions were determined by 1H
and 13C {1H} NMR spectroscopy in solution according to equations 31-35 (see Appendix 7). The
contents of 1,4, 3,4-, and 1,2- units in the PI were in the ranges of 30-35%, 54-56% and 11-14%,
respectively. The SEC analyses revealed that PI copolymers have My ranging from 24.9 to 59.1
KDa with D of 1.5-1.6. The influence of the polydiene architecture on the thermal behavior was
investigated by DSC measurements, showing Ty for polymers in the range between -14.9 and
-11.4 °C. TGA curves of PM, PS and PI in argon atmosphere are also reported in Appendix 7
(Fig.s 5S38-40). From the TGA curve, it can be clearly seen that below 300 °C there is no
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noticeable weight loss underling the thermal stability of the obtained materials. Moreover, plots
for M and I conversions versus polymerization time (linear dependence) and evolution of Mw

and P versus conversion are shown in section 5.11 of Appendix 7.

5.2.1 Synthesis and characterization of poly(M-co-S), poly(M-b-S), poly(M-co-I)
copolymers and poly(M-co-5S-co-1) terpolymers

Copolymerization of various monomers is a powerful strategy to modify the properties of
manufactured polymers satisfying specific needs, for example modifying Ty, reducing
crystallinity, or changing the molecular architecture of polymer backbone chains in order to
obtain new materials with better properties.

So, copolymerizations of M with S and I were performed in toluene, at 100 °C, using a
[monomers]/[NaH] =500-1450. The Table 14 summarizes the main results of the experiments

performed. Polymer compositions were fully elucidated by 1H NMR and 13C {{H} NMR

Table 14. Co- and ter-polymerizations of M, S and I, using Al‘Buz/NaH as initiating systems at 100 °C

Run Monomers [NaH] [mon] Time Yield Mwle] bld Tylfl Polymer composition

[a] feed *103 [NaH] [h] [b] and microstructure [%]
o M s

(1,4/3,4)

40 90,10,0 6.0 500 72 82 48.1 1.8 -47.7 87 (48/52) 13 -
41 90,10,0 2.2 1450 72 45 97.1 1.8 -52.2 89 (52/48) 11 -
42 70,30,0 2.2 1450 72 54 142.9 2.1 -42.4 65 (55/45) 35 -
43 50,50,0 2.2 1450 72 75 151.2 2.1 -4.9 38 (49/51) 62 -
44 30,70,0 2.2 1450 72 91 159.8 1.9 21.3 17 (56/44) 83 -
45 70,0,30 3.0 1000 72 78 71.3 1.7 -46.1 55 (59/41) - 45
46 50,0,50 3.0 1000 72 85 66.5 1.9 -37.5 31 (58/42) - 69
47 30,0,70 3.0 1000 72 80 62.9 1.8 -33.0 19 (53/47) - 81
48 33,33,34 3.0 1000 72 83 98.7 2.7 -8.2 17 52 31
49 50,40,10 3.0 1000 72 81 145.2 2.2 -5.1 33 54 13
50 10,40,50 3.0 1000 72 80 90.9 1.7 11 8 45 47
51 50,50, 0 3.0 1000 8+72 88 60.2 1.8 98.9 36 (46/54) 64 -
“ “ “ “ “ “ “ “ -52.5 “ “ “

spectroscopy according to the methods reported in the Appendix 7 (See equations 27-30 and

[a] Reactions were performed in toluene; [monomers] = 3.0; [Al]/[Na] = 0.8; [THF]/[Na] = 50. [Pl Conversion was determined by
gravimetry. [ Determined by SEC in THF at 40°C, calibrated with polystyrene standards. [41 [THF]/[Na] = 0.

le] Successive monomer additions (1st: styrene; 2nd: myrcene). [fl Determined by DSC.

* The complement to 100 is the percentage of the trans isomer.

34-39,). The NMR spectra were recorded in CDCls and 1,1,2,2 tetrachloroethane-d2 (TCDE) in
order to have all the diagnostic signals free from the deuterated solvent peak. In all copolymers,
1,2 addition of M were not diagnosed. Complete assignments of 13C {{H} NMR spectra (see
Fig.35) of synthesized poly(M-co-S) copolymers (PMS) are in agreement with data given in the

literature. 68142,143
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The direct comparison of carbon spectra of PMS copolymers (A, B, and C, Fig 38) and those of

PM (not reported for simplification) and PS homopolymers (D, Fig. 38) pointed to the presence

of additional signals that corresponded to the M-S dyads, already identified by Hulnik et al. in

the emulsion cationic polymerization of M and S using a water-dispersible Lewis acid surfactant

combined catalyst. 143

o o
CH,-CH=—C—CH,{CH,-CH CH, — CH
1”7 ¢~<4 3 2 1><4' 3 z
r -l /s

q

Cis/Trans

T T T T T T T 1
150 145 140 135 130 125 120 115 110 ppm

(b)

Figure 38. Aliphatic (a) and olefinic (b) regions of 13C NMR spectra (TCDE, 25°C,
400 Mhz) of PMS, synthesized at different M:S ratios, and of PS homopolymer. A)
M:S (mol/mol) = 70:30 (run 42, Table 13); B) M:S (mol/mol) = 50:50 (run 43, Table
2); C) M:S (mol/mol) = 30:70 (run 44, Table 14); PS (run 45, Table 14). *Signals
attributed to head-to-head and tail-to-tail regioirregular 1,4 M units.

It was interesting to observe
the C1” and C2” signals of the
styrenic unit, at higher
myrcene contents (A and B,
Fig.38), almost disappeared
simultaneously = with  the
formation of the M-S dyads
(highlighted).

Head-to-head and tail-to-tail
enchainments bridge of cis-
1,4 M additions (see Fig. 553
in detail, Appendix 7), were
visible in all 13C {1H} spectra of
PMS copolymers. The Tys of
these samples (runs 40-44,
Table 14) lay between that of
the homopolymers (-76.5 and
105.5 °C for PM and atactic PS,
respectively). Exception of
run 51 (diblock synthesis by
sequential addition of
monomers), were detected for
copolymers a single Ty value,
which decreased with an
increasing amount of M

incorporated in the polymer

chain. Reasonably, this is due to the decrease in the comonomer content of S having a rigid
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benzene ring. For comparison purposes, the Fox equation was applied for the calculation of Ty

values, showing a good correlation between experimental and theoretical data (Fig. 39):
1 _ ZWL
Ty Ty,
where W; is the weight fraction of i component and Ty and Ty are the glass transition

temperatures of the copolymer and i homopolymer, respectively.

0 Monomer reactivity ratios (r values) for M-S

» Ta (ex0) copolymerization were calculated by the

40
Tg (calc.)
30

20
10
0
-10
-20
-30
40
-50
60

gg copolymerization reactions were stopped

Kelen-Tudos (KT) method (See paragraph
5.2 and Table T3, Appendix 7), considering

the monomer feed ratios and the copolymer

Tg (°C)

compositions (see Table T1, Appendix 7). To

minimize the composition drift, the

0 10 20 30 40 50 60 70 80 90 100 . .
after 30 min (monomers conversion of 5-

B-myrcene (mol %) in copolymers PMS

Figure 39. Glass transition temperatures (Ty) at different {3- 9%)- The KT plOtS are shown in Fig- 5A2
myrcene content (mol %) incorporated in copolymers.

(Appendix 7). The difference in reactivity
between M and S (rmyr = 0.12 # 0.003 and rsty= 3.18 + 0.65) indicated that S is more reactive
than M. The product of the reactivity ratios, rmyr and rsty, was less than the unity (rmyr X rsty =
0.38). To evaluate the reactivity ratios it was also used a modified version of Kelen-Tudos called
extended Kelen-Tudos method (exKT). In this method was included a new parameter called Z,
by redefining n and & using the partial molar conversion of the monomers (see paragraph 5.2,
Appendix 7). The exKT parameters were shown in the Table T4 of Appendix 7. The reactivity
of the monomers were found to be rmyr=0.10 + 0.004 and rsty = 3.32 + 0.68 with rmyr X rsty = 0.33.
The two methods (KT and exKT) are in good agreement with each other, revealing that rsyy > 1
and rmyr < 1. Thus, the polymer chains are enriched in S in the initial stages of polymerization,
forming short sequences of S units. When the polymerizations proceed to higher monomer
conversion, the monomer feed is enriched in the less reactive M favoring its incorporation in
the chains. These data suggested a tendency of S and M to form a tapered polymer, as also
observed in other recent anionic polymerization works.144

With the aim of making different PMS architectures, consecutive addition of S and M (run 51,
Table 14) produced a poly(M-b-S) diblock copolymer (AB type) due to the living anionic

polymerization character. GPC analysis of synthesized sample revealed unimodal P (1.8) and
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Mw = 60.2 KDa. The marked difference in Mw among poly(M-b-S) and corresponding

homopolymers (PM and PS), obtained under the same experimental conditions, led us to

Figure 40. Aliphatic (a) and olefinic (b) regions of 13C NMR spectra (TCDE, 25°C,
400 Mhz) of PMI, synthesized at different M:I ratios. D) M:I (mol/mol) = 70:30
(run 45, Table 14); E) M:I (mol/mol) = 50:50 (run 46, Table 14); F) M:I
(mol/mol) = 30:70 (run 47, Table 14). *Signals attributed to head-to-head and
tail-to-tail regioirregular 1,4 M units.

exclude the formation of a
polymer blend. As expected, 13C
NMR spectrum of poly(M-b-S)
(Fig. 5514,
confirmed the absence of M-S

PMS

Appendix 7)
dyads diagnosed for
copolymer, showing only the
characteristic signals of M and
S homosequences. Moreover,
high Mw (60.2 KDa) of diblock
did allow

copolymer not

detecting the junction between

the two blocks. The DOSY
experiment confirmed
unambiguously the
copolymeric nature of

examined samples (Fig. 5525-
5526, Appendix 7). The DSC
curve of poly(M-b-S) s were
obtained in the temperature
range of -90 to 250 °C under the
atmosphere of N2, displaying

two Ty values (-52.5°C and

98.9°C), relating to the two different long monomer sequences, very close to those of

homopolymers. Anionic polymerization initiated by Al'Bus/NaH was also applied to produce

poly(M-co-I) (PMI). The copolymerization data are summarized in Table 14 (runs 45-47). At
ratio M:I = 50:50 mol/mol of alimentation feed with [NaH] = 3.0*10-3 mol/L and [M+I]/[NaH]

= 1000, a conversion of 85% was obtained in 72 h. 1H NMR spectrum of PMI copolymers is
shown in Fig.s 5515-5516 of Appendix 7. From the comparison of the 'H and 13C {{H} NMR

spectra of PM, PI and PMI (Fig. 5515, Appendix 7), due to the structural similarity between

monomers and the polyisoprenes sequences that contain all possible region-insertions (1,4-cis,

67



' |
2 5 . RICERCA
UNIONE EUROPEA M £V Wsiensit i

Fondo Sociale Europeo o bt ot rece

1,4-trans, 1,2 and 3,4 additions), it is observed that many peaks of different comonomeric units
felt in the same region of spectra. Thus, the difficulty in the integration of significant signals
involved an uncertainty in determining polymer compositions (see 5.1 of Appendix 7). In Fig.40
the 13C NMR spectra of PMI copolymers with different M:I (mol/mol) ratios were reported. All
the main peaks were assigned based on examples in the literature.66.6887.143,145 Furthermore,
PMI copolymers showed a monomodal and D = 1.7-1.9. Only one Ty was found for these
copolymers, and no Tm were detected. Three experiments (Table 14, runs 48-50) were
performed to test anionic initiator systems also in the terpolymerizations of M, I and S, resulting
in Mw in the range of 90-145 KDa (yield on average 80%) and D between 1.7 and 2.7 (Table 14,
runs 48-50).

The structure of poly(M-co-S-co-I) (PMSI) with the assignments of the main peaks is exhibited
in figure 5521 of Appendix 7. In this case, the major complexity of NMR spectra reflects the
microscopic structural irregularity, greatly limiting a depth microstructure study. TGA of PMSI
copolymers revealed good thermal stability with a decomposition temperature close to 350 °C
(see Figs. 5541-5547, Appendix 7).

We also performed some measurements related to the surface properties of the polymers.
Indeed, the character of the surfaces is very important, since the surface properties are of great
interest for some types of elastomers, especially tires and seals. Observing the variations in
surface roughness and polarities and adjusting them (also with regard to lamellar structures)
S I b I E I d I can help to develop

more performing

materials for such

applications.
Figure 41. Water contact angles (WCA) measured for: PMS from run 44 of Table 14 (a);

PMSI from run 49 of Table 14 (b); PI from run 37 of Table 13 (c) PMI from run 47 of Table \Water contact angle
14 (d).

(WCA) is the most common method for .  ‘ "
determining the relative hydrophilicity of :
materials. Fig. 41 shows the contact angles for
some PMS (a), PMSI (b), PI (c), and PMI (d), GEEES
respectively (see Table T7, Appendix 7). The rise =N
in contact angle from PMS (83.7°) to PMI (122.1%)

is evident. Reasonably this trend could be

explained by the effect of the greater quantity in Figure 42. Scanning electron microscope (SEM) of
S ] poly(M-co-S) from run 44 of Table 14 and poly(M-b--S)
the samples of M and I which introduce small side from run 51 of Table 14.
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chains in the structure of the copolymers and by their microstructure (mainly 3,4 addition),
factors that increase hydrophobicity. The possibility of modulating the surface structure and
properties of the copolymers by adjusting the microstructure of the segments has been already
observed in previous studies.

SEM is a type of electron microscope that allows to scanning of the surface of a sample with a
high-energy beam of electrons. SEM has the potential to generate images with a few
nanometres spatial resolution, and has a relatively large depth of field (up to 100 times that of
an optical microscope).

This provides valuable information about the surface topography and composition of the
scanned objects. The morphology of some samples, in particular poly(M-co-S) and poly(M-b-
S) obtained, was subsequently investigated by SEM. Fig.42 shows the SEM images of runs 44
(upward) and 51 (below) collected in Table 14. These measurements show rough or wavy
surface topographies of these polymers. Interestingly, edges and domains indicate the block
structures present, and different dark areas in fine structures can show phase separation here

(see section 8 of Appendix 7 for more images).

5.3 Materials and methods

General Procedures and Materials. All chemicals were stored and handled under an argon

atmosphere using standard Schlenk techniques or an MBraun glovebox.

All glassware was stored overnight in an oven at 130 °C prior to use. f-myrcene (= 95 %),
isoprene, and styrene (= 99 %) were all purchased from Sigma-Aldrich and were purified by
overnight stirring over calcium hydride and distillation under reduced pressure. Monomers
were stored on molecular sieves at 4 °C and before each set of experiments the amount of water
was measured with a Mettler Toledo KF Coulometer DL36 Karl Fischer instrument (allowed
max. 15 ppm H20).Toluene (Sigma-Aldrich) and tetrahydrofuran (Sigma-Aldrich) (THF) as
solvents dried were obtained with an MBraun MBSPS-800 solvent purification system and were
deoxygenized by three freeze-pump-thaw cycles, before storing on molecular sieves. Sodium
hydride was stored under an argon atmosphere in a drybox. Triisobutylaluminum (Al‘Bus,

Sigma-Aldrich) (TIBA) was used as received.

Preparation of NaH/Al‘Bus initiator system. Under argon, NaH (0.096 g, 4*10-3 mol) was
placed in a glass flask before adding 50 mL of dry and degassed toluene. Then, 3 ml of TIBA
solution (25% wt in toluene) was added with a syringe to reach the ratio of [Al]/[Na] = 0.8. The

final solution was let under vigorous stirring at 50 °C, until NaH was partially solubilized (4 h).
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Typical Polymerization Procedure. Polymerizations were carried out under argon at 100 °C
in a glass flask for 72 hours. 88 ul of Al'Bus/NaH solutions (ratio [Al]/[Na] = 0.8) and 25 pl of
THF were added with a syringe to dry and degassed toluene (0,5 ml). Finally, 0,5 mL of myrcene
was added to the reaction mixture and the system was maintained under stirring after
equilibration at the desired temperature. The polymerization was stopped by adding methanol
containing a little amount of hydrochloric acid and 2,6-bis(1,1-dimethylethyl)-4-methylphenol
(BHT) as stabilizing agent. The polymer was washed and dried under vacuum until constant

weight. 230 mg polymer (58 % yield, Mw = 50.2 KDa, D = 1.7).

Typical Co-polymerization Procedure. Co-Polymerizations were carried out under argon at
100 °C in glass flasks for 72 hours. 30 pl of Al'Bus/NaH solutions (ratio [Al]/[Na] = 0.8) and 9 ul
of THF were added with a syringe to dry and degassed toluene (0,5 ml). Finally, 0,28 mL of
myrcene and 0,19 ml of styrene were sequentially added to the reaction mixture and the system
was maintained under stirring after equilibration at the desired temperature. The co-
polymerization was stopped by adding methanol containing a little amount of hydrochloric acid
and 2,6-bis(1,1-dimethylethyl)-4-methylphenol (BHT) as stabilizing agent. The copolymer was
washed and dried under vacuum until constant weight. 295 mg polymer (75 % yield, Mw =

151.2, b = 2.1).

Preparation of diblock copolymer. In a glass flask equipped with magnetic stirrer 30 pl of
Al‘Bus/NaH solutions (ratio [Al]/[Na] = 0.8) and 9 pl of THF were added with a syringe to dry
and degassed toluene (0,5 ml). At 100°C, the polymerization starts after injection of 0,19 mL of
styrene. After 8 hours, the glass flask was opened in a drybox and was quickly added 0,28 mL
of myrcene. The polymer was coagulated after a further 72 h in methanol containing a little
amount of hydrochloric acid and 2,6-bis(1,1-dimethylethyl)-4-methylphenol (BHT). The
polymer was washed and dried under vacuum at room temperature until constant weight. 366

mg polymer (93 % yield, Mw = 60.2, D = 1.8).

Polymer Characterizations. H and 13C NMR analysis were recorded Bruker AV III-300, AV
HD-400 and AV III-500 spectrometer at room temperature. Chemical shifts 6 are reported in
ppm relative to tetramethylsilane and calibrated to the residual H or 13C signal of the

deuterated solvent.

Diffusion-ordered spectroscopy (DOSY) experiments were carried out at 298 K on a Bruker
Avance 600 spectrometer with the standard Bruker pulse program (ledbpgp2s). The latter used

a double stimulated echo sequence and LED, bipolar gradient pulses for diffusion, and two spoil
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gradients. For the duration of the experiment (about 25 min), the pulse gradients were
increased from 5% up to 95% of the maximum gradient strength in a linear ramp. The
parameters were set as follows: diffusion times were 2500 ms, the eddy current delay was 5
ms, the gradient recovery delay was 0.2 ms, and the gradient pulse was 1000 ms. Individual
rows of the quasi-2D diffusion databases were phased and, after Fourier transformation and
baseline correction, the diffusion dimension was processed with the Bruker software
Topspin3.2 and Diffusion. By Gaussian fits diffusion coefficients were calculated, using T1/T2

software of Top-spin3.2.

Size exclusion chromatography (SEC) measurements were performed using a
PolymerLaboratoriesGPC50 Plus chromatograph (calibrated with polystyrene standards) and
equipped with Deflection RI detector at 40 °C with THF as the eluent (flow of 1 mL/min).

Differential scanning calorimetry (DSC) analysis was conducted on a DSC Q2000 instrument.
2-5 mg of polymer was sealed into a DSC aluminium pan and heated from -90 to 250 °C at 10

°C/min. The reported values are those determined in the second heating cycle.

Thermal gravimetric analysis (TGA) measurements were performed on a TA Instruments
Q5000 SA. The heating and cooling rate was adjusted to 10 °C/min and the temperature range

measured was 40-600 °C under inert atmosphere of Argon.

Water contact angle measurements (WCA) were performed on a Kriiss DropShape Analyser.
The evaluation was performed with the program Image]. The samples were applied via solvent
casting on glass object carriers and measured several times. The average of these values

represents the contact angle.

Scanning electron microscope (SEM) measurements were recorded on a JEOL field emission
scanning electron microscope JSM-7500F. The secondary electrons produced by the electrons
of the beam (primary electrons) in interaction with the atoms of the object under investigation

served as informations source. The samples were examined at different magnifications.

5.4 Conclusion

Homo- and co-polymerizations of M with S and I, and ter-polymerization of all monomers have
been reached using soluble heterocomplexes consisting of sodium hydride in combination with
triisobutylaluminum as anionic initiating system at 100 °C in toluene. By adjusting the initial

feed ratio, it was easily possible to obtain polymers in a wide range of compositions with
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different architectures and various thermal properties. Molecular weights could be well
controlled through the simple regulation of the [monomers]/[NaH] ratio. Materials exhibited
an elastomeric behavior and good thermal stability with a decomposition temperature
exceeding 300 °C. Moreover, all the samples were fully characterized by SEC, GPC, and NMR
spectroscopy (1H, 13C and DOSY experiments). In some cases, to study the surface properties,
WCA and SEM characterizations were also performed. A more complete study of PMS was
carried out, highlighting their tapered microstructures with high molecular weights (ranging
from 48.1 to 159.8 KDa) and a single Ty Indeed, for PMS the reactivity constants were
determined by Kelen-Tudos (rmyr = 0.12 # 0.003 and rsty =3.18 + 0.65) and extended Kelen-
Tudos (rmyr = 0.10 £ 0.004 and rsty = 3.32 + 0.68) methods from which the tendency of S and M

to form a tapered polymer was supposed, in accordance with NMR studies.
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«Occorre diffidare del quasi-uguale... Le differenze possono essere piccole,
ma portare a conseguenze radicalmente diverse»

Primo Levi (1919-1987)

Chapter 6

Preparation and characterization of innovative compounds for

high performance tires

6.1 Introduction

With increasing global concern for fossil fuel consumption, the automotive industry moves
toward more efficient and sustainable vehicles.146.147 In this sector, tires are of great importance
as the tire compound material in contact with the road surface, under cyclic deformation,
dissipates energy due to its viscoelastic nature. On the other hand, the friction between the road
and the tire surface of vehicles is required for safety and comfort. These two contrary
characteristics of the tire need a compromise to deliver a secure and efficient ride. The tire
designer is faced with the impossible task of trying to satisfy all the needs of the vehicle
manufacturers and the consumers and is therefore forced to seek a compromise, often with an

emphasis on safety and long tread life.

In the last years, the utilization of synthetic rubbers from natural sources in a huge market such
as automotive tires has been extensively examined.119138142148149 [ndeed, many efforts have
been devoted in respect to partial substitution of conventional synthetic polymers which, in a
market still dominated by fossil commodities, would be a considerable sustainability
improvement.34:84127,140,142,150 Qne of the goals of tire research is to increase driving safety along
with increasing overall performance, hopefully by using more sustainable materials. In
particular, high-performance tires (called HP and UHP, “High-Performances” and "Ultra High
Performances") are designed to be used at high speeds, allowing high grip especially when
vehicles are moving in road curves. In this context, a tire’s composition affects grip, but also fuel
economy, and its lifetime. Currently, the elastomeric compositions used for the production of
high tire treads are mainly based on styrene-butadiene copolymers (SBR), blended with
butadiene rubber (BR) and natural rubber (NR).7° These elastomers are characterized by low

Ty values, generally above -50 ° C (SBR has Ty between -50 and - 10 ° C). It is believed that a
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high Ty value allows a high adherence to the road surface of the tire tread but, at the same time,
confers reduced resistance to abrasion and high rolling resistance. Conversely, a low Ty value
provides high abrasion resistance and low rolling resistance but the grip of the tire is reduced.
Since it is not possible to have all the best properties using a single elastomeric compound, to
obtain tire treads with optimal characteristics, elastomeric compositions of tires have been
industrially prepared which combine blends of elastomeric polymers and/or copolymers with
different chemical-physical characteristics. Furthermore, the grip characteristics of the tread of
high-performance tires, in particular in extreme driving conditions (at high speed and
cornering) are positively influenced by the presence of high percentages of styrene in the
elastomeric materials used for the preparation of the tire compounds compositions. Indeed, the
use of polymers and copolymers with a high styrene content allows for increasing the
hysteresis values of the finished tire tread. This chapter describes the study of the mechanical
properties of the most promising elastomers, obtained in our previous investigations, about
their use for the formulation of high-performance tires compounds. A scale-up process was
developed to produce a quantity of polymer such as to be able to create a laboratory model tyre
compound to test its characteristics. All the mechanical studies of the specimens were carried
out in the laboratories of Pirelli (Milan), partner of this industrial project. Pirelli Tyre is one of
the world leaders in this sector, being a group active in the design, development, production,

and marketing of tires for various types of vehicles.

6.2 Results and discussions

6.2.1 Preparation of macrosamples for tires innovative compounds

To produce a series of tire compounds and test their mechanical properties, it was necessary to
carry out appropriate specimens based on the new elastomeric materials synthesized during
our research work and then compare them with commercial references. For this scope,
elastomers obtained by using [0SSO]-type titanium catalysts (see Chapter 3) seemed to be the
best candidates, due to their high stereoregular microstructures,

R, R
properties (Tg, Mw, D), and better activity of Ti-based catalytic systems \@[
)

employed to synthesize them.11® Furthermore, these catalytic systems [ ~¢;\Cl
thanks to the abundance and great availability of the titanium, in addition i c
to the highly tailorable ligand framework, would guarantee a possible /©i

RZ R1

versatile industrial scale-up since they have already been used to produce 58 R S R VS

high-performance tires tread, as demonstrated by some recent patents Figure 43. [0SSO]-type
titanium catalyst 56
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(W02012069335A1, ITMI20102199A1, 1T1404141B1, EP2643367B1, and EP2643367A1). In
particular, by using the complex 56 (Figure 43) activated by m-MAO (the most active catalytic
system in O, S, and B terpolymerizations, see 3.2.3 paragraph), four samples on a larger scale
were produced (polybutadiene, PB; polyocimene-butadiene copolymers, POB; polyocimene-
butadiene-styrene terpolymers, POBS; polybutadiene-styrene copolymer, PBS). The
experimental synthesis procedures have been reported in the 6.3 section (Materials and
Methods). The characteristics of synthesized materials, fully analyzed by NMR, DSC, and SEC
(see Appendix 7, Fig. 651-6510), have been summarized in Table 15.

Table 15. Samples A-D obtained by using 56/m-MAO at room temperature (62 h)

Polymer composition (wt %) L
Samples 1@ M (kDa) ) D Tg (°C) 14 B (trans-1,4) S O (O7/0VY)
A (trans-PB) 226 2,0 -108,2 100 (94) - -
B (POB) 86 1,6 -89,7 80 (94) - 20 (14/86)
C (POBS) 132 1,7 -41,3 52 (95) 42 6 (10/90)
D (PBS) 199 2,6 -38,2 60 (95) 40 -

lal Reactions condition: for details, see 6.3.2; Yields (wt %): A=98; B=23; C = 64; D = 95. [Pl Determined
by SEC in THF at 40°C, calibrated with polystyrene standards. <l Determined by DSC. [d Determined by
NMR.

The structures of the polymers were ascertained by spectroscopic measurements, revealing in
accordance with previous experiments predominately trans-1,4 units for B (94-95% mol) in A-
D samples, prevalent 1,2-0 insertion (up to 90% mol) for B and C polymers, and small segments
of iso-PS in the backbone chain of POBS terpolymer (sample C) and PBS copolymer (sample D).
The Tys were found in the range of -108.2 °C (trans-PB) to -38.2 °C (PBS), values below 0 °C

typical of elastomeric materials.
6.2.2 Silica-based composites with POB (sample B)

With the scope to explore a possible application of terpene-butadiene copolymers, model tread
compounds in which cis-BR is in part replaced with POB were prepared according to recipes
shown in Table 16. Considering the high trans content of B units in POB (sample B, Table 15),
analogs treads in which cis-BR was partially substituted with trans-BR (obtained with the same
catalytic system 56/m-MAOQO)1%0 were also considered as a comparison aid. For all samples,

crosslinking was performed with a sulfur-based system.
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Table 16. Recipes of SSBR-BR based compounds with cis-BR, trans-BR and POB
Run Component Reference trans-PB (10)w trans-PB (20)@ POB (10)@ POB (20)
1 SSBR (NS 522) 100 100 100 100 100
2 cis-BR (BUNA CB25) 30 20 10 20 10
3 trans-PB (A) - 10 20 - -
4 POB (B) : - 10 20

lal Quantities of ingredients are reported in parts per hundred of rubber (phr). Other ingredients: TDAE = 10-16
phr; ZEOSIL 1165 MP = 70 phr; Kristalek F85 = 10 phr; TESPT silane = 6 phr; stearic acid = 2 phr; 6-PPD = 3phr;
TBBS = 3phr; sulfur = 1phr. For details on the abbreviations, see 6.3 section. bl Numbers in brackets indicate the
phr of cis-BR replaced in the sample.

In Table 17, data related to the mechanical properties of these treads, measured after curing
at 170°C for 10 minutes, are reported. Rheometric curves do not reveal appreciable differences
in the vulcanization kinetic (very similar too values, i. e. the time to achieve optimal
vulcanization, were found) showing that the reactivity of the polymers in the different treads is
comparable; on the other hand, lower levels of maximum torque (Mu) were observed using
trans-BR and POB with respect to commercial cis-BR, likely reflecting the lower molecular
weight of lab-prepared polymers (86 KDa).

Table 17. Properties of SSBR-BR based nanocomposites with trans-PB and POB
Reference  trans-PB (10)2 trans-PB (20)2 POB (10)a POB (20)a

tzo (min) 2.17 1.89 1.55 2.22 2.24

too (min) 6.9 6.94 7.08 7.52 7.82
RPA measurement (70 °C 10 Hz)

ML (dN m) 4.37 4.57 5.53 4.09 4.29
MH (dN m) 18.84 15.69 15.33 14.6 14.39
d_G'(0.5-10) (MPa) 0.86 0.85 1.05 0.81 0.89
G' (9%) (MPa) 1.57 1.44 1.53 1.35 1.37
tan 6 (9%) 0.127 0.168 0.185 0.152 0.16
Stress strain test (23 °C)

Ca 0.1 (MPa) 0.49 0.51 0.6 0.44 0.47
Ca 0.5 (MPa) 1.05 1.23 1.35 1.07 1.06
Ca1l (MPa) 1.58 1.84 1.92 1.68 1.66
Ca 3 (MPa) 5.92 5.73 5.07 6.15 6.19
Stress at break (MPa) 21.76 19.37 14.29 17.81 16.67
Elongation at break (%) 712.02 706.55 682.06 644.93 617.33

aNumbers in brackets indicate the phr of cis-BR replaced in the sample.

Dynamic-mechanical measurements, such as strain sweep tests performed in torsion mode,
allowed us to determine the storage modulus G’ and the loss factor tan §, as a function of the

strain amplitude. Storage modulus G’ was similar in all cases, somehow lower with POB.
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Hysteresis (tan &) was significantly higher when trans-BR was used instead of cis-BR,
reasonably for the lower mobility of the molecular chains and the higher crystallinity related to
trans conformation. In the case of POB, the performance was closer to those of the reference
rubber, despite the high content of trans units. The reason for such behavior lies in the fact that
the renewable comonomer decreases the crystallinity of the trans-B polymer backbone,
increasing its chances to build smaller domains and thus to better homogenize with S-SBR.
Tensile measurements (stress-strain tests) were carried out on crosslinked nanocomposites by
applying uniaxial stretching on Dumbell specimens. Tensile curves displayed that trans-BR
gave higher rigidity if compared with cis-BR at low deformations (Ca 0.1-0.5, load at 10% and
50% elongation respectively) and lower values at high deformation, resulting in a worsening of
the final properties. This could be interpreted as an effect of the less mobile polymer chains of
trans-BR and its tendency to self-organize and thus to display lower compatibility with S-SBR
with respect to the case of cis-BR utilization. Conversely, POB showed a tensile behaviour very
close to that of reference cis-BR: at low strain (up to 50% deformation = Ca 0.5) moduli were
fully in line or even lower than reference, at high strain were slightly higher than reference,
thus showing an opposite trend vs the homopolymer trans-BR. These values are somehow
unexpected in view of lower G'and MH and can be tentatively interpreted assuming that the
copolymers with O could help dispersion of silica filler and/or favour reactivity with silane and
thus effective binding between silica and polymer matrix. The ultimate properties were less
affected than in the case of the compound containing trans-BR. Also in this case, this
observation could be interpreted as an effect of the reduced crystallinity and better
homogenization with S-SBR due to the unsaturated side chains introduced by the terpene
monomer. In conclusion, the replacement of commercial high cis-BR with the corresponding
trans-polymer, with or without O in polymer, results in compounds that tend to be more rigid
and with worse breaking behavior. Conversely, POB showed better behavior in a model tread
compound than butadiene homopolymer (trans), suggesting that they could be used as a

substitute for commercial cis-BR in a tread without altering its mechanical properties too much.

6.2.3 Tire compounds with POBS (sample C)

As is known, the grip of the high-performance tire tread, in particular under extreme driving
conditions, is influenced by the presence of high percentages of S in the elastomers used for the
preparation of the compounds.1>1.152 However, commercial SBR available on the market and
mostly used for the tire formulation contain a maximum percentage of S equal to about 40% by

weight. Indeed, traditional polymerization techniques do not allow to obtaining of SB
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copolymers with higher percentages of S because this would promote the formation of block
copolymers in which 10 or more consecutive S units (with high Ty), compromising the
mechanical properties and abrasion resistance of the tire. To modulate the Ty of the compounds,
it is possible to add resins and/or polymers with a low molecular weight (typically less than
2000 Da), generally with a high content of S (equal to at least 25% by weight). Due to their low
molecular weight and high content of S, they are used to modulate the hysteresis of the tire
tread and, as they dissolve at least partially in the elastomeric compositions, they also modulate
the Tg. However, the resins have the disadvantage of not crosslinking with the elastomeric
polymers of compounds. Therefore, tearing of the tire tread can occur, especially in the case of
severe use, even after not prolonged use of the same. Alternatively or in association with the
resins, low molecular weight polymeric materials (typically less than 10,000 Da) can be added
to the tire compounds. Polymers with low molecular weight have the advantage of being able
to crosslink with the other elastomers, but they do not considerably increase the hysteresis
since they do not have a content of styrene as high as that of resins. In the case of the use of co-
cross-linkable low molecular weight polymers, the finished tire tread will have better tear
resistance but a reduced grip, when compared with tire treads in which resins are added. To
try to simultaneously improve the grip and durability properties, low molecular weight resins
and polymers are often used together. The combination of these materials does not allow the
problem of tearing the tire tread to be completely solved. Pirelli has already provided a solution
to the above problems in patent EP2643367 B1, producing a tire compound in which
elastomeric composition comprises at least a random SB copolymer (with B in trans
conformation and S in isotactic configuration) having an S content higher than 40% by weight
with respect to the total weight of the copolymer.

Thus, with the idea based on the above reasons given, different compound formulations were
produced by replacing common commercial resins (in our cases, Novares TT30 and Kristalek
F-85) with our samples Cand D (Table 15). These compounds were then compared with a well-
known commercial compound. The
elastomeric compositions were
prepared according to the recipes
reported in Tables 18-19. All
quantities are expressed in parts per

hundred of rubber (phr). All

components, except sulfur and

Figure 44. Brabender® internal mixer
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accelerator, were mixed together in an internal mixer with T set at 130 °C (Brabender®, Fig.
44) for about 5 minutes. The sulfur and the accelerator were then added in the second phase
and the compound was discharged after a further two minutes. The composites were finally

further homogenized by passing them 5 times through an open roller mixer.

Table 18. Recipes of a reference compound and others based on PBS and POBS

Component Reference1 Compound1 Compound 2

1 Novares TT30 10 - -

2 PBS (Sample D) - 10 -

3 POBS (Sample C) - - 10
4 Novares TL 90 5 5 5

5 HP755B (TDAE) 137.5 137.5 137.5
6 Silane JH75S 2.8 2.8 2.8
7 Stearic acid 1.4 1.4 1.4
8 Zn0 2.1 2.1 2.1
9 CRX 1391 60.0 60.0 60.0
10 Vivatec 500 12.5 12.5 12.5
11 6-PPD 1.0 1.0 1.0
12 TMQ 1.0 1.0 1.0
13 IBTUADS 0.4 0.4 0.4
14 CBS 2.7 2.7 2.7
15  Sulfur 1.4 1.4 1.4

lal Quantities of ingredients are reported in parts per hundred of rubber (phr)

Table 19. Recipes of a reference compound and others based on PBS and POBS

Component Reference 2 Compound 3 Compound 4

1  Kristalek F-85 12 - -

2 PBS (Sample D) - 12 -

3 POBS (Sample C) - - 12
4  SIR20P91 12.5 12.5 12.5
5 BUNACB25 15 15 15

6 NS522 99.7 99.7 99.7
7 SI69 7.0 7.0 7.0
8 Zeosil 1165 MP 87.5 87.5 87.5
9  Stearicacid 2.0 2.0 2.0
10 Vivatec 500 10.0 10.0 10.0
11 Zinc octoate 2.5 2.5 2.5
12 Riowax BNO1 2.0 2.0 2.0
13 CRX1391CB 5.0 5.0 5.0
14 6-PPD 3.5 3.5 3.5
15 TMQ 1.8 1.8 1.8
16 1B TUADS 0.5 0.5 0.5
17 TBBS 2.0 2.0 2.0
18 PVI 0.3 0.3 0.3
19 Sulfur 1.4 1.4 1.4

lal Quantities of ingredients are reported in parts per hundred of rubber (phr).
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The static mechanical properties (load at 50%, 100%, and 300% elongation, designated CA 05,
CA 1, CA 3 respectively, tensile strength and elongation at break) and dynamic properties (E’
and tan 6) of each elastomeric composition were evaluated and the results were summarized

in Tables 20-21.

Table 20. Properties of a reference compound and others based on PBS and POBS
Reference1 Compound1 Compound 2

IRHD (23 °C) [a] 57.7 59.7 60.9
Ca 0.5 (MPa) [b] 0.78 0.84 0.89
Ca 1 (MPa) [b] 1.29 1.12 1.48
Ca 3 (MPa) [b] 6.36 7.24 7.78
Stress at break (MPa) 14.33 17.27 18.04
Elongation at break (%) 565.0 579.6 576.8
E’0°C 10 Hz (MPa) 9.36 9.13 9.80
E’ 23°C 10 Hz (MPa) 7.21 7.86 8.13
E’ 100 °C 10 Hz (MPa) 3.30 3.70 3.87
tan 6 0 °C 10 Hz 0.851 0.738 0.765
tan 6 23 °C 10 Hz 0.653 0.600 0.613
tan 6 100 °C 10 Hz 0.203 0.196 0.202

2l Measured according to the ISO 48:2007 standard; iy measured according to ISO 37:2005 standard

Table 21. Properties of a reference compound and others based on PBS and POBS
Reference2 Compound 3 Compound 4

IRHD (23 °C) [a] 75.1 75.6 73.2
Ca 0.5 (MPa) [b] 1.37 1.42 1.32
Ca 1 (MPa) [b] 2.35 2.36 2.15
Ca 3 (MPa) [b] 10.43 10.32 9.28
Stress at break (MPa) 17.77 19.44 19.25
Elongation at break (%) 500.8 528.7 564.8
E’0°C 10 Hz (MPa) 9.26 10.02 10.00
E’ 23°C 10 Hz (MPa) 9.15 10.11 9.93
E’ 100 °C 10 Hz (MPa) 5.42 6.22 5.85
tan 6 0 °C 10 Hz 0.480 0.410 0.427
tan § 23 °C 10 Hz 0.403 0.350 0.361
tan 6 100 °C 10 Hz 0.107 0.120 0.125

a1 Measured according to the ISO 48:2007 standard; M measured according to ISO 37:2005 standard

The hardness in degrees IRHD was measured according to standard ISO 37:2005 on samples of
elastomeric compositions vulcanized at 170°C for 10 minutes. The dynamic mechanical
properties were measured with an Instron dynamic tester in tension-compression by the
following methods. A sample of the elastomeric composition (crosslinked at 170°C for 10 min)

of cylindrical shape (length = 25 mm; diameter = 12 mm), preloaded by compression to 25% of
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longitudinal deformation with respect to the initial length, and maintained at the specified
temperature (0 °C, 23 °C, 100°C) throughout the test, was submitted to dynamic sinusoidal
stretching having an amplitude of £3.5% relative to the length in pre-load conditions, with a
frequency of 10 Hz.

The dynamic mechanical properties are expressed in terms of dynamic elastic modulus (E') and
values of the loss factor (tan §). The value of tan & is calculated as the ratio of the viscous
modulus (E") to the elastic modulus (E'). The properties of compounds 1 and 2 (see Table 20)
in comparison with a reference (Fig. 45) showed that: I) the static mechanical properties (Ca
0.5, Ca 1, Ca 3, elongation and stress at break) of compound 2, containing POBS (sample C,
Table 15), was better than those of the reference 1 (compound present on the market) and
compound 1 (compound according to Pirelli patent EP2643367 B1, containing PBS). In
particular it is remarkable that while the introduction of POBS led to higher moduli at all
deformations, such stiffening was accompanied by higher modulus and elongation at break,
while in general a stiffening goes with a reduction of the properties at break; II) the modulus E'
value of compound 2 was constantly higher than the values obtained with the compound 1 and,
at the same time, the tan § in the full temperature range, and in particular at 100°C, were higher

for compound 2 than for compound 1 and closer to the reference. These data demonstrated that
Ca3
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1
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w 0,6 ©
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Figure 45. Comparison between the properties of the compounds in Table 20
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a tire tread containing POBS simultaneously exhibited greater stiffness and mechanical
strength accompanied by improved performance under severe use.

In the second series of compounds (see Table 21) the results obtained pointed out that: III)
the load and elongation at break of the compound 4 with POBS were better than those of
reference compound 2 and even better (in the elongation ) than that of compound 3 (according
to Pirelli patent with PBS); IV) the values of modulus E' of compound 4 were constantly higher
than the value obtained with the reference 2 and comparable to that of compound 3; moreover,
at the same time, the tan § (hysteresis) at all temperatures was higher than those obtained with
compound 3 and at 100 ° C also higher than the reference 2. The hysteresis at 100 °C is
considered predictive of grip in extreme driving conditions: obtaining an increase in this value
compared to known compounds by improving or maintaining the properties at breakage is an
unexpected result of particular interest.153 The results obtained showed that a tire tread
containing POBS terpolymer in its formulation simultaneously presented greater mechanical
strength, increasing the resistance to breaking/ tearing, accompanied by better performance in
the event of severe use, improving adherence at all temperatures than the previous Pirelli

patent invention (EP2643367 B1).
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Figure 46. Comparison between the properties of the compounds in Table 21
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All these results have led to the filing of a patent (Pneumatico ad elevate prestazioni -
2020P00004 IT), in collaboration with Pirelli, claiming very briefly the invention of a tire for
vehicle wheels (in particular cars) in which the composition of tire compound includes at least

one random terpolymer consisting of iso-S/trans-B/terpene.

6.3 Materials and methods

6.3.1. General Information

All reactions were performed under nitrogen using standard Schlenk or glovebox techniques.
Toluene, ocimene (0), and styrene (S) were purchased from Sigma Aldrich and distilled before
use. 1,3 Butadiene (B), purchased from Societa’ Ossigeno Napoli (S.0.N.), was dried by passing
through a column filled with activated silica and molecular sieves (3-4 A) and was slowly
condensed in a Schlenk tube containing toluene at 0°C.

NMR spectra were recorded on Bruker Bruker AVANCE 400 spectrometer (400 MHz for 1H; 100
MHz for 13C) and Bruker ASCEND 600 spectrometer (600 MHz for 1H; 150 MHz for 13C). NMR
samples were prepared dissolving about 10 mg of compounds in 0.5 mL of deuterated solvent.
IH and 13C chemical shifts are listed in parts per million (ppm) downfield from TMS and are
referenced from the solvent peaks or TMS.

The DSC measurements were carried out in nitrogen on a TA Instrument DSC Q20 calorimeter
(heating and cooling rate of 10 °C/min).

The average molecular weights and molecular weights distributions of the samples were
determined with a 150 C Waters GPC equipped with a RI detector, a JASCO 875-UV (254 nm)
detector and a set of four columns from PSS (pore size of 106, 105, 104, and 103 A, particle size
of 5 pm). Tetrahydrofuran was used as a carrier solvent with a flow rate of 1.0 mL/min at 25

°C. The calibration curve was established with commercial polystyrene standards.

6.3.2 General polymerization procedure

In a round-bottomed flask, toluene and m-MAO were introduced. After 20 minutes, catalyst 56
(Figure 1) was dissolved in a portion of the solution and stirred for 45 minutes. Meanwhile,
monomer(s) (B, sample A; B and O, sample B; B, O and S, sample C; B and S, sample D) was
(were) added to the remaining solution and stirred at room temperature for 30 minutes. At this
point, the catalyst solution was added and the reaction mixture was heated to 30°C for 62 hours.
The polymerization was terminated by adding ethanol and pouring in an acidified ethanol

solution containing butylated hydroxytoluene (BHT). The precipitated polymer was recovered
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by filtration and dried in vacuum at 40°C. The quantities of the reagents used for the synthesis
of the A-D samples are shown below:

Sample A: Homopolymer (trans-PB)

Reaction conditions (room temperature, 62 h): toluene 55 mL; B = 1.20 mol (533 mL of a 0.12
g/mL butadiene solution in toluene; catalyst 56 = 2.7 x 105 mol (18 mg), m-MAO = 1.6 x 10-2
mol (24 mL of 7 % wt solution in heptane). Yield: 98% wt

Sample B: Copolymer (Butadiene-Ocimene, POB)

Reaction conditions (room temperature, 62 h): toluene = 20 mL; B=1.50 mol (593 mL of a 0.14
g/mL butadiene solution in toluene; O = 1.50 mol (260 mL), catalyst 56 = 9.1 x 10-> mol (60
mg), m-MAO = 5.5 x 10-2 mol (82 mL of 7% wt solution in heptane). Yield: 23% wt.

Sample C: Terpolymer (Butadiene-Ocimene-Styrene, POBS)

Reaction conditions (room temperature, 62 h): toluene =55 mL; B=0.92 mol (333 mL ofa 0.15
g/mL butadiene solution in toluene; O = 0.34 mol (57 mL); S = 0.44 mol (51 mL); catalyst 56 =
5.4 x 10> mol (36 mg), m-MAO = 3.2 x 10-2 mol (45 mL of 7% wt solution in heptane). Yield:
64% wt

Sample D: Copolymer (Butadiene-Styrene, PBS)

Reaction conditions (room temperature, 62 h): toluene = 20 mL; B = 1.50 mol (593 mL of a
toluene solution containing 0.14 g/mL butadiene; S = 1.50 mol (172 mL), catalyst 56 = 9.1 x
10->mol (60 mg), m-MAO = 5.5 x 10-2 mol (82 mL of a 7% by weight solution in heptane). Yield:
95 % by weight.

6.3.3 Ingredients of the compounds

All of the following compound ingredients were used as received. BUNA CB 25: neodymium
polybutadiene (high cis-BR) from Lanxess; SBR (NS 522): styrene-butadiene rubber Zeon;
TDAE: treated distillate aromatic extract; ZEOSIL 1165 MP: precipitated synthetic amorphous
silica from Solvay; TESPT Silane: Bis [3-(triethoxysilyl) propyl] liquid tetrasulfide from Evonik;
Kristalek F85: hydrocarbon resin from y Eastman Chemical Co (USA); 6-PPD (antioxidant): N-
(1,3-Dimethylbutyl) N’-phenyl-p-phenylenediamine from Eastman; TBSS: N-tert-butyl-2-
benzothiazyl-sulfenamide from Fisher Scientific; Buna VSL 2438-2 HM: solution of styrene-
butadiene rubber in TDAE oil, comprising 38 wt.% of styrene, 24 wt.% of vinyl and 27 wt.% of
oil, produced by Lanxess Deutschland GmbH, Germany; Novares TT90: hydrocarbon resin
produced by Reutgers Germany GmbH, Germany; Novares TT30: hydrocarbon resin produced

by Reutgers Germany GmbH, Germany; Vivatec® 500 (plasticizer) produced by Hansen &
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Rosenthal, Germany; CBS (accelerant): N-cyclohexyl-2-benzothiazylsulphenamide, produced
by Lanxess Deutschland GmbH, Germany; Silane JH75S: blend of Bis (triethoxysilylpropyl)
tetrasulfide (TESPT 50%) supported on carbon black (50%), produced by Evonik Industries
AG, Germany; TMQ: 2,2,4-Trimethyl-1,2-Dihydroquinoline produced by Synthos, Poland; CRX
1391 CB: carbon black manufactured by Cabot Corporation, USA; HP755B (TDAE): mixture of
100 parts by weight of styrene-butadiene rubber with 37.5 parts by weight of TDAE oil,
comprising 39.6% by weight of styrene, 39.4% by weight of vinyl, produced by JSR Corporation,
Japan; IB TUADS: isobutyl thiuram disulfide, produced by R.T.Vanderbilt; SIR 20 P 91: natural
rubber, produced by Aneka Bumi Pratama, SED, Indonesia; SI 69: bis(3-triethoxysilylpropyl)
tetrasulfide, produced by Degussa-Hiils; Riowax BNO1: paraffin wax, produced by SER S.p.A;;
PVI: N-clclohexylthiophthalimide, produced by Brenntag Spa, Milan.

6.3.4 Characterization of the compounds

Crosslinking and dynamic mechanical characterization of rubber compounds
Crosslinking reaction was studied at 170°C with a Monsanto R.P.A 2000 rheometer,
determining the minimum torque My, the maximum torque Mu at the end of crosslinking
reaction, the time t3o0 (the time required to achieve 90% of the maximum torque Mn), the time
too (the time required to achieve 90% of the maximum torque Mu). Dynamic shear moduli were
then measured at 70°C, with a sinusoidal strain at 10 Hz of frequency, in a strain amplitude

ranging from 0.5 % to 10%.

Stress-Strain tests

The stress-strain behavior of the cured composites was measured on a universal tensile testing
machine (Zwick/Roll 2010) at a strain rate of 200 mm/min. S2 tensile specimens were
prepared in accordance with DIN 53 504 from vulcanized flat sheets. Samples were fixed in
pneumatic grips and stretched at constant speed until tensioned to failure. Ultimate tensile
strength, modulus at 100% and 300% elongation, stress at break, and elongation at break were

determined.

6.4 Conclusion

With the goal to develop innovative tire compounds, new elastomers have been synthesized
using a [OSSO]-type titanium catalyst and tested in the formulation of tread compounds for
high-performance tires. The POB copolymer showed better behavior in a model tread

compound with respect to trans-butadiene homopolymer rubber. Indeed, the compound
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characterizations suggested that the copolymers of butadiene and naturally derived monomers
could in principle be used in substitution of standard cis-BR in a tread without major disruption
of the compound properties. Continuing with the experimentation, the POBS terpolymer
synthesized in the UNISA laboratories showed further improved static and dynamic mechanical
properties in a tread compound. In particular, with higher values of the tensile strength
(predictive of greater resistance to tearing), and of elongation load (predictive of lower
compliance of the tire), and higher values of hysteresis (modulus E' and tané ) at all
temperatures (predictive of greater adhesion of the tire to the road surface, even in situations
of severe use), this terpene-based elastomer is an excellent candidate to replace common resins
in the formulations of tread compounds, being, on the one hand, a more sustainable material,

on the other by significantly improving the mechanical properties of the tire.
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Conclusions

The aim of this project was the synthesis of new elastomeric materials starting from terpene
monomers, subsequently, the focus shifted to the study of the mechanical properties of the most
promising materials in order to prepare new innovative compounds for more sustainable high-

performance tires.
The main results here obtained are briefly reported:

- Synthesis of stereoregular homopolymers of O, M, and F by using [0SSO]-type titanium

catalysts and a Co-based complex with a phosphine ligand;

- Synthesis of copolymers in a wide composition range of O, M, and F with other monomers

(styrene and butadiene) through the above-mentioned complexes;

- Synthesis of O terpolymers with styrene and butadiene by means [OSSO]-type titanium

catalysts;

- Synthesis of homo-, co-, and ter- polymers of M with styrene and isoprene through anionic

polymerization, using NaH/TIBA as anionic initiator;

- Complete characterization of all new elastomeric materials by spectroscopic techniques (1H,
13C, and two-dimensional NMR), differential scanning calorimetry, gel permeation

chromatography (GPC), and other types of characterizations in particular cases;

- A sample of POB copolymer was evaluated as a component in a model tread compound
suggesting that it could be used as a substitute for commercial cis-BR in a tread without altering

its mechanical properties too much;

- The synthesized POBS terpolymer showed further improved static and dynamic mechanical

properties by replacing commercial resins in the formulation of a tread compound.

In conclusion, due to abundance in nature and interesting properties, there may be a great deal
of interest more and more in the future in utilizing terpenes for producing polymers that could

substitute, at least partially, for the fossil-based elastomers which are on the market today.
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Appendix 7

Chapter 3 - Supporting information

3.1 NMR Spectra
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Fig. 351. 1H NMR spectrum (CDCls, 25 °C, 600 MHz) of POB from run 1 of Table 1
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Fig. 3S2. 1H NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB from run 2 of Table 1
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Figure 3S3. 'H NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB from run 3 of Table 1
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Figure 3S4. 'H NMR spectrum (CDCls, 25 °C, 600 MHz) of POB from run 4 of Table 1
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Figure 3S5. 1H NMR spectrum (CDClI3, 25 °C, 600 MHz) of PMB from run 5 of Table 3
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Figure 3S6. 'H NMR spectrum (CDCls, 25 °C, 600 MHz) of PMB from run 6 of Table 3
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Figure 3S7. 1H NMR spectrum (CDClI3, 25 °C, 600 MHz) of PMB from run 7 of Table 3
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Figure 3S8. 'H NMR spectrum (CDCl;3, 25 °C, 600 MHz) of PMB from run 8 of Table 3
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Figure 3510. 'H NMR spectrum (CDCls, 25 °C, 600 MHz) of PFB from run 11 of Table 5
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Figure 3S11. 'H NMR spectrum (CDCls, 25 °C, 600 MHz) of PFB from run 12 of Table 5
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Figure 3S12. 'H NMR spectrum (CDCl3, 25 °C, 600 MHz) of PFB from run 13 of Table 5
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Figure 3513. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymer from run 1 of Table 1.
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Figure 3S14. Enlargment of aliphatic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB
copolymer from run 1 of Table 1.
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Figure 3515. Enlargment of olefinic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB
copolymer from run 1 of Table 1.
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Figure 3516. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymer from run 2 of Table 1.
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Figure 3517. Enlargment of aliphatic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB
copolymer from run 2 of Table 1
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Figure 3518. Enlargment of olefinic region of 13C NMR spectrum (CDCls, 25 °C, 600 MHz) of POB
copolymer from run 2 of Table 1.
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Figure 3519. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymer from run 3 of Table 1.
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Figure 3S20. Enlargment of aliphatic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB
copolymer from run 3 of Table 1.
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Figure 35S21. Enlargment of olefinic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB
copolymer from run 3 of Table 1.
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Figure 3522. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymer from run 4 of Table 1.
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Figure 3523. Enlargment of aliphatic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB
copolymer from run 4 of Table 1.
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Figure 3S24. Enlargment of olefinic region of 13C NMR spectrum (CDCls, 25 °C, 600 MHz) of POB
copolymer from run 4 of Table 1.
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Figure 3S25. DEPT-135 (b) and 13C NMR (a) spectra (CDCl3, 25 °C, 600 MHz) of POB copolymer from
run 3 of Table 1.
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Figure 3526. H-'H COSY spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymer from run 3 of Table 1.
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Figure 3527. 13C-1H HSQC spectrum (CDCl3, 25 °C, 600 MHz) of POB from run 3 of Table 1 with
magnification of diagnostic regions. Methyl and methine signals are displayed in blue while
methylenes in red.
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Figure 3528. HMBC spectrum (CDCl3, 25 °C, 600 MHz) of POB from run 3 of Table 1.
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Figure 35S29. DEPT-135 (c) and 13C NMR (d) spectra (CDCl3, 25 °C, 600 MHz) of PMB copolymer from
run 8 of Table 3.
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Figure 3S30. H-tH COSY spectrum (CDCls, 25 °C, 400 MHz) of PMB copolymer from run 6 of Table 3
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Figure 3S31. 13C-1H HSQC spectrum (CDCl3, 25 °C, 400 MHz) of PMB from run 6 of Table 3 with
magnification of diagnostic regions. Methyl and methine signals are displayed in blue while
methylenes in red.
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Figure 3S32. HMBC spectrum (CDCls, 25 °C, 400 MHz) of PMB from run 6 of Table 3.
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Figure 3S33. DEPT-135 (e) and DEPT-90 (f) spectra (CDCls, 25 °C, 600 MHz) of PFB copolymer from

run 13 of Table 5.

105



I F:
g ; RICERCA
UNIONE EUROPEA Msisere etV Wivensit B A azione

Fondo Sociale Europeo o bt ot rece

ubtn__ —

EPSRIES

3 7 G 5 4 3 2 1 opm

40

80

100

120

—{ <
A T | Tttt R | " " e LI R
80 75 7. 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

140

Figure 3S35. 13C-1H HSQC spectrum (CDCl3, 25 °C, 600 MHz) of PFB from run 13 of Table 5. Methyl
and methine signals are displayed in blue while methylenes in red.
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Figure 3S36. 13C spectrum (CDCl3, 25 °C, 600 MHz) of PFB from run 10 (g) of Table 5 and 13C
spectrum (CDCl3, 25 °C, 600 MHz) of PFB from run 11 (h) of Table 5.
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3.2 Determination of Polymer Compositions

2.1 Determination of OV and OT contents in POB copolymers by 13C NMR (CDCls, 25 °C)

ABAA - 100 Equation 1
Ap+—+

2

e 0Y(mol%) =

Where Aa is the area of the signals 0T1 and OT¢ (6=31.7 ppm) and Az is the area of the signal
0Ve (6=27.0 ppm).
e 0T(mol%) = 100 — 0V (mol%) Equation 2
2.2 Determination of B¢ and BT contents in POB and PMB copolymers by 13C NMR (CDCl3, 25
°C)

Ak

e B®(mol%) = 727+ 100 Equation 3
_+_

2 2

Where Ak is the area of the B¢1 and B¢ carbons (6=27.5 ppm) and A1 is the area of the BT1 and
BT4 carbons (§=32.9 ppm).
e BT(mol%) = 100 — B¢ (mol%) Equation 4

2.3 Determination of 1, 2-structure and 1, 4-structure (cis and trans) of B contents in POB, PMB
e PFB copolymers by TH NMR (CDCl3, 25 °C)

Ad

/2
Ag+b+c—Ad/2  Ag
Aatprc=Aal?  Aay,

e BY2(mol%) = 100 Equation 5

Where Aa:b+crepresents the integrated area of B¢, BTz and BV2 (6= 5.20-5.70 ppm), and Aais
the area of BV1 (6= 4.91-4.98 ppm).
e BY(mol%) = 100 — B*?(mol%) Equation 6

2.4 Determination of MV and MT contents in PMB copolymers by 1H NMR (CDCls, 25 °C)

Bp
Bp
2

o MV(mol%) = - -100 Equation 7

Where Ba is the area of the signals M3, MT7 and MV7 (§ = 5.12 ppm) and Bs is the area of the
signal MV1 (6 =4.72, 4.79 ppm).

e MT(mol%) = 100 — MV (mol%) Equation 8
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2.5 Determination of total B contents in POB copolymers by 13C NMR (CDClIs, 25 °C)

e B(mol%) = WZAA Equation 9
7+?+AB+7

Where Ak is the area of the BC¢1 and B¢ carbons (6=27.5 ppm) and Ai is the area of the BT1 and

BT4 carbons (6=32.9 ppm); Aa is the area of the signals OT1 and OT6 (6=31.7 ppm) and Ag is the

area of the signal OVe (6=27.0 ppm).

2.6 Determination of total B contents in PMB copolymers by 1TH NMR (CDCls3, 25 °C)

Ag+b+c—Ad/2 +Ad/2

e B(mol%) = 2
A b —Ad/z A
Aasbrc=4al? (Aa/, 4

BA+BB/2 Equation 10
2

Where Aas+b+crepresents the integrated area of polybutadiene Ha, Hb and He (6= 5.20-5.70 ppm),
Agdis the area of Ha (6= 4.91-4.98 ppm); Ba is the area of the myrcene signals MT3, MT7 and MV7

(6 =5.12 ppm) and Bg is the area of the myrcene signal MV1 (6 = 4.72, 4.79 ppm).

EL BT y BY
Ha Ha HEs, ] He e
u:—c"/ \t:=c"fc‘" \{:—G’f
S H‘CH'"" —'C/ ‘\ -E—E/ -‘\‘\'Hv:‘.l
Hz H: Hz HE m

2.7 Determination of FC, FT and FV contents in PFB copolymers by 1H NMR (CDCls, 25 °C)

Ca

o FTC(mol%) = ;3 - 100 Equation 11
3t7

Where Ca is the integrated area of the signals FT3, FT7 and FT12 (6= 5.10 ppm) and Cz is the

integrated area of the signal FV1 (6= 4.66-4.81ppm).
e FY(mol%) = 100 — FT*¢(mol%) Equation 12

2.8 Determination of total B contents in PFB copolymers by 1H NMR (CDCls, 25 °C)

Agt+b+c—Ad/2 +Ad/2
° %) = 2
B(mol%) AgtbrcAa/? Aq) €A, CB
2 2 3 2

Equation 13

e F(mol%) = 100 — B(mol%) Equation 14
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Where Aa:+b+crepresents the integrated area of polybutadiene Ha, Hb and He (6= 5.20-5.70 ppm),
Aqis the area of Ha (6= 4.91-4.98 ppm); Ca is the integrated area of the 1,4 polyfarnesene signals

FT3, FT7and FT12 (6= 5.10 ppm) and Cgis the integrated area of the 3,4 polyfarnesene signal FV1

(6= 4.66-4.81ppm).
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3.3 DSC Thermal Analyses
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Figure 3S37. DSC thermograms of POB copolymer from run 1 (a), 2 (b), 3 (c) and 4 (d) of Table 1.
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Figure 3S38. DSC thermograms of PMB copolymer from run 5 (e), 6 (f), 7 (g) and 8 (h) of Table 3.
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Figure 35S39. DSC thermograms of PFB copolymer from run 10 (i), 11 (1), 12 (m) and 13 (n) of Table 5.
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Figure 3540. DSC thermograms of PFB copolymer from run 8 of Table 3.
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Figure 3S41. DSC thermograms of PFB copolymer from run 12 of Table 5.
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Figure 3S42. DSC thermograms of PFB copolymer from run 13 of Table 5.
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3.4 GPC Analyses
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Figure 3543. GPC curve of PMB copolymer from run 5 of Table 3.
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Figure 3S44. GPC curve of PMB copolymer from run 6 of Table 3.
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Figure 3S45. GPC curve of PMB copolymer from run 7 of Table 5.
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Figure 3546. GPC curve of PMB copolymer from run 8 of Table 3.
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Figure 3S47. GPC curve of POB copolymer from run 1 of Table 1.
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Figure 35S48. GPC curve of POB copolymer from run 2 of Table 1.
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Figure 35S49. GPC curve of POB copolymer from run 3 of Table 1.
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Figure 3S50. GPC curve of POB copolymer from run 4 of Table 1.
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Figure 3S51. GPC curve of PF polymer from run 9 of Table 5.
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Figure 3S52. GPC curve of PFB copolymer from run 10 of Table 5.
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Figure 3S53. GPC curve of PFB copolymer from run 11 of Table 5.
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Figure 3S54. GPC curve of PFB copolymer from run 12 of Table 5.
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Figure 3S55. GPC curve of PFB copolymer from run 13 of Table 5.
3.5 Further investigations and graphs
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Figure 3S56. Variation of the glass transition temperature (T) of POB copolymers as a function of the
ocimene content.
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\I\\I\IIlIIIIII\I\‘I\\I\IIII‘IIII\I\\I‘II\IIII\I‘\I\I\\I\Illllll\l\\l\ll\l\lll
7.00 6.00 5.00 4.00 3.00 2.00 1.00 ppm
Peak name F2 [ppm] D [m2/s] error
1 5.434 2.82e-11 1.736e-12
2 5.392 2.80e-11 1.738e-12
3 5.364 2.77e-11 1.808e-12
4 5.323 2.80e-11 1.770e-12
5 5.111 2.82e-11 1.784e-12
8 5.100 2.81e-11 1.713e-12
7 2.698 2.81e-11 1.711e-12
8 2.053 2.83e-11 1.754e-12
9 1.908 2.80e-11 2.362e-12
10 1.848 2.83e-11 2.042e-12
11 1.712 2.85e-11 1.794e-12
12 1.691 2.83e-11 2.013e-12
13 1.646 2.86e-11 1.795e-12
14 1.612 3.02e-11 3.826e-12
15 1.600 3.02e-11 3.031e-12
16 1.574 3.04e-11 3.498e-12
17 1.493 2.83e-11 1.756e-12
18 1.371 2.91e-11 2.693e-12
19 1.358 2.93e-11 2.708e-12
20 1.304 3.49e-11 6.889e-12

Figure 3S57. DOSY NMR spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymers from run 4 of Table 1.
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3 5.113 2.80e-11 1.773e-12
4 5.101 2.80e-11 1.696e-12
5 7.287 1.83e-09 2.876e-10
6 2.700 2.80e-11 1.678e-12
7 2.101 2.74e-11 2.036e-12
8 2.054 2.83e-11 1.748e-12
9 1.713 2.85e-11 1.761e-12
10 1.691 2.83e-11 2.028e-12
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Figure 3S58. DOSY NMR spectrum (CDCl3, 25 °C, 600 MHz) of PMB copolymers from run 8 of Table 3.
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7.00 6.00 5.00 4.00 3.00 2.00 1.00 ppm

m2/s

7.00 6.00 5.00 4.00 3.00 2.00 1.00 ppm

Peak name F2 [ppm] D [m2/s] error
1 5.434 3.81e-11 4.970e-12
2 5.392 3.90e-11 5.498e-12
3 2.709 4.04e-11 5.957e-12
4 2.074 4.13e-11 6.425e-12
5 2.052 3.97e-11 5.215e-12
6 1.707 4.38e-11 7.520e-12
7 1.837 4.51e-11 8.801e-12
8 1.625 4.42e-11 7.716e-12
9 1.595 4.80e-11 1.038e-11
10 1.493 4.06e-11 5.873e-12
11 0.095 5.38e-11 3.753e-12
12 5.124 4.21e-11 6.713e-12

Figure 35S59. DOSY NMR spectrum (CDCl3, 25 °C, 600 MHz) of PFB copolymers from run 11 of Table 5.
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Chapter 4 - Supporting information

4.1 NMR Characterizations

* peak marked with asterisk are due to acetone.
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Figure 4S1. H NMR spectrum (CDClI3, 25 °C, 600 MHz) of PO from run 21 of Table 8.

0.5 ppm

Figure 4S2. H NMR spectrum (CDCl3, 25 °C, 600 MHz) of PM from run 22 of Table 8.
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Figure 4S3. 'H NMR spectrum (CDCI3, 25 °C, 600 MHz) of PF from run 23 of Table 8.

Table 1A. NMR assignments for PO synthesized with 57/m-MAO (run 21, Table 8).

Unit @ Line Atom 1H a 13Ca
(ppm) (ppm)
1 oV, 1.06-1.25 37.24
oY, 1.76-1.94 43.86
135.25-

\% -
3 0% 138.86
123.69
V )
4 0V, 5.08 12540
5 0's 1.44 12.41
6 0Y% 2.64 27.09
123.69
V )
7 oYy 5.08 12540
130.47-

\Y% -
8 0% 131.78
9 0V 1.68 25.75
10 0V10 1.61 17.84

11 0¢; 1.89-2.13  31.75-32.45

123.69
C )
12 0¢, 5.08 12540
135.25-

C -
13 0% 138.86
14 0¢4 2.49 4135
15 0Cs 1.50-1.55 18.66

16 0% 1.89-2.13  31.75-32.45

123.69
C )
17 0¢; 5.08 125.40
130.47-

C -
18 0% 131.78
19 0% 1.68 25.90
20 0C19 1.61 17.96

aCDCls, 25 °C, 600 Mhz.
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Figure 4S4. 13C NMR spectrum (CDCls, 25 °C, 600 MHz) of PO from run 21 of Table 8.
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Figure 4S5. Aliphatic region of 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of PO from run 21 of Table
8.
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Table 2A. NMR assignments for PM synthesized with 1/m-MAO (run 22, Table 8).

Unit @ Line Atom 1H« 13Ca

(ppm) (ppm)

1 M€ 1.99-2.20 37.12

2 M¢, - 139.18

3 M¢3 511 124.76

4 MEy 1.99-2.20 26.95

5 M¢Cs 1.99-2.20 27.19

6 M¢C 2.06 30.86

7 M¢& 511 124.76

8 MCs - 131.28

9 M¢C 1.61 17.80

10 M¢C1o 1.68 25.80

11 MYy 4.76-4.81 109.39

12 MV, - 151.82-152.36

13 MV3 2.05 47.01

14 MVa 1.95-2.05 39.89-40.44

15 MVs 1.99-2.20 26.68

16 MVe 1.99-2.20 32.70-34.44

17 MVy 511 124.76

18 MVg - 131.28

19 MVo 1.61 17.80

20 MV1g 1.68 25.80

aCDCl3, 40 °C, 600 Mhz.
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Figure 4S6. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of PM from run 22 of Table 8.
* Signals attributed to cis-cis head-to-head and tail-to-tail junctions.
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Figure 4S7. Aliphatic region of 13C NMR spectra (CDCl3, 25 °C, 600 MHz) of PM from run 22 of Table 8.
* Signals attributed to cis-cis head-to-head and tail-to-tail junctions.
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Table 3A. NMR assignments for PF synthesized with 1/m-MAO (runs 23, Table 8).

Unita Line Atom 1H a 13Ca
(ppm) (ppm)
14 15 1 Fi4 1.95-2.03 37.63
2 F14, - 138.72-139.59
13 3 F14; 5.10 122.90-125.77
12 4 Fl4, 1.97-2.16 26.63-27.40
5 Fl4s 2.03 30.19
" 6 Fl4g, 1.97-2.16 26.63-27.40
7 F14y, 5.10 122.90-125.77
8 Fl4g - 134.66-135.79
9(t) Fl4g 1.55-1.61 16.17
9(c) Fl4g 1.63-1.73 23.58
10(t) Fl4yg 1.93-2.02 39.97
10(c) Fl4yg 2.03 32.20
11 Fl4yq 1.97-2.16 26.63-27.40
12 Fl4y, 5.10 122.90-125.77
13 Fl43 - 131.13-131.89
14 Fl4yy 1.57-1.64 17.86
15 Fl4s 1.69 25.92
16 F34 4.66-4.81 110.19
17 F34, - 154.58
18 F343 2.03 46.55
19 F344 1.99-2.03 38.37
20 F34s 2.03 30.19
21 F346 1.97-2.16 26.63-27.40
22 F347 5.10 122.90-125.77
23 F34g - 134.66-135.79
24(t) F349 1.55-1.61 16.17
24(c) F349 1.63-1.73 23.58
25(t) F3449 1.93-2.03 39.97
25(c) F3449 2.03 32.20
26 F3411 1.97-2.16 26.63-27.40
27 F341, 5.10 122.90-125.77
28 F3443 - 131.13-131.89
14! 29 F3414 1.57-1.64 17.86
30 F345 1.69 25.92

aCDCl3, 25 °C, 600 MHz.
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Figure 4S8. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of PF from run 23 of Table 8.
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Figure 4S9. 13C-tH HSQC spectrum (CDCls, 25 °C, 600 MHz) of PO from run 21 of Table 8 with
magnification of diagnostic regions. Methyl and methine signals are displayed in blue while methylenes
in red.
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magnification of diagnostic regions. Methyl and methine signals are displayed in blue while methylenes
in red.
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Figure 4518. 13C-1H HMBC spectrum (CDCl3, 25 °C, 600 MHz) of POB copolymer from run 24
of Table 9.
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Figure 4519. 1H-tH COSY spectrum (CDCls, 25 °C, 600 MHz) of PMB copolymer from run 24 of Table 9.
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Figure 4S20. 13C-1H HSQC spectrum (CDCl3, 25 °C, 600 MHz) of PMB from run 24 of Table 9 (methyl
and methine signals are displayed in blue while methylenes in red).
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4.2 Determination of Polymer Compositions

2.1 Determination of OV and OC€ contents in PO and POB polymers by 1TH NMR (CDCls, 25 °C)
o 0V(mol%)=—24—.100 Equation 15

Aa+(Ag-Ag)

Where Aa is the area of the signal OVe (6=2.65 ppm) and Ag is the area of the signals 0¢2,
0¢7, OV4and 0V7 (6=5.00-5.08 ppm).

e 0¢(mol%) = 100 — 0V (mol%) Equation 16

2.2 Determination of MY and M¢ contents in PM and PMB polymers by 1H NMR (CDCls, 25 °C)

o M"(mol%) = B B_;_BBB -100 Equation 17
L+ 2B

2

Where Ba is the area of the signals M¢3, M¢7 and MV7 (8§ = 5.12 ppm) and Bsg is the area of
the signal MV1 (6 = 4.72, 4.79 ppm).

e M%(mol%) = 100 — MV (mol%) Equation 18

2.3 Determination of total B contents in POB copolymers by 1H NMR (CDCls, 25 °C)

B
Cp+ 2

e B(mol%) = Equation 19

Ep
AT HAsrag-4ay)

Where Aa is the area of the signal OVe (6=2.65 ppm), Ag is the area of the signals 0¢z, 0¢7
, OV4 and OVY7 (6=5.00-5.08 ppm), Ca represents the integrated area of B¢z and BV2 (6=
5.20-5.60 ppm) and Cgis the area of BV1 (6= 4.85-5.00 ppm).

e 0 (mol%) = 100 — B(mol%) Equation 20
2.4 Determination of F1.2 and F1# contents in PF polymers by 1H NMR (CDCls, 25 °C)
(Da-DpB)
° F1’4(m0l%) = m -100 Equation 21
3 2

Where Da is the integrated area of the signals F143, F1.47, F1412, F1.27 and F1212 (6= 5.10

ppm) and Ds is the integrated area of the signal F1.21 (6= 4.66-4.81ppm).

e Fl2 (mol%) = 100 — F1'4(mol%) Equation 22

2.5 Determination of BY and B¢ contents in POB and PMB copolymers by 1H NMR (CDCls, 25 °C)

e BY(mol%) = - C+BCB -100 Equation 23
L+ CB

2
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Where Carepresents the integrated area of B¢2and BV2 (6= 5.20-5.60 ppm), and Cgis the
area of BV1 (6= 4.85-5.00 ppm).

e BY(mol%) = 100 — B?(mol%) Equation 24

2.6 Determination of total B and M contents in PMB copolymers by 1H NMR (CDCls, 25 °C)

CB

Cat+—= .

[ B(mol%) = m Equation 25
Where Ba is the area of the signals M¢3, M¢7 and MV7 (8 = 5.12 ppm), Bg is the area of the
signal MV1 (6 =4.72,4.79 ppm), Carepresents the integrated area of B¢2and BVz (6= 5.20-

5.60 ppm) and Cgis the area of BV1 (6= 4.85-5.00 ppm).

e M (mol%) = 100 — B(mol%) Equation 26
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4.3 DSC Thermal Analyses
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Figure 4S22. DSC thermograms of PO from runs 21 of Table 8.
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Figure 4S23. DSC thermograms of PM copolymer from run 22 of Table 8.
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Figure 45S24. DSC thermograms of PF copolymer from run 23 of Table 8.
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Figure 4S25. DSC thermograms of POB copolymer from run 24 of Table 8.
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Figure 4526. DSC thermograms of POB copolymer from run 25 of Table 9.
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Figure 4S27. DSC thermograms of POB copolymer from run 26 of Table 9.
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Figure 4528. DSC thermograms of PMB copolymer from run 27 of Table 11.
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Figure 4529. DSC thermograms of PMB copolymer from run 28 of Table 11.
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Figure 4S30. DSC thermograms of PMB copolymer from run 29 of Table 11.
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4.4 GPC Analyses

200,00}
100,00
~
~
=
@
. - J
i) ' iy
-100,00-
200,00
T R B T e T R I R por
000 500 10,00 15,00 2000 25,00 30,00 35,00 40,00' 45,00 50,00 55,00

Minutes

Figure 4S31. GPC curve of PO from run 21 of Table 8.
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Figure 4S32. GPC curve of PM from run 22 of Table 8.
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Figure 4S33. GPC curve of PF from run 23 of Table 8.

50,004

40,004

30,004

20,00

10,00

MV
F 137076

0

-10,004

-20,004

30,00

B e e et L e B R A L
0,00 500 10,00 15,00 N‘Dﬂl 2500 30,00 35,00 40,00 45,!]0' 50,00 55,00
Minutes

Figure 4S34. GPC curve of POB copolymer from run 24 of Table 9.
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Figure 4S35. GPC curve of POB copolymer from run 25 of Table 9.
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Figure 45S36. GPC curve of POB copolymer from run 26 of Table 9.
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Figure 4S37. GPC curve of PMB copolymer from run 27 of Table 11.
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Figure 45S38. GPC curve of PMB copolymer from run 28 of Table 11.
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Figure 45S39. GPC curve of PMB copolymer from run 29 of Table 11.

4.5 Other Characterization
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Figure 4540. DOSY NMR spectrum (CDClI3, 25 °C, 600 MHz) of POB copolymers from run 25 of Table 9.
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Chapter 5 - Supporting information

5.1 Determination of Polymer Compositions

1.1 Determination of M34 and M4 contents in PM and PMS copolymers by 1H NMR (TCE-
dz, 25 °C)

Ap
A
AA+TB+AC

o M3*(mol%) = -100 Equation 27

Where: Aa is the area of the signals M143, M147, M127 and M347 (6 = 5.12 ppm); Az is the area of
the signal M341 (8 = 4.77 ppm); Ac is the area of the signal M%23 (§ = 5.63 ppm);

A
Aa-(P+ac)

o MY (mol%) = 100 Equation 28

AA+ATB+AC
e MY¥2(mol%) = 100 — (M3*(mol%) + M**(mol%))
1.2 Determination of M and S contents in PSM copolymers by 1H NMR (TCE-d, 25 °C)

1 4B
7 (Aa+t=2)

1 AB AC
2 (AA+ 2 )+ 5

e M(mol%) = -100 Equation 29

Where: Aa is the area of the signals M43, M147 and M3#7 (§=5.12 ppm); 4z is the area of the
signal M341 (§=4.77 ppm); Ac is the area of the signals S4, Ss and S¢ (6=6.45-7.45 ppm)

e S (mol%) =100 — M(mol%) Equation 30
1.3 Determination of I34, I14 and 12 contents in PI by 1H NMR (CDCIs or TCE-d2, 25 °C)

Ba

o [3*(mol%) = 2 -100 Equation 31

B
~A+(Bp—2B¢)+B.

Where: Ba is the area of the signals I341 (6 = 4.60-4.80 ppm); Bs is the area of the signal I24and
[LA(cis+trans)3 (§ = 4.80-5.40 ppm) and Bc is the area of the signal 1123 (§ = 5.75-5.90 ppm)

o [Y*(mol%) = 5 Br=260) . 10 Equation 32
T+(BB_ZBC)+BC

o [“*(mol%) = 100 — I**(mol%) — I"*(mol%) Equation 33
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trans 1,4 cis 1,4 34 1,2

1.4 Determination of I14¢s and I14trans contents in PI by 13C NMR (CDCls3, 25 °C)
b4 €4_.100 Equation 34

Cp+Cp

. cis (mol%) =

Where: Cs is the area of the signal 114 ciss (§=23.5 ppm); Cs is the area of the signal 114 transg
(6=16.3 ppm)

o [Ytrans (mol%) = 100 — I'* cis (mol%) Equation 35

1.5 Determination of M and I contents in PMI copolymers by 13C NMR (CDCls, 25 °C)

Ca
Cp+Cp+Cc

o M(mol%) = 100 Equation 36

where: Ca is the sum of the areas related to the signals M14 (cis+trans); (§=139.3 ppm) and M342
(6=151.6 ppm); Cs is the area of the signals I341 and 1124 (6=111.4 ppm); Cc is the area of the
signals I14; (6=135.6 ppm)

e I(mol%) = 100 — M(mol%) Equation 37
1.6 Determination of M34 and M4 contents in PMI copolymers by 13C NMR (CDClIs, 25 °C)

e M3*(mol%) =2~ 100 Equation 38
A

where: Ca is the sum of the areas related to the signals M1 (cis+trans); (§=139.3 ppm) and M342
(6=151.6 ppm); Cp is the area of the signals M342 (§=151.6 ppm)

° M1'4(m0l%) = 100 — M“(mol%) Equation 39

CH,— CH=C — CH,}{ CH, - CH
4 3 2 4 4 ¥

a r
Cis/Trans
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1.5 Determination of M and I contents in PMI copolymers by 13C NMR (TCE-d2, 25 °C)

Ca

———- 100 Equation 40
Cp+Cp+Cc+CEg

e M(mol%) =

where: Ca is the sum of the areas related to the signals M1# (cis+trans); (§=139.3 ppm) and M34
(6=151.6 ppm); Cs is the area of the signals I341 and I'24 (6=111.4 ppm); Cc is the area of the
signals 1142 (§=135.6 ppm); Ck is the area of the signals S37 (6=145.5 ppm) (see Fig. S6)

0 Cp+Cc . .

o [(mol%) = CATChiCoics 100 Equation 41
%)= — CE . i

o S(mol%) = T 100 Equation 42
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5.2 Determination of Reactivity Ratios

2.1 Fineman-Ross method

Fineman-Ross equation: [(f-1)/ f]F) =r1-r2 F2/ f
where: f = myrcene/styrene molar ratios in the polymer (by 1H NMR analysis)
F = myrcene/styrene molar ratios in the feed

r1, r2 = reactivity ratios

Table T1. Copolymerization of M and S with AliBus/NaH.

E{un Feed composition Yield Copolymer composition M/S (molar ratio) Fz/f (f-1/0)F
M S M S in feed (F) in copolymer (f)
(mol) (mol) % (mol%) (mol%)
1 0.42 0,42 9.1 21 79 1,00 0,26 3,76 -2,76
2 0.42 0,13 8,4 42 58 3,24 0,72 14,47 -1,23
3 0.42 0,11 9,5 45 55 3,81 0,82 17,72 -0,85
4 0.42 0,07 6,8 49 51 5,99 0,96 37,38 0,24
5 0.42 0,04 8,6 66 34 10,5 1,94 56,73 5,09

a Reaction conditions: 88 pL, toluene 0.5 mL, tetrahydrofuran 25 pL, 100 °C, 30 min.

Table T2. Reactivity ratio for copolymerization of M and S.

Iniziator ri r2 rieri

AlBuz/NaH 0.13+0.002 3.47+0.91 0.45
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Figure 5SA1. Fineman-Ross plot for copolymerization of myrcene and styrene with Al'Buz/NaH as
initiating system at 100 °C in toluene and in the presence of THF (F = [Myr]/[Sty] in feed, f =
[Myr]/[Sty] in copolymers, rMyr = 0.13 + 0.002 and rSty = 3.47 + 0.91).

5.3 Kelen-Tudos method

The reactivity ratio can also be estimated with Kelen-Tudos equation (1 = (r1+rz/a)é-rz/a)
which variables are expressed as:

G = (f-1/f)F
H = F2/f

n =G/(a+H)
¢=H/(a+H)

Where 1 and € are the functions of the parameters G and H, and a is a constant equal to (Hmax
x Hmin)1/2, Hmax and Hmin being the lowest and highest H values, respectively.
The intercepts at £ = 0 and & = 1 of the n versus € plot gives -r1/a and r2

Table T3. FR and KT parameters for PMS copolymers

Sample F=Mi/M2 f=mi/mz H G [ n

RR1 1,00 0,26 3,76 -2,76 0,20 -0,150
RR2 3,24 0,72 14,4 -1,23 0,50 -0,042
RR3 3,81 0,82 17,7 -0,85 0,55 -0,026
RR4 5,99 0,96 37,4 -0,24 0,72 -0,004
RR5 10,4 1,94 56,7 5,09 0,80 0,071

a= (Hmin X Hmax)l/2 =14,60.

Table T4. Reactivity ratio for copolymerization of M and S.
Iniziator r r2 rieri
Al'Buz/NaH 0.12+0.003 3.18+0.65 0.38
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Figure 5SA2. Determination of reactivity ratios using Kelen-Tudos method for PMS copolymers (rmyr
=0.12 £ 0.003 and rsyy = 3.18 + 0.65).
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Z =log (1 - S1)/log (1 - S2) where S1 and Sz are the partial molar conversions:

S2=w (u+F) /(n+f)x100, w = percentage of conversions, p= Mwt 2/Mwt 1

S1= S/ F;
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They derived an expression, H=F2 /fand G=F (f- 1) / fIn this method also, r2 and r1 can
be readily obtained either graphically or computation using the least square methods by
plotting 1 versus 0. The 1 versus 0 plot gives a straight line between 0 and 1 provided the
system can be adequately described by the conventional copolymerization composition

equation.

Table T5. exKT parameters for PMS copolymers

Sample S S2 Z H G § 1
RR1 0,041 0,155 0,249 4,26 -2,93 0,186 -0,129
RR2 0,050 0,225 0,202 17,6 -1,36 0,486 -0,038
RR3 0,059 0,274 0,189 22,8 -0,95 0,550 -0,023
RR4 0,043 0,266 0,140 48,4 -0,28 0,722 -0,004
RR5 0,066 0,358 0,154 81,2 6,09 0,814 0,061
o= (Hmin X Hmax)l/z = 18,60, u = 0,765.
Table T6. Reactivity ratio for copolymerization of M and S.
Iniziator r r2 rieri
AlBuz/NaH 0.10+0.004 3.32+0.68 0.33
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-0,15 T T T T T T 1
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3

Figure 5SA3. Determination of reactivity ratios using extended Kelen-Tudos method for PMS
copolymers (rmyr = 0.10 = 0.004 and rsyy = 3.32 * 0.68).
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5.5 NMR Characterizations
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Figure 5S1. 1H NMR spectrum (CDCl3, 25 °C, 400 MHz) of PM from run 31 of Table 13.
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Figure 5S2. 13C NMR spectrum (CDCls, 25 °C, 400 MHz) of PM from run 31 of Table 13.
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Figure 5S83. Enlargement of aliphatic region of 13C NMR spectrum (CDCls, 25 °C, 400 MHz)
of PM from run 31 of Table 13.

Figure 5S4. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PM from run 34 of Table 13.
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Figure 5S5. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PM from run 34 of Table 13.

~o= o r~
— ww N o (=2} o}
~~ vwoeww < -
\VeONE |
A\
\( K4

‘ ‘ 6"
\

0.5 ppm

Figure 5S6. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PS from run 35 of Table 13.
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Figure 5S7. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PS from run 35 of Table 13.
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Figure 5S8. 1H NMR spectrum (TCDE, 25 °C, 400 MHz) of PI from run 37 of Table 13.
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Figure 5S9. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PI from run 37 of Table 13.
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Figure 5510. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PMS from run 42 of Table 14.
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Figure 5511.13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PMS from run 42 of Table 14.
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Figure 55S12. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PMS from run 43 of Table 14.
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Figure 55S13. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PMS from run 44 of Table 14.
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Figure 5514. 13C NMR spectra (TCDE, 25 °C, 400 MHz) of PMS copolymer from run 43 (a)
and PMS diblock from run 51 (b) of Table 14.
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Figure 55S15. 'H NMR spectra (TCDE, 25 °C, 400 MHz) of PM (run 33), PI (run 37) and PMI (run 46)
from Table2 13-14.
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Figure 5516. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PMI from run 46 of Table 14.
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Figure 55S17. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PMI from run 46 of Table 14.
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Figure 5518.13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PMI from run 47 of Table 14.
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Figure 5519. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PMI from run 48 of Table 14
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Figure 5520. 'H NMR spectrum (TCDE, 25 °C, 400 MHz) of PMSI from run 48 of Table 14
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Figure 5521. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PMSI from run 48 of Table 14
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Figure 5522.13C NMR spectrum (CDCl3, 25 °C, 400 MHz) of PMSI from run 49 of Table 14
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Figure 5523. 13C NMR spectrum (TCDE, 25 °C, 400 MHz) of PMSI from run 50 of Table 14
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Figure 5524. DOSY NMR spectrum (CDCl3, 25 °C, 600 MHz) of PMS copolymers from run
43 of Table 14
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6 1.859 2.29e-11 1.212e-12
7 1.709 2.62e-11 2.167e-12
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Figure 5525. DOSY NMR spectrum (CDCls, 25 °C, 600 MHz) of PMS diblock copolymers

from run of 51 Table 14
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5.6 DSC Thermal Analysis
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Figure 5526. DSC thermogram of PM from run 31 of Table 13.
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Figure 55827. DSC thermogram of PM from run 34 of Table 13.
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Figure 5528. DSC thermogram of PS from run 35 of Table 13.
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Figure 5529. DSC thermogram of PI from run 38 of Table 13.
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Figure 55830. DSC thermogram of PI from run 39 of Table 13.
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Figure 5831. DSC thermogram of PMS from run 40 of Table 14.
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Figure 5832. DSC thermogram of PMS from run 42 of Table 14.
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Figure 5833. DSC thermogram of PMS from run 44 of Table 14.
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Figure 5S34. DSC thermogram of PMI from run 46 of Table 14.

2

-8.18°C(l)

Heat Flow (W/g)

-100 -50 0 50 100 150
Exo Down Temperature (°C)

Figure 5835. DSC thermogram of PMSI from run 48 of Table 14.
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Figure 5836. DSC thermogram of PMSI from run 50 of Table 14.
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Figure 5837. DSC thermogram of diblock PMS from run 51 of Table 14.
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5.7 TGA Analysis
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Figure 55838. TGA thermogram of PM from run 31 of Table 13.
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Figure 5539. TGA thermogram of PS from run 35 of Table 13.
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Figure 5540. TGA thermogram of PI from run 38 of Table 13.
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Figure 5541. TGA thermogram of PMS from run 42 of Table 14.
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Figure 5S42. TGA thermogram of PMS from run 44 of Table 14.
100 —_ 12
—
™~
F1.0
80
F08
60 I
9 _—0.6
E) 40+
g L
4 L o4
20 |
F02
F00
-20 ‘ ‘ ; T : -0.2
100 200 300 400 500 600

Temperature ("C)

Figure 5543. TGA thermogram of PMI from run 45 of Table 14.
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Figure 5S44. TGA thermogram of PMI from run 46 of Table 14.
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Figure 55845. TGA thermogram of PMI from run 47 of Table 14.
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Figure 5546. TGA thermogram of PMSI from run 50 of Table 14.
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Figure 55S47. TGA thermogram of diblock PMS from run 51 of Table 14.
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5.8 GPC Analysis

Figure 5S851. GPC curve of PM from run 34 of Table 13.
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Figure 5S852. GPC curve of PS from run 35 of Table 13.
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Figure 5554. GPC curve of PI from run 39 of Table 13.
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Figure 5S55. GPC curve of PMS from run 40 of Table 14.
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Figure 5S57. GPC curve of PMS from run 43 of Table 14.
20 - )
104 ﬁ 1 ﬂ E
100 \ B
o \| E'ET
- g ﬁ \ :
s . ‘ Etes
- L} \ E
z o] f \& e
: o o L g
2 3 B
% o | _l'q 77{1 (_'7)1 %m =
c g -_‘ lU C
-1+ \ S
o Vi Lie
] ' F
o B B O A B
0 2 4 6 8 1012 416 18BID2 MXBFBIDV I HIBRB L L M 46 489

Figure 55858. GPC curve of PMI from run 46 of Table 14.
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Figure 55859. GPC curve of PMI from run 47 of Table 14.
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Figure 55S60. GPC curve of PMSI from run 50 of Table 14.
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Figure 5S61. GPC curve of diblock PMS from run 51 of Table 14.
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5.9 CAM Analysis
il

e

The CAM profiles of PI From run 7 Table 1

Bl il @l I

I B .

The CAM profiles of PMS From run 14 Table 2
The CAM profiles of PMI From run 17 Table 2

L I 2 I 3 I

i M M

~ |

The CAM profiles of PMI From run 19 Table 2

Table T7 - Contact angles for tested samples

Sample Oleft Oright Contactangle
Run 7 114,5 115,6 115,05

“ 116,1 112,4 114,25

Run7 114,85
Run 14 84,3 84,7 84,5
“ 84,1 92,1 88,1
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SEM image of PMS from run 21 Table 2
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5.11 Kinetic studies
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Figure 5S61. Conversion vs. time plot for isoprene polymerization (on left); plots of Mw

(and D) vs conversion (on right); same experimental conditions of run 37 of Table 13
(except for time).
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Figure 5562. Conversion vs. time plot for myrcene polymerization (on left); plots of My
(and D) vs conversion (on right); same experimental conditions of run 31 of Table 13
(except for time).
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Chapter 6 - Supporting information

6.1 NMR Spectra
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Fig. 6S1. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of sample A of Table 16
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Fig. 6S2. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of sample B of Table 16
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Fig. 654. 13C NMR spectrum (CDCl3, 25 °C, 600 MHz) of sample C of Table 16
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6.2 DSC Thermal Analysis
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Figure 6S5. DSC thermogram of sample A of Table 16.
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Figure 6S6. DSC thermogram of sample B of Table 16.
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6.3 GPC Analysis
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Figure 6S8. GPC curve of sample A of Table 16.
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Figure 6S9. GPC curve of sample B of Table 16.
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Figure 6S10. GPC curve of sample C of Table 16.
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