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ABSTRACT: Natural molecular biomass plays an important
role in the field of renewable polymers, as they can be directly
used or derivatized as monomers for controlled polymer-
ization, in a way similar to many petroleum-derived
monomers. We deliver this perspective primarily based on a
monomer approach. Biomass-derived monomers are separated
into four major categories according to their natural resource
origins: (1) oxygen-rich monomers including carboxylic acids
(lactic acid, succinic acid, itaconic acid, and levulinic acid) and
furan; (2) hydrocarbon-rich monomers including vegetable
oils, fatty acids, terpenes, terpenoids and resin acids; (3)
hydrocarbon monomers (bio-olefins); and (4) non-hydro-
carbon monomers (carbon dioxide). A variety of emerging
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synthetic tools (controlled polymerization and click chemistry) are particularly summarized. An overview on future opportunities
and challenges, which are critical to promote biorefinery in the production of renewable chemicals and polymers, is given.

1. INTRODUCTION

Although the recent development of renewable polymers has
achieved great progress, the small share (<5%) of renewable
polymers in the commercial market is largely due to their high
cost and inferior performance compared with synthetic
polymers produced from petroleum chemicals.'™ Synthetic
plastics account for consumption of ~7% of fossil fuels
worldwide.®® Referring to per capita consumption of plastics,
the number is even more astonishing. Every person in the U.S.
averagely consumed more than 140 kg of plastics in 2010. The
development of renewable polymers is driven by a strong desire
to reduce carbon footprint and our dependence on fossil fuels
as organic material feedstock.>'°”"7 While novel processing
approaches and modifications of existing renewable polymers
can be effective, the next stage of growth in this arena will rely
on the development of judicious synthetic strategies for next-
generation materials that involve the design, preparation, and
controlled polymerizations of new monomers from abundant
biomass, 13~ 1518-22

Natural polymers, including cellulose, hemicellulose, poly-
saccharide, lignin, chitin, and chitosan, are considered as
abundant and low-cost feedstock.'"'*'®**7*° These natural
polymers have been widely used for a variety of applications,
which play a significant role in our daily life. Physical blending
and modest chemical modifications are common approaches to
enhance certain properties of raw materials. More recently,
advanced polymerization techniques are being used to
manipulate macromolecular structures of these materials to
further improve their performance. In contrast, natural
resources like vegetable oils, fatty acids, hydroxyalkanoates,
and lactic acids are a class of natural molecular biomass, which
could be precisely molecular-engineered into renewable
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polymers in a way similar to many synthetic plastics
manufactured from petroleum chemicals.®™%'%!71972130-37

It has been a general goal to develop renewable polymers
replacing and resembling existing polymeric materials derived
from petroleum chemicals."” There are a variety of reviews and
highlights published over the past decade.®>’~'#?>3%=%* A
thorough review of all aspects of renewable polymers is not the
intention of this Perspective. Our motivation is to provide a
perspective on how to prepare renewable polymers through a
monomer approach, especially those from natural molecular
biomass, which could achieve the control at a level similar to
current petroleum-based monomers and their polymers. This
Perspective starts with three main pathways to prepare
monomers from natural resources. We then give a critical
overview on challenges (and opportunities) that face in the
field of renewable polymers. The majority of this Perspective
summarizes the preparation of monomers from different classes
of natural molecular biomass and their controlled polymer-
izations. Among natural molecular biomass, vegetable oils
(including fatty acids), terpenes, terpenoids, and resin acids
belong to hydrocarbon-rich biomass, while carboxylic acids and
furans biomass contain significant fractions of oxygen in their
structures, and carbon dioxide is a non-hydrocarbon-containing
biomass. We critically assemble works on these monomers
together based on various methods of controlled polymer-
izations in conjunction with a few highly efficient and emerging
organic functionalization techniques.
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2. GENERAL PATHWAYS TOWARD SYNTHESIS OF
RENEWABLE MONOMERS

Generally, there are three major pathways to produce
monomers (or their precursors) from natural resources. Since
these are small molecules and derived from natural resources,
we call them “natural molecular biomass” in order to
distinguish from macromolecular biomass (or natural poly-
mers).

2.1. Fermentation. The most-developed pathway is to
transform biomass into monomers via fermentation of
carbohydrates.'">®> Biomass carbohydrates are the most
abundant renewable resources. Lactic acid (2-hydroxypropionic
acid) can be produced by fermentation of carbohydrates such as
maltose, sucrose, lactose, etc. Currently, large-scale commercial
lactic acid is mainly produced via the fermentation of glucose.
The world production of lactic acid is around 350 000 t/year
produced through the fermentation process. It is widely
believed that there will be a substantial growth in the next
decade. Another well-known example is the fermentation
preparation of 1,3-propanediol, the key building block in
poly(propylene terephthalate), via a cost-effective fermentation
developed by Genencor and DuPont."”

It should be mentioned that polymers can be produced
directly from sugars or lipids by bacterial fermentation. The
most well-known polymers are poly(hydroxyalkanoate)s. There
are a few excellent reviews on microbial production of
poly(hydroxyalkanoate)s.**** ICI developed a fermentation
pathway to prepare copolyesters from 3-hydroxybutyrate and 3-
hydroxyvaleric acid.® Currently, there is a worldwide interest
to scale up the process of poly(hydroxyalkanoate)s. However,
this Perspective will not discuss the preparation of these types
of polymers or their monomers (e.g., 3-hydroxypropionic acid).

2.2. Chemical Transformation of Natural Polymers.
The second pathway involves chemical degradation and
transformation of natural polymers. Lignocellulosic biomass is
the most abundant renewable polymer and represents a
significant sustainable feedstock. Cellulose is primarily built
by C6- and CS-sugars (by polymerization of glucose), while
hemicellulose is a polymer of glucose and xylose."" Lignin is a
highly cross-linked polymer built of substituted phenols.
Besides those components, plants also contain products such
as lipids, sugars, and starches as well as other products rich in
hydrocarbon including terpenes, resins, steroids, and rubber
that are often found in essential oils and resins. The catalytic
conversion of biomass into intermediates is an attractive
technology. For example, thermal dehydration of pentoses and
hexoses in acid media leads to the formation of three important
basic nonpetroleum chemicals: furfural (2-furancarboxalde-
hyde) from dehydration of pentoses, S-hydroxymethylfurfural
(HMF) from hexoses by dehydration, and levulinic acid from
hydration of HMF.

2.3. Molecular Biomass Direct from Nature. Different
from the above molecular biomass derived from natural
polymers or by microorganism fermentation, there is a lot of
molecular biomass directly obtained from nature. Vegetable oils
are among the most abundant molecular biomass.>33364*
Most vegetable oils contain triglycerides, which consist of
building blocks of glycerol and fatty acids. A great number of
literatures report the use of vegetable oils to make various
monomers for polymerization. Another important class of

natural molecular biomass is terpenes, terpenoids, and resin
acids 20213031
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Since nature-derived molecular biomass has much better
defined chemical structures than natural polymers, it is possible
to use macromolecular engineering to prepare a variety of
polymers with controlled architectures and desirable properties,
potentially to the level comparable to petroleum chemical
counterparts. The molecular biomass obtained from four
different categories will be the major focuses discussed in this
Perspective.

3. CURRENT APPROACHES AND CHALLENGES
TOWARD RENEWABLE POLYMERS

Great progress has been achieved in the development of
renewable chemicals and polymers from natural resources.
However, the stark contrast on market shares between
petroleum chemicals and polymers and renewable counterparts
implies the following: on one hand, the cost and performance
of renewable chemicals and polymers are still far behind
petroleum products; on the other hand, this indicates there is
an optimistically greater potential to explore renewable
chemicals and polymers. We believe there are several areas
worthy for extensive exploration, which, in many aspects,
requires interdisciplinary cooperation among scientists with
different backgrounds.

3.1. Improving Monomer Synthesis and Polymer-
ization Techniques. Eventually, the scale of biorefinery
should be targeted similar to that of petroleum refinery,
although the process of biorefinery may be significantly
different. The goal of the biorefinery process is to produce
high quality chemicals and monomers, which can be further
derivatized into fuels, materials, and polymers. To achieve this
ambitious goal, significant efforts are needed to overcome many
challenging obstacles. Efficient, economical, and large-scale
synthesis of monomers is vital. This will rely on a few key
issues: (1) resource pool that should be abundant and easily
accessed; (2) process that should be compatible with
biorefinery concept; (3) chemistry that is simple, practical,
and operational. Catalysts are expected to play an important
role. There have been significant efforts in many countries
working on catalytic processes to make biodiesels and biofuels.
As most of biodiesel and biofuel chemicals are also precursors
to make monomers, interdisciplinary cooperation between
polymer scientists and catalyst scientists is needed.

There is also a critical need to develop powerful polymer-
ization techniques that can be used for novel bio-based
monomers. In the traditional petroleum industry, coordination
polymerization, step-growth polymerization, free radical poly-
merization, and ionic polymerization have observed huge
success in making commodity polymers. While similar
monomers derived from natural resources can be polymerized
by these traditional tools, many other monomers need new
polymerization techniques. Controlled polymerization such as
ring-opening polymerization, acyclic diene metathesis polymer-
ization, ring-opening metathesis polymerization, and controlled
radical polymerization have shown promise to achieve a certain
level of success. However, many molecular biomass-derived
monomers such as 2-methyltetrahydrofuran, angelica lactone,
a-methylene-y-valerolactone, 2-methylbutyrolactone, and 3-
methylbutyrolactone as described in later sections of this
Perspective have not been polymerized. More powerful
polymerization techniques, which provide versatility, high
molecular weight, and tolerance to functionalities and
impurities, are essential.
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3.2. Developing Highly Efficient Chemistry/Less
Purification Process. Although a vast variety of monomers
have been developed for precise and controlled polymerization,
unfortunately many current technologies could not provide
either monomers or polymers in an economical way
comparable to petroleum counterparts. Before biorefinery can
be achieved in a reasonably large scale,** other strategies need
to be developed on the direct utilization of raw materials
without sophisticated purification or at least materials without
strict requirement on purity. A lot of natural biomass has rather
complicated chemical structures but often shares common
functional groups. Taking advantage of these functional groups
is the key to utilize raw natural biomass. This usually requires
the use of highly efficient chemistry for functionalization such
as click chemistry. Another alternative pathway is to make a
mixture of monomers using raw natural resources. The
polymerization of these monomers usually leads to the
formation of cross-linked polymers, which are certainly useful
for many applications. However, the key is to find strategies to
make soluble polymers out of these mixed monomers. One
such example is the use of rich double bonds on raw vegetable
oils to develop non-cross-linked polymers for various
applications. Some groups have reported the synthesis of
functionalized monomers out of the double bonds, however
endin§ up with insoluble cross-linked thermosetting poly-
mers.” > Liu and co-worker developed two strategies to
prepare soluble polymers from raw soybean oil with
triglycerides as major components using a simple hydrolysis
reaction (Figure 1)3%% The first strategy involved the
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Figure 1. Preparation of un-cross-linked soluble polymers using raw
soybean oil.>*>®

epoxidation of carbon—carbon double bonds and then
underwent catalytic ROP of the epoxidized soybean oil,
followed by hydrolysis with a base, giving ionic polymeric
surfactant. The second strategy used direct conversion of
soybean oil into polymerized soybean oil through polymer-
ization of carbon—carbon double bonds in supercritical carbon
dioxide (scCO,). The polymerized soybean oil was then
converted into ionic polymeric surfactants by hydrolysis with a
base. Unlike the first strategy, the polymer backbone by the
second strategy is a carbon—carbon bond.

3.3. Combining Natural Polymers and Molecular
Biomass. Much research has been carried out on the
modification of natural polymers with petroleum chemicals or
improvement of synthetic petroleum-based polymers with
natural products. The combination of natural polymers and
natural molecular biomass is much less explored. Such
combination would maximize the utilization of natural
resources, while improving the overall performance. Most
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natural polymers possess a rich functional group for
functionalization to target desirable properties. A variety of
molecular biomass also has functional groups. These functional
groups provide channels to integrate them together (Figure 2).
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Figure 2. Conjugation between natural polymers and molecular
biomass.

For example, chitosan has characteristic amino group around
its polymeric framework. However, chitosan is only soluble in
few dilute acid solutions due to its crystalline nature. Duan et al.
grafted rosin and its derivatives (either molecular rosin or rosin
polymers) onto chitosan and showed that there should be a
significant improvement in solubility.***” Both degree of
crystallinity and thermal decomposition temperature of
chitosan graft copolymers decreased due to the presence of
rosin moiety by disrupting the intermolecular hydrogen
bonding. The graft copolymers also showed promise as a
better carrier for controlled drug release compared to ungrafted
chitosan. We have modified hydroxyl-rich lignin with rosin
acids through a simple esterification reaction.”® Such
modification has a significant impact on lignin properties.
Contact angle of water droplets on the rosin-grafted lignin films
was ~90°, while that for unmodified lignin films was only 75°.
The surface of rosin—lignin composites was rich with rosin
components. The enhanced hydrophobicity makes the
modified lignin to have excellent water resistance by absorbing
less than one-hundredth of water compared to unmodified
lignin.

4. MAJOR CLASSES OF MONOMERS AND THEIR
POLYMERIZATION

According to their natural molecular biomass origins, we
classify monomers into four different categories based on
hydrogen, carbon, and oxygen compositions (Figure 3): (1)
oxygen-rich molecular biomass with the molar ratio of C/O less
than an arbitrary number 5.0, including carboxylic acids,
polyols, dianhydroalditols, and furans; (2) hydrocarbon-rich
molecular biomass with the ratio of C/O larger than $.0,
including vegetable oils, fatty acids, terpenes, terpenoids, and
resin acids; (3) hydrocarbon molecular biomass including
bioethene, biopropene, and bioisoprene; and (4) non-hydro-
carbon molecular biomass including carbon dioxide.

4.1. Oxygen-Rich Molecular Biomass. Although there is
a lot of molecular biomass satisfying C/O < 5.0, this
Perspective only covers the most important oxygen-rich
molecular biomass such as carboxylic acids and furans. Polyols
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Macromolecules

[Natural Molecular Biomassj

{ Oxygen-Rich ! {Hydrocarbon-Rich | [ Hydrocarbon ! | Non-Hydrocarbon E
! Biomass | 1 Biomass , | Biomass ! ! Biomass :
L Carboxylic Acids | !> Vegetable Oils: !> Ethene o o
E (Lactic Acid b o o — Carbon Dioxide :
' Succinic Acid Lo i Co P ) |
: It:(‘::g:}ICCAc% oo Fatty Acids oo Propene i = Carbon Monoxide .
E Levulinic Acid) : i[> Terpenes : i[> lIsoprene : w .
| —> Polyols (Glycerol) | ) Do b '
' ¢ i[> Terpenoids : ;—> Butene [ |
| > Dianhydroalditols ! . b Lo !
i—>  Furans ! 1 —> Resin Acids : ; ' ; !

Figure 3. Classification of major natural molecular biomass.

Table 1. Controlled Polymerization of Some Carboxylic Acid-Derived Monomers

Polymerization M,
Monomer Method Catalyst/Controlled Agent (g/mol) PDI Comonomer
[¢) ROP Dimethylaminopyridine (DMAP)® | 20,000 | <1.2
\AO ROP Phosphine® 15,000 ]1‘ 14'6
0. .
)H\ ROP N-heterocyclic carbenes” 27,000 1.16
Lagi de ROP Thiourea-amine®® 42,000 1.05
o_o ROP Aluminium isopropoxide trimer®’ 30,000 &-CL
(j ROP Tetraphenyl tin® 12’2%%0 1.3-2.1 &-CL,etc
y-butyrolactone 2
Enzyme- 69 9,600-
(GBL) catalyzed ROP Novozyme-435' 16.100 1.4-1.8 e-CL
(O-ethylxanthylmethyl)benzene and
RAFT/MADIX [1-(O-ethylxanthyl)ethyl Jbenzene™ 26,700 136
Organostibine-
mediated Organostibine/AIBN"" ™ 27(2’41%(())_ ]1‘(;51_ Styrene, MMA
Polymerization > i
Diphenyldithiocarbamate of Styrene,
RAFT Diethylmalonate” 45,800 14 acrylate
X Cumyl dithiobenzoate, 135,000 1.6 . -
\N o RAFT Trithiocarbonate™ 97,000 1.7 2-vinylpyridine
. . RAFT Chloroxanthate (CX) Inifers” 17,400 1.40
N-vinylpyrrolidone — %6
ATRP-MADIX Macro xanthate 16,000 15 Styrene
. 26,000~
NMP TEMPO 80,000 1.7-2.2 Styrene
CuCl/Me6Cyclam/methyl 2- 1.21-
ATRP chloropropionate”” 8,900 1.37
Cobalt-mediate I 78 23,000- 1.25- .
Polymerization Cobalt(IT)acetylacetonate 86,000 1.49 VAc
0. Organolanthanide
0.
v _Initiated SmMe(CsMes),(THF)” 78,000 | 1.09 &-CL, MMA
Polymerization
y-valerolactone
(GVL) ROP BF;.0E,* 4,300 1.6 B-butyrolactone
Q
3 ROP Acetyl hexafluoroantimonate®' 6,600 N/A
methyltetrahydrofu
ran (3-MTHF)
13,18,45,59 . .. 1.60 . . L.
(glycerol) and dianhydroalditols” have been well tional monomers for condensation polymerization. ROP can be

4 . . 60-62 .
reviewed in recent literature, thus not included here.

4.1.1. Carboxylic Acids. Most renewable carboxylic acids are
prepared by fermentation of carbohydrates such as glucose.
Glucose is produced from starch, cellulose, sucrose, and lactose
by enzymatic hydrolysis or from woody biomass by chemical
transformation. In this section, common acids including lactic
acid, succinic acid, itaconic acid, and levulinic acid are critically
summarized. There are two major strategies to make carboxylic
acid-based monomers: cyclic monomers for ring-opening
polymerization (ROP) and difunctional monomers (e.g,, diacid,
diester, diamine, diol) for condensation polymerization. Both
strategies lead to the formation of aliphatic polyesters or
polyamides. Step-growth polycondensation of a hydroxyl acid
or between a diacid and a diol enables access to a large range of
monomer feedstock. Given the limited control of step-growth
polycondensation, this Perspective will not target on difunc-
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used to polymerize cyclic esters including glycolide, lactide, 3-
caprolactone, d-valerolactone, and f-propiolactone, resulting in
aliphatic poly(ester)s with controlled molecular weight and
narrow molecular weight distribution. In addition, N-vinyl-2-
pyrrolidone is particularly singled out as it can undergo various
controlled radical polymerization. Table 1 summarizes some of
controlled polymerization of carboxylic acid-derived mono-
mers.

4.1.1.1. Ring-Opening Polymerization. Lactic acid is the
most widely studied carboxylic acid from natural resources with
the extensive success in commercialization: production of
poly(lactic acid) (PLA) by a number of companies worldwide.
There are still many challenges to be addressed: (1) brittleness
of PLA and (2) low glass transition temperature (Tg) of PLA
are the most noticeable weakness of PLA. Many research
groups are actively working to improve and overcome these

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712
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Figure S. Copolymerization of y-butyrolactone derived from succinic acid (with £CL as an example) and representative catalysts.

problems.**™® Lactic acid can be converted thermally and

catalytically into its cyclic dimer, lactide (LA). There are two
major ways to prepare PLA: polycondensation of lactic acid and
ROP of lactide.%*0*¢>%~%3 ROP is a more widely used
technique to prepare high molecular weight PLA. The
polymerization undergoes ring-opening of the cyclic lactide in
the presence of catalysts. Compared to polycondensation, ROP
allows the control of molecular weight as well as stereotacticity
of PLA. The choice of catalysts is vital in dictating the control
of polymerization and structure of PLA. ROP of lactide can be
carried out by cationic, anionic, and coordination—insertion
mechanisms, depending on the catalysts. Phenoxy diamine zinc
ethoxides, p-diketiminate metal alkoxide complexes, and
homoleptic yttrium phenoxides are good catalysts to polymer-
ize lactide at very high rates.”* ° Chiral salen Al complexes can
polymerize R,R enantiomer 20 times faster than §,S
enantiomer.

We single out organocatalysts for ROP of LA, as there have
been tremendous efforts recently in developing this class of
catalysts to give excellent polymerization control, high rates,
and versatile functional end groups.”® A few widely developed
organocatalysts are listed in Figure 4. Dimethylaminopyridine
(DMAP) was the first organocatalyst as a Lewis basic amine
used for living ROP of lactide.%> PLA with low PDI (<1.2) and
molecular weight up to 20000 g/mol was prepared using
ethanol as an initiator at 35 °C in dichloromethane with
reaction time ranging from 20 to 96 h. Phosphines were
effective ROP catalysts for the preparation of PLA with PDI at
1.11-1.40 and molecular weights targeted up to 15000 g/
mol.** Under a proposed nucleophilic mechanism, the more

basic and nucleophilic alkyl-substituted phosphines were more
effective lactide polymerization catalysts than phosphines with
one or more aryl groups. Minimal transesterification originating
from transesterification of the polymer chain was confirmed by
narrow molecular weight distribution. N-Heterocyclic carbenes
(NHC) are also highly efficient transesterification catalysts for a
variety of carboxylic acid esters. In the presence of an alcohol
initiator at room temperature, the polymerization of lactide
using sterically hindered 1,3-bis(dimethyl)imidazol-2-ylidene
(IMes carbene) produced PLA with low PDIs (<1.16) and high
end-group fidelity.”> The polymerization was well-controlled
and exhibited the features of a living polymerization. Polymer-
ization rates were comparable to those of the most active metal
catalysts for ROP of lactide. Bifunctional thiourea-amines are
suitable for dual activation of an electrophilic lactone and
nucleophilic alcohol in ROP of lactones by combining both an
electrophile-activating thiourea and a nucleophile-activating
amine. A thiourea-amine was used for ROP of lactide in
solution and provided PLA with controlled molecular weight,
low PDIs, and end-groups defined by the added initiating
alcohols.*® An interesting feature of the thiourea-catalyzed
polymerization is little transesterification of the linear polymer
occurs, as evidenced from negligible broadening of the PDI
even at near-complete conversion after prolonged reaction
time. The high fidelity of end-groups makes chain extension of
PLA possible simply by addition of more monomers.

Succinic acid is another important renewable chemical for
manufacturing of polymers.”>”® Along with many other
dicarboxylic acids, succinic acid can be obtained by
fermentation of glucose. Succinic acid has been transformed
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into y-butyrolactone (GBL) (Figure S). GBL can be used for
the preparation of biodegradable polymers. However, ROP of
GBL has not been studied extensively due to its poor
polymerizability. Most polymerization involves the ring-open-
ing copolymerization of GBL. Copolymerization of GBL with
e-caprolactone (eCL), initiated with aluminum isopropoxide
trimer, led to the formation of copolymers with molecular
weight 30000 g/mol and up to 43 mol % repeating units
derived from GBL.®” Their molecular weight can be controlled
by the concentration of consumed comonomers and the
starting concentration of initiator. In addition, copolymeriza-
tion of GBL and eCL was successfully carried out by enzyme-
catalyzed ROP using Novozyme-435.°” The increase of [GBL]/
[eCL] feed ratio resulted in decrease of molecular weight of
copolymers and reaction yield. Nakayama et al. investigated
ROP of GBL with cyclic esters. Comonomers included L-
lactide, glycolide, B-propiolactone, §-valerolactone, and eCL.%®
Tetraphenyltin was used as an initiator. The copolymerization
was carried out in bulk at 140 °C for 4 days. The GBL contents
of the copolymers varied in the range from 0 to 26 mol %. The
number-average molecular weight was from 1300 to 150 000 g/
mol. When a small amount of the GBL unit was introduced
into the polymer chain, increased flexibility and excellent
biodegradability were imparted to the polymer. However,
excess GBL resulted in low molecular weight polymers with
substantially low yields.

Levulinic acid is a difunctional chemical for preparation of
polymers,""** as shown in Figure 6. Intramolecular dehydration
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Figure 6. Synthesis of monomers derived from levulinic acid and
representative catalysts.

by simple distillation leads to angelica lactone. Levulinic acid
can be reduced to 4-hydroxypentanoic acid, which readily
dehydrates into y-valerolactone (GVL). Levulinic acid can be
hydrogenated to 1,4-pentanediol, which dehydrates to 2-
methyltetrahydrofuran (2-MTHF). A heterogeneous, gas-
phase catalytic condensation of GVL with formaldehyde over
basic catalysts produces a-methylene-y-valerolactone (MVL).
Organolanthanide complexes such as SmMe(C;Me;),(THF)
and [SmH(C;M;),], were used to initiate a living ring-opening
polymerization of GVL to give high molecular weight
polyesters (>70 000 g/mol) with extremely narrow molecular
weight distribution (PDI < 1.08).”” Copolymerization of GVL
with f-butyrolactone and caprolactone was also successfully
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carried out using BF;—OEt, and organolanthanide as catalysts,
res,pectivel)r.79’80'99 MVL is an attractive acrylic monomer,
which has been of interest due to its similarity in structure to
methyl methacrylate.*!® The incorporation of the lactone
structure into the polymeric chain confers to the polymer
higher thermal stability than that of poly(methyl methacrylate)
with the glass transition temperature over 100 °C. However,
literature about the polymerization of MVL is scarce. Similarly,
ROP of 2-MTHE is rarely reported.

Itaconic acid is an unsaturated dicarboxylic acid and
produced via fermentation from carbohydrates. It has a current
market volume of about 15 000 t/year.”” Given the similarity in
structure, it may serve as a replacement for petrochemical-based
acrylic or methacrylic acid. It is used in the manufacture of
synthetic fibers, coatings, adhesives, thickeners, and bind-
ers.”>100192 A¢ shown in Figure 7, transformation of itaconic

o OH Reduction OH (0]
HO)W . Ho . HO)H/VOH
O /Y\r()r
Itaconic Acid i
l Dehydration
o Dehydration ~ Reduction
0<"° 0<"°
QY
3-MTHF 2-MGBL 3-MGBL

Figure 7. Itaconic acid and its conversion into various monomers.

acid into monomers has been explored with a variety of
multifunctional catalyst system.”>'°"'** The hydrogenation of
the carbon—carbon double bond in itaconic acid leads to
hydroxyl acids, which undergo intramolecular esterification to
produce two regioisomeric monomers 2-methyl butyrolactone
(2-MGBL) and 3-methyl butyrolactone (3-MGBL). Further
reduction and dehydration give 3-methyltetrahydrofuran (3-
MTHE). It was reported that cationic polymerization of 3-
MTHE is similar to that of THF.*' However, the comparatively
low value of activation entropy prevents polymerization of 3-
MTHEF at temperatures above 4 °C. Polymerization of methyl
butyrolactones (2-MGBL and 3-MGBL) is rarely investigated.
Although S5-member lactones are thermodynamically more
stable, these are interesting monomers worthy for more
investigation on ring-opening polymerization.

4.1.1.2. Controlled Radical Polymerization. A variety of
monomers derived from carboxylic acids can undergo ROP to
produce renewable polymers, while N-vinyl-2-pyrrolidone
(NVP) can be polymerized by various controlled radical
polymerization techniques. NVP is an important monomer
derived from 2-pyrrolidone, which can be obtained by a
reaction between GBL and ammonia. Poly(N-vinylpyrrolidone)
has found a wide range of applications in pharmaceuticals,
cosmetics, textiles, paper, detergents, and beverages. Many
controlled polymerization techniques have been used to
prepare poly(N-vinylpyrrolidone) (Figure 8). NVP is a typical
unconjugated monomer that can be polymerized into high
molecular weight _})olymers only by a radical mechanism similar
to vinyl acetate.”” Kamigaito et al. achieved simultaneous
control of the tacticity and molecular weight in poly(N-
vinylpyrrolidone) by xanthate-mediated radical polymerization
in fluoroalcohols. For molecular weight control, xanthates of
(O-ethylxanthylmethyl)benzene and [1-(O-ethylxanthyl)ethyl]-
benzene were used as RAFT/MADIX chain transfer agents
(CTAs). Both led to a controlled/living radical polymerization,

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712
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Figure 8. Controlled radical polymerization of N-vinyl-2-pyrrolidone.
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often used to make different resin materials. By polycondensa-
tion reaction, FA can be converted to poly(furfuryl alcohol)
(polyFA), which is a precursor for carbonaceous materials
including microporous carbon, carbon nanocomposites, carbon
films, and foams.'”~'"* PolyFA has also attracted interest in
the synthesis of organic—inorganic hybrids materials and bio-
based nanomaterials."'*'"?

4.1.2.1. Diels—Alder Reaction. One of major motivations to
study furan-derived monomers is their availability of Diels—
Alder (DA) reaction. The reversible DA reaction between furan
and maleimide has been well investigated in the past several
years for new polymeric materials (Figure 10).">''® Both the

(@) (0]
O
O G —— (e
O (0]

Figure 10. Diels—Alder reaction between furan and maleimide.

and the latter showed higher chain transfer ability under the
optimal conditions; the molecular weight distribution was 1.36
when the molecular weight was up to 26700 g/mol. For
tacticity control, the polymerization was carried out in
fluoroalcohols via a conventional radical process without
CTAs to give syndiotactic polymers. The polymer tacticity
was dependent on the amount of the fluoroalcohol, and a more
acidic and bulkier fluoroalcohol led to a higher syndiotacticity.
When the CTA was used in the fluoroalcohols, the living and
syndioselective polymerization proceeded to enable the
simultaneous control of the molecular weight and the tacticity.

Organostibine-mediated living radical polymerizations have
been used to polymerize NVP under mild conditions to reach
virtually complete conversion to give well-defined polymers
with narrow molecular weight distribution.”" The molecular
weight of poly(N-vinylpyrrolidone) increased linearly when the
amount of NVP was increased, and the resultant polymers had
a molecular weight of 42100 g/mol and a PDI of 122,
suggesting that the polymerization proceeded in a living
manner. This polymerization technique was further used to
prepare poly(N-vinylpyrrolidone)-based block copolymers with
styrene and methyl methacrylate by successive addition of the
corresponding monomers to the organostibine macromedia-
tors.”” Well-defined poly(N-vinylpyrrolidone) and its block
copolymers were also prepared b;' RAFT and nitroxide-
mediated polymerization (NMP).”*”* In addition, NVP has
been successfully polymerized by atom transfer radical
polymerization (ATRP), cobalt-mediated radical polymeriza-
tion, and many others.”>~"*'%® The readers can refer to Table 1
for details.

4.1.2. Furan. Furfural and S-hydroxymethylfurfural (HMF),
two widely developed furan-derived monomers, can be
respectively gr%pared from CS5 and C6 carbohydrate resources
(Figure 9)."'%*71% About 300000 t/year of furfural are
produced from agricultural and forestry wastes such as
corncobs and sugar cane bagasse. Most furfural is converted
to furfuryl alcohol by reduction.'®”'*® Furfuryl alcohol (FA) is

DA and retro-DA reactions are straightforward and not affected
by side reactions, thus making DA reaction favorable for
polymer synthesis. By manipulating the reaction temperature,
the DA or retro-DA reaction can be well controlled. Usually the
reaction with temperature at about 65 °C can lead to the
adduct product, while higher temperature (e.g, ~110 °C)
reaction would revert the system to its decomposition stage.
Although the adduct product of DA reaction is a mixture of the
exo and endo forms, the final polymer structures and properties
are usually not affected since both stereochemical forms exist as
chain links in polymer backbones.''® The DA reaction can be
widely employed to prepare both linear and branching
polymers depending on the number of functionality. For the
linear systems, the DA polycondensations of difuran and
bismaleimide can generate linear polymers. Gandini et al.
reported a new polymer based on DA reactions (Figure 11).""”
The difuran monomer and bismaleimide reacted with each
other under typical DA reaction conditions to produce a linear
polymer. For the nonlinear system, the polymerization usually
occurred with one of the monomers that have more than two
functionality groups. Either difuran and trimaleimide or
bismaleimide and trifuran can form nonlinear polymers under
same reaction conditions as the linear polymer synthesis.
Depending on the reaction time and cross-linking extent, the
nonlinear DA polycondensation can provide either soluble
branched polymers or insoluble polymer gels.llé Another very
interesting polymerization system involved the use of
monomers with a furan heterocycle at one end and a maleimide
group at the other end. These monomers are usually first
protected in the form of a DA adduct before polymerization.
After the retro-DA reaction at high temperature, the monomers
will be deprotected and go through a polymerization reaction
to form the desired macromolecular molecules (Figure 11
(3)).104—,118

Based on the reversible DA condensation, some novel
copolymers including furan unites have been developed for
various applications such as self-healing materials. The Wudl
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Figure 9. Structures of furfural and a few derivatives.
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Figure 11. (1) Linear DA polycondensation; (2) nonlinear DA polycondensation; (3) deprotection and reversible DA polymerization."'”

group pioneered the use of reversible DA cycloaddition to
prepare thermally remendable cross-linked polymeric materi-
als."" Liu et al. reported a new cross-linked polyamide.'*® Rong
et al. developed a novel epoxy resin with both furan and
epoxide units, and this resin material showed good crack
healing capability.'*' Broekhuis and co-workers synthesized
thermally self—healing polymers based on functionalized furan
and bismaleimide.'”” Also, a new thermosensitive hydrogel
based on furfuryl methacrylate and dimethylacrylamide has
been prepared via DA reaction by Wei and co-workers.'*®
4.1.2.2. Controlled Radical Polymerization. Recently,
controlled radical polymerization has been used to polymerize
furfuryl methacrylate (FMA). Kavitha et al. applied ATRP to
polymerize FMA using ethyl 2-bromoisobutyrate as initiator
and CuCl/hexamethyltriethylenetetramine as catalysts."** Con-
ventional radical polymerization of FMA led to severe gelation.
But PFMA prepared by ATRP was gel free and soluble in many
organic solvents. This polymer had controlled molecular weight
and low polydispersity index (PDI = 1.31). The reactive furfuryl
functionality in the PFMA materials was used to make
thermally remendable cross-linked polymer via DA and retro-
DA reaction. The Long group successfully carried out FMA
polymerization by RAFT with kinetic studies confirming linear
molecular weight growth and relatively narrow molecular
weight distribution (Figure 12).'** They confirmed the DA

reaction of PEMA with N-cyclohexylmaleimide at 60 °C and
the retro-DA at 130 °C. They also studied rheological, thermal,
and structural properties of thermoreversible cross-linked
polymers.

4.2. Hydrocarbon-Rich Molecular Biomass. Based on
the above-mentioned arbitrary number, hydrocarbon-rich
molecular biomass includes those with C/O > S5.0. It is our
intention to cover most abundant and low-cost molecular
biomass as described below. A few other biomass, including
cholesterol and vitamin, should also deserve attention.

4.2.1. Vegetable Oils and Fatty Acids. Vegetable oils are an
important class of abundant natural resources. Vegetable oils
are liguid materials at room temperature derived from
plants.*3¥1267128 Recently, it has become a very attractive
research area to develop new polymeric materials from
vegetable oil-based monomers for various applica-
tions. 3744129132 Among various vegetable oils, the most
commonly used oils for polymer synthesis include linseed,
sunflower, soybean, castor, palm, and olive 0ils.>*'3* The main
components of vegetable oils are triglycerides. Triglyceride
usually has three ester bonds, which can be hydrolyzed to form
glycerol and three fatty acids (Figure 13). Different vegetable
oils have various compositions of fatty acids.>"'** The fatty
acids take about 95% of the total weight of triglycerides. Most
of the fatty acids have natural functional groups such as double

_ _

Figure 12. Synthesis of PFMA and thermoreversible cross-linked
polymers by DA reaction.'*®
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Figure 13. General chemical structure of triglycerides and a typical
triglyceride oil molecular structure.
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bonds, hydroxyl, and epoxy groups. The degree of unsaturation
of fatty acids is the most important parameter to dictate the
properties (both physical and chemical) of vegetable oils.>”'**
There are two major pathways to prepare polymers from
triglycerides. The first method involves the use of the original
functional groups on the fatty acids to prepare polymers by
various polymerization techniques. The second route is
chemical modification of triglycerides before polymerization.
In the second pathway, natural functional groups with low
reactivity (e.g, carbon—carbon double bonds) can be replaced
with new functional groups, which are then readily poly-
merized.**'*> We will focus on some interesting monomers
derived from triglycerides and fatty acids that can be
(co)polymerized to prepare novel renewable polymeric
materials.

4.2.1.1. Acyclic Diene Metathesis (ADMET) Polymerization.
Linear monomers from fatty acids are a class of monomers
originating from vegetable oils. Fatty acids can be easily
obtained by hydrolysis or alcoholysis of triglycerides. Fatty
acids can be directly used as polymerizable monomers or
building blocks to obtain more advanced monomers, which can
be polymerized by different techniques.'*”"**'*” Compared
with triglyceride-based monomers, fatty acids are not only
renewable resources, but also offering diverse properties to the
final polymeric materials. ADMET is an olefin metathesis
technique widely used in polymer synthesis.'** ADMET
polymerization is a step-growth polymerization method usually
resulting in a linear polymer with unsaturated double bonds in
the main chain."* 10-Undecenoic acid is a special fatty acid
with functional double bonds in the end. This unique fatty acid
usually comes from castor oil and has been well studied due to
its terminal double bonds that can be used as diene monomers
for ADMET polymerization.*® Meier and co-workers have done
a lot of work on diene monomer synthesis from 10-undecenoic
acid (Figure 14).14971% All of these monomers have same
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Figure 14. Diene monomers derived from 10-undecenoic acid for
ADMET polymerization.l‘m_145

diene end groups and different middle blocks, which can be
designed for various polymer preparations. First the monomer
a was synthesized by the esterification of 10-undecenoic acid
and 10-undecenol. This monomer was polymerized by
ADMET with the use of Grubbs or Hoveyda—Grubbs
second-generation catalysts to yield final polymers with
molecular weight ~20 000 g/mol.144 The monomer d
containing aldehyde groups was polymerized with the aid of
metathesis catalysts. After the polymerization, the aldehyde

1697

groups can be further modified and polymerized to obtain
cross-linked polymer network.'*®

Nonlinear monomers derived from triglycerides can lead to
hyperbranched or cross-linked polymers by various polymer-
ization methods. Since triglycerides have three fatty acid
components, these monomers can be polymerized in three
different locations to give either hyperbranched polymers or
cross-linked polymer networks. The triglycerides with abundant
double bonds on the carbon chains can be easily utilized to
polymerize or copolymerize with other monomers to get
hyperbranched polymers by ADMET. Due to the similar
reactivity of double bonds, the traditional ADMET technique
cannot control the polymerization very well, easily generating
cross-linked networks."* The Larock group developed a
strategy to carry out the ADMET polymerization of
triglycerides using Grubbs first-generation catalyst.'*” The
high activity of metathesis complex allowed the polymerization
with low load of catalysts. The Meier group investigated
polymerization of model triglycerides via ADMET in the
presence of methyl acrylate as a chain stopper. The
combination of Hoveda—Grubbs II catalyst and chain stopper
can efficiently control the polymerization of triglycerides to get
non-cross-linked hyberbranched polymers.'** Later, high oleic
sunflower oil was polymerized via acyclic triene metathesis
(ATMET) to highly branched and functionalized polyesters
(Figure 15)."* If the Hoveyda—Grubbs second-generation
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Figure 15. Hyberbranched polymers synthesized from sunflower oil by
ATMET polymerization with a chain stopper.'*’

catalyst was used and methyl acrylate was introduced as a chain
stopper, the molecular weight of the obtained polymers could
be tuned by varying the ratio of the triglyceride and methyl
acrylate. Using the first-generation Grubbs catalyst for the
polymerization of high oleic sunflower oil, no cross-linked
polymers were formed, even without the use of a chain stopper.

4.2.1.2. Ring-Opening Metathesis Polymerization (ROMP).
ROMP has been used to prepare fatty acid-derived polymers.
The Meier group developed a new class of fatty acid-based
monomers with different chain lengths (C6, C8, C10, C12,
C14, C16, and C18) functionalized by norbornene.'**'*! The
polymerizations of these monomers initiated by Grubbs III
catalysts proceeded in a living fashion with good initiation
efficiency, and well-defined polymers with low PDI (1.0—1.26)
and molecular weight up to ~126 000 g/mol were obtained.
These polymers show various T, and T, depending on the
different fatty acid chain lengths ?Figure 16).

Interesting work involving functionalized triglyceride mono-
mer synthesis and a commercial norbornyl-functionalized
linseed oil (Dilulin) was carried out by the Larock
group.46’47’51’152 They used castor oils as starting materials to
react with bicyclic anhydride to obtain a novel bicyclic

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712
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triglyceride monomer. The new monomer was then copoly-
merized with cyclooctene via ROMP using Grubbs first-
generation catalyst to yield rubbery thermosets (Figure 17).
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Figure 17. A bicyclic monomer derived from castor oil.*®
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The thermosets range from 55 to 85 wt % oil and are flexible
and slightly transparent. The increase of concentration of the
modified castor oil in the feed ratio resulted in an increase in
the extracted (unreacted or oligomeric) components in the final
thermosets. The most effective catalyst concentration was 0.5
wt %. The final polymers are transparent thermosets with low
T, (14 to 1 °C).

4.2.1.3. Ring-Opening Polymerization. Narine et al.
reported the synthesis of lactone monomers derived from 9-
hydroxynonanoic acid that can be polymerized via ROP (Figure
18)."5*15* Monolactone and dilactone were obtained in high
purity (>98%) when hafnium salt was used to catalyze the
lactonization reaction of 9-hydroxynonanoic acid in xylene
under refluxing conditions. ROP of the nonanolactone was
carried out using lanthanum chloride or aluminum isoprop-
oxide as catalysts, yielding poly(nonanolactone) with molecular
weight in the range 5000—12 600 g/mol. The PDI was in the
range 1.2—1.4. This family of polyesters is hydrophobic and
crystalline.

The Domb group reported a systematic study on the
synthesis, characterization, and polymerization of ricinoleic acid
lactone."*® Polymerization of the ricinoleic acid lactones with
catalysts commonly used for ROP of lactones resulted in
oligomers. Copolymerization with lactide by ROP, using
Sn(Oct), as catalyst, yielded copolyesters with molecular
weights in the range 5000—16000 g/mol and melting
temperatures of 100—130 °C for copolymers containing 10—
50% w/w ricinoleic acid residues.

4.2.1.4. Controlled Radical Polymerization. As shown in
Figure 19, alkyd resin-containing different oil side chains have
been modified into alkyd macro-RAFT agents, which were used
as building blocks for multisegmented acrylic—alkyd homopol-
ymers (one vinyl monomer) or block copolymers (blocks of
vinyl monomers)."*® The RAFT agent attached telechelically
onto the main chain of the polyester was successful in
mediating copolymerization of acrylate and other activated
vinyl monomers forming blocks of homopolymers. Different
sequences of monomers were used to demonstrate the wide
range of applicability for this technique. It should be mentioned
that fatty acid-derived (meth)acrylate monomers such as
dodecyl acrylate and octadecyl acrylate have been polymerized
by RAFT.!S7158

The Meier group prepared a series of fatty acid derived
methacrylate monomers (Figure 20).'% Methacrylate mono-
mers with different chain lengths (C10, C12, C14, C16, and
C18) of pending alkyl groups were prepared from fatty alcohols
(capric, myristic, palmitic, and stearic). They found these
methacrylate monomers can be polymerized in bulk at 35 °C
through ATRP using CuCl/pentamethyldiethylenetriamine
(PMDETA)/tricaprylylmethylammonium chloride as the cata-
lyst system and ethyl 2-bromoisobutyrate (EBIB) as the
initiator. Optimized polymerization conditions allowed for the
synthesis of high molecular weight polymers (13 000—136 300
g/mol) with narrow molecular weight distribution (PDI = 1.2—
1.4). The effects of different chain lengths of fatty acids on the
polymer properties were also studied. It turned out that as the
alkyl chain length of fatty acids increased, the T, of final
polymers increased from —40 to19 °C.

Cross-linked polymers can be prepared by free radical
polymerization of acrylate-based monomer, although not
controlled (Figure 21). Acrylates can be prepared by the
reaction of acrylic acid with epoxidized triglycerides. The
acrylated triglycerides can be utilized in different polymer
syntheses. First, they can copolymerize with small molecular
weight monomers such as monomethyl maleate, cinnamate,
and maleic anhydride to obtain soft viscous polymers with low
Tg.léo_162 Second, they can also react with acrylonitrile via
Ritter reaction to obtain acrylamide functionalized vegetable
oils.'® This monomer was then copolymerized with styrene
using radical polymerization to get materials having T, at 30—
40 °C. Third, acrylate-functionalized monomers can react with
N-bromosuccinimide in the presence of acrylic acid to get
bromoacrylated triglycerides, which can be further polymerized
with styrene to get thermosetting polymers.'** Additionally, the
acrylated oil monomers have been used to synthesize
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Figure 18. Synthesis of monolactone and dilactone from 9-hydroxynonanoic acid and their ROP.”%'**
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Figure 19. Synthesis of alkyd resin-containing block copolymers by RAFT.
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Figure 20. Synthesis of poly(methacrylate)s with different fatty acid-
derived alkyl chains via ATRP."* Reproduced with permission from
ref 159.
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Figure 21. Acrylated epoxidized monomers derived from vegetable
oils.'*

composite materials with glass fibers to lower the cost of
production and to maintain the properties of fiber materials."®

4.2.1.5. Thiol—Ene Click Chemistry. The thiol—ene reaction
is a well-known click reaction in the field of chemistry. This
reaction has been widely used in the preparation of functional
polymers."®™'® Thiol—ene reaction is also a very powerful
synthesis method to obtain monomers from fatty acids. The
double bonds from fatty acids can easily react with thiol groups
under mild conditions. Figure 22 lists some fatty acid-derived
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Figure 22. Fatty acid-based monomers derived from thiol—ene
reactions.>*

monomers prepared by thiol—ene reactions.>**® All these
monomers are derived from 10-undecenoic acid. Functional
monomers with hydroxyl or ester groups are obtained by the
thiol—ene reaction. These monomers were polymerized in the
presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) catalyst
to produce various linear or hyperbranched polyesters. These
polymers usually have molecular weights from 4000 to 10 000
g/mol and T, between 50 and 70 °C. Thiol—ene reaction has
been used in polycondensation to prepare fatty acid-derived
polymers directly. Lluch and co-workers used allyl 10-
undecenoate to react with 3,6-dioxa-1,8-octanedithiol.'® After
the thiol—ene polymerization, the end groups of polymers were
functionalized with three different thiols. Using this strategy,
they obtained a series of telechelic polymers with molecular
weight about 1000—3000 g/mol, which can be further used in
the synthesis of thermoplastic block copolymers. Compared
with the diene monomers for ADMET polymerization, the fatty
acid-based monomers derived from thiol—ene reactions have
been less studied and reported. New fatty acid monomers

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712
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obtained from thiol—ene reactions will be of great interest in
the future.

4.2.2. Terpenes, Terpenoids, and Resin Acids. Terpenes,
terpenoids, and resin acids are a class of hydrocarbon-rich
natural molecular biomass (Figure 23). Many plants and trees
produce this class of molecular biomass. Particularly, pine and
conifer trees produce resin with major components containing
terpenes and rosin.'*#?0?13%351707173 The yolatile fraction of
resin, turpentine, is composed of a mixture of terpenes. Most
terpenes have a basic cycloaliphatic structure with isoprene
elementary unit. Terpenes are widely used as solvents and in
some cases are reported to be used as chain transfer agents.'”!
Terpenoids (e.g, carvone and menthol) are considered as
modified terpenes, wherein methyl groups have been moved or
removed or oxygen atoms added. Rosin is the solid nonvolatile
fraction of resin. Rosin consists primarily of abietic- and
pimaric-type resin acids (or rosin acids) with characteristic
hydrophenanthrene structures. The intrinsic acidity, rigidity,
and renowned hydrophobicity, coupled with other chemical
properties, enable rosin acids to be converted to a large number
of downstream derivatives such as salts, esters, maleic anhydride
adducts, and hydrogenated, disproportionated rosins. These are
derivatives used in a wide range of applications such as in the
manufacture of adhesives, paper sizing agents, printing inks,
solders and fluxes, surface coatings, insulating materials, and
chewing gums.*>'7*'7>7'7* Traditionally, most of monomer
synthesis involves a Diels—Alder reaction between levopimaric
acid and a dienophile such as acrylic acid, maleic anhydride, and
maleimide. The preparation of polyesters, polyamides, poly-
amide-imides, and polyester polyols has been achieved by step-
growth polymerization between these monomers and como-
nomers such as diol, diacid, diamine, etc.'”>7'%°

Turpentine’s world yearly production amounts to about 350
000 t. The production of rosin is more than 1000 000 t/year.
Terpenes, terpenoids, and resin acids have been used as
monomers or derivatized into monomers for various polymer-
izations, as summarized in Table 2.

4.2.2.1. Cationic Polymerization. Pinene and limonene, two
of the most abundant and inexpensive terpenes, are widely used
for the synthesis of polymers."***** Due to the electron-
donating group on the double bonds through hyperconjuga-
tion, many of these monomers can undergo cationic polymer-
ization. Due to the presence of highly reactive exo-methylene
double bond, f-pinene is the most widely studied monomer for
cationic polymerization, while only oligomers of a-pinene (with
endo-methylene) can be obtained by cationic polymerization.'*®
Furthermore, numerous copolymers of pinenes have been
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prepared. In the development of cationic polymerization of
terpene monomers, the key component is catalysts that allow
living and controlled polymerization to achieve high molecular
weight. Lewis acids such as aluminum chloride or ethyl-
aluminum dichloride only result in low molecular weight -
pinene polymers (M, < 4000 g/mol).'"***'* The Sawamoto
group developed the first controlled and living cationic
polymerization of p-pinene using HCI—2-chloroethyl vinyl
ether adduct/TiCl; in conjunction with nBu,NCI as
catalysts."*” As shown in Figure 24, a tertiary carbocation was
formed with the addition of cationic initiator onto fS-pinene.
Further isomerization produced a propagating isobutylene-like
tertiary carbocation, which is similar to cationic polymerization
of isobutene. The existence of the reactive exo-methylene
double bond, the release of fused cyclobutane ring strain, and
the formation of a stable tertiary carbocation make the
reactivity of f-pinene based cationic addition much higher
than isobutene. The living nature of this polymerization also
allows for the synthesis of block copolymers of f-pinene with
styrene or p-methylstyrene.'® Kennedy et al. and Kamigaito et
al. prepared high molecular weight poly(f-pinene) (M, = 40
000 and 21000 g/mol) by using an H,O/EtAICl, cocatalyst
system at temperature as low as —80 °C."**'** These polymers
exhibit a glass transition temperature around 90 °C. Lu et al.
synthesized poly(f-pinene) with a molecular weight of 11 000
g/mol and a PDI of 1.70 by cationic polymerization at 40 °C
using a combination of Schiff-based nickel complex catalyst and
methylaluminoxane as an activator.'”" Kostujk et al. used a low-
cost co-initiator system, H,0O/AlCL;OPh, (OPh,: diphenyl
ether), to produce relatively high molecular weight poly(f-
pinene) (9000—14000 g/mol) at 20 °C, which has a T, at
~82-91 °C.'”

A random copolymer of S-pinene and isobutylene was
synthesized using 1-phenylethyl chloride, titanium tetrachlor-
ide, titanium isopropoxide, and tetra-n-butylammonium
chloride as co-initiating system.'”> S-Pinene and isobutylene
have similar propagating cationic species, thus probably having
similar reactivity to produce a random copolymer. The
polymerization at —40 °C progressed in a controlled manner.
The final polymers had molecular weight as high as 25000 g/
mol with a PDI below 1.2. The increase of f-pinene fraction,
which offers rigidity to resultant polymers, from 10% to 30%,
increased the T, of final polymers by 60 °C. Lu et al. prepared
random and block copolymers by a combination of living
cationic polymerization, ROP, and controlled radical polymer-
ization. Benzyl chloride-capped poly(f-pinene) prepared by

cationic polymerization was used as macroinitiator to polymer-
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Table 2. Polymerization of Monomers Derived from
Terpenes, Terpenoids, and Resin Acids

N Polymerization - N N M, o
Monomer Method Catalyst/Controlled Agent (g/mol) PDI Comonomer
@ Cationic Aluminum chloride'® 1,600 23
Polymerization
a-pinene
Aluminum chloride or ethyl
aluminum dichloride'* 6,400 32
Tsopropoxytitanium
trichloride, tetra-n-
butylammonium 5,000 13
chloride'®”
Tsopropoxytitanium
trichloride, tetra-n- 3.600-4,000 11-13 Styrene,
butylammonium § 3 o methylstyrene
Cationic chloride'**
Polymerization H,0/EtAICL'™ 40,000
CH,Cl,-
Methyleyclohexane/Etalcl,™ | 34700 218
Schiff-based nickel catalyst'*' 11,000 1.70
H,0/AIC;0Ph,'” 9,000-14,000 ~2.0
- 1-phenylethyl
p-pinene chloride/TiCly/Ti(OiPr)y/nBuy 4,000 12 Isobutylene
NCI (TiCly/Ti(OiPr),”*
Cationic-ROP |  AgSbF¢/propylene oxide'** 4,500 1.61 THF
C/?‘TLE:C- CuCl/2,2’-bipyridine (bpy)'** 3,900 131 Styrene
C:‘TOE;C- CuCl/2,2’-bipyridine (bpy)'** 33,000 1.51 Styrene
RAFT zzicig‘?;‘gg:‘;gi‘];?éé’l 18,000 1.15-1.25 | n-butyl acrylate
RAFT ‘pm:‘yﬂ‘ggﬁz&‘;‘;ﬁ;zﬁ‘%] 4,880-38,300 | 1.10-2.05 | Methyl acrylate
BPO'* 42,700 N/A
Acrylonitrile,
BPO'*2% N/A N/A >
FRP MMA
Styrene,
AIBN™202 9,200 1.98 N-
phenylmaleimide
Limonene AIBN/n-butyl cumyl N-
RAFT O 8,400 1.48 .
tr ate (CBTC)™ pl
SR
. Tri I . methyl-10-
ﬁ\( e | T ot 014" | 9,000-25000 | 1.75:247 | undecenoate or
SR poly 10-undecen-1-o0l
Limonene derived
monomer
W Cationic i-BuOCH(CI)Me
3- polymerization /ZnCL/E,0™ 22,000 L12
methylenecyclopen
tene
[
o s : 12205
7 ROP Zinc alkoxide™” 3,300-91,000 1.6
menthide
o
/@,,,, < ROP ZnEt,/BnOH> 62,000 1.16
carvomenthide
[
‘f@{ ROP ZnEt,/BnOH? 27 10,500 124
dihydrocarvide
[}
¢ o
! ROP ZnEt, or Sn(Oct),™” 5,100-14,900 1.1-1.2 g-caprolactone
Dihyd
1hydrocarvone
derived cyclic
lactone
o
9 =~
070
o
FRP AIBN™® 13,400 2.29 Methyl
o methacrylate
3
FRP AIBN 3,900-4,700 | 1.11-1.14
210 10,000 -
ATRP CuBr/MeTren 100,000 <13
J OMO R ATRP CuBr/MegTren”" 8,200-77,000 | 1.18-1.66 | e-caprolactone
m
I ATRP CuBr/MegTren™ 11,600-56,400 | 1.65-3.31 | Graft from lignin
R=HorCHs RAFT Cumyl dithiobenzoate'™ 29,000 13
2-ethylhexyl
acrylate, butyl
. o0 o Photoinitiator”® 2" 660,000 N/A acrylate,
oL, A poly vinyl acetate,
° S acrylic acid

ize tetrahydrofuran in the presence of AgSbF4 and propylene
oxide at 20 °C. The propylene oxide served as a catalyst to
reduce the reaction time from more than 40 h to less than 20
min. A block copolymer of f-pinene and tetrahydrofuran with
molecular weight of 4500 g/mol and a PDI of 1.61 was
obtained."™* Using same poly(f-pinene) macroinitiator, block
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Figure 24. Cationic polymerization of S-pinene.'®’

and graft copolymers of f-pinene and styrene were prepared
(Figure 25)." The benzyl chloride-capped poly(f-pinene) was
used as a macroinitiator for ATRP of styrene. Well-defined
block copolymer poly(f-pinene)-b-polystyrene was prepared,
using a copper chloride catalyst and 2,2'-bipyridine (bpy) as a
ligand. A brominated poly(f-pinene) macroinitiator was
prepared by reacting poly(f-pinene) with N-bromosuccinamide
and AIBN. A poly(f-pinene)-graft-polystyrene copolymer was
prepared through ATRP of styrene using the partially
brominated poly(ff-pinene) as macroinitiator, copper chloride
as catalyst, and bpy as ligand. They obtained a graft copolymer
with a molecular weight of 33 000 g/mol and a PDI of 1.51.

Myrcene has been used as starting materials to prepare
polymers. Using ring-closing metathesis with Grubbs second-
generation catalysts (G-2), myrcene was converted into 3-
methylenecyclopentene, which was further polymerized by
cationic polymerization to provide high molecular weight
regiopure poly(3-methylenecyclopentene) (M, = 22 000 g/mol
and a PDI of 1.12) using i-BuOCH(Cl)Me/ZnCl,/Et,0O as
initiation system (Figure 26).”* The cationic polymerization
showed excellent control on the molecular weight and a low
PD], indicated a living process for this new monomer. These
polymers displayed a T, of 11 °C and a T, of 65 and 105 °C.

4.2.2.2. Radical Polilmerization and Controlled Radical
Polymerization. p-Pinene with other vinyl monomers have
been copolymerized.'”®'”” For the copolymerization of p-
pinene and either methyl acrylate or n-butyl acrylate, f-pinene
exhibited very low reactivity in free radical polymerization and
only a small fraction of final copolymers contained f-pinene. In
both cases, f-pinene had a reactivity ratio of approximately
zero. This indicates that no f-pinene homopolymers were
produced and that the random copolymers consisted of large
acrylate portions separated by a single S-pinene repeat unit.
Reversible addition—fragmentation chain transfer (RAFT)
polymerization was attempted to produce copolymers of f-
pinene with either methyl acrylate or n-butyl acrylate using 1-
methoxycarbonyl ethyl phenyldithiobenzoate and 2-cyanoprop-
yl-2-yl dithiobenzoate respectively as the transfer agents. Both
copolymerization showed characteristic living and controlled
behavior. However, very similar to free radical polymerization,
the final compositions again contained a very small fraction of
f-pinene.

Free radical copolymerization of limonene with acrglonitrile,
methyl methacrylate, or styrene was carried out.'”” %" Similar
to f-pinene copolymerization, limonene cannot self-polymer-
ize, as the reactivity ratio of limonene was zero. Due to chain
transfer effect from limonene, the molecular weight of final
polymers was lower when molar fraction of limonene in the
feed ratio increased. The hydrogen abstraction from the
limonene radical was likely to be the cause. If polymerization
chain end has a limonene radical, the polymerization would
terminate, as this radical can take an allylic hydrogen from the
limonene monomer and produce a stable radical that is
incapable of reinitiating polymerization. Similarly, copolymer-
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Figure 25. Synthesis of block and graft copolymers of S-pinene and styrene by a combination of living cationic polymerization and ATRP.
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Figure 26. Ring-closing metathesis of myrcene and subsequent
cationic polymerization of 3-methylenecyclopentene.”**
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ization of limonene and N-phenylmaleimide by free radical
polymerization or RAFT indicates that limonene would not
react with itself.**> High molecular weight polymers with a M,
of 9200 g/mol and a T, of 243 °C were obtained by free radical
polymerization when the feed ratio of N-phenylmaleimide to
limonene was at 2:1 with fluorinated cumyl alcohol as a solvent,
indicating that there are interactions between the fluorinated
solvent and N-phenylmaleimide and the bulky limonene
structure. This strong coordination at the chain end enhances
the addition of the electron-rich limonene monomer. Polymers
with molecular weight up to 8400 g/mol were obtained by
RAFT polymerization, which showed good control on
molecular weight.

However, a recent study reported the successful radical
homopolymerization of limonene using benzyol peroxide as an
initiator at 85 °C in xylene.'"”® The weight-average molecular
weight of resultant polylimonene is 43 000 g/mol. The T, of
polylimonene is 116 °C. This new study is signiﬁcantly
contradictory to early studies. Thus more exploration should be
done to confirm the polymerizability of limonene in the future.

In the development of side-chain rosin-containing polymers,
resin acids have been converted to vinyl, allyl ester, or acrylic
groups that can undergo radical polymerization (Figure 27).
Free radical polymerization was first used to polymerize vinyl
ester monomers.'”>*'*'° However, only low molecular weight

monomers were synthesized and expected to reduce the steric
hindrance.”"’~*'" However, only low molecular weight
polymers were prepared by free radical polymerization.
Superior to vinyl and allyl ester monomers, acrylic monomers
have achieved much better success in the preparation of side-
chain rosin-based polymers, partly due to the increased
reactivity of the unsaturated double bonds. Monomers
containing a rosin moiety maleoplmarlc acid anhydride
(MPA) were synthesized from gum rosin.>*® Monofunctional
acrylic rosin derivatives were synthesized from esterification of
MPA and various acrylates, including 2-hydroxyethyl acrylate
(HEA), 3-hydroxypropyl acrylate, and 4-hydroxybutyl acrylate.
Monofunctional monomers were copolymerized with methyl
methacrylate (MMA) by radical polymerization. Using different
acrylic monomers, length of spacer group to rosin moiety could
be varied. As the length of spacer group was increased, T, of
copolymers decreased, but the molecular weight of copolymers
increased. Molecular weight up to 13 400 g/mol and a T, of 97
°C were obtained for polymers with the longest spacer.
Photocuring and photo-cross-linking characteristics of these
copolymers as negative photoresists were studied. 2% The

double bond in rosin structure is expected to contribute to the
photo-cross-linking of copolymers by reaction with nitrene
produced from bis-arylazide-type photoinitiator by UV
radiation. It was noted that the polymers containing rosin
moiety have good optical property to be used as photoresist
materials. Because the rosin moiety attached as the side chain of
copolymers contains anhydride group, these resist polymers
could be stripped by NaOH solution. Chu et al. prepared
disproportionated rosin f-acryloxyl ethyl ester by esterification
of dispoportionated rosin and HEA.”” Kinetics parameters of

polymers were obtained due to steric hindrance. Allyl bulk polymerization of this monomer in the presence of AIBN
/\/
J° JoY
R o\C O\C OMO\C

Figure 27. Rosin-derived vinyl ester monomers, ally ester monomers, and (meth)acrylic monomers.

1702

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712



Macromolecules

were studied by differential scanning calorimetry (DSC). Final
polymers had a molecular weight less than 5000 g/mol and a T,
of ~=25 °C. The low molecular weight was attributed to steric
effect from the rosin moiety. Kim et al. prepared hydrogenated
rosin epoxy methacrylate, based on hydrogenated rosin and
glycidyl methacrylate.”'>*"* UV-cross-linkable polyacrylates
acted as polymeric photoinitiators due to the benzophenone
incorporated into their backbones. Hydrogenated rosin epoxy
methacrylate was used as a tackifier and blended at different
levels with the synthesized, UV-cross-linkable polyacrylates for
use as pressure-sensitive adhesives.

The Tang group has developed a series of well-defined rosin-
containing (meth)acr?rhc polymers by controlled radical
polymerization.'”#*'**!! They first prepared high quality
dehydroabietic acid-derived (meth)acrylate monomers followed
by ATRP (Figure 28).>'" Acryloyloxyl dehydroabieticcarbox-

ATRP

O
o CuBr/MegTren
Br
o]
o Mo R

m: g RAFT N 0
o)

AIBN

R=H or CH3 s < >
: S

Figure 28. ATRP and RAFT of rosin-based (meth)acrylate

174,210
monomers.'”%

ylate (ADA), in which the dehydroabietic group is connected
directly to the vinyl ester group, was prepared from acryloyl
chloride and dehydroabietic alcohol, which was obtained by
reduction of dehydroabietic acid with sodium borohydride. For
monomers 2-methacryloyloxyethyl dehydroabieticcarboxylate
(MAEDA), 2-acryloyloxyethyl dehydroabieticcarboxylate
(AEDA), and 4-acryloyloxybutyl dehydroabieticcarboxylate
(ABDA), dehydroabietic acid was first converted into acyl
chloride under oxalyl chloride followed by in-situ esterification
reaction with hydroxyl groups of corresponding (meth)-
acrylates. For ATRP of ADA, the reaction was not controlled,
most likely due to the steric effect of dehydroabietic moiety.
For other acrylates, ATRP allowed the preparation of well-
defined rosin-derived polymers with low polydispersity and
controlled molecular weight. The molecular weight of polymers
ranged from 10000 to 100 000 g/mol with PDIs below 1.3.
Higher molecular weight was obtained for polymers with longer
spacers between the rosin moiety and the vinyl group, further
indicating the steric effect. These polymers exhibited tunable
thermal properties by simple manipulation of monomer
structures. The polymer with the longest spacer had a T of
22 °C (PABDA), while the one with the shortest spacer had a
T, of 90 °C (PMAEDA).

They extended CRP to RAFT polymerization of rosin-based
monomers (Figure 28)."”* RAFT polymerization using cumyl
dithiobenzoate (CDB) as the transfer agent and AIBN as the
radical initiator was carried out. Polymerization of MAEDA in
toluene showed a living character with molecular weight up to
20000 g/mol and PDI < 1.3. For the acrylate monomer, similar
conditions were applied for its polymerization. However,
resultant polymers had high PDI (>1.5). When the solvent

OCH3
OCHs
Hsco” 1" “ocks
(o]
I
Bfﬁ/c\sr THFITEA
Br )
AX\ / OCHy C/Ofcjo o
s’ Y
HO_ ™.
S
HO
ATRP
H4CO OCH;
B
Br X=24  Y=H, CH,

Figure 29. Synthesis of rosin polymer-grafted lignin composites by surface-initiated ATRP.>® Reprint with permission from ref 8.
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was changed to THEF, polymerization led to a polymer with
molecular weight 29100 g/mol and a PDI of 1.3. The
polymerization of the acrylate monomer was relatively slow in a
polar solvent (THF), however controlled.

The Tang group further prepared rosin acid-degradable
caprolactone block copolymers by combining ATRP and
ROP.*'"" Two-step sequential polymerization using either
poly(2-acryloyloxyethyl dehydroabietic carboxylate)—OH
(PAEDA-OH) or poly(e-caprolactone)—Br (PCL-Br) as
macroinitiators resulted in well-defined block copolymers
with low polydispersity. One-pot polymerization was carried
out with three different sequential feeds of AEDA and &-CL
monomers. The control of one-pot polymerization depended
on the interactions of coexisting ATRP catalysts and ROP
catalysts. While the minimal interactions between copper(I)
and tin(II) catalysts produced well-defined block copolymers,
excess copper(Il) or tin(Il) led to the formation of block
copolymers with polydispersity >1.5. It was suggested that the
tin(II) catalysts reduced the persistent radicals copper(I) of
ATRP, leading to a poorly controlled polymerization. PCL
segments of the block copolymers exhibited excellent
degradability under acidic conditions. Thermal behaviors of
these block copolymers showed a strong dependence of
polymer compositions due to the possible crystallization of
the PCL block.

Later, the Tang group used surface-initiated ATRP to graft
rosin polymers from lignin, yielding a class of hydrophobic
biocomposites (Figure 29).> Lignin is a complex material with
characteristic aromatic structures. The major functional groups
of lignin consist of hydroxyl, methoxyl, and phenylpropane
units. A lignin macroinitiator (Lignin-Br) was prepared by
reacting lignin with 2-bromoisobutyryl bromide (BiBB) in the
presence of triethylamine. The fraction of bromine content in
lignin was controlled by changing the feed ratio of starting
materials: lignin and BiBB. ATRP was performed using the
same ligand and catalyst as the polymerization of rosin
(meth)acrylic monomers. All polymerization was living and
controlled, as indicated by the kinetic study. A simple
esterification reaction was used to modify lignin with resin
acids directly. The thermal properties of lignin—rosin
composites can be manipulated by the structures of rosin
polymers. Graft copolymers exhibited T, in the range of ~20
and 95 °C. The incorporation of rosin moiety significantly
enhanced hydrophobicity of lignin, as evidenced by the static
contact angle measurement of water droplets on the films of
lignin composites. The surface of rosin—lignin composites was
dominated with chemical compositions originating from the
hydrocarbon-rich rosin moiety, as confirmed by X-ray photo-
electron spectroscopy. The rosin—lignin composites showed
water uptake below 1.0 wt %, while unmodified lignin had a
water uptake at 18 wt %, indicating the impartation of
hydrophobicity of rosin into the composites.

4.2.2.3. Ring-Opening Polymerization. Carvone and
menthol are two common terpenoids used for starting materials
to generate monomers for ROP. Menthol is usually available in
its ketone form, a compound called menthone. The Hillmyer
group converted menthone to a lactone monomer, menthide,
by the Baeyer—Villiger oxidation using m-chloroperoxybenzoic
acid (Figure 30).”® The ROP of menthide was carried out at
room temperature using a highly active zinc alkoxide catalyst.
Polymers with molecular weight ranging from 3300 to 91 000
g/mol with the PDI below 1.6 were obtained. The polymer-
ization showed controlled behavior. Polymerization of carvone
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Figure 30. Carvone and menthol and ROP of menthide (derived from
menthone).2%®

derivatives proceeded in a similar fashion.?***” Carvone was
hydrogenated into carvomenthone via intermediate dihydro-
carvone using Wilkinson’s catalyst. The carvomenthone was
converted to carvomenthide by the Baeyer—Villiger oxidation.
The polymerization of carvomenthide led to polymers with a
molecular weight of 62 000 g/mol, a PDI of 1.16, and a T, of
—27 °C, while polymerization of dihydrocarvide led to a
molecular weight of 10 500 g/mol, a PDI of 1.24, and a T, of
—20 °C. Copolymers of these two monomers displayed a glass
transition temperature between those of the two homopol-
ymers.

The Hillmyer group further modified dihydrocarvone into an
epoxidized cyclic lactone monomer and copolymerized it with
caprolactone using the same reaction conditions as used for the
homopolymerization.”°® All polymers showed a low PDI
between 1.1 and 1.2. Using either tin-based or zinc-based
catalysts, random and cross-linked copolymers were prepared.
With the increase of oxidized dihydrocarvone in comonomer
compositions, the cross-linked copolymers displayed a decrease
in T,, and an increase in T, due to the disruption of the
crystallization of the e-caprolactone segments by the oxidized
dihydrocarvone. The final polymers exhibited shape memory
properties, which along with their prospect of biodegradability
can find applications in the biomedical field.

4.2.2.4. Click Chemistry. Limonene has been derivatized into
desirable monomers for condensation polymerization. Thiol—
ene click chemistry has been used to groduce limonene-based
homopolymers by the Meier group.””® Both monoaddition
product and a mixture of monoaddition and diaddition
products were prepared, since there are different reactivities
of the terminal and internal double bonds in limonene (Figure
31). Disubstituted monomers were used for condensation
polymerization.”*® Due to the steric effect from the bulky cyclic
structure, only oligomers were obtained with the diester and
the diol, even with the use of TBD as a catalyst, which usuauly

SR

Or

SR SR

by
H,C~ -0~

OH
R= H,C~ ~OH HZC/K/OH

Figure 31. Thiol—ene click chemistry between limonene and thiols.**®
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Figure 32. Attachment of raw rosin materials onto PCL side chain through click chemistry.>®

has high transesterification activity. High molecular weight
polymers can be obtained from the diol or diester monomers
with a spacer between limonene units to reduce the steric
hindrance. Either the self-metathesis or thiol—ene homocou-
pling was used to prepare the comonomers from methyl-10-
undecenoate or 10-undecen-1-ol. Higher molecular weight
polymers with molecular weight at 9000—25 000 g/mol and a
PDI between 1.75 and 2.47 were obtained by condensation
polymerization carried out at 120 °C under vacuum using TBD
as catalyst. All polymers have a T, of ~ —4S °C and varied T,
(=15 to 50 °C). Longer alkyl chains led to higher melting
temperature.

Copper-catalyzed azide—alkyne cycloaddition is another
highly efficient click reaction that could play a major impact
in the utilization of raw natural resources. For example, we have
used click chemistry to attach raw rosin onto polycaprolactone
to prepare a class of hydrophobic polyesters (Figure 32).**°
Resin acids have more than 10 different isomers, but each one
has a carboxylic acid, which can be converted into propargyl
esters. These alkyne-containing rosin esters can be clicked onto
an azide-substituted polycaprolactone by a typical copper-
catalyzed cycloaddition. The hydrocarbon nature of rosin
structures provided PCL excellent hydrophobicity with contact
angle very similar to polystyrene (85°—90°) and very low water
uptake. Although the addition of rosin side group increased the
hydrophobicity, it also disrupted the crystallinity of PCL. Thus,
the rosin-substituted PCL still maintained full degradability.
This work opens an avenue to prepare novel biocompatible and
biodegradable hydrophobic polyesters. The use of raw rosin
materials would significantly lower the cost of production.
These reactions could be expanded to other natural derived
polymers.

4.3. Hydrocarbon Molecular Biomass. Due to their
gigantic volume and impact on daily life, olefins like ethylene,
propylene, and isoprene are too important to be ignored for
exploration of their production from renewable resources.
Development of these monomers from renewable natural
resources is an important emerging direction and still in its
infancy stage. However it has enormous potential. Industry has
a lot of interests in developing these monomers, although
academic research starts to pick up. We are not aiming at
extensively summarizing this important class of hydrocarbon
monomers from biomass, as it could serve as an independent
topic. Recentlzr, Mathers has written an excellent article on
these olefins.'

Ethylene is one of the most important platform petrochem-
icals for production of many most important commodity
polymers such as high- and low-density polyethylene, poly-
(vinyl chloride), polystyrene, poly(ethylene terephthalate),
etc.””’ The large-scale economically attractive steam cracking
process makes almost all ethylene production based on
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petroleum feedstock. Recently much attention has been focused
on renewable feedstock for ethylene production. Conversion of
bioethanol (from biomass) to ethylene represents a chemically
identical alternative to ethylene.'>*** In fact, ethylene was
produced by ethanol dehydration prior to the era of petroleum
chemical industry. The conversion of bioethanol to ethylene
heavily relies on the development of bioethanol precursor.
Bioethanol can be obtained by fermentation of different
feedstocks such as sugar cane, corn, and lignocellulosic
biomass.****** Production of bioethanol as a transport fuel
has been widely pursued in many countries including US,
Europe, Brazil, and China. The efficiency of dehydration of
bioethanol to ethylene is largely dictated by catalysts such as
zeolites and mesoporous silica.”** >’

Propylene is the second largest petroleum chemical. There
are many pathways developed to convert biomass into
propylene.'> One pathway is to convert bioethanol to ethylene
and then to propylene through dehydration, dimerization,
isomerization, and metathesis. Biobutanol is another source to
prepare propylene through dehydration, isomerization, and
metathesis. Fermentation and direct cracking of other biomass
such as cellulose, lignin, and sugar are actively being pursued,
especially in industry.

Isoprene, isobutene, and butadiene are three most important
intermediates for making renewable rubber. Given the huge
market of rubber in automobile industry, the development of
these intermediates from biomass would play a very positive
impact in the field. Microbial fermentation holds promise for
making these renewable rubber intermediates.”*® Isoprene is
used to make synthetic latex similar to that of the rubber tree.
Isobutene and butadiene are four-carbon intermediates used to
make butyl rubber and styrene—butadiene rubber. Due to the
tightening supply of both natural and synthetic rubber,
companies like Goodyear and Michelin have put efforts to
make commercial production of these rubber intermediates
from sugar. Biotech firm Genencor produced the enzyme
isoprene synthase using genetically engineered microbes. They
reported the production of 60 g of isoprene per liter of sugar
solution using their microbes.””” Compared to isoprene, both
isobutene and butadiene derived from renewable resources are
much less explored. Isobutanol produced from carbon dioxide
can be further dehydrated into isobutene. Butadiene can be
produced from bioethanol using heterogeneous catalysts.
Production of these monomers has been elegantly reviewed
by Mathers" and thus is not necessary to repeat.

Current efforts in this arena are focused on the synthesis of
monomers, as most polymerization technologies have matured
over the last half-century in the petroleum industry. The
challenge exists mainly in the cost-effective production.
Technically, more efficient catalysts (including enzymes) and
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Table 3. Copolymerization of Carbon Dioxide (CO,) Using Various Catalysts®

catalyst comonomer
ZnEt,/H,07%*¥ PO
[(BDI)ZnOAc] complexes** PO
(Salcy)Cox** PO
(Salen)Crx>** PO
(BOXDIPY)MCI** PO
p-diiminate zinc®** CHO
(BOXDIPY)MCI** CHO
dimeric zinc complexes™* CHO
(salen)Co(IIT) complexes246 CHO
(salalen)CrCl complexes®*” CHO

p-diiminate zinc acetate complexes*®
(salen)Co(II1)**

(salen)Cr(1II) chloride complexes>>°
251

oxetane
zinc glutarate
Co(IIT)—salen complex*>>*3

(salen)CrCI***

PO, CHO
PA, CHO

limonene oxide

epichlorohydrin

PO, e-caprolactone

M, (g/mol) PDI
N/A N/A
10000—43300 1.09-1.27
9500—19600 1.15-1.31
4700 123
5300—18000 1.12—-1.54
22000 1.09-1.11
14000 1.12
12000 1.30
9200—-29300 1.06—1.17
3000—11000 1.05-1.16
3700—10800 1.12—-1.34
4400—-25900 1.07-1.22
6700—14500 1.26—1.60
275000 1.54
50900—82100 1.04—1.14
13000—18000 1.12-1.13

“Propylene oxide (PO); cyclohexene oxide (CHO); phthalic anhydride (PA).
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Figure 33. Copolymerization of PO and CO, using zinc-, cobalt-, and chromium-based catalysts.

X=0Ac, OBzFs5, CI, Br, |

R1 R2

m

_N\ N=
pr
O:z

tBu

(salcy)CrX complexes
R4,Ry= trans-(CHy)4-, -C4H4, H, Ph
X=Cl, NO3

241,242

high throughput processes are critically needed in order to
compete with petroleum counterparts.

4.4. Non-Hydrocarbon Molecular Biomass (CO,).
Carbon dioxide (CO,) is an abundant non-hydrocarbon
renewable nonflammable gas. It is a C, feedstock.*¥>3%3! Ag
a renewable natural resource, CO, has low cost and nontoxicity,
which makes it a promising resource for chemical synthesis,
especially for polymer synthesis.”>*~>** Due to its inertness,
CO, is usually combined with high reactive reagents, and the
reactions are usually carried out with special catalysts. Currently
one of the most interesting research areas in the utilization of
CO, is the synthesis of polycarbonates and polyurethanes. In
these processes, CO, is used as a monomer and copolymerized
with epoxide. Many publications report the reaction of CO,
with epoxide to form polycarbonates due to their potential
applications as packaging materials and engineering thermo-
plastics.>****” Table 3 lists some of CO, copolymerization.

The catalysts used in CO, copolymerization can be divided
into heterogeneous and homogeneous catalysts. The most
widely used catalyst is zinc-based complexes as well as
aluminum-, chromium-, and cobalt-based catalysts.255 The
first use of CO, as monomer in polymer synthesis dated back
to 1969. Inoue and co-workers prepared copolymers from CO,
and propylene oxide (PO) using a mixture of ZnEt, and H,0
as catalyst system.”**** The 1:1 ratio of ZnEt,/H,0O along
with 20-50 atm of CO, at 80 °C gave poly(propylene
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carbonate) (PPC). Following that research, other catalyst
systems have been developed to prepare the copolymers from
PO and CO,. The Coates group reported highly active, single-
site catalysts based on zinc.”** The final polymers have low
PDI], demonstrating that the copolymerization was well
controlled. They also developed a cobalt catalyst for the same
polymerization (Figure 33).”*' By adjusting the reaction
parameters, they prepared highly regioregular poly(propylene
carbonate) with no byproducts. Lu et al. developed chromium
Salen complex catalysts, which can be used to control the
stereochemistry of copolymerization of PO and CO, (Figure
33).>* Very recently, the Nozaki group discovered some
tetravalent metal complexes as a new class of catalysts for the
copolymerization of PO and CO,.** They found that all the
tetravalent metal (titanium, zirconium, germanium, and tin)
complexes have activities to copolymerize propylene oxide with
CO,.

Besides PO, CO, has been also copolymerized with
cyclohexene oxide (CHO) to obtain various polymers. In
1999, Beckman and co-workers first reported the copolymer-
ization of cyclohexene oxide with CO, using zinc and
aluminum catalysts.”*® Then Nozaki et al. developed dimeric
zinc complexes for the asymmetric alternating copolymerization
of CHO and CO,.** In this system, the dimeric zinc species
played a crucial role during the copolymerization process. The
copolymerization of CHO and CO, gave optically active

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712
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polymers at 49% ee. Also, SalenCo(IIl) complexes were found
to have activities for the asymmetric CHO—CO, copolymeriza-
tion by Lu and co-workers.”*® The final polymer is a highly
isotactic semicrystalline polymer with a high melting point at
216 °C and high decomposition temperature at about 310 °C.
The similar (Salalen)CrCl complexes for the copolymerization
were also reported by Nozaki and co-workers. This catalyst
showed very high activity under atmospheric pressure of
C0,2¥

Furthermore, many other monomers have been used to
copolymerize with CO, under metal catalyst system to produce
novel polymeric materials. As described in previous sections,
Coates and co-workers recently reported a new polycarbonate
prepared from CO, and limonene oxide.*** f-Diiminate zinc
acetate complexes were employed to activate the copolymeriza-
tion of CO, and limonene oxide. High monomer/catalyst ratios
and long polymerization time led to the formation of high
molecular weight polycarbonate (Figure 34). The Coates group

0 F3C\4Q/ J{o,,. oﬁ
. Oln
Ju

N O
+ COp — FA
@ i“ \O}
Figure 34. Copolymerization of CO, and limonene oxide using zinc

catalyst.”*® Reproduced with permission from ref 248.

=

has combined carbon dioxide and limonene oxide to prepare
linear polycarbonates. It was found that low temperature
polymerization facilitated the stereo- and regioregular ring
opening of limonene oxide. Regioregular alternating polycar-
bonates were obtained with a molecular weight of 25 000 g/mol
and a PDI of 1.16 using f-diiminate zinc acetate complexes as
catalysts at a polymerization temperature of 25 °C. A more
random copolymer of polycarbonate with a noticeable decrease
of molecular weight and a broadened molecular weight
distribution (PDI = 1.34) was obtained when the polymer-
ization temperature increased.

Recently, Lu and Darensbourg reported the cobalt-based
catalyst system for the copolymerization of CO, and
epichlorohydrin.**  Aliphatic polycarbonate composed of
oxetane and CO, was prepared with a Cr complex catalyst by
the Darensbourg group.”*® During the development of metal
catalyst systems for the copolymerization involving CO,, some
complicated polymerization systems containing more than two
comonomers have also been studied. Ree and co-workers
reported the terpolymerization of CO, with PO and e&-
caprolactone. The copolymer was obtained at 60 °C and 400
psi pressure under the effect of zinc glutarate catalyst.”>' Later,
asymmetric terpolymerization of PO, CHO, and CO, at mild
conditions was studied by Lu and co-workers.****>* The T, of
this terpolymer can be manipulated by changing the
compositions of cyclohexene carbonate and propylene
carbonate linkages. The Darensbourg group developed a new
terpolymerization system containing cyclic acid anhydrides,
epoxide (cyclohexene oxide), and CO,.*** This terpolymeriza-
tion was catalyzed by the (salen)CrCl catalyst. The final
copolymer showed a wide range of T, from —39 to 95 °C,
depending on the different epoxide compositions.
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Overall, research on CO,-involved copolymerization has
drawn a lot of attention in the past decade. Various well-defined
metal catalysts have been developed to activate the
copolymerization of epoxide and CO,. The research of different
copolymers containing renewable CO, monomer with specific
molecular architectures will be of great interest in the future. In
addition, there is significant research on using carbon monoxide
(CO) as a renewable resource to prepare polymers. Some
recent reviews are listed in refs 257—260.

5. CONCLUSIONS

In conclusion, there are a lot of opportunities to develop
molecular biomass and monomers for preparation of renewable
polymers. A lot of progress has been achieved on the
development of oxygen-rich, hydrocarbon-rich, hydrocarbon,
and non-hydrocarbon molecular biomass for production of
renewable polymers. Controlled polymerization provides a
promising platform to produce high-performance polymers
with controlled molecular weight, functionalities, and archi-
tectures. However, there are a lot of critical challenges to be
addressed before biorefinery can achieve its greater potential.
These challenges include, but are not limited to, (1) developing
a broader pool of monomers and more powerful polymer-
ization techniques that tolerate impurities and functionalities,
(2) developing high efficient chemistry process with less
purification process to reduce the production cost of renewable
polymers, and (3) combining natural polymers and molecular
biomass to maximize the utilization of natural resources and to
improve material performances. With continuous efforts to
develop new technologies, and improved acceptance and
conscientious understanding among the public, renewable
chemicals and polymers will play an ever-increasing role for
future generations and a sustainable society in reducing our
dependence on fossil fuel, decreasing carbon emission, and
promoting more environmentally benign materials.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: tang4@mailbox.sc.edu.

Notes
The authors declare no competing financial interest.

Biographies

Kejian Yao received his B.S. in Polymer science and Engineering from
East China University of Science and Technology in 2006. Since
August 2009, he has been a graduate student under the supervision of
Dr. Chuanbing Tang in the Department of Chemistry and
Biochemistry at the University of South Carolina. His research

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712


mailto:tang4@mailbox.sc.edu

Macromolecules

interests focus on the synthesis and characterization of bio-based
polymers from renewable natural resources as well as biodegradable
and salt-responsive polymers.

Dr. Chuanbing Tang received B.S. from Nanjing University and Ph.D.
from Carnegie Mellon University with Profs. Krzysztof Matyjaszewski
and Tomasz Kowalewski. He was a postdoctoral scholar at University
of California, Santa Barbara, with Profs. Edward J. Kramer and Craig J.
Hawker. Since August 2009, he has been an assistant professor in the
Department of Chemistry and Biochemistry at the University of South
Carolina. His research interests focus on organic polymer synthesis,
renewable bio-based polymers from natural resources, metal-
containing polymers, block copolymer self-assembly, and polymers
for biomedical application.

B ACKNOWLEDGMENTS

This work was supported by the National Science Foundation
(DMR-1252611) and USDA NIFA (Award 2011-51160-
3120S). This Perspective is largely motivated by a symposium
on “Next-Generation Renewable Polymers” co-organized by
one of the authors (Chuanbing Tang), Marc Hillmyer, and
Geoffrey Coates at the American Chemical Society National
Meeting in San Diego, CA, in March 2012. We are grateful for
all symposium contributors whose work really inspires us to
write this Perspective. We acknowledge the National Science
Foundation (DMR-1135628) to partially support this sympo-
sium.

B REFERENCES

(1) The Technology Roadmap for Plant/Crop-Based Renewable
Resources 2020, Renewables Vision 2020; Executive Steering Group,
DOE and USDA, 1999.

(2) US. Biobased Products: Market Potential and Projections
Through 2025; Office of the Chief Economist, Office of Energy Policy
and New Uses, U.S. Department of Agriculture, 2008.

(3) Beach, E. S.; Cui, Z.; Anastas, P. T. Energy Environ. Sci. 2009, 2,
1038—1049.

(4) Anastas, P.; Eghbali, N. Chem. Soc. Rev. 2010, 39, 301—312.

(5) Anastas, P. T.; Kirchhoff, M. M. Acc. Chem. Res. 2002, 35, 686—
694.

(6) Okada, M. Prog. Polym. Sci. 2002, 27, 87—133.

(7) Ragauskas, A.; Williams, C.; Davison, B.; Britovsek, G.; Cairney,
J.; Eckert, C.; Frederick, W.; Hallet, J.; Leak, D.; Liotta, C.; Mielenz, J.;
Templer, R.; Tschaplinski, T. Science 2006, 311, 484—489.

(8) Williams, C. K; Hillmyer, M. A. Polym. Rev. 2008, 48, 1—10.

(9) Huber, G. W,; Iborra, S.; Corma, A. Chem. Rev. 2006, 106, 4044—
4098.

(10) Coates, G. W.; Hillmyer, M. A. Macromolecules 2009, 42, 7987—
7989.

1708

(11) Corma, A,; Iborra, S.; Velty, A. Chem. Rev. 2007, 107, 2411—
2502.

(12) Dodds, D. R;; Gross, R. A. Science 2007, 318, 1250—1251.

(13) Gandini, A. Green Chem. 2011, 13, 1061—1083.

(14) Gandini, A. Monomers and Macromonomers from Renewable
Resources. In Biocatalysis in Polymer Chemistry; Loos, P. K., Ed.; Wiley-
VCH Verlag GmbH & Co.: Weinheim, Germany, 2011; pp 1-33.

(15) Mathers, R. T. J. Polym. Sci,, Part A: Polym. Chem. 2012, S0, 1—
1S.

(16) Mathers, R. T.; Meier, M. A. R. Green Polymerization Methods:
Renewable Starting Materials, Catalysis and Waste Reduction; Wiley-
VCH: Weinheim, 2011.

(17) Mecking, S. Angew. Chem., Int. Ed. 2004, 43, 1078—108S5.

(18) Gandini, A. Macromolecules 2008, 41, 9491—9504.

(19) Gandini, A.; Belgacem, M. N. Prog. Polym. Sci. 1997, 22, 1203—
1379.

(20) Silvestre, A. J. D.; Gandini, A. Rosin: Major Sources, Properties
and Applications. In Monomers, Polymers and Composites from
Renewable Resources; Belgacem, M. Gandini, A, Eds; Elsevier:
Amsterdam, 2008; pp 67—88.

(21) Silvestre, A. J. D; Gandini, A. Terpenes: Major Sources,
Properties and Applications. In Monomers, Polymers and Composites
from Renewable Resources; Belgacem, M. N., Gandini, A., Eds.; Elsevier:
Amsterdam, 2008; pp 17—38.

(22) Belgacem, M. N Gandini, A. Monomers, Polymers and
Composites from Renewable Resources; Elsevier: New York, 2008.

(23) Rose, M.; Palkovits, R. Macromol. Rapid Commun. 2011, 32,
1299—-1311.

(24) Kumar, M. N. V. R; Muzzarelli R. A. A; Muzzarelli C.;
Sashiwa, H.; Domb, A. J. Chem. Rev. 2004, 104, 6017—6084.

(25) Kubo, S; Gilbert, R. D.; Kadla, J. F. Lignin-Based Polymer
Blends and Bicomposte Materials. In Natural Fibers, Biopolymers, and
Biocomposites; Mohanty, A. K., Misra, M., Drzal, L. T., Eds; CRC
Press: Boca Raton, FL, 2005; pp 671—698.

(26) Eichhorn, S. J.; Dufresne, A.; Aranguren, M.; Marcovich, N. E,;
Capadona, J. R.;; Rowan, S. J.; Weder, C.; Thielemans, W.; Roman, M.;
Renneckar, S.; Gindl, W.; Veigel, S.; Keckes, J.; Yano, H.; Abe, K;
Nogi, M.; Nakagaito, A. N.; Mangalam, A.; Simonsen, J.; Benight, A.
S.; Bismarck, A.; Berglund, L. A,; Peijs, T. J. Mater. Chem. 2010, 45, 1—
33.

(27) Samir, M. A. S. A; Alloin, F.; Dufresne, A. Biomacromolecules
2005, 6, 612—626.

(28) Pillai, C.; Paul, W.; Sharma, C. Prog. Polym. Sci. 2009, 34, 641—
678.

(29) Rinaudo, M. Prog. Polym. Sci. 2006, 31, 603—632.

(30) Wilbon, P.; Chu, F.; Tang, C. Macromol. Rapid Commun. 2013,
34, 8—37.

(31) Meier, M. A. R; Metzger, J. O.; Schubert, U. S. Chem. Soc. Rev.
2007, 36, 1788—1802.

(32) Trzaskowski, J.; Quinzler, D.; Bihrle, C.; Mecking, S. Macromol.
Rapid Commun. 2011, 32, 1352—1356.

(33) Mutly, H.; Meier, M. A. R. Eur. J. Lipid Sci. Technol. 2010, 112,
10-30.

(34) Tiirting, O.; Meier, M. A. R. Macromol. Rapid Commun. 2010,
31, 1822—1826.

(35) Zhang, J. Rosin-Based Chemicals and Polymers; ISmithers:
Shawbury, UK, 2012.

(36) Montero de Espinosa, L.; Meier, M. A. R. Eur. Polym. ]. 2011,
47, 837—852.

(37) Seniha Giiner, F.; Yagci, Y.; Tuncer Erciyes, A. Prog. Polym. Sci.
2006, 31, 633—670.

(38) Bolm, C.; Beckmann, O.; Dabard, O. A. G. Angew. Chem., Int.
Ed. 1999, 38, 907—909.

(39) Eissen, M.; Metzger, J. O.; Schmidt, E.; Schneidewind, U. Angew.
Chem,, Int. Ed. 2002, 41, 414—436.

(40) Chen, G.-Q.; Patel, M. K. Chem. Rev. 2012, 112, 2082—2099.

(41) Gallezot, P. Chem. Soc. Rev. 2012, 41, 1538—1558.

(42) Chen, G.-Q. Chem. Soc. Rev. 2009, 38, 2434—2446.

(43) Poirier, Y. Nat. Biotechnol. 1999, 17, 960—961.

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712



Macromolecules

(44) Biermann, U.; Bornscheuer, U.; Meier, M. A. R;; Metzger, J. O.;
Schifer, H. J. Angew. Chem.,, Int. Ed. 2011, 50, 3854—3871.

(45) Kamm, B. Angew. Chem., Int. Ed. 2007, 46, S056—5058.

(46) Henna, P. H.; Larock, R. C. Macromol. Mater. Eng. 2007, 292,
1201—1209.

(47) Mauldin, T. C.; Haman, K.; Sheng, X.; Henna, P.; Larock, R. C,;
Kessler, M. R. J. Polym. Sci, Part A: Polym. Chem. 2008, 46, 6851—
6860.

(48) Li, F.; Larock, R. C. J. Appl. Polym. Sci. 2001, 80, 658—670.

(49) Li, F.; Hanson, M. V.; Larock, R. C. Polymer 2001, 42, 1567—
1579.

(50) Andjelkovic, D. D.; Valverde, M.; Henna, P.; Li, F.; Larock, R. C.
Polymer 2008, 46, 9674—968S.

(51) Henna, P. H.; Andjelkovic, D. D.; Kundu, P. P.; Larock, R. C. J.
Appl. Polym. Sci. 2007, 104, 979—985.

(52) La Scala, J.; Wool, R. P. Polymer 2005, 46, 61—69.

(53) Petrovic, Z. S.; Zhang, W.; Javni, L. Biomacromolecules 2008, 6,
713—719.

(54) Biresaw, G.; Liu, Z. S.; Erhan, S. Z. J. Appl. Polym. Sci. 2008, 108,
1976—1985.

(55) Liu, Z.; Biresaw, G. J. Agric. Food Chem. 2011, 59, 1909—1917.

(56) Duan, W.; Chen, C,; Jiang, L.; Li, G. Carbohydr. Polym. 2008,
73, 582—586.

(57) Duan, W.; Shen, C; Fang, H,; Li, G. Carbohydr. Res. 2009, 344,
9—13.

(58) Wang, J.; Yao, K; Korich, A,; Ma, S.; Ploehn, H.; Iovine, P.;
Wang, C.; Chu, F; Tang, C. J. Polym. Sci,, Part A: Polym. Chem. 2011,
49, 3728—3738.

(59) Metzger, J. O. Angew. Chem.,, Int. Ed. 2006, 45, 696—698.

(60) Fenouillot, F.; Rousseau, A.; Colomines, G.; Saint-Loup, R;
Pascault, J. P. Prog. Polym. Sci. 2010, 35, 578—622.

(61) Behr, A Eilting, J.; Irawadi, K.; Leschinski, J.; Lindner, F. Green
Chem. 2008, 10, 13—30.

(62) Stoss, P.; Hemmer, R; Derek, H. Adv. Carbohydr. Chem.
Biochem. 1991, 49, 93—173.

(63) Nederberg, F.; Connor, E. F.; Méller, M.; Glauser, T.; Hedrick,
J. L. Angew. Chem., Int. Ed. 2001, 40, 2712—271S.

(64) Myers, M.; Connor, E. F.; Glauser, T.; Mdck, A; Nyce, G;
Hedrick, J. L. J. Polym. Sci,, Part A: Polym. Chem. 2002, 40, 844—851.

(65) Culkin, D. A; Csihony, S.; Jeong, W.; Sentman, A. C.; Nyce, G.
W.; Dove, A. P.; Pratt, R;; Hedrick, J. L.; Waymouth, R. M. Polym.
Prepr. 2005, 46, 710—711.

(66) Dove, A. P.; Pratt, R. C.; Lohmeijer, B. G. G.; Waymouth, R. M,;
Hedrick, J. L. J. Am. Chem. Soc. 2008, 127, 13798—13799.

(67) Duda, A; Penczek, S.; Dubois, P.; Mecerreyes, D.; Jérdme, R.
Macromol. Chem. Phys. 1996, 197, 1273—1283.

(68) Nakayama, A.; Kawasaki, N.; Aiba, S.; Maeda, Y,;
Arvanitoyannis, I; Yamamoto, N. Polymer 1998, 39, 1213—1222.

(69) He, F.; Li, S.; Garreau, H.; Vert, M.; Zhuo, R. Polymer 2005, 46,
12682—12688.

(70) Wan, D.; Satoh, K.; Kamigaito, M.; Okamoto, Y. Macromolecules
2008, 38, 10397—10408S.

(71) Yamago, S.; Ray, B.; lida, K.; Yoshida, J.-i.; Tada, T.; Yoshizawa,
K; Kwak, Y.,; Goto, A; Fukuda, T. J. Am. Chem. Soc. 2004, 126,
13908—13909.

(72) Ray, B.; Kotani, M.; Yamago, S. Macromolecules 2006, 39, 5259—
5268.

(73) Devasia, R; Bindu, R. L,; Borsali, R.; Mougin, N.; Gnanou, Y.
Macromol. Symp. 2005, 229, 8—17.

(74) Bilalis, P.; Pitsikalis, M.; Hadjichristidis, N. J. Polym. Sci,, Part A:
Polym. Chem. 2006, 44, 659—665,

(75) Huang, C.-F; Nicolayi, R; Kwak, Y.; Chang, F.-C;
Matyjaszewski, K. Macromolecules 2009, 42, 8198—8210.

(76) Hussain, H.; Tan, B. H,; Gudipati, C. S.; Liu, Y.; He, C. B
Davis, T. P. J. Polym. Sci,, Part A: Polym. Chem. 2008, 46, 5604—S5615.

(77) Ly, X; Gong, S.; Meng, L; Li, C; Yang, S.; Zhang, L. Polymer
2007, 48, 2835—2842.

(78) Debuigne, A.; Willet, N,; Jérdme, R.; Detrembleur, C.
Macromolecules 2007, 40, 7111-7118.

1709

(79) Yamashita, M.; Takemoto, Y.; Ihara, E.; Yasuda, H. Macro-
molecules 1996, 29, 1798—1806.

(80) Lee, C. W.; Urakawa, R; Kimura, Y. Eur. Polym. J. 1998, 34,
117—-122.

(81) Garrido, L.; Guzman, J.; Riande, E. Macromolecules 1981, 14,
1132—1133.

(82) Liu, H; Chen, F; Liu, B;; Estep, G.; Zhang, J. Macromolecules
2010, 43, 6058—6066.

(83) Schreck, K. M.; Hillmyer, M. A. J. Biotechnol. 2007, 132, 287—
29S.

(84) Bhardwaj, R.; Mohanty, A. K. Biomacromolecules 2007, 8, 2476—
2484.

(85) Robertson, M. L.; Chang, K.; Gramlich, W. M.; Hillmyer, M. A.
Macromolecules 2010, 43, 1807—1814.

(86) Li, Y.; Shimizu, H. Eur. Polym. ]. 2009, 45, 738—746.

(87) Ovitt, T. M.; Coates, G. W. J. Am. Chem. Soc. 1999, 121, 4072—
4073.

(88) Lasprilla, A. J. R.; Martinez, G. A. R;; Lunelli, B. n. H.; Jardini, A.
L. Filho, R. M. Biotechnol. Adv. 2012, 30, 321—328.

(89) O’Keefe, B. J; Hillmyer, M. A;; Tolman, W. B. J. Chem. Soc,
Dalton Trans. 2001, 2215—2224.

(90) Pounder, R. J.; Dove, A. P. Polym. Chem. 2010, 1, 260—271.

(91) Auras, R; Harte, B.; Selke, S. Macromol. Biosci. 2004, 4, 835—
864.

(92) Albertsson, A.-C.; Varma, I. K. Biomacromolecules 2003, 4,
1466—1486.

(93) Kamber, N. E.; Jeong, W.; Waymouth, R. M,; Pratt, R. C;
Lohmeijer, B. G. G.; Hedrick, J. L. Chem. Rev. 2007, 107, 5813—5840.

(94) Cheng, M.; Attygalle, A. B.; Lobkovsky, E. B.; Coates, G. W. .
Am. Chem. Soc. 1999, 121, 11583—11584.

(95) Stevels, W. M; Ankone, M. J. K; Dijkstra, P. J,; Feijen, J.
Macromolecules 1996, 29, 3332—3333.

(96) Williams, C. K; Breyfogle, L. E.; Choi, S. K.; Nam, W.; Young,
V. G.; Hillmyer, M. A;; Tolman, W. B. J. Am. Chem. Soc. 2003, 125,
11350—11359.

(97) Spassky, N.; Wisniewski, M.; Pluta, C.; Le Borgne, A. Macromol.
Chem. Phys. 1996, 197, 2627—2637.

(98) Bechthold, I; Bretz, K.; Kabasci, S.; Kopitzky, R.; Springer, A.
Chem. Eng. Technol. 2008, 31, 647—654.

(99) Kricheldorf, H. R; Mang, T.; Jonté, J. M. Makromol. Chem.
1985, 186, 955—976.

(100) Manzer, L. E. Appl. Catal, A 2004, 272, 249—256.

(101) Geilen, F. M. A; Engendahl, B.; Harwardt, A.; Marquardt, W.;
Klankermayer, J.; Leitner, W. Angew. Chem., Int. Ed. 2010, 49, 5510—
5514.

(102) Willke, T.; Vorlop, K. D. Appl. Microbiol. Biotechnol. 2001, S6,
289-29S.

(103) Matyjaszewski, K; Beers, K. L; Kern, A.; Gaynor, S. G. J.
Polym. Sci, Part A: Polym. Chem. 1998, 36, 823—830.

(104) Gandini, A;; Silvestre, A. J. D.; Coelho, D. J. Polym. Sci,, Part A:
Polym. Chem. 2010, 48, 2053—2056.

(105) Moreau, C.; Belgacem, M. N.; Gandini, A. Top. Catal. 2004,
27, 11-30.

(106) Roman-Leshkov, Y.; Chheda, J. N.; Dumesic, J. A. Science
2006, 312, 1933—1937.

(107) Chheda, J. N.; Roman-Leshkov, Y.; Dumesic, J. A. Green Chem.
2007, 9, 342—350.

(108) Mascal, M.; Nikitin, E. B. Angew. Chem,, Int. Ed. 2008, 47,
7924—7926.

(109) Bertarione, S.; Bonino, F.; Cesano, F.; Jain, S.; Zanetti, M.;
Scarano, D.; Zecchina, A. J. Phys. Chem. B 2009, 113, 10571—10574.

(110) Tondi, G; Pizzi, A.; Pasch, H,; Celzard, A.; Rode, K. Eur.
Polym. J. 2008, 44, 20382943,

(111) Yao, J; Wang, H; Liu, J; Chan, K.-Y,; Zhang, L; Xu, N.
Carbon 2008, 43, 1709—1715.

(112) Yi, B; Rajagopalan, R; Foley, H. C,; Kim, U. J; Liu, X;
Eklund, P. C. J. Am. Chem. Soc. 2006, 128, 11307—11313.

(113) Zarbin, A. J. G; Bertholdo, R; Oliveira, M. A. F. C. Carbon
2002, 40, 2413—2422.

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712



Macromolecules

(114) Zhai, Y.; Tu, B,; Zhao, D. J. Mater. Chem. 2009, 19, 131—140.

(115) Pranger, L.; Tannenbaum, R. Macromolecules 2008, 41, 8682—
8687.

(116) Gandini, A.; Coelho, D.; Gomes, M.; Reis, B.; Silvestre, A. J.
Mater. Chem. 2009, 19, 8656—8664.

(117) Gandini, A.; Coelho, D.; Silvestre, A. J. D. Eur. Polym. J. 2008,
44, 4029—4036.

(118) Gandini, A.; Silvestre, A. J. D.; Coelho, D. Polym. Chem. 2011,
2, 1713—1719.

(119) Chen, X.; Dam, M. A.; Ono, K.; Mal, A; Shen, H;; Nutt, S. R;;
Sheran, K.; Wudl, F. Science 2002, 295, 1698—1702.

(120) Liu, Y.-L.; Hsieh, C.-Y.; Chen, Y.-W. Polymer 2006, 47, 2581—
2586.

(121) Tian, Q; Yuan, Y. C; Rong, M. Z,; Zhang, M. Q. J. Mater.
Chem. 2009, 19, 1289—1296.

(122) Zhang, Y.; Broekhuis, A. A.; Picchioni, F. Macromolecules 2009,
42, 1906—1912.

(123) Wei, H.-L.; Yang, Z.; Zheng, L.-M.; Shen, Y.-M. Polymer 2009,
50, 2836—2840.

(124) Amalin Kavitha, A; Singha, N. K. J. Polym. Sci,, Part A: Polym.
Chem. 2007, 45, 4441—4449.

(125) Yamamoto, D.; Long, T. E. PMSE Prepr. 2012.

(126) Infante, M. R; Pérez, L.; Moran, M. C.; Pons, R;; Mitjans, M.;
Vinardell, M. P.; Garcia, M. T.; Pinazo, A. Eur. J. Lipid Sci. Technol.
2010, 112, 110—121.

(127) Melero, J. A.; Iglesias, J.; Morales, G. Green Chem. 2009, 11,
1285—1308.

(128) Schneider, M. P. J. Sci. Food Agric. 2006, 86, 1769—1780.

(129) Biermann, U.; Friedt, W.; Lang, S.; Liths, W.; Machmiiller, G.;
Metzger, J. O.; Riisch gen. Klaas, M.; Schifer, H. J.; Schneider, M. P.
Angew. Chem., Int. Ed. 2000, 39, 2206—2224.

(130) Nayak, P. L. J. Macromol. Sci, Polym. Rev. 2000, 40, 1—21.

(131) Sharma, V.; Kundu, P. P. Prog. Polym. Sci. 2006, 31, 983—1008.

(132) Sharma, V.; Kundu, P. P. Prog. Polym. Sci. 2008, 33, 1199—
121S.

(133) Metzger, J.; Bornscheuer, U. Appl. Microbiol. Biotechnol. 2006,
71, 13-22.

(134) Bailey, A. E; Shahidi, F. Bailey’s Industrial Oil and Fats
Products; John Wiley & Sons: New York, 2005.

(135) Jérome, F.; Pouilloux, Y.; Barrault, J. ChemSusChem 2008, 1,
586—613.

(136) Behr, A.; Gomes, J. P. Eur. J. Lipid Sci. Technol. 2010, 112, 31—
S0.

(137) Kbckritz, A.; Martin, A. Eur. J. Lipid Sci. Technol. 2008, 110,
812—824.

(138) Opper, K. L.; Wagener, K. B. J. Polym. Sci, Part A: Polym.
Chem. 2011, 49, 821—831.

(139) Mutlu, H.; de Espinosa, L. M.; Meier, M. A. R. Chem. Soc. Rev.
2011, 40, 1404—1445.

(140) De Espinosa, L. M.; Meier, M. A. R;; Ronda, J. C; Galia, M,;
Cadiz, V. J. Polym. Sci, Part A: Polym. Chem. 2010, 48, 1649—1660.

(141) De Espinosa, L. M.; Ronda, J. C.; Galia, M.; Cadiz, V.; Meier,
M. A. R. J. Polym. Sci,, Part A: Polym. Chem. 2009, 47, 5760—5771.

(142) Fokou, P. A;; Meier, M. A. R. J. Am. Chem. Soc. 2009, 131,
1664—1663.

(143) Fokou, P. A,; Meier, M. A. R. Macromol. Rapid Commun. 2010,
31, 368—373.

(144) Rybak, A.; Meier, M. A. R. ChemSusChem 2008, 1, 542—547.

(145) Kreye, O.; Toth, T.; Meier, M. A. R. Eur. J. Lipid Sci. Technol.
2011, 113, 31-38.

(146) Refvik, M.; Larock, R. J. Am. Oil Chem. Soc. 1999, 76, 99—102.

(147) Refvik, M.; Larock, R.; Tian, Q. J. Am. Oil Chem. Soc. 1999, 76,
93-98.

(148) Fokou, P. A.; Meier, M. A. R. Macromol. Rapid Commun. 2008,
29, 1620—1625.

(149) Biermann, U.; Metzger, J. O.; Meier, M. A. R. Macromol. Chem.
Phys. 2010, 211, 854—862.

(150) Mutlu, H.; Meier, M. A. R. J. Polym. Sci, Part A: Polym. Chem.
2010, 48, 5899—5906.

1710

(151) Leitgeb, A.; Wappel, J.; Slugovc, C. Polymer 2010, 51, 2927—
2946.

(152) Henna, P. H,; Kessler, M. R.; Larock, R. C. Macromol. Mater.
Eng. 2008, 293, 979—990.

(153) Liu, G.; Kong, X.; Wan, H.; Narine, S. Biomacromolecules 2008,
9, 949—-9S3.

(154) Abraham, S.; Narine, S. S. J. Polym. Sci, Part A: Polym. Chem.
2009, 47, 6373—6387.

(155) Slivniak, R.; Domb, A. J. Biomacromolecules 2005, 6, 1679—
1688.

(156) Dziczkowski, J.; Soucek, M. J. Coat. Technol. Res. 2010, 7, 587—
602.

(157) Theis, A,; Feldermann, A.; Charton, N.; Davis, T. P.; Stenzel,
M. H.; Barner-Kowollik, C. Polymer 2008, 46, 6797—6809.

(158) Zhu, J.; Zhu, X.; Cheng, Z; Lu, J.; Liu, F. J. Macromol. Sci,, Pure
Appl. Chem. 2003, 40, 963—975.

(159) Cayli, G.; Meier, M. A. R. Eur. J. Lipid Sci. Technol. 2008, 110,
853—859.

(160) Eren, T.; Kiisefoglu, S. H.; Wool, R. J. Appl. Polym. Sci. 2003,
90, 197-202.

(161) Esen, H.; Kiisefoglu, S.; Wool, R. J. Appl. Polym. Sci. 2007, 103,
626—633.

(162) Esen, H.; Kiisefoglu, S. H. J. Appl. Polym. Sci. 2003, 89, 3882—
3888.

(163) Eren, T.; Kusefoglu, S. H. J. Appl. Polym. Sci. 2005, 97, 2264—
2272.

(164) Eren, T.; Kiisefoglu, S. H. J. Appl. Polym. Sci. 2004, 91, 2700—
2710.

(165) Khot, S. N.; Lascala, J. J.; Can, E.; Morye, S. S.; Williams, G. L;
Palmese, G. R.; Kusefoglu, S. H.; Wool, R. P. J. Appl. Polym. Sci. 2001,
82, 703—723.

(166) Becer, C. R.; Hoogenboom, R.; Schubert, U. S. Angew. Chem.,,
Int. Ed. 2009, 48, 4900—4908.

(167) Hoyle, C. E.; Bowman, C. N. Angew. Chem., Int. Ed. 2010, 49,
1540—-1573.

(168) Lowe, A. B. Polym. Chem. 2010, 1, 17—36.

(169) Lluch, C; Ronda, J. C; Galia, M; Lligadas, G.; Cadiz, V.
Biomacromolecules 2010, 11, 1646—1653.

(170) Coppen, J. J. W.; Hone, G. A. Gum Naval Stores: Turpentine
and Rosin from Pine Resin; Natural Resources Institute, Food and
Agriculture Organization of the United Nations: Rome, 1995.

(171) Lewis, S. P.; Mathers, R. T., Monoterpenes as polymerization
solvents and monomers in polymer chemistry. In Green Polymerization
Methods: Renewable Starting Materials, Catalysis and Waste Reduction;
Mathers, R. T., Meier, M. A. R,, Eds.; Wiley-VCH: Weinheim, 2011.

(172) Maiti, S.; Das, S.; Maiti, M.; Ray, A. In Polymer Application of
Renewable-Resource Materials; Carraher, C. E., Sperling, L. H,, Eds,;
Plenum Press: New York, 1983; p 129.

(173) Maiti, S.; Ray, S.; Kundu, A. Prog. Polym. Sci. 1989, 14, 297—
338.

(174) Wang, J.; Yao, K;; Wilbon, P.; Wang, P.; Chu, F,; Tang, C.
Rosin-Derived Polymers and Their Progress in Controlled Polymer-
ization. In Rosin-Based Chemicals and Polymers; Zhang, J., Ed;
ISmithers: Shawbury, UK, 2012; pp 85—127.

(175) Atta, A; El-saeed, A; Farag, R; El-Saeed, S. React. Funct.
Polym. 2007, 67, 549—563.

(176) Atta, A; Mansour, R; Abdou, M,; Sayed, A. Polym. Adv.
Technol. 2004, 15, 514—544.

(177) Bicu, L; Mustata, F. Angew. Makromol. Chem. 1993, 213, 169—
179.

(178) Bicu, I; Mustata, F. Angew. Makromol. Chem. 1999, 264, 21—
29.

(179) Bicu, I; Mustata, F. Macromol. Mater. Eng. 2000, 280/281, 47—
S3.

(180) Bicu, I; Mustata, F. J. Appl. Polym. Sci. 2004, 92, 2240—2252.

(181) Bicu, I; Mustata, F. J. Polym. Sci, Part A: Polym. Chem. 2008,
43, 6308—6322.

(182) Bicu, 1; Mustata, F. J. Polym. Sci, Part A: Polym. Chem. 2007,
4S5, 5979—5990.

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712



Macromolecules

(183) Bicu, L; Mustata, F. Eur. Polym. ]. 2010, 46, 1316—1327.

(184) Jin, J.; Chen, Y,; Wang, D.; Hu, C; S., Z.; Vanoverloop, L.;
Randall, D. J. Appl. Polym. Sci. 2002, 84, 598—604.

(185) Kim, S.; Kim, B; Jang, D.; Kim, S.; Park, S.; Lee, J.-H.; Lee, S.;
Choi, D. J. Appl. Polym. Sci. 2000, 79, 687—695.

(186) Guine, R; Castro, J. J. Appl. Polym. Sci. 2001, 82, 2558—2565.

(187) Ly, J; Kamigaito, M.; Higashimura, T.; Deng, Y.; Sawamoto,
M. Macromolecules 1997, 30, 22—26.

(188) Lu, J.; Kamigaito, M.; Higashimura, T.; Deng, Y.; Sawamoto,
M. Macromolecules 1997, 30, 27—31.

(189) Keszler, B.; Kennedy, J. Synthesis of High Molecular Weight
Poly(f3-pinene) Macromolecules: Synthesis, Order and Advanced Proper-
ties; Springer: Berlin, 1992; Vol. 100, pp 1-9.

(190) Satoh, K; Sugiyama, H.; Kamigaito, M. Green Chem. 2006, 8,
878—882.

(191) Yu, P; Li, A; Liang, H.; Lu, J. J. Polym. Sci, Part A: Polym.
Chem. 2007, 45, 3739—3746.

(192) Kukhta, N.; Vasilenko, I; Kostujk, S. Green Chem. 2011, 13,
2362—2364.

(193) Li, A; Zhang, W.; Liang, H.; Lu, J. Polymer 2004, 4S, 6533—
6537.

(194) Lu, J; Liang, H,; Zhang, R; Li, B. Polymer 2001, 42, 4549—
4553.

(195) Lu, J.; Liang, H; Li, A; Cheng, Q. Eur. Polym. ]. 2004, 40,
397—-402.

(196) Li, A; Wang, X,; Liang, H.; Lu, ]. React. Funct. Polym. 2007, 67,
481—488.

(197) Wang, Y; Li, A; Liang, H; Lu, J. Eur. Polym. J. 2006, 42,
2695-2702.

(198) Singh, A.; Kamal, M. J. Appl. Polym. Sci. 2012, 125, 1456—1459.

(199) Sharma, S.; Srivastava, A. K. Polym. Plast. Technol. Eng. 2003,
42, 485—502.

(200) Sharma, S.; Srivastava, A. K. J. Macromol. Sci,, Pure Appl. Chem.
2003, 40, 593—603.

(201) Sharma, S.; Srivastava, A. K. Eur. Polym. ]. 2004, 40, 2235—
2240.

(202) Satoh, K.; Matsuda, M.; Nagai, K.; Kamigaito, M. J. Am. Chem.
Soc. 2010, 132, 10003—1000S.

(203) Firdaus, M.; Montero de Espinosa, L.; Meier, M. Macro-
molecules 2011, 44, 7253—7262.

(204) Kobayashi, S.; Lu, C.; Hoye, T.; Hillmyer, M. J. Am. Chem. Soc.
2009, 131, 7960—7961.

(205) Zhang, D.; Hillmyer, M. A.; Tolman, W. B. Biomacromolecules
2008, 6, 2091—2095.

(206) Lowe, J.; Martello, M.; Tolman, W.; Hillmyer, M. Polym. Chem.
2011, 2, 702—708.

(207) Lowe, J. R;; Tolman, W. B.; Hillmyer, M. A. Biomacromolecules
2009, 10, 2003—2008.

(208) Lee, J.; Hong, S. Eur. Polym. ]. 2002, 38, 387—392.

(209) Wang, J.; Lin, M.; Wang, C.; Chu, F. J. Appl. Polym. Sci. 2009,
113, 3757-3765.

(210) Zheng, Y; Yao, K; Lee, J.; Chandler, D.; J., W.; Chunpeng, W.;
Chu, F,; Tang, C. Macromolecules 2010, 43, 5922—5924.

(211) Wilbon, P.; Zheng, Y.; Yao, K; Tang, C. Macromolecules 2010,
43, 8747—8754.

(212) Do, H.-S,; Park, J-H,; Kim, H.J. Eur. Polym. ]. 2008, 44,
3871—3882.

(213) Do, H.-S,; Park, J.-H.; Kim, H.-J. J. Appl. Polym. Sci. 2009, 111,
1172—1176.

(214) Ly, J.; Kamigaito, M.; Sawamoto, M.; Higashimura, T.; Deng,
Y.X. J. Appl. Polym. Sci. 1996, 61, 1011—1016.

(215) Atta, A.; El-Saeed, S.; Farag, R. React. Funct. Polym. 2006, 66,
1596—1608.

(216) Fukuda, W.; Marvel, C. S. J. Polym. Sci, Part A: Polym. Chem.
1968, 6, 1050—1054.

(217) Bai, L. J.; Zhang, X.; Lan, H. Y. Chem. Bioeng. 2007, 24, 24—26.

(218) Wang, J.; Wu, H; Lin, M.; Wang, C.; Chu, F. Paint Coat. Ind.
2009, 39 (3—16), 20.

1711

(219) Wang, J. F; Lin, M. T,; Chy, F. X,; Wang, C. P.; Liu, M. H.
Biomass Chem. Eng. 2008, 42, 1—4.

(220) Yao, K; Wang, J; Zhang, W,; Lee, J.; Wang, C; He, X,; Tang,
C. Biomacromolecules 2011, 12, 2171-2177.

(221) Broeren, M. Production of Bio-ethylene. In International
Renewable Energy Agency, 2012.

(222) Huang, H; Chen, G. G.-Q. Microbial Ethanol, Its Polymer
Polyethylene, and Applications. In Plastics from Bacteria; Springer:
Berlin, 2010; Vol. 14, pp 389—404.

(223) Sanchez, O. J.; Cardona, C. A. Bioresour. Technol. 2008, 99,
5270-529S.

(224) Spivey, J. J.; Egbebi, A. Chem. Soc. Rev. 2007, 36, 1514—1528.

(225) Hu, Y.; Zhan, N; Doy, C.; Huang, H; Han, Y.; Yu, D,; Hu, Y.
Biotechnol. J. 2010, S, 1186—1191.

(226) Iwamoto, M.; Kasai, K,; Haishi, T. ChemSusChem 2011, 4,
1055—1058.

(227) Le Van Mao, R; Nguyen, T. M.; McLaughlin, G. P. Appl.
Catal. 1989, 48, 265—277.

(228) Bomgardner, M. M. Making Rubber From Renewables. Cherm.
Eng. News 2011, 18—19.

(229) Whited, G. M.; Feher, F. J; Benko, D. A.; Cervin, M. A,
Chotani, G. K; McAuliffe, J. C,; LaDuca, R. J.; Ben-Shoshan, E. A;
Sanford, K. J. Ind. Biotechnol. 2010, 6, 152—163.

(230) Arakawa, H.; Aresta, M,; Armor, J. N.,; Barteau, M. A;
Beckman, E. J; Bell, A. T ; Bercaw, J. E.; Creutz, C.; Dinjus, E.; Dixon,
D. A;; Domen, K; DuBois, D. L,; Eckert, J.; Fujita, E.; Gibson, D. H,;
Goddard, W. A.; Goodman, D. W,; Keller, J.; Kubas, G. J.; Kung, H.
H,; Lyons, J. E.; Manzer, L. E.; Marks, T. J.; Morokuma, K.; Nicholas,
K. M,; Periana, R;; Que, L.; Rostrup-Nielson, J.; Sachtler, W. M. H,;
Schmidt, L. D; Sen, A.; Somorjai, G. A; Stair, P. C,; Stults, B. R;;
Tumas, W. Chem. Rev. 2001, 101, 953—996.

(231) Cooper, A. L. J. Mater. Chem. 2000, 10, 207—234.

(232) Darensbourg, D. J. Chem. Rev. 2007, 107, 2388—2410.

(233) Kember, M. R.; Buchard, A.; Williams, C. K. Chem. Commun.
2011, 47, 141—163.

(234) Klaus, S; Lehenmeier, M. W.; Anderson, C. E.; Rieger, B.
Coord. Chem. Rev. 2011, 255, 1460—1479.

(235) Luinstra, G. A. Polym. Rev. 2008, 48, 192—219.

(236) Kuran, W. Prog. Polym. Sci. 1998, 23, 919—992.

(237) Beckman, E. J. Science 1999, 283, 946—947.

(238) Inoue, S.; Koinuma, H.; Tsuruta, T. J. Polym. Sci, Part B:
Polym. Lett. 1969, 7, 287—292.

(239) Kobayashi, M.; Inoue, S.; Tsuruta, T. Macromolecules 1971, 4,
658—659.

(240) Allen, S. D.; Moore, D. R.; Lobkovsky, E. B.; Coates, G. W. J.
Am. Chem. Soc. 2002, 124, 14284—1428S.

(241) Cohen, C. T.; Chuy, T.; Coates, G. W. J. Am. Chem. Soc. 2005,
127, 10869—10878.

(242) Li, B.; Zhang, R; Lu, X.-B. Macromolecules 2007, 40, 2303—
2307.

(243) Nakano, K.; Kobayashi, K.; Nozaki, K. J. Am. Chem. Soc. 2011,
133, 10720—10723.

(244) Moore, D. R; Cheng, M.; Lobkovsky, E. B.; Coates, G. W.
Angew. Chem., Int. Ed. 2002, 41, 2599—2602.

(245) Nakano, K; Nozaki, K; Hiyama, T. J. Am. Chem. Soc. 2003,
125, 5501-5510.

(246) Wu, G.-P.; Ren, W.-M,; Luo, Y; Li, B; Zhang, W.-Z.; Lu, X.-B.
J. Am. Chem. Soc. 2012, 134, 5682—5688.

(247) Nakano, K.; Nakamura, M.; Nozaki, K. Macromolecules 2009,
42, 6972—6980.

(248) Byrne, C. M,; Allen, S. D.; Lobkovsky, E. B.; Coates, G. W. J.
Am. Chem. Soc. 2004, 126, 11404—11408.

(249) Wu, G.-P; Wei, S-H; Ren, W.-M,; Lu, X-B; Xu, T.-Q;
Darensbourg, D. J. J. Am. Chem. Soc. 2011, 133, 15191—-15199.

(250) Darensbourg, D. J.; Moncada, A. L; Choi, W.; Reibenspies, J.
H. J. Am. Chem. Soc. 2008, 130, 6523—6533.

(251) Hwang, Y.; Jung, J.; Ree, M.; Kim, H. Macromolecules 2003, 36,
8210—-8212.

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712



Macromolecules

(252) Shi, L.; Lu, X.-B.; Zhang, R.; Peng, X.-J.; Zhang, C.-Q; Li, J.-F.;
Peng, X.-M. Macromolecules 2006, 39, 5679—5685.

(253) Ren, W.-M,; Zhang, X; Liu, Y; Li, J.-F; Wang, H; Lu, X.-B.
Macromolecules 2010, 43, 1396—1402.

(254) Darensbourg, D. J.; Poland, R. R;; Escobedo, C. Macromolecules
2012, 45, 2242—2248.

(255) Coates, G. W.; Moore, D. R. Angew. Chem.,, Int. Ed. 2004, 43,
6618—6639.

(256) Sarbu, T.; Beckman, E. J. Macromolecules 1999, 32, 6904—
6912.

(257) Sen, A. Acc. Chem. Res. 1993, 26, 303—310.

(258) Luo, R;; Newsham, D. K.; Sen, A. Organometallics 2009, 28,
6994—7000.

(259) Nakamura, A.; Munakata, K;; Ito, S.; Kochi, T.; Chung, L. W.;
Morokuma, K; Nozaki, K. J. Am. Chem. Soc. 2011, 133, 6761—6779.

(260) Reichardt, R; Rieger, B. Poly(3-Hydroxybutyrate) from
Carbon Monoxide. In Synthetic Biodegradable Polymers; Rieger, B.,
Kiinkel, A., Coates, G. W., Reichardt, R, Dinjus, E., Zevaco, T. A,
Eds.; Springer: Berlin, 2012; Vol. 245, pp 49—90.

1712

dx.doi.org/10.1021/ma3019574 | Macromolecules 2013, 46, 1689—1712



