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1Polymers are produced on the teragram scale.

2The U.S. plastics industry creates nearly $400 billion in annual shipments.

3Polymer production is largely based on finite feedstocks.



4Polymer waste persists in the environment.
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“In a world of nearly seven billion souls and counting, we are not going to feed, clothe and 
house ourselves solely from wood, ore and stone; we need plastics. And in an era when 
we’re concerned about our carbon footprint, we can appreciate that lightweight plastics 
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These “unnatural” synthetics, intelligently deployed, could turn out be nature’s best ally.”
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Valorization of Biomass: Deriving
More Value from Waste
Christopher O. Tuck,1 Eduardo Pérez,1 István T. Horváth,2* Roger A. Sheldon,3* Martyn Poliakoff1*

Most of the carbon-based compounds currently manufactured by the chemical industry are derived
from petroleum. The rising cost and dwindling supply of oil have been focusing attention on
possible routes to making chemicals, fuels, and solvents from biomass instead. In this context,
many recent studies have assessed the relative merits of applying different dedicated crops
to chemical production. Here, we highlight the opportunities for diverting existing residual
biomass—the by-products of present agricultural and food-processing streams—to this end.

Times are rapidly changing. Who could
have imagined that in 2012 a commercial-
ly viable venture would involve shipping

~200,000 tonnes (t)/year of household waste
from Italy to Rotterdam for use as a feedstock for
electricity generation in Dutch power plants with
overcapacity (1)? Waste is lucrative business or,
as they say in northern England: “Where there’s
muck there’s brass.” Since the early 1990s, atten-
tion has been diverted from waste remediation to
waste prevention, with the emphasis on applying
the principles of “green chemistry” (prevention is
better than cure) (2). Now the focus is moving
toward exploiting those wastes that are largely
unavoidable.

In its most general sense, the term “waste”
covers any organic material apart from the pri-
mary material for which the plants were orig-
inally grown (e.g., corn stover from maize or
lignin from paper pulping). Nearly all wastes
currently have some value—for instance, stover
for improving the soil in the fields, or lignin as a
fuel to power paper mills. Here, we concentrate
on ways of getting higher value from the waste,

particularly via conversion to chemicals. How-
ever, making a commercial case for such a process
must necessarily include the cost of replacing the
original function of the waste—for example,
powering the mills with hydroelectricity. Indeed,
one can quantify the value of different “waste
valorization” strategies (Table 1).

Because the sources of waste are so diverse, it
is convenient to consider the chemistry in terms
of four source-independent categories: polysac-
charides, lignin, triglycerides (from fats and oils),
and proteins. As explained later, lignin is chal-
lenging to break down into chemically useful
fragments. By contrast, pretreatment of poly-
saccharides, triglycerides, and proteins can lead
to their constituent building blocks: monosac-
charides, fatty acids plus glycerol, and amino acids,
respectively. There are several recent specialized
reviews on the conversion of biomass to chemicals
(3–6). However, exploiting waste in a profitable
way is a highly multidisciplinary problem; there-
fore, we outline here recent developments for a
wider audience with the emphasis on optimizing
the valorization of the various components of
residual biomass.

Waste is perhaps a concept even broader than
the definition above, because it applies to any
biomass-derived by-product for which supply
greatly exceeds demand. For example, glycerol
can be a valuable chemical, but it is being gen-

erated in increasing quantities by the biodiesel
industry and could become a “waste.” By apply-
ing even a crude valorization analysis, one finds
that conversion of glycerol to the chemical epi-
chlorohydrin is economically attractive compared
to the alternatives, because the value of this con-
version is 3 times that of conversion to transpor-
tation fuel and 10 times that of burning to generate
electricity—hence Solvay’s recent commission-
ing of a new 100,000 t/year epichlorohydrin plant
based on glycerol in Thailand (7). In the longer
term, glycerol could become a platformmolecule
leading to many different fine chemicals, but the
establishment of such platforms will require a
much more mature bio-based chemical industry.

Most biomass waste is a complex and var-
iable mixture of molecules, and separation be-
comes a key issue. An added complication is
that some of both the bio-waste and the materials
to be separated are solid; therefore, separation
frequently involves organic solvents. If bio-based
chemical production is to become self-sustaining,
those solvents must also be bio-based and can-
not, in the long term, be derived from crude oil.
In addition, bio-based solvents would be highly
useful materials in their own right. If such sol-
vents can also function as fuel additives and plat-
form chemicals, one would have the basis for a
genuinely robust technology (8).

Some of the processing of petrochemical hy-
drocarbon feedstocks involves the introduction
of oxygen-containing functional groups by, for

1University of Nottingham, Nottingham NG7 2RD, UK. 2City
University of Hong Kong, Tat Chee Avenue, Kowloon, Hong
Kong. 3Delft University of Technology, Delft, Netherlands.
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pczmp@nottingham.ac.uk (M.P.), istvan.t.horvath@cityu.
edu.hk (I.T.H.), r.a.sheldon@tudelft.nl (R.A.S.)

Table 1. Approximate valorization of biomass
waste for different uses* (48, 58).

Value ($/t biomass)

Average bulk chemical 1000
Transportation fuel 200–400
Cattle feed† 70–200
Generating electricity 60–150

Cost
Landfill –400
*Taken from (48) apart from data for cattle feed. The values are
based on costs in the Netherlands, but the order of the values is
likely to be similar across the developed world. †Data from (58);
this range of values depends on the quality of the feed.
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75% w/w (46), 65% of which
consists of nonessential amino
acids. Similarly, the production
of shrimp meat generates large
amounts of proteinwaste togeth-
er with the carbohydrate chitin
(47). Much of this protein is cur-
rently processed as animal feed
but, applying Table 1, it would
have more value as a feedstock
for commodity organic compound
production. This is an area that
has been discussed rather less
than carbohydrates and lignin.
In the ideal scenario, the essen-
tial amino acids contained in
this protein waste could be used
as animal feed and the non-
essential amino acids, with no
real value for food or feed, as
chemical feedstocks. This would
again circumvent the fuel-versus-
food issue.

Another, potentially enor-
mous source of protein waste
that could be exploited in the future will be the
by-products from the production of biofuels. It
is generally agreed that, in the long term, this will
largely involve second-generation biofuels from
lignocellulosic biomass and nonedible trigly-
cerides. It has been estimated (48) that if 10% of
transportation fuels, currently derived from fossil
feedstocks, were substituted by biomass-derived
fuels, this could generate 100 Mt/year of protein
worldwide. This amount is of the same order of
magnitude as the protein requirement of the
world population. In an integrated biorefinery,
these proteins could form a source of bulk
chemicals via a three-stage process: (i) isolation
and hydrolysis of the proteins to mixtures of
amino acids, (ii) separation of the individual
amino acids, and (iii) conversion of the amino
acids into bulk organic compounds, which will
generally comprise large-volume industrial
monomers.

A promising technology for the isolation of
proteins from biomass residues involves so-called
ammonia fiber expansion (AFEX) pretreatment
whereby cellulose is separated from proteins
that are solubilized. The protein fraction can
then be hydrolyzed. Traditionally, this involved
prolonged treatment with concentrated mineral
acids at elevated temperatures, leading even-
tually to the formation of copious amounts of
inorganic salts as waste. A milder and more
environmentally attractive alternative involves
the use of proteases, such as the alkaline pro-
tease alcalase, which is widely used in laundry
detergents. It has been used, for example, in the
hydrolysis of proteins in poultry (46) and shrimp
waste (47). A possible drawback of this method
is the relatively high cost of the enzymes. Im-
mobilization of the protease could provide great-

er economic viability by enabling recovery and
reuse of the enzyme. Furthermore, immobilization
would suppress degradation of the protease by
autolysis (49).

In the second stage, individual amino acids
must be isolated from the protein hydrolysate.
Standard methods generally involve fractiona-
tion on the basis of physicochemical charac-
teristics such as molecular size, charge, and
hydrophobicity. Here, there is a clear need for
innovation. Certain amino acids could perhaps
be selectively converted—by enzyme-catalyzed
decarboxylation, for example—to products that
can be more easily separated. In one approach,
protamylase, an amino acid–rich waste from po-
tato starch processing, was used as a feedstock
for the pilot-scale coproduction of ethanol and
cyanophycin (CGP: a nitrogen storage polymer

produced in vivo by cyanobacteria) by yeast
fermentation (Fig. 3) (50). CGP consists of a
poly(L-aspartic acid) backbone with equimolar
amounts of L-arginine side chains and, because
it is insoluble under physiological conditions,
it can be easily isolated from the fermentation
broth.

In the third stage, individ-
ual amino acids can be converted
into commodity chemicals. To be
competitive with petrochemical-
based routes, these conversions
should preferably involve as few
functional group changes as
possible and be close to redox
neutral. Obvious candidates
would be, for example, a vari-
ety of nitrogen-containing com-
pounds that retain the amino
group of the amino acid (51).
The nonessential amino acid,
L-arginine, produced by hydrol-
ysis of cyanophycin can be
converted in twoenzymatic steps—
hydrolysis and decarboxylation—
to 1,4-diaminobutane (Fig. 3)
(52), the starting material for
Nylon-4,6.

There is a great need here for
out-of-the-box thinking. Chem-
ists are accustomed to thinking
of proteinogenic amino acids

as largely chiral molecules that are synthe-
sized from simple starting materials. Now they
have to start thinking about how to convert
these same amino acids back to relatively sim-
ple commodity chemicals in an economically
viable manner. An illustrative example is pro-
vided by L-phenylalanine, which can be made
by enzymatic addition of ammonia to cinnam-
ic acid. However, the fermentative produc-
tion of L-phenyalanine from biomass has
become so efficient that the most economical
way to produce cinnamic acid is probably from
L-phenylalanine by the reverse reaction. One
can also imagine that, at a certain feedstock
price and with efficient technology, integration
of the deamination with subsequent decarboxyl-
ation could afford a bio-based process for styrene
(Fig. 4).

Glutamic acid, the most abundant, non-
essential amino acid derived from the hydrolysis
of many plant and animal proteins, can be con-
verted to a variety of commodity chemicals via
initial decarboxylation catalyzed by glutamic acid
a-decarboxylase (53). However, not all the routes
are sustainable. A life-cycle assessment study (54)
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from fermentation of biomass

Waste constitutes an enormous 
potential resource: 

hundreds of megatonnes (Mt)/year 
across the world.

(1011 kg or 1014 g)
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How many billion kilograms in one teragram?

(a)1

(b)10

(c)100

(d)1000
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Discover efficient and precision conversions of 
renewable raw materials into innovative polymeric 
products that outperform the current suite of 
non-sustainable polymers from performance, 
environmental, and cost perspectives.

Integrative elements
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• Center management

Streamlined & lean approach that fosters creativity

• Innovation

Effective engagement and partnerships with industry

• Education and Professional Development

Train tomorrow’s leaders in sustainable science and technology

• Informal Science Communication

Capture the attention of kids and adults on a grand scale

• Broadening Participation

Actively encourage diversity as a critical ingredient for success
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• Compost: 100% in ~45 days

• Incinerate: Low residue

• Recycle:  Chemical and mechanical

• Cost ~ PS and PETE

• Toughness & thermal limitations (Tg ≈ 60 °C)

• 100’s of millions of kilograms per year

Most market forecasts: ~20% annual growth rate in bioplastics
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Sustainable Thermoplastic Elastomers from Terpene-Derived
Monomers
Justin M. Bolton,† Marc A. Hillmyer,* and Thomas R. Hoye*

Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455-0431, United States

*S Supporting Information

ABSTRACT: ABA triblock polymers were prepared by living
anionic polymerization of the pinene-derivable monomers α-
methyl-p-methylstyrene and myrcene. The resulting thermoplastic
elastomers displayed microphase separation at moderate molar
mass, an upper service temperature about 70 °C higher than
traditional petroleum-derived styrenic thermoplastic elastomers,
competitive tensile strengths of up to 10 MPa, impressive ultimate
elongations of up to 1300%, and remarkably low energy loss
recovery attributes.

Thermoplastic elastomers (TPEs) are used in wide ranging
applications including personal care products, pressure-

sensitive adhesives, footwear, asphalt, and coatings. Since the
1960s, styrenic triblock polymer-based TPEs such as poly-
(styrene)-block-poly(butadiene)-block-poly(styrene) (or SBS)
have been a mainstay in the consumer market.1 Over 1.7 billion
kilograms of SBS and related poly(isoprene)-based TPEs are
forecasted for production in 2017.2 TPEs have properties
similar to cross-linked rubbers, yet they can be melt-processed
as thermoplastics. This is because the high glass transition
temperature (Tg) poly(styrene) (PS, Tg ≈ 100 °C) end blocks
that flank the low Tg poly(butadiene) (PB, Tg ≈ −80 °C)
midblocks microphase segregate and act as physical cross-links
that reinforce the rubbery matrix. This yields a strong
elastomeric material that has a service temperature range
dictated by the Tgs of the PS and PB segments. Contemporary
styrenic triblock polymers are derived from finite oil-based
feedstocks and thus belong to the large family of
petrochemicals that are inspiring efforts to shift toward
sustainable alternatives.3,4 Moreover, the Tg of PS limits the
upper service temperatures, because the physical cross-links
weaken when the hard domains soften.
One strategy for extending the service temperature of

styrenic TPEs is to substitute the PS blocks with a higher Tg
polymer such as poly(α-methylstyrene) (PMS, Tg = 172 °C)5

or poly[(cyclohexyl)ethylene] (PCHE, Tg = 147 °C).6

However, neither PMS nor PCHE are renewably sourced.
Advances toward sustainable TPEs have begun to emerge. One
example is an all polyester-based triblock comprising poly-
(lactide) hard blocks and a poly(methyl caprolactone)
elastomeric midblock.7 Although these triblocks possess
excellent mechanical properties, they suffer from thermal as
well as hydrolytic instability and, correspondingly, reduced
upper service temperatures and lifetimes.8,9 All-renewable
poly(α-methylene-γ-butyrolactone)-block-poly(menthide)-

block-poly(α-methylene-γ-butyrolactone) triblocks exhibit a
noticeably improved upper service temperature due to the
high Tg (≈195 °C) of their hard blocks.10 These TPEs also
show impressive ultimate elongations (>1800%) and continued
performance at elevated temperatures where styrenic TPEs lose
strength.
With the aim of developing new, high-performing, and

sustainable TPEs, we explored the use of terpenes as a naturally
occurring feedstock. Both limonene and myrcene are derivable
by pyrolysis of β-pinene, a major constituent of turpentine.11−13

Limonene can be dehydrogenated to yield α-methyl-p-
methylstyrene (AMMS, 1, Figure 1),14 a compound that has

only rarely been polymerized.15,16 Myrcene (2) is a 2-
substituted-1,3-butadiene that previously has been incorporated
[as poly(myrcene) (PMYR)] as the rubbery midblock in a
styrenic TPE that showed promising mechanical properties.17,18

We hypothesized that an ABA triblock such as 3, having high Tg
poly(AMMS) (PAMMS) end blocks flanking a PMYR central
block, has potential value as a sustainable TPE.

Received: June 6, 2014
Accepted: July 3, 2014

Figure 1. Structures of the monomers α-methyl-p-methylstyrene (1)
and myrcene (2) and of a derived triblock copolymer 3.
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Aliphatic Polyester Block Polymers: Renewable, Degradable, and
Sustainable
Marc A. Hillmyer* and William B. Tolman*

Department of Chemistry and Center for Sustainable Polymers, University of Minnesota, 207 Pleasant Street Southeast, Minneapolis,
Minnesota 55455, United States

CONSPECTUS: Nearly all polymers are derived from nonrenewable fossil resources, and
their disposal at their end of use presents significant environmental problems. Nonetheless,
polymers are ubiquitous, key components in myriad technologies and are simply
indispensible for modern society. An important overarching goal in contemporary polymer
research is to develop sustainable alternatives to “petro-polymers” that have competitive
performance properties and price, are derived from renewable resources, and may be easily
and safely recycled or degraded. Aliphatic polyesters are particularly attractive targets that
may be prepared in highly controlled fashion by ring-opening polymerization of bioderived
lactones. However, property profiles of polyesters derived from single monomers
(homopolymers) can limit their applications, thus demanding alternative strategies. One
such strategy is to link distinct polymeric segments in an A−B−A fashion, with A and B
chosen to be thermodynamically incompatible so that they can self-organize on a nanometer-
length scale and adopt morphologies that endow them with tunable properties. For example,
such triblock copolymers can be useful as thermoplastic elastomers, in pressure sensitive
adhesive formulations, and as toughening modifiers. Inspired by the tremendous utility of
petroleum-derived styrenic triblock copolymers, we aimed to develop syntheses and
understand the structure−property profiles of sustainable alternatives, focusing on all
renewable and all readily degradable aliphatic polyester triblocks as targets.
Building upon oxidation chemistry reported more than a century ago, a constituent of the
peppermint plant, (−)-menthol, was converted to the ε-caprolactone derivative menthide.
Using a diol initiator and controlled catalysis, menthide was polymerized to yield a low glass
transition temperature telechelic polymer (PM) that was then further functionalized using the biomass-derived monomer lactide
(LA) to yield fully renewable PLA−PM−PLA triblock copolymers. These new materials were microphase-separated and could be
fashioned as high-performing thermoplastic elastomers, with properties comparable to commercial styrenic triblock copolymers.
Examination of their hydrolytic degradation (pH 7.4, 37 °C) revealed retention of properties over a significant period, indicating
potential utility in biomedical devices. In addition, they were shown to be useful in pressure-sensitive adhesives formulations and
as nucleating agents for crystallization of commercially relevant PLA.
More recently, new triblocks have been prepared through variation of each of the segments. The natural product α-methylene-γ-
butyrolactone (MBL) was used to prepare triblocks with poly(α-methylene-γ-butyrolactone) (PMBL) end blocks, PMBL−PM−
PMBL. These materials exibited impressive mechanical properties that were largely retained at 100 °C, thus offering application
advantages over triblock copolymers comprising poly(styrene) end blocks. In addition, replacements for PM were explored,
including the polymer derived from 6-methyl caprolactone (MCL).
In sum, success in the synthesis of fully renewable and degradable ABA triblock copolymers with useful properties was realized.
This approach has great promise for the development of new, sustainable polymeric materials as viable alternatives to
nonrenewable petroleum-derived polymers in numerous applications.

■ BACKGROUND AND CONTEXT
Polymers, the molecules of plastic, are predominantly derived
from fossil feedstocks and are annually produced on the
teragram scale. They are inexpensive, in general, and are
remarkably useful; lightweight, durable, protective, conductive,
and self-healing are just a few of the many attributes of modern
polymers that render them critical in countless technologies.
Yet, such polymers are “challenged” with respect to
sustainability. The Earth harbors finite carbon-based feedstocks
that are being rapidly depleted by our increasing energy
demand. Moreover, environmental impacts from the indis-

criminate disposal of polymers after their (often brief) use can
be severe. In the long term, current paradigms for the
generation and disposal of polymers are simply unsustainable.
The key to shifting to sustainable alternatives will be to prepare
both existing and new low-cost polymers with competitive
performance properties from renewable feedstocks. In addition,
to address the end-of-life issue, we must also develop polymers
that can be more easily recycled, autonomously degraded to
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What is the approximate glass transition temperature of PLA?

(a) –60 °C

(b) 0 °C

(c) 60 °C

(d) 160 °C
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Biodegradable polyesters were synthesized by ring-opening copolymerization of L-lactide (LA) with 
DL-fl-methyl-f-valerolactone (MV). 1H and 13C nuclear magnetic resonance analyses showed that these 
copolymers were statistical and that their number-average molecular weights were within the range of 
(3-5) × 104. The melting temperatures of these polyesters were dependent upon the LA content in the 
copolymers, thus showing that high LA composition resulted in higher Tin. The copolymers containing 
more than 90 mol% LA formed tough and hard films, whereas those with less than 80 mol% LA formed 
flexible films similar to natural rubber. Accelerated hydrolysis was carried out with copolymers of various 
compositions at 70°C for 18 days. The hydrolysis rates were much faster than that of poly(LA), which is 
well known to be a hydrolysable polymer. The copolymers were easily hydrolysed with lipases from Rhizopus 
arrhizus, R. delemar, Pseudomonas sp. and Candida cylindracea. In particular, the lipases from R. arrhizus 
and R. delemar proved to be very effective in promoting hydrolysis. 

(Keywords: biodegradable copolyester; methylvalerolactone-lactide; hydrolysis) 

INTRODUCTION 

The extensive use of bioresistant synthetic polymers is 
considered to be one cause of environmental pollution. 
The current demand for easy disposal of polymers has 
instigated many investigations on the synthesis and 
evaluation of novel biodegradable polymers. These 
polymers are expected to find applications in medicine 
(sutures, implants), pharmacy (drug release) and agriculture 
(mulch, food packaging) 1. Although several polymers 
have been identified as degradable in model aqueous 
media or in animal bodies, the family of aliphatic 
polyesters appears at the moment to be the most 
attractive and promising z 5. 

A long methylene chain promotes biodegradability by 
imparting flexibility to the polymeric chain. Therefore, 
poly(6-valerolactone) and poly(e-caprolactone), with four 
and five methylene units, respectively, in their backbones, 
are more biodegradable than poly(fl-propiolactone), with 
two methylene units 6. However, a much longer methylene 
chain might cause a decrease in biodegradabil i tf  because 
of a decrease in the density of ester bonds in the 
main chain. Furthermore, substituent groups were also 
found to decrease the susceptibility of polymers to 
biodegradation 6. 

To the best of our knowledge, poly(De-fl-methyl-6- 
valerolactone) (poly(MV)) has not been reported except 
for its oligomer as a raw material of polyurethane. 
Poly(MV) is expected to be biodegradable, and the 
interest for its current study lies in its structure, 
which reflects two antagonistic tendencies with regard 

* To w h o m  correspondence should be addressed 

to biodegradability: the methylene chain promotes 
biodegradability, whereas the methyl pendent group has 
an adverse effect upon the susceptibility of a polymer to 
degradation. 

On the other hand, L-lactide (LA) is a well known 
monomer used extensively for the synthesis ofbioabsorbable 
polymers for biomedical applications 8-16. Since poly(LA) 
has a rigid macromolecular structure, various approaches 
to increase its flexibility have been devised, among which 
its copolymerization with other monomers is a promising 
one. Copolyesters 8'17-19, copoly(ester ether)s 2°-24 and 
copoly(ester amide)s 11"25 are the polymer families that 
have been more thoroughly investigated. The copolymer 
of e-caprolactone and LA has been repeatedly studied by 
several researchers because of its appealing mechanical 
properties 9.2 6-2 9. 

The aim of this investigation is to synthesize by 
ring-opening polymerization (Scheme 1) novel copolyesters 
combining the attractive features of MV (flexibility) and 
LA (hydrolysability) and to study their thermal and 
mechanical properties and biodegradability. 

EXPERIMENTAL 

Reagents 
DL-fl-Methyl-6-valerolactone (Kuraray) was purified 

by distillation under vacuum. L-Lactide (Boehringer, 

+ • 
o o 

Scheme 1 

POLYMER Volume 36 Number6  1995 1295 

β-methyl-δ-valerolactone

22

O

O

H3C

α

β γ
δ

• Org. Syn. 1955, 35, 87

• Spicy-apple, sweet flavor in Turkish tobacco 
(Tobac. Sci. 1973, 18, 43)

• Cyclic ester susceptible to ROTEP

• ROTEP produces a low Tg polyester

• Early German & Japanese polymer patents (PUs)

• Extensive literature on use as synthon

• Very little in the literature on polymers

Nakayama et al. Polymer 1995, 6, 1295.Synthesis and degradability of a novel aliphatic polyester…

valeric acid found in the valerian plant
(Valeriana officinalis)
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Mevalonate final titer = 88 g L–1

Semisynthesis: 
High yielding dehydration 

& hydrogenation
Direct 
βMδVL 

biosynthesis  

(i) overexpression of the mevalonate-producing enzymes
(ii) introduction of the fungal siderophore proteins to 

synthesize anhydromevalonolactone (AML)
(iii) reduction of AML to βMδVL by enolate reductases
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SEC NMR DSC

spectra of the resulting triblocks revealed no evidence of significant
tranesterification between the poly(βMδVL) and poly(lactide) blocks,
consistent with clean formation of the desired ABA triblock archi-
tecture (Fig. 4B).
Despite the structural similarity of poly(lactide) and poly

(βMδVL), P(L)LA–P(βMδVL)–P(L)LA triblock polymers readily
microphase separate at only moderate molar masses as evidenced
by differential scanning calorimetry (DSC) and small-angle X-ray
scattering (SAXS). Both PLA–P(βMδVL)–PLA [from (±)-lactide,
LA] and PLLA–P(βMδVL)–PLLA [from (-)-lactide, LLA] exhibit
separate glass transitions for the midblock and endblock segments
by DSC (Fig. 4C). In addition, the SAXS data from these tri-
blocks showed well-defined scattering peaks that correspond to
self-assembled nanostructures with principal spacings ranging
from 20 to 50 nm (Fig. 4D and Table S8).
Predictably, the mechanical and thermal properties of these

ordered block polymers are influenced by molar mass, tacticity
of the poly(lactide) segments, and composition. By changing the
endblock from the minority component (fLA = 0.29) to the majority
component (fLA = 0.59) it is possible to access either elastomers or
tough plastics. Moreover, at a fixed composition and molar mass,
the use of semicrystalline PLLA endblocks leads to remarkably
strong elastomers that rival commercially available petroleum based
block copolymers in terms of recoverability, tensile strength, and
ultimate elongation (Fig. 5 and Table S9) (23).

Conclusion
We have developed a semisynthetic approach to βMδVL from
glucose that relies upon the fermentation of mevalonate and
subsequent transformation of mevalonate to βMδVL. The high
titer of the fermentation (88 g L−1) and the efficiency of the
chemical reactions used to produce the final product make the
overall process scalable and commercially promising. We also
have described a nonnatural total biosynthetic pathway for the
production of βMδVL , which obviates the need for additional
chemical transformations. Optimization of this all-biosynthetic
process (i.e., titer and yield comparable to the semisynthetic route)
would further reduce the production cost of βMδVL. This bio-
derived monomer can be readily converted from the neat state to
a rubbery hydroxytelechelic polymer using controlled polymeri-
zation techniques at ambient temperature; addition of either (±)
or (-)-lactide to a poly(βMδVL) midblocks leads to well-defined
ABA triblock polymers. We have shown that the thermal and
mechanical properties of these materials can be tuned by con-
trolling molar mass, architecture, and endblock tacticity and have
specifically demonstrated thermoplastic elastomers with proper-
ties similar to commercially available styrenic block polymers.
This work lays the foundation for the production of new biobased
polymeric materials with a wide range of potential properties
and applications.

Fig. 4. (A) Overlay of size exclusion chromatography traces obtained from PβMδVL (20.0 kg mol−1) and a corresponding PLLA–PβMδVL–PLLA (9.1–20.0–9.1
kg mol−1) triblock polymer. (B) 13C NMR spectra obtained from (Bottom) PβMδVL, (Middle) PLLA (10.0 kg mol−1), and (Top) PLLA–PβMδVL–PLLA (9.1–20.0–9.1
kg mol−1). (C) DSC thermograms recorded for (Bottom) PβMδVL and (Middle) PLA–PβMδVL–PLA (16.2–20.0–16.2 kg mol−1), and (Top) PLLA–PβMδVL–PLLA
(9.1–20.0–9.1 kg mol−1). Data were taken while heating at a rate of 5 °C min−1 after cooling from 200 °C at the same rate. (D) SAXS pattern recorded at room
temperature from PLA–PβMδVL–PLA (16.2–20.0–16.2 kg mol−1). Diffraction peaks at q*=0.185 nm−1, 2q*, 3q*, and 4q* are consistent with a periodic (d =
33 nm) lamellar morphology.

8360 | www.pnas.org/cgi/doi/10.1073/pnas.1404596111 Xiong et al.
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PLA–PβMδVL–PLA (16.2–20.0–16.2 kg mol−1) 
(D = 33 nm)

Well-organized lamellar morphology 
at moderate molar masses

D

SAXS
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Materials and Methods
For details, see SI Appendix.

Plasmids and Strains. All cloning procedures were carried out in the E. coli
strain XL10-gold (Stratagene). Genes for mevalonate and βMδVL pathway
were either PCR amplified from genomic DNA templates or codon-opti-
mized and synthesized by GenScript. Three kinds of plasmids have been
constructed for the biosynthesis of βMδVL (Fig. S4). BW25113 (rrnBT14

ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78) transformed with the rele-
vant plasmids was used to produce mevalonate or βMδVL.

Culture Condition and Analysis. E. coli strains were growth at 37 °C in 2XYT
rich medium (16 g/L Bacto-tryptone, 10 g/L yeast extract, and 5 g/L NaCl) sup-
plemented with appropriate antibiotics (ampicillin 100 μg/mL and kanamycin
50 μg/mL). Shake flask fermentations were performed with 125-mL conical flasks
containing M9 medium. After adding 0.1 mM isopropyl-β-D-thiogalactoside, the
fermentation was performed for 48 h at 30 °C. Scale-up fermentation was
performed in 1.3 L Bioflo 115 Fermentor (NBS). The culturing condition was
set at 34 °C, dissolved oxygen level 20%, and pH 7.0. The concentrations of
metabolites were measured by HPLC.

Dehydration, Hydrogenation, and Purification. The fermentation supernatant
was treated with concentrated H2SO4 to dehydrate mevalonate into anhy-
dromevalonolactone. The reaction temperature was 121 °C. Chloroform was
used to extract anhydromevalonolactone from the reaction mixture. The
results of dehydration are shown in Fig. S1 and Table S6. For hydrogenation,
unreduced palladium on activated carbon [10% (wt/wt) Acros Organics] was
used as the catalyst. In a typical hydrogenation procedure, 10 g of catalyst were
added to a 300 mL high-pressure reactor with 50 mL anhydromevalonolactone.
The reaction was then allowed to stir under H2 (∼350 pounds per square inch
gauge) at room temperature overnight to ensure quantitative conversion.
The crude βMδVL was dried over calcium hydride for 12 h and then distilled
under vacuum (50 mTorr, 30 °C); the distilled product was passed through dry

basic alumina using cyclohexane as an eluent. The cyclohexane was removed
under vacuum to obtain purified βMδVL.

Polymer Synthesis. To synthesize poly(βMδVL) a monofunctional (benzyl al-
cohol) or difunctional (1,4 benzene dimethanol) alcohol was added to
monomer in a pressure vessel or glass vial and stirred with a magnetic stir
bar until completely dissolved. The ratio of monomer to alcohol was varied
to target polymers of different molecular weights. When the initiator was
dissolved, an appropriate amount of catalyst (∼0.05–0.2 mol% TBD or ∼0.5
mol% diphenyl phosphate) relative to monomer was added to initiate the
polymerization. The reaction was stirred and the conversion monitored us-
ing 1H NMR of crude quenched aliquots. Poly((L)LA)-b-poly(βMδVL)-b-poly
((L)LA) was prepared from a previously isolated and purified poly(βMδVL).
The poly(βMδVL) prepolymer was first dissolved in a 1 M solution of (±)-
lactide or (–)-lactide in dichloromethane. After dissolution of the prepol-
ymer, 0.1 mol% TBD (relative to lactide) was added. The solution was stirred
for 10 min and then quenched by adding 5 equivalents of benzoic acid
relative to TBD. The crude polymer samples were purified by precipitation in
methanol from dichloromethane/chloroform and subsequently dried.
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Fig. 5. (A) Representative stress (σ) versus strain (e) results obtained in uniaxial extension for triblock polymers containing different volume fractions of
semicrystalline (fLLA) and glassy (fLA) blocks. Incorporation of relatively small amounts of the hard block (fLA = 0.29 and fLLA = 0.32) results in a soft (elastic
modulus E = 1.9 and 5.9 MPa, respectively), highly extendable elastic material. Increasing the hard block content (fLA = 0.59) leads to a stiff (E = 229 MPA) and
ductile plastic. (B) Stress versus strain response of PLLA–PβMδVL–PLLA (18.6–70.0–18.6 kg mol−1) (fLLA = 0.32) during cyclic loading (1–20 cycles) to 67% strain
at a rate of 5 mm min−1. These results demonstrate nearly ideal elastic behavior with nearly complete recovery of the applied strain.
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offer exceptional mechanical properties (26, 27). βMδVL can
be generated by direct fermentation of glucose or through the
production of the intermediate compound mevalonate. These
two approaches to βMδVL, one entirely biochemical and the
other semisynthetic, represent facile chemical transformations
(Fig. 1). Because the theoretical yield of this lactone monomer is
0.42 g/g glucose, we estimate that this product can be produced
for less than $2 a kilogram (Table S1), compatible with large-
volume commodity applications.
With the bioderived βMδVL in hand, we demonstrated that

bulk ROTEP using an organocatalyst proceeds at room temper-
ature to high conversion, yielding an amorphous polyester with
Tg = –51 °C (26, 28). Simple chain extension through reaction with
lactide (LLA or LA) leads to P(L)LA–PβMδVL–P(L)LA tri-
block polymers that can be tuned to have mechanical properties
ranging from stiff tough plastics to soft and highly extendible
elastomers (Fig. 1C).

Results
Construction of a Nonnatural Metabolic Pathway for Biosynthesis of
βMδVL. Because βMδVL is not a natural metabolite, we con-
structed an artificial biosynthetic pathway to create an engineered
Escherichia coli strain (Fig. 1A). Our biosynthetic strategy builds
on the mevalonate pathway that previously has been engineered
for the synthesis of artemisinin and terpenoids in Saccharomyces
cerevisiae and E. coli, respectively (29, 30). In this work we im-
proved the production of mevalonate in E. coli and also ex-
panded the pathway to synthesize βMδVL from this precursor.
The overall nonnatural pathway has three components: (i)
overexpression of the mevalonate-producing enzymes; (ii) in-
troduction of the fungal siderophore proteins to synthesize
anhydromevalonolactone (AML); (iii) reduction of AML to βMδVL
by enoate reductases.
To generate an acetoaceyl-CoA pool we used the E. coli

endogenous enzyme acetyl-CoA acetyltransferase AtoB. First
HMG-CoA synthase (MvaS) and HMG-CoA reductase (MvaE)
were cloned to provide a route for the production of mevalonate
from this pool. To maximize mevalonate flux, the Protein-Protein Basic
Local Alignment Search Tool (BlastP) was used to identify MvaS
and MvaE from various organisms: Enterococcus faecalis, Staph-
ylococcus aureus, Lactobacillus casei, Methanococcus maripaludis,
and Methanococcus voltae. Combinatorial tests were used to

identify the optimum set of MvaS and MvaE for mevalonate pro-
duction (Fig. 2A and Table S2). high-performance liquid chro-
matography (HPLC) analyses indicated that, with the exception
of MvaS from M. maripaludis and M. voltae, all heterologous
enzymes were active in E. coli. The strain expressing both mvaS
and mvaE genes from L. casei produced 14.6 g L–1 mevalonate
from 40 g L–1 glucose, better than any other combination (V in
Fig. 2A). The strain expressing the L. casei enzymes produced 50%
more mevalonate than other engineered E. coli strains described in
previous work (30–32).
To biosynthesize anhydromevalonolactone from mevalonate,

we explored the potential of siderophore pathway enzymes. In
fungi acyl-CoA ligase SidI converts mevalonate to mevalonyl-
CoA, and enoyl-CoA hydratase SidH transforms mevalonyl-CoA
to anhydromevalonyl-CoA (33). We speculated that anhy-
dromevalonyl-CoA could spontaneously cyclize into anhy-
dromevalonolactone intracellularly. To test this hypothesis, we
synthesized sidH and sidI genes based on E.-coli-optimized codons
for protein expression. Using BlastP analysis, homologous SidI
and SidH from Aspergillus fumigatus, Neurospora crassa, Phaeos-
phaeria nodorum, and Sclerotinia sclerotiorum were chosen for
fermentation experiments (34). Results revealed that the strain
expressing SidI and SidH from A. fumigatus produced 730 mg L–1

anhydromevalonolactone; the strain carrying enzymes from
N. crassa also generated 540 mg L–1 anhydromevalonolactone
(Fig. 2B and Table S3). The other two enzyme pairs did not
function properly in E. coli.
To explore the reduction of anhydromevalonolactone to βMδVL

by enoate reductases, we cloned Oye2 and Oye3 from S. cerevisiae
(35), wild-type and mutant YqjM (C26D and I69T) from Bacillus
subtilis (36). The strains carrying the anhydromevalonolactone
pathway and Oye2 or mutant YqjM successfully produced 180 or
270 mg L–1 βMδVL, respectively, directly from glucose (Fig. 2C
and Table S4). Thus, we successfully constructed an artificial
biosynthetic pathway to βMδVL from glucose.

Semisynthesis of βMδVL from Mevalonate. Whereas directed evo-
lution approaches undoubtedly will improve the aforementioned
βMδVL biosynthetic pathway (5), we also developed a semi-
synthetic approach for the immediate large-scale production of
βMδVL. In this route the fermented mevalonate is first dehy-
drated to anhydromevalonolactone, then reduced to βMδVL
(Fig. 1B).
To scale up the production of mevalonate, the E. coli strain

carrying genes from L. casei was tested for fermentation in a 1.3-L
bioreactor. During the fermentation, the strain achieved a produc-
tivity of 2 g L–1h–1 mevalonate with the final titer reaching 88 g L–1

(Fig. 2D and Table S5). The yield for this semibatch fermentation
was 0.26 g/g glucose. To prepare anhydromevalonolactone we
added sulfuric acid directly to the fermentation broth and heated
to reflux to catalyze the dehydration of mevalonate (Fig. 2E and
Fig. S1). At a catalyst loading of 10% by volume, 98% of the
mevalonate was converted to anhydromevalonolactone with a se-
lectivity of 89% (Table S6). The resulting anhydromevalonolactone
was isolated by solvent extraction using chloroform and hydroge-
nated to βMδVL using Pd/C as the catalyst (bulk, room tempera-
ture, 350 psi H2, 12 h) to >99% conversion. The crude product was
subsequently purified by distillation to obtain polymerization-grade
monomer (Fig. 2F).

Polymerization of βMδVL. Based on previous work with alkyl-
substituted δ-valerolactones, we suspected the ceiling temper-
ature for the polymerization of βMδVL might be low (28, 37, 38).
To favor high conversion we therefore conducted the polymer-
izations in bulk monomer at room temperature using the highly
active organocatalyst triazabicyclodecene (TBD) (Fig. 3) (39). The
addition of TBD to neat βMδVL in the presence of benzyl alcohol
(BnOH) as the initiator ([βMδVL]0/[TBD]0/[BnOH]0 = 492/1/1.7)

Fig. 1. (A) Total biosynthetic pathway for the production of βMδVL. (B) A
semisynthetic route to produce βMδVL from mevalonate. (C) Conversion of
βMδVL to an elastomeric triblock polymer that can be repeatedly stretched
to 18 times its original length without breaking.

8358 | www.pnas.org/cgi/doi/10.1073/pnas.1404596111 Xiong et al.
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How much does Prof. Hillmyer love sustainable polymers?

(a) not at all

(b) somewhat

(c) a lot

(d) a little too much
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ABSTRACT: Herein we show the formation of a polymer
stereocomplex by mixing isotactic, regioregular chains of
poly(propylene succinate) synthesized via the copolymer-
ization of cyclic anhydrides and epoxides. The stereo-
complex exhibits significantly improved thermal properties
in comparison to the enantiopure parent polymers. We
demonstrate that stereocomplexation is a route to a new
class of semicrystalline polyesters with improved proper-
ties, produced from readily accessible starting materials.

Polyethylene and isotactic polypropylene are the two most
widely produced polymers in the world, accounting for

over half of the approximately 100 million pounds of plastic
produced annually in the United States alone.1 These
semicrystalline polyolefins are ubiquitous because of their low
cost and impressive physical and thermal properties, allowing
for their use in a wide array of applications. Since the discovery
of these materials, relatively few new classes of semicrystalline
polymers have been commercialized, and even fewer where the
monomers are nearly as readily available and inexpensive as
ethylene and propylene.2 One potential class includes polymers
made from epoxides, isotactic versions of which were first
synthesized around the same time as the first isotactic
polyolefins.3 As with olefins, epoxides are inexpensive and
readily available, making them attractive monomers for large-
scale polymers. However, unlike simple α-olefins, their
corresponding epoxides contain stereogenic centers, which
can be both an asset and a challenge for synthesizing polymers
of controlled tacticity.4

Epoxides have also been studied in alternating copolymeriza-
tions with CO2 to form polycarbonates5 and with cyclic
anhydrides to form polyesters.6 In the case of the
copolymerization of propylene oxide (PO) with CO2, even
the highly regio- and stereoregular poly(propylene carbonate)
is amorphous.7 However, we hypothesized that the copoly-
merization of PO with cyclic anhydrides could result in the
formation of a new class of semicrystalline polyesters given the
wide array of anhydride comonomers available. In general,
polyesters are functionally diverse and bioresponsive, giving
them advantages over polyolefins in the range of applications to
which they can be applied.8 Additionally, many commercial
aliphatic polyesters, including polylactic acid (PLA), polyhy-
droxybutyrate (PHB), and polycaprolactone (PCL), can be
decomposed in aerobic composting environments, and in vivo
in the case of biomedical devices.9 However, commercializing
many of the current biodegradable polyesters for large-scale use
challenges the existing industrial infrastructure because the
processes required to produce them rely partially or fully on

biotechnology.10 In contrast, polyesters synthesized via the
ring-opening alternating copolymerization (ROAC) of epoxides
and cyclic anhydrides can be made by purely chemical means
with a wide array of commercially available starting materials. A
variety of metal-based complexes have been reported to
catalyze this reaction.6 We recently discovered that cobalt
sa lcy complexes (sa lcy = N ,N ′ -b is(sa l icy l idene)-
cyclohexanediimine) with a nucleophilic cocatalyst such as
[PPN][NO3] ([PPN] = [Ph3P

+−NPPh3]) can be used for
the regioselective ROAC of various cyclic anhydrides and
epoxides (Scheme 1a).6m

Catalytic epoxide/anhydride copolymerization not only
utilizes a large substrate scope, but also allows control over
polymer microstructure. Additionally, by employing the
regioselective ROAC of enantiopure epoxides with cyclic
anhydrides, highly tactic polyesters can be synthesized, which
increases the probability for crystallinity in the resulting
materials. Because these polyesters are chiral, using enantiopure
epoxides results in enantiomerically pure forms of each
polymer. When these handed chains are mixed, they can result
in an amorphous mixture, a semicrystalline material with
segregated homocrystallites, or a semicrystalline material with
stereocomplexed crystallites (Scheme 1b). Although we have
observed many examples of the former two situations, we are
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Scheme 1. (a) Regioselective Polymerization of Cyclic
Anhydrides and Epoxides and (b) Stereocomplex Formation
by Crystallization of Enantiomeric Polymer Chains
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“It is relevant to the world of industrial polymers because it 
addresses issues with biodegradation, renewable raw 
materials, and the demands placed on modern plastics. In this 
case, that is the ability to crystallize quickly from the melt 
and have a melting point above 100 °C. In principle, this 
discovery could be a keystone of a new line of thermoplastic 
polymers.” - Eric P. Wasserman, Dow Chemical
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Olefins from biomass feedstocks: catalytic ester
decarbonylation and tandem Heck-type coupling†

Alex John, Levi T. Hogan, Marc A. Hillmyer* and William B. Tolman*

With the goal of avoiding the need for anhydride additives, the catalytic

decarbonylation of p-nitrophenylesters of aliphatic carboxylic acids

to their corresponding olefins, including commodity monomers like

styrene and acrylates, has been developed. The reaction is catalyzed by

palladium complexes in the absence of added ligands and is promoted

by alkali/alkaline-earth metal halides. Combination of catalytic decar-

bonylation and Heck-type coupling with aryl esters in a single pot

process demonstrates the viability of employing a carboxylic acid as

a ‘‘masked olefin’’ in synthetic processes.

Biomass, and chemicals derived therefrom, hold promise in transi-
tioning to a more sustainable bio-based economy.1 Carboxylic acids
are an important class of biomass-derived molecules that can be
used as starting materials for the synthesis of a variety of potentially
useful compounds. For example, polymerizable olefins may be
accessed through transition metal catalyzed dehydrative decarbony-
lation of aliphatic carboxylic acids (Fig. 1, top).2–4 Such reactions
often employ Pd,3,4 Rh2d or Ir5 catalysts and phosphine based
ligands, with some recent attention to use of base metals like Fe6

and Ni.7 An indispensable ingredient in all of the processes reported
thus far is a sacrificial stoichiometric anhydride, like acetic (Ac2O) or
pivalic anhydride (Piv2O), which activates the carboxylic acid sub-
strate by forming a mixed anhydride that can readily undergo
oxidative addition to the metal center. A key goal of current research
is to increase the efficiency of the reaction and avoid the use of such
a stoichiometric (and wasteful) co-reagent. While some success
in effecting decarbonylation of carboxylic acids directly at high
temperatures (200–250 1C) using Ru catalysts has been reported,8

attainment of high yields under mild conditions appears to
require activation of the acid.

Herein, we report (a) the development of a palladium-catalyzed
decarbonylation of p-nitrophenylesters of aliphatic carboxylic acids
to the corresponding olefins, and (b) demonstration of the viability
of a one-pot tandem Heck-type coupling reaction starting from the
p-nitrophenylesters of hydrocinnamic acid (a styrene precursor) and
the p-nitrophenylesters of various aromatic carboxylic acids (Fig. 1,
bottom). The catalytic decarbonylation of p-nitrophenylesters differs
from the typical decarbonylation that involves intermediacy of a
mixed anhydride. The tandem Heck-type process is particularly
notable, especially in light of recent efforts to incorporate biomass
derived chemicals in synthesis,9 and because Heck-coupling is a
powerful synthetic tool for coupling alkenes with aromatics.10

An early precedent for the use of esters as substrates includes
the demonstration of a Ni(0)-mediated decarbonylation of phenyl
propionates to yield ethylene using simple phosphine ligands like
PPh3 and PCy3.11 It was also noted in this work that (i) more than
one turnover could be achieved with esters of electron-withdrawing
phenols like p-cyanophenol and (ii) that simple alkyl esters did not
participate in the reaction. We were also inspired by the report of
a palladium-catalyzed decarbonylation of p-nitrophenylesters of
aromatic carboxylic acids, which in the presence of alkenes resulted
in a Heck-type coupling via a putative aryl–Pd intermediate.12

Fig. 1 Comparison of previous work to decarbonylation and in situ Heck-
type coupling reactions reported herein.
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† Electronic supplementary information (ESI) available: Experimental proce-
dures, characterization data and NMR spectra for compounds synthesized and
isolated. See DOI: 10.1039/c4cc09003a
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Poly(acetylated methacrylic isosorbide) [PAMI]

34
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5 ABSTRACT: A new monomer, acetylated methacrylic iso-
6 sorbide (AMI), was synthesized in two steps employing
7 scandium(III) triflate as a remarkably efficacious catalyst for
8 the tandem esterification of isosorbide with acetic anhydride
9 and methacrylic anhydride. Analysis of the crude product
10 mixture after acetylation indicated that functionalization
11 occurred preferentially at the endo hydroxyl group of isosorbide
12 (endo-acetate:exo-acetate = 4.2:1). Reaction of this mixture
13 with methacrylic anhydride gave the corresponding isomeric
14 mixture of AMI monomers. Poly(AMI) [PAMI] prepared by
15 radical polymerization of the mixture of AMI regioisomers was found to have a high glass transition temperature (Tg ≈ 130 °C)
16 and good thermal stability (Td, 5% weight loss; N2 = 251 °C, air = 217 °C). Reversible addition−fragmentation chain transfer
17 (RAFT) polymerization of AMI using a new chain transfer agent, hydroxyethyl 4-cyano-4-(phenylcarbonothioylthio)pentanoate
18 (HO-CPAD), yielded PAMI-CTA samples with controlled molar masses and narrow molar mass distributions (Đ ≤ 1.09).
19 Subsequent chain extension of PAMI-CTA with n-butyl acrylate gave a series of PAMI-b-PnBA block copolymers ranging from
20 17−36 wt % PAMI. All samples of PAMI-b-PnBA exhibited two well-separated Tg values at approximately −45 and +120 °C,
21 indicative of microphase separation.
22 KEYWORDS: Renewable, polymer, high Tg, RAFT, block copolymer, scandium(III) triflate, butyl acrylate

23 ■ INTRODUCTION
24 Renewable chemical feedstocks are becoming increasingly cost
25 competitive with petroleum based analogs as a result of
26 advances in synthetic methods and production processes. For
27 example, recent improvements in the conversion of the glucose
28 derivative sorbitol to isosorbide have made the latter a viable
29 building block for biobased polymers on the commercial
30 scale.1,2 Often compared to bisphenol A due to its rigid bicyclic
31 structure and diol functionality, isosorbide has been incorpo-
32 rated into a wide variety of step growth polymers, including
33 polyesters, polycarbonates, polyethers, polyurethanes, and
34 polytriazoles.3−5 These polymers generally exhibit high glass
35 transition temperatures (Tg) due to the rigid bicyclic structure
36 of isosorbide. Additionally, various difunctional derivatives of
37 isosorbide have been employed in the synthesis of cross-linked,
38 thermoset polymers for use in high performance compo-
39 sites.6−11

40 Despite the numerous examples of isosorbide-based
41 polymers, there are only a few examples of monovinyl
42 isosorbide derivatives for use in linear chain growth polymer-
43 izations.12−15 A monovinyl isosorbide monomer is an appealing
44 building block because the construction of polymers with
45 designed architectures is more easily accomplished via chain
46 growth mechanisms. Beghdadi et al. have described the
47 synthesis and reversible addition−fragmentation chain transfer
48 (RAFT) polymerization of isosorbide derived vinyl dianhy-
49 drohexitol triazoles (VDTs).12 Interestingly, the authors found
50 that the placement of the vinyl triazole moiety at either the endo
51 or exo position of isosorbide had a significant effect on the

52solubility and Tg of poly(VDT)s. Polymers prepared from
53monomer with the vinyl triazole group in the endo position had
54a Tg ≈ 71 °C and were water-soluble, whereas those prepared
55from monomer with the vinyl triazole in the exo position had a
56Tg ≈ 118 °C and were insoluble in water. The authors noted
57that the RAFT polymerization of VDTs required about 48 h to
58reach 50−70% conversion, presumably due to the bulky nature
59of VDT monomers and modest reactivity of the N-vinyl triazole
60moiety.
61Various options for functionalizing the hydroxyl groups of
62isosorbide have been reported in the literature (e.g.,
63esterification, etherification, carbonylation, tosylation).4 Due
64to the relatively poor reactivity of the secondary alcohols,
65esterification methods typically employ the use of auxiliary
66reactants. For example, a routine procedure for acetylating
67isosorbide uses acetic acid, N,N-dicylcohexylcarbodiimide, and
68catalytic 4-dimethylaminopyridine (i.e., Steglich esterifica-
69tion).16,17 Acetylation by this method occurs predominantly
70at the less sterically encumbered exo position (∼60% of product
71mixture) due to the steric bulk of the O-acyl isourea
72 s1intermediate (for structure of isosorbide, see Scheme 1). An
73alternative approach for acetylation uses acetic anhydride and
74catalytic lead(II) oxide (∼2 mol % relative to isosorbide).18−21

75This method favors acetylation at the endo position (∼80%
76isolated yield). Although more sterically hindered due to being
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Dr. Ingrid Montes, ACS Junta de Directores y Profesora de Química  

Orgánica, Universidad de Puerto Rico, Recinto de Río 

Thursday, March 12, 2015 at 2pm ET  
 

“Bringing CO2 Monitoring to You: Communicating 

Atmospheric Chemistry” 
 

 

Alexis Shusterman, PhD candidate, UC Berkeley  

2014 ACS Chemistry Champions Competition Runner-Up 
 

Dr. Darcy Gentleman, Manager, Engagement and Science Communications, 

The American Chemical Society 


