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Introduction

1 Introduction

1.1 Poly(lactic acid) (PLA)
1.1.1 General features of PLA

PLA is an aliphatic, semi-crystalline polyester with interesting properties of
biodegradability and biocompatibility which can be produced from renewable resources.
Most commonly, the “L” enantiomer of lactic acid (LA) is employed as the starting
monomer on account of its wide natural availability and low cost (L-LA is the product
of the bacterial fermentation of many polysaccharides). The resulting isotactic, semi-
crystalline P(L)LA is indeed the only PLA with competitive properties from a
commercial point of view. Since D-LA can be obtained from fermentative processes
only at very high costs, P(D)LA from D-LA is markedly more expensive and generally

produced from oil based feedstocks.

High molecular weight (MW) PLA is a white to transparent rigid polymer with physico-
chemical properties between those of polystyrene and poly(ethylene terephthalate).*
Similarly to other polyesters, PLA is a thermoplastic polymer with a relatively high
glass-transition temperature (Tg) (up to 60 °C), maximum melting temperature (Tr,) of
c.a. 180 °C, high gas permeability, good mechanical and chemical resistance as well as a
high stability towards thermal degradation (decomposition takes place at temperatures
as high as 180 — 200 °C)? (Figure 1.1).

<+—————— material treatment
processing

<+——fragile —ductile ——»
limited
amorphous ageing leathery viscous liquid decomposition
4 ¢ MNA hd D >
-45 58-70 130-207 215-285
Te T Tm

temperature (°C)

Figure 1.1 — Metastable states of semi-crystalline, high MW PLA3

Both pure P(D)LA and pure P(L)LA are semi-crystalline materials in which limited
amounts of amorphous regions are formed due to some stereo-irregularities in the
polymer chains; these may stem from stereo-errors during polymerization as well as

from enantiomeric impurities contained in the starting monomer.
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Inside the crystalline domains, the PLA chain can show two different morphological
structures: type “a” (10s-helical conformation; 2 helixes in each pseudo-orthorhombic
unit cell) or type “B” (31-helical conformation; 6 helixes in each orthorhombic unit cell).
Conversion between the two types is possible only at high temperatures or under harsh

mechanical stress.*

The highest grade of crystallinity can be attained in two ways, which are (i) by addition
of nucleating agents in proper solvents followed by thermal annealing (slow process,
seldom utilized); (ii) by rapid application of a mechanical stress (more commonly
utilized).

Highly crystalline PLA is soluble in few halogenated organic solvents and in THF® and,
compared to the amorphous counterpart, shows higher stiffness (i.e. increased Young’s
modulus) as well as impact, penetration and flexion resistance. As the amorphous
regions grow, the polymer becomes easily soluble in many common organic solvents. In
order to obtain totally amorphous PLA (i.e. P(LD)LA), the less abundant enantiomer of
LA must be present during polymerization in a quantity of at least 15%, nonetheless,
crystallinity can also be lowered by introducing stereo-errors during the chain growth.
The grade of crystallinity has a strong influence on the physico-mechanical properties of
the material, as shown in Table 1.1. On the other hand, while the T varies slightly (in
the 50 — 60 °C interval), a decrease in crystallinity markedly lowers the T, of PLA
allowing its industrial processability at a temperature sufficiently far from thermal
degradation. Hence, a compromise between mechanical performances and processability
can be sought case by case depending on the requirements of the final application.
Moreover, if required by polymer processing, it is possible to increase the PLA melt
elasticity by the addition of moderate quantities of cross-linkers (e.g. peroxides) or
natural oils to increase the MW or branching of the polymer chains. In order to obtain
commercially competitive properties for the most part of its applications, PLA should
have a MW of at least 55000 g/mol. PLA is a biocompatible material; LA is indeed a

non-toxic intermediate of human and animal metabolic cycles.

Property P(L)LA P(L)LA P(LD)LA
(annealing)

Traction resistance (MPa) 59 66 44

Elongation at break (%) 7.0 4.0 54

Modulus of elasticity (MPa) 3750 4150 3900
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Yield strength 70 70 53
Flexural strength (MPa) 106 119 88
Izod Test (unnotched) (J/m) 195 350 150
Test di 1zod (notched) (J/m) 26 66 18
Temperature of deflexion under load (°C) | 55 61 50
Rockwell hardness 88 88 76
Vicat softening temperature (°C) 59 165 52

Table 1.1 - Influence of crystallinity on physical and mechanical properties of PLA®

1.1.2 Stability and biodegradation of PLA

PLA can be degraded either via a hydrolytic / enzymatic pathway (Figure 1.2) or via a

thermo-oxidative process. The mechanism of biodegradation needs an initial, abiotic,

step of ester hydrolysis to lower the MW of the polymer to a degree which is acceptable

to become a substrate of the enzymes that are responsible for the second phase of the

chain degradation (Scheme 1.1). The rate of the hydrolysis depends on many factors,

including pH, environmental humidity or polymer crystallinity; the global rate of

biodegradation can also be enhanced by the presence of enzymes like esterases or

lactate dehydrogenases and can be lowered by their inhibitors.
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Scheme 1.1 — Ester hydrolysis of PLA and lowering of its MW

The rate of the enzymatic phase is notably lowered by crystallinity on account of the
reduced accessibility of the tightly packed domains, while it can be enhanced by the
presence of residual quantities of monomer or other impurities that perturb the order of
chain packing. As expected, the addition of stabilizers or the chemical functionalization
of PLA may play a major role too.
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Figure 1.2 — PLA degradation times’

At temperatures higher than 180 - 200 °C PLA degrades due to the following processes:

e Hydrolysis catalyzed by traces of water and residual monomer (acidic

environment).
e Depolymerization by residual amounts of catalyst.
e Random chain scissions.

e Intermolecular transesterification between monomers and oligomers followed by

formation of cyclic structures.

It is possible to enhance PLA thermal stability by eliminating monomer and catalyst
impurities (peroxides are effective deactivators for commonly used Sn-based catalysts)
as well as by end-capping of the oxydryl groups which are responsible for
uncontrollable transesterification reactions. Among the conventional purification
techniques, polymer dissolution and reprecipitation is probably the most frequently

exploited.

113 Optical properties of PLA in the UV-Vis range

UV radiation (400 — 100 nm) is commonly subdivided into three intervals. The UV-A
region is the less energetic (400 — 315 nm) and includes the most part of the light
intensity that reaches the earth surface; the UV-B region (315 — 280 nm), although
partially shielded by the ozone layer of the atmosphere, is responsible for a number of
photochemical polymer degradation processes. The UV-C region (280 — 100 nm) is

10
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completely shielded by the atmosphere and can have practical importance only if
generated artificially. The UV barrier properties of PLA were compared to those of
several common traditional properties® finding that, while PET absorbs any radiation
with wavelength inferior to c.a. 310 nm, PLA transmits 85% of the intensity still at 250

nm and absorbs significantly only below 225 nm (Figure 1.3).

e P e ———es
i e e A A —

Cellophane

T T T T T T L] 1
190.0 250 300 350 400 £50 500 550 00
mm

Figure 1.3 — Transmittance of PLA (98% L-lactide; Cargill Dow LLC) and several common
commercial polymers

Hence, PLA for packaging, fabrics or coating applications often needs optically active

additives or chemical modifications to cope with specific requirements.

Optical properties in the visible range are also of pivotal importance for many polymeric
materials since many application fields require a neutral transparent look with minimum
absorption and which, even more importantly, should not be spoiled by any color
dominant. On the other hand, there is often the need to produce colored items with
different hues and intensities and, hence, to develop properly compatible pigments and
dyes as well as to directly functionalize the polymer chain with chromophores. Tests
conducted on commercial PLA samples showed color properties quite close to those of
traditional packaging polymers with a very slight tendency towards cold tones, good
luminosity and a very low yellowing index (which are generally positive assets for the

aesthetics of this class of materials).?

1.14 Lactic acid production

There are two main procedures to obtain LA in industrially relevant quantities, which
are (i) a petrochemical synthesis that accounts for only a minor percentage of volumes
but constitute the most important way of producing racemic LA, and, after purification,

11
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D-LA,; (ii) a fermentative process that transforms a number of possibly renewable sugar
sources into exclusively L-LA by means of the so called “LAB” (i.e. Lactic Acid
Bacteria) and is utilized in the vast majority of industrial plants.

Some commonly utilized LABs are Carnobacterium, Enterococcus, Lacticoccus,
Lactobacillus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Tetragenococcus,
Vagococcus.” With the exception of streptococci, which are pathogenic and hence
excluded from large scale productions, these bacteria are catalogued as GRAS
(Generally Regarded As Safe). Homofermentative bacteria produce exclusively LA
while heterofermentative bacteria yield a mixture of LA, ethanol, acetate, formiate and
carbon dioxide. LABs require the addition of several nutritive substances to the regular
feed of sugar since they are not able to produce ATP, B vitamin and several amino acids.
In order to optimize productivity, these bacteria are kept at a constant pH during
fermentation by the addition of NaOH; this compensates for the production of acid,
which would otherwise inhibit bacterial growth and activity. Moreover, the quantity of
oxygen is controlled and the temperature is set to c.a. 40 °C. Under these ideal
conditions, some LABs reach very high levels of LA yield (around 90% of acid from
glucose). NaOH is also useful to recover the product as sodium lactate after
fermentation, which is achieved by means of a liquid-liquid extraction with alcohols
with low solubility in water and a high partition coefficient for the product. The whole
fermentative process is 3 — 6 days long while important research efforts are made to

improve the overall performance from an economical and environmental point of view.

LA can also be obtained from different feedstocks at experimental level; as an example,
high yield hydrothermal processes were developed to convert glycerol into sodium
lactate in the presence of NaOH with the aim of exploiting this abundant byproduct of
biodiesel production. The main side products of this procedure are sodium acrylate,

oxalate, formiate and carbonate.°

Raw LA is efficiently purified through a reduced pressure distillation of the acid
followed by crystallization, affording LA with 99% chemical purity and 98.6%

enantiomeric excess.'*

1.15 Ring opening polymerization of lactide

Several procedures afford high MW PLA and are based on three main processes
(Scheme 1.2), which are (i) dehydro-polycondensation of LA, (ii) coupling reactions
between oligomers and (iii) ring opening polymerization (ROP) of 3,6-dimethyl-1,4-
dioxandione, or “lactide” (i.e. the cyclic dilactone of LA).! The latter is undoubtedly the

12
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most widespread and industrially relevant and was utilized throughout this work.

(0] (0]
o] o]
direct polymerization by (@] = 0

polycondensation low MW polymer chain coupling
(1000 - 5000 Da) %

/l o} o)
condensation by azeotropic distillation 0 0
OH I > HO O OPoly
HO
-H,0 (@] a O

(@] .
high MW pol
lactic acid gh poyiet

low MW polymer

indirect \ (1000 - 5000 Da) lactide O

polymerization (0] 0 JY

(through lactide ::> 0 ring opening

synthesis) H OJ\U’ o (0] O OPoly 0 polymerization
(0] (0] (ROP)

o]

Scheme 1.2 — Main processes for the synthesis of high MW PLA"

A notable advantage of ROP is the absence of byproduct (and particularly water) release
during polymerization which avoids unwanted hydrolysis reverse-reactions and

improves the MW control.

Table 1.2 lists some important thermodynamic parameters related to the ROP of many
5- and 6-membered cyclic monomers; the fundamental requirement for a favored
polymerization is a negative free Gibbs enthalpy of the ring opening. According to
Flory’s assumption the reactivity of an active center is independent of the

polymerization grade and expressed as
AG, = AH®, - T(AS®, + R In[M])

In which [M] is the equilibrium monomer concentration. The polymerization is
complete when the thermodynamic equilibrium is reached (AG, = 0); at this stage the
concentration of residual monomer is given by the standard parameters according to the

following relation

[Meq = exp(AHC,/RT — AS®,/R)
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y-Butyrolactame

H
N
L):O

Ring Monomer/Polymer

size

state

liquid/crystalline

AH®,
(kJ/mol)

Introduction

AS°,
(J/mol K)

[Mleq
(mol/L)

5.1x102

XX

Cyclohexane 6 liquid/crystalline 2.9 -1.05 1.36%x102
d-Valerolactone 6 liquid/crystalline -27.4 -65.0 3.9x10-1
0 o)
1,4-Dioxane-2-dione | 6 liquid/solution -13.8 -45 2.5
EOTO
0
Trimethylene 6 solution/solution -26.4 -44.8 5.1x10-3
carbonate
o\(o
I/\/O
L,L-Lactide 6 solution/solution -22.9 -41.1 1.2x10-2

Table 1.2 — Standard parameters of polymerization of some cyclic monomers*

The polymerization Kinetic is typically first order, with a rate which depends strongly on

the steric hindrance of the residues attached to the ring."?

Even starting from enantiomerically pure lactide, the risk of racemization during the

ring opening reaction needs to be taken into account; in order to avoid negative effects

on the polymer tacticity and, hence, crystallinity the polymerization temperature should

be kept under rigorous control. The catalyst/monomer system can be optimally designed

to yield isotactic, syndiotactic, partially atactic or heterotactic polymer chains.
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1.15.1 Lactide synthesis

Both at a laboratory and industrial scale, lactide is synthesized by a back-biting
depolymerization reaction (reduced pressure, T = 240 °C) of a PLA oligomer obtained
by direct polycondensation of LA (MW = 1000 — 5000 g/mol) (Scheme 1.3).

OH
H o}
0
heat / catalyst o
o OH - n-2
HO °© depolymerization E)
o 0
n-2
o}
0

Scheme 1.3 — Back-biting depolymerization of PLA oligomer to synthesize lactide

U.S. based Cargill developed a continuous industrial process for the synthesis of lactide
and purification of its vapors by a reverse-flow distillation at reduced pressure.** Lactide
carries two chiral centers, therefore three isomers are possible, namely two enantiomers
(DD- and LL-) and the “meso” form LD-lactide (Figure 1.4). Which of the three is
obtained by the back-biting reaction mainly depends on the characteristics of the
oligomer and, hence, on the optical purity of the starting LA. The MW of the oligomer
utilized as prepolymer is kept low by conducting the polycondensation step in the
absence of any catalyst. This reduced pressure polycondensation, carried out at around
150 °C, retains almost quantitatively the configuration of the converted LA, on the other
hand, stereo-conservation during depolymerization step is less straightforward and
depends chiefly on the chosen temperature and the nature of the employed catalyst.

While the “meso” form has a lower T, compared to the two enantiomers and can easily
be separated by crystallization, DD- and LL- forms are characterized by the same
physical properties and form a thermodynamically favored stereocomplex if present in
equal molar amounts. The latter complex show a higher T, compared to any single
isomer (precisely 126 — 127 °C vs 97 °C) and, interestingly, an analogous phenomenon
is observed for the stereocomplex formed by the relative polymer chains (i.e. L-PLA
and D-PLA).
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H
O O O
DD - lactide LD - lactide LL - lactide
T;=97°C T;=52°C T=97°C

Figure 1.4 — Lactide isomers and respective melting temperatures

The back-biting reaction yields a crude lactide containing impurities like LA oligomers
and unwanted lactide isomers, therefore a fractionate crystallization in toluene or a
sublimation is usually carried out to obtain a satisfactory purity grade and, hence, to run
a proper ROP. The enantiomeric excess can be easily assessed by measuring the melting

point or the optical rotation of the dimer.

1.15.2 Cationic polymerization

Three main groups of compounds are able to promote the ring opening through a
cationic mechanism, which are (i) protic acids like HBr or HCI, (ii) Lewis acids like
ZnCl, or AICI3 and (iii) acylating agents like Ets0" or BF4. Good results were described
by Kricheldorf utilizing trifluoromethane sulfonic acid (or “triflic” acid) (Scheme 1.4)
or methyldifluoromethane sulfonic acid (or “methyl-triflic” acid). Optically active, high
MW PLA is obtained at a temperature below 100 °C under these conditions. Moreover,
racemization is avoided on account of the SN, character of the initiator attack on the
protonated or methylated lactide.*
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Scheme 1.4 — Mechanism of the cationic ROP of lactide

1.15.3 Anionic polymerization

In this polymerization the opening of the cyclic structure is due to the reaction of an
anion like potassium methoxide with the carboxylic group of lactide with formation of
alkoxide terminations capable of reacting with further lactide molecules (Scheme 1.5).
Anionic polymerization of lactide allows for an exceptional control over MW and,
especially, over polydispersion index (PDI), yielding polymers very close to the ideal
PDI of 1. Nonetheless, racemization is fairly probable if the temperature is not kept
close to 0°C (with obvious detrimental effects on polymerization rate) due to
deprotonation / random protonation equilibria involving lactide and the RO'M™ initiator
(Scheme 1.6).1°

o CHs 0 CHa
RGWP © 0O —— RO oM
N— (@] CH; O
HsC

Scheme 1.5 — Mechanism of the anionic ROP of lactide
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Scheme 1.6 — Deprotonation / random protonation mechanism responsible for racemization
of lactide

1154 Coordination-insertion polymerization

Differently from the above mechanisms, coordination-insertion ROP allow to obtain
PLA from bulk lactide, with huge cost and environmental benefits. Moreover, the
utilized catalysts are less toxic, more tolerant to impurities and required in smaller
quantities, adding appeal to this procedure, which is capable of producing
biocompatible, high MW, optically active PLA with negligible probability of
racemization. It is possible to use zero-valent metals, although the most efficient
catalysts are organic salts of Sn(ll) and Zn(ll), Al alkoxides and compounds of rare
earths or group IV metals.'’*® The role of the catalyst is enhanced by the covalent bond

between the “p” and “d” empty orbitals of the non-bonding doublets of oxygen and the

metal.

Among Sn-based compounds, Sn(ll)-bis-2-ethylhexanoate (Sn(Oct), or tin *“octoate”)
(Figure 1.5) deserves to be mentioned on account of its relatively low cost, high activity
(yields over 90%) and low racemization (below 1% in moles of lactide). Tin octoate is
soluble in melted lactide, enabling bulk polymerization and is catalogued as GRAS
(Generally Regarded As Safe) by the FDA, assuring biocompatibility even in the
presence of residual traces in the polymer. The presence of free carboxylic groups has
no effect on the final MW although the polymerization rate is lowered due to
complexation of the Sn(ll) ion. On the other hand, free hydroxyl groups influence
directly the MW of PLA Dby acting as chain initiators and, hence, functionalizing groups
(Scheme 1.7).%°

In the present work, Sn(Oct), was constantly utilized as ROP catalyst and OH-

containing initiators were used to functionalize the polymer and to control its MW.
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Scheme 1.7 — Mechanism of the Sn(Oct), catalyzed ROP of lactide in the presence of an R-
OH initiator

Al alkoxides yield a polymer with relatively low PDI and a high MW. The coordination
mechanism is different from that of Sn compounds, nevertheless the role of a RO group
inserted on one end of the growing chain is still analogous (Scheme 1.8), as
demonstrated by Kricheldorf with NMR analyses,®® and the possibility of end-
functionalization is maintained.” Y and La organic compounds were studied and
showed impressing results in terms of polymerization rate, MW and PDI even at room

temperature, low catalyst loading and mild conditions.
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Scheme 1.8 — Hypothesis on the catalytic mechanism of the Al alkoxide catalyzed ROP of
lactide

The mechanism relies on catalyst activation by OH groups with formation of La(OR)3

followed by substitution of OR groups with lactide molecules and rapid

polymerization?® (Scheme 1.9).
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Scheme 1.9 — Mechanism of the La-alkoxide catalyzed ROP of lactide in the presence of an
R-OH initiator

1.155 Carbene catalyzed polymerization

Carbene catalyzed polymerization is a particular case of ROP, also called “Zwitterionic
Ring Opening Polymerization”, characterized by the replacement of metal-based
catalysts with N-heterocyclic carbenes (NHCs).% This technique is called “zwitterionic”
because such is the polymer chain during its growth, bearing a positive charge on the
heterocycle and a negative charge on the terminal oxygen at the same time (Scheme
1.10). These organic catalysts are highly instable, hence the carbene functionality is
formed in situ by the addition of a strong base capable of deprotonating the relatively
acidic organic carbon. The so obtained catalyst is extremely reactive and immediately
initiates the polymerization process to give high MW and low PDI PLA. Again, in the
presence of oxydrylic compounds the polymerization rate is high and the control over
MW is good, while in the absence of OH groups specific carbenes promote the
formation of cyclic PLA. The chemistry, and hence the activity of the heterocycle can be
finely tuned by functionalization of the ring and modification of its electronic or steric

properties.
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Scheme 1.10 — Mechanism of the carbene catalyzed ROP of lactide in the presence of an R-
OH initiator®*

Sterically hindered NHCs induce a very high stereoselectivity and yield stereoregular
PLA (Scheme 1.11); precisely, isotactic polymer is obtained from pure LL- or DD-
lactide while a heterotactic polymer is favored if the meso-form of lactide is the starting
monomer. This is due to the chain-end control mechanism during the macromolecule
growth, in which an L-termination tends to react favorably with an L-centre on the

lactide molecule.

In order to functionalize the resulting polymer, the heterocycle can be modified by
addition of an -OR group which is released as the carbene is formed and initiates the

ROP as seen in the aforementioned examples.
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Scheme 1.11 — Mechanism of the chain-end controlled growth of PLA catalyzed by NHCs;
isotactic PLA from L,L- (S,S-) or D,D- (R,R-)lactide (top) and heterotactic PLA from meso-
(SR-)lactide (bottom)®

1.1.6 Synthesis of cyclic PLA

It is generally difficult to synthesize high MW macrocycles due to both enthalpic and
entropic reasons. Some methods utilize a polymeric support to chemically bind the
growing chain with the aim of releasing a low MW cyclic PLA at each step by
intramolecular reactions. Kricheldorf?® developed a method to expand the size of a ring
in a kinetically controlled fashion by means of cyclic Sn-alkoxides initiators. Intensive
research was carried out in order to minimize the quantity of residual tin impurities

contained in the high MW polymer.

A different approach relies on the carbine catalyzed *“Zwitterionic Ring Opening

Polymerization” of lactide in the absence of oxydrylic initiators (as mentioned above).
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This method affords cyclic PLA with a MW ranging from 7000 to 26000 g/mol under
mild conditions (room temperature) and within short reaction times of few tenths of

minutes (Scheme 1.12).

Scheme 1.12 — Mechanism of the carbene catalyzed ROP of lactide to cyclic PLA

1.1.7 Typical applications of PLA
1.1.7.1 Commercial applications

PLA can be employed in a number of different applications on account of its good
physical and chemical properties; since its Tq and T, values resemble those of some
common commercial polymers (like polystyrene) the required modification of industrial
techniques and machinery is minimal. PLA is a suitable polymer for packaging®’ and,
showing a relatively high permeability to water vapor, it favors the preservation of fresh
foods like fruit or vegetables and enhance their shelf life; furthermore, its
biodegradability is a strong benefit in terms of waste disposal issues.

As a coating material, PLA is often applied on paper to increase its barrier properties®

although thin films of the polymer alone can also be produced with good mechanical
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performances for wrapping applications. In order to optimize this latter use, a number of
plasticizers can be added, such as LA oligomers, PEG-bound stearic acid, PPG benzoate
and others. A PLA textile fibre is already produced by the U.S. based Nature Works with
the Ingeo trademark® and can be used without modification as well as easily combined
with other common fibres like cotton. Electro-spinning techniques allow to obtain fibres
with impressive length and very small diameter showing a particularly high mechanical

performance (Figure 1.6).

Figure 1.6 — SEM image of PLA nanofibres produced by electro-spinning®

PLA films are utilized for mulching in agriculture because they biodegrade within about
one year if exposed to normal atmospheric conditions, without the need of additional
removal work and, on account of its biocompatibility, without releasing pollutants to the

soil 3!

1.1.7.2 PLA stereocomplex

The blending of equal amounts of P(L)LA and P(D)LA vyields a stereocomplex with
different properties compared to each pure polymer.*? This phenomenon is due to the H-
bond interactions between groups of the two complementary chains and shifts the T, of
the material from 180 °C of P(L)LA to an impressive 230 °C. Stereocomplexes between
star-shaped macromolecules show a further increase in stability due to a higher number

of links between different arms.

PLA stereocomplexes can be obtained by means of two procedures, which are (i)
solubilizing a 1:1 blend of P(L)LA and P(D)LA;* (ii) the in situ polymerization of a 1:1
blend of L-LA and D-LA utilizing specific chiral catalysts.**
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1.1.7.3 PLA blends and composites
PLA is often blended with PEG with the aim of lowering its T, and crystallinity; the

modification of these physical properties, as well as of the biodegradation rate, is
proportional to the amount of PEG and inversely proportional to its MW. The most
common blends are PLA / PEG mixtures: in these materials Ty, and crystallinity are
lower than those of pure PLA and the resulting biodegradation rates are consequently

altered.®

The combination of PLA with some inorganic fillers like calcium hydroxyapatites yields
biodegradable and biocompatible composite materials with interesting properties of
porosity to be exploited for the production of bone prostheses.*® By tuning the blending
temperature it is possible to optimize the interaction of the material with the desired
biological tissue or system. Composites of P(LD)LA with hydroxyapatite grains showed
promising performances as shape-memory materials responsive to pH, temperature or

electromagnetic field variations with potential biomedical applications.*’

1.1.74 Copolymers and modified PLA

PLA alcoholic and carboxylic end-groups can usefully react with different monomers or
with the terminal groups of different polymers to give a wide range of block
copolymers. These have, generally, lower Ty and Ty, values than pure PLA, although
copolymers containing salicylic acid lactone or morpholinedione are notable exceptions;
the latter can be synthesized from glycolic acid and o-aminoacids.®® Hence, after
protection of their functional groups it is possible to insert on the PLA chain some side

groups capable of interacting with polypeptidic sequences.*

1.2 Poly(e-caprolactone) (PCL)
1.21 General features of PCL

Poly(e-caprolactone) (PCL) was one of the earliest polymers synthesized by the
Carothers group in the early 1930s* and became commercially available following
efforts to identify synthetic polymers that could be degraded by microorganisms.** PCL
can be prepared by either ring opening polymerization of e-caprolactone (CL) using a
variety of anionic, cationic and coordination catalysts or via free radical ring-opening

polymerization of 2-methylene-1-3-dioxepane.*?

PCL is a hydrophobic, semi-crystalline polymer; its crystallinity tends to decrease with
the increase of molecular weight. The good solubility of PCL, its low melting point (T,
= 59-64 °C) and exceptional blend compatibility has stimulated extensive research into
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its potential application in the biomedical field.***> Among the numerous advantages
over other biopolymers, PCL is characterized by tailorable degradation kinetics and
mechanical properties as well as ease of shaping and manufacturing, which enables to
obtain appropriate pore sizes and to control the delivery of drugs contained within its
matrix. Functional groups could also be added to render the polymer more hydrophilic,
adhesive, or biocompatible which enabled favourable cell responses. PCL degrades at a
slower rate than polyglycolide (PGA), P(LD)LA and the respective copolymers and was
therefore originally used in drug-delivery devices that had to remain active for over 1
year and in slowly degrading suture materials. During the last decades the interest on

PCL derived mainly from the field of tissue engineering research on account of its

peculiar rheological and viscoelastic properties, which renders it easy to manufacture
46-50

and manipulate into a large range of structures and scaffolds (Figure 1.7).

Figure 1.7 — Micrographs of PCL nanospheres (a, b), nanofibers (c, d,) and foams (g, f)

The relatively inexpensive production routes for PCL, compared with other aliphatic
polyesters, are very advantageous; furthermore, the fact that a number of PCL
containing drug-delivery devices already have FDA approval and CE Mark registration
enhances commercialization. Interestingly, in spite of their clear advantages, PCLs have

not been widely translated to the clinic use.

1.2.2 Synthesis and physicochemical properties of PCL
Similarly to PLA, PCL is prepared by the ROP of its cyclic monomer, CL, with catalysts

such as Sn(Oct), and in the presence of low molecular weight alcoholic initiators to

control the molecular weight of the polymer.”**! There are several other processes
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which can be exploited for the polymerization of PCL, including anionic, cationic,
coordination/insertion ROPs, and analogous characteristics can be highlighted with
respect to PLA (see above paragraphs) and other lactones. The number-average
molecular weight (M) of PCL samples may generally be in the range from 3000 to
80,000 g/mol®? although each polymerization method affects the resulting MW, PDI and

end group composition.*®

PCL is a semi-crystalline polymer having a Ty of -60 °C and melting point ranging
between 59 and 64 °C, which enables easy formability of the polymer at relatively low
temperatures. PCL is soluble in chloroform, dichloromethane, carbon tetrachloride,
benzene, toluene, cyclohexanone and 2-nitropropane at room temperature. It shows low
solubility in acetone, 2-butanone, ethyl acetate, dimethylformamide and acetonitrile and
is insoluble in ethanol, petroleum ether and diethyl ether®®. PCL can be blended with
other polymers to improve stress-crack resistance, dyeability and adhesion; moreover,
blending is often used to have better control over the permeability of materials. PCL was
used in combination with polymers such as cellulose propionate, cellulose acetate
butyrate, PLA and PLA / PGA copolymers with the aim of tuning the rate of drug
release from microstructure.”® Polymer blends based on PCL were categorized with
three types of compatibility, which are (i) exhibiting only a single Tg; (ii) mechanically
compatible, showing the Ty values of each component but with superior mechanical
properties; (iii) incompatible, exhibiting the enhanced properties of phase-separated
materials.>* Compatibility of PCL with other polymers depends on the ratios between

the components.

Copolymers (block and random) of PCL can be obtained using many monomers and
prepolymers; examples include ethylene oxide, poly(vinyl chloride), chloroprene,
poly(ethylene glycol), polystyrene, diisocyanates (urethanes), tetrahydrofuran,
glycolide, lactide, 6-valerolactone, substituted caprolactones, 4-vinyl anisole, styrene,
methyl methacrylate and vinyl acetate.*®

1.2.3 Biodegradability and biocompatibility of PCL

PCLs can be biodegraded by outdoor living organisms (bacteria and fungi), but they are
not biodegradable in animal and human bodies because of the lack of suitable
enzymes.> Hence, although the polymer is bioresorbable, the process takes a relatively
long time and initially propagates via hydrolytic degradation. The PCL homopolymer
shows a total degradation time of 2—4 years (depending on the starting molecular

56-58

weight), nonetheless, the rate of hydrolysis can be altered by copolymerization with
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other lactones or glycolides / lactides.*?

As previously described for PLA, PCL undergoes a two-stage degradation process
comprising: (i) the non-enzymatic hydrolytic cleavage of ester groups; (ii) an
intracellular degradation which takes place when the polymer is more highly crystalline
and of low MW (i.e. lower than 3000 g/mol). In the first stage, the degradation rate of
PCL is essentially identical to the in vitro hydrolysis at 40 °C and obeys the first order
kinetics. It was hypothesized that the HO- radical was likely to be a significant cause of
PCL degradation in implantable devices.>® Chen et al. studied the in vitro degradation
behavior of PCL microparticles and compared it to that of PCL film (PBS buffer at 37+1
°C; pH = 7.4). The physical shape of the PCL specimen had no obvious effect on its
degradation rate, suggesting that homogeneous degradation dominates the process.
Accelerated degradation models for PCL have been investigated by several groups,
primarily utilizing thermal methods.”® Persenaire et al. proposed a two-stage thermal
degradation mechanism of PCL® and found that in the first stage there was a statistical
rupture of the polyester chains via ester pyrolysis reactions. The second stage led to the

formation of CL as the result of an unzipping depolymerization process.

Pitt et al. showed that the mechanism of in vivo degradation of PCL, PLA and their
random copolymers was qualitatively the same. The degradation rate of random
copolymers was much higher than those of the homopolymers under the same
conditions.®® On the other hand, the degradation rate of PCL / PLA block copolymers
was found to be intermediate between PCL and PLA homopolymers and increased with
PLA content in the 0 — 40% range.®” However when the PLA content was greater than
40%, the degradation was found to exceed that of the homopolymers.®

Degradation kinetics are highly dependent upon the molecular weight of the polymer(s).
High molecular weight molecules take a much longer time to degrade, necessitating a
greater number of ester bonds to be cleaved in order to generate water-soluble

monomers/oligomers and, hence to allow erosion to proceed.

For the study of intracellular degradation, low molecular weight (M, = 3000 g/mol) PCL
powders were used, reporting that the powdered polymer was rapidly degraded and
absorbed within 13 days inside the phagosomes of macrophages and giant cells, and that
the sole metabolite was 6-hydroxyl caproic acid. Figure 1.8 illustrates the mechanism of
hydrolytic PCL degradation. 6-Hydroxyl caproic acid and acetyl coenzyme A are
formed as hydrolysis intermediates, which in turn enter the citric acid cycle and are

eliminated from the body.®*
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Figure 1.8 — Intracellular degradation process of PCL via its hydrolysis intermediates

In general, bioresorbable polymers and devices are well tolerated by living tissues;®
nonetheless, the release of acidic degradation products from bioresorbable polymers and
implants may contribute to some secondary inflammatory reactions. The determination
of both the degradation rate of PCL and the local tissue clearance are crucial in
predicting the concentration of byproducts present in the tissue and the resultant host
response. The inflammatory response due to PCL / PLA copolymers after implantation
in male wistar rats was studied in detail by Pitt and co-workers.®® The injection of
microspheres into the body resulted in the activation of neutrophils and caused mild
localized inflammation. Inflammatory reactions in bones were less pronounced than in

muscles.

1.3 Poly(ethylene glycol) (PEG)
1.3.1 General properties of PEG

Poly(ethylene glycol)s are employed in a number of widespread applications since they
present low toxicity®” and are approved for food®” and biomedical use.®®® They are
especially utilized in the field of drug discovery™® on account of their hydrophilicity,
decreased interaction with blood and high bio-compatibility. PEGs are also used as
soluble polymeric supports for catalysts in organic synthesis’* and as eco-friendly
alternatives to substitute volatile or halogenated organic solvents. PEGs are not
flammable or corrosive as well as readily commercially available at low cost, being

formed from ethylene oxide by simple epoxide ring opening.

PEG is an amphiphilic polymer with a high solubility in water and in many organic
solvents including toluene, dichloromethane, ethanol, and acetone. It is insoluble in less

polar solvents such as hexane, cyclohexane or diethyl ether,”” and in scCO,.” It is able
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to dissolve many common organic solids, some coordination compounds (such as metal
phosphine complexes) and it presents some interesting characteristics including high
polarity, high boiling point and expandability with CO,.”* Moreover, PEG is stable to
acidic or basic, oxidative or reductive conditions and at high temperatures (up to 150 —
250 °C).”* On account of a relatively large heat of fusion, PEG is among the most
promising candidates as a safe and cost-effective energy-storage material to replace
conventional phase-change compounds like inorganic salt hydrates and their mixtures.”
Being (much cheaper) acyclic analogues of crown ethers, special properties arise from
their cation complexation ability:"® the same PEG can coordinate metal cations of
different sizes, due to a flexible helical conformation generating cavities with variable
sizes. However, the salt complexation ability depends on the nature of the metal cation
and of the anion as well as on the MW of PEG.

1.3.2 Melting, solidification and crystallinity of PEG

Depending on its MW, the T, of PEG may vary in the range of 1 — 66 °C while the heat
of fusion lies in the range of 165.0 — 189.7 J/g (Figure 1.9).” PEGs with low molecular
weight (less than 800 g/mol) are viscous liquid at room temperature; those having a
molecular weight above 900 g/mol are waxy solids, but they melt at a moderate
temperature (45-55 °C) and can therefore be used as viscous liquid solvents. MW also
influences the degree of crystallinity of the polymer in the range of 83.8 — 96.4%; the
increased tendency of high MW polymers toward the formation of a crystalline phase is
related to their lower segmental mobility and more convenient geometrical alignment. It
was observed that the T, of a blend of PEGs lies between the values relative to the pure
components; hence, an advantage of using blends as a replacement for pure PEGs is the

possibility of fine-tuning the physico-chemical properties of the resulting material.
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Figure 1.9 — Melting temperature and heat of melting of PEGs with different MW

An increase in MW causes also the increase in the solidification temperature; during
solidification numerous small spherical structures join together and impinge on their
neighbours forming a multi-layered lamellar texture (Figure 1.10). The kinetics of this
process (namely, the spherulite growth rate) proved to be stable with time until the

impingement with other spherulites occurs.
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Figure 1.10 — Optical micrographs of PEG-10000 solidification steps (a to d)

It is worth noting that the polyether structure is an easy target for thermal oxidative
degradation in the presence of an oxygen atmosphere. At elevated temperature (over 70
°C) PEG peroxides are formed, leading to a random chain-scission process with the

formation of complex mixtures of oxygenated, low molecular weight PEGs.”

1.3.3 PEG in biomedical applications

The ability of PEG to influence the pharmacokinetic properties of drugs and drug
carriers is currently utilized in a wide variety of established and emerging
pharmaceutical applications (Figure 1.11). The change in the pharmacokinetics of
administered drugs upon shielding by or binding to PEG results in prolonged blood
circulation times. This, consequently, increases the probability that the drug reaches its
site of action before being recognized as foreign and cleared from the body. Therefore,
the majority of conjugated drugs as well as liposomal and micellar formulations on the
market or in advanced clinical trials are PEG-containing products.”’ In fact, all polymer-
based stealth drug-delivery systems that have been brought to the market up to now
contain PEG-functionalized (PEGylated) products, and no other synthetic polymer has

yet reached this status.”®">""

It is currently the most used polymer in the biomedical field of drug delivery and the
only polymeric therapeutic that has market approval for different drugs. The success of

PEG is based on its hydrophilicity, decreased interaction with blood components, and
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high biocompatibility. Not every non-ionic hydrophilic polymer can provide stealth
behavior since a number of structural parameters influence the biological and stabilizing
effects and have to be carefully taken into consideration.*® The molecular weight as well
as the polydispersity index of the polymer has been shown in many applications to be
important in this respect. The molecular weight of PEG commonly used in
pharmaceutical and medical applications ranges from 400 to about 50000 g/mol. PEG
with a MW in the range of 20000 — 50000 g/mol is mostly used for the conjugation of
low molecular weight drugs such as small molecules, oligonucleotides, and siRNA with
the aim of increasing the size of these conjugates above the renal clearance threshold.
PEGs with lower MW (in the range of 1000 — 5000 g/mol) are often used for the
conjugation of larger drugs, such as antibodies or nanoparticulate systems. In this way,
opsonization and subsequent elimination by the reticuloendothelial system is avoided,
enzymatic degradation is reduced, and cationic charges are hidden. PEG of about 3000

g/mol to 4000 g/mol is given orally as a laxative.

Nanospheres & Liposomes & Micellar Conjugates
nanocapsules polymersomes systems

Solid polymeric matrix Phospholipid bilayers

or polymeric shell &  with PEG brushes or Drug directly coupled
liquid inner core amphiphilic block to polymeric chain
copolymers
| !
Linear Star-shaped Dendritic
polymers polymers polymers
Micelles formed  Hydrophobic core Dendrites form

by amphiphilic encloses drugs dense outer shell
block copolymers

. =drug ™ =PEG ™= = hydrophobic polymer

Figure 1.11 — PEG-based carrier systems for drug-delivery

In principle, a biodegradable polymer would be more beneficial in certain biomedical
applications, since difficulties in achieving complete excretion would be avoided.

However, it should be kept in mind that the excretion of the polymer is not directly
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dependent on its molecular weight but rather on the hydrodynamic volume, which is
affected by the architecture of the polymer. For example, star-shaped polymers and
dendrimers show lower hydrodynamic volumes than linear polymers with similar
molecular weight.®# In general, a polymer with PDI below 1.1 provides an acceptable
homogeneity to ensure reproducibility in terms of body-residence time and
immunogenicity of the carrier system.®®”” This demand is fulfilled by PEG, since very
well defined polymers with PDIs around 1.01 are readily accessible by the anionic

polymerization of ethylene oxide.

When attached to hydrophobic drugs or carriers, the hydrophilicity of PEG increases
their solubility in aqueous media and provides them with a greater physical and thermal
stability; at the same time, it prevents or reduces aggregation of these drugs in vivo, as
well as during storage. This properties result from the steric hindrance and / or masking
of charges through the formation of a “conformational cloud” generated by the highly
flexible polymer chains, which have a large number of possible conformations. The
higher the rate of transition from one conformation to another, the more the polymer
exists, statistically, as a cloud which prevents interactions with blood components as
well as protein (e.g. enzymatic degradation or opsonization followed by uptake by the
reticuloendothelial system).®* The formation of an efficient sterically hindering cloud on
the surface of particles is also influenced by factors such as the molecular weight, the
surface density, and the way PEG is attached to the surface (e.g. mushroom-like or
brush-like PEGylation, Figure 1.12).8°%¢

Mushroom: s > 2r Brush: s < 2r
ﬁ LM
-

< >« —
S r S

Figure 1.12 — Mushroom-like and brush-like surface PEGylation

1.34 PEG biocompatibility and toxicity

Since PEG is a non-biodegradable polymer, the use of low MW PEGs would be
preferable for applications in which excretion from the body is needed. However,

oligomers with a molecular weight below 400 g/mol were found to be toxic in humans
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as a result of sequential oxidation into diacid and hydroxy acid metabolites by alcohol
and aldehyde dehydrogenases. The oxidative degradation significantly decreases with
increasing MW and, therefore, a polymer well above 400 g/mol should be used to avoid
toxicity.®”®® On the other hand, the molecular weight should not exceed the renal
clearance threshold to allow complete excretion of the polymer (a MW limit of 20000 —
60000 g/mol is reported for non-degradable polymers, corresponding to the albumin

excretion limit and a hydrodynamic radius of approximately 3.5 nm).39483.77

The most prominent side product formed during the synthesis of PEG is 1,4-dioxane
(i.e. the cyclic dimer of ethylene oxide). Currently, 1,4-dioxane is stripped off from the
product under reduced pressure. Dioxane is classified by the International Agency for
Research on Cancer (IARC) in group 2b (i.e. possibly carcinogenic in humans with
sufficient evidence from animal experiments). Therefore, the European Pharmacopoeia
(Ph. Eur.) limits the dioxane content to 10 ppm for pharmaceutical applications.
Nonetheless, an evaluation of dioxane by the US Department for Health and Human
Services revealed that rats exposed over two years to 111 ppm of 1,4-dioxane in air did

not show any evidence of dioxane-caused cancer or any other health effects.

PEG can also contain residual ethylene oxide from the polymerization process that is
classified by IARC in group 1 (carcinogenic in humans), as well as formaldehyde,
which is in the same group. As a consequence, the Ph. Eur. limits the content of ethylene
oxide to 1 ppm and the amount of formaldehyde to 30 ppm in PEG for pharmaceutical
applications. The toxicity of these contaminants clearly demonstrates the necessity of

using pharmaceutical grade PEG for biomedical applications.

1.35 The use of PEG as a reaction medium

PEG finds application as the reaction medium in substitution, oxidation, reduction and

organometallic transformations;*

moreover, the intrinsic characteristics displayed by
PEG allowed the development of synthetic methods for the generation of metal
nanoparticles (NPs) according to the principles of the polyol method.** The process
was first introduced to produce submicron-sized metal powders of uniform shape and
narrow size distribution at low temperature under closed-system conditions. The metal
species is reduced in solution at a temperature usually below that used either by solid-
state methods or under reducing conditions in the presence of hydrogen. The redox®"*
process involves the simultaneous reduction of the metal precursor, suspended in a
liquid polyol (usually ethylene glycol), and oxidation of the polyol solvent. The polyol

acts not only as the reaction solvent but also as a reducing agent and stabilizer, limiting
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particles growth and preventing their agglomeration and sintering. However,
optimization of the experimental parameters is necessary depending on the utilized
metal compound. The main parameters driving the size, morphology and size
distribution of the NPs are the reaction temperature and time, together with the MW of
PEG.* % |n addition, the combination of the advantages of sonication or microwave
irradiation together with the intrinsic characteristics of PEG (high viscosity, low
volatility, high permanent dipole) can provide powerful tools to generate NPs. Also the
mode and order of reagent additions, the use of additives (nucleating and protective
agents) and the substrate concentration are important factors to take into accounts in the

optimization of reaction conditions.

The use of PEG as the reaction solvent for metal-catalyzed organic reactions allows for
an easy recovery of the products and the possibility to recycle the PEG-metal catalytic
system. Mainly, two protocols can be used, depending on the physical state of the PEG
used in the experiment. (i) In the case of liquid PEGs (MW lower than 800 g/mol)
hexane, cyclohexane or diethyl ether are added to the crude mixture: the reaction
product is usually recovered in the organic phase, while the metal catalyst remains in the
PEG phase and can be reused for further cycles by adding new substrates. In some cases
it could be necessary to add some water during the extraction, in order to reduce the
viscosity of the PEG medium and to allow an easier recovery of the product. In order to
avoid the leaching of metal catalyst into the organic phase, it is also possible to freeze
the biphasic system organic solvent / PEG before proceeding with the separation. (ii) In
the case of solid PEGs (MW above 1000 g/mol), the reaction product and the PEG-
metal catalytic system can be separated by a simple and convenient experimental work-
up procedure based on a precipitation / filtration step. The crude of the reaction is
usually dissolved in a small amount of CH,ClI,, and precipitated by pouring into diethyl
ether (or tert-butyl methyl ether), a solvent in which the polymer is completely
insoluble. The solid catalytic system comprising PEG and metal is recovered as a
precipitate, while the organic product is recovered in the filtrate and isolated by simple
evaporation of diethyl ether. The use of solid PEGs also allows to recycle the catalytic
system; the catalyst containing precipitate obtained from the first experiment can be fed
again with the substrates and the reaction can be carried out for further cycles.

1.35.1 Examples of Cu-catalyzed reactions in PEG
The ligand-free Cu-catalyzed Suzuki-Miyaura cross-coupling reaction between
iodobenzene and 4-methylphenylboronic acid (K,COs, 110 °C, 8 h) gave a higher yield
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when PEG was used as solvent (84%) in the place of DMF (72%).'** Carrying out the
same reaction for 12 h in PEG-400 or PEG-200 resulted in a 99% product yield. A
useful synthetic procedure was developed using copper powder as the catalyst precursor
and high to excellent product yields were observed with good tolerance to various
functional groups. In addition to aryl iodides, it was possible to convert aryl bromides

and activated aryl chlorides under these conditions.

Recycling of the catalyst showed a yield decrease from 99% in the first run to 66% in
the sixth run. The proposed reaction mechanism assumed a classical oxidative addition,
transmetallation and reductive elimination cycle with the PEG acting not only as a

recycled medium, but also as a ligand (Scheme 1.13).

Cu(0)
OH
2< OH
OH ( = PEG-400

OH._(0)..-HO OH
Ar-Ar’ C Cu_ >
OH’ "HO ArX

O\\Uv)/ Ar 0\\(|V)/f Ar
/Cu /Cu\\
O \Ar' O X

KoCO3-X + KoCO3-B(OH),  ArB(OH), + 2K,COs

Scheme 1.13 — Mechanism of Cu-catalyzed Suzuki-Miyaura coupling in PEG-400

A simple catalytic system was developed to perform Cu-catalyzed Sonogashira reaction
in PEG (Scheme 1.14).*%? Copper(1) iodide (10 mol%) and potassium carbonate were
used in a various PEGs to afford diphenyl acetylenes in good to high yields. The
catalytic system utilized an advantage of microwave heating and the efficiency of PEG
reaction medium, which was superior to DMF. In the studied system, important
advantages of PEG mainly concern the absence of homocoupling products in the studied
system and easy recycling by precipitation. High efficiency of PEG as solvent in ligand-
free conditions was observed for Sonogashira cross-coupling between phenylacetylene

and iodobenzene;*® however, the utilized CuBr / BINOL catalytic system was more
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efficient in DMF than in PEG-400.

| =
i = Z 10 mol% Cul —
+ . —
N PEG-300 - PEG-3400 — N\ ;iR
R K,CO4

MW, 150-220°C 50-99%

R =H, 4-OMe, 4-NO,, 2-NO5, 4-Me, 2-Me, 4-CN, 2-OMe

Scheme 1.14 — Sonogashira cross-coupling between phenylacetylene and aryl iodides

Sreedher et al. have developed a Cu(l)-based catalytic system with high efficiency in
one-pot synthesis of 1,4-disubstituted 1,2,3-triazoles.® The reaction was carried out via
nucleophilic displacement and 1,3-dipolar cycloaddition and several solvents were
involved in the comparison (THF, CH3CN, DMSO, t-BuOH), resulting in selection of
PEG-400 and water as the best options. For a large number of substrates, the reaction in
PEG-400 did not require a base, and proceeded in higher yields for a shorter period of

time. Catalyst recycling was successfully carried out.

The in situ formation of Cu-based nanoparticles was observed in a Cu,O / Cs,CO3 /
PEG-3400 system, which allowed the development of a mild, simple and efficient
protocol of N-arylation.’® The reaction was carried out without additional ligands and
its practical utilization was enhanced by microwave heating, while the important role of
PEG to generate and stabilize nanoparticles was underlined by the authors. The scope of
the developed synthetic reaction included cross-coupling of indole and benzimidazole
with aryl iodides and bromides.

PEG was employed as the reaction medium in transition metal-mediated living radical

polymerizations'®

and, specifically, studies of the Cu-catalyzed polymerization of
methyl methacrylate and styrene showed accelerated kinetics in PEG compared to
traditional organic solvents. The easy and efficient recovery, an important advantage of
PEG system, resulted in polymer product with greatly reduced amount of residual metal.
Polymerization of methyl methacrylate in PEG-600 was reported in CuX, / TMEDA
catalytic system.'%” The process was carried out in a kinetically well-controlled manner

and resulted in a product with quite narrow polydispersity.

1.35.2 Examples of Pd-catalyzed reactions in PEG

Heck—Mizoroki coupling allows the arylation of a double bond in the presence of a
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Pd(0) catalyst (Scheme 1.15). For acyclic electron-poor olefins, the terminal B-arylation
product is always obtained as a mixture of E (major product) and Z (minor product)
isomers, while in the presence of electron-rich mono substituted linear olefins, a mixture
of a- and/or B-arylated products is obtained. The regioselectivity depends on the
mechanism involved (i.e. neutral or cationic), and on the nature of both the halide

coordinating the metal center in the oxidative addition intermediate and the bidentate

ligand.
[Pd] 'PEG"
— o
RQX + P’f\Rg ngand O\/_\ and/or O\/ and/or
1 Base B
T,t
E Z
X=Br, Cl

Scheme 1.15 — General scheme for the Heck-Mizoroki arylation reactions in PEG

As reported by Chandrasekar et al.,*®

when PEG-2000 was used as the reaction
medium, without additional ligand, a single regioisomer was obtained with a good E / Z
diastereoselection, independently on the electronic nature of the starting olefin. The C-C
bond formation was achieved by reacting aryl bromides carrying electron-withdrawing
or electron-donating substituents with activated electron-deficient (R, = CO,Et), neutral
(R2 = Ph) and less reactive electron-rich (R, = n-BuO) olefins in the presence of the
catalytic system composed of PEG-2000, Pd(OAc), and EtsN. In all cases, the aryl
palladium species attacks the B-carbon of the olefin, which is in sharp contrast with the
results obtained either in ionic liquids,*® leading almost exclusively to the arylation of
the a-olefinic carbon of butyl vinyl ether, or in conventional solvents (DMF, DMSO,
CH3CN)"%M! where products are obtained with a variable « / f ratio. The method did
not seem to be useful for the reaction of aryl chlorides. Recycling was carried out for
five runs, with constant yields and 90% of palladium retained in the PEG phase, as

determined by residual analysis.

In a Wacker-type oxidation process, alkenes were oxidized to ketones using a PEG-200 /
PdCl, / HsPV,Mo1¢04 catalytic system,** in aerobic conditions. Propene was converted
into acetone (89%) in a palladium-catalyzed process leading to Pd(0), which is re-
oxidized to Pd(Il) by a polyoxometalate affording a V/(IV) species; the latter was then
converted into the active polyoxometalate in the presence of the molecular oxygen. For
higher 1-alkenes, the corresponding 2-ketones were obtained in low yield (20%) with

total conversion of the remaining substrate to 2-alkenes via an acid-catalyzed

40



Introduction

isomerization. Hou and co-workers'*®

described the aerobic oxidation of alcohols using
a PEG-2000 / Pd(OAc), catalytic system, in which 2,2-dipyridyl amine end-groups are

covalently attached to PEG-2000 (Scheme 1.16) to improve Pd stabilization.

NaH MsO-PEG-2000-OMs [| >

DMF DMF N~
2h,50°C 4 h, 90°C | Nop SNOS-Oh o~y
' ‘46
S

Scheme 1.16 — Functionalization of PEG with 2,2-dipyridyl amine end-groups

Aromatic alcohols, aliphatic secondary and allylic alcohols were converted into the
corresponding ketones with good yields (>86%) in the presence of molecular oxygen (1
atm). However, the reaction was not effective if PEG-2000-Pd(OAc), was used as
catalytic system due to the formation of a large amount of bulk Pd, as shown by TEM
analysis, proving the positive effect of the 2,2-diaminopyridyl ligand, able to keep
homogenous the system all along the process and for the four consecutive catalytic

cycles. Dominguez and co-workers™**

developed a method for the synthesis of aromatic
ketones using secondary alcohols, methylene compounds or benzyl substrates, in an
aerobic oxidation process using Pd NCN- and CNC-type pincer complexes; these
proved very active when PEG-400 was used as the reaction solvent instead of water or
DMSO / water mixtures. The target oxidation gave excellent yields (up to 99%) with a
relatively low catalyst loading (down to 10" mol%) and for a large variety of substrates,
regardless of steric and electronic effects. The final product could be recovered by low-
temperature extraction (-78 °C) while the PEG phase, containing the catalytically active

species, could be recycled up to six times.

Jiang and co-workers® reported the ex situ preparation of nanoparticles from a PEG-
2000 / Pd(OAC), system without the use of any ligand. Although a high hydrogen
pressure (10 atm) was necessary to achieve full conversion (Scheme 1.17), the catalytic
system was effective for the selective hydrogenation of alkenes, especially those bearing
electron-withdrawing groups. The catalytic system could be effectively recycled ten
times and the products recovered by extraction after each cycle were analyzed by atomic
absorption spectroscopy (AAS), showing the absence of palladium leaching. The
palladium nanoparticles were prepared in liquid PEG-400, PEG-800, PEG-1000 or solid
PEG-2000 and PEG-4000 from Pd(OAc), and their efficiency was tested in the
hydrogenation reaction of cyclohexene. Keeping constant the concentration of
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Pd(OAC),, the best activity and selectivity was obtained in PEG-800, PEG-1000 or solid
PEG-2000. Complete conversion of starting materials was possible in 80 — 110 min
showing that the activity is not only dependent on nanoparticles size (i.e. 3 — 5 nm for
PEG-400 and PEG-800; 7 — 9 nm for PEG-2000), but it is also a function of the polymer
MW. It was suggested that the mass transfer of organic compounds was more favorable
in PEG-2000 than in the case of PEG-800 or PEG-1000 due to the bigger gap between
PEG molecules around the palladium particles. In PEG-4000 the catalytic activity was
poor with only 6% conversion of cyclohexene after 90 min, which could be due to
factors such as larger nanoparticles size (19 — 23 nm), highly viscous medium, poor

mass transfer, ineffective stabilization of particles (precipitation of black palladium was

observed).
Preprepared Pd-Nanoparticles
R Pd(OAc), (0.02 mol %) R R =H, Me
R' H» (10 atm) PEG-2000 R’ R'=Ph, CN, CHO, COOH, CO,Me

70°C, 0.25-2h

Scheme 1.17 — Synthesis of alkenes by Pd-NPs catalyzed hydrogenation

1.4  Metal-polymer macrocomplexes

This new class of products has recently expanded the application fields of
macromolecules, gaining increasing research interest during the last decade, and
includes polymers or copolymers functionalized with ligand groups involved in metal
coordination bonds. The resulting metal-polymer complexes demonstrate peculiar
properties such as tunability of MW, novel optical activity or the capability of the metal

centre of catalyzing organic reactions while still anchored to the macromolecular ligand.

It is worth mentioning that the easy end-functionalization of PLA and PCL, which stems
from the ROP mechanism in the presence of oxydrylic initiators, favors the use of theses
polymers for the synthesis of macrocomplexes. The vast range of available initiators
allow to optimize the coordination properties of these macromolecular ligands while a
proper monomer / initiator ratio gives polymers with a good control over MW. In the
case of PLA, the use of different isomers of starting lactide allows to tune the
crystallinity and, hence, solubility of the obtained macroligand or macrocomplex. This
synthetic versatility is not the only asset of PLA and PCL, since biodegradability and
biocompatibility are suitable for its use in drug-delivery systems or biologically active

compounds in general. On the other hand, a post-functionalization approach is
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commonly adopted in the case of PEG; macroligands can be obtained from commercial
non functionalized polymers by activation of the end-group(s) (e.g. via mesylation or
tosylation of the terminal CH,OH moiety) followed by reaction with a molecule bearing

the ligand group.

14.1 Structure of different macrocomplexes

The position of the metal-ligand centre with respect to the polymer chains determines
the overall structure of a macrocomplex (Figure 1.13). Starting from an end-
monofunctionalized linear polymer “A-[” (“-[” = ligand group) it is possible to obtain,
by complexation of a metal ion “M”, A-[M]-A homodimers, which are called
“homoleptic” polymers and copolymers, or A-[M]-B heterodimers (or “heteroleptic”
polymers and copolymers). In the latter case it is necessary to develop a synthetic
strategy which is selective towards the heteroleptic product and avoids the statistical
formation of the two homoleptic species A-[M]-A and B-[M]-B. The reversibility of the
coordination bond which links the polymer chains appears as a promising feature for
several applications. As an example, when A and B are polymers with different affinity
towards a certain solvent it is possible to obtain phase separation at a nanoscopic level
as long as the complex is preserved and phase separation at a macroscopic level as soon
as decomplexation takes place. On the other hand, if the ligand group is placed on the
termination of a covalent block copolymer “A-b-B-[” it is possible to obtain A-b-B-
[M]-B-b-A complexes which retain micro-phase separation regardless of the state of the
metal centre. As expectable, placing two ligand groups at the chain ends of polymer “B”
it is possible to reversibly synthesize a tri-block A-[M]-B-[M]-A macrocomplex by

addition of “A-[” macroligands.
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Figure 1.13 — Graphic representation of supramolecular architectures of some metal-polymer
macrocomplexes

Designing analogous synthetic pathways, the number of supramolecular combinations
rises greatly as well as the physico-chemical properties that can be obtained. A different
approach is to functionalize both polymer chain ends and synthesize a long sequence of
metal complexes capable of bonding these “macromonomers” in analogy to a
polycondensation (the obtained MWs are often quite high in this cases). Importantly, a
variety of star-shaped architectures can be obtained by the coordination of
monofunctionalized polymers to metal centers that can accommodate more than two
ligands, or, alternatively, by the synthesis of multi-arm macroligands. It is worth noting
that the charge on the metal complex has a marked influence on the supramolecular
aggregation processes and, hence, on the morphology of these species. Moreover, the
counter-ion employed to neutralize the charged macrocomplexes (and particularly its
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steric hindrance) may play a significant role and disturb the interactions between

polymer chains or metal cations.

1.4.2 Main examples of macrocomplexes

The most studied metal-ligand system in the field of linear macrocomplexes is probably
the versatile Ru[terpy].". Terpyridine-based macroligands were prepared by different
procedures, which are (i) functionalization of preformed polymer chains;*>* (ii) by
termination of anionic styrene polymerizations with chloroterpyridine™’ and (iii) using
the liga