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1 GENERAL INTRODUCTION

1.1 Branched Polymers

The interest in globular, cascade-branched polymers developed in the late 1980s
(Figure 1-1). Since then, the fascination with their structural and chemical peculiarities has
led to more than 1500 relevant publications annually. Depending on the degree of
regularity of branching on a molecular scale, such materials are usually categorized as
dendrimers and hyperbranched polymers.!” These branch-on-branch, or cascade-
branched polymers invariably lack a connecting line between any two end-groups that
passes all branching points. This feature translates to a structure that contains one closed
cycle per molecule at maximum, leading to unique physico-chemical properties, such as

the non-occurrence of gelation.!”’

I Dendrimer
[ hb-Polymer
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Figure 1-1: Number of publications concerning dendrimers and hyperbranched polymers since 1984.

The perfect branch-on-branch structures of dendrimers are synthesized by multi-step
protocols including alternating build-up reactions of the shell and purification steps. The
advantage of this “organic” synthesis is a perfectly symmetrical and absolutely monodis-
perse polymer of unprecedented structural precision.

Hyperbranched polymers are usually produced by a one-pot one-step synthesis. In opposi-
tion to dendrimers preparation is straight-forward and fast, but they are randomly
branched, e.g. some branching points are connected in a linear manner, the pendent branch

carrying a functional group (Figure 1-2). This synthetic simplicity and the reported
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similarities of the physical and mechanical properties of both hyperbranched polymers and
dendrimers that possess the same repeating units led to the development of tailored
materials™® where high performance and/or novel functionality are needed.

The natural occurrence of “hyperbranching,” which is a topological feature, was reported
as early as the 1930s by Staudinger.”) Meyer and Bernfeld proposed the first hyper-
branched structure for polysaccharides in 1940."! Glycogen, amylopectin and dextran are
the most prominent of the abundant natural energy storage polymers in which branching is
the key concept to fast release of large quantities of glucose.' It is interesting to note that
none of these materials possesses a perfectly branched dendrimer structure.

Nevertheless, the first published examples of synthetic hyperbranched polymers possibly
came up as early as the late 19" century. In 1854, Cannizzaro discovered what he
described as “amorphous carbon” (C7H6)n.[“] In 1885, Friedel and Crafts reported the
reaction of benzyl chloride and AlCle,1'? which was the first confirmed branched macro-

molecular structure.

More than 60 years later, in 1950, Flory published his visionary theoretical work on “ran-
[13]

dom AB, polycondensates.” Such polymers are prepared by the step-growth

Figure 1-2: Schematic structure of a hyperbranched polymer based on AB, and AB monomer units.
Four different incorporation modes (Dendritic (D), Linear (L), Linear-dendritic (L) and Terminal
(T) are highlighted.

! production by nature: 10° metric tons/year.

2



1.1 Branched Polymers

polymerization of AB;,, monomers, in which one monomer possesses complementary A
and B functionalities (e.g. hydroxyl and carboxyl groups) and the only reaction in the
system is the coupling of A and B-groups.

In the 1980s, hyperbranched polymers were rediscovered due to the fascination with the
structurally perfect dendrimers. Characteristic properties, such as low viscosity in bulk and
solution or the amorphous solid state are consequences of i) a globular, dense structure,
i1) an absence of entanglements, and iii) a high number of functional end-groups in pro-
nounced contrast to linear polymer chains.

Most hyperbranched polymers published so far are based on AB, monomers; more than

415 holyesters, !

[6,21]

150 have been created since 1980, leading, e.g., to polycarbosilanes,

] 8] 19,20]

polyamides,'”  polyethers,!"®!  poly(ether ketones),!

(Figure 1-3).

and polyphenylenes

Si

. M
A

HO

o

HO

Br

B(OH),

Br

Figure 1-3: AB,-monomers leading to hyperbranched (A) polycarbosilanes, (B) polyesters,
(C) polyamides, (D) polyethers, (E) poly(ether ketones) and (F) polyphenylenes.
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1.2 Characteristic Properties of Hyperbranched Polymers

Linear polymer chains form random coils in both dilute solution and melt. If a critical
concentration is exceeded, chains interpenetrate. This phenomenon is called chain
entanglement which leads to increased viscosity in contrast to non-entangled structures.
However, it is generally assumed that dendrimers and hyperbranched polymers are
intrinsically incapable of forming entanglements due to their compact, highly branched
structure.*’!

In addition, hyperbranched polymers are usually amorphous materials in solid state, since
crystallization is impeded by the hyperbranched structure. The compact globular shape
causes lower viscosity in the melt as well as in solution compared to the linear analogue
(Figure 1-4).°! Plotting the logarithm of the intrinsic viscosity log [n] against the

logarithm of the average molecular weight log [<M>] results in a straight line the slope of

which corresponds to the exponent o of the Mark-Houwink-Sakurada Equation (Eq. 1-1).
« Vi
n=K M =K. —-

(1-1)
a is determined by the shape of the polymer chain in solution, varying between 0 in the
case of ideal hard spheres and 2 for rigid rods. [n] also describes the ratio of the hydrody-
namic volume Vj, to the molar mass M. Thus, it is a function of the reciprocal density. In
theta state, the unperturbed coil a equals 0.5. Hyperbranched macromolecules induce
significantly lower o values than linear polymers. This strongly indicates the more
compact structure of hyperbranched polymers in solution.
Since they cannot entangle, hyperbranched matter forms rather weak materials of low
toughness in solid state. The appearance is highly dependent on the glass transition
temperature T,. Low T, materials are viscous fluids in contrast to brittle solids with high
T, Another interesting feature is based on the high number of functional groups.
Macromolecular substitution reactions open routes for numerous modifications,
e.g. reactive functionalization or alkylation to fine-tune solubility.***¥
In summary, hyperbranched polymers have three key characteristics: i) a lack of
entanglements, ii) relatively low viscosity in solution as well as in melt and iii) a high
number of functional end-groups per molecule that are part of a condensed structure. In
addition, they offer the convenience of a one-pot synthesis leading to a large number of

potential applications. However, broad inherent molecular weight distribution and limited

control of important structural parameters restrict potential application.
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Figure 1-4: The intrinsic viscosity [n] of linear and hyperbranched polymers; straight line - linear

polystyrene, dashed line - hb polymer."”!

1.3 Applications of Hyperbranched Polymers

The novel physical properties of hyperbranched macromolecules make these polymers
ideal candidates for use in a wide range of applications. A schematic diagram of the most
common applications in which hyperbranched polymers have been used is shown in
Figure 1-5. These are often bulk applications.

The production process of resins involves the addition of reactive diluents to reduce the
pre-polymer’s viscosity. Reactive functionalization of hyperbranched polymers with
groups that are cross-linked later, e.g. methacrylation, opens their use as multi-functional
precursors. Since these compounds do possess low viscosity, diluents become
obsolete.!' %]

Shrinkage is also a crucial issue when resins are cured, e.g., in dental chemistry. One of
the current concepts to overcome shrinkage is based on the use of oligomeric
macromonomers in order to reduce the number of new bindings. Since good processing
properties are required for the precursor, hyperbranched materials are the matter of
choice.!*"

Further potential evolves from polymer blends. Blends of polystyrene with hyperbranched
polyphenylenes improve thermal stability and melt viscosity of the final material.”*”

Massa et al. observed increased tensile and compressive moduli in cases of immiscible

polymer blends of linear polycarbonate and hyperbranched aromatic polyesters. Compared



1 General Introduction

to unmodified polycarbonate, decreased toughness and strain-to-break were revealed, and

higher T, was observed.””®! Some more work on rheological modification of commodities

by the use of hyperbranched polymers was published lately.[29'34]

Other concepts on the use of hyperbranched polymers were directed towards use in photo

[35,36]

refractive materials in the field of non-linear optics or introducing liquid crystalline

properties by covalent attachment of mesogens. In this case, thermotropic and lyotropic

242737381 1y contrast to structurally related dendrimers that carry

39,40]

properties were observed.!
mesogenic end-groups, broad nematic phases with low viscosities were observed.!
Specific properties of hyperbranched molecules, e.g. the absence of entanglements and the
high concentration of end groups, are promising for the preparation of liquid
crystalline materials with low viscosity and possibly short switching times.

In a recent work of our group, build-up of structured hydrogels with hyperbranched
polyglycerol was studied.l*"! Using multi-functional polyglycerols, hydrogels with high
content of free functional groups were created.

Nanotechnology is a further promising field for hyperbranched materials. Hyperbranched
polymers could serve as templates in the production of nanoporous materials with low

[42]

dielectric constants'™' or in the fabrication of defined hybrid particles (e.g. biomineral-

ization techniques).

Delivery Devices

Blend C t
Liquid Crystals B S

Soluble Functional
Supports

Catalysis Powder Coatings

Sensors
High Solid Coatings

Nanofoams in Low
Dielectric Materials

Low VOC Coatings
Multifunctional Cross-linkers

Figure 1-5: Applications of hyperbranched polymers.
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Lastly, high functionality is an appreciated asset in biomedical and pharmaceutical
research. In this area, mostly dendrimers were studied, but highly defined hyperbranched

polymers may equally serve as high-loaded contrast agents'* or host compartments for

[44-48 (49,50

controlled drug-release. ] Homogenous supports in catalysis'*” and biochemical

[51]

solid phase synthesis" - are promising topics as well.

1.4 Degree of Branching

The experimental parameter commonly employed to express the extent of branching in
cascade-branched macromolecules is the so-called degree of branching (DB). It describes
the relative amount of branching points versus the maximum number of branching points
in the molecule implied by feed. By definition, perfect dendrimers have a DB equal
to 1 (100 %), linear structures meet DB = 0.°%%*! In an ideal random bulk polymerization
of an AB,-monomer, the ratio of dendritic (D), linear (L) and terminal (T) building blocks
is expected to be 1 :2 :1, corresponding to a DB = 0.5 (50 %) (Eq. 1-2).

2:D
DB =
2-D+L (1-2)

In general, the degree of branching is calculated from NMR spectra based on signals that
are distinctively assigned either to linear (L), branched (D) or linear-dendritic (L)
segments. Linear-dendritic segments refer to AB; units, in which only one B group is
connected to another building block. Since DB is a purely statistical parameter resulting

from a macroscopic point of view, no information on microstructures or topological

ARG R

A A A A

Linear Amylopectin Hyperbranched Dendrimers
Polymers Glycogen Polymers

isomers is obtained.”>"!

Figure 1-6: Topological classification of branched polymers by the degree of branching (DB).
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1.5 Concurrent AB/AB;, Polymerization

Based on the seminal work of Flory,!"”! the common synthetic approach to hyperbranched
polymers is a polycondensation of AB, monomers where A and B functionalities are
complementary. It is a typical feature of step-growth reactions of this type that each
ABj,-monomer in the reaction mixture can react with any other species, i.e. monomers and
present oligomers, in the absence of cross-linking. High degree of polymerization (<DP,>)
is only achieved at high conversion, which is accompanied by a drastic increase in
polydispersity (PDI ~ <DP,>/2). It is hence obvious that no control over the polymer-
ization reaction is achieved.

In a theoretical paper in 1999, Frey et al. discussed whether control of DB is achieved by
variation of the ratio of two co-monomers, AB and AB,, as building blocks.™ Similar to

the theory for AB,,, monomers,"!

only purely statistical aspects were considered.

The central step, which determines the DB in a statistical AB/AB, copolymerization, is the
condensation of two, one or no further building unit(s) onto an AB; unit at the terminus of
a growing branch of the molecule. This AB; unit is then called dendritic (D), linear (L) or
terminal (T). AB units, however, are always added linearly (L;) and do not affect the
formation of branching points. If the growing branch is terminated by a linear segment, it

is referred to as terminal unit (Ty). Figure 1-7 illustrates likely combinations.

B— B— B
/
—A —A —A
\
B— B B
D L T
B—— B
/ /
—A —A
I‘L TL

Figure 1-7: Building combinations of AB, and AB monomer units.
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In the discussion of copolymers made from AB;- and AB-monomers, linear AB building
blocks (Ly) are treated like linear-dendritic AB, units (L). Linear, but terminal units (Tr)
were not considered since they are already correlated to the terminal units (T).

As consequence, for AB/AB; copolymerizations, DB is defined as:

2D
DB=7D+L+L,
1-3)

Regarding the probability of a linear or dendritic insertion respectively, and assuming full

. tat . . .
conversion, DB.g) s , Which depends solely on xag, is obtained:

stal 1-
DBAtB;ABZ =2 248 z
(2-x AB)
a1-4)
in which
[A8]
Xpg =
AB | + | AB
(o] + (78] »
The transformation of equation (1-5) yields xap as function of DB:
<t J1-2.DB-1
XaBiAB, =2+ DB
(1-6)

Employing Eq.1-6, one can adjust the desired DB between 0 and 0.5 by means of the ratio

of the two co-monomers AB and AB,.

1.6 Hyperbranched Poly(e-caprolactone)

Poly(e-caprolactone) has been used in medical care for more than 30 years. Biological and
physical properties are tailored in polymer blends or block copolyesters of e-caprolactone,
glycolide, and L-lactide amongst others. Tunable biodegradability is especially
appreciated for sutures and drug delivery devices.

However, almost all syntheses published for hyperbranched polyesters to date require
harsh conditions, such as temperatures exceeding 150 °C and catalysts like sulfuric
acid.l>®

Hedrick et al. first reported the synthesis of hyperbranched poly(g-caprolactone) (hb-PCL)
in 1998 (Figure 1-8)4. They employed a four-step protocol, first preparing exactly defined
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macromonomers of bis-MPA with linear poly(e-caprolactone) arms of defined length.
After deprotection through hydrogenolysis, hyperbranching polycondensation of the mac-
romonomers led to hb-PCLs of <M,> = 40-90 kDa and PDI values of 1.6 to 2.2. Rela-
tively mild conditions, but long reaction times of 92 hours in total and temperatures up to

100 °C were necessary.

o] o] 9]
Q /—OH b Q /_O{tK/\/‘\,,OtH o {JJ\-M‘O);H

I —C e
0 OH )
Sn{Oct) o 0(.“/\/\/\0}“ HO D{Tr’\/\/“‘\o;_ﬂ
{ ; o} n 0 a
2 3-n 4-n
DCC
DPTS/
Q OYH
o DW\/ n

o _/° OFH o3
0 s % T =
o, -0 n
o OW {g”\/\/\oiﬁ q OW
\>—<' 0 0: Eo
HO q;_\ o OW/ MO}H
o \—\_ﬁ o —\i—E © "
0/ _O n

Figure 1-8: Hyperbranched poly(e-caprolcatone) by a four step approach using defined
macromonomers (Choi & Kwak).

In 2003, Choi & Kwak reported a similar protocol avoiding the use of DCC/DPTS in the
final hyperbranching step (Figure 1-9).1*! They extensively investigated the influence of

the length of the linear segments on thermal” mechanical and rheological

[

properties.”’” 81 The net reaction time was 66 hours, the highest temperature employed was

110 °C for 5 hours.

Enzyme catalysis in organic media has seen enormous progress during the last 20 years

promoting a variety of small molecule transformations under mild reaction conditions.”™

In the 1990, the early enzyme-catalyzed polymerizations using, e.g. e-caprolactone,*”

[62]

8-valerolactone!®! and y-butyrolactone!®” as monomers, required long reaction times and

only low molecular weight polyesters were obtained (M, < 5.0 kDa). A first success was

10
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Figure 1-9: Hyperbranched poly(e-caprolcatone) by a four-step approach using defined macro-
monomers (Tollsas et al.). ¥

achieved with the use of immobilized Lipase B from Candida Antarctica (Novozyme 435,
CALB) for the polymerization of e-caprolactone as well as w-pentadecalactone in toluene
or other apolar solvents.'”) The state of the art in the field has been summarized in some
comprehensive reviews.!* ¢!

To date, there is only one communication published by Frey et al. in 2002 employing
enzymatic methods for the preparation of hyperbranched polymers.®”! This concept
implies the concurrent ring-opening polymerization / branching polycondensation giving
control of DB by the comonomer ratio in the feed (Figure 1-10).°°) However, this proce-
dure yields random copolyesters, i.e. the length of the linear segments is not defined and
molecular weights were found to depend strongly on the extent of branching (DB).

Since Novozyme 435 was used as catalyst, post-reaction purification was simply realized

by filtration of the Novozyme beads. Inspired by this promising initial work, two major

projects on hb-PCL were initiated in our group:

11
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Figure 1-10: Copolymerization of e-caprolactone and 2,2'-bis(hydroxymethyl)butyric acid. '*”!

I) Dr. Mihaela Ursu, at the time a PhD student from Romania, was eager to extensively

investigate the mechanical and rheological properties®

C 1o

of  hyperbranched
poly(e-caprolactone), blends hereof with PV and its biodegradability as part of her
thesis.

IT) At the same time, the objective of the present thesis led to a procedure for hyper-
branching bulk polymerization of e-caprolactone and some similar structures. Since com-
parable

materials were received by both protocols, scale-up synthesis in bulk was defined as a key
objective for future work. Lately, polymer analogous functionalization of the pendent free
hydroxyl groups and formation of networks by UV-curing has been demonstrated. Finally,
the influence of the quantity of hyperbranched methacrylated poly(e-caprolactone) in
2-hydroxy-ethyl methacrylic acid (HEMA) networks on the mechanical properties was
studied.

It should be emphasized that this concept implies mild reaction temperatures and a short
reaction time (24 hours, 75-85 °C). Moreover, by the use of Novozyme 435, toxic
catalysts, heavy metals as reducing agents, and organic solvents were avoided as far as
possible. Therefore, an economic route that is a major contribution to waste reduction is

introduced.

12



2 OBJECTIVE

2.1 Introduction

Hyperbranched polymers have received considerable attention in the field of polymeric
materials in recent years, as reviewed in Chapter 1.

While the rapidly developing field of dendrimer research has disclosed unique features of
globular, multifunctional structures based on branch-on-branch topologies, restrictions
apply if applications are considered, because these compounds suffer from their
cost-intensive, tedious preparation.

Ten years ago, Wooley et al. as well as other authors suggested that the structurally related
hyperbranched polymers could compete with dendrimers with respect to their structure-
property profiles in most applications. [

Syntheses of hyperbranched polymers were achieved by bulk polymerization of various
ABpy-monomers. This has been known since the seminal work of Flory in the 19505,[13 ]
although control of these reactions still remains a major challenge.

In the late 1990s, some basic theoretical works reflecting on the importance of the degree
of branching (DB) were published. Holter et al. derived a definition of DB for
AB,,-monomers and discussed to what extent one can overcome the statistical maximum
of DB under special reaction conditions.”” In a subsequent contribution, copolymeriza-
tion of AB, and AB monomers as a way to gain control of DB was suggested,”> and first
results supporting these concepts have been published in recent years.!”>”"

Besides conventional polycondensation of AB,-monomers, hyperbranched polymers have
also been synthesized employing alternative concepts. Enzyme catalysis represents an

innovative approach in this field. While in the 1990s efforts to polymerize e-caprolactone

(e-CL) in solution implied long reaction times and low molecular weights of the final

[ [75-77]

61,6274 o
polymers'®**™! due to concurrent cyclization, enormous progress has been seen

most recently.[>6!

In 2002, Skaria et al. first reported the synthesis of hyperbranched polymers employing
enzyme catalysis in organic media.l’’) The concept of concurrent ring-opening polymeri-
zation and polycondensation of BHB and CL made proper control of the final polymer’s
DB possible. Although higher molecular weights (M, > 10 kDa) were obtained, molecular
weights were found to depend strongly on the comonomer ratio in feed.

The objectives of this thesis are based on the concept of the above mentioned paper.®”

The concept of concurrent polycondensation/ROP will be further investigated with respect



2 Objective

to scope and limitations. Moreover, the scale-up of the polyester synthesis and the devel-
opment of transesterification routes towards hyperbranched polymeric cross-linkers are
central issues of the present work.

Aliphatic polyesters have been known as biodegradable materials for many decades.
While the potential of poly-L-lactide in medical care was recognized in the early 1960s
(Dexon™), poly(e-caprolactone) initially attracted attention as a soil-degradable container
material in 1982.7% To date, it is widely used in drug delivery devices (Capronol™) due

to its excellent biocompatibility, low glass transition (T,) and high permeability.[79]

2.2 Hyperbranched Poly(e-caprolactone)s

Highly branched polymers exhibit unique properties compared to their linear analogues.
Because of their high and tunable number of functional groups per molecule, they possess
advantageous physical properties that can be adjusted over a broad range, e.g. viscosity,
leading to purpose-specific tailored materials. On the other hand, these materials are suit-
able for blending with common linear polymers to enhance their mechanical properties to
the specific need of the desired application.'®”’

To date, three routes to hyperbranched poly(e-caprolactone) are reported (cf. section 1.6).
Hedrick et al.”*! and Choi et al.””! both elaborated multi-step protocols, involving long reac-
tion times to produce highly defined materials. The main benefit of these efforts was the
control of the length of the linear segments that allowed detailed studies on the influence
of the size of crystallizable, ordered segments on the physical and mechanical properties.
In contrast, Skaria introduced a protocol to prepare hyperbranched poly-
(e-caprolactone) in organic media by enzymatic catalysis within short production cycles

67 The degree of branching of the final product is defined

under mild reaction conditions.
by the comonomer ratio in feed, and the distribution of branching points is statistical.
While Ursu employed Skaria's protocol and extensively investigated the biological as well
as the mechanical and physical properties of these hyperbranched poly(e-caprolactone)s,
[68.69.80] the aim of the present work is to develop an optimized protocol to produce these
materials in bulk. Characterization should reveal similarities and discrepancies compared
to the materials prepared by the original protocol.

Since ready availability of hyperbranched poly(e-caprolactone)s is a prerequisite for
application testing, the reaction parameters — e.g. the catalyst quantity required and a valid

procedure for its regeneration — should be assessed, leading to cost-effective and ecologic

production on the kg-scale.
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2.3 Reknitting as a New Method of Synthesizing Hyperbranched Poly(e-caprolactone)s

Figure 2-1: Copolymerization of e-caprolactone and 2,2'-bis(hydroxymethyl)butyric acid.

2.3 Reknitting as a New Method of Synthesizing Hyperbranched

Poly(e-caprolactone)s

Nowadays, polymer production requires intensive research in material recycling in order
to reduce the cost of waste disposal. To preserve primary resources, this research usually
deals either with the combustion of plastics and composites or with the monomer /
oligomer regeneration as secondary feedstock for a new production cycle. Lately, even
recycling of synthetic biodegradable materials has been addressed because of future
limited carbon resources.!*' ™!

In chapter 4, a new concept of polymer recycling that we termed “reknitting” is investi-
gated. The aim is to “recycle” a sample of commercial linear poly(g-caprolactone) (I-PCL)
by modification into hyperbranched PCL (hb-PCL) using the transesterification capability
of Novozyme 435. The insertion of BHB into the linear chain generates branching points.

Employing this technique, isolation and purification of monomers or oligomers, which

often requires the use of toxic solvents, thus generating waste, shall be avoided.

. g Catalyst

Figure 2-2: Schematic of reknitting.
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2.4 Methacrylated Hyperbranched Poly(e-caprolactone)s as

Multi-functional Crosslinkers

Versatile applications of multi-functional molecules extending into three dimensions

motivate researchers specializing in methods for chemical modification of (hyper-)

branched polymers, e.g. towards unimolecular micelles®"

(85,86 [86-88

or as homogenous support in

peptide synthesis™*®! and organic catalysis. I Although methods of controlling the

degree of branching and the molecular weight of hyperbranched polymers have been es-

[67]

tablished recently, " structured networks have not been created so far. Lately, some work

91 but defined hyperbranched structures

on amphiphilic model networks was reported,!
disclose a wide variety of opportunities.

Truly new features are brought into polymeric drug delivery devices by functionalized
hyperbranched polymers. Unlike unimolecular nanocapsules, drugs are covalently
attached, and only a small portion of the hyperbranched carrier’s available methacrylated
groups might be cross-linked, e.g. with HEMA. This leads to drug carriers with extended
release rates whose parameters are highly tunable.

To date, only little work has been reported on the use of hyperbranched polyesters as
compounds for cross-linking.!'®**! The research on these networks originated in the area of
coatings and deals mainly with processing; thus the materials have not been investigated
in detail.

A number of macromolecular substitution reactions of polymeric aliphatic polyols were
realized in our group. The formation of nanocapsules as containers for dyes or as fluid
phase extraction devices®***) have been reported recently. The aim of this part of the pre-
sent thesis is to provide a route to methacrylate hb-PCL as a precursor for cross-linking
reactions.

In the second part, work on UV curing of mixtures of these multi-methacrylated hyper-
branched materials and 2-hydroxyethyl methacrylic acid (HEMA) to form networks is
described. Finally, the mechanical and physical properties of these complex networks are

elaborated upon.

2.5 Hyperbranching Polymerization of Other Lactones or Carbonates

Concurrent ring-opening polymerization and polycondensation of e-caprolactone and an
AB; monomer by enzyme catalysis in bulk, in which both reactions exhibit similar

kinetics, has been proven to be a powerful method of preparing hyperbranched aliphatic
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2.5 Hyperbranching Polymerization of Other Lactones or Carbonates

polyesters. It even facilitates large-scale, low-cost production, if monomers are chosen that
are readily available on the market.

In chapter 6, screening experiments of several lactones are laid out, the only prerequisite
being commercial availability. In addition, trimethylene carbonate was investigated
representing a six-membered cyclic carbonic ester, which was prepared in a one-step
reaction. The copolymerization of the latter should lead to high-loading materials with
high biodegradation rates, given that linear poly(trimethylene carbonate) is completely
amorphous”! and can thus be degraded by bacteria®! and in vivo.””

Since copolymerization of d-valerolactone and trimethylene carbonate was successful in
the initial screening experiments, these two novel classes of hyperbranched polymers shall
be investigated in further testing. Detailed characterization and comparison with hyper-

branched poly(e-caprolactone) shall be achieved.
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3 HYPERBRANCHED POLY(g-CAPROLACTONE)S

Highly branched polymers exhibit unique properties compared to their linear analogues.
Because of their high and tunable number of functional groups per molecule they have
preferable physical properties that can be adjusted over a broad range, e.g. viscosity, lead-
ing to purpose-specific, tailored materials.

For medical and pharmaceutical application, biocompatibility is a precondition. Moreover,
for some applications, such as drug delivery systems in subcutaneous implants or as film
former in ointment formulations, controlled degradability, by UV radiation or in vivo, is
highly desirable, too. Another prerequisite for this segment of application is the complete
absence of heavy-metal catalysts and other potentially toxic organic residues, such as
solvents or residual monomer.

Poly(e-caprolactone) (I-PCL) is known for its excellent biocompatibility, low glass transi-
tion and high permeability.””***71 The biocompatibility of 2,2’-bis(hydroxylmethyl)
butyric acid (BHB) is not approved so far. Since poly(2-hydroxy butyrate), a structural
derivative, is a highly crystalline, biological energy storage product in algae and bacte-

8991 p(BHB) is probably tolerated by living organisms. As a consequence, it is ex-

ria,
pected that copolyesters of PCL and BHB are bioresorbable and —degradable. Therefore,
such hb-PCLs could be employed as carriers, either highly loaded for diagnostic purposes

43,100]

e.g., for magnetic resonance imaging (MRI) of blood vessels [ or as host compart-
(e.g g ging p

ments for controlled drug release.*® The low viscosity index [1] that comes along with

high DB, and thus high functionality, may open up further use as rheological modifier.!*"

3.1 Synthesis

Hyperbranched polymers are commonly prepared from AB;-monomers or compounds that
possess a hidden or latent AB, functionality, which is set free in the course of the reaction,
1.e. a lactone-ring is cleaved and a a-hydroxy-w-carboxylic acid is generated. Due to this
synthetic principle, the degree of branching and related properties are usually subjected to
reaction kinetics, but cannot be adjusted to a specific value.

Routes to hb-PCL previously reported either employed self condensing ring-opening

polymerization (SCROP)!'**!*]

or macro-monomers that were prepared via controlled
synthesis of the linear segments by protection of the carboxylic group of the branching

point’** and subsequent hyperbranching polycondensation. While the branching density is



3 Hyperbranched Poly(e-caprolactone)s

exactly defined in SCROP, it can be adjusted in the latter method by the length of the CL
arms. The precise control of molecular geometry comes along with certain synthetic effort
in monomer synthesis.

In 2002, Skaria et al. introduced “a general enzymatic route towards hyperbranched
aliphatic copolyesters that is based on the combination of ring-opening polymerization
(ROP) and polycondensation of suitable bis(hydroxy) carboxylic acids as branching AB,
comonomer units.”!'*! This concept was first confirmed by the copolymerization of BHB
and CL.V The reaction was catalyzed by Novozyme 435 — immobilized Candida
Antarctica lipase B (CALB) — in toluene solution at 85 °C. Argon was used as inert gas to
prevent side reactions. In contrast to the previously described methods, both monomers are
commercially available at moderate cost and the reaction is a true one-pot, one-step
synthesis making preparation straightforward. The degree of branching is controlled by the
comonomer ratio in the feed, the distribution of the branching points is random and final
molecular weights are somewhat limited, depending on the degree of branching.

However, polymerization in solution comprises a number of drawbacks: Volatile organic
compounds (VOCs) are usually a hazard to environment and expensive on waste disposal.
Furthermore, most organic solvents that are tolerated by Novozyme 435 have a boiling
point around or beneath 100 °C on the one hand, on the other the active enzyme of the
Novozyme 435 preparation becomes inefficient at temperatures exceeding 100 °C. This
turns the removal of water, which is formed by the condensation process in-situ into a
challenge. Since the boiling point of CL is 96 °C at 20 hPa, water is removed under
reduced pressure without evaporation of the monomer. For that reason, it is assumed that
polymerization under bulk conditions will yield higher molecular weights and lower the
cost of production.

Transfer of this protocol to bulk polymerization includes some work on optimization of
reaction parameters that is described in detail in section 3.5. In general, the following
reaction conditions were employed: CL was distilled over CaH, and stored over molecular
sieves prior to use. The reaction vessels (carousel reactor tubes, round bottom flasks) were
oven-dried and flushed with argon. BHB and CL were heated to 85 °C under vacuum.
Above 76 °C, BHB dissolves in CL, thus the feed is a homogenous liquid. Next, the
reaction vessel was purged with argon, the enzyme beads were added and vacuum was
applied over the whole reaction period to remove water formed in the condensation
process. Post-reaction work-up comprised dissolution in chloroform, catalyst removal by

filtration of the enzyme beads, washing and drying steps.
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3.2 Characterization

A schematic structure of the hb-PCL macromolecules prepared by this method is shown in
Figure 1-2. Since all hydroxyl groups remain potentially active in the course of the polym-
erization, the resulting structure is hyperbranched and consists of perfect dendritic (D),
linear (L), linear-dendritic (L) and terminal (T) units. Linear units (L;) are produced by
ring-opening of CL, while linear-dendritic (L) units represent BHB units in which only

one of both hydroxyl groups was subject to further condensation.

3.2 Characterization
3.2.1 NMR Experiments

NMR is an important method to characterize hyperbranched polymers since detailed
analysis of the spectra permits to extract information on both the degree of polymerization
(<DPs>) and the degree of branching (DB). Furthermore, information on the insertion
pattern, i.e. statistical or block copolymerization, is obtained. Therefore the results of this
method are discussed in detail.

'H-NMR signal assignments for hb-PCLs in which 2,2-bis-(hydroxymethyl) propionic
acid (bis-MPA) served as AB, component, have first been reported by Hedrick et al.”*l A
distinct chemical shift for the methyl group of bis-MPA was observed depending on the
type of ester formed by its carboxyl function. These observations are supported by studies
on model compounds.!'™

In Figure 3-1, a typical spectrum of hb-PCL, discussed in this thesis, is depicted. In con-
trast to the polymers, in which bis-MPA was employed as AB; monomer, no distinction
between different ester groups caused by neighboring segments was observed. However,
careful analysis facilitates distinction between terminal (€) and linear-dendritic (f) methy-
lol groups. Furthermore, the chemical shift of alkoxy groups participating in the ester
linkage depends on the substitution scheme. A distinction in CL-O-CO-CL (Q),
BHB-0O-CO-CL (h), and CL-O-CO-CL-OH (g’), the last being a second to terminal unit,

was assessed. The integral of signal d was set to unity in order to directly compare spectra

of hb-PCL of different DB.
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45 4.0 35 3.0 25 2.0 15 1.0 0.5
Chemical Shift (ppm)

Figure 3-1: "H-NMR spectrum of a copolymer of CL and BHB containing 3.7 mol% of BHB.

Since standard *C-NMR spectra are not integrable and information on DB is extracted
from 'H-NMR correlation, only qualitative interpretation was done. An exemplified
spectrum is shown in Figure 3-2. By comparison of spectra, in which DB of the samples is
different and with the help of computer-assisted prediction, all signals were assigned. With
increasing DB new signals 4°, 5°, Ct’ and E; p appear, shifted by 1-4 ppm. These represent
C-atoms of the backbone of terminal CL-units, which become visible because their signal
intensity is a function proportional to DB and thus, hidden in the noise of linear to moder-
ately branched samples. The signal near Ep originates from BHB units that are inserted in
a linear-dendritic fashion.
The degree of branching (DB) can be calculated on the basis of the intensities of
'H-NMR-signals from the fraction of structural units using a previously derived equation
(cf. section 1.4).
__ 2D
DB =5 b+L 3-1)
In Eq. 3-1, DB represents the degree of branching, D and L the fractions of dendritic and
linear units. The DB values (Table 3-3) were calculated by the ratio of signal A and D, but
according to the theory, any pair of two signals can be chosen, that correspond to unique,
structural features of each of the two building blocks.. For sure, more accurate results are

obtained if high intensity signals are preferred.
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Figure 3-2: “C-NMR spectrum of a copolymer of CL and BHB containing 3.7 mol% of BHB.

Another value that is obtained from NMR-analysis is the number-average length of linear
segments between two branching points (<DPs>). It reveals information concerning the
global topology of hyperbranched polymers and is calculated according to expression
3-2.%%1 Orlicki et al.”” have shown that for AB/AB; copolymers the average segment
length is correlated to the rheological properties of the hyperbranched polymers.

Leo 1 (rz +2r+2>

P T o, T T

(3-2)
In which D — dendritic units; L., — total number of linear units in the AB/AB, copolymer;

T., — total number of terminal units; r defines the monomer ratio AB/AB..

3.2.2 VPO, GPC, GPC-Online Viscometry and Solution Viscometry

Molecular weights and polydispersity are fundamental parameters in macromolecular
characterization. Whereas NMR-analysis usually supplies reliable data for core initiated
polymers, it fails, if random macromolecules with no core are investigated.

Vapor pressure Osmometry (VPO) is a technique that is inherently independent of the
polymer’s solution properties. Since it depends only on the number of molecules in
solution, careful sample preparation is mandatory and often, number average molecular
weights (<M,>) are underestimated. In Figure 3-3, the data obtained by vapor pressure
osmometry for a series of hb-PCLs is visualized. In case of aggregation due to hydrogen

bonding the slope of this concentration-dependent plot is expected to decrease with
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3 Hyperbranched Poly(e-caprolactone)s

increasing concentration. This behavior was not observed in TCM solution containing up
to 4 wt% of hb-PCL, evidencing the absence of aggregation in this concentration range.
Molecular weights were calculated by dividing the product of the slope of the benzil curve
and the molar mass of benzil by the slope of the respective hb-PCL curve. However, the
values obtained by VPO measurements are generally low compared to GPC and
MALDI-TOF analysis (cf. section 3.2.3).

In Figure 3-4 the results of viscosity measurements of some hb-PCLs in TCM solution are
depicted. This analytical technique is based on the increase of a liquid’s viscosity, which is
direct proportional to the amount, the shape and the molecular weight of a herein
dissolved (macromolecular) solid. The linear relationship between 775, and concentration
demonstrates that no aggregation occurred in the investigated concentration range, which
is supported by similar observations in VPO measurements. Concentrations used in

viscometry were in the same range as in VPO measurements.
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Figure 3-3: Results of vapor pressure osmometry of e hb-PCL-97 (M,= 1250 g/mol),
A hb-PCL-93 (M,= 1100 g/mol), vhb-PCL-84 (M,= 950 g/mol) and & hb-PCL-76
(M,=950g/mol) in TCM at 30°C, calibrated with m benzil (M= 210.23 g/mol).
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Figure 3-4: Specific viscosity (7,) of hb-PCLs as a function of concentration in TCM at 30 °C.
Intrinsic viscosities [n] are 24.1 mL/g for = hb-PCL-97, 21.2 mL/g for A hb-PCL-95,
1.2 mL/g for o hb-PCL-93, and 1.2 mL/g for A hb-PCL-84.

GPC calibration is a difficult task, given that the hydrodynamic volume of hyperbranched
polymers is a function of the degree of polymerization, the degree of branching and
polymer/solvent interactions. In particular, absolute molecular weight measurements of
hyperbranched macromolecules having a variable degree of functionality are a tough
challenge.

Relative molecular weight determination is based on a calibration curve, for which
polystyrene samples are used. Such data may serve as comparison to that previously
published by other authors. Mostly neglected, this calibration generates reliable molecular
weight estimates only for samples that are similar to the calibration standard in chemical
structure and polarity, and therefore in their physical polymer/solvent interactions.
Absolute molecular weights (<M,,>) are obtained by light scattering or membrane osmosis
(<Mp>). Although independent of the hydrodynamic volume in solution some limitations
apply, e.g. the refractive index increment has to be determined, which depends on the
polymer, its molecular weight and the DB. Since dn/dc appears squared in the scattering
equation, inaccuracy leads to large deviations in molecular weight. In opposition,
membrane osmometry permits fast molecular weight determination, but works only in the

range of M; = 10*-10° Da.
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3 Hyperbranched Poly(e-caprolactone)s

Due to the nature of hyperbranched polymers, additional difficulties arise using these
techniques: As dn/dc strongly depends on molecular weight up to 20 kDa'®! and on DB,
light scattering is not a routine method for high throughput analysis. Whether or not light
scattering detectors can be used depends decisively on the refractive index increment of
the polymer solvent combination. Where values are high, as in the case of polystyrene in
THF (dn/dc = 0.185), usable signals are obtained down to My, of approximately 1.0 kDa.
In the case of other polymers, for which dn/dc equals 0.05, the size of the signal is only
about 7% of the polystyrene-in-THF signal at the same concentration and molecular
weight, making reliable evaluation at low MW impossible.'” dn/dc of I-PCL,
M,, = 10 kDa (THF, 30 °C) was found to be 0.056 + 0.006.

Membrane osmosis suffers from underestimation of the average molecular weight for the
same reason as vapor pressure osmometry. Since both methods are based on the absolute
number of particles in solution, hyperbranched polymers having inherently broad polydis-

persities and low molecular weight oligomer fractions are underestimated.

Mbranched > Mlinear

(Vh)branched = (Vh)branched

Vg —»

Figure 3-5: GPC elution profile of linear and branched samples of similar hydrodynamic volumes, but
different molecular weights.!"!

Another method that overcomes these difficulties, is the so-called universal calibration
technique, which was introduced by Grubisic et al.'"”! It is based on the consideration that
GPC does not separate macromolecules by molecular weight, but by the size of the solute
molecule in solution. This concept is demonstrated in Figure 3-5 which shows a highly
branched chain eluting at the same retention volume as a linear, lower-MW polymer of

similar hydrodynamic volume.
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3.2 Characterization

Likewise, solutes of similar MW but different molecular conformation will elute at differ-
ent retention volumes.

In order to relate MW to molecular size, the concept of intrinsic viscosity is often used.
The intrinsic viscosity [n] of a polymer solution can be easily determined and is related to
MW, size and shape of the macromolecule in solution. To date, viscosity detectors that
allow online viscosity measurements, which produce reliable data and reduce experi-
mental effort dramatically. In Table 3-1 viscosity values obtained by 1) solution viscosity
measurements using an Ubbelohde viscometer and i1) GPC-online viscosity detection are
summarized for a series of hb-PCLs.

In an universal calibration the classical log MW plot against the elution volume Vg is
replaced by log [n]'M vs. V.. While the MW to V,, relationship depends on the type of
polymer in the classical plot, these curves merge into a single plot in the universal cali-
bration plot (Figure 3-6). The validity of this concept to produce highly reliable molecular
weight estimations was examined in a number of publications investigating a variety of
polymers, different in shape and in chemical nature."”""*) For low molecular weights, the

sensitivity of the viscosity detector exceeds that of light scattering even at high dn/dc.!'®

Table 3-1: Viscosity data obtained by i) GPC-online viscosity detection (TCM, 30°C) and ii) solution
viscometry (TCM, 30 °C) for a series of hb-PCLs. " [Nlcec/[M]vise is @ measure of deviation; similar
values express linear deviation.

Copolymer  [n][em’/g]”  [n][em’/g]l™  [Mleec/Mlvise
hb-PCL-99 28.9 33.2

hb-PCL-97 21.3 24.1

hb-PCL-95 16.8 21.2 .
hb-PCL-93 8.7 1.2 -
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Figure 3-6: Universal calibration curve (1) and peak position calibration curve (2). Universal

calibration curve:

e PS, m PVC, A PS (comb); peak position calibration curve:

o PVC, A PS (comb). The solvent used is THF."!

3.2.3 MALDI-TOF Mass Spectroscopy

o PS,

Structural information on the molecular scale, e.g., the comonomer incorporation pattern

or the presence of macromolecular cycles, is difficult to obtain in polymer science. So far,

the only method is MALDI-TOF MS, but spectra are highly questionable with respect to

representative, reliable data. In Table 3-2 monoisotopic masses of the relevant fragments

are summarized.

Table 3-2: MALDI-TOF MS: Monoisotopic masses of relevant fragments

Fragment

Origin Formula

Monoisotopic mass

of fragment
Ly CL [Ce¢H100:] 114.068
D BHB [CeHoO5] 113.060
L BHB [CeH100s] 130.063
- - H,O 18.011
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As consequence, a clear distinction between D and L units is difficult because both frag-
ments have very similar masses. Considering a molecule of 1.5 kDa, being composed of
12 to 13 fragments, it may consist exclusively of Ly units, but also of (Li-1) and one D
unit. At 1.5 kDa MW, 1 am.u. difference is caused either by i) structural difference
(see above), 11) H/D exchange or iii) difference in the geometry of the path of flight
depending on the position of the spot on the sample plate.

However, incorporation of linear-dendritic fragments L is clearly indicated by the differ-
ence in mass and cyclization is recognized by signals that are 18.01 a.m.u. beneath the
signal of the linear species.

Finally, one should keep in mind that MALDI-TOF MS is not a reliable tool for molecular
mass determination of polydisperse samples because of mass discrimination effects, which

lead to underestimation of very low- and very high-MW species [,

3.2.4 Physical Properties

In the case of the samples prepared in kg-charges, the hot crude hb-PCLs had a clear
yellowish color. Dramatically slowed down crystallization of the final product was
observed in the case of hb-PCL-42 caused by the highly branched structure of the sample:
While all of the low-DB samples crystallized readily upon cooling to ambient temperature,
hb-PCL-42 remained a clear, viscous liquid for at least one day after sample preparation.
Permanent solidification was achieved after cooling the sample to -20 °C for 5 hours.

All of the high DB samples (DB > 20 %) remained rather waxy whereas low DB samples
were rather hard and brittle like commercial lincar PCL (I-PCL) is. I-PCL prepared by
enzyme-catalyzed bulk polymerization as reference material looks alike.

hb-PCL is not soluble in water or lower aliphatic alcohols but in a number of organic
solvent, e.g. tetrahydrofurane (THF), chloroform (TCM), 1,4-dioxane, 1,2-dichloro ethane,
toluene and pyridine.

DSC measurements confirmed that all hb-PCLs are flexible polymers, manifested by glass
transitions between - 48 °C and - 56 °C. Melting points were found to be between 27 °C
and 57 °C, strongly depending on the DB. The melting endotherm is usually shaped as
double endotherm. hb-PCL samples of DB > 35 % are completely amorphous, as

determined by means of DSC analysis.
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3.3 Hyperbranched Poly(e-caprolactone) by Polymerization in Solution

Initial experiments on the enzyme-catalyzed polymerization of CL were carried out
according to the protocol developed by Skaria.”! The results are summarized and com-
pared to selected data of Skaria in Table 3-3 and Table 3-4.

Although prepared strictly according to the quoted protocol, neither the author nor Ursu
were able to reproduce the molecular weights obtained by Skaria. However, incorporation
of BHB was found to be closer to stoichiometric insertion and higher yields were obtained
than in the initial work. Results produced by the author are in good agreement to those

obtained by Ursu.

Table 3-3: Characterization data of hb-PCL samples prepared by solution polymerization.

Copolymer DBy DB, Yield M, (GPC) PDI

mol-%  mol-% % g'mol”
hb-PCL-96s 3.9 3.9 98.1 6,300 2.0
hb-PCL-90s 9.5 10.2 99.7 3,800 1.8
hb-PCL-83s 18.2 17.5 99.7 1,750 2.5
hb-PCL-74s 26.1 25.6 91.1 1,500 2.0
hb-PCL-98s" 1.9 1.6 90.0 9,000 2.1
hb-PCL-97s" 3.9 2.9 95.0 7,200 2.0
hb-PCL-92s" 11.3 8.4 97.0 3,500 1.8
hb-PCL-87s" 14.2 12.8 85.0 2,500 1.6
hb-PCL-77s" 40.0 33.1 73.0 1,100 1.1

! Experiments carried out by Ursu®”!

Table 3-4: Characterization data of hb-PCL samples prepared by Skaria.'*’!

Copolymer DBy DB, Yield M, (GPC) PDI

mol-%  mol-% % g-mol”!
hb-PCL-100s 0 0 80 34,600 1.8
hb-PCL-98s 3.9 3 75 53,100 1.4
hb-PCL-96s 7.7 4 78 24,800 1.6
hb-PCL-92s 14.8 10 84 23,900 1.3
hb-PCL-90s 16.7 13 74 12,900 1.5
hb-PCL-75s 40.0 23 58 8,000 1.2
hb-PCL-50s 66.7 33 61 6,600 1.2
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3.4 Hyperbranched Poly(e-caprolactone) by Bulk Polymerization

Polymerizations in organic media usually lack scalability because larger quantities in the
synthesis require large volumes of solvent. Besides difficulties in solvent handling,
removal of water, which is formed by the condensation process, becomes a critical issue.
Most water removal methods commonly used in laboratory synthesis are not scalable
conveniently either.

For that reason, one aim of the present work was to establish a protocol offering polymeri-
zation of CL and BHB using bulk techniques and enzymatic catalysis. In addition,

5] water, which is formed in situ, should

cyclization is expected to be suppressed in bulk;'
be removed by vacuum.

In the final protocol, bulk polymerizations were carried out in vacuo at 85°C for 24 hrs,
using immobilized Lipase B from Candida Antarctica (CALB, Novozyme 435), leading to
the desired hyperbranched structure. It is noteworthy that BHB dissolves in CL above
76 °C, forming a colorless, clear solution. During polymerization a remarkable increase in

viscosity was observed, which caused the rotation of the magnetic stirrer to stop after

3-5 hrs of operation depending on the fraction of BHB.

3.4.1 Reaction Kinetics

Reaction times often reflect arbitrary periods chosen by the researcher’s convenience.!''®!

In order to optimize reaction parameters, kinetic experiments were carried out. As de-
picted in Figure 3-7 final molecular weight was achieved after 2-5 hours. Careful inter-
pretation of the data led to the conclusion that there is a small decrease in molecular
weight after 20 hours. The weight-loss of the polymer chains may be caused by trans-
esterification that is also catalyzed by Novozyme 435. The decrease amounts to ca. 6 %
for both <M;> and <M,,>.

Polydispersity (PDI) and yield reveal information about the ongoing polymerization. If
PDI is high after short reaction periods, but decreases with longer intervals, random
polymerization may be assumed. In this case, PDI is 1.7 — 1.8 for all samples, indicating
either that the molecules’ growth occurs evenly or that final conversion is reached very
soon. According to Figure 3-7, yield, and thus conversion, assume a maximum after 5 — 10
hrs. After 20 hrs, no significant change in conversion is observed any more.

In conclusion, molecular weights and yields reach a maximum after 10 hrs. Between 10

and 20 hours, a weight loss of 5 - 6 % is observed, which was ascribed to trans-
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esterification also mediated by the enzyme. Final molecular weights and constant yields
were obtained after 20 hours of reaction. This equilibrium state was chosen as end point of

the reaction.
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Figure 3-7: hb-PCL Polymerization: Kinetics - Molecular weight as a function of reaction time; m
<M,>, 0 <M,>,, + yield.

3.4.2 Degree of Branching

DB and, consequently, the number of hydroxyl end groups, is a central parameter in
determination of the properties of hb polymers. It defines not only the statistical extent of
branching within one macromolecule, but also the number of terminal, functional groups
and indirectly the average length of linear segments (<DPs>). In classical AB, polycon-
densations, DB approximates a certain maximum, but individual control is not feasible.
Hedrick et al. 1) as well as Choi et al. 1% exactly defined <DPg> by the length of the linear
PCL arms that were polymerized onto the branching points prior to the hyperbranching
polycondensation.

In this study, DB is controlled by the monomer ratio in the feed. As discussed in section
3.2.1, the amount of AB; units in the copolymers was determined by integration of
'H-NMR signals. The fraction of BHB incorporated into the hb copolymers was generally
lower than in the monomer feed. CALBs preference to mid-sized and large cyclic

[65,117-120

substrates lis known to limit copolymerizations.
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On the other hand homopolymerization of BHB was unsuccessful since large amounts of
polar solvents were required to solubilize the monomer, which impaired the activity of
CALB'*]. This is visualized in Figure 3-8 correlating DB values calculated from
"H-NMR spectra with theoretical values set by the initial monomer ratio.

DB of the copolymers was in the range of 1 to 33 %, according to the Frey definition for
AB/AB,.copolymerizations™ Comparing this data with samples prepared by solution
polymerization similar values and trends are observed up to a DB of 20 %. At higher DB
solution polymerization results in near to stoichiometric ratio of comonomer insertion
(Table 3-3). In the case of bulk polymerization, the deviation from the ideal insertion is
more pronounced (Table 3-4). However, even in this concentration range, control of DB is

given for both systems, since the deviation from ideal behavior can be anticipated and the

desired DB reproduced.
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Figure 3-8: Degree of branching as determined from '"H-NMR analysis correlated to theoretical
degree of branching by feed. The straight line marks stoichiometric copolymerization.

As discussed elsewhere!®”!

yields and molar masses of hb-PCLs exhibit a decreasing
tendency with increasing fraction of the branching component BHB. However, GPC
characterization of hyperbranched multi-functional polymers whose number of functional
groups per molecule is subjected to change, is problematic and can lead to questionable

results, if common linear standards are employed!®”! (cf. section 3.2.2). By means of GPC,
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a change of the functional density per molecule results in different species that one cannot
compare directly." 2! Thus other techniques to determine the molecular weight were
taken into account. A universal calibration curve was established, which is a base for
absolute molecular weights.!"”” In addition, measurements of vapor pressure osmometry
(VPO), which is independent of the chemical nature of the sample and therefore more
reliable for hyperbranched polyfunctional polymers, were carried out. The data is summa-
rized in Table 3-5, the relationship between <M,> and DB is shown in Figure 3-9.

In standard calibration mode, molecular weights decreased rapidly from <M,> = 10.0 to
0.4 kDa upon increasing the DB from 0.5 % to 33.3 %. PDI is in the range of 1.6 — 2.4
showing a decreasing tendency with higher DB.

Universal calibration mode was used to determine absolute molecular weights.!”'"”) Since
the viscosity detector is more sensitive than refractive index detectors in the case of PCL,
a broadening in the molecular weight signals is a common phenomenon for the samples of
hb-PCL. As consequence, PDI values were somewhat higher than they appeared in stan-
dard mode. Unfortunately, this detection mode is limited by weak signal intensity. Hence
only samples with DB < 10 % resulted in reliable data.

The absolute <M;,> measured by VPO analysis was in the range of 1,000 — 1,300 Da, but
in contrast to GPC only little dependence on DB was observed. All samples showed excel-

lent linear correlation. Thus, aggregation due to polar groups can be excluded (Figure 3-3).

Table 3-5: Molecular weights and viscosity of hb-PCLs obtained by various methods; the samples
were produced by variation of the copolymer ratio in feed.

DBf DBp <Mn>l . <Mn>2 ) <I\/In>3 T‘Iimn4 MH- MH- nintn >
Copolymer PDI PDI 4 4
mol mol I g'mol’ I 3 K a 3
% o, &MO 1 g:mo cm’/g cm’/g
I-PCLS - - 5,800 3.6 2,000 54 - 25.6 0.15 0.56 255

hb-PCL-99 1.0 12 10,000 24 4300 26 1300 289 0.18 0.55 332
hb-PCL-97 20 25 6,700 24 3,600 24 1,200 213 018 0.52 24.1
hb-PCL-95 4.0 49 5,700 20 2300 30 1200 168 172 026 21.2
hb-PCL-93 80 7.1 2200 24 2,000 25 1,100 8.7 1.06 026 1.2
hb-PCL-92 100 82 2300 21 2200 23 1,100 7.8 049 034 1.7
hb-PCL-84 20.0 16.1 900 2.2 - - 900 - - - 1.2
hb-PCL-66 50.0 33.7 400 1.6 - - 1,000 - - - -

Y Det. by GPC (TCM, 30°C, PS-Calibration)  Det. by GPC-online viscometer (TCM, 30°C)
? Det. by GPC (TCM, 30°C, Univ. Calibration) > Det. by solution viscometry (TCM, 30°C)
3 Det. by VPO (TCM, 30°C) % produced according to the hb-PCL protocol
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Comparing the molecular weight values obtained from these two methods it was observed
that the results obtained by VPO were distinctly lower than the ones obtained by GPC
(Figure 3-9). Since VPO is a colligative method, molecular weights are more likely to be
underestimated because traces of solvent or oligomers will have a strong effect on
molecular weights measured.

In this case, VPO data expresses rather the lower <Mp> of those oligomers that were not
removed by post reaction work up than the true <Mp> of the sample complimentary to
GPC. As discussed in section 3.2.2 data based on standard calibration may serve for com-
parison with other publications but universal calibration yields appropriate molecular
weights that can be confirmed by absolute methods, e.g. MALDI-TOF MS, if monodis-

perse samples are used.
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Figure 3-9: Comparative graph of <M,> against DB, determined by: m GPC (polystyrene calibration,
TCM), x GPC (universal calibration, TCM) and e VPO (T =30 °C, TCM).

As important as elucidation of structure and actual molecular weight is the determination
of the materials” properties in solution by viscosity measurements. On the one hand in-
formation on the shape of the polymer chains in the respective solvent is obtained, but on
the other hand knowledge for material processing is achieved as well.

The dependence of the intrinsic viscosity [1] on molecular weights as well as the DB has

been investigated for all copolymers. These measurements were performed on an
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automatically recording Ubbelohde viscometer and compared with the data obtained by an
online viscosity detector attached to the GPC (cf. Table 3-5).

Figure 3-4 depicts the results of viscosity measurements in TCM at 30 °C. The linear rela-
tionship between msy/c and concentration demonstrates that no aggregation occurs in the
investigated concentration range, which corresponds to observations discussed in the GPC
section. The slope of the lines flattens out with increasing DB of the sample which means
that highly branched samples have a very compact structure in solution. Both techniques
online viscosity detection and Ubbelohde viscometry are in good agreement. This is note-
worthy, since online viscosity detection is a rather simple and efficient routine compared
to common solution viscosity measurements.

As before, the values of intrinsic viscosity of the hb-PCLs with different DB were lower
than those of I-PCL. This is related to the different structure and architecture of the linear
and hyperbranched samples. Intrinsic viscosity depends on the ratio of the hydrodynamic
volume to molecular weight. The structures of hyperbranched polymers are denser, result-
ing in smaller hydrodynamic volumes compared to those of linear polymers with compa-
rable molecular weights, thus leading to smaller viscosities (cf. Figure 3-5). Only 5 % of
branching cause a drop in viscosity to 50 % of the original value (Table 3-1).

This explanation is supported by the Mark-Houwink parameter o which is calculated from
online viscosity measurements in TCM. While a equals 0.6 for I-PCL prepared by enzy-
matic catalysis, it decreases the more BHB is inserted. 5 % of branching induce a decrease
of a to 0.3.

The K parameter, which is also obtained by the Mark-Houwink-Sakurada equation
(cf. section 1.2) is a measure for the strength of polymer/solvent interactions. Higher val-
ues reflect stronger interactions. In the case of hb-PCLs no trend was observed but rela-
tively large K values were obtained indicating strong polymer/solvent interactions.

Bulk polymerization technology is expected to yield products with lower content of cyclic

13121 Since distinction of dendritic BHB (113 amu) and

species than solution techniques.!
linear CL (114 amu) units is a rather difficult and not absolutely consistent issue
(cf. Table 3-2), we were mostly interested in details on cyclization. MALDI-TOF charac-
terization was carried out with three different samples: hb-PCL-98, a long-chain branched
PCL, hb-PCL-84, a moderately branched sample and hb-PCL-66 representing a hyper-
branched material. The respective spectra are shown in Figure 3-10-Figure 3-12. In all

spectra a repetitive signal pattern was observed, which was most complex for the long-

chain branched hb-PCL-98. The series of signals were assigned to the hyperbranched
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copolymer structure. Generally, the signals were observed at regular intervals of 114 amu,
corresponding to the molecular weight of the CL repeating unit or of branched BHB, re-
spectively.

In the long-chain branched sample (hb-PCL-98, Figure 3-10) exclusively linear species,
cyclic and non-cyclic, were dominant and a small peak referring to a branched cyclic spe-
cies was also detected. The signal “Lg-nc” refers to linear HCLgK . One of the CL groups
might have been replaced by a dendritic BHB group, thus, a neutral species L;BHBK"
might have been desorbed alike. “H-nc1” stands for linear HCLgBHB,K". Both of them
“Lg-c” and “H-c1” originate of condensed “Ls-nc” and “H-nc1” respectively, which yield
cyclic species by the loss of H,O (-18 amu). “H-nc2” represents H-CL;BHB,K .

This relation is inverted at DB = 16 % (Figure 3-11), in which mainly non-cyclic branched
and little linear species were found. In the highly branched sample (Figure 3-12) only the
two non-cyclic, branched species "H-nc1” and “H-nc2” were detected. These results con-

firm theoretical considerations that cyclization is suppressed the higher the DB.
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Figure 3-10: MALDI-TOF spectra of hb-PCL-98.
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Figure 3-11: MALDI-TOF Spectra of hb-PCL-84.
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Figure 3-12: MALDI-TOF Spectra of hb-PCL-66. L refers to linear, H to hyperbranched,
¢ — cyclic and nc — not cyclic. H-nc1 and H-nc2 are both branched, but differ in one linear-dendritic

building unit.
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Not only cyclization but also thermal properties depend strongly on the DB. Typical DSC
diagrams for a series of samples obtained upon heating are shown in Figure 3-13. All DSC
diagrams exhibit a characteristic double endotherm. The more intensive upper part
represents the melting process, which was confirmed by optical microscopy. Hb-PCLs of
DB > 35 % are completely amorphous by means of DSC analysis. The melting tempera-
tures (Ty,) in Table 3-6 are reported as the peaks of the higher temperature peak of the

double endotherm.
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Figure 3-13: DSC diagram of hb-PCLs upon heating; straight line - hb-PCL-93, dashed line
- hb-PCL-84, dotted line - hb-PCL-76.

In contrast to this study, Choi and Kwak did not observe double melting endotherms in
their recent work,™™ in which a macromonomer concept for the synthesis of hyperbranched
PCL was used. Since the combined area under the peaks of both endotherms in our study
is equal to the area of the exotherm caused by solidification in the cooling step, this phe-
nomenon is attributed to the presence of a wider linear segment distribution. Using polar-
izing microscopy Ursu observed the isothermal formation of well-grown spherulites of
200 pm in size at T, = 35.8 °C for |-PCL that was prepared by polymerization in solu-
tion.!® The spherulites were very tightly spaced and regular in shape. Hb materials, how-
ever, formed fewer and less developed spherulites. They were about 30 um in size and
irregular in shape. Extended amorphous regions were observed between the crystallites.
These observations may tentatively explain the appearance, and moreover, the broadening
of the melting endotherm.

Molecular parameters like molecular weight distribution and DB strongly influence

crystallization and melting behavior. An increase of the DB,, from 1.2 to 33.7 % caused a
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Table 3-6: Theoretical and experimental degree of branching (DB), the average segment length
(<DPg>) and thermal properties of selected hb-PCLs.

Copolymer DBg DB, BHB, r DPq T, T. AHy X

mol% mol%  mol °C °c Jg' %
I-PCL’ - - - - - -64.6 580 654 484
hb-PCL-99 1 1.2 0.6 1657 833 -523 56.7 805 59.6
hb-PCL-97 2 25 13 759 385 -572 549 796 59.0
hb-PCL-95 4 49 25 390 200 -557 586 804 59.6
hb-PCL-93 8 7.1 3.7 260 135 -545 549 819 60.7
hb-PCL-92 10 8.2 43 223 117 -50.7 53.7 771 57.1
hb-PCL-84 20 16.1 88 104 57 -495 460 67.7 502

hb-PCL-66 50 33.7 203 0.3 2.1 -50.6 272 40.1 29.7

Y CAPA 6100™

decrease of Ty, from 56.7 °Cto 27.2 °C. Correlating Ty, with DB, and thus indirectly with
<DPs> of the hb-PCLs, it becomes clear that Ty, is determined by the average length of the
linear CL segments between two branching points, lowering its values with decreasing
<DPg> (Figure 3-14).

Another parameter that also reflects the crystalline fraction is the heat of fusion AHy. It is
represented by the area under the melting endotherm and a virtual baseline connecting
both ends of the peak. As expected, a decreasing trend with increasing incorporation of
AB;-comonomer is found. Since AH¢ of completely crystalline I-PCL is known, the degree
of crystallinity, Xc, was calculated according to:

AH;

AHY{

X, =100 -

(3-3)

in which: AH¢— measured heat of fusion; AH¢’ — heat of fusion of 100 % crystalline I-PCL;
AH{ (I-PCL) = 3.69 kcal/mol or 135 J/g.['*]

Intuitively, one may assume that hyperbranched polymers suffer from a lower tendency to
crystallize compared to the linear analogue. Surprisingly, hb-PCL samples of DB below
10 % were found to exhibit a similar or even higher degree of crystallization than I-PCL.
The highest value for X, and for the melting enthalpy was found for hb-PCL-93 that
slightly differs from hb-PCLs of lower DB (Table 3-6). One possible explanation for this
unexpected finding is that the chain ends of the hyperbranched structure lead to an
enhanced mobility that permits an alignment of linear segments, increasing the degree of

crystallization in this way.
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Since the glass transition Ty of a hyperbranched polymer is due to translational motions,
Kim and Webster suggest the lower the polarity of hyperbranched polymers, the lower
their Tg.m] In the present study, the T, values observed for the hb-PCL samples exhibit a
tendency to increase as DB increases, which corresponds to the enhanced polarity of the
polymers. A complimentary explanation is the mobility of the linear segments to be more

and more constrained by the higher the number of branching points.
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Figure 3-14: Plot of T,, vs. BHB, of hb-PCLs.

3.4.3 Increasing Molecular Weights by Advanced Water Removal

High molecular weights in polycondensation reactions are only achieved at high conver-
sion. In the present study quantitative incorporation of BHB is only realized, if the con-
densation competes with the ring-opening polymerization of CL. Most often, the only way
to shift the equilibrium to the product side relies on efficient removal of the byproduct, e.g.
water that is formed by the condensation process. Besides, the activity of Novozyme 435
is lowered the more polar groups are present in its environment and enzymatic degradation
may occur."*"! Since Novozyme 435 consists of CALB that is adsorbed on Lewatit™
beads,!'*"! it may be washed off the beads if the medium is too hydrophilic. In this case,
regeneration of the enzyme beads becomes obsolete.

For these reasons some efforts were made to improve the general protocol in terms of wa-

ter removal. hb-PCL-96 served as reference experiment, in which no vacuum was applied.
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hb-PCL-96Ar was treated as before, but an argon flux was applied for the last 5 hours.
Sample hb-PCL-96MS was prepared like the reference sample, but 0.1 g activated

[125] were added to adsorb water. In experiment hb-PCL-96Vac vacuum

molecular sieves
was applied over the whole reaction period. The results are summarized in Table 3-7.

As expected, all these measures resulted in higher incorporation of BHB, i.e. higher DB,
than in the reference experiment, but only slightly increased molecular weights were ob-
served in experiment hb-PCL-96MS. According to these results addition of molecular
sieves or applying vacuum are best suited for driving molecular weights and DB to higher

values.

Table 3-7: Experimental data of hb-PCLs prepared under water removal conditions.

Copolymer DB DB, <M,>" PDI' <M > PDI m,° 1\/1141;1 1\/(1;1
mol% mol%  gmol’ g-mol cm’/g cm’/g
hb-PCL-96 8.0 107 2300 25 900 4.6 101 12 03

hb-PCL-96Ar 8.0 11.7 2,000 2.5 1,000 3.7 8.3 0.8 0.3
hb-PCL-96Vac 8.0 14.4 2,100 2.5 1,000 3.8 8.0 0.5 0.3
hb-PCL-96MS 8.0 15.7 2,400 2.6 1,000 43 104 09 0.3

! Det. by GPC (PS-Cal.) 3 Det. by VPO (TCM)
? Det. by GPC (Univ. Cal.)  Det. by GPC-online viscometry

3.5 Parameter Optimization for Synthesis on the kg-scale

A straight forward protocol to synthesize hb-PCLs in bulk employing Novozyme 435 as
biocatalyst was developed and discussed in the previous sections. Since cost of the
chemicals is relatively low and control over elemental product properties is achieved,

parameters that gain importance in larger scale production were studied.

3.5.1 Influence of the Concentration of Novozyme 435 on the Product

The parameter, to which economic calculations are most sensitive, is the quantity of
Novozyme 435 that is added to the batch. Efforts to regenerate the Novozyme beads used
during a synthetic cycle were not successful yet (cf. section 3.5.2), therefore the cost of the
enzyme will probably remain the most critical issue.

A series of samples was prepared in which the quantity of Novozyme 435 with respect to
the total feed was varied. Since most protocols found in literature have chosen 10 wt%

Novozyme, this amount was set as largest quantity. This can amount to relatively high
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masses, but one should keep in mind that most of the weight is caused by the Lewatit'™
beads to which only a thin film of the active enzyme is absorbed. The molecular weights
obtained after 24 hrs of reaction are shown in Figure 3-15. Although a correlation of
achieved molecular weight, yield and amount of Novozyme 435 is observed, the quantity
of Novozyme 435 can be reduced to 4 %, which comes along with 10 % loss of final

molecular weights.
14.0
1204

10.0

8.0

[kg/mol]

n

6.0

M M
w
M|

4.0 “B“——n]\j\

204 \f-‘\ \

10 8 6 4 2 0
w(Novozyme 435) [wt%]

Figure 3-15:Effect of the Novozyme 435 concentration on the final molecular weight.

3.5.2 Enzyme Regeneration and Enzyme Leaching

Regeneration of the enzyme beads is also a crucial topic to achieve cost-efficient polymer
production. In particular, information on eventual enzyme leaching from the beads and
thus formation of a residue may gain importance if approval of the hb polymer as pharma-
ceutical compound is planned.

In each of two concurrent experiments the same lot of Novozyme 435 beads was used for
the synthesis of hb-PCL. After each synthetic step the beads were regenerated by washing
with TCM and subsequent drying. Correlating molecular weight, and yield respectively,
versus production cycle, a dramatic decrease of activity between new Novozyme 435 and
regenerated enzyme beads became obvious (Figure 3-16). The enzyme’s activity dropped

around 60 % from new to first regeneration and some more from first to second
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regeneration cycle. After that only low molecular weight samples were produced but
activity remained stable.

Since the loss of activity may be caused by enzyme leaching from the beads or by the
regeneration process itself, new Novozyme 435 was refluxed in HPLC grade chloroform.
The beads were removed from the solvent and dried according to the regeneration protocol.
No significant difference between hb-PCL samples produced using pseudo-regenerated

beads and those using new Novozyme 435 were observed.
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Figure 3-16: Novozyme 435 regeneration: Molecular weights by recycling cycle.

Finally, 2.7 g of new Novozyme 435 were refluxed for 24 hours with 300 ml TCM
containing 1 mL methanol, which served as substitute for hydrophilic groups and water
formed in the hb-PCL synthesis. The residue (4.7 mg) obtained after TCM evaporation
was redissolved in chloroform and water prior to SDS-PAGE. While a very weak band
was observed at 35 kDa in the TCM trace, the aqueous gel produced a stronger band at the
same position, which corresponds to CALB. This was verified by running a solution of
CALB L preparation (commercial, aqueous solution of CALB L) and size standards from
250 to 10 kD included in each gel, which were purchased from BIO-RAD (#161-0373).
Additionally, a second band at 63 kDa was observed, which was not identified.!"*®

In conclusion, regenerated Novozyme 435 beads are not suitable for polyester synthesis
since adsorbed enzyme leaches from the Lewatit'" beads. This is caused by the hydro-

philic environment generated by the increasing number of hydroxyl groups of the growing

hb-PCL and water formed in situ.
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et I

Figure 3-17: SDS-Page of the residue from refluxing Novozyme 435 in TCM containing
1 % methanol dissolved in TCM (A), in destilled water (B), a molecular weight standard (S) and
CALB L preparation (R).

3.6 Preparation of hb-Poly(e-caprolactone)s on the kg-scale

Synthesis on a larger scale is a first step to broaden experimental interest in a promising
compound. Ready availability permits the use as starting material for further modifications
and allows for research on blends or composites. Due to the cost of the catalyst and
difficulties in catalyst regeneration, only 2% of Novozyme 435 was used (cf. section 3.5.1).
It was chosen as compromise between achievable molecular weights and required minimal

quantity of the catalyst. In Table 3-8, the results are summarized.

Table 3-8: Experimental data of hb-PCLs prepared in the scale-up reactor.

Copolymer DB; DB, <M,>'  PDI' <M’

mol% mol% g-mol” g'mol™

hb-PCL-90sc 15.0 10.0 1,600 1.8 1,300

hb-PCL-86sc 20.1 13.9 1,200 2.0 1,300

hb-PCL-78sc 30.9 21.9 800 23 1,300

hb-PCL-59sc 50.1 40.9 400 1.6 1,300
hb-PCL-78sc-p 21.9° 13.5 1,200 2.5 -
hb-PCL-78sc-d 21.9" 12.8 1,000 2.6 -

Y Det. by GPC (PS-Cal.) " as in hb-PCL-78sc.

? Det. by VPO (TCM)
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3 Hyperbranched Poly(e-caprolactone)s

At first glance, these samples have similar molecular weights and PDI like those prepared
in 5g-charges (cf. Table 3-3). However, work-up of the crude product implied only
filtration to remove the Novozyme beads, thus no fractionation in terms of molecular
weight, e.g. by washing or dialysis, occurred. Considering the 5g-charges being purified
by washing, one may conclude higher synthetic efficiency in the kg-reactor, e.g. due to
more effective water removal by tighter vacuum. Also distillation of CL directly prior to
use could have been an asset.

According to the experiments in section 3.5.1 final DB and molecular weight were ex-
pected to be somewhat lower, compared to copolyesters that were prepared using 10 %
catalyst. As shown in Figure 3-18, around 3 % less BHB is incorporated if the Novozyme
435 concentration is reduced from 10 to 2 %. Two methods of purification, precipitation
and dialysis, were examined. In both cases, the <M,> increased at the expense of lower
DB, values. MALDI-TOF MS revealed a clear cut at 1 kDa for the precipitated sample
(hb-PCL-78sc-p). Copolymers that were purified by dialysis (hb-PCL-78sc-d), however,
had a slightly minor DB, but branched macromolecules of higher molecular weight were
able to pass through the membrane to a certain extent. In addition, this method is only

suitable for small amounts of polymer.
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Figure 3-18: Degree of branching as determined by '"H-NMR analysis correlated to the degree of
branching by feed.; Dashed line - stoichiometric ratio; m / dotted line - 10 % catalyst;
o / dash-dotted line - 2 % catalyst.
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3.7 Conclusions

3.7 Conclusions

In this chapter, the successful transfer of the enzyme-catalyzed hyperbranching copoly-
merization of CL and BHB from solution to bulk conditions was described, which allows
to avoid toxic solvents and catalysts in the process. The hyperbranched samples were
characterized by NMR, GPC, VPO, DSC and MALDI-TOF and compared to samples
produced by solution polymerization. Insertion of BHB, and thus DB, were calculated
from 'H-NMR spectra.

Comparing both strategies, near stoichiometric copolymerization of BHB as branching
unit was observed, though bulk conditions caused a stronger deviation at high branching
ratios. Molecular weights were elucidated by VPO and by GPC applying polystyrene
standard and universal calibration. In all cases, universal calibration, which is considered
to provide absolute molecular weights, resulted in lower values than standard GPC
calibration. VPO experiments indicated relatively low molecular weights of 1-2 kDa.
Although this method is considered to provide absolute data the results are questionable in
this special case. Due to the synthetic procedure and the polydisperse molecular weight
distribution of these hyperbranched materials, ranging from oligomers to polymers within
one single sample, VPO evaluates the lower <M,> limit rather than the overall average
<M,>.

Viscosity measurements were recorded by an Ubbelohde viscometer in order to confirm
values obtained by GPC-online viscometry with an independent method. The data
obtained by both techniques is in good agreement. Furthermore, it was observed that little
branching results in a strong decrease of viscosity, which is an important asset for process-
ing and application.

Thermal analysis provides T, and Ty, data. T, increases from -57 °C to -49 °C where as Ty,
decreases from +58 °C to +27 °C the higher the feed of BHB. These effects confirm a loss
in crystallinity caused by the incorporation of branching points in the linear chain.
MALDI-TOF spectroscopy was used to elucidate structural information. While long-chain
branched samples have both cyclic and non cyclic species, samples with a higher degree
of incorporation of BHB consist only of non cyclic, branched chains.

Reaction conditions were varied with respect to optimization for larger scale synthesis.
High reaction rates were observed, thus final molecular weights are obtained after 2—5 hrs.
Enhanced water removal was achieved by adding molecular sieves or applying vacuum
during reaction. Novozyme 435 regeneration is not favorable in this process since the

regenerated enzyme lost the major part of its original activity. Further considerations sug-
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3 Hyperbranched Poly(e-caprolactone)s

gest leaching of the active enzyme from the support in hydrophilic environments. Finally,
samples produced on the kg-scale were presented. The results are compared to those ob-

tained by synthesis in the carousel reactor (5 g per charge).
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4  REKNITTING AS NOVEL ROUTE TO HYPERBRANCHED
PoLY(e-CAPROLACTONE)

Recycling of polymers is a topic of current interest. To preserve primary resources,
research in this field usually deals either with the combustion of plastics and composites
(thermal recycling) or with the monomer/oligomer regeneration as secondary feedstock
for a new production cycle. Recently, even recycling of synthetic, biodegradable materials
has been addressed because of future limited carbon resources.

In this chapter, we introduce reknitting as a new concept of polymer modification. It is
born by the idea of recycling and re-using polymers. In the following, reknitting is used to
designate a reaction that relies on transesterification, i.e. reknitting of a linear chain
structure into a hyperbranched topology (Figure 4-1). The hyperbranched polymer that

acts as an additive or drug carrier is not produced from primary resources any more.

Catalyst

+n{—>

A

Figure 4-1: The concept of reknitting.

4.1 Preparation of hb-Poly(e-caprolactone) from the Linear Analogue

In this study commercial, linear poly(e-caprolactone) (I-PCL) was reknitted by modifica-
tion into hyperbranched PCL (hb-PCL) taking advantage of the transesterification abilities
of Novozyme 435. The calculated quantities of |-PCL and 2,2’-bis(hydroxymethyl)
butyric acid (BHB) were placed into a reaction tube; Novozyme 435 and a magnetic
stirring bar were added. The reaction was carried out at 80 — 90 °C under reduced pressure,
to remove water formed as by-product during the reaction. After 24 hrs of reaction, the
mixture was dissolved in TCM, filtered to remove the catalyst and dried. Employing this
technique, isolation and purification of monomers or oligomers, which presumably affords
additional energy and usually implies the use of further solvents and thus waste generation,

was avoided.

4.2 Characterization

Since the materials prepared by reknitting of I-PCL were identical in chemical nature, they

were characterized according to the description for hb-PCL in section 3.2.



4 Reknitting as Novel Route to Hyperbranched Poly(g-Caprolactone)

4.3 Results and Discussion

Three sets of experiments were carried out, two of which were fed with 11.1 wt% of BHB
(resulting in DB¢ = 19 %) and one with 5.9 wt% BHB (resulting in DB = 10 %). All
experiments were carried out in bulk, the reaction time ranged between 8 and 48 hrs. The
experimental parameters and data obtained by analysis are summarized in Table 4-1.

Structural details were obtained from 'H-NMR analysis using CDCl; as deuterated solvent
(Figure 4-2). A pronounced increase of signal a, the methyl group of BHB, with respect to
the normalized signal d (CL) was observed. Peak assignments and calculations of DB,
were achieved according to the expressions described for hb-PCL in section 3.2.1. It is an
interesting observation, that none of the samples, which were fed with 11.1 % of BHB
(entry 4-17), had nearly such high quantity in the final product, not even after 48 hrs.
However the polymers, of which the fraction of BHB was set to 5.9 %, incorporated high
amounts (up to 80 % with respect to the feed). Since the linear segments of the reknitted
chain are supposed to possess sufficient length to connect to the active site of the enzyme
without any difficulties, inhomogeneous mixing and diffusion of BHB in the highly
viscous PCL melt, and thus reduced rates of incorporation may have caused this phe-

nomenon.

48 hrs

32 hrs

24 hrs

8 hrs
-

PCL (50k)
A

4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0

Chemical Shift (ppm)

Figure 4-2: "H-NMR spectra of I-PCL and hb-PCL prepared by reknitting.
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Table 4-1: Experimental data and characterization of hb-PCL prepared by reknitting.

Time  DB; DB, o T M," M,” M,” » M, [grmol” M, [g:mol 3 P 3 3)
Entry Sample [hrs] [mol%] [mol%] T, [°C] [°C]  [gmol’] [gmol'] [gmol’] PDI 1 i PDI [em’g'] MH-K”  MH-o
1 I-PCL (50k) - - Commercial - 58.0 - 100,300 62,000 1.6 40,100 19,500 2.1 1323 2.77 0.37
3 I-PCL (7.2k) 24 0.0 0.0 -64.5 55.2 750.0 23,000 4,700 4.9 12,000 2,050 59 40.3 0.05 0.68
4 hb-PCL(8, 1.2) 8 19.1 1.2 n.a. 59.1 1610 63,600 9,500 6.7 32,600 3,000 10.9 71.6 0.06 0.67
5 hb-PCL(24, 2.9) 24 19.1 2.9 n.a. 56.5 1470 42,100 3,600 11.7 27,100 2,100 12.9 46.5 0.03 0.70
6 hb-PCL(30, 4.4) 30 19.1 4.4 n.a. 53.2 1370 25,800 2,200 11.7 20,500 2,100 9.8 22.6 0.08 0.58
7 hb-PCL(48, 5.7) 48 19.1 5.7 n.a. 52.1 1240 17,100 1,500 114 17,500 1,800 9.7 12.2 0.06 0.57
8 hb-PCL(8, 3.6) 8 19.1 3.6 -67.5 55.8 1200 102,000 10,300 9.9 63,800 1,100 58.0 85.1 0.07 0.63
9 hb-PCL(12, 4.5) 12 19.1 4.5 -61.5 56.5 1360 66,500 5,400 12.3 42,100 800 52.6 63.0 0.11 0.58
10 hb-PCL(24, 8.4) 24 19.1 8.4 -60.0 52.7 1120 15,500 2,700 5.7 12,300 1,800 6.8 16.2 0.30 0.44
11 hb-PCL(36, 12.0) 36 19.1 12.0 -52.6 49.4 1180 5,100 1,900 2.7 6,110 1,500 4.1 5.6 1.55 0.16
12 hb-PCL(48, 11.1) 48 19.1 11.1 - 49.7 1220 5,200 1,900 2.7 n.a. n.a. n.a. n.a. n.a. n.a.
13 hb-PCL(8, 3.1) 8 10.6 3.1 -65.6 56.7 1250 81,600 9,000 9.1 44,400 1,100 40.4 82.0 0.07 0.65
14 hb-PCL(12, 4.8) 12 10.6 4.8 -63.2 55.5 1150 68,100 6,400 10.6 39,300 1,100 35.7 73.7 0.04 0.68
15 hb-PCL(24, 6.5) 24 10.6 6.5 -63.3 53.3 950 29,300 2,800 10.5 19,700 2,100 9.4 39.3 0.03 0.70
16  hb-PCL(36, 8.0) 36 10.6 8.0 -60.9 50.3 980 6,300 2,100 3.0 6,000 1,700 3.5 7.7 0.53 0.32
17 hb-PCL(48, 8.0) 48 10.6 8.0 -59.7 50.2 1130 6,900 2,500 2.8 n.a. n.a. n.a. n.a. n.a. n.a.

D det. by VPO (TCM, 30 °C)

? det. by GPC (TCM, 30 °C, PS-calibration)

3 det. by GPC (TCM, 30 °C, universal calibration)
# det. by solution viscometry (TCM, 30 °C)
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Figure 4-3: Superposition of GPC traces after 8 — 48 hrs of reaction. Straight line — I-PCL (CAPA
6500), dashed — 8 hrs, dotted — 24 hrs, dash-dotted — 32 hrs and dash-dot-dotted line — 48 hrs.
Molecular weights, <M,;>, <M,,>, were determined by means of GPC, employing poly-
styrene standard calibration and universal calibration.['”) Vapor pressure osmometry
(VPO) measurements were recorded in order to investigate <M,> by a complimentary
method. This effort was made because of the known difficulties in molecular weight de-
termination for highly branched polymer samples that are in addition chemically different
to the employed polystyrene standards (cf. section 3.2.2).12'#7]

In standard calibration mode, molecular weights steadily decreased with exposure to the
active enzyme. In general, the molecular weight distribution (PDI) was broad on comple-
tion of the reaction. GPC traces showed the disappearance of the initial narrow
I-PCL signal in favor of a broad peak that built up at higher retention time (Figure 4-3). At
high elution volume even oligomers were observed, confirming the random transesterifi-
cation of the enzyme in chemically indifferent environments. Similar observations were
reported by Bankova et al. for the transesterification of I-PCL with n-Hexanol in 2002.1'**
Comparing the molecular weights (<M;>) of hb-PCL samples that were prepared by syn-
thesis from the comonomers (cf. Chapter 3) with those prepared by reknitting,
compliance was observed (Figure 4-4).

Depending on the point of view, either similar molecular weights or polymers that require
the same hydrodynamic volume in TCM solution were obtained. This is noteworthy since
both approaches, the one “bottom-up”, the other “top-down” with respect to molecular

weight yield similar material.
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4.3 Results and Discussion

[7,107

Universal calibration mode was used to determine absolute molecular weights.!”"'*”) Since

viscosity detectors are different in sensitivity from refractive index detectors, a shift in

1291 As a conse-

molecular weights is a common phenomenon for polydisperse samples.!
quence, after short reaction times PDI was higher than it appeared in standard mode.
However after 24 hours, the ratio of molecular weights determined by standard mode and
universal calibration mode M, ps / My uc approximated to 1.0 — 1.5 kDa and the PDI of
both methods became similar.

The absolute <M,> measured by VPO was in the range of 1.7 — 1.0 kDa (Figure 4-5).
Only little dependency on the DB was observed. Since VPO is a colligative method,
molecular weights are rather underestimated, because traces of solvent or oligomers will
have a strong effect on molecular weights measured. In this case, VPO data expresses

rather the <M,> of those oligomers that were not removed by the washing process during

work-up.

10

n

M [kg/mol]

DB, [%]

Figure 4-4: M,, (PS-GPC) of hb-PCL: straight line - prepared by monomer synthesis (cf. Chapter 3),
dashed line by Reknitting of CAPA 6500.

In agreement with the considerations and results of section 3.2.2 and 3.4.2, it is recom-
mended to accept GPC values obtained by polystyrene standard calibration as common
reference to other materials, but to consider data obtained by universal calibration to
reflect absolute molecular weights. Again, it should be noted that the molecular weight of
samples with higher polydispersity index is generally underestimated when universal

112]

calibration is applied.! However, the higher the molecular weight the more
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B9 Considering both

overestimated are linear aliphatic polyesters by conventional GPC.!
effects and the experimental data obtained by measurements of high-MW |-PCL, overes-
timation of the polyesters apparently dominates underestimation because of the
hb structure in the present study (Figure 4-5).["*!

Since fragmentation of linear polymers by enzymes, in analogy to biodegradation, is a
random process, insertion of BHB is also supposed to be random. Thus, final molecular
weights are likely to depend only on the time of exposure to the enzyme (Figure 4-3). To
obtain more information on these hypotheses, fractionation of sample hb-PCL (36, 12.0)
(Table 4-1, entry 11) by preparative GPC was carried out. Besides quantification of yield
per fraction, the DB of all fractions was determined by '"H-NMR. In addition, GPC traces
were recorded by analytical GPC and MALDI-TOF MS experiments were carried out to
obtain information on the composition of the respective fractions (cf. Appendix A.1).

Since the weight distribution of the fractions was in good agreement with the trace
recorded in the preparative GPC experiment, the fractionated material was expected to be
present in fraction 14 — 50 out of 60 slices taken (Figure 4-6, bottom graph). GPC analysis
of all fractions within this range resulted in a linear log M versus t (equals number of
fraction or V) relationship between fraction 14 and fraction 44. Samples beyond fraction
44 were considered to represent low molecular weight impurities washed out by the eluent
(Figure 4-6, upper graph). This was confirmed by running a sample of pure toluene that

eluted from the column at the same V.

12.0q
10.0 4
8.0 1
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M [kg/mol]
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u>0

0.0 I e B e L L D B B
1 2 3 4 5 6 7 8 9 10 11 12 13
DB [%)]

Figure 4-5: M, determined by GPC (PS- and universal calibration, TCM) and VPO (TCM);
m <M, > (VPO), o <M,> (GPC PS-Cal), A (GPC Uni-Cal).
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4.3 Results and Discussion

GPC analysis of fraction 14-44 resulted in <M, >/<M,> between 39/35 kDa and 400/300
Da (Figure 4-6, upper graph). The PDI was in the range of 1.1 — 1.3 for each fraction
(Figure 4-6, middle). The maximum of the PGPC trace was collected between fraction 27
to 33, which corresponds to <My> = 5.3 to 2.3 kDa and <M,> = 4.5 to 2.0 kDa. <M,> was
around 4.0 kDa (fraction 29).

The DB calculated from 'H-NMR analysis was in the range of 12 to 25 %. It increased
with higher elution volume or lower average molecular weight of the fraction respectively,
but it was always equal or higher than the DB of the corresponding, non-fractionated
sample (DBhp-pcre,12.0) =12 %). This is an obscure result and not yet understood since the
DB of both high and low molecular weight fractions is higher than the overall, average DB
calculated from the sample as obtained after synthesis.

MALDI-TOF MS is an important technique to obtain information of a polymer’s
composition. In general, molecular weight distributions should not be determined by
MALDI-TOF because of mass discrimination effects, which lead to underestimation of
very low- and very high-MW species even for narrow-disperse samples on the one hand,
on the other hand equal detection with respect to molecular weight or type is not

132,1
assured. [13%13]
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Figure 4-6: Fractionation of hb-PCL(36, 12.0). Upper graph: Molecular weights of the fractions
obtained by GPC and MALDI-TOF; Middle: PDI of the fractions;
Bottom graph: dots / dotted line — Yield per fraction, solid line — RI signal from preparative GPC.
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However, the maximum peak position (<M,>) can be determined for samples, in which
the polydispersity is sufficiently low!''*].

Due to the inherent molecular weight distribution of hyperbranched samples no informa-
tion on <My> was extracted, but the repeating unit of 114.18 Da was confirmed. In case of
the fractionated sample our findings were different (Figure 4-6, upper part). Since most of
the fractions were monodisperse (PDI < 1.2), <M> was calculated for each fraction. The
<M,> values obtained by MALDI —TOF MS were considerably lower than those obtained
by GPC employing PS standard calibration. Comparing data Table 3-5, in which universal
GPC and standard calibration data of not fractionated samples were compared,
MALDI-TOF MS and UC-GPC experiments seem to yield similar <M,> values for a

(1341 Al these results were confirmed by a second run of the same sample,

given polymer.
in which first fractionation and then analysis were repeated.

Solution properties of the non-fractionated samples were recorded by online viscosity
measurements that were calculated by an iterative approach. In the case of some samples a
necessary minimal signal to noise ratio was not given to produce these values. As
observed earlier, hyperbranched samples possess distinctively lower viscosities than their
linear analogues, which was attributed to their inherent broad molecular weight distribu-
tion.™ At DB, = 5 — 10 %, the intrinsic viscosity was reduced to 10 % of the value of the
original, linear sample (CAPA 6500™). This result was achieved after 24 hours of
reaction.

Since molecular weights were known from universal calibration mode, the Huggins coef-
ficient K and the form factor o were obtained by transformation of the Mark-Houwink-

Sakurada Equation.!'*”]

n=K: M @1

The Huggins coefficient K describes the extent of binary polymer solvent interactions. It
usually depends on the polymer structure and molecular weight. The lower the values of K,
the stronger are the polymer-solvent interactions.!'*! In the presented experiments no
distinct correlation between DB, molecular weight and K was observed, but K was signifi-
cantly lower for all the branched samples compared to I-PCL (50kDa).

The form factor o varied between 0.55 - 0.75 for moderately branched samples
(DB < 10 %). This was remarkably higher than the value for I-PCL (50kDa) (a=0.37).

Highly branched samples had o values of 0.1 — 0.3. In conclusion, TCM is a better solvent
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4.3 Results and Discussion

for hb-PCLs with DB < 10 % than for I-PCL (50kDa). Highly branched samples form
rather dense globular spheres.

Comparing the results obtained for [n], K and a in the case of I-PCL (50kDa) and
hb-PCL, not only the shape of the molecule should be taken into account. The commercial
I-PCL (50kDa) sample we used had narrow polydispersity, but considerably higher

molecular weight compared to the hb samples.
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Figure 4-7: T,, T, plotted against the DB,

Therefore, another sample of I-PCL (7.2kDa) of lower molecular weight but broad PDI
similar to the hyperbranched samples was synthesized by enzymatic catalysis to estimate
the influence of molecular weight and polydispersity. As expected, [n] was considerably
lower than for I-PCL (50k) and the Huggins-Parameter K was similar to that of the hyper-
branched samples. The form factor o was also similar to samples of the reknitting
experiments after short reaction times. This indicates that the Huggins coefficient K
depends strongly on the size and functionality of the polymer, while o mainly depends on
the size, or the length of the linear segments, respectively.

Thermal properties are of great importance to evaluate potential application and limita-
tions. DSC diagrams of the hb-PCL samples showed a characteristic double endotherm, of
which the more intensive upper part was recognized to be the melting peak
(cf. Figure 3-13).%% As discussed there (section 3.4.2), this phenomenon is caused by
irregular crystallites, the formation of which is promoted with increasing DB of the

sample. Since the DB directly correlates to the statistical length of the linear, crystalline
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segments, the DB has strong influence on thermal properties.®™ As shown in Figure 4-7 a
linear correlation of Ty, with respect to DB, is observed.

In addition, T, was observed for all samples. In contrast to Ty, T, increased with increas-
ing DB, which indicates 1) the mobility of the linear segments being hindered and ii) the
increasing polarity of the macromolecule with increasing density of the branching

points.1*”!

4.4 Conclusions

Reknitting, i.e., transesterification of linear polymers as a novel route to hyperbranched
materials has been introduced. As proof of evidence, modification of I-PCL into hb-PCL
was investigated using BHB as AB, branching monomer and Novozyme 435 as catalyst
under bulk conditions. The resulting samples were characterized by '"H-NMR, GPC, VPO,
MALDI-TOF and DSC and compared to the original and to hb samples prepared from
copolymerization of CL and BHB (cf. Chapter 3).

GPC was used to monitor the change in molecular weight and molecular weight distri-
bution. Comparing samples prepared by reknitting, which is a top-down approach in terms
of molecular weight development, to those prepared by copolymerization of the respective
comonomers, referred to as bottom-up approach, both of them are characterized by a
similar M,/DB relationship. This proves that final molecular weights are not limited by the
topology of the active site of Novozyme 435. Moreover, molecular weights apparently
depend on DB.

Separation of one sample (hb-PCL(36, 12.0)) by preparative GPC results in monodisperse
fractions that were characterized by 'H-NMR, (analytical) GPC and MALDI-TOF. DB
calculated from '"H-NMR analysis was in the range of 12 to 25 %, which was always
higher than the DB of the original sample and still lacks explanation. Since the fraction-
ated samples were monodisperse, it was possible to collect information on M, by MALDI-
TOF. M, values were considerably lower than GPC data calculated in standard mode.
Although universal calibration (UC) was not available at this time, indirect comparison
using UC-GPC data of comparable, non-fractionated hb-PCLs led to the conclusion that
UC-GPC and MALDI-TOF yield similar M, values.

DSC measurements were carried out to obtain information on the thermal properties. A
linear correlation of Ty, T, with DB was observed. The decrease of Ty, with increasing DB

indicates a loss of crystallinity on the incorporation of branching points into the (previ-
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ously) linear chains. However, the mobility of the linear segments is hindered, thus T,
increases with higher DB.

Finally, solution properties were recorded by online viscosity measurements (of the not
fractionated samples). A DB of 5-10 % induced a drop of the intrinsic viscosity to 10 % of
that of the parent sample (CAPA 6500™). Hence, highly branched samples possess
considerably lower intrinsic viscosities than their linear analogues. The Huggins-
Parameter K and the form factor o have also been calculated. K was remarkably lower
compared to |-PCL. The form factor o suggests a dense globular shape of the hb molecule

in TCM solution.
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5 STRUCTURED POLYMER NETWORKS

5.1 Introduction

Polymer networks are interesting structures, in which linear polymer segments are inter-
connected at both ends.["*”! The central process in network preparation is cross-linking.
The materials’ properties are determined by the choice of precursor, the adjusted cross-

(381 Usually, not

linking density of the network formed and eventual fillers and additives.
the chain ends but pendent functional groups of a polymer backbone are interconnected.
These networks are often classified by their purpose, the major representatives include
vulcanized rubbers, thermosetting materials, adhesives, polymeric sorbents and electronic
materials. Peculiarities of polymer networks in comparison to not cross-linked polymers
are dimensional, thermal, physical and chemical stability.

Reaction between functional groups of the precursor and the cross-linker initially forms
small branched ensembles. Subsequently, cross-linked network structures are formed. Like
conversion, molar mass and polydispersity (PDI) increase up to a critical state. The gel
point is reached, when the largest molecules become “infinite” (gel) while soluble
molecules (sol) are still available.!'*”!

One recent concept for the development of ultra low-shrinkage dental materials is based
on the use of hyperbranched or dendritic monomers.!"* Their compact structure and high
number of functional groups render them interesting candidates for dental applications in
general. But also in other medical discipline, applications, e.g., as a high-loading, biode-
gradable cross-linked drug carrier or as carrier for MRI or X-ray opaque contrast agents
are discussed. Adhesives are another promising field for hyperbranched aliphatic poly-
mers: low T, and high functionality are perfect prerequisites for high tack.
Poly-(2-hydroxyethyl methacrylate) (PHEMA) has been used in biomedical application
for a while, e.g. for soft contact lenses, as bone substitutes or to immobilize proteins or

1411921 The hydroxyethyl pending species of the polar polymer confers a high hydro-

cells.!
philicity, good biocompatibility and can be used - after chemical modification or grafting -
to complex various types of molecules or ions.!'**'**! Networks made of PHEMA and
hb-PCL are expected to retain both hydrophilic and hydrophobic drugs. Diffusion, but
mainly biodegradation of the hb-PCL structure will determine the drug release rate.

In this chapter, ways to create partially methacrylated hb-PCLs are described. In section
5.3, 2-hydroxyethyl methacrylate (HEMA) is mixed with these polar hb precursors.
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The binary mixtures are cross-linked by UV irradiation to form polymer networks, which

are characterized with respect to swelling behavior, mechanical and thermal properties.

5.2 Methacrylation of hb-PCL

A simple and fast way to prepare polymer networks is cross-linking by UV-curing of
double bonds. Usually only seconds to a minute of exposure to a strong UV-source are
required. The main benefit lies in the application at the site, on which the network is
required. For this reason, dentistry was one of the major fields, in which this technique
was widely employed since the 1980s.!'*]

In our efforts to create partially methacrylated hb-PCLs three different routes were exam-

ined with respect to 1) efficiency, ii) convenience, iii) green and acceptable chemistry from

a medical point of view (Figure 5-1). Hb-PCL-22 was used as starting material.

Catalyst )§

< BHB (Bishydroxymethyl butyric acid)

&-CL (e-Caprolactone)
Terminal Group (functional, e.g. -OH)

Terminal Group, methacrylic

Figure 5-1: Schematic of methacrylation of hb-PCL.

Methacrylic chloride (MACL) / NEts is often used to methacrylate alcohols since handling
is rather simple. THF was used as solvent. Another approach that was expected to be
useful in sample preparation was methacrylic acid in dry toluene, to which a Hafnium
catalyst (HfCly - 2 THF) was added. Representative data of samples that were prepared in
these ways are listed in Table 5-1.

To achieve a high degree of functionalization, a 1.25 to 5 fold excess of the acid com-
pound was added. Regarding entry 1-4, yields were usually high. The functionalization,
correlated to the initial number of available hydroxyl groups, was around 21 %, no matter
what excess of the acid compound was used. Apparently, conversion is limited by struc-
tural parameters and diffusion.

In entry 5-7, results obtained for the methacrylation of hb-PCL-22 using methacrylic acid
(MAOH) that was added to a stirred solution of hb-PCL-22 in dry toluene, are listed.
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5.2 Methacrylation of hb-PCL

HfCly - 2 THF 1is a catalyst, which is known to promote esterification but does “not

[146] Results were not consistent, and especially

catalyze the transesterification at all”.
Dean-Stark conditions, which are supposed to increase the yield of condensation reactions
by azeotropic distillation of water that is formed in situ, did not show any methacrylation
at all. We tentatively explain this by the quantitative removal of methacrylic acid with the
water.

A number of methacrylation reactions, which are catalyzed by Novozyme 435, are

[147-150 [151]

described in literature. ! In particular, a patent, in which the esterification of
polyoxyalkylenes is described, gave guidance for the development of a route to methacry-
lated hb-PCL-22 using Novozyme 435. In this method butyl methacrylate (BUMA) was
employed, which was transesterified by Novozyme 435. The byproduct, n-butanol, was
removed by vacuum distillation. High conversion is reported for this process.

In Table 5-2 the initial experiments (2-10g/charge) are described in entry 1-4. Entries 5-7
describe samples that were prepared in 50 g per charge. Since the reaction was carried out
in bulk and Novozyme 435 was again used as catalyst, no new material, such as a toxic
heavy metal catalyst, that would later be found as a trace in the product were added.
Finally this approach was selected for further esterification towards network precursors.
An average functionalization of 25-30 % with respect to the number of hydroxyl groups
in the hb-PCL was achieved. In this case, yields did not relate to true conversion, since
residual BUMA, which was not completely removed by work-up, also contributed.
BUMA removal turned out to be a challenge which we overcame only lately in the 50g

charges. Because of its high boiling point, vacuum distillation off the product did not

succeed.

Table 5-1: Methacrylated hb-PCL-22 using MACI1/ NEt; (X=Cl or MAOH / HfCl, - 2 THF (X=OH.

MA-X Yield reaction x(MA)D 2
Entry mol% % time / hrs DB % %
1 125 70 15 21.9 7.5 94.3%
2 125 31 25 16.4 1.2 214
3 500 83 15 Y - -
4 500 25 17.5 1.3 21.7
5 100 15 22.8 4.0 473
6 170 3 15 7.9 0.2 8.2
79 300 26 15 8.5 0 0

D correlated to the number of OH-groups.

? functionalization.

% crosslinked, no characterization done.
Y Dean-Stark conditions.

% excess of MACI in product.

63



5 Structured Polymer Networks

Table 5-2: Methacrylated hb-PCL-22 using BUMA / Novozyme 435 catalysis.

BUMA

: : 1) 1,2)
1 hb-PCL-22 110 110*  36.4 4.7 25.5
2 hb-PCL-22 110 91 28.4 2.9 24.2
3 hb-PCL-22 500 109*  36.8 6.2 33.1
4 hb-PCL-22 500 143* 364 5.6 30.2
5 hb-PCL-22 430 58.6 22.5 37.4
S5a hb-PCL-22 420 85 31.3 6.8 48.6

5b hb-PCL-22MA  hb-PCL-22 420 69 385 6.6 31.9
6 hb-PCL-14MA  hb-PCL-14 420 839 314 3.6 25.6
7a hb-PCL-42 420 ) 39 5.8 27.6
76 hb-PCL-42MA hb-PCL-42 420 78.1 41 2.1 8.8

! with respect to the number of hydroxyl groups of hb-PCL-22
? functionalization

3 crosslinked during work-up

*) excess because of residual butyl methacrylate

1 g of the crude product (entry 5) was dialyzed in TCM for 2 days in order to remove
residual BUMA. Around 20 % of weight loss (entry 5a) were recorded, which was as-
cribed to the loss of free BUMA, but also to the loss of a low MW fraction of hb- PCL-22.
A functionalization of 49 % was calculated from 'H-NMR spectra (Figure 5-2).

Since dialysis is not adaptable to larger amounts of product, an alternative method to
purify methacrylated hb-PCL was sought. Precipitation from TCM solution into cold
methanol did not succeed, because colloidal precipitates were formed. Finally, solubility
experiments led to an efficient procedure: Both the crude product (entry 5) and BUMA
dissolve in diethyl ether but only BUMA also dissolves in n-pentane. Hence, batch
samples (entry 5-7) were dissolved in ether, and BUMA was washed out by repeated
shaking of the solution with n-pentane for 2 hours in an extraction funnel.

The purified products (entry 5b—7b) had a light yellowish color. The functionalization was
between 9 and 32 % with respect of the total number of hydroxyl groups in the
starting material. Yields of 69-84 % were observed. 2,6-Di-tert-butyl-4-methylphenol
(BHT) was added to the purified product immediately after washing in order to avoid
spontaneous polymerization.

'H-NMR spectra were recorded in order to obtain structural evidence. A typical spectrum
is shown in Figure 5-2. Compared to figure 3-1, the new signals of the methacrylic ester
were clearly identified. The singlets at = 6.07 and 5.52 ppm were ascribed to the vinyl

protons (m,k), as well as 6 = 1.91 ppm to the vinylic methyl group (j). At 6 = 5.4—4.8 ppm,
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5.2 Methacrylation of hb-PCL

a broad signal of terminal hydroxyl groups was observed. All other signals were related to
the hb-PCL molecule and described in section 3.2.1. The integrals of signal m,k or j/3 and

a, d were used to calculate the degree of functionalization:

) L (109 + 1) i = (109 + 1))

f= x(BHB) h I(a)/3
1(d)/2

(-1
Surprisingly, the observed DB was higher than in the starting material. Taking into
account that not only terminal (T, Tr), but also linear-dendritic hydroxyl groups (L) of the
branching unit were esterified, a formal increase of DB is acceptable and thus explained
by the expressions used for the calculation of DB (cf. section 1.5) that do not distinguish
between functionalized terminal units and actual branching points.

Since hb-PCL-MA exhibits a high tendency to cross-link at ambient conditions, BHT was
added as an inhibitor. Auto-initiated polymerization of hb-PCL-42MA, to which no BHT
was added, was observed on solvent evaporation during post reaction work-up. Therefore
no GPC chromatograms were recorded given that separation of BHT from the macro-

monomer in the columns bears a high risk of spontaneous polymerization.
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Figure 5-2: '"H-NMR of hb-PCL-22MA (DB =22 %, f(MA) =32 %).
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5 Structured Polymer Networks

5.3 UV-Curing / Networks

Cross-linking by UV irradiation is a reaction that usually requires only some tens of
seconds. Industrial curing stations are widely adapted in size and power according to the
need of production. Easy integration in continuous processes, e.g. a production chain is
another advantage. Only the curing of thick layers may cause difficulties because of heat
dissipation, which induces irregular material flow in the polymerization process.

In the present study, mixtures of methacrylated hb-PCL and HEMA in various composi-
tions were cured in mold forms to produce several types of test specimens for mechanical

12 Cured bars and disks, which were 4-5 mm in height, had mostly an uneven

testing.!
surface due to convection caused by heat dissipation in the curing process. Therefore, 5 x
5 cm? plates (d ~ 1 mm) were cast, which had an even surface. They were heated to their
glass transition temperature and specimens for the subsequently described mechanical
testing were produced using stamps. In Table 5-3 the main parameters of these experi-
ments are summarized.

All networks were analyzed with respect to their thermo-mechanical properties (DSC,
torsion DMA, tensile test) and the extent of swelling in water and toluene. The data
obtained from the measurements are summarized in Table 5-4, swelling experiments are
collected in Table 5-5.

Table 5-3: Crosslinking experiments by UV curing - experimental parameter. Nomenclature NW-xx-
yy ; xx = DB of hb-PCL, yy = fraction of hb-PCL in the network.

linear hyperbranched amount hb-PCL

sample precursor precursor wt%

PHEMA HEMA - 0
NW-14-20 HEMA  hb-PCL-14MA 21
NW-14-40 HEMA  hb-PCL-14MA 40
NW-14-60 HEMA  hb-PCL-14MA 60
NW-22-20 HEMA  hb-PCL-22MA 21
NW-22-40 HEMA  hb-PCL-22MA 40
NW-22-60 HEMA  hb-PCL-22MA 60
NW-41-20 HEMA  hb-PCL-41MA 21
NW-41-40 HEMA  hb-PCL-41MA 40
NW-41-60 HEMA  hb-PCL-41MA 60
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5.2 Methacrylation of hb-PCL

Table 5-4: Summary of thermal analysis and mechanical testing of networks prepared by UV curing.
(data of I-PCL were kindly provided by M. Ursu.)

T, T, E. <B> o, g <o LY @ G’
Sample (psc)  (bMA)  kl/mol MPa MPa MPa MPa % (20°0) (@Tg)

oC oC MPa MPa
I-PCL -55 -49.8 - 267 9.2 - 159 49 -

PHEMA  86.9% 118 n.d. 1075 B B 205 1.0 1020 1.5

NW-14-20  75.0 100 156 B B B B B 600 2

NW-14-40 n.d. 85 174 128 49 0.04 438 1.6 180 0.7
NW-14-60 n.d. 68 155 44 1.6 0.04 4.1 2.2 58 0.6
NW-22-20  67.2 78 175 B B B B B 750 25
NW-22-40 703 76 230 329 99 0.03 116 1.7 280 1.8
NW-22-60  27.8 40 143 14 0.7 005 38 22 50 0.9
NW-41-20  n.d. 82 174 B B B B B 900 0.47
NW-41-40  nd. 67 152 286 73 003 85 23 250 0.76
NW-41-60  ~35 41 105 3 02 006 24 40 20 1

b elongation at break: Lg= (L-L) / L
Y T, (DSC) = 127.7 °C, T, (DMA) = 118 °C
B = brittle failure; n.d. = not determined.

5.4 Dynamic Mechanical Testing and Tensile Tests

Dynamic Mechanical Analysis (DMA) is one of the methods most often used in polymer
characterization because of its sensitivity to determine T,, which is about 100 times higher
than that of DSC. In DMA measurements, the viscoelastic behavior of the sample is
examined as a function of frequency and temperature. The measurements are carried out in
the linear viscoelastic region, i.e. the test specimens are not destroyed. A sinusoidal
mechanical strain is induced and the materials’ resulting stress is recorded. Analysis of the
test specimen’s response provides information on molecular mobility reflected by 1) the
storage modulus G’ — energy that is reversibly stored during deformation, ii) the loss
modulus G”, which offers information on the extent of energy irreversibly dissipated into

heat during deformation, and iii) the loss factor tan 8, which is defined by the phase shift:

Gll

tan5=E

(5-2)
A temperature scan at constant frequency over a wide temperature range allows for deter-
mination of T,, which is verified by variation of the frequency at various temperatures.

These curves, obtained at several temperatures, are fitted into one single master-curve

67



5 Structured Polymer Networks

employing the principle of time-temperature superposition, i.e. the WLF equation (Wil-
liam, Landel & Ferry).!'>!

T, is an important parameter of a polymer network since its properties change dramati-
cally. As indicated, it is determined by the freezing of the motion of longer chain segments,
thus is dependent on the cross-link density. Below T, the storage modulus (G’) is high,
the polymer is hard and brittle. If the working temperature is higher than T,, G* decreases
while the loss factor (tan d) increases. tan 6 = G”/G’ reaches a maximum at T,. Above T,
G’ levels out on a plateau, which is an indication for a physical network. In Figure 5-3 an
exemplified graph is depicted.

Figure 5-4 shows the dependence of T, as a function of the weight fraction of hb-PCL-MA.
The more the fraction of the hb precursor in the polymer network increases the more the
T, is lowered. Hb-PCL-MA was expected to have an even lower T, than hb-PCL since the
number of hydrogen bonds is reduced. However, this was not detected due to experimental
difficulties.""** Finally, in copolymerizations of a low-T, and a high-T, monomer, T, was

expected to depend highly on the ratio of both comonomers.
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Figure 5-3: Shear storage modulus G’, shear loss modulus G’ and tan & against temperature for
NW-41-40. The curves were obtained by combining data obtained in the analysis of dynamic torque of
bars (left side) and disks (right side).
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Figure 5-4: Polymer networks - T, detected by torsion DMA plotted against the weight fraction of the
cross-linking precursor. m NW-14-xx, A NW-22-xx, ¢ NW-41-xx, 0 |-PCL, Xl PHEMA.

Comparing the T, values obtained by DSC and DMA measurements, the latter appeared
shifted about 7-10 K to higher temperatures. In both methods, T, is a function of the
experimental conditions. While T, is affected by the thermal history in DSC, it depends on
the radian frequency o in DMA. However, T, values obtained by DSC and DMA are
supposed to be proportional and can be anticipated, once the correlating factor is deter-
mined. Some of the samples showed irregular behavior with respect to the T, correlation
between DSC and DMA values, which cannot be explained yet.

Young’s modulus, <E>, is another important parameter in characterization of the
mechanical properties of polymers. It was obtained by tensile tests, in which the sample
stiffness is measured. Young’s modulus is defined as the stress per unit area divided by

the strain resulting from the applied force.

Oy
<E>= 1

K 5-3)
Therefore it is a measure of the material’s resistance to deformation, the higher the
modulus the more rigid the material is. It is noteworthy that the definition given in eq. 5-3
for Young’s modulus does not take time of applied stress into account. For materials that
exhibit time-invariant deformation, e.g. metals and ceramics at room temperature, any

measurement of strain will lead to a constant value of modulus. However for materials that
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5 Structured Polymer Networks

exhibit time-dependent deformation, such as polymers, the quoted modulus is only valid
for instant, short-time deformation. Prolonged deformation results in creep.

Tensile test diagrams were recorded at 20 °C and varied according to section 10.3. The
diagram of NW41-40, which is a viscoelastic sample, is shown in Figure 5-5. Four charac-
teristic regions were observed: Near A, at little deformation, bending occurs fully elastic

(A—B). Young’s modulus is obtained by the calculation of the tangent at zero

deformation.
12 — T T 1 T T T T T T T T T T T T T 1
D
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Figure 5-5: Load-extension curves of NW41-40, 3" run recorded at 20 °C.

B is called the yield point. If the extension exceeds the yield point, irreversible elongation
— yielding — occurs. This phenomenon is marked by stress softening, also referred to as
cold flow (B—C) and shear hardening (C—D). Finally the sample fails in A = D.

Of course, as shown in section 10.3, only few samples, in which the quantity of hb precur-
sor was high (w = 60 wt%), exhibited this behavior. The other samples were dominated by
high stiffness (w = 20 wt%) or little elasticity (w = 40wt %), since T, was clearly above
room temperature.

Since a copolymer’s stiffness is a function of contributions of its components, the ratio of
both comonomers, in consideration of <E> of their homopolymers, may produce a reason-
able guess. A similar relationship is expected for the type of polymer network discussed in
this study. In all the three samples, <E> was not obtained for w = 20 % because the test
specimens showed brittle failure. However, the two experimental points of network vary-
ing only in the weight fraction, but not in the type of hb precursor, were extended to a

linear fit to w = 0 % (Figure 5-6).
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5.2 Methacrylation of hb-PCL

In the case of w = 60 % of any hb precursor, Young’s modulus was in the range of

3-50 MPa, which is low and similar to the stiffness of silicon rubber. At w =40 %, NW-14

differed distinctively from NW-22 and NW-41. The modulus of the NW-22 fell nicely on

a straight line drawn between NW-14-60 and I-PCL, which indicates the dominance of the
hb-PCL structure in the network.

1000
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w (hb precursor) [%)]

Figure 5-6: Young's modulus of PHEMA cross-linked with hb-PCL-MA plotted against weight
fraction of the hb precursor. m NW-14-xx, A NW-22-xx, ¢ NW-41-xx, 0 |I-PCL, ¥ PHEMA.

Young’s modulus of NW-22 and NW-41 was around 300 MPa at w = 40 %. This repre-
sents a strong increase in toughness (like wood, perpendicular to the director of growth).
Drawing a straight line between <E> at w = 60 % and <E> of pure PHEMA, the stiffness
of NW-22-40 and NW-41-40 hit again the fit.

It is an interesting result that a highly methacrylated moderately branched hb-PCL-22MA
(DB = 22 %, f = 32 %) and a low methacrylated highly branched hb-PCL-42MA
(DB =42 %, f =9 %) induced similar properties to a network if used as precursor. How-
ever the “little” branched, but highly methacrylated hb-PCL-14MA (DB = 14 %, =26 %)
yielded the largest effect on the softening of the resulting network. This behavior is
illustrated in Figure 5-6. (n.b.: the explanation by means of fit lines is not meant to be
applicable for the whole range of compositions, i.e. one should not expect a virtual sample
NW-14-10 to obey to the fit showing <E>= 200 MPa.)

However, these results are in contradiction to the behavior of normal polymer networks.

Introduction of, and in particular increasing the number of cross-links is expected to
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5 Structured Polymer Networks

increase Young’s modulus. The appropriate model describing this phenomenon is a net:
The tighter the net the more it keeps its shape and the less it is expanded if strain is applied.
In the present case, the hb precursor obviously “dilutes” the net resulting in a looser
structure that is more easily bended. It is assumed that the flexible, expandable structure of
the hb material acts on the one hand like a polymeric, physically integrated plasticizer and
as a cross-linker on the other. The biggest softening is observed, when using a cross-linker
having a relatively low DB and high functionalization with methacrylate groups.

Measurements of the elongation at break yield information on the highest possible bend-
ing, tension and on the characteristics of the break — brittle failure or viscoelastic behavior.
Similar to T, data, the properties of the polymer networks were between those of |-PCL
and PHEMA, representing two antipodes — brittle failure and viscoelastic deformation. In
this experiment (Figure 5-7), samples containing hb-PCL-14MA and hb-PCL-22MA
behaved similarly, but fairly moderate. NW-41 networks however exhibited a big depend-
ence of their elongation at break with respect to the weight fraction of hb precursor.
Although they were quite tough, they are highly expandable. Both of them, NW-41-40 and
NW-41-60 showed classical viscoelastic behavior, the first of a polymer near T,, the latter

that of a polymer at T,.
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Figure 5-7: Elongation at break plotted against weight fraction of hb-PCL-MA. m NW-14-xx,
A NW-22-xx, ¢ NW-41-xx, 0 |-PCL, Xl PHEMA.
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While tensile tests were carried out at ambient temperature, viscoelastic DMA data are a
function of temperature and frequency. The complex shear modulus G~ is calculated

according to:

G(w)= G(0)+i -G(»)

(5-4)
in which G’ - the shear storage modulus, G’ - the shear loss modulus.
The value is calculated by:
Gl=4G*+G"?
(3-5)
In a first approximation, G’ >> G” is assumed:
G~G (5-6)

This approximation is valid for the investigated samples, because G - o-c 1s far below T,
and hence, the loss modulus G is one order of magnitude lower than G’. In Figure 5-8,
the shear storage moduli (G”) are plotted against the weight fraction of hb-PCL-MA. Since
a similar approximation as in Eq. 5-5 is valid for E and E’, <E> and G’(T=20°C) are

comparable and are expected to be proportional:

E~E' =kG ~kG 7
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Figure 5-8: Shear stroage modulus (G’) against weight fraction of hb precursor. m NW-14,
A NW-22, e NW-41, 0 I-PCL, Xl PHEMA.
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Assuming the hb precursor “to dilute” a pure PHEMA polymer, which has a characteristic
G’/<E> ratio may give a lucid explanation of the results visualized in Figure 5-9. the
hb precursor. Similar to the results obtained by T, or elongation at break experiments,
the values of the networks were found to be between those of the pure components.
At w =20 wt%, G’ is highly proportional to the DB of the hb precursor.

However, at higher weight fraction, G’ mainly depends on the weight fraction, but only
little on the nature of the hb precursor. Once again, I-PCL was used as representative of a
pure hb-PCL-MA network, assumed to produce a value of G’ in the same magnitude like a

virtual pure hb-PCL-MA network.
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Figure 5-9: Shear modulus (G') at 20 °C against Young's modulus (<E>) . m NW-14-xx,
A NW-22-xx, e NW-41-xx, Xl PHEMA.

5.5 Swelling Experiments

Copolymerization of linear HEMA with the methacrylated hb-PCLs on the one hand
increases the cross-link density and introduces free hydroxyl groups into the network on
the other. As it is obvious from Table 5-5, the weight swelling degree in a solvent strongly
depends on the amount and type of the hyperbranched hb-PCL-MA. Increasing the
amount of the hb-PCL-MA induced an increase of the solvent take-up in the case of
toluene and a decrease in the case of water.

While the weight swelling degree in toluene showed a strong increase in NW-14 and
NW-22, almost no change was observed for NW-41. This was in line with expectation,

since there are three parameters to be considered: a) osmotic pressure of the solvent to
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dilute the network, b) compatibility between network chains and solvent and c) restoring
forces of the network. NW-41 is the most lipophobic network, thus the weight take-up in
toluene is the lowest of the three networks.

Swelling in water strongly depends on the number of free hydroxyl groups, i.e. NW-14-60
may be assumed to exhibit the highest weight take-up. However, of the three NW-41
samples, NW-41-20 (w = 20 %) showed the biggest water take-up and NW-41-60
(w =60 %) the lowest. Network hydrophilicity was constrained by network stiffness and
hydrophobic interactions caused by the plasticizer’s backbone. Similar results were
obtained in the case of NW-14 and NW-22.

Finally, one may estimate the cross-linking density of a polymer network. This is best
performed, when other strong interactions, e.g. dipole-, hydrogen-interactions, can be
excluded. In the case of strongly hydrophilic polymers, this was realized in hydrocarbons.

PHEMA was considered as blind test.

Table 5-5: Swelling experiments of hb-NWs (t = 48 hrs.) - experimental data

Sample Comonomer Amount Q(H,0) Q(Toluene)
wt% Am/mo Am/mo

PHEMA - 0 45.1 0.0
NW-14-20 hb-PCL-14MA 21 20.7 5.6
NW-14-40 hb-PCL-14MA 40 12.8 16.7
NW-14-60 hb-PCL-14MA 60 7.8 36.3
NW-22-20 hb-PCL-22MA 21 27.3 0.2
NW-22-40 hb-PCL-22MA 40 13.5 5.6
NW-22-60 hb-PCL-22MA 60 94 12.7
NW-41-20 hb-PCL-41MA 21 27.1 -0.2
NW-41-40 hb-PCL-41MA 40 18.9 -0.3
NW-41-60 hb-PCL-41MA 60 11.0 4.7

Table 5-5 clearly shows significantly increasing cross-link densities for those networks
consisting of precursors having higher DB while the weight fraction of the precursor was
kept constant, i.e. the toluene weight take-up went down the more the hb precursor was
branched, respectively, the cross-link density increased. However, an increase of the
weight fraction of the same hb precursor in a network resulted in highly increased toluene
take-up of the test specimens. The higher the weight fraction of the hb precursor the more
the cross-link density decreased. High fractions of this hb precursor apparently suppressed

cross-linking efficiency.
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5 Structured Polymer Networks

5.6 Conclusions

hb precursors for cross-linking were prepared by methacrylation of hb-PCL. Amongst
other routes, transesterification of BUMA to methacrylated hb-PCL catalyzed by
Novozyme 435 was chosen, since 1) moderately functionalized precursors were obtained
and ii) simple removal of the immobilized catalyst was considered as an advantage.
Cross-linking of binary mixtures of HEMA and the methacrylated precursor was achieved
by exposure to a UV source giving the desired networks. These networks were examined
by thermal and mechanical testing as well as experiments on their swellability, and thus,
cross-link density. The trends are visualized in Table 5-6.

Reading this table in a horizontal manner, i.e. considering only one type of precursor at a
time, the network polymers act as follows: one may imagine a net in which the knots
represent the hb precursor having long elastic arms. The more knots or cross-linking
points respectively, the lower is the average distance between two of them. The long
elastic arms at the cross-linker cause a lowered T, reduced stiffness <E> and shear
modulus <G’>, but higher maximal elongation of the material. Swelling in toluene is
simply characterized by the portion of hydrophobic plasticizer in the network and the abil-
ity of the network backbone structure to bend. In the case of interaction with H,O, the
hydrophobic net collapses and hydrophilic interactions between solvent and hydroxyl
groups of the polymer are overcompensated. The linear analogue, PHEMA takes-up 45 %
H,O of its original weight within 48 hours. Swelling properties may be recognized as the
sum of the individual contributions of the number of respective repeating units, in which
the hb-PCL unit induces stronger effects than the PHEMA.

Observing trends “in columns”, e.g. NW-14-21, -40 and -60 (expressed as ‘trend’ in
Table 5-6) a complex relationship was observed, which lacks explanation so far. In a first
approximation, hb-PCL-MA is again best described as a star-shaped plasticizer having
long linear arms, which causes effects ascribed to cross-linking (swelling properties, elon-
gation at break) and to blending (<E>, T, G’). All samples with relatively low content of
hb-PCL-MA (NW-xx-20) were brittle, whereas higher portions of hb-PCL-MA
(NW-xx-40, NW-xx-60) yielded rather elastic materials. Further experiments to gain a
better understanding of these effects have to be carried out.

The cross-link density was evaluated by analysis of the swelling in toluene, since solvent
interactions with hydroxyl groups of the backbone are excluded. The more the precursor
was branched, the higher was the cross-link density (w = const.). However, the higher the

weight fraction of any precursor, the more was the cross-link density decreased (same
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5.2 Methacrylation of hb-PCL

precursor). High weight fractions of precursor reduced cross-link efficiency in the curing

process.

Table 5-6: Trends summarized according to the type of analysis and the nature of cross-linker.
Arrows indicate trends with respect to the weight fraction of the cross-linker unless otherwise stated.

<E>/ L/w , , s Swelling
Precursor To/w 3 G/w G/<E> G(@T)/w H,0 Toluene
hb-PCL-14MA A A" 7 A 7 7 A 7
hb-PCL-22MA A A ¥ A ? 7 A 7
hb-PCL-41MA A A ¥ A ? 7 A 7
trend" 3 2 2 3 3 3 3 2
PHEMA + 0
I-PCL 0 *
hb-PCL *

D observed in direction of NW-14, NW-22, NW-41, while w = const.
? dissolves in toluene.
%) elongation at break
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6 HYPERBRANCHING POLYMERIZATION OF ANALOGOUS LACTONES
AND CARBONATES

6.1 Introduction

The hyperbranching concurrent copolymerization of an AB- and an AB,- monomer is a
powerful concept to create novel materials in a straight one-pot reaction. Chemical and
physical properties are closely related to the degree of branching (DB) and functionality
which are adjusted by the AB/AB, comonomer ratio in feed.!*'*>"*7]

The proof of concept is laid out in chapter 3, in which the copolymerization of
e-caprolactone (CL) and 2,2’-bis(hydroxymethyl) butyric acid (BHB) was discussed. The
influence of the DB was examined with respect to characteristic parameters, such as mo-
lecular weight, viscosity and thermal properties.

In this study, cyclic compounds of similar structural identity that may serve as
AB-monomer are sought, to which this concept is transferable. Since Novozyme 435 is a
biocatalyst, chemical similarity of structure is not the only criterion for successful

copolymerization, moreover steric issues, such as the length of the linear segment or the

repeating unit may play a crucial role.

1 2 3 4
O
o
_ O)KO
° o L
0]
5 6 7

Figure 6-1: Cyclic compounds tested in the screening experiment: (1) [-butyrolactone,
?2) y-butyrolactone, A3) y-valerolactone, “) &-valerolactone, Q) g-caprolactone,
(6) w-pentadecalactone and (7) trimethylene carbonate.



6 Hyperbranching Polymerization of analogous Lactones and Carbonates

An initial screening experiment of the selected compounds is described. Although
Novozyme 435 is known to catalyze most of these monomers, reaction kinetics of both the
cyclic lactone and BHB must be similar to make insertion of the branching points possible.
In section 6.3 (hyperbranched poly(d-valerolactone)s and 6.4 (hyperbranched poly(tri-
methylene carbonate)s), the two most promising systems are investigated in detail. In both

cases, I-PVL and I-PTMC are bioresorbable and biodegradable.!””***7]

6.2 Screening of Cyclic Esters for Hyperbranching Polymerization

The comonomers were chosen by similarity in structure compared to CL, availability and
cost (Figure 6-1). To the best of our knowledge, 8- to 15-membered cyclic esters and
carbonates are not available on the market. Besides y-valerolactone (3) all of them are

60-62,82,118,158

known to be polymerized by Novozyme 435.! I'TMC was synthesized in our

laboratory according to Takeshi’s procedure.!'*”!

The experiments were carried out in toluene solution in analogy to Skaria’s protocol.®”? A
degree of branching in the feed (DBy) of 18.0 was chosen. The results are summarized in
Table 6-1. Yield and appearance after work-up, i.e. the physical state, was chosen as
indicators of success or failure of the polymerization. In brief, the samples made from
BHB and 1) §-valerolactone (VL, entry 4), ii) o-pentadecalactone (PDL, entry 6), and iii)
trimethylene carbonate (TMC, entry 7) were polymerized under these conditions.

The copolymerizations of BHB and i) B-butyrolactone (entry 1), ii) y-butyrolactone (entry
2) and iii) y-valerolactone (entry 3), however, were not promising at all employing these
reaction conditions and were not pursued any further. The formation of hb-PCL (entry 5)

comfirmed that suitable (co-)polymerization conditions were met according to Skaria.l®”’

Table 6-1: Screening experiment - characterization of the copolymerization of cyclic esters /
trimethylene carbonate and BHB.

Entry Monomer DB, Yield [%] Appearance
1 B-butyrolactone n.d. 4.9 liquid, 1 drop
2 y-butyrolactone n.d. 19.7 liquid, <1 drop
3 y-valerolactone n.d. 332 Liquid
4 d-valerolactone 20.2 56.2 highly viscous
5 g-caprolactone 11.7 533 Solid
6 w-pentadecalactone 0 97.7 Solid
7 trimethylene carbonate 7.4 65.9 Solid

Y 1n.d. = not determined.
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6.3 Hyperbranched Poly(trimethylene carbonate)s

'H-NMR analysis of sample 4 — 7 was used to evaluate BHB incorporation. While
branched polymers were obtained in the case of VL, CL and TMC copolymerization with
BHB, PPDL was observed to yield a linear homopolymer, i.e. no copolymerization took
place. This is in good agreement with data reported by Gross et al., who tried to copoly-
merize CL and PDL using Novozyme 435.1'"*") They observed that the homopolymeriza-
tion of PDL proceeds about 13 times faster than CL, i.e. about >10 times faster than BHB

copolymerization.

6.3 Hyperbranched Poly(s-Valerolactone)s

Hb-PVL was synthesized in bulk in analogy hb-PCL. BHB dissolves in VL at elevated
temperature, thus a homogenous binary mixture of the two comonomers was formed.
Yields between 74 % and 40 % were obtained strongly depending on the DB. Work-up of
high-DB samples was impaired by loss of product, since phase separation during purifica-
tion of the organic phase was incomplete, also after a day of delay. There difficulties were
ascribed to the polymer’s amphiphilic properties. The samples were waxy and had a light
yellowish color. They were characterized using NMR, GPC, VPO and viscosity measure-
ments. Thermal properties were obtained by DSC analysis.

In Figure 6-2, a typical '"H-NMR spectrum of hb-PVL is depicted. Signal c, d, e, f and f°
represent the linear VL segments. They match the chemical shifts reported for I-PVL by
Béez et al.'®! As in the case of hb-PCL, DB was calculated by the ratio of signal a (-CHs,
BHB) and ¢ (-O-CO-CH,-R) according to the Frey equation (cf. section 1.4). The results
are summarized inTable 6-2.

DB of hb-PVL was in the range of 0.8 to 24 %. While a deviation from stoichiometric
insertion was negligible up to DBf = 12 %, it became significant at higher values
(Figure 6-4). The structure of hb-PVL is inherently more compact, since the number of
methylene groups, acting as spacer between two connecting points, is smaller than in hb-
PCL. At higher DB, the statistically distributed branching points cause a more condensed
structure which presumably prevents the growing polymer from binding to the active site
in CALB and thus reduces the incorporation rate of BHB. For hb-PVLs, this effect is ob-
served at lower DB, than for hb-PCL.

PC-NMR spectra yielded further information on the hb structure (Figure 6-3). As DB in-

creases, a new signal appears in the carboxyl region at 173.7 ppm, which was ascribed
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Figure 6-2: '"H-NMR spectrum of hb-PVL-80, DB = 20.2.
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Figure 6-3: “C-NMR of hb-PVL-89 containing 5.7 mol-% BHB.
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6.3 Hyperbranched Poly(trimethylene carbonate)s

Table 6-2: Characteristic data of hb-PVL samples.

Copolymer  DB; DB, Yield Gl\lf(":)l ppI'  M,ucy DI (Vl\f,no) M
mol%  mol% % g-mol”! g-mol gmol”  cm'/g
I-PVL 0 0 92.1 3,400 1.7 A ) 1,200 13.6
hb-PVL-99 1.5 0.8 57.6 4,500 1.8 2,900 1.7 1,300 17.5
hb-PVL-98 2.8 1.5 69.5 5,100 1.9 3,200 1.9 - 18.5
hb-PVL-95 5.5 5.0 59.9 3,800 2.1 ) 3 1,200 17.2
hb-PVL-89  10.7 10.8  45.1 2,700 1.9 ) 3 - 13.1
hb-PVL-88  13.3 11.6  74.1 2,100 2.1 3 3 1,200 11.7
hb-PVL-80 372 202 483 - - 3 3 730 9.4
hb-PVL-76  57.8 244 388 300 2.7 3 ) -
hb-PVL-71  25.5 293 459 700 1.9 3 ) - -

D pS-Calibration 2

universal calibration

3)

no signal obtained

 no n-detector available

to the quaternary carbon C, in o-position to the carboxylic function of BHB indicating the

higher number of branching points, and, to the same extend, new terminal, linear groups.

However, signal Er at 171.42 ppm disappears, which refers to BHB groups that are incor-

porated in a linear manner. This led to the conclusion that linear VL units first react with

free BHB end groups prior to addition of another BHB branching unit. This observation

supports the explanation for the DB-deviation. All other signals related to groups of

terminal CL units became more pronounced with higher DB.

40 -

30

expt [%]

DB

10

20 30
DB, [%]

40

Figure 6-4: Degree of branching of hb-PVLs calculated from '"H-NMR integrals correlated to the

theoretical degree of branching in the feed. The straight line marks stochiometric insertion.
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6 Hyperbranching Polymerization of analogous Lactones and Carbonates

Experiments varying the time of reaction were carried out to identify the state of maximal
conversion. After 20 hours, molecular weights did not increase any more and remained
stable. In contrast to hb-PCL, no loss of molecular weights due to transesterification was
observed at longer reaction times. Yields of the final product increased to 55 % in the
10 hour-experiment. At longer reaction times, yields dropped to 40-45 % of the theoretical
value. It is assumed that a portion of the highly hydrophilic samples having a high DB was
carried through to the aqueous phase during the washing step in post reaction work-up.

In the 24 hour-experiments, molecular weights were found to depend strongly on DB, and
thus the degree of functionalization. 10 % of branching induced a drop in <M,> to 50 % of
the original value. Since the viscosity signal was too weak, universal calibration was not
applicable. However, <M,> was obtained for hb-PVL-99 and hb-PVL-98 in universal
calibration mode. The <Myuc)> was 64 % of <Mypsy>.

<M,> calculated from VPO measurements, ranging between 1300 and 800 Da, showed
little dependency on DB (Figure 6-5). Since hb polymers usually have a composition
comprising oligomers that consist of only a couple of repeating units, and longer polymer
chains, VPO values reflect the lower end of the corresponding <M,> distribution
(cf. section 3.4.2).

Viscosity data were recorded by an automatic Ubbelohde viscometer. All samples showed

linear behavior of ng/c vs. ¢, which demonstrates that no aggregation occurred.
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Figure 6-5: <M,> of hb-PVL determined by m GPC (TCM) and by o VPO (TCM).
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6.3 Hyperbranched Poly(trimethylene carbonate)s
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Figure 6-6: DSC diagrams of hb-PVLs: dotted line - hb-PVL-99, dashed line - hb-PVL-89, and straight
line - hb-PVL-80

Little branched samples had higher viscosities than the highly branched. Compared to hb-
PCL this trend was less pronounced, given that lower molecular weights were realized for
I-PVL. Samples that have similar molecular weights (<M;>) produced similar viscosity
numbers.

DSC measurements confirmed that all hb-PVLs are flexible polymers, manifested by glass
transitions (T,) in the range of -54°C to -73°C (Table 6-3). It is noteworthy that the little
branched samples showed a single melting endotherm. However, at higher DB
(hb-PVL-89, hb-PVL-88), a shoulder emerges from the melting peak and for sample
hb-PVL-80 and hb-PVL-76, double melting endotherms are observed. As in the case of
hb-PCL (cf. section 3.4.2), this observation was ascribed to different qualities of crystal-
lites. High DB impairs the formation of uniform crystallites, thus fewer and undeveloped
spherulites, much smaller in dimension and less regular shape than those of I-PVL were
formed.

The degree of crystallinity is another parameter, which allows statements on the rate of
degradation, since degradability decreases with increasing degree of crystallization.
Absolute values were calculated according to expression 3-3 (cf. section 3.4.2), if the heat
of fusion AH{’ of the linear, completely crystalline homopolymer is given. In the case of
fully crystalline I-PVL it is available from a web based source.!'®"!

Intuitively, one may assume that hb polymers suffer from a lower tendency to crystallize

than their linear analogues. But similar to hb-PCL, the highest value of X, was detected at
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6 Hyperbranching Polymerization of analogous Lactones and Carbonates

DB = 12 %. A better alignment of linear segments due to enhanced mobility may be a

valid explanation.

Table 6-3: Theoretical and experimental degree of branching (DB), the average segment length
(<DPs>) and thermal properties of selected hb-PVLs. Thermal data of I-PVL are reported

elsewhere.%%!

Copolymer DB; DB, BHB, T, T, AHg X,
mol% mol% Mol  °C °c  Jg' %

I-PVL - - - -67.0 59.0
hb-PVL-99 1.5 0.8 04 -57.7 515 795 423
hb-PVL-98 2.8 1.5 0.8 -59.7 504 779 414
hb-PVL-95 5.5 5 2.6 -552 47.1 785 41.8
hb-PVL-89 10.7 10.8 5.7 -54.0 nd. 76.0 404
hb-PVL-88 133 11.6 6.2 nd. 451 827 44.0
hb-PVL-80  37.2 20.2 112 -72.6 313 481 25.6
hb-PVL-76  57.8 24.4 13.9  -62.5 41.8 568 30.2
hb-PVL-71 25.5 29.3 172 -673 287 41.8 222

6.4 Hyperbranched Poly(trimethylene carbonate)s

Poly(trimethylene carbonate)s (PTMCs) are interesting biodegradable materials since they
are completely amorphous.”” Surprisingly, their biodegradability is much higher in vivo
than in vitro. This is ascribed to the degrading enzyme’s active site specificity.” A
biotechnological approach to I-PTMC preparation was reported by Kobayashi in 1997

(1581 1n 2002, Zhuo et al. reported the enzymatic

[163]

using CALB as well as other enzymes.

synthesis of high MW samples up to 48 kDa.
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Figure 6-7: Synthesis of trimethylene cyrbonate.
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6.3 Hyperbranched Poly(trimethylene carbonate)s

However, low glass transition temperatures (T,) and the absence of crystallinity come
along with poor mechanical properties. For that reason, PTMC is mostly used in copoly-
mers to tailor the flexibility and biodegradability of polymeric biomedical devices.*'*¥
TMC is not available on the market, thus it was prepared in a one pot reaction according to
Takeshi’s procedure reported in 1993 (Figure 6-7).1">") The precipitated product was ob-
tained in 48 - 55 % yield.

In the initial screening experiment enzymatic preparation of TMC-BHB copolyesters was
successful. The biodegradability, already observed for I-PTMC, will turn hb-PTMC into
an interesting functional polymer for controlled drug release applications. Therefore a
systematic evaluation of the synthetic conditions and properties of these novel materials
was carried out. Characterization was done in a similar way as described in section 4.2.
The polymer structures were analyzed by using 'H and “C-NMR spectroscopy. In
Figure 6-8 a typical "H-NMR spectrum of hb-PTMC is shown. 'H NMR spectra displayed
mainly two peaks: a triplet peak (C, €) and a quintet peak d, which were ascribed to a-and
-methylene protons of the carbonate moiety of the polymer. In addition, three smaller,
characteristic peaks ¢’, d’ and e’ were observed, which were ascribed to terminal TMC
units of the polymer. Structural features of the BHB branching unit were found in signal a

and b.
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Figure 6-8: '"H-NMR spectrum of hb-PTMC-94. DB = 6.3 %.
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Figure 6-9: *C-NMR spectra of two hb-PTMCs.

The integrals of signal a and signal d were used to calculate DB according to the Frey

1% suggesting the

equation (cf. section 1.4). No peak was observed around & = 3.2 ppm,!
absence of ether units formed by decarboxylation. NMR spectra made further information
available: Signal C., which refers to the carbonate carbon, ¢, d and e were assigned to the
TMC building unit. The carboxylic carbons of BHB are represented by signal Ep
(dendritic incorporation) and E p (linear-dendritic incorporation). They appeared only at
higher DB. Signal D, Cy, B and A (CH3) were ascribed to the BHB unit. e’ refers to termi-
nal methylol groups (-CH,OH) (Figure 6-9).

The DB;, of the product was calculated and plotted against DBy in the feed. Deviation from
regular stoichiometric insertion (dashed line) was observed but highly linear up to
DB; = 38.0 % (hb-PTMC-68) as shown in Figure 6-10. This is in good agreement with the
results obtained for hb-PCL and hb-PVL, indicating that the length of the linear segments
determines the rate and hence the efficiency of BHB insertion. Accessibility of the binding
pocket in CALB by the terminal hydroxyl group of the growing chain is seen as the
crucial kinetic parameter.

Experiments, in which the reaction time was varied, were carried out in order to elucidate
the optimal time in terms of molecular weight and distribution. Final molecular weights
were achieved after 10 to 20 hours. No relevant changes were observed at longer reaction

times. Therefore 24 hours were chosen as standard reaction time.
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6.3 Hyperbranched Poly(trimethylene carbonate)s
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Figure 6-10: Degree of branching of hb-PTMCs calulated from 'H-NMR integrals plotted against the
degree of branching in the feed. The dashed line marks stoichiometric conditions.

In comparison to hb-PCL and hb-PVL, yields after work-up were quite low. While phase
separation at the TCM-water interface during purification was very slow for hb-PVL, it
became infinite for hb-PTMC. In addition, some of the highly functional as well as
low-MW material of the sample was presumably easily carried through to the aqueous
phase. Both effects contribute to small yield hence an alternative, improved purification
procedure should be carried out in future.

Molecular weights were determined by GPC and VPO. As in the case of the other hyper-
branched polymers examined in this study strong dependence of the molecular weight

with respect to the degree of branching in the product (DB,) was observed. Compared to

Table 6-4: Experimental data of hb-PTMCs.

M

Copolymer DB, DB, Yield G%E)l DI gpey M T

mol% mol% % g-mol™ gmol!  cm’/g °C
hb-PTMC-100 1.5 0.1 40.2 4,300 2.2 1,300 14.8 -27.8
hb-PTMC-99 2.8 0.6 413 3,900 24 1,300 14.2 -30.2
hb-PTMC-97 5.7 2.7 12.8 3,200 2.5 1,300 8.4 -27.7
hb-PTMC-94 11.1 6.3 21.6 2,200 2.7 900 - -31.5
hb-PTMC-90 13.7 9.9 10.2 900 1.6 900 9.4 -33.6
hb-PTMC-81 26.2 18.8 34.6 500 1.6 1,200 5.7 -31.1
hb-PTMC-74 38.0 32.6 18.6 300 1.3 1,200 - -314
hb-PTMC-67 58.6 26.5 28.6 400 1.4 n.d. - -31.1
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6 Hyperbranching Polymerization of analogous Lactones and Carbonates

hb-PVL and hb-PCL, the relationship of DBy against DB, was rather linear, especially at
higher molecular weights (cf. section 3.4.2 & 6.3). Similar to hb-PCL and hb-PVL results,
VPO measurements did not encounter large changes in <M,>. All data are summarized in
Table 6-4; M, against DB, is plotted in Figure 6-11.

Viscosity data were recorded with an automatic Ubbelohde viscometer, since online-
viscosity measurements returned reliable results only up to DB = 5 %. The-values were
lower than those of comparable hb-PVL or hb-PCL, which is a result of the higher flexi-
bility of the polymer chains due to complete amorphism. According to the calculated
Mark-Houwink o parameters, I-PTMC is a random coil (a0 = 0.45), all the branched sam-
ples have a dense globular shape (o = 0.2).

DSC measurements confirmed the complete amorphism of hb-PTMC, thus the only
observed transition was a T, around -30 °C. For all samples the transitions were easily
recognized, even at the lower heating rate of 10 K/min.

The physical appearance of hb-PTMC is a yellowish, sticky and highly viscous material.
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Figure 6-11: Molecular weights of hb-PTMCs by GPC ( m <M,>, o <M,>) and
VPO (V <M,>) plotted against DB;.
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7 SUMMARY & PERSPECTIVES

The aim of the present study was a detailed investigation of the enzymatic copolymer-
ization of e-caprolactone and 2,2’-bis(hydroxymethyl) butyric acid in bulk and the
characterization of the resulting aliphatic, hyperbranched poly(e-caprolactone)s
(hb-PCLs). These polyfunctional materials are promising candidates for biomedical
applications because of their biocompatibility and biological clearance without the
formation of toxic products. The advantage of this protocol employing an immobilized
enzyme lies in the complete absence of heavy-metal compounds, e.g., as catalyst, and of
organic solvents.

As an alternative to the synthesis from the monomers, the novel concept of transesterifi-
cation of linear polymers into hyperbranched materials, which we termed “reknitting”,
was introduced as a method of preserving limited primary resources and energy that is
consumed by monomer/oligomer regeneration (Figure 7-1).

Furthermore, the modification of hb-PCL to multi-functional cross-linkers by methacry-
lation, the subsequent creation of poly(2-hydroxyethyl methacrylate) (PHEMA) networks,
and the investigation of their mechanical and physical properties were laid out.

Finally, hb-poly(d-valerolactone)s and hb-poly(trimethylene carbonate)s that are structur-
ally related to hb-PCL have been prepared. Their physical and chemical properties have
been compared. These polymers are expected to possess an even more flexible and easier

degradable structure than hb-PCL.

Catalyst

b —

Figure 7-1: The concept of reknitting.

7.1 Hyperbranched Poly(e-caprolactone)s

The synthesis of hb-PCL from CL and BHB in toluene solution was reported by Skaria et
al. in 2002.171 In the present study the successful transfer of this reaction to bulk
conditions was first described, thus avoiding toxic solvents and catalysts in the process.
Mild reaction conditions were achieved using Novozyme 435 as biocatalyst. Novozyme

435 is Candida Antarctica Lipase B (CALB) that is immobilized on nanoporous acrylate



7 Summary & Perspectives

beads (Lewatit' ™). This preparation improves the enzyme’s tolerance to heat and organic
media and allows for the complete removal of the catalyst.!'!”]

The important parameter in the characterization of hb-polymers is the degree of branching
(DB). Comparing both strategies, near stoichiometric copolymerization of BHB and CL
was observed, though bulk conditions caused a stronger deviation in favor of CL at high
branching ratios.

All molecular weights were determined by VPO and by GPC measurements, the latter
applying polystyrene standard calibration as well as universal calibration (Figure 7-2). The
VPO experiments indicated relatively low molecular weights compared to the GPC data.
However, these results are highly questionable in this case due to the inherent broad
molecular weight distribution of hyperbranched materials. Since VPO is a colligative
method, molecular weights are underestimated. In the present case the minimum of <M,>
of the sample rather than the average <M,> was evaluated by VPO.

The GPC measurements of multi-functional polymers that are also chemically different
from the employed polystyrene calibration are a difficult task and may lead to erroneous
results. Since the number of functional groups increases with DB, the elution volume does
not depend exclusively on the molecule’s size but also on polymer/solvent and
polymer/matrix interactions; thus, only relative molecular weights were obtained.
Universal calibration is expected to provide absolute molecular weights even for branched
molecules of variable geometry.!'"” The results obtained for hb-PCL indicate lower mo-
lecular weights and thus lower dependence of M on DB (Figure 7-2). However, this tech-
nique is somewhat limited by the signal to noise ratio of the viscosity signal. Therefore,
molecular weights were determined only up to DB =7 %.

The intrinsic viscosity was obtained by GPC-online viscometry and additionally
confirmed by measurements recorded with an Ubbelohde viscometer. Data obtained by
both techniques was in good agreement. Besides, a drastic drop in viscosity already
induced by a low degree of branching was observed, which is an important asset for
processing.

MALDI-TOF spectroscopy was used to elucidate structural information. While long-chain
branched samples consist of both cyclic and linear macromolecules, only linear, branched

species were observed in hyperbranched materials.
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7.2 Hyperbranched Poly(e-caprolactone)s on the kg-scale
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Figure 7-2: <M,> of hb-PCL determined by: m GPC (poly styrene calibration), x GPC (universal
calibration) and e VPO (T =30 °C, TCM).

DSC measurements were carried out to obtain information on T, and Ty, T, decreased
from +58 °C to +27 °C with increasing fraction of BHB, which clearly confirms a
reduction in crystallinity. On the other hand, T, increased with increasing DB. According
to Kim and Webster®” this indicates that the mobility of the linear segments becomes
more and more constrained, as the number of functional, polar groups increases.
A complimentary explanation is that the mobility of the linear segments is more and more

limited with an increasing number of branching points.

7.2 Hyperbranched Poly(e-caprolactone)s on the kg-scale

Synthesis on a larger scale is a first step to broaden the experimental interest in a promis-
ing compound. Ready availability permits the use as starting material for further modifica-
tions and allows for research on blends or composites.

Effective preparation requires optimized reaction conditions, i.e. bulk polymerization, and
catalyst recycling. High reaction rates were observed and highest molecular weights were
obtained after 2-5 hours. Between 10 and 20 hours, a weight loss of 5-6 % due to
transesterification was observed; yet, PDI became minimal. The addition of molecular
sieves or the application of vacuum during the reaction led to more efficient water removal,

which slightly increased molecular weights.
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The amount of Novozyme 435 that is used per charge is a crucial economic factor.
Although slightly higher yields were obtained employing 10 wt% Novozyme 435, which
is commonly used in some reports, investigations revealed little loss in the final molecular
weights down to 4 wt% in the 5g charges. Further reduction of the catalyst quantity caused
a strong decrease in molecular weights for the 5g charges (Figure 3-15).

On the kg-scale, the samples possessed similar properties to those prepared in the carousel
reactor (5g-charges), although the catalyst feed was further reduced to 2 wt%.

It is assumed that more efficient mixing of the melt and tighter vacuum contribute to the
enhanced efficiency of the system.

Novozyme 435 regeneration was found to be disadvantageous since the regenerated en-
zyme lost the major part of its original activity. Further investigations pointed to leaching

of the adsorbed enzyme from the macroporous support in hydrophilic environments.

7.3 *“Reknitting” of Linear into Hyperbranched Poly(e-caprolactone)

“Reknitting,” i.e. transesterification of a linear polymer into a hyperbranched material as a
novel recycling concept has been introduced. As proof of concept transesterification of
I-PCL (CAPA 6500™, M, = 62 kDa, PDI = 1.6) into hb-PCL was investigated using BHB
as AB, branching monomer and Novozyme 435 as catalyst under bulk conditions. The
resulting samples were characterized like hb-PCL prepared from the comonomers and
compared to these.

GPC was used to monitor the change in molecular weight and molecular weight distri-
bution. As shown in Figure 7-3, the signal of CAPA 6500™ steadily decreased with
exposure to the active enzyme in favor of a broad peak that built up at a longer retention
time. The broad molecular weight distribution is a typical feature of hyperbranched
polymers, which leads to lowered average molecular weights, <M,,>, <M,>, compared to
the linear analogue. At a high elution volume, even the formation of oligomers was ob-
served, which indicates the random transesterification by the enzyme.

The molecular weight to DB relations (<M,>/DB,) of hb-PCL prepared by reknitting and
that prepared from the comonomers were similar (Figure 7-4). This is noteworthy, since
1) both preparation from comonomers as well as transesterification of a linear high-MW
PCL result in similar materials, i1) the observed <M,>-DB,, relationship does not indicate a
limitation of the enzymatic polymerization. Moreover, it seems to describe either a

peculiarity of the system or of the GPC analysis of these special materials.
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Figure 7-3: Superposition of GPC traces after 8§ — 48 hrs of reaction. straight line — I-PCL (CAPA
6500), dashed — 8 hrs, dotted — 24 hrs, dash-dotted — 32 hrs and dash-dot-dotted line — 48 hrs.

Fractionation of hb-PCL (t=36 hrs, DB=12 %) obtained by reknitting provided a deeper
insight into the composition of the sample. Thirty monodisperse fractions were obtained
out of 60 slices, which were characterized by "H-NMR, GPC and MALDI-TOF MS. DB,,
which was calculated from the 'H-NMR analysis was in the range of 12 to 25 %, which
was always higher than the DB, of the original, not fractionated sample. This result still
lacks explanation and should be addressed in the future.

GPC experiments confirmed that the fractions were monodisperse (PDI < 1.3). For that
reason, it was supposed to obtain reliable data by MALDI-TOF MS. However, structure
elucidation was limited, because some characteristic structural features of the studied
material possessed similar monoisotopic masses (L, Ly : Am =1 amu).

Molecular weights obtained by MALDI-TOF MS are usually not reliable. However,
MALDI-TOF and UC-GPC experiments seem to yield similar values of the maximum

M4 In this case, M, values were

peak position M, for a given narrow-disperse polymer.
somewhat lower than those obtained by GPC (PS calibration). The relationship of this pair
of M, values (M, ps-gpc / Mp, maLpi-Tor ms), however, was similar to that obtained for the
ratio of M, uc-gec to My, ps.gpe in the case of hb-PCL prepared from the comonomers. It is
assumed that M, marpi-tor ms Values of each fraction will be similar to M, values that can
be obtained by GPC in universal calibration mode!"**.

Thermal analysis (of the non-fractionated samples) revealed a linear relationship between

the decrease of Ty, and the increase of DB, which is caused by a loss in crystallinity on the
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incorporation of branching points into the linear polymer chains. However, T, increases,
which is tentatively explained by the increase of the polarity of the macromolecules and
reduced mobility of the linear segments with higher DB.

Finally, viscosity measurements have been carried out. A drop in viscosity to 10 % of its
original value (I-PCL) was induced by a DB of 5 — 10 %. Hence, also long-chain branched

samples possess low viscosity in solution, which is an important property for processing.

10+

n

M _[kg/mol]

DB, [%]

Figure 7-4: M,, (PS-GPC) of hb-PCL: straight line - prepared by monomer synthesis (cf. Chapter 3),
dashed line by Reknitting of CAPA 6500™.

7.4 Structured Polymer Networks

Polymer networks are interesting structures, in which linear polymer segments are cross-
linked, i.e. interconnected. The materials’ properties are determined by the choice of pre-
cursor, the cross-linking density of the network formed, and fillers and additives, which

(1381 In this part of the thesis, the aim was to establish a synthetic pro-

are possibly present.
tocol towards a hb-PCL precursor. Furthermore, the creation of HEMA networks and the
investigation of the influence of the amount of hb precursor on the mechanical properties
was assessed.

Hb precursors for cross-linking were prepared by methacrylation of hb-PCL (Figure 7-5).
In continuation of the previously described synthesis, an enzymatic route, i.e.
the transesterification of butyl methacrylate (BUMA) employing Novozyme 435 under

bulk conditions was chosen. A functionalization of 20-30 % with respect to available
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7.4 Structured Polymer Networks

hydroxyl groups was achieved. Since hb-PCL-MA exhibits a high tendency to cross-link
at ambient conditions, BHT was added as an inhibitor. Consequently, no GPC chromato-
grams were recorded, considering that separation of BHT from the macromonomer bore a

high risk of spontaneous polymerization.

%
Catalyst )%

_
CHg3

H2C:<

O

4 A

_< BHB (Bishydroxymethyl butyric acid)

&-CL (e-Caprolactone)
Terminal Group (functional, e.g. -OH)

Terminal Group, methacrylic

Figure 7-5: Scheme of hb-PCL methacrylation.

Cross-linking of binary mixtures of 2-hydroxyethyl methacrylate (HEMA) and the
hb methacrylated precursor was achieved by exposure to a UV source. These networks
were examined by thermal and mechanical testing as well as swelling experiments, and
thus, cross-link density. The trends are visualized in Table 7-1.

Considering trends that depend exclusively on the weight fraction of an hb precursor in the
network, the model of a net that is interconnected by flexible and bendable knots is
applicable. The higher the network density (the number of knots per unit volume), the
shorter is the average distance between two knots, i.e. the lower are T,, <E> and <G’> but
the higher is the maximal elongation at break (L).

Swelling is strongly determined by the compatibility of the swelling media to the linear or
the branching part of the network respectively. Since the cross-linker is less hydrophilic
than HEMA, swellability in water decreases with an increasing weight fraction of
hb-PCL-MA in the network. The opposite is observed when toluene is used.

Trends at a given weight fraction but different cross-linkers, e.g. NW-14/22/41-40, are

rather complex and cannot be explained by an ostensive model.
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Table 7-1: Trends summarized according to the type of analysis and the nature of cross-linker.
Arrows indicate trends with respect to the weight fraction of the cross-linker unless otherwise stated.

3 ) ) ) Swelling
Precursor Tsw <BE>w Lw G/w GK<E> G @T)/w H,0 Toluene
hb-PCL-14MA ] ] 7 Y] ? ? Y] 7
hb-PCL-22MA N ] 7 Y] 2 7 Y] 2
hb-PCL-41MA N ] 7 Y] ? ? Y] 2
trend" N ” ” N N N N 2
pHEMA + 0
I-PCL 0 +?
hb-PCL 0 +?

D observed in direction of NW-14, NW-22, NW-41, while w = const.
? dissolves in toluene.
?) elongation at break

7.5 Hyperbranching Copolymerization of Analogous Lactones and Car-

bonates

The hyperbranching concurrent ring-opening polymerization / polycondensation reaction
of an AB- and an AB,-monomer is a powerful concept to create novel materials in a single
one-pot reaction, in which a controlled variation of DB is assured.

In order to extend this concept, screening experiments of several cyclic lactones and
trimethylene carbonate as AB-monomers, which are similar in structure to CL, and BHB
as AB,-monomer were carried out under identical reaction conditions.

The two most promising systems, d-valerolactone/BHB and trimethylene carbonate/BHB,
were investigated in further detail. Besides the ease undergoing copolymerization under
the given conditions, both classes of polymers are particularly interesting for biomedical
application.

In both systems, similar behavior as for hb-PCL was observed when DB was varied. At
moderate portions of BHB in the feed (DB < 10 wt%), <M,> between 5.0 and 2.0 kDa for
hb-PVL, 4.0 and 1.0 kDa for hb-PTMC were obtained showing a decreasing tendency
with higher DB in the product. For both systems PDI was in the range between 1.6 and 2.2.
Low molecular weight samples were obtained, when the BHB fraction was large.

In contrast to hb-PCL and hb-PVL, for which an increasing deviation from stoichiometric
copolymerization was observed for high DB values, hb-PTMC deviation of the
stoichiometric copolymerization remained linear. In addition, a decrease in molecular
weight with increasing DB was also less pronounced and rather linear compared to the

other systems. Hb-PTMC is a completely amorphous material regardless of DB.
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7.6 Perspectives

Hyperbranched polymers have been known for more than a decade. Although a tremen-
dously increased interest in this fascinating field of polymers has been observed since the
mid 1990s, it is an intriguing issue, whether or not control of DB can be achieved, e.g.
by a concurrent ring-opening polymerization / polycondensation approach.*>>>!¢%!

In 2002, Skaria et al.®” first reported the successful synthesis of hb-PCL, in which the DB
was controlled by the comonomer ratio in the feed. Furthermore, this paper quoted the first
synthesis of a hyperbranched material, in which a biocatalyst was used.

In this study, the systematic variation of DB, transfer of the synthetic concept to bulk
conditions, optimization of reaction parameters and the effects of DB on the physico-
chemical properties were addressed. Finally, a set-up and a synthetic protocol to prepare
hb-PCL on the kg-scale were implemented.

Further steps should be taken based on the one-pot synthesis making the desired hb-PCL
available. On the one hand, the well-known polyol chemistry might open interesting
possibilities. However, the main difference is the expected degradability of these hb poly-

esters by enzymes and bacteria.[”*®!#%%%) Thjg

assumption, in particular the biological
clearance of hb-PCL, should be verified. Positive results will encourage research on
controlled drug release, drug targeting, and pharmacokinetics, eventually leading to novel
formulations based on these materials. On the other hand, tailored physical properties,
such as the drastically lowered viscosity will facilitate novel applications: sustainable
rheological modifiers, softeners, film formers, and glues.

Reknitting was introduced as a novel concept to transform plastics at the end of a life
cycle into a new, hyperbranched material, creating another life cycle. The proof of
principle was given by the transesterification of high-MW |-PCL into highly functional
hb-PCL. As mentioned above, M, of each fraction of the fractionated sample should be
determined by GPC-online viscometry in order to compare this data with results from
MALDI-TOF MS.

We believe it is attractive to transfer the concept of reknitting to standard polymers that
are nowadays disposed or incinerated at the end of their product life-cycle. One day
adhesives or multi-functional polymeric supports might be produced in this manner,
saving primary carbon resources.

Polyfunctional hyperbranched precursors introduce novel aspects to polymer networks.
In this study, first investigations on the extent physical properties that are affected by the

hb structure were carried out. However, systematic studies on the influence of
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1) DB / molecular weight, i1) functionalization and iii) polarity of the hyperbranched mate-
rial shall be done for both structural materials and hydrogels. Drug loading is certainly an
interesting issue, i.e. whether artificial bone replacements or hydrogels, the attachment and
controlled release of antibiotics or growth-stimulating factors will be an asset. Drug
release and biodegradation are interesting subjects.

hb-PVL / hb-PTMC will complete the opportunities provided by hb-PCL: pharmaco-
kinetics and drug release rates are supposed to be different, thus they are candidates to
tailor the properties of hb-PCL. For sure, I-PVL, I-PTMC or copolymers consisting of
these biomedical polymers will be blended in order to enhance their properties for the
desired purpose.

It would be interesting to study hb-PVL and hb-PTMC in analogy to hb-PCL. Insight into
the influence of the difference in length of the repeating unit and the A functionality, i.e.
ester or carbonic ester respectively, will enhance understanding of the relation between

micro- and macroscopic phenomena.
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8 EXPERIMENTAL

8.1 Materials

Most materials were commercially available and thus purchased from common suppliers
(Aldrich, Fluka, Acros, Sigma). e-CL and 6-VL were refluxed over CaH, and distilled
prior to use. Unless otherwise stated all other the compounds were used as received.

Novozyme 435 (specific activity 10,000 PLU/g) was received as a gift from Novozymes
A/S, Denmark. It is characterized as:''**! Novozyme 435 beads consist of 10 wt% CALB
physically adsorbed within 90 wt% Lewatit'" VPOC 1600 (supplied by Bayer). Lewatit'™'
is a macroporous resin comprised of cross-linked poly(methyl methacrylate-co-butyl
methacrylate) with a surface area and average pore diameter of 110-150 m*g™' and 140-
170 A, respectively. CALB is found on the outer 100 um of 600 um average-diameter

Lewatit™ beads.

8.2 Monomer Synthesis: Trimethylene carbonate (TMC)

Lit.: Ariga, T.; et al. Journal of Polymer Science: Part A: Polymer Chemistry 1993, 31,
581-584.

115 ml (1.21 mol) ethyl chloroformate and 43.5 ml (0.6 mol) 1,3-propanediol were added
to 2 1 of cold tetrahydrofurane in a 5 1 beaker. The solution was constantly stirred while
128.9 ml (0.93 mol) triethylamine were added dropwise within 45 minutes. Immediate
formation of precipitated NH4CIl was observed. The solution was stirred another 30 min-
utes at 0 °C and 2 hours at room temperature. The product was separated from the precipi-
tate by filtration and solvent was removed by distillation under reduced pressure at room

temperature. The crude product was recrystallized from THF and diethyl ether and dried in

vacuo over night. Yield: 29.2 g (0.32 mol, 53.3 % based on 1.3-propanediol) of a color-
less solid, mp 45 °C.1!

'"H-NMR (CHCl3-dy): & = 2.13 (m, 2H, ~CH»-), 4.44 ppm (t, 4H, CH,0).
3C-NMR (CHCls-dy): & = 148.79 (OC(0)O), 68.27 (CH,0), 22.18 ppm (~CHx-).
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8.3 Polymerization Apparatus
8.3.1 Carrousel Reactor for Parallel Synthesis

Most polymerization reactions were carried out in a Carrousel Reactor for parallel synthe-
sis, purchased from Zinsser Analytik GmbH, produced by Radleys Discovery Technolo-
gies, UK.

The Carousel Reactor was placed on a hot plate (Ikamag®) while the upper part was con-
nected to a cooling circuit. The temperature sensor of the hot plate was placed into a
whole in the lower part of the reactor.

The design of the reactor allows carrying out 12 reactions under identical physical condi-
tions, magnetic stirring and the use of vacuum or inert gas conditions. Thus identical con-

ditions were guaranteed for each set of experiments.

8.3.2 Scale-Up Reactor for Batch Synthesis

Samples were produced on kg scale in an apparatus as sketched in Figure 8-1.

The reaction vessel (A) is a double walled glass reactor with a bottom outlet. It is covered
by a five-necked flat glass lid (B). The reactor is heated by a thermostat. Temperature con-
trol in the chamber was realized by a thermocouple that sits in the stopper of the bottom
outlet (C). A stirring shaft (HWS Gleitring-Riihrverschluss, manufactured in PEEK) (D) is
attached to the central neck of the lid of the reaction vessel. The stirrer is agitated by an
electrical stirrer (Heidolph RZR 2102 control) (E) that is able to maintain constant rota-
tional speed and indicates speed (rpm) as well as applied force (Nm). A condenser (F) and
an oil bubbler are attached to another neck of the lid.

Synthetic Protocol: CL was dried by reflux over CaH; as a prerequisite (G). The desired

volume was distilled and purged into a graduated dropping funnel (H) to dose the exact
volume of CL.

BHB was placed in the reactor and vacuum was applied. Then CL was sucked from the
dropping funnel into the reactor and the thermostat was set to 110 °C to obtain 85 °C in
the chamber. When BHB and CL formed a clear solution, argon was purged into the
chamber, a stop cock was opened and Novozyme 435 was added. Vacuum was applied
again to remove water formed during reaction and the chamber was kept at 85 °C under
constant stirring. After 24 hours, the bottom outlet was opened and the raw product was
filtered over a grid of steel to remove the Novozyme 435 beads. No further purification

was done. The product is a yellowish waxy solid. Crude product yields were quantitative.
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Figure 8-1: Illustration of theScale-Up.

8.4 Linear Poly(e-caprolactone)

10 ml CL and 0.1 g Novozyme 435 were added to an oven-dried flask and vacuum was
applied. The reaction was stirred at 85 °C for 24 hours. The reaction was stopped by add-
ing cold chloroform and then filtered to remove the Novozyme beads. The beads were
washed thoroughly with chloroform and the filtrate was concentrated. The oily product
was redissolved in chloroform and washed twice with deionized water. The organic layer
was dried over anhydrous sodium sulfate, filtered and concentrated. Remaining traces of
solvent were removed by high vacuum at 40 °C over night.

The product is a colourless, brittle compound. Yield: 8.52 g (85.2 %).

'"H-NMR (CHCls-dy): & = 3.96-4.09 (t, CH,OR), 3.56-3.65 (t, RCH,OH),
2.18-2.38 (t, RCH,C(0)0), 1.48-1.67 (m, O(0)CCH,CH,CH,CH,CH,0), 1.26-1.48
(m, O(0)CCH,CH,CH,CH,CH,O).

BC-NMR (CHCls-dy): § = 173.49 (O-C(0)CH,), 64.09 (-CH,0), 34.06 (CH,C(O)-0),
28.29 (CH,CH,0), 25.48 (CH,CH,CH,0), 24.52 ppm (CH,CH,CH,C(0)-O).
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8.5 Hyperbranched Poly(e-caprolactone)s
8.5.1 Polymerization in Solution

Lit.: Skaria, S.; Smet, M.; Frey, H. Macromol. Rapid Comm. 2002, 23, 292-296.

The synthesis protocol is exemplified for the sample hb-PCL-93. Novozyme (0.45 g) and
BHB (0.242 g, 1.63 mmol) were added to an oven-dried flask under argon, followed by
toluene (1:2 v/w with respect to total monomer weight) via a syringe. e-CL (4.3 g, 37.5
mmol) was added and the reaction was kept at 85°C for 24 h under constant stirring. The
reaction was stopped by adding cold chloroform and then filtered to remove the No-
vozyme beads. The beads were washed thoroughly with chloroform and the filtrate was
concentrated. The oily product was redissolved in chloroform (30 mL) and washed twice
with 20 mL deionized water. The organic layer was dried over anhydrous sodium sulfate,
filtered and concentrated in vacuum, yielding the desired hb-PCL sample. Yields ranged
between 73 and 97 %.

8.5.2 Polymerization in Bulk

All Copolymerizations under bulk conditions were carried out as exemplified for
hb-PCL-93 if not quoted different: Novozyme 435 (0.45 g) and BHB (0.24 g, 1.6 mmol)
were added to an oven-dried flask under argon. e-CL (4.0 ml, 37.5 mmol) was added via a
syringe. After CL and BHB had formed a homogeneous solution upon heating the reaction
was kept at 85 °C for 24 hours under constant stirring while vacuum was applied to re-
move water formed in situ. The reaction was stopped by adding cold TCM. The crude
product was filtered to remove the enzyme beads. The beads were thoroughly washed with
TCM and the filtrate was concentrated. The oily product was redissolved in TCM (30 ml),
washed twice with 20 ml deionized water and dried over anhydrous sodium sulfate, fil-

tered and concentrated. Yields ranged between 70 and 97 %.

'H-NMR (CHCls-ds; Figure 3-1): & = 3.96-4.32 (br, CH,O-C(O)R),

3.65-3.72 (m, C—CH,OH(BHB)), 3.56-3.65 (m, RCH,OH), 2.18-2.38 (t, RCH,C(O)-O),
1.48-1.75 (m, O(0)CCH,CH>CH,CH,CH,0), 1.23-1.48 (m, O(0)CCH,CH,CH,
CH;CH,>-C(BHB)), 0.83-0.96 ppm (t, -CH;(BHB))

PC-NMR (CHCl;-dy; Figure 3-2): 8 = 173.52 (O-C(O)CH,), 67.02, 64.10 (—-CH,0), 62.97,
62.53, 34.49, 34.18, 34.07 (CH,C(0)0), 32.23, 28.29 (CH,CH,0), 28.07,

25.48 (CH,CH,CH,0), 25.24, 24.62, 24.52 (CH,CH,CH»C(0)O0), 8.12 ppm (—CH3(BHB)).
Peaks with no assignment were ascribed to terminal CL. They appeared only at higher DB.
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8.6 Reknitting of Commercial Linear Poly(e-caprolactone)

4.0 g I-PCL (CAPA 6500™) and 0.50 g (4.6 mmol) BHB and were placed in a carrousel
reaction tube. The reaction was stirred at 90 °C for 8 to 48 hours. Vacuum (p=150 mbar)
was applied to remove water formed in situ. The reaction was stopped by adding 20 ml of
cold chloroform and then filtered to remove the Novozyme beads. The beads were washed
thoroughly with chloroform and the filtrate was concentrated. The oily product was redis-
solved in chloroform and washed twice with deionized water. The organic layer was di-
luted with 50 ml TCM, dried over anhydrous sodium sulfate, filtered and concentrated in
vacuum, yielding the desired hb-PCL sample.

Yield: 3.1-3.5 g (78-88 % based on m(CAPA 6500™)) of a colorless solid.

"H-NMR (CHCl;-dy): cf. 8.5.2.
BC-NMR (CHCl5-dy): cf. 8.5.2.

8.7 Optimization of Bulk hb-PCL Synthesis

Experiments on water removal that is formed in situ were carried out in a similar man-
ner. Four experiments were carried out experiment no. 1 serving as reference. In experi-
ment no. 2 an argon flux was applied within the last five hours of operation to carry out
water formed in situ. Molecular sieves (4 A, 8-12 mesh) were added to experiment no. 3.
Due to the suppliers information the maximum water uptake is around 50 % by weight.
Experiment no. 4 was run in vacuo over the whole period.

Experiments on Novozyme concentration were executed according to the general pro-
cedure but the weight fraction of Novozyme 435 was gradually reduced from 10 to 2 per-
cent with respect to the comonomers’ initial weight.

Regeneration of Novozyme 435: Experiments on Novozyme regeneration were carried
out employing 10 weight percent of Novozyme 435 with respect to the initial weight or
the comonomers. The comonomer ratio was calculated to meet DB = 4.2 %. The proce-
dure was repeated five times as described in section 8.5.2, each one referred to as cycle,
for two sets of Novozyme 435. Between two cycles, the Novozyme beads were placed in a
Soxhlet apparatus and HPLC grade chloroform was refluxed for 2 hours. The beads were

dried in vacuum at 40 °C for 1 hour.
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8.8 Methacrylation of Hyperbranched Poly(e-caprolactone)s

1.5 g Novozyme 435, 38.0 ml (0.24mol) butyl methacrylate and 50 g hb-PCL22
(non = 56.8 mmol) were placed in a round bottom flask. 150 mg BHT (5%, based on nog)
were added to prevent spontaneous polymerization. The mixture was heated to 70 °C and
vacuum of 120 mbar was applied. After 20 hours, the raw product was dissolved in Et,O
and filtered to remove the Novozyme beads. The raw product solution was concentrated to
100 ml volume, overlaid by 400 ml pentane and shaken for 60 minutes. The pentane layer
was decanted. This process was repeated twice prior to solvent removal in vacuum. The

product, hb-PCL.22MA, is a highly viscous vellowish substance. Yield (related to the

amount of initial free hydroxyl groups): 52-58 %. Yield (related to the mass of
hb-PCL22): 87 — 97 %.

'H-NMR (CHCl5-dy): 6.06 (s, cis vinyl-H ), 5.52 (s, trans vinyl-H),

4.20-4.30 (br, CH,OC(O)R), 4.08-4.16 (t, RCH,O-C(O)R (MA),

3.93-4.08 (t, CH,~OC(O)R), 3.69-3.79 (br, C;-CH,-OH(BHB)),

3.57-3.69 (m, RCH,OH), 2.19-2.40 (t, RCH,C(0)-0), 1.91 (s, 3H, R-CH; (MA)),
1.48-1.73 (m, O(O)CCH,CH,CH,CH,CH;0), 1.26-1.46 (m, O(O)CCH,CH,CHo,,
CH;CH,—C«(BHB)), 0.81-0.96 ppm (R-CH; (BHB)).

BC-NMR (CHCls-d;)(Figure 5-2): 8 = 173.76 (RCO,—, Ep), (173.53 (RCO,, Erp)),
136.40, 125.23, 66.21, 64.42, 64.09 (—CH,0), 62.50, 51.90, 49.80,

34.04 (CH,-CO(0)), 30.60, 28.25 (CH,CH;0), 25.45 (CH,CH,CH,0),

24.49 (CH,CH,CH,C(0)-0), 23.63, 19.04, 18.24, 13.63,8.25 (-CH3(BHB)), 8.09. Signals
with no assignment were ascribed to terminal CL. They appeared only at higher DB.

8.9 UV-Cross-linking of methacrylated hb Poly(e-caprolactone)s

This procedure is exemplified for a 20/80 network of hb-PCL22MA / HEMA:
0.58 g hb-PCL22MA was mixed with 2.95 g (23.0 mmol) HEMA and 4.0 mg (2.0-107
mol) BPO. The homogenous solution was poured into a curing form of desired geometry
and exposed to UV irradiation at a distance of 20 cm for 10 minutes. As UV source served

a PowerCure 3 (manufactured by Fusion UV Systems, Inc.).
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8.10 Screening Experiments

The screening experiments were carried out in toluene solution (V= 10 ml) in a Carousel
Reactor Station to ensure identical polymerization conditions. [-Butyrolactone,
y-butyrolactone, &-valerolactone, 7y-valerolactone, ®-pentadecalactone (PDL) and
trimethylene carbonate (TMC) were chosen as AB-monomers (cf. Figure 6-1. A sample of
CL and BHB was used as control experiment. Novozyme 435 (10 w% of the total mass of
the comonomers) and BHB (0.20 g, 1.4 mmol) were added to an oven-dried flask under
argon. The AB-monomer (12.1 mmol) was added via a syringe, PDL and TMC were
added using spatula. The reaction was kept at 85 °C for 24 hours under constant stirring
while vacuum was applied to remove water formed in situ. The reaction was stopped by
adding cold TCM. The crude product was filtered to remove the enzyme beads. The beads
were thoroughly washed with TCM and the filtrate was concentrated. The oily product
was redissolved in TCM (30 ml), washed twice with 20 ml deionized water and dried over

anhydrous sodium sulfate, filtered and concentrated. Yields are summarized inTable 6-1.

8.11 Hyperbranched Poly(é-valerolactone)s

All copolymerizations were carried out under bulk conditions as exemplified for
hb-PVL-95: Novozyme 435 (0.39 g) and BHB (0.118 g, 1.1 mmol) were added to an
oven-dried flask under argon. 8-VL (3.4 ml, 37.5 mmol) was added via a syringe. The
reaction was kept at 85 °C for 24 hours under constant stirring while vacuum was applied
to remove water formed in situ. The reaction was stopped by adding cold TCM. The crude
product was filtered to remove the enzyme beads. The beads were thoroughly washed with
CHCIls and the filtrate was concentrated. The oily product was redissolved in TCM (30 ml),
washed twice with 20 ml deionized water and dried over anhydrous sodium sulfate, fil-

tered and concentrated. Yields ranged between 40 and 74 %.

'"H-NMR (CHCls-dy) (Figure 6-2): 4.20-4.40 (br, CH,O-C(O)R (BHB), h), 3.98-4.16 (br,
CH,O-C(O)R (VL, f)), 3.60-3.74 (CH,OC(O)R), 2.21-2.44 (CH,C(0)0),
1.51-1.79 (CH,CH,CH,CH,, CH;CH,-Cy(BHB)), 0.86-0.96 ppm (—~CH3(BHB)).

C-NMR (CHCls-dy) (Figure 6-3): 173.68 (C.COsR, Ep), 173.22 (O—C(O)CHy, Ep),
171.42 (O—C(O)CHa,, E(p), 69.39 (C,CH,0), 63.84 (RCH,0), 62.08, 33.81,

33.60 (CH,C(0)0), 31.93, 27.98 (CH,CH;0), 22.25 (-CH,CH; (BHB)), 21.33
(CH,CH,CO3R), 21.04, 8.27 ppm (—CH3(BHB)). Peaks with no assignment were ascribed
to terminal CL. They appeared only at higher DB.
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8.12 Hyperbranched Poly(trimethylene carbonate)s

All copolymerizations were carried out under bulk conditions as exemplified for
hb-PTMC-90: Novozyme 435 (0.40 g) and BHB (0.311 g, 2.9 mmol) were added to an
oven-dried flask under argon. TMC (3.4 ml, 36.2 mmol) was added via a syringe. The
reaction was kept at 85 °C for 24 hours under constant stirring while vacuum was applied
to remove water formed in situ. The reaction was stopped by adding cold TCM. The crude
product was filtered to remove the enzyme beads. The beads were thoroughly washed with
TCM and the filtrate was concentrated. The oily product was redissolved in TCM (30 ml),
washed twice with 20 ml deionized water and dried over anhydrous sodium sulfate, fil-

tered and concentrated. Yields ranged between 10 and 40 %.

'H-NMR (CHCl5-d;) (F igure 6-8): 4.09—4.38(m, OCH,CH,CH,0),
3.65-3.75 (t, RCH,OH), 1.95-2.07 (m, CH,CH,CH,), 1.80-1.94,
1.55-1.69 (br, CH;-CH,-C(BHB)), 0.77-0.90 (br, R-CH; (BHB)).

BC-NMR (CHCls-d;) (Figure 6-9): 155.28 (quart. C, E,C¢), 65.00 (C,.CH,0), 64.28
(CH,CH,0), 58.90 (RCH,OH), 50.60 (C4(BHB)), 31.53(C/CH,CH3), 27.99
(CH,CH,CH,), 23.57, 21.72, 8.07 ppm (—CH3; (BHB)). Signal with no assignment were
only observed in highly branched samples.

8.13 General Characterization

8.13.1 DSC

DSC measurements were carried out on a Perkin Elmer 7 Series Thermal Analysis System
with autosampler in the temperature range of -95 °C to 120 °C at heating rates of 40 and
10 K/minute. Melting points are determined as peak maximum of the melting endotherm
(Ty,) for polymers, as onset temperature (T,) for other compounds. The melting point of

indium (T, = 156.6 °C) and Millipore water (T, = 0 °C) were used for calibration.

8.13.2 MALDI-TOF Mass Spectrometry

Measurements were performed with a Bruker Reflex II MALDI-TOF mass spectrometer,
equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. a-cyano hydroxyl
cinnamic acid and dithranol were used as matrices. Samples were prepared by dissolving
the polymer in methanol, or chloroform in the case of dithranol, at a concentration of 5 g/L.

A 10 pl aliquot of this solution was added to 10 pl of a 20 g/L matrix solution and 1 pl of
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a cationization agent (LiCl, KCI). A 1 pl aliquot of the resulting mixture was applied to a
multistage target to evaporate the solvent and create a thin matrix/analyte film. The ions
were accelerated to 21.50 kV and measured in reflectron mode. PEG-2000 was used for

calibration.

8.13.3NMR

'"H-NMR and "“C-NMR spectra were obtained from solutions in CHCls-d; at concentra-
tions of 100g/L (‘H) and 300-400 g/L ("°C) on a Bruker ARX 300 spectrometer operating
at 300 and 75.4 MHz respectively.

8.13.4 VPO

Vapor pressure osmometry was carried out using a Knauer K7000 vapor pressure os-
mometer and chloroform solutions at 30 °C in a concentration range of 5-40 g/L. Benzil

was used for calibration in a concentration range of 10-40 g/L.

8.13.5GPC

Gel permeation chromatography was performed in chloroform on a set-up constructed by
PSS. The eluent was degassed by an ERC-3315-online degasser and pumped by a TSP
P100 HPLC pump at a flow rate of 1 ml/min. 150 pl of the sample solution consisting of
10 mg polymer in 4 ml solvent were injected into the column by a Waters 717,15 auto-
sampler. A set of PSS-SDV 5 p columns with 100, 1.000 and 10.000 A porosity each was
used for size separation. Molecular Weights were analyzed using a TSP UV2000 UV/VIS
detector, a Showdex differential refractometer RI-71 and a WGE Dr. Bures n-1001 differ-
ential viscometer. In June 2004, the differential RI detector was replaced by an Optilab
DSP Differential Refractive Index Detector of Wyatt Technology Corp. The instrument
was calibrated using 12 linear polystyrene (PS) standards of Mp between 2.5 - 10° and 376
Da. To each sample 5 pl toluene were added as internal standard. By knowledge of the
Mark-Houwink coefficient of PSI'%”! a universal calibration curve to determine true mo-

lecular weights!'®"! was established. PSS-WinGPC 7.12 was used for data evaluation.
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8.13.6 Viscosity in Solution
Experiments were performed on a Lauda PVS1 Ubbelohde dilution viscometer at 30 °C
using a capillary Oc with a diameter of 0.53 mm. Huggins and Kraemer plots were used to

obtain the intrinsic viscosity.

8.13.7 SDS-Page Electrophoresis
Samples were dissolved in Loading buffer (Roti-Load, 4* Konz., ROTH, Art.K 929.1) and

boiled for 5 min. Nine micro liters from each sample were electrophoresed in 12% SDS-
PAGE. Size standards from 250 to 10 kDa, purchased from BIORAD (161-0373) were
included in each gel. Protein concentration of samples was assessed by Odyssey Infrared

Imaging System (LI-COR, Biosciences).

8.13.8 Dynamic Mechanical Analysis (DMA)

DMA measurements were performed on an Advanced Rheometric Expansion System
(A.R.E.S.) manufactured by Rheometric Scientific, Piscataway, NJ, USA. Test specimens
were either disks (d = 6.0 mm, h = 1 mm ) or bars (I = 30-40 mm, w = 6.0 mm, h = 1 mm).
A radian frequency o = 10 rad/s and a heating rate HR = 2 K/min were applied. Measur-

ing points were recorded at intervals of At = 30s.

8.13.9 Tensile Tests

Static properties were analyzed using a mechanical testing machine Instron 6022 (Instron
Corp., High Wycombe, England). Samples of rectangular shape were cut (I = 15 mm,
w =2 mm, h & 1 mm). Measurements were performed at room temperature (20°C) at a
constant rate of Imm/min. The stress ¢ vs. draw ratio 4 was recorded where A is the ratio
of the final length L to the initial length Lo prior to the application of stress. Young
modulus was determined from the slope of the stress/draw ratio curves at zero strain. The

measurements were repeated three times.
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10 APPENDIX — SUPPORTING INFORMATION

10.1 Chapter 4: Fractionation of hb-PCL Prepared by Rekniting
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Figure 10-2: Traces of fraction by preparative GPC (Eluent: TCM).

Figure 10-1: Fractionation, 2" run: GPC traces of fractions.
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Figure 10-3: Fractionation, 2" run: Yield against number of fraction.
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Figure 10-4: Fractionation, 2" run: Molecular weights plotted against number of fraction.
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10.2 Chapter 5: Polymer Networks — Dynamic Mechanical Analysis
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10.3 Chapter 5: Polymer Networks — Tensile Tests
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