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ABSTRACT
SYNTHESIS AND PROPERTIES OF COMB-LIKE POLYLACTIDES
By
Xuwei Jiang

Because of their biodegradability and biocompatibility, lactide based polymers
are extensively studied for biomedical applications. To have the broad range of
physical properties that make them suitable for these applications, certain
modifications of polylactides are necessary. This objective can be partially
accomplished by synthesizing substituted polylactides.

A series of substituted glycolides, substituted with n-alkyl groups of various
lengths (n (number of carbons in the alkyl group) = 6, 8, 10, 12, 14, 16), were
synthesized and subsequently polymerized to high molecular weight polymers.
Depending on the side chain length, low T, polylactides and side chain crystalline
polylactides were obtained. Hydrolytic degradation rates are independant of side
chain length within experimental error. Thermal degradation temperatures of
these alkyl comb polylactides are around 320 °C. Kinetic studies showed that
lactide polymerizations are first order reactions in both melt and solution
processes. The apparent polymerization rates initially decrease with the increase
of side chain length. When side chain exceeds a critical length, the
polymerization rates became independant of side chain length. For side chain
crystalline polylactides, X-ray data revealed the formation of hexagonally packed
side chain crystallites and lamellar structure in bulk. The melting temperature of

the polymer can be easily tuned through copolymerization.



Novel glycolides with oligo(ethylene oxide) containing substituent groups
were synthesized and polymerized to yield PEO-grafted polylactides with well-
defined architecture. The introduction of PEO pendant groups onto the
polylactide backbone improved its hydrophilicity and eventually made the
polymer water-soluble. Aqueous solutions of water-soluble PEO grafted
polylactides underwent reversible phase transitions when the temperature is
above or below a critical point. The phase transition was studied by cloud point
measurements, variable temperature 'HNMR analysis, and variable temperature
DLS measurements.

Amphiphilic substituted lactide monomers were synthesized by coupling of
PEG containing a-hydroxy acids and 2-bromo-octadecanoyl chloride. DSC
analysis of the polylactides derived from these amphiphilic monomers suggested
side chain crystallization. Azobenzene encapsulation study by solvent
displacement method showed that water solubilty of azobenzene can be
improved using the amphiphilic polylactide.

An acetylene functionalized glycolide was successfully synthesized.
Subsequent homopolymerization and copolymerization led to pendant acetylene
group containing ponl_actides. These functional polylactides were used as
substrates for introduction of functional moieties onto polylactide backbone by
click chemistry. PEG, alkyl, and PEG/alkyl grafted polylactides have been
prepared through this approach. Among those grafted polymers, DIEG and
DiEG/alky! grafted polylactides exhibit lower critical solution temperature (LCST)

in aqueous solution at ~80 °C and ~30 °C respectively.
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Chapter 1 Introduction

Structure and Properties of Comb-like Polymers

Comb-like polymers with long, linear side chains in each repeat unit are a
bridge between branched polymers and linear polymers. Comb polymers have
attracted a great deal of attention because the nature of the side chains leads to
dramatically different polymer properties."? For example, comb-like polymers
with linear alkyl side chains have lower melt and solution viscosities than linear
polymers, and decreased glass transition temperatures. Because of these
properties, comb-like polymers have found numerous applications such as pour-
point depressants for lubricants, viscosity modifiers, or additives in petroleum
products. The side chain crystalline character of these polymers has also led to
applications as temperature-triggered release matrices for the delivery of
agricultural insecticides and herbicides.® In contrast to hydrophobic crystalline
combs, some comb-like polymers with oligo(ethylene oxide) side chains are
water soluble and exhibit lower critical solution temperature (LCST) behavior,

making them attractive “smart” materials for biotechnology.

Alkyl Comb Polymers with flexible backbone

Poly(acrylate)s, poly(methacrylates), poly(acrylamides)

In 1944 Rehberg and Fisher reported poly(n-alkyl acrylates) (1), the first alkyl

comb polymers.* The “brittle points” of these poly(n-alkyl acrylates) decreased



with increasing side chain length up to poly(n-octyl acrylate), and then reversed
as the chains became progressively longer. Later, the higher alkyl polyacrylates
were identified as crystalline materials® and the increase in brittle points was
attributed to the higher melting points of polymers with longer alkyl! side chains.®
Crystallographic studies of these polymers by X-ray diffraction revealed that the

long alkyl side chains are hexagonally packed and that the arrangement of the

| ' Ht;J o
CnH2n+1 CnH2n+1 CnH2n+1
1 2 3
poly(acrylates) poly(methacrylates) poly(acrylamides)

Figure 1. Chemical structures of comb-like poly(acrylates), poly(methacrylates),
and poly(acrylamides)

side chain crystallites was independant of the stereoregularity of the polymer
backbone.”® Furthermore, studies suggested that comb polymers form lamellar
structures with amorphous regions formed by the polymer backbone and a
portion of the side chains separated by sheets of side-chain crystallites. For
poly(methacrylates) (2) and poly(acrylamides) (3), side chains of adjacent
polymers intercalate to form the side-chain crystallites (Figure 2a),'® while in
case of poly(acrylates), the crystallites are formed by the double layer packing of
side chains pointing in opposite directions (Figure 2b).'° In both cases, the side

chains are perpendicular to the polymer backbone. Systematic thermodynamic



studies of side-chain crystallization further concluded that, depending on the
flexibility of the main-chain structure, about nine to twelve methylene groups in
the side chain are in the amorphous state, and only the part of the side chain that
extends beyond that limit participates in crystallization.’® These studies also
showed that, in all cases, copolymers melt somewhere between the melting
points of the two homopolymers. X-ray data suggested the side chains of the

copolymers also packed into a hexagonal pattern.
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(a) intercalated side chain packing (b) double-layered side chain packing
Figure 2. Possible side chain packing motifs for poly(acrylates) and
poly(methacrylates) as proposed by Jordan et al."®

Because of the unique rheological properties result from the introduction of
alkyl side chains, these polymers have long been used as viscosity index-
improving and pour point-depressing additives in lubricating oils.'""* Side-chain
crystallization has also lead to the formation of thermally reversible gels from

dilute solutions of these comb-like polymers.®

Poly(vinyl ethers) and poly(vinyl esters)
Swern and Jordan described the first side chain crystalline poly(vinyl esters)

(4) as white wax-like solids.'® Later, the same team conducted a systematic



study of poly(vinyl esters) and concluded that their side chains are able to
crystallize when the length of the chain exceeds twelve carbon atoms.!’
However, no detailed structural data were available regarding the molecular
packing. In the following years, X-ray diffraction revealed that they crystallized in
hexagonal cells, regardless of the stereoregularity.'®?° In addition, ten carbon
atoms was the minimal length of side chain required for crystallization, again
regardless of the stereoregularity of the backbone chains. Based on calorimetric
data, Jordan et al. further concluded that, similar to poly(acrylates), a double-
layered structure formed with only the outer part of the side chain included in the
crystal lattice (Figure 2b).'" Although poly(vinyl alkyl ethers) (5) are also known
to be capable of side chain crystallization, which has lead to applications such as
shape-memory materials,?"?? the structural data of this series are rather limited

compared to poly(vinyl esters).

O._CphH
nF2n+1 O\CnHan
(0]
4 5
Poly(vinyl ester)s poly(vinyl ether)s

Figure 3. Chemical structures of comb-like poly(vinyl ester)s and poly(vinyl

ether)s

Poly(a-olefins), polyaldehydes, and poly(oxiranes)

A series of isotactic poly(a-olefins) (6) were studied by Turner-Jones using X-

ray diffraction and the results lead to the conclusion that there must be at least



seven carbon atoms in the side chains for them to be crystallizable.?> Depending

on the thermal history of the sample, three different crystalline forms were

observed.
(o)
A to~, 5,
CnHan+1 CnH2n+1 CnH2n+1
6 7 8
poly(a-olefins) poly(oxiranes) polyaldehydes

Figure 4. Chemical structures of comb-like poly(a-olefin)s, poly(oxiranes)s, and
polyaldehydes

main chain side chain

/ N

Figure 5. Packing of comb polymers with ?arallel main chains and fully extended
side chains as proposed by Turner-Jones.*?

In a common crystalline form adopted by isotactic, side chain crystallizable
polyolefins, the main chains align in planes with side chains fully extended on
either side of the main chain axis and pack hexagonally (Figure 5). A second
crystalline form is seen for polyolefins having more than twelve carbon atoms in
the side chains, in which the side chains tilt ~130° relative to the axis defined by

the main chain and pack in a double-layered structure. As shown in Figure 6,



three different side chain packing modes are possible for this crystalline form.
Unlike other comb-like polymers, the isotactic backbone participates in the

crystallization of the above mentioned crystalline forms. A third form was formed
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Ifigure 6. Eossib]e pgcking arrangements for comb golymers with side chains
tited to main chain axis as proposed by Turner-Jones.

by efficient quenching from the melt. Only hexagonal side chain crystallites
formed and no lamellar structure was observed.?* Further study of isotactic
polyolefins confirmed Turner-Jones'’s conclusions.?*?” In contrast, the structure
of atactic polyolefins is characterized by highly disordered main chains and

hexagonally packed side chains.?® A calorimetric study of both isotactic and



atactic polyolefins carried out by Magagnini et al. suggested that the calorimetric
properties of these comb polymers largely depend on the length of the side
chains and are almost independent on the stereoregularity of the backbone.?®

The crystal structure of poly(oxiranes) (7) are very similar to those of poly(a-
olefins). For atactic poly(octadecylethylene oxide), a single crystalline phase was
observed, characterized by the efficient hexagonal packing of the side chains
and main chains in regularly spaced, parallel planes perpendicular to the
direction of the side chain. However, the side chains in the crystal structure of
isotactic poly(octadecylethylene oxide) are oriented at 120° with respect to the
plane defined by the main chain.?®**° The poly(oxirane) stereoregularity had a
negligible influence on their enthalpies and entropies of fusion.?

Vogel et al. proposed a supramolecular structure in which both main chain
and side chains play important roles to explain the complex melting of
polyaldehydes (8).3'** In this family of comb polymers, only six carbon atoms are
necessary for the side chain to crystallize. The resulting polymers have two
melting transitions, the lower typical of side chain crystallization and the higher
due to melting of the backbone. Based on IR absorption bands, the authors
concluded that the paraffinic side chains are arranged in a regular hexagonal
structure within the tetragonal crystal lattice of the polymer.3? However, no

detailed X-ray data have been reported for polyaldehydes.

Polystyrenes, poly(1,3-butadienes), and polyitaconates

Poly(p-alkyl styrenes) (9) were known as early as 1953.3° For atactic

polymers, thermal analysis suggested side chain crystallinity in polymers with



more than ten carbon atoms in the side chain.* The comparison between atactic
and syndiotactic polystyrenes revealed that side chain crystallinity is strongly
influenced by tacticity.”” For example, the melting point of the side chains in
atactic poly(p-n-dodecylstyrene) was reported to be around -30 °C,% while that of

syndiotactic poly(p-n-dodecylstyrene) was ~90 °C.>" However, there has been

N Oy OH Oy OMe Oy OC,Hzn+1
CnHan+
M m m m
(0] o o

CnH2n+1 Ocn |"2n-l>1 OCn H2n+1 ocn H2n#1
9 10 1 12 13
polystyrenes poly(1,3-butadienes) polyitaconates

Figure 7. Chemical structures of comb-like polystyrenes, poly(1,3-butadiene)s,
and polyitaconates

no detailed structural characterization for this series, resulting in incomplete
information on supramolecular packing. Although thermal analysis suggest that
side chain crystallization in poly(2-n-decyl-1,3-butadiene) is similar to
polystyrenes,® no structural information is currently available for poly(1,3-
butadienes) (10).

Because of their similarity to poly(alkyl acrylates) and poly(alkyl
methacrylates), comb-like poly(itaconates) (11-13) have been extensively
studied.*>*® When there are twelve or more carbon atoms in the side chain, the
side chains of poly(mono n-alkyl itaconates) (11, 12) and poly(di n-alkyl
itaconates) (13) crystallize.*>*'* The crystalline side chains of poly(mono n-alkyl

itaconates) melt at lower temperatures than the corresponding poly(di n-alkyl



itaconates).* X-ray data suggested that, like in most of the comb-like polymers,

the side chains crystallized in hexagonal lattices.*
Alkyl comb polymers with rigid backbone

Polypeptides

The alkyl comb polypeptides reported to date include poly(a,L-aspartates)
(14), poly(a,L-glutamates) (15), poly(B,L-aspartates) (16), and poly(y-glutamates)
(17). Their chemical structures are shown in Figure 8. Similar to
poly((meth)acrylates), the linear alkyl side chain in these polypeptides is attached
to the backbone through an ester bond. The first report on the solid state
structure of comb-like poly(a-glutamates) appeared in 1978.*° Watanabe et al.
then systematically studied the supramolecular structure of comb-like
polyglutamates by X-ray diffraction, differential scanning calorimetry (DSC), and

dynamic mechanical analysis (DMA). Their data suggested that regardless of the

CH,COOCHzn+1 CH2CH2COO0CHans 1
\(?J\n% \(?m
H O H O
14 15
poly(a-aspartates) poly(a-glutamates)
O COOCHzn+1 COOCnHzn+1
blla'm N),m
4 0 Hy
16 17
poly(B-aspartates) poly(y-glutamates)

Figure 8. Chemical structures of comb-like polypeptides
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Figure 9. Model for the packing of poly(a-glutamates) at low temperatures
(a) view parallel to the main chain axes; (b) view parallel to the side chain axis
and perpendicular to the main chain axis; (c) view perpendicular to both the layer
and the chain axis of the a-helices. (Reprinted with permission from
Macromolecules 18:2141, 1985. Copyright 1985 American Chemical Society)
side chain length, the conformation of the main chain was an a-helix,***' and the
side chain crystallized when its length exceeded ten carbon atoms. As a
consequence of the side chain crystallization, the polymers formed a lamellar
structure characteristic of comb-like polymers with the a-helices forced to align
into sheets separated by side-chain crystallites. The X-ray data further suggested
that the side chains are interdigitated and aligned perpendicular to the planes

defined by the sheets of a-helices (Figure 9). Their conclusions were supported

by dielectric measurements.>



For comparison, poly(B-L-aspartates) were also systematically studied.5>%*
This family of poly(B-peptides) are also helical and they closely follow the general
behavior characteristic of poly(a-L-glutamates). The major difference is that the
side chain crystallization requires at least twelve carbon atoms in the side chains
instead of ten for poly(a-L-glutamates), likely due to the additional methylene
spacer in the backbone. Three different phases were observed for these comb-
like polypeptides as function of temperature. As schematically represented in
Figure 10, when the temperature is below T;, the side chain melting
temperature, the backbone helices are immobilized by the crystallized side
chains. A cholesteric arrangement may form when the temperature is between Ty

and T, and temperature > T; can lead to the formation a nematic phase.
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Figure 10. Schematic model illustrating the structural changes as function of
temperature for side chain crystalline poly(B-aspartate)s.

(Reprinted with permission from Macromolecules 28:5535, 1995. Copyright 1995
American Chemical Society)

Recently, comb-like  poly(y-glutamates)  with  different backbone

stereoregularities were reported.5>%¢ Again, the layered structure characteristic of



comb-like polymers was observed regardless of the backbone stereoregularity.
The additional methylene spacer in the backbone further increased the minimum
side chain length for crystallization to fourteen carbon atoms and this minimum

length was also independant of backbone regularity.

Poly(3-alkyl thiophene)s

Because of potential applications in light-emitting diodes, batteries, sensors,
and electrochromic devices, polythiophenes have attracted a great deal of
attention over the past two decades. Alkyl comb-like polythiophenes are
particularly interesting because the introduction of flexible alkyl side chains leads
to improved solubility, fusibility, and processability with retention of their stability
and electrical conductivity.>” When there are twelve or more carbon atoms in
the side chain, a first order transition associated with the side chain crystallization
can be observed.®*® Like other alkyl comb polymers, poly(3-alkyl thiophene)s

have a lamellar structure, with alkyl side chains functioning as spacers between

Coblre ———
13y P ////
18
(a) (b) (¢

Figure 11. Chemical structure and proposed possible molecular packing of
poly(3-alkyl thiophene)s

the stiff main chains. Depending on the thermal history, molecular weight, and

regioregularity of the sample, the side chains can adopt several different packing

12



patterns. In the most common phase, the side chains are packed into a double-
layered structure and are strongly tilted such that the side chains can pack into
an approximately hexagonal lattice (Figure 11b).%® A less common phase is
characterized by the side chain interdigitation (Figure 11c¢),%' which can coexist
with the double-layered phase.®® The appearance of several other phases has
also been reported, but the structural details are incomplete. Upon heating to a
certain temperature range, a nematic mesophase has also been reported for

polythiophenes with long alkyl side chains.®816%67

Stiff-chain polyesters, polyamides, and polyimides

Aromatic polyesters, polyamides, and polyimides are very attractive because
of their unusual mechanical properties. However, like polythiophenes, their
processability and solubility are limited by chain stiffness. The introduction of
flexible alkyl side chains onto the stiff backbone has been proved to be an
effective strategy for improving solubility and lowering melting temperatures.®®%’
Shown in Figure 12 and Figure 13 are the chemical structures of these families
of comb-like polymers that have been reported in the literature. The first comb-
like aromatic polyester, the polyester of terephthalic acid and a 2-n-
alkylhydroquinone (19), was reported by Lenz et al. in 1983. Its melting
temperature decreased continuously with increasing side chain length, which
eventually led to the appearance of liquid-crystalline phases over a conveniently
accessible temperature range.?” When the side chain length is more than twelve
carbon atoms, mesophases characteristic of layered structures were observed.

There also is evidence of side chain crystallization in these rigid-rod comb

13



polymers when the side chains are longer than twelve carbon atoms.%7273.77.78

The detailed supramolecular packing depends on the substitution pattern in the

polymer. Based on the available X-ray data, polymers that have substituents
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Figure 12. Chemical structures of comb-like rigid-rod polyesters, polyamides,
and polyimides | (R represents linear alkyl groups)
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Figure 13. Chemical structures of comb-like rigid-rod polyesters, polyamides,
and polyimides |l (R represents linear alkyl groups)

limited to one phenyl ring in the repeat unit ( 20, 21, 23, 24, 25, 26, 29, 30, 32)
pack into interdigitated layered structures with the side chains either
perpendicular or tilted relative to the backbone plane.’872737778 wWhen both
phenyl rings of the repeat unit are substituted as in case of polyamide 31 in

Figure 13, a double-layer structure is formed.%®

Other stiff-chain alkyl comb polymers

There are several other stiff-chain alkyl comb polymers in addition to the

examples cited above (Figure 14). Other examples include

) 88,89
'

(hydroxypropyl)cellulose-based polymers (34 polydiacetylenes (35),*° and

15



).91

2-alkylbenzimidazole-based polymers (36 Like other alkyl comb polymers,

both side chain crystallization and formation of a lamellar structure are observed

once the side chain reaches a minimum length.

Hyne1CaHNOCO
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Figure 14. Chemical structures of several other alkyl comb-like polymers
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PEG comb polymers

Because of its hydrophilicity, biocompatibility, and resistance to protein
adsorption, poly(ethylene glycol) (PEG) based polymers have attracted a great
deal of attention for industrial and biomedical applications.®*%® Comb-like
polymers with PEG grafts are particular interesting because these polymers can
efficiently inhibit cell or protein adsorption even when the side chains are short
PEG segments.*% Additionally, polymer properties can be easily tuned by
changing the PEG segment length. However, the number of PEG comb polymers
with well-defined structures are very limited, possibly due to the tedious synthetic

procedures for the synthesis of exact length oligo(ethylene glycol)s.

Poly(vinyl ethers)

Shown in Figure 15 are the chemical structures of well-defined PEG comb
poly(vinyl ethers) terminated with either methyl or ethyl groups. Poly(vinyl ethers)
with PEG pendant groups were known as early as 1950s* and were found to be
97,98

water-soluble and show lower critical solution temperature (LCST) behavior.

However, a systematic study of solution properties of these poly(vinyl ethers)

%«}j
SE N

37

Figure 15. Chemical structures of PEG comb-like poly(vinyl ether)s
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was not reported until 1992.%° In their study, Kobayashi et al. found that LCST of
poly(vinyl ethers) can be controlled either by the length of the PEG chain or the
o-alkyl group at the terminus of the chain. The LCST is also affected by the
molecular weight and molecular weight distribution.*® For the case of PEG chains
terminated with an w-methyl group (37), the LCST was 70, 82, and 100 °C for
n=1, 2, and 3, respectively. For an w-ethyl group (38), the LCST was 20, 44, and
60 °C for n=1, 2, and 3, respectively. The temperature range for the phase
transition is only ~0.3 °C for polymers with narrow molecular weight distributions

(PDI = 1.1) increasing to ~3 °C when PDI increased to ~3.%°
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Figure 16. Chemical structures of PEG comb-like poly(vinyl ether)s block
copolymers

Stimulated by the thermoresponsive properties of PEG comb poly(vinyl
ethers), the block copolymers of poly(vinyl ethers) with PEG pendant groups

were extensively studied during the last decade.'®'® Ames et al. prepared

18



diblock copolymers of methyl vinyl ether (MVE) and methyl triethylene glycol vinyl
ether (MTEGVE) by living cationic polymerization (39).'% The cloud points of
poly(MVE) and poly(TTEGVE) are 8 and 83.5 °C, respectively. By simply
changing the relative length of the individual blocks, the phase transition
temperature of the block copolymer was tuned over the entire 18 — 80 °C range.
Dynamic light scattering measurements showed that these block copolymers
form micelles upon heating.

Related materials such as the block copolymer of ethyl diethylene glycol vinyl
ether (EOEOVE) and methyl ethylene glycol vinyl ether (MOVE) (40), EOEOVE
and ethyl ethylene glycol vinyl ether (EOVE) (41), EOVE and MOVE (42), and
EOVE and ethylene glycol vinyl ether (HOVE) (43) were reported by Aoshima et
al.1921%41%7 The block copolymer EOEOVEzg0-b-MOVE4q is soluble in water at
temperatures <40 °C. A 20 wt% solution of this block copolymer transformed to a
transparent gel when warmed to 42-55 °C due to the phase transition of the
EOEOVE2qo bloék. Further heating led to a clear solution and eventually polymer
precipitation, because of the phase transition associated with MOVE4q block.
These materials were termed “double thermosensitive” materials.'*'%” Further
studies of EOEOVE-b-EOVE and MOVE-b-EOVE revealed similar phase
transition behavior, and that the gelation temperature is determined by the phase
transition temperature of the less hydrophilic block, which is easily tunable.""” In
the case of EOVE-b-HOVE block copolymers, only a gelation temperature was
observed above the LCST of the EOVE block because HOVE block is soluble in

water over the entire temperature range.'%2105.1%
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Poly(methacrylates)

Polymethacrylates with pendant PEG groups have long been used as the
polymeric component of polymer electrolytes.'®''2 Smid et al. reported that the

cloud points of polymethacrylates with an average of 4, 8, and 22 ethylene oxide
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Figure 17. Chemical structures of comb-like PEG poly(methacrylate)s

repeat units in the side chain were 54.5, 83.5, and 102 °C respectively.''®

However, the PEG chains of the oligo(ethylene glycol) methacrylates were
polydisperse with a distribution of side chain length. The first linear water soluble
PEG comb polymethacrylates with well-defined structures and at least two
ethylene glycol units in the side chain (44) were not reported until 2003. Ishizone
and coworkers synthesized poly(diethylene glycol methacrylate) and
poly(triethylene glycol methacrylate) using living anionic polymerization.''* Both
polymers were readily soluble in water at normal temperatures. The same group
later reported the living anionic polymerization of ditheylene glycol monomethyl
ether methacrylate (PDEGMMA) and triethylene glycol monomethyl ether
methacrylate (PTEGMMA) (45).""> Like the PEG comb poly(vinyl ethers),

PDEGMMA and PTEGMMA showed very sharp and reversible phase transitions

20



at 26 and 52 °C respectively. Employing the thermoresponsive properties of
PDEGMMA and PTEGMMA, Zhao et al. developed thermoresponsive hairy
nanoparticles by using surface-initiated ATRP to grow PDEGMMA and
PTEGMMA brushes from initiator-functionalized silica nanoparticles.''®
Compared to analogous polymer solutions, the transition temperatures of

polymer brushes were lower and the temperature range broader.

Polystyrenes

Like PEG comb polymethacrylates, polystyrenes with pendant PEG groups

117119 and as polymer electrolytes.'?

have been used in phase transfer catalysis
As part of a study of their cation and anion binding properties, Smid et al.
synthesized the first well-defined PEG comb polystyrenes with either one or two
pendant PEG groups in each repeat unit.'?! Some of these polymers strongly
bound organic solutes such as picrate anions in aqueous solution. These

polymers were reported to exhibit inverse temperature solubility in water but no

detailed solution properties were reported at that time.'?' Recently, Zhao et al.
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Figure 18. Chemical structure of comb-like PEG polystyrenes
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reported the detailed aqueous solution properties of PEG comb polystyrenes
synthesized by living radical polymerization.'?? The reported polymers hqd three,
four, and five ethylene oxide units in the pendant PEG group and the LCST for
these polymers were 13, 39, and 55 °C respectively. They also showed that the
cloud point of block copolymers can be easily tuned by changing the polymer
composition, and that the experimental data agree well with theoretically
calculated values.

PEG comb polystyrenes also are promising materials for applications in
biotechnology. Results from the Sommerdijk group proved the biocompatibility of
polystyrenes with pendant tetra(ethylene glycol) groups as well as its
effectiveness in tuning cell proliferation rate, and suggested its potential
application as a protective coating for in vivo sensors.*® Through surface initiated
living radical polymerization, Ober and coworkers reported PEG comb
polystyrene brushes grafted to SiOy surface.** This modified surface inhibited
protein and cell adhesion better than surface assemblies with the same PEG
length, suggesting potential applications in the fabrication of biological micro- and

nanodevices.
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PEG/Alkyl comb polymers

Because of a potentially broad range of applications, the synthesis and

characterization of amphiphilic polymers has been one of the most popular

research areas. Most amphiphilic synthetic polymers are block copolymers which

undergo interesting self-assembly processes. A relatively new class of

amphiphilic polymers is comb polymers with hydrophilic PEG groups and

hydrophobic alkyl groups on the same polymer backbone. Their structure

suggests interesting possibilities for self-assembly. However, only a few well-

defined structures have been reported so far. McCullough et al. reported the
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Figure 19. Chemical structures of PEG/alkyl comb polymers with well-defined
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synthesis and self-assembly of regioregular, amphiphilic polythiophenes (50).'%

By using a self-assembly approach, ultrathin films of amphiphilic polythiophene
were manipulated and processed on the nano- and micrometer scales. Three
melting temperatures, assigned to the melting of tetraethylene glycol side chains
(~5 °C), melting of dodecyl side chains (~55 °C), and melting of the backbone
(~120 °C) were observed for amphiphilic polythiophenes having dodecyl and
tetraethylene glycol monomethyl ether as substitutents.'* Amphiphilic poly(p-
phenylene), with one linear alkyl side chain and one PEG side chain per repeat
unit (51), self-organized into fibrous aggregates in micellar surfactant
solutions.'”'?® The synthesis of other PEG/alkyl-substituted amphiphilic
polyphenylenes (52 and 53) was recently reported, but the bulk and solution
properties of these polymers have not yet been studied.'?”:'%8

In addition to the well-defined amphiphilic comb polymers described above,
amphiphilic combs with less well-defined structures have also been the topic of
several recent publications. Allcock et al. synthesized poly(organophosphazenes)
having roughly an equimolar mixture of PEG and alkyl groups (54).'® With nine
or more carbon atoms in the linear alkyl group, the polyphosphazene side chains
crystallized, similar to the properties of alkyl comb polymers. Side chain
crystallization in mixed-substitutent comb polymers was exploited to prepare
stimuli-responsive reversible physical networks. Reversible physical gels were
obtained upon cooling aqueous solutions of poly(vinyl ether) (65) shown in Figure

130,131

20 due to alkyl side chain crystallization. The copolymerization of

poly(ethylene glycol) methyl ether methacrylate (PEOMA) with octadecy!
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Figure 20. Chemical structures of PEG/alkyl comb polymers with ill-defined
structures

methacrylate or acrylate (ODMA, ODA) also leads to amphiphilic comb polymers
(56 and 57)."%? Both the PEG and alkyl side chains are crystallizable. X-ray data
suggests that the alkyl side chains in the copolymers are hexagonally packed,
and that the PEG side chains are segregated from alkyl side chains and
assembled on one side of the backbone. In the proposed structure, PEG side

chains pack into a double-layer structure as shown in (Figure 21).
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Figure 21. A proposed model for a hypothetical bilayer structure formed by the
graft copolymers poly(PEOMA-ran-ODMA).

(Reprinted with permission from Neugebauer D. et al. Macromolecules 39:584,
2006. Copyright 2006 American Chemical Society)
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Application of click chemistry in polymer synthesis and functionalization

The Huisgen 1,3-dipolar cycloaddition of azides and terminal alkynes to form
triazole compounds has been known for about a hundred years but the
regioselectivity of this reaction was poor until the discovery of the Cu(l)-mediated
variant.''3* This reaction was proposed to start with the formation of Cu(l)
acetylide, and according to theoretical calculations, follow a stepwise pathway to
exclusively generate 1,4-disubstituted 1,2,3-triazoles (Figure 22).'** Since then,
this reaction has become the most popular type of click chemistry.'*®
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Figure 22. Mechanism of click chemistry proposed by Sharpless et al.'>*

Because of its high selectivity, near-perfect reliability, nearly quantitative
yields, and tolerance to a wide scope of functional groups and reaction

conditions, click chemistry has been used as the key step in the synthesis or
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Figure 23. Structure of a divergent dendrimer synthesized by Hawker and
Wooley et al.'*’

28



138

0 N
Y 2
HN 0 0
\0<<: °
N N N
\/\N H Q /\/ ’\_JL
H O NP r)\NH o—
/ (o] ‘Q N=N N = N
N\A/N~/®/\ ;DN/\ k>~
o AN
\OJ\/\NI N/‘/ 0 N~ 0"
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or functionalization of various polymers in last three years. Hawker, Sharpless,
Fokin and coworkers first introduced click chemistry to polymer chemistry
through the synthesis of dendrimers.'*® Triazole-based dendrons were

convergently synthesized following the procedure outlined in Scheme 1, where X

o o o N-N

0 o)

Br o N
/\O n e ‘e/\ O)’\/ 3 e 0O
® = /O’v/\o%\/N@/\ "

Br

Scheme 3. Preparation of block copolymers by combining ATRP and click
chemistry. 140141

and R stand for a number of different internal repeat units and chain-end groups
respectively. These dendrons were then convergently anchored to a variety of
polyacetylene cores to generate dendrimers. A similar strategy was applied by
Hawker and Wooley for the divergent synthesis of triazole-based dendrimers
(Figure 23) where R represents either azido or hydroxy groups.'*” The use of
click chemistry to couple dendritic blocks containing an acetylene group with
dendritic blocks containing an azido group at the focal point has proved to be a
powerful tool for the generation of unsymmetrical dendrimers. For example, the
facile synthesis of amphiphilic dendrimers was accomplished by the coupling of a

hydrophilic dendron with a hydrophobic dendron as shown in Scheme 2."*® The

30



same strategy has been successfully utilized to synthesize unsymmetrical
dendrimers such as those shown in Figure 24."*°

In addition to the synthesis of dendrimers, click chemistry is also very useful
for the synthesis of other types of polymers. As shown in Scheme 3a, the click
coupling of telechelic polystyrene prepared by ATRP yielded linear polystyrene
containing ester bonds in the backbone'®® which renders the polymer partially
biodegradable. A similar strategy is a versatile approach for the synthesis of
various block copolymers from building block precursors prepared by ATRP
(Scheme 3b)."!

The advantages of click chemistry also provided polymer chemists with a
powerful tool for attaching functional pendant groups onto various polymer
backbones. Fréchet et al. reported the quantitative anchoring of dendrons onto
the poly(vinylacetylene) backbone,'*? fully covering the polymer backbone with
Fréchet-type dendrons up to G3, and yielding dendronized linear polymers for
nanoscale applications (Scheme 4a). In a related example, they started with
acetylene functionalized bis(hydroxymethyl)propionic acid dendrons anchored to
a linear poly(p-hydroxystyrene), and then used click chemistry to further
elaborate the structure with Fréchet-type benzyl ether dendrons.'*® The resulting
structure has the microstructure of a radial dendritic diblock copolymer and is
shown in Scheme 4b, where the R groups correspond to benzyl ether dendrons.
Matyjaszewski used click chemistry to introduce different side groups to poly(3-
azidopropyl methacrylate), resulting in poly(methacrylates) with high degrees of

functionalization (Scheme 5).'* Functional poly(p-phenylene ethynylene)s were
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Scheme 6. Synthesis of functional poly(p-phenyleneethynylene)s.'*®

synthesized by using click chemistry to introduce the side groups before and
after polymerization to the conjugated polymer backbones ( Scheme 6).'%% The
high yield and specificity of click chemistry is compatible with the simultaneous

introduction of various functional groups using other synthetic methods. For
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Scheme 7. Simultaneous click functionalization of terpolymer.'4®

example, an 8:1:1 terpolymer of styrene, 4-(ethynyl)styrene, and 2-
(hydroxyethyl)methacrylate was functionalized by combining click chemistry and
alcoholysis of an anhydride to yield a difunctional polymer in a one-pot reaction
(Scheme 7).'%

Click chemistry also is effective in the preparation of chain-end functional
polymers (Scheme 8). An a,w-dihydroxypolystyrene was prepared by combining
click chemistry with a difunctional ATRP initiator for styrene polymerzation.'4’
Using similar strategies, olefins, and carboxyl groups were also attached to

polystyrene chain ends.'*® Recently, Finn et al. extended the chain end click
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functionalization methodology to the preparation of protein-glycopolymer

conjugates, yielding useful materials for biotechnology.'*°
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Scheme 8. Preparation of chain-end functional polymers by click chemistry. 47148
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Due to the chemical reactivity of the backbone in aliphatic polyesters, post-
polymerization modification of polycaprolactones and polylactides is synthetically
challenging because most of current synthetic transformations require conditions
that cause degradation. Click chemistry is a general and efficient approach to
aliphatic polyester functionalization, allowing introduction of functional groups
such as PEG, peptide, tertiary amines, and ammoniums salts onto a single
polyester backbone without significant backbone degradation (Scheme 9)."%%'5!

Despite of the demanding requirements needed for dendrimer

functionalization, click chemistry provides a versatile and efficient approach for

138,152 3

introducing carbohydrates, peptides,'*® azo-dyes, and other functional
moieties'*>* on acetylene or azide functionalized dendrimers. Shown in Scheme
10 is the structure of a mannose-functionalized poly(2,2-bis(hydroxy-
methyl)propionic acid) dendrimer, which due to the functional group tolerance of
click chemistry, required no protection and deprotection steps.

Click chemistry also has played important role in the synthesis and
modification of cross-linked polymeric materials. One such example is cross-
linked polymeric adhesives synthesized from polyvalent azide and alkyne
building blocks, that owe their adhesiveness to the strong affinity of triazoles for
metal ions and surfaces.'®®> More recently examples from Hawker and Wooley
groups showed shell cross-linked nanoparticles can be generated from the
reaction between alkynyl shell-functionalized block copolymer micelles and

polyvalent azides. The cross-linker provided sites for chemical modification and

further attachment of biologically important moieties to nanoparticles.'>®
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Furthermore, the selective introduction of click-reactive groups in either the
hydrophobic or hydrophilic domains of amphiphilic core-shell nanomaterials

enabled regioselective functionalization within nanostructures.'®’
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Chapter 2 Alkyl Comb Polylactides

Introduction

The physical properties of polymers are dramatically altered when short
chains are grafted to the polymer backbone. Comb polymers, the most studied
member of this family, typically have one chain attached to the polymer per
repeat unit and are readily available by the polymerization of macromonomers or
from elaboration of acrylates, methacrylates or similar monomers.! More
recently, the advent of controlled radical polymerizations led to numerous
examples where comb polymers were synthesized by initiating polymerization
from the side chains of polymers.'®®'®® One reason for the extensive interest in
comb polymers is that the nature of the chains attached to the polymer backbone
leads to dramatically different rheological properties. For example, comb
polymethacrylates that have linear alkyl chains as the teeth tend to have lower
melt and solution viscosities as well as decreased glass transition temperatures
due to screening of backbone chain-chain interactions by the teeth.'®*'% These
same polymers may crystallize if the alkyl chain is sufficiently long.'® An
important early application of comb polymers was to decrease the low

164,167

temperature viscosity of motor oils, and more recently, comb polymers have

been examined for many applications including ionic conductors,!®® 6

membranes for separations,'”® rendering rigid polymers soluble, and orienting

macromolecules,>*%775171
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We are interested in preparing derivatives of polylactide where the methyl
group in the polylactide structure is substituted or replaced to provide a polymer
that has properties different from those that can be obtained from polylactide
itself. Previous approaches to modifying the physical properties of polylactides
include copolymerization,'’? the preparation of block copolymers,'®'"* and the

7S In the context of the comb

manipulation of the polylactide stereochemistry.
polymers studied to date, we should be able to realize analogous changes in
physical properties in polylactide combs while retaining the degradability of the
polylactide backbone. Our initial target is the preparation of a polylactide comb
with long chain alkyl groups as the teeth. The degradability of polylactide plus
the structural analogy of a comb with long chain alkyl teeth to biological
membranes suggests potential applications in tissue engineering. In addition,
the tendency of combs having linear alkyl chains to crystallize suggests a
strategy for achieving crystallinity in polylactides that is independant of the
stereochemistry of the backbone. Since the melting points in known alkyl combs
typically range from ~30 - ~70 °C, it may be possible to design novel materials for

drug delivery applications that exhibit significant changes in permeability within

the physiologically relevant range of temperatures.

Since lactic acid derivatives are structural homologues of lactic acid, much of
the chemistry developed for the preparation of polylactides is applicable to
substituted lactides. We previously reported several substituted polylactides'®'"
and as a further example of this approach, we describe in this chapter the

preparation and characterization of comb-like polylactides. Our synthetic
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approach to the a-hydroxy acids needed in the synthesis of comb polylactides is
based on the reaction of alkyl Grignards with diethyl oxalate. While not “green”,

this approach enables preparation of quantities of materials suitable for
investigating the properties of these new polymers. We note that the a-hydroxy
acids also are available by a-hydroxylation of long chain fatty acids obtained from

naturally occurring fats and oils.

Results and Discussion

Monomer Synthesis

Scheme 11 shows the synthetic routes to the six monomers described in this

chapter. We refer to the monomers as glycolides rather than lactide derivatives
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Scheme 11. Synthesis of alkyl-substituted glycolide monomers
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since common names based on glycolide as the base structure clearly describe
the length of the alkyl chain. Two synthetic approaches to substituted glycolide
monomers were employed. In route 1, the reaction of alkyl Grignard reagents
with diethyl oxalate at low temperature provided the corresponding a-keto
esters.'”® The crude products were obtained in >90% yields, with no detectable
contamination from addition of a second Grignard equivalent to the substrate.
Catalytic hydrogenation of the crude keto ester at 1500 psig using Pt on carbon
yielded the a-hydroxy ester, but since purification of the ester proved difficult, the
crude a-hydroxy ester was hydrolyzed and isolated as the a-hydroxy acid.
Crystallization of the acid three times from hexane gave white crystals in an
overall yield of 68-84% from diethyl oxalate. In route 2, the reaction of fatty acids
with thionyl chloride and bromine generated the corresponding a-bromoacy!
chlorides.' Without further purification, the crude products were hydrolyzed and
isolated as the a-hydroxy acids. Three crystallizations from petroleum ether gave
the acids as white crystals in an overall yield of ~70% from the fatty acids. Some
of the a-hydroxy acids were isolated or prepared earlier and the limited physical

data reported in the literature match the data for our compounds.

Dimerization of the a-hydroxy acids in refluxing toluene using p-
toluenesulfonic acid as a catalyst yielded a mixture of the R,S and R,R/S,S
diastereomers in ~45% yield. The byproducts primarily consisted of linear
oligomers which could in principle be recycled or thermally cracked to yield
additional monomer. A representative 'H NMR, that of hexadecyl glycolide, is

shown in Figure 25. The methine protons of the 3,6-disubstituted glycolide ring
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appear as a doublet of doublets at 4.88 and 4.83 ppm; integration of the 'H NMR
spectrum of the crude product confirms the 1:1 ratio of the meso (R,S) to rac
(RR/SS) diastereomers expected for the statistical coupling of a racemic mixture
of hydroxy acids. Crystallization altered the diasteomeric ratio to 2:1 (meso :
rac). Similar results were obtained for the other glycolides. We note that 'H NMR
also provides a convenient method for monitoring the polymerization reaction. As
shown in Figure 25 for hexadecyl glycolide, the methine peaks at 4.85 evolve
into a broad peak at ~5.10 ppm during polymerization allowing straightforward

calculation of the conversion of monomer to polymer.

ppm

Figure 25. 500 MHz 'H NMR spectra of hexadecyl glycolide and its polymer
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Bulk Polymerizations

Compared to lactide, glycolide monomers having substituents larger than
methyl would be expected to polymerize more slowly due to the added steric bulk
of the substituent. For a homologous series of n-alkyl-substituted monomers,
only those methylenes close to the glycolide ring should influence the ring
opening step and glycolides with alkyl chains beyond a critical number of
methylenes should polymerize at the same rate. We tested this notion by
measuring the polymerization kinetics for each of the monomers at 130 °C, using
the polymerization of lactide under identical conditions as a control. The data
were collected from bulk polymerizations run in sealed tubes using t-butylbenzyl
alcohol as the initiator and Sn(2-ethylhexanoate), as the catalyst. Since having
pure and scrupulously dry monomer is a key to high molecular weights, low
polydispersities, and repeatable kinetics, the monomer was crystallized several

times and dried overnight under vacuum before used.

Ring-opening polymerizations of lactides are typically first-order in
monomer'®' and can be expressed as

Rp = -d[MJ/dt = k[M][cat] (1)

where [M] and [cat] are the concentration of monomer and catalyst respectively
and k; is the rate constant for propagation. Integration of (1) and assuming the

catalyst concentration is constant provides (2)

-In([M}t / [M]o) = kp[cat]o t (2)



where the subscripts 0 and t refer to initial concentrations and at time = t. Data
from such a polymerization can be linearized by plotting -In([M} / [M]o) vs time.
Lactide polymerizations run to high conversions (or low monomer concentrations)
often deviate from linearity due to the reversibility of the polymerization.
Eventually polymerization ceases due to the establishment of an equilibrium
between the propagation and depropagation steps, leaving an equilibrium
monomer concentration [M], unpolymerized.'”® To simplify evaluation of
experimental data, equation 2 can be modified to account for effects of

equilibrium polymerization by subtracting [M]e from [M]o, giving eq 3.

-In{([M} - [M]o)/([M]o - [M]e)}=Ko[cat]ot 3)
35
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Figure 26. Bulk polymerization kinetics of substituted glycolides. Polymerization
conditions: 130 °C, [Sn(2-ethylhexanoate).)[tert-butylbenzyl alcohol] = 1,
[monomer)/[catalyst] = 5§0. Each data point is the average of three independent
runs and corrected for equilibrium.
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Kinetic data for the polymerization of lactide and alkyl-substituted glycolides
are shown in Figure 26. Plots of —In(([M}; - [M]e)/([M]o-[M]e)) versus t should be
linear, which are the experimental results as shown in Figure 26. Polymerization

and depolymerization reactions under the same conditions show that all of the
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Figure 27. Relationship between apparent rate constant and the length of side
chains for bulk polymerization of substituted glycolides.

lactides have similar equilibrium monomer concentrations (~1.4 mol% based on
NMR). These results indicate that bulk polymerizations of the alkyl substituted
lactides follow the same kinetic pattern as lactide and that ring-opening
polymerization of glycolides substituted with linear alkyl groups is facile. The
apparent rate constant values (kp[cat]) were extracted from the slopes of the

plots and then plotted as a function of the length of the side chain (Figure 27).
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We found that the apparent rate constant decreases until the side chain length
reaches ten methylene groups and then remained constant. However, the
polymerization rates are not necessarily directly related to the length of the side
chains. Since the monomer:initiator:catalyst ratios are constant, the side chains
act as a diluent in these melt polymerizations and both the catalyst and monomer
concentrations decrease with increasing side chain length; the trend in apparent
polymerization rates is more likely the result of the combination of decreased

catalyst and monomer concentrations and increased steric effects.

1 © lactide
| 0C6
AC8
x C10
oC12

-In[MY[M]o
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time (min)
Figure 28. Solution polymerization kinetics of substituted glycolides.
Polymerization conditions: 90 °C in toluene, [Sn(2-ethylhexanoate).)/[tert-

butylbenzyl alcohol] = 1, [monomer}/[catalyst] = 100. Each data set corresponds
to a single kinetics run.
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Solution Polymerizations

We further studied the polymerization kinetics by carrying out solution
polymerizations in toluene at 90 °C with an initial monomer concentration of 0.2

M and [monomer]:[catalyst]:[initiator] ratio of 100:1:1. Again, the polymerization
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Figure 29. Relationship between apparent rate constant and the length of side
chains for solution polymerization of substituted glycolides.

of lactide under identical conditions was used as a control. Solution
polymerizations of glycolides should also follow first order kinetics described by
eq. 2, and plots of —In[M}; / [M]o vs t should be linear for low monomer
conversions. The apparent rate constant values were again extracted from the
slopes of the plots and plotted as a function of the length of side chain. As

shown in Figure 29, the apparent rate constant decreased with increasing side
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chain length, becoming constant at 28 carbon atoms in the side chain. However,
since the solution data correspond to a single polymerization for each monomer,
the differences in polymerization rates could have been complicated by trace
amounts of impurities in the monomers. A more reliable way to compare the

polymerization rates is to determine their reactivity ratios.

Homopolymer Properties

We determined the properties of the alkyl glycolide homopolymers using
samples prepared by bulk polymerizations at 130 °C with the monomer to initiator
ratio set at 200:1 (Table 1). These colorless polymers have molecular weights
(M,) between 55,000 and 70,000 g/mol and ranged from sticky liquids to waxy
solids at room temperature. The polymers are soluble in common solvents such
as toluene, THF and CH.ClI; and were purified by washing with 2M HCI, and then

precipitated from CHCI; into 2-propanol and dried under vacuum.

Table 1. Properties of alkyl comb glycolides

AHp,

Polymer M,x 10? PDI Tg(°C)*  Tm(°C) ne®°
(cal/mol)
polyC6 56.9 1.22 -37 ~ ~ ~
polyC8 56.4 1.21 -46 ~ ~ ~
polyC10 60.7 1.37 nd -18 417 0.7
polyC12 67.7 1.28 nd 8 1676 2.9
polyC14 70.0 1.19 nd 28 2795 4.8
polyC16 55.9 1.13 nd 45 3912 6.7

a. nd indicates that the Ty was not detected. b. number of crystalline methylenes
(see equation 5).
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The polymer decomposition temperatures measured by thermal gravimetric
analysis (TGA) estimate the limiting use temperatures of the polymers. As shown
in Figure 30, the TGA profiles for all of the polymers are similar, with the onset
for decomposition shifting to higher temperatures and the residue at 360 °C
increasing as the length of the alkyl group increases. Alkyl substituted
polyglycolides thermally decompose by depolymerizing to the volatile monomers,

with some aldehydes formed by elimination reactions.'’® Consequently, the
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Figure 30. TGA results for substituted polyglycolides. (10 °C/min in air, no aging)

increase in residual mass percentage at 360 °C does not necessarily imply

increased thermal stability for the polymers with longer side chains, but it more
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likely is a char that reflects the increasing importance of reactions other than

depolymerization as the monomer volatility decreases.

Differential scanning calorimetry (DSC) was used to measure the glass
transition (7g) and/or melting (Tm) temperatures for the polymers, and the results

are displayed in Figure 31. When the substituted linear alkyl group is shorter

— polyC16 1.0W/g
— polyC14
— polyC12
— polyC10
— polyC8

— polyC6

-80 -60 -40 -20 0 20 40 60 80
temperature (°C)
Figure 31. DSC scans for substituted polyglycolides. The data are second

heating scans, taken after heating to 70 °C and flash cooled. Heating rate: 10 °C
/min in Na.

than decyl, the Ty decreased with increasing side chain length. In these cases
the flexible pendant group is thought to reduce Ty by acting as an intemal
plasticizer, thereby lowering the frictional interaction between different main
chains. After the alkyl group reached decyl, the glass transition was not detected

by DSC. Instead, a first order transition corresponding to melting of the side
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chain crystalites appeared with melting points ranging from —18 °C for polyC10 to

45 °C for polyC16.
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Figure 32. The relationship between AH¢ and side chain length

The enthalpy of fusion (AHj) for comb-like polymers bearing crystallizable
linear alkyl side chains is indicative of the number of methylenes (n;) participating
in the paraffinic crystalline phase. Plotting AH¢ as a function of the number of
carbon atoms in the side chains (Figure 32) yields a straight line where the x-
intercept is interpreted in the literature as the minimum number of side chain
atoms required for side-chain crystallization of comb-like polymers. *°

AHs = AHse + nk 4)
In equation 4, AHs is a constant representing the end methyl group’s contribution

to the enthalpy, and k is the average melting enthalpy for each crystallized
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methylene group. The value of k extracted from the slope of the line in Figure 32
is ~580 cal/mol CHa, which is far from the 950-1000 cal/mol CH; reported for the
rhombic-to-liquid transition of crystalline parafins,’® but fairly close to the ~520
cal/mol CH; melting enthalpy measured for the crystalline alkyl side-chains in
comb-like poly(D-glutamic acid esters).%®

I.'° showed that each methylene in a crystalline side chain

Jordan et a
contributes a fixed enthalpy, and thus the number of crystalline CH2 groups in a
side chain, n,, is given by the equation

ne = AH¢/ k (5)
Although equation 5 only allows a rough estimation of n. due to the assumptions
involved during its derivation, calculation of n. is commonly used in studies of
side chain crystalization.'®*®* The n. data listed in the last column of Table 1
vary from 0.7 for polyC10 to 6.7 for polyC16, suggesting that ~9 methylene
groups in the side chain are in a disordered state, and only those methylene
groups beyond this limit participate in crystallization. The values of n. in Table 1
are close to those reported for flexible main chain polymers with linear alkyl side
chains.®
To further elucidate the structure of flash-cooled comb-like polylactides, samples
of polyC14 and polyC16 were melted, quickly transferred to a -40 °C freezer for
eight minutes, and then their wide angle X-ray scattering (WAXS) profiles were
recorded at room temperature. WAXS results for two independent runs of

polyC14 and two independant runs of polyC16 are shown in Figure 33. Although

the DSC melting points for both polyC14 runs are 28 °C, their diffraction patterns
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Figure 33. WAXS profiles of flash-cooled polyC14 and polyC16 (polyC14-1 and
polyC14-2, polyC16-1 and polyC16-2 are two different runs from the same
polyC14 and polyC16 sample, respectively.)
are only repeatable in the wide angle region, with a strong diffraction peak at d =
4.17 A and a broad, weak peak at d = 12 A. Sample to sample variation in the
WAXS data also is often seen for polyC16 as shown in Figure 33. According to
current understanding of comb-like polymers, the peak at 4.17 A indicates a
hexagonally crystallized paraffinic phase as has been reported for other comb-
like polymers,®® while the poor reproducibility of the low angle X-ray data for
both polyC14 and polyC16 indicates the absence of a well-defined layered
structure.’® DSC analysis shows that both polyC12 and polyC10 crystallize, but
we were unable to record WAXS profiles of flash-cooled samiples of crystalline

polyC12 and polyC10 due to their low melting points. Although the presence or
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absence of a lamellar structure cannot be verified for these two polymers, we
expect that the alkyl side chains in these two polymers are also hexagonally
packed because of their structural similarity to polyC14 and polyC16.

d,3%05689 3 two—dimensional supramolecular structure

As previously reporte
consisting of a layered arrangement of alternating paraffinic and polymer
backbone phases is commonly observed for comb-like polymers. Obviously the
results obtained for flash-cooled comb-like polylactides do not necessary lead to
the same conclusion due to the irreproducible X-ray diffraction patterns in the low
angle region. The appearance of hexagonal side chain crystallites and the lack of
a layered structure was previously reported for quenched poly(a-olefin)s and was
attributed to the formation of a phase in which backbone is highly disordered.'®®
Annealing experiments proved to be helpful in forming well-defined layered
structures.

The DSC traces in Figure 34 show the effect of annealing on polyC14. The
melting temperature shifted from 28 °C to 37 °C after annealing the flash-cooled
sample at 27 °C for 4 hours. Further annealing at 32 °C increased the melting
point to 47 °C. The WAXS patterns of these polyC14 samples are shown in
Figure 35. After annealing at 27 °C, an irreproducible low intensity broad peak in
the low angle region disappeared and a strong sharp reflection appeared at 34.2
A. Second and third order reflections (17.7 A and 11.9 A respectively) also
appeared after annealing, with the third order reflection more intense.
Enhancement in odd-order diffraction patterns has been observed in other comb-

like polymers.””:89
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Figure 34. DSC traces of polyC14 samples with different thermal histories. First
heating scan. 10 °C/min in N2. (black line: flash cooled in freezer for 8 minutes;
pink line: annealed at 27 °C for four hours; blue line: annealed 32 °C for six

weeks)
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Figure 35. WAXS profiles of polyC14 samples with different thermal histories.
(black line: flash cooled in freezer for 8 minutes; pink line: annealed at 27 °C for
four hours; blue line: annealed 32 °C for six weeks)
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Figure 36. DSC traces of polyC16 samples with different thermal histories. First
heating scan. 10 °C/min in N.. (black line: annealed at room temperature for 12
hours; pink line: annealed at 45 °C for two weeks; blue line: annealed at 45 °C for
two months)
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Figure 37. WAXS profiles of polyC16 samples with different thermal histories.
(black line: annealed at room temperature for 12 hours; pink line: annealed at 45
°C for two weeks; blue line: annealed at 45 °C for two months)
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Interestingly, the sharp diffraction peak at 4.17 A seen in the flash-cooled
sample broadens and shifts to 4.25 A, which suggests looser packing of the alkyl
chains in the annealed sample than in the flash-cooled sample. Although further
annealing at 32 °C led to a 10 °C increase in the melting point, the X-ray patterns
of both annealed polyC14 samples are almost identical with the only difference
being a decrease in the relative intensity of the diffraction peak at 4.25 A.

Annealing polyC16 at 45 °C first shifted the melting point from 45 °C to 55 °C
and after further annealing, DSC detected a new melting transition at 60 °C
(Figure 36). The effect of annealing on the WAXS profile is very similar to that
seen for polyC14, with the peak in the wide angle region broadened and shifted
from 4.17 A to 4.23 A (Figure 37). The broad weak reflection peaks in the low to
medium angle region sharpened, with associated spacings of 38.7 A, 19.6 A,
13.3 A, and 8.0 A, indicating a well-defined lamellar structure.

PolyC12 and polyC10 were subjected to similar thermal treatments, and while
DSC traces showed an increase in melting point, attempts to track changes in
the WAXS profile failed due to the low melting points. It should be stressed that
within experimental error, the enthalpy of melting for all crystalline samples
remains constant during annealing, which suggests that according to equation 5,
annealing does not appreciably increase the number of crystalline methylenes in
side chains. This observation is helpful in understanding the broadening and
shifting of the X-ray diffraction peak at ~4.2 A. Since the observed AH is
essentially constant, AS must increase for AG for this process to be negative.

Since X-ray reflections in low angle region suggest the formation of a more
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ordered two-dimensional structure, the side chain packing must disorder to

compensate for the decrease in entropy.

Table 2. X-ray diffraction spacings (A) of comb-like polyglycolides

polyCé polyC8 polyC10 polyC12 polyC14 polyC16
melt annealed melt annealed

13.6 16.2 18.9 26.8 211 30.5 34.2 38.7
16.7 17.7 19.6

9.1 10.5 11.9 13.3
7.2 8.0
4.6 46 4.6 4.5 4.6 43 4.25 4.23

“melt” means the side chains are in disordered state; “annealed” means the side
chains are crystalline.

Shown in Figure 38 are the DSC traces from the first heating scan of
annealed samples; the corresponding X-ray diffraction patterns taken at room
temperature are shown in Figure 39 and the spacings measured for the whole
series are listed in Table 2. Because of the extremely slow annealing process,
DSC scans of both polyC10 and polyC12 showed two melting temperatures even
after being annealed at room temperature for a year. Apparently, an amorphous
phase crystallizes as the samples are cooled to start the X-ray analysis, leading
to two distinct melting transitions. The X-ray diffraction patterns of these samples
are the result of diffraction from a minor side chain crystalline phase and
substantial scattering from an ill-defined layered structure in which side chain is
in disordered state, as seen from the broad peak at 18.6 A for polyC10 and at

20.2 A for polyC12.
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Figure 38. DSC traces (10 °C/min in Np) of annealed alkyl comb polyglycolides.
(black line: polyC10, annealed at room temperature for a year; pink line: polyC12,
annealed at room temperature for a year; red line: polyC14, annealed at 32 °C
for six weeks; blue line: ponC16 annealed at 45 °C for two weeks)
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Figure 39. WAXS profiles of annealed alkyl comb polyglycolides. (black line:
polyC10, annealed at room temperature for a year; pink line: polyC12, annealed
at room temperature for a year; red line: polyC14, annealed at 32 °C for six
weeks; blue line: polyC16, annealed at 45 °C for two weeks)
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Diffraction from the crystalline phases can be readily interpreted as arising
from a well-defined lamellar structure. The primary diffractions with associated
spacings between 25 A and 40 A are due to the layer periodicity of the structure,
whereas the reflections appearing at 4-4.6 A are from the paraffinic phase. For
polyC14 and polyC16, the ~4.2 A spacing demonstrates unambiguously the
formation of a hexagonally packed crystalline paraffinic phase. The broader
reflection peaks with longer d spacings in this region in the case of polyC12 and
polyC10 do not necessary mean the side chains are packed in a different
crystalline structure, but more likely results from the combination of a disordered
paraffinic phase with an average spacing reported to be 4.5 A% and a hexagonal
paraffinic crystalline phase, as was expected by the DSC analysis and the broad

diffraction peaks in low angle region.
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Figure 40. Evolution of d-spacings with side chain length. (m crystalline polymer
samples; A melt polymer samples)
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As seen in Figure 40, the periodicity of the layered structure seen in polyC10,
polyC12, polyC14, and polyC16 increases linearly with n, giving a slope of 1.97 A
per carbon, very close to values observed for poly(4-alkylthiazole)s (2.0 A per
carbon) and poly(3-alkylthiophene)s (1.8 A per carbon).'® Since this value is
much greater than the theoretical value of 1.26 A for each methylene in
interdigitated side chains, the alkyl side chains of comb-like polylactides most
likely are packed in a bilayer structure similar to that proposed by Wegner,”” in
which the side chains were tilted at an angle 6 to the main chain (Figure 41).

For the polymers described here, 0 is ~50°.

jyyvsv4
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/

Figure 41. Proposed molecular packing of annealed alkyl comb polylactides

For comparison, the X-ray diffraction patterns of molten polyC6, polyC8,
polyC10 and polyC12 were measured at room temperature (Figure 42). The
broad reflection peak at ~4.6 A in all four samples is consistent with a disordered
paraffinic phase, as was expected by the DSC analysis. The broad primary

reflections with associated d spacings between 10 and 25 A and the absence of
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higher order reflections suggests a poorly defined lamellar structure in the molten
samples. From the plot of d as a function of n shown in Figure 40, we can see
that the periodicity of the layered structure also increases linearly with n, but with
a slope of 1.27 A per methylene unit. This value perfectly matches the theoretical
value of 1.26 A per methylene expected for interdigitated side chains, and we
conclude that above the melting point, the alkyl side chains are most likely

perpendicular to the main chains and interdigitated.
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Figure 42. WAXS profiles of alkyl comb polyglycolides

Polymer Degradation

The temperature chosen for hydrolytic degradation experiments, 55 °C, is

higher than the glass transition temperature of each polymer, and higher than the



melting transition for all crystalline polymers. Measuring the degradation
properties using this protocol should provide information about the intrinsic
hydrolytic degradation rate without complications posed by crystallization or
glassy phases. Shown in Figure 43 is the evolution in molecular weight during
degradation, where M,(0) and M;(t) are the intial and partially degraded number
average molecular weights respectively. All of the polymers show an apparent
induction time for degradation. Similar induction times were observed during the
degradation of poly(phenyllactide),'”” lactic acid/mandelic acid'®® and lactic
acid/phenyllactic acid copolymers. A plausible explanation is that initially the
equilibrium concentration of water in pristine polymer samples is low, but
hydrolysis renders the polymer increasingly hydrophilic and accelerates the
degradation. Near the end of the experiment, all polymers appear to degrade
slower. The likely reason is that the low molecular weight oligomers are soluble
in the buffer solution and are not recovered during the experiment. Thus the

molecular weights were overestimated.

To better evaluate the degradation rates, the molecular weight data were
plotted according to random chain scission model as (Mn(0)/Mn(t)-1)/Pn(0) vs.
time,'®* where P.(0) is the initial degree of polymerization (Figure 44). All of the
data sets were then shifted to the left by subtracting the induction time so that
each data set passes through the origin. Surprisingly, all of the data sets yielded
linear plots, and all data sets had roughly the same slope. These data show that
while the gross physical properties of the polymers are dependant on the length

of the alkyl side chain, their degradation rates (slope of the data) are remarkably
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Figure 43. Molecular weight change of polyglycolides during hydrolytic
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degradation fitted to random chain scission model
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similar to that of polylactide. Prior to the degradation experiment we thought that
the longer alkyl side chains, being hydrophobic, might shield the polymer
backbone decreasing the rate of hydrolysis. Clearly the length of the side chain
appears to have only a minor effect on the degradation rate, and apparently the
rubbery nature of each polymer ensures that the diffusion rate of water through

these polymers is high enough that it is not rate limiting.

Alkyl Comb Copolymers

The melting points of poly(alkyl glycolide)s span a range including ambient to
physiologically relevant temperatures. We prepared C16/C14 copolymers with
different monomer loading ratios to assess physical properties expected for
poly(alkyl glycolide) copolymers. The copolymers were prepared by melt co-
polymerization using conditions identical to those used to prepare the
homopolymers. The polymerizations were run at 130 °C for two hours with a
monomer/initiator ratio of 100 and reached 2 92% conversions. GPC data
showed that all of the copolymers have high molecular weights and narrow
molecular weight distribution (PDI < 1.2) (Table 3). Both DSC and GPC results
suggest a random distribution of monomer repeat units along the polymer
backbone.

The DSC traces shown in Figure 45 reveal a single melting transition for
each copolymer, which was dependant on the monomer loading ratio and ranged
from 29.4 °C for the C14 homopolymer to 45.7 °C for the C16 homopolymer. A
similar relationship between melting temperature and polymer composition was

previously reported for comb-like acrylate copolymers.'°
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Table 3. Properties of C14/C16 copolymers

mol% of C14 in the copolymer ~ M,x 10* PDI T (°C)

100 39.2 1.12 29

90 51.9 1.19 31

80 74.7 1.19 33

65 53.6 1.18 34

50 69.3 1.15 37

35 47.7 1.17 39

20 55.0 1.12 43

10 46.2 1.16 43

Y 39.6 1.10 45

2.5w/g
/\ — C14 homopolymer
{/\\ — 90 mol% C14
N\ — 80 mol% C14
N\ — 65 mol% C14
N\ — 50 mol% C14
T — 35 mol% C14
J\W — 20 mol% C14
‘J\ — 10 mol% C14
— C16 homopolymer
10 20 30 40 50
temperature (°C)

Figure 45. DSC heating scans of C14 and C16 random copolymers. Second
heating scan,10 °/min in N.
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Figure 46. DSC heating traces of polyC14 and polyC16 blends. Second heating
scan,10 °C/min in N..

We carried out two experiments to rule out the formation of simple blends or
blocky copolymers. We prepared polymer blends with compositions matching
those used in the copolymerizations. The DSC traces of the blends (Figure 46)
all show distinct melting points for polyC14 and polyC16 homopolymer phases,
indicating the formation of two different crystalline phases in these blends. A
C16/C14 block copolymer was prepared by sequential addition of C16 to C14.
Figure 47 shows two melting temperatures for the block copolymer, suggesting
the formation of two different crystalline phases. Finally, the polymerization
kinetics for the C16 and C14 monomers also support the conclusion that the

copolymers are not blocky. Since the effect of the side chain length on
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polymerization rates saturates at 28 chain atoms, the two carbon difference in
the C14 and C16 side chains would not be expected to affect the rate at which

the two monomers enter the polymer.

0.5 w/g
0 10 20 30 40 50 60

temperature (°C)

Figure 47. DSC heating scan of polyC16 — block - polyC14). Second heating
scan, 10 °C/min in Na.

Experimental Section

Unless otherwise specified, ACS reagent grade starting materials and
solvents were used as received from commercial suppliers without further
purification. THF was distilled from CaH, and sodium. 'H NMR (300 MHz or 500
MHz) and *C NMR (75 MHz or 125 MHz) spectra were recorded at room

temperature in CDCI3 using a Varian Gemini 300 or a Varian UnityPlus-500
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spectrometer with chemical shifts referenced to residual proton signals from the
solvent. Mass spectral analyses were carried out on a VG Trio-1 Benchtop GC-

MS.

General procedure for the synthesis of a-hydroxy acids. The appropriate
alkyl bromide (0.26 mol) was dissolved in anhydrous THF (250 mL) ina 1 L
round bottom flask and stirred with magnesium turnings (9.4 g, 0.39 mol) at a
temperature appropriate for forming the Grignard reagent (0 °C for hexyl
bromide, 50 °C for hexadecyl bromide). After transferring the resulting Grignard
reagent to an addition funnel, the solution was added dropwise under nitrogen to
a 1-L three-neck round bottom flask containing a mechanically stirred solution of
diethyl oxalate (29.5 g, 0.20 mol) in anhydrous THF (100 mL) at -80 °C."" The
reaction mixture was stirred for an additional half hour at -80 °C, and then was
quenched with 2M HCI (200 mL). The aqueous layer was extracted with ether or
hexanes (for C16 and C14) (3 x 300 mL) and the combined organic layers were
washed with saturated NaCl and dried over MgSOQ,. Filtration and removal of the
solvents by rotary evaporation gave a light brown oil. The oil was then poured
into chilled (0 °C) methanol (300 mL), the mixture was filtered, and the methanol
was removed by rotary evaporation to give a light brown oil. Without further
purification, the crude ketoester was dissolved in acetic acid (250 mL) and 0.5 g
of 5% Pt/Al,03 was added. After hydrogenation at ~1500 psig for 5 days, the
solids were removed by filtration, ether was added, and the acetic acid was
removed by washing with water. The colorless oil was hydrolyzed in a refluxing

mixture of 15 wt % solution of KOH in 70% aqueous ethanol (500 mL) for 2 days,
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after which the mixture was neutralized with 2M HCI and extracted with CH.Cl, (3
x 400 mL). The combined organic layers were dried over MgSQO,, and after
filtration and removal of solvents by rotary evaporation, the crude a-hydroxy acid

was recrystallized from hexanes three times.

2-Hydroxyoctanoic acid (1a) Isolated as white crystals, mp 67-69 °C (lit. 70
°C)."® 'H NMR: 5 4.23-4.27 (dd, 1H, J = 7.57 Hz, J = 4.15 Hz), 1.77-1.87 (m,
1H), 1.62-1.72 (m, 1H), 1.36-1.49 (br, 2H), 1.21-1.35 (br, 6H), 0.77-0.94 (t, 3H, J
= 6.84 Hz). '°C NMR: 5 180.04, 70.28, 34.09, 31.58, 28.88, 24.66, 22.52, 14.00.
MS (m/z): 161.4 (M+1).

2-Hydroxydecanoic acid (1b) Isolated as white crystals, mp 71-72 °C (lit. 70-72
°C).'® 'H NMR: 6 4.23-4.27 (dd, 1H, J=7.57 Hz, J = 4.15 Hz), 1.77-1.86 (m, 1H),
1.62-1.71 (m, 1H), 1.35-1.48 (br, 2H), 1.18-1.34 (br, 10H), 0.78-0.91 (t, 3H, J =
6.84 Hz). °C NMR: 5 180.01, 70.28, 34.09, 31.81, 29.36, 29.23, 29.19, 24.72,

22.62, 14.05. MS (m/z): 189.3 (M+1).

2-Hydroxydodecanoic acid (1c) Isolated as white crystals, mp 73-74 °C (lit. 73-
74 °C)."® 'H NMR: 5 4.23-4.28 (dd, 1H, J = 7.57 Hz, J = 4.15 Hz), 1.78-1.87 (m,
1H), 1.62-1.72 (m, 1H), 1.37-1.49 (br, 2H), 1.18-1.35 (br, 14H), 0.78-0.91 (t, 3H,
J=6.84 Hz). *C NMR: 5 180.10, 70.27, 34.14, 31.88, 29.57, 29.54, 29.42, 29.30,

29.24, 2473, 22.66, 14.09. MS (m/z): 217.4 (M+1).

2-Hydroxytetradecanoic acid (1d) Isolated as white crystals, mp 81-82 °C (lit.
81.5-82 °C)."®® 'H NMR: & 4.19-4.31 (dd, 1H, J = 7.57 Hz, J = 4.15 Hz), 1.78-

1.87 (m, 1H), 1.63-1.72 (m, 1H), 1.36-1.50 (br, 2H), 1.18-1.35 (br, 18H), 0.80-
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0.89 (t, 3H, J = 6.84 Hz). *C NMR: & 179.92, 70.26, 34.17, 31.91, 29.65, 29.63,

29.61, 29.54, 29.42, 29.34, 29.24, 24.72, 22.68, 14.11. MS (m/z): 245.4 (M+1).

2-Hydroxyhexadecanoic acid (1e) Isolated as white crystals, mp 87-88 °C (lit.
86.5-87 °C)."® 'H NMR: & 4.03-4.09 (dd, 1H, J = 7.57 Hz, J = 4.15 Hz), 1.66-
1.77 (m, 1H), 1.50-1.60 (m, 1H), 1.28-1.42 (br, 2H), 1.12-1.26 (br, 22H), 0.71-
0.86 (t, 3H, J = 6.84 Hz). '*C NMR: & 176.66, 69.63, 33.85, 31.37, 29.14, 29.12,
29.11, 29.10, 29.06, 28.99, 28.87, 28.80, 24.44, 22.14, 13.64. MS (m/z): 273.5
(M+1).

2-Hydroxyoctadecanoic acid (1f) Isolated as white crystals, mp 89-90 °C (lit.
91-92 °C)."®® 'H NMR: & 4.22-4.28 (dd, 1H, J = 7.57 Hz, J = 4.15 Hz), 1.79-1.88
(m, 1H), 1.63-1.73 (m, 1H), 1.37-1.49 (br, 2H), 1.20-1.33 (br, 26H), 0.78-0.91 (t,
3H, J = 6.84 Hz). '*C NMR: 5 176.99, 69.86, 34.07, 31.62, 29.39, 29.37, 29.35,
29.30, 29.23, 29.11, 29.05, 24.62, 22.39, 13.86. MS (m/z): 301.5 (M+1).

General procedure for the synthesis of substituted glycolides. The
appropriate a-hydroxy acid (0.11 mol) was placed in a 2 L round bottom flask,
along with 0.6 g p-toluenesulfonic acid and ~1600 mL of toluene. The solution
was heated at reflux for 4 days, with the water removed azeotropically using a
Barrett trap. After the toluene was removed by rotary evaporation, the residue
was dissolved in 500 mL dichloromethane, washed with saturated NaHCO; (3 x
300 mL) and dried over MgSO,. Removal of the dichloromethane gave the
product as a light brown oil or solid which was purified by recrystallization three
times from hexanes.

3,6-Dihexyl-1,4-dioxane-2,5-dione (2a). Hexylglycolide (5.9 g, 38% yield) was
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isolated as white crystals mp 77-80 °C (lit. 78-80 °C).'® 'H NMR: 5 4.88 (dd, J =
8.05 Hz, J = 4.88 Hz), 5 4.83 (dd, , J = 7.81 Hz, J = 4.39 Hz, 2H total for the
signals at 4.88 and 4.83), 1.97-2.10 (m, 2H), 1.88-1.97 (m, 2H), 1.40-1.56 (br m,
4H), 1.22-1.36 (br m, 12H), 0.75-0.91 (t, 6H, J = 6.84 Hz). '*C NMR: § 166.99,
165.84, 76.36, 75.56, 31.89, 31.41, 30.36, 30.06, 28.69, 28.52, 24.45, 24.28,
22.44, 22 .41, 13.96, 13.93. MS (m/z): 285.2 (M+1).
3,6-Dioctyl-1,4-dioxane-2,5-dione (2b). Octylglycolide (8.8 g, 48% yield) was
isolated as white crystals, mp 77-80.5 °C. 'H NMR: & 4.88 (dd, J = 8.05 Hz, J =
4.88 Hz), 5 4.83 (dd, J = 7.81 Hz, J = 4.39 Hz, 2H total for the signals at 4.88 and
4.83), 1.97-2.10 (m, 2H), 1.87-1.97 (m, 2H), 1.41-1.56 (br m, 4H), 1.19-1.36 (br
m, 20H), 0.75-0.94 (t, 6H, J = 6.84 Hz). *C NMR: & 166.98, 165.85, 76.37,
75.58, 31.92, 31.76, 31.73, 30.08, 29.21, 29.17, 29.10, 29.06, 29.05, 28.88,
24.51, 24.34, 22.59, 22.57, 14.04. MS (m/z): 341.3 (M+1).
3,6-Didecyl-1,4-dioxane-2,5-dione (2c). Decylglycolide (9.1 g, 42%) was
isolated as white crystals, mp 82-86 °C. 'H NMR: & 4.88 (dd, J = 8.05 Hz, J =
4.88 Hz), 5 4.83 (dd, J = 7.81 Hz, J = 4.39 Hz, 2H total for the signals at 4.88 and
4.83), 1.97-2.10 (m, 2H), 1.87-1.96 (m, 2H), 1.40-1.57 (br m, 4H), 1.18-1.36 (br
m, 28H), 0.75-0.91 (t, 6H, J = 6.84 Hz). °*C NMR: 5 166.99, 165.84, 76.36,
75.56, 31.90, 31.83, 31.82, 30.06, 29.50, 29.47, 29.44, 29.40, 29.25, 29.23,
29.21, 29.05, 28.87, 24.51, 24.33, 22.61, 14.05. MS (m/z): 397.3 (M+1).
3,6-Didodecyl-1,4-dioxane-2,5-dione (2d). Dodecylglycolide (13.4 g 54% yield)
was isolated as white crystals, mp 83-86 °C (lit. 82.5-83.5 °C ).'® 'H NMR: &

4.88 (dd, J = 8.05 Hz, J = 4.88 Hz), 5 4.83 (dd, J = 7.81 Hz, J = 4.39 Hz, 2H total
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for the signals at 4.88 and 4.83), 1.97-2.10 (m, 2H), 1.87-1.97 (m, 2H), 1.41-1.56
(br m, 4H), 1.18-1.36 (br m, 36H), 0.78-0.92 (t, 6H, J = 6.84 Hz). °C NMR: 5
166.98, 165.85, 76.38, 75.58, 31.92, 31.87, 30.09, 29.61, 29.59, 29.56, 29.53,
29.46, 29.41, 29.31, 29.27, 29.23, 29.06, 28.89, 24.52, 24.35, 22.65, 14.08. MS
(m/z): 453.4 (M+1).

3,6-Ditetradecyl-1,4-dioxane-2,5-dione (2e). Tetradecylglycolide (8.1 g, 29%
yield) was isolated as white crystals, mp 87-89 °C (lit. 86-87 °C )."®® 'H NMR: 5
4.88 (dd, J = 8.05 Hz, J = 4.88 Hz), 5 4.83 (dd, J = 7.81 Hz, J = 4.39 Hz, 2H total
for the signals at 4.88 and 4.83), 1.98-2.11 (m, 2H), 1.88-1.97 (m, 2H), 1.41-1.55
(br m, 4H), 1.18-1.36 (br m, 44H), 0.77-0.90 (t, 6H, J = 6.84 Hz). '>°C NMR: §
166.96, 165.86, 76.39, 75.60, 31.94, 31.90, 30.11, 29.66, 29.64, 29.62, 29.60,
29.58, 29.55, 29.47, 29.42, 29.34, 29.28, 29.24, 29.07, 28.90, 24.53, 24.36,
22.66, 14.10. MS (m/z): 509.4 (M+1).

3,6-Dihexadecyl-1,4-dioxane-2,5-dione (2f). Hexadecylglycolide (17.7 g 57%
yield) was isolated as white crystals, mp 89-92 °C ( 88.5-90.5 °C )."®® 'H NMR: &
4.88 (dd, J = 8.05 Hz, J = 4.88 Hz), 5 4.83 (dd, J = 7.81 Hz, J = 4.39 Hz, 2H total
for the signals at 4.88 and 4.83), 1.98-2.12 (m, 2H), 1.88-1.97 (m, 2H), 1.41-1.55
(br m, 4H), 1.20-1.37 (br m, 52H), 0.78-0.92 (t, 6H, J= 6.84 Hz). °C NMR: &
166.96, 165.87, 76.40, 75.61, 31.95, 31.91, 30.12, 29.69, 29.67, 29.66, 29.64,
29.63, 29.61, 29.58, 29.56, 29.48, 29.43, 29.35, 29.28, 29.25, 29.08, 28.91,
24.54,24.37, 22.68, 14.11. MS (m/z): 565.4 (M+1).

Bulk polymerization of substituted glycolides. Solvent free

polymerizations were run in sealed tubes prepared from 3/8 in. diameter glass
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tubing. A representative polymerization is described. Monomer (~150 mg) and a
small magnetic stir bar were added to a tube and then the tube was connected to
a vacuum line and evacuated at 12 mTorr for 12 hours. After backfilling with
argon, a syringe was used to add anhydrous toluene solutions of Sn(2-
ethylhexanoate), and t-butylbenzyl alcohol (~0.02M) to give the desired
monomer/catalyst/initiator ratio. After careful removal of the toluene under
vacuum, the tube was flame-sealed under vacuum and immersed into a
magnetically stirred oil bath at 130 °C. At the end of the polymerization, the tube
was removed from the bath, cooled in ice water and opened. The contents of the
tube were dissolved in dichloromethane. A portion of the solution was evacuated
to dryness and analyzed by 'H NMR to determine conversion. The remaining
solution was washed with 2M HCI three times, followed by precipitation into cold
2-propanol multiple times to ensure the removal of residual catalyst and
unreacted monomer. Typical polymer yields were > 60%. For kinetic runs,
multiple tubes were prepared. For each data point, three tubes were removed
from the heating bath at predetermined intervals, cooled in ice and opened, and
the contents were analyzed by NMR for conversion. The data reported are

averages of the three samples.

Solution polymerizations of substituted glycolides. Solution
polymerizations were run in Schlenk flasks with magnetic stirring. The general
procedure is as follows. The desired amount of glycolide was added to the flask,
weighed, and held under vacuum (10 mTorr) overnight. Using a syringe,

degassed anhydrous toluene, and catalyst and initiator solution in anhydrous
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toluene were transferred into the Schlenk flask under argon ([M] = 0.2M, [Cat]/[l]
=1, [MJ/l] = 100). The polymerizations were heated with an oil bath controlled to
90+2°. At various times, a syringe was used to remove small volumes of the
polymerization solutions and after the solvents were evaporated in vacuo,

conversion was measured by NMR.

Hydrolytic degradation experiments. Polymer degradation experiments
were carried out by placing ~25 mg of polymer in a test tube containing 15 mL of
buffer solution (pH = 7.4). Taking care not to introduce air, the tube was inverted
and sealed in a slightly larger second tube filled with buffer. The tubes were
placed in a constant temperature bath at 55 °C. At predetermined times, three
tubes were removed from the bath and the degraded polymer was recovered by
cooling the tip of the polymer-containing tube in dry ice to harden the polymer,
and decanting the buffer. After drying under vacuum, the molecular weights
were measured by GPC. The reported molecular weight data are the average of

three samples.

Polymer characterization. The molecular weights of polymers were
determined by gel permeation chromatography (GPC) at 35 °C using two PLgel
10p mixed-B columns in series with THF as the eluting solvent at a flow rate of 1
mU/min. A Waters 2410 differential refractometer was used as the detector, and
monodisperse polystyrene standards were used to calibrate the molecular
weights. The concentration of polymer solutions used for GPC was 1 mg/mL.
Differential scanning calorimeter (DSC) analyses of the polymers were obtained

using a TA DSC Q100. Samples were run under a nitrogen atmosphere at a
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heating rate of 10 °C/min, with the temperature calibrated with an indium
standard. Thermogravimetric analyses (TGA) were run in air at a heating rate of
10 °C/min using a Perkin-Elmer TGA7. X-ray diffraction (WAXS) patterns were
recorded using a Rigaku RTP 300 RC X-ray generator (Cu Ka = 1.5418 A) with a
Rigaku diffractometer. Samples were obtained by heating bulk polylactides on a
glass slide above the melting points to form a uniform film, followed by various

thermal treatments.
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Chapter 3 PEO-grafted Comb Polylactides

Introduction

Thermoresponsive polymers that exhibit a lower critical solution temperature
(LCST) at near-ambient temperatures have attracted a great deal of attention in
the past two decades. One of the most studied systems is aqueous solutions of
poly(N-isopropylacrylamide) which undergoes a rapid and reversible sol-gel
transition when heated through its LCST.'%*"'92 Besides N-isopropylacrylamide

and its copolymers, various polymers such as poly(methacrylate)s,'’®

122 193-196 104,107

poly(styrene)s, poly(phosphazene)s, poly(vinyl ether)s, and
chitosan'®” have been reported to exhibit LCST behavior. Although their unique
phase transition suggests potential applications in fields such as drug delivery

197199 smart surfaces,® bioseparations, and for controlling enzyme

systems,
activity, the vast majority of LCST polymers are non-biodegradable, limiting their
biomedical applications.

Lactide based polymers are an important class of degradable aliphatic
polyesters. Due to their biodegradability and biocompatibility, polylactides have
long been used in medical applications as degradable sutures and implants, and
are currently being developed for controlled drug delivery and degradable
scaffolds for tissue engineering.?’"?* For these applications, it is important to
have access to polymers that exhibit a broad range of physical properties. The
properties of these polymers can typically be tailored by controlling of the

175,205

stereochemistry of lactic acid precursors, manipulating their crystallinity, or
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creating copolymers.'732%-298 Not surprisingly, there also is substantial interest in
developing thermoresponsive polylactides. For example, themmoresponsive
injectable drug-delivery systems were developed from thermoresponsive
poly(ethylene oxide) and polylactide diblock and triblock copolymers (PEO-PLA
and PEO-PLA-PEO).?® A disadvantage of such systems is that practical
applications limit the allowable PEO block length and that manipulation of the
transition temperature requires precise control over the length of lactide block.
Furthermore, structural heterogeneity may lead to unpredictable degradation
profiles, resulting in complicated drug release kinetics.

An alternative method for tailoring the thermoresponsive properties of
polylactides is to replace the methyl group of the lactic acid repeat unit with
different substitutents and regulate polymer properties by the nature of the
substituents. The effectiveness of this approach was proved by the successful
synthesis of a various of substituted polylactides such as poly(phenyllactide),'”’
polymandelide,'”® and alky! substituted polylactides.'™

Recent reports have shown that introducing pendant oligo(ethylene oxide)
groups onto a hydrophobic polymer backbone can lead to new water-soluble

thermoresponsive pOlymefS. 104,107,115,122,193,194,196,197,209

For example,
polymethacrylates that have two and three ethylene oxide units in the side chain
exhibit LCSTs at 26 and 52 °C, respectively,''® and PEO-grafted polystyrene with
three and four ethylene oxide units in the side chain shows LCST behavior at 13

and 39 °C, respectively.'?? Additionally, the presence of PEO moieties can render

the polymer resistant to protein adsorption, making them attractive biomaterials.**
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The few PEO-grafted polyesters®150.151:210211

reported to date all suffer from
either a low grafting density, backbone degradation or a high polydispersity, and
none has been shown to be thermoresponsive.

This chapter describes the synthesis and ring opening polymerization of
lactide monomers that have been functionalized with exact length oligo(ethylene
glycol) chains. The resulting PEO-grafted-polylactides should have predictable
degradation behavior because of their inherent structural homogeneity. These

polymers are water-soluble and show LCST behavior, suggesting potential

applications in biotechnology such as localized drug delivery.

Results and Discussion

Monomer synthesis

Scheme 12 shows the synthetic route to the four substituted glycolides
described in this chapter. Our synthetic approach to all of the monomers follows
the same pattern, the reaction of oligo(ethylene glycol) monomethyl ether with
1,6-dibromohexane to generate the corresponding oligo(ethylene glycol)
monomethyl ether capped with hexyl bromides. The reaction of Grignard
reagents generated from these functionalized oligo(ethylene glycol)s with diethyl
oxalate at -78 °C provided the corresponding a-keto esters. Typically, the
conversion of diethyl oxalate is >85%, with no detectable contamination from
addition of a second Grignard equivalent to the substrate.  Catalytic
hydrogenation of the crude ketoesters at 1500 psig using Pt/C yielded the a-

hydroxy esters, but since purification of the esters proved difficult, the crude a-
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hydroxy esters were hydrolyzed and isolated as the a-hydroxy acids. To the best
of our knowledge, none of the a-hydroxy acids were previously reported.
Crystallization from ether at -80 °C and -40 °C gave the acids as colorless to light
brown oils in overall yields of 41-80% based on diethyl oxalate. A representative

'H NMR spectrum, that of compound 4b, is shown in Figure 48.

NaH/THF 1. Mg/THF
/(O\/)EOH 1,6-dibromohexane ] %O\/‘)"O/W\/ y .9 -
la.n=1 ' 2a.n=1 2. diethyl oxalate
ib.n=2 2b.n=2
ic.n=3 2c.n=3
id.n=4 2d.n=4
i 1. 5%PY/C/AcOH 'd
2. KOH/H,0
3a.n=1 o 2 4a.n =1 o
3b.n=2 4b' n=2
3c.n=3 4c: n=3
3d.n=4 o 4d.n=4
tolu:'r-lereﬂux \(O/\%“O\/W\/U\O
' om)\/\/\/\()(/\/o)ﬁ
(0]
S5a.n=1
5b.n=2
5c.n=3
5d.n=4
(o]
o‘(’\/o)a
Sn(2-ethylhexanoate); (o]
tert-butylbenzyl alcohol 0
— o)
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m
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Scheme 12. Synthesis of PEO-grafted polylglycolides
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Figure 48. 'H NMR spectra for 4b, §b, and poly(5b).
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The methine proton appears as doublet of doublets at 4.20 ppm and intense
signals between 3.50 ppm and 3.65 ppm are characteristic of the methylene
protons of the EO units. The methylene protons of the hexyl spacer adjacent to
PEO segment appear as a triplet at 3.42 ppm and the w-methoxy protons as a

singlet at 3.35 ppm.

Dimerization of the a-hydroxy acids in refluxing toluene using p-
toluenesulfonic acid as a catalyst yielded a mixture of the R,S and R,R/S,S
diastereomers in ~45% yield before distillation. The major byproducts consisted
of linear oligomers, which could in principle be recycled or thermally cracked to
yield additional monomer. A representative 'H NMR, that of compound 5b, is
shown in Figure 48. The methine protons of the 3,6-disubstituted glycolide ring
appear as two sets of doublets of doublets centered at 4.88 and 4.83 ppm;
integration of these two peaks in the '"H NMR spectrum of crude product confirms
the 1:1 ratio of the meso to rac diastereomers expected for the statistical
coupling of a racemic mixture of hydroxy acids. Crystallization from ether
significantly alters the diastereomeric ratio, favoring isolation of the meso
diastereomer. Similar results were obtained for the other glycolides. We note that
'H NMR also provides a convenient method for monitoring the polymerization
reaction. As shown in Figure 48 for glycolide 5b, the methine peaks at 4.85
evolve into a broad peak at ~5.10 ppm during polymerization allowing

straightforward calculation of the conversion of monomer to polymer.
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Bulk polymerization

Bulk polymerizations of PEO-functionalized glycolides at 130 °C using t-
butylbenzyl alcohol as the initiator and Sn(2-ethylhexanoate), as the catalyst
yielded PEO-grafted polylactides. The catalyst:monomer:initiator ratio for all
polymerizations was 500:1:1. Since residual alcohol or water in monomer can
also act as initiator and lead to lower than expected molecular weights, it is
essential to have pure and dry monomers to obtain high molecular weight
polymers. Because of the hydrophilic PEO segment in these PEO functionalized
monomers, much more stringent purification and drying processes are required
compared to hydrophobic glycolide monomers. All monomers were freshly
distilled by Kagelrohr distillation after recrystallization and dried under vacuum at
>100 °C before polymerization. (During Kugelrohr distillation, the monomer
epimerized to a statistical mixture of diastereomers). The conversion of monomer
to polymer was followed by 'H NMR. The crude polymers were purified by
dialysis against acetone and vacuum dried to give clear viscous liquids. Polymer
molecular weights were measured by GPC in THF, and are reported relative to

polystyrene standards.

Table 4. Bulk polymerization results for PEO functionalized glycolides.

Monomer Time (hr) Conversion (%)® M, (theo.)® M,° PDI®
Sa 4 97 209,500 148,500 1.28
5b 11 65 169,000 56,400 1.10
5c 20 73 221,900 59,800 1.16
5d 20 74 257,500 10,600 1.12

a. Measured by 'H NMR; b. Corrected for conversion; c. Measured by GPC in THF
using polystyrene standards for calibration
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Figure 49. GPC traces of PEO-grafted polylactides

Typical polymerization results are listed in Table 4 and the corresponding
GPC traces are shown in Figure 49. The GPC molecular weights were lower
than the theoretical values in all cases. Although low apparent molecular weights
could be due to residual alcohol or water in the monomer, it is likely that the PEO
segments in the side chains alter the hydrodynamic size of the polymer in THF
leading to lower relative molecular weights. We also observed that multiple
distillations of monomer or higher distillation temperatures generally led to slower
polymerization rates and lower molecular weights, suggesting that thermal
decomposition may introduce impurities into the monomer. The relative
contributions of these effects and the origin of occasional shoulders seen on the
high molecular weight side of GPC GPC traces (see the data for poly(Sa) peak

and poly(5c¢) in Figure 49) are unclear.



Polymer properties

The decomposition temperatures of polymers measured using TGA define the
limiting use temperatures of the polymers. As shown in Figure 50, the TGA

profiles for all polymers are similar, with the onset for decomposition at around
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Figure 50. TGA of PEO-grafted polylactides (10 °C/min in air, samples were held

at 135 °C for 30 min prior to run. Pink line: poly(5a); red line: poly(5b); black line:
poly(5c¢); blue line: poly(5d))

300 °C. The weight loss at lower temperatures is most likely due to the loss of
hydrogen bonded water because the weight loss depended on the length of time
the sample was held at 135 °C prior to staring the run. The DSC scans displayed

in Figure 51 show no thermal transitions between -55 °C and 100 °C; the low
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intensity and the consistency of the “peak” at ~ -15 °C suggests that it is a

baseline fluctuation.

poly(5a)
M

poly(5b)
\N

poly(5c) |
M —— :

| 0.02W/g |
poly(5d) ]

temperature (°C)

Figure 51. DSC traces of PEO-grafted polylactides (second heating scan, 10
°C/min in Ny)

Aqueous solubility and solution properties of PEO-grafted polylactides
Poly(5a) and poly(Sb) are insoluble in water. Although hydration of the
hydrophilic side chains preclude a precise measurement of the contact angle, the
polymers are clearly more hydrophilic than poly(hexyl glycolide) (contact angles
of 50-75° compared to 100°). Poly(5¢c) and poly(5d) are water soluble and form
clear solutions at temperatures below their LCST. To determine the cloud points,
we prepared aqueous solutions of poly(5¢) (Mn,aprc = 59,800, PDI = 1.16) and

poly(5d) (Mn,epc = 10,600, PDI = 1.12) with a concentration of 15 mg/mL.
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Figure 52. 500 MHz 'H NMR spectra of poly(5c) (M, = 59,800 g/mol, PDI = 1.16)
in D20 (15 mg/mL) at different temperatures.
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Figure 53. 500 MHz 'H NMR spectra of poly(5d) (M, = 10,600 g/mol, PDI = 1.12)

in D20 (15 mg/mL) at different temperatures.
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Solutions of poly(5c) were transparent below 19 °C, and suddenly turned cloudy
at 20 °C during the course of heating. After 24 hours at 25 °C, an obvious
precipitate settled, but the precipitate re-dissolved when the solution was cooled.
Similarly, solutions of poly(5d) exhibited a cloud point at 38 °C. Apparently, the
cloud point increases with the length of oligo(ethylene glycol) group, as has been
reported for other oligo(ethylene glycol)-grafted polymers.

We also used variable temperature 'H NMR measurements to study the
phase transitions of the two polymer solutions in D,O. Figure 52 and Figure 53
show the 'H NMR spectra of poly(5c) and poly(5d) solutions (15 mg/mL) at
various temperatures, respectively. The height and position of water peak was
used as an internal reference. When a solution of poly(5c) was heated from 4 °C
to 18 °C, there were no visible changes in the height and shape of the proton
signal from the terminal methoxy group. When heated to 25 °C, the peak
broadened and the peak height noticeably decreased, indicating a phase
transition from a soluble to an insoluble state somewhere between 18 °C and 25
°C, consistent with the cloud point measurements. For poly(5d), the height of the
methoxy peak decreased and broadened between 35 °C to 45 °C, consistent
with cloud point measurements that place the transition at 38 °C. The
thermoresponsive behavior of the polymer solutions also can be monitored by
variable temperature dynamic light scattering measurements. Shown in Figure
54 are the DLS results for aqueous solutions of poly(5¢) (3 mg/mL) at different
temperatures. When the solutions were heated from 10 °C to 21 °C, the average

hydrodynamic radius of the particles in the solution remained constant at ~5 nm.
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Figure 54. DLS results for poly(5¢) (M, = 59,800 g/mol, PDI = 1.16) in water (3
mg/mL) at different temperatures.
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Figure 55. DLS results for poly(5d) (M, = 10,600 g/mol, PDI = 1.12) in water (3
mg/mL) at different temperatures.
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Further heating to 22 °C caused a drastic increase in the average hydrodynamic
radius to hundreds of nanometers, and the variability of this value is consistent
with polymer agglomeration. The DLS results for aqueous solutions of poly(5d) (3
mg/mL) are shown in Figure 55. Between 25 and 38 °C, the average
hydrodynamic radius of the particles is essentially constant within experimental
error. But heating the solution to 39 °C induces an increase in hydrodynamic
radius to hundreds of nanometers, suggesting the polymer chains changed from

a hydrated state to an agglomerated insoluble state.

Conclusions

We successfully synthesized a series of lactides that have one oligo(ethylene
glycol) monomethyl ether chain per lactic acid residue. Their subsequent ring
opening polymerization yielded high molecular weight PEO-grafted polylactides
with narrow molecular weight distributions. Poly(5a) and poly(5b), having 1 and 2
PEO repeat units in the pendant chain, are hydrophilic but are not water soluble.
Poly(5¢c) and poly(5d) are water-soluble, and we detected lower critical solution
temperatures for both polymers. The cloud points of poly(5¢c) and poly(5d) in
aqueous solutions were 20 °C and 37 °C respectively, which we confirmed by

variable temperature '"H NMR and DLS measurements.

Experimental Section

Materials. Ethylene glycol monomethyl ether (99%), di(ethylene glycol)

monomethyl ether (99.6%), and tri(ethylene glycol) monomethyl ether (95%)
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were purchased from Aldrich and distilled before use. 1,6-Dibromohexane (96%),
NaH (60% dispersion in mineral oil), diethyl oxalate (99%) and 5 % platinum on
activated carbon were obtained from Aldrich and used as received.
Tetrahydrofuran (THF) was dried using an activated alumina column.
Characterization. The molecular weights of polymers were determined by
gel permeation chromatography (GPC) at 35 °C using two PLgel 10y mixed-B
columns in series with THF as the eluting solvent at a flow rate of 1 mL/min. A
Waters 2410 differential refractometer was used as the detector, and
monodisperse polystyrene standards were used to calibrate the molecular
weights. The concentration of polymer solutions used for GPC was 1 mg / mL.
Differential scanning calorimetry (DSC) analyses of the polymers were obtained
using a TA DSC Q100. Samples were run under nitrogen at a heating rate of 10
°C/min, with the temperature calibrated using an indium standard.
Thermogravimetric analyses (TGA) were run in air at a heating rate of 10 °C/min
using a Perkin-Elmer TGA-7. '"H NMR (300 or 500 MHz) and '3C NMR (75 or 125
MHz) spectra were acquired using either a Varian Gemini 300 spectrometer or a
Varian UnityPlus-500 spectrometer with the residual proton signals from the
CDCl; solvent used as the chemical shift standard. Mass spectral analyses were
carried out on a VG Trio-1 Benchtop GC-MS. Variable temperature 'H NMR (500
MHz) spectra were recorded on a thermoregulated Varian UnityPlus-500
spectrometer using polymer solutions in DO (D, 99.9%) with a concentration of
156 mg/mL. For each temperature, the solution was equilibrated for 20 min before

acquiring the data. Variable temperature dynamic light scattering (DLS)
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experiments were run on a temperature controlled Protein Solutions Dyna Pro-
MS/X system. All samples were filtered through a 0.2 ym Whatman PTFE
syringe filter. Samples were equilibrated in the instrument for 15 min at each
temperature before taking the data used to calculate the hydrodynamic radius
(Rn). The uniformity of the particle sizes was determined by a monomodal curve

fit, which assumes a single particle size with a Gaussian distribution.

General synthetic procedure for PEO-functionalized hexyl bromides

The synthetic route to the desired monomers is summarized in Scheme 12.
A general procedure is described here. A 2 L round bottom flask containing 600
mL of dry THF was cooled between -25 °C and -35 °C under a blanket of N, and
charged with NaH (1.5 mol) and 1,6-dibromohexane (2.0 mol). The appropriate
ethylene glycol monomethy! ether (1 mol) was dissolved in 500 mL dry THF and
added dropwise into the strirred slurry over 5 hours. After the addition was
complete, the mixture was stirred at ~ -15 °C for 24 hours and at 0 °C for 2 days.
The solids were removed by filtration, and the solvent was removed by rotary
evaporation to give a light yellow oil, which was purified by fractional distillation.
1-Bromo-6-(2-methoxyethoxy)-hexane (2a). The distillate at 58-60 °C (50
mTorr) was collected to give 151 g of 2a (63%) as a colorless oil. '"H NMR & 3.53
(m, 2H), 3.49 (m, 2H), 3.42 (t, 2H, J = 6.59 Hz), 3.38 (t, 2H, J = 6.84 Hz), 3.34 (s,
3H), 1.84 (p, 2H), 1.59 (p, 2H), 1.38-1.46 (br m, 2H), 1.29-1.38 (br m, 2H). '*C

NMR & 71.93, 71.20, 69.95, 58.97, 33.71, 32.65, 29.33, 27.90, 25.22.
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1-Bromo-6-[2-(2-methoxyethoxy)-ethoxy]-hexane (2b). The distillate at 83-86
°C (30 mTorr) was collected to give 195 g of 2b (69%) as a colorless oil. '"H NMR
5 3.60 (m, 4H), 3.56 (m, 2H), 3.52 (m, 2H), 3.42 (t, 2H, J = 6.59 Hz), 3.36 (t, 2H,
J = 6.84 Hz), 3.34 (s, 3H), 1.82 (p, 2H), 1.56 (p, 2H), 1.38-1.46 (br m, 2H), 1.30-
1.38 (br m, 2H). *C NMR & 71.94, 71.17, 70.63, 70.51, 70.08, 58.97, 33.75,
32.70, 29.40, 27.94, 25.27.
1-Bromo-6-{2-[2-(2-methoxyethoxy)-ethoxy]-ethoxy}-hexane (2c). The
distillate at 108-112 °C (30 mTorr) was collected to give 213 g of 2¢c (65%) as a
colorless oil. '"H NMR & 3.61 (m, 8H), 3.51 (m, 4H), 3.41 (t, 2H, J = 6.59 Hz), 3.36
(t, 2H, J = 6.84 Hz), 3.33 (s, 3H), 1.82 (p, 2H), 1.54 (p, 2H), 1.37-1.45 (br m, 2H),
1.29-1.37 (br m, 2H). *C NMR & 71.88, 71.11, 70.56, 70.53, 70.45, 70.04, 58.93,
33.70, 32.65, 29.36, 27.90, 25.23.
1-Bromo-6-(2-{2-[2-(2-methoxyethoxy)-ethoxy]-ethoxy}-ethoxy)-hexane (2d).
After removal of excess 1,6-dibromohexane, the light brown residue was held
under vacuum (10 mTorr) at 145 °C overnight and used without further
purification because the attempts to distill this compound caused significant
decomposition. 'H NMR § 3.57-3.64 (m, 16H), 3.48-3.55 (m, 5.5H), 3.39-3.43 (t,
2.7H, J = 6.59 Hz), 3.34-3.38 (t, 2.2H, J = 6.84 Hz), 3.32-3.34 (s, 3.8H), 1.77-
1.85 (p, 2H), 1.50-1.59 (p, 2.6H), 1.37-1.45 (br m, 2.6H), 1.28-1.37 (br m, 2H).
The integration of this compound was skewed due to contamination from by-

products.
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Synthesis of PEO monomethyl ether substituted a-hydroxy octanoic acids.
The appropriate bromide (0.5 mol) was dissolved in 600 mL dry THF and
stirred with 24 g of magnesium turnings until the solution stopped boiling. The
Grignard reagent was then added dropwise under nitrogen to a 2 L round bottom
flask containing a stirred solution of diethyl oxalate (56 g, 0.38 mol) in dry THF
(500 mL) at -80 °C. The mixture was stirred for an additional hour at -80 °C, and
then was quenched by adding 300 mL 2M HCI into the reaction mixture. The
water layer was extracted with ether (5 x 200 mL) and the combined organic
layers were dried over MgSO,. Filtration and removal of the solvents by rotary
evaporation gave a light brown oil. After dissolving the oil in 500 mL ethanol and
adding 1 g of 5% Pt/C and 15 g NaHCO,, the a-keto ester was hydrogenated at
~1500 psi. When 'H NMR showed that the a-keto ester had fully reacted
(disappearance of the triplet at 2.80 ppm), the solids were removed by filtration
and the ethanol solution was concentrated by rotary evaporation to give a
colorless oil. Saturated aqueous NaHCO; (1 L) was added and the mixture was
heated to reflux for 3 days. When 'H NMR showed the hydrolysis was complete
(disappearance of the quartet at 4.30 ppm), the basic solution was continuously
extracted with ether for 24 hours. The ether layer was discarded and the
aqueous layer was acidified with concentrated HCI to ~pH = 1. After continuous
extraction with ether for 48 hours, the ether layer was dried over MgSO,, filtered,
and evaporated to dryness to give the crude a-hydroxy acid. The final work up

depended on the particular a-hydroxy acid as noted below.
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2-Hydroxy-8-(2-methoxy ethoxy)-octanoic acid (4a). Three recrystallizations
from ether at -40 °C followed by drying under vacuum (10 mTorr) at RT for 12
hours gave 71 g of 4a (80%) as white crystals. '"H NMR & 4.21 (dd, 1H, J = 7.17
Hz, J = 4.39 Hz), 3.56 (m, 4H), 3.44 (t, 2H, J= 6.66 Hz), 3.37 (s, 3H), 1.80 (m,
1H), 1.67 (m, 1H), 1.56 (p, 2H), 1.24-1.50 (br m, 6H). '*C NMR & 178.35, 71.89,
71.38, 70.06, 69.73, 58.88, 33.83, 29.27, 28.82, 25.69, 24.45.
2-Hydroxy-8-[2-(2-methoxy ethoxy)-ethoxy]-octanoic acid (4b). The crude
product was recrystallized once from ether at -80 °C and twice from ether at -40
°C. The resulting colorless oil was then dried under vacuum (10 mTorr) at RT for
12 h to give 72 g of 4b (67%) as a colorless oil at room temperature. '"H NMR &
4.20 (dd, 1H, J =7.17 Hz, J = 4.39 Hz), 3.62 (m, 4H), 3.56 (m, 4H), 3.43 (t, 2H, J
= 6.66 Hz), 3.35 (s, 3H), 1.78 (m, 1H), 1.66 (m, 1H), 1.55 (p, 2H), 1.24-1.48 (br
m, 6H). *C NMR & 177.55, 71.68, 71.24, 70.34, 70.15, 69.96, 69.77, 58.75,
33.81, 29.12, 28.79, 25.61, 24.45.

2-Hydroxy-8-{2-[2-(2-methoxy ethoxy)-ethoxy]-ethoxy}-octanoic acid (4c).
The crude product was recrystallized twice from ether at -80 °C and twice from
ether at -40 °C. The colorless oil was dried under vacuum (10 mTorr) at room
temperature for 12 h to give 76 g of 4c (61%). '"H NMR & 4.20 (dd, 1H, J = 7.17
Hz, J = 4.39 Hz), 3.62 (m, 8H), 3.56 (m, 4H), 3.43 (t, 2H, J = 6.66 Hz), 3.35 (s,
3H), 1.78 (m, 1H), 1.66 (m, 1H), 1.55 (p, 2H), 1.24-1.48 (br m, 6H). '3C NMR &
. 177.69, 71.77, 71.21, 70.44, 70.26, 69.97, 69.88, 33.83, 29.19, 28.78, 25.65,
24 .47.
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2-Hydroxy-8-(2-{2-[2-(2-methoxy ethoxy)-ethoxy]-ethoxy}-ethoxyl)-octanoic
acid (4d). The crude product was recrystallized five times from ether at -80 °C.
The light brown oil was dried under vacuum (10 mTorr) at room temperature for
12 h to give 57 g of 4¢ (41%). '"H NMR & 4.20 (dd, 1H J = 7.08 Hz, J = 4.39 Hz),
3.62 (m, 12H), 3.56 (m, 4H), 3.43 (t, 2H, 2H, J= 6.59 Hz), 3.35 (s, 3H), 1.78 (m,
1H), 1.66 (m, 1H), 1.55 (p, 2H), 1.24-1.48 (br m, 6H). '*C NMR & 177.37, 71.78,
71.21, 70.49, 70.43, 70.39, 70.26, 69.98, 69.91, 58.86, 33.84, 29.22, 28.79,
25.69, 24.46.

Synthesis of PEO monomethyl ether functionalized glycolides

The appropriate 2-hydroxy acid (0.1 mol) was placed in a 2 L round bottom
flask, along with 1 g PTSA and ~1800 mL toluene. The solution was refluxed for
3 days, with the water removed azeotropically using a Barrett trap. After the
toluene was removed by rotary evaporation, the residue was dissolved in 500 mL
diethyl ether, washed with saturated NaHCOj3; and dried over MgSO,. Filtration
and removal of the ether gave the product as a light brown oil, which was purified
by three recrystallizations from diethyl ether at low temperatures. These
compounds are oils at room temperature.
3,6-Bis-[6-(2-methoxy-ethoxy)-hexyl]-[1,4]dioxane-2,5-dione (5a). The
colorless oil was distilled (180 °C/3 mTorr) to give 9.6 g of 5a (41%). 'H NMR &
4.88 (dd, J = 8.30 Hz, J = 4.88 Hz), 5 4.83 (dd, J = 7.69 Hz, J = 4.27 Hz, 1H total
for the signals at 4.88 and 4.83), 3.52 (m, 4H), 3.40 (t, 2H, J = 6.66 Hz), 3.34 (s,

3H), 1.8-2.1 (br m, 2H), 1.4-1.6 (br m, 4H), 1.24-1.4 (br m, 4H). 3C NMR 5
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166.87, 165.66, 76.24, 75.41, 71.87, 71.20, 71.15, 69.89, 58.93, 31.75, 29.87,
29.27, 28.74, 28.60, 25.65, 24.38, 24.18. Anal. Calcd. for C2;H400s: C, 61.11; H,
9.26 Found: C, 60.80; H, 8.87. MS (m/z) 433.3 (M+1).
3,6-Bis-{6-[2-(2-methoxy-ethoxy)-ethoxy]-hexyl}-[1,4]dioxane-2,5-dione (5b).
The colorless oil was distilled (190 °C / 3 mTorr) to give 7.8 g of 5b (28%). 'H
NMR 5 4.88 (dd, J = 8.30 Hz, J = 4.88 Hz), 6 4.83 (dd, J = 7.69 Hz, J = 4.27 Hz,
1H total for the signals at 4.88 and 4.83), 3.62 (m, 4H), 3.57 (m, 4H), 3.40 (t, 2H,
J =6.66 Hz), 3.34 (s, 3H), 1.9-2.2 (br m, 2H), 1.47-1.7 (br m, 4H), 1.3-1.47 (br m,
4H). >*C NMR & 166.87, 165.69, 76.28, 75.46, 71.88, 71.18, 71.12, 70.57, 70.45,
70.01, 58.94, 31.80, 29.93, 29.33, 28.79, 28.65, 25.70, 24.43, 24.22. Anal. Calcd.
for C26H48010: C, 60.00; H, 9.23 Found: C, 60.10; H, 9.60. MS (m/z) 521.1 (M+1).
3,6-Bis-(6-{2-[2-(2-methoxy-ethoxy)-ethoxy]-ethoxy}-hexyl)-[1,4]dioxane-2,5-
dione (5¢). The colorless oil was distilled ( 210 °C / 3 mTorr) to give 6.9 g of 5¢
(21%). '"H NMR & 4.88 (dd, J = 8.30 Hz, J = 4.88 Hz), 5 4.83 (dd, J=7.69 Hz, J =
4.27 Hz, 1H total for the signals at 4.88 and 4.83), 3.62 (m, 8H), 3.57 (m, 4H),
3.40 (t, 2H, J = 6.66 Hz), 3.34 (s, 3H), 1.9-2.2 (br m, 2H), 1.47-1.7 (br m, 4H),
1.3-1.47 (br m, 4H). ®*C NMR & 166.84, 165.48, 76.05, 75.21, 71.64, 70.93,
70.88, 70.32, 70.29, 70.21, 69.80, 58.70, 31.54, 29.66, 29.15, 29.13, 28.61,
28.44, 25.51, 25.49, 24.21, 24.00. Anal. Calcd. for C3oHssO12: C, 59.21; H, 9.21
Found: C, 59.34; H, 9.60. MS (m/z) 609.4 (M+1).
3,6-Bis-[6-(2-{2-[2-(2-methoxy-ethoxy)-ethoxy]-ethoxy}-ethoxy)-hexyl]-
[1,4]dioxane-2,5-dione (5d). The light brown oil was distilled (238 °C / 3 mTorr)

to give 5.2 g of 5d (15%) as colorless oil. '"H NMR & 4.88 (dd, J = 8.30 Hz, J =
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4.88 Hz), 5 4.83 (dd, J = 7.69 Hz, J = 4.27 Hz, 1H total for the signals at 4.88 and
4.83), 3.62 (m, 12H), 3.57 (m, 4H), 3.40 (t, 2H, J = 6.66 Hz), 3.34 (s, 3H), 1.9-2.2
(br m, 2H), 1.47-1.7 (br m, 4H), 1.3-1.47 (br m, 4H). *C NMR & 166.90, 165.71,
76.31, 75.49, 71.88, 71.21, 71.16, 70.55, 70.52, 70.46, 70.03, 58.97, 31.84,
29.94, 29.38, 28.82, 28.69, 25.74, 24.46, 24.26. Anal. Calcd. for C4HesO14: C,
58.62; H, 9.19 Found: C, 58.30; H, 9.25. MS (m/z) 697.4 (M+1).

Bulk Polymerization of PEO Functionalized Substituted Glycolides

Solvent free polymerizations were run in sealed tubes prepared from 3/8 in.
diameter glass tubing. A representative polymerization is described. The desired
amount of freshly distilled monomer and a small magnetic stir bar were added to
the tube. The monomer was stirred and the tube was evacuated under vacuum
(3 mTorr) for 12 hours at the desired temperature. After cooling to room
temperature and back-filling with argon, a syringe was used to add toluene
solutions of the catalyst (Sn(2-ethylhexanoate);, 0.2 mol%) and initiator (tert-
butylbenzyl alcohol, ~0.01 M). After careful removal of the toluene under vacuum,
the tube was sealed under vacuum and immersed into an oil bath at 130 °C and
stired magnetically for the desired polymerization time. At the end of the
polymerization, the tube was cooled in ice water and opened. A portion of the
polymer was analyzed by NMR for conversion, and the remaining polymer was
purified by dialysis (MWCO = 12-14,000) in acetone to give PEO-grafted

polylactides.
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Poly(5a). Monomer (2.24 g) was dried at 105 °C and polymerized for 4 h. The
monomer conversion was 94%. After dialysis and removal of solvent by rotary
evaporation, the residue was dried under vacuum (4 mTorr) at 70 °C overnight to
give 1.86 g of Poly(5a) as a colorless viscous liquid (83%). '"H NMR & 5.01-5.23
(br, 1H), 3.53-3.64 (br, 4H), 3.44-3.52 (br. m, 2H), 3.39-3.43 (s, 3H), 1.82-2.03
(br, 2H), 1.55-1.70 (br, 2H), 1.28-1.53 (br, 6H). Anal. Calcd. for (C22H400s)n: C,
61.11; H, 9.26 Found: C, 61.18; H, 9.33.

Poly(5b). The monomer (2.22 g) was dried at 115 °C and polymerized for 11 h.
The monomer conversion was 95%. After dialysis and removal of solvent by
rotary evaporation, the residue was dried overnight under vacuum (4 mTorr) at
70 °C to give Poly(5b) (1.72 g) as a colorless viscous liquid (77%). 'H NMR &
5.01-5.23 (br, 1H), 3.64-3.72 (br. m, 4H), 3.54-3.64 (br, 4H), 3.43-3.52 (br. m,
2H), 3.37-3.43 (s, 3H), 1.83-2.05 (br, 2H), 1.54-1.69 (br, 2H), 1.25-1.52 (br, 6H).
Anal. Calcd. for (C26H48010)n: C, 60.00; H, 9.23 Found: C, 59.83; H, 9.11.
Poly(5c). The monomer (1.90 g) was dried at 120 °C and polymerized for 15 h.
The monomer conversion was 87%. After dialysis and removal of solvent by
rotary evaporation, the residue was dried under vacuum (4 mTorr) at 70 °C
overnight to give 1.40 g of Poly(5c) as a colorless viscous liquid (73%). 'H NMR
5 5.01-5.24 (br, 1H), 3.63-3.74 (br. m, 8H), 3.54-3.63 (br, 4H), 3.42-3.51 (br. m,
2H), 3.38-3.42 (s, 3H), 1.79-2.05 (br, 2H), 1.53-1.69 (br, 2H), 1.25-1.53 (br, 6H).
Anal. Calcd. for (C3oHseO12)n: C, 59.21; H, 9.21 Found: C, 59.13; H, 9.06.
Poly(5d). The monomer (1.3 g) was dried at 130 °C and polymerized for 20 hrs.

The monomer conversion was 74%. After dialysis and removal of solvent by
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rotary evaporation, the residue was stirred under vacuum (4 mTorr) overnight to
give 0.68 g of Poly(5d) as light yellow liquid (52%). 'H NMR & 5.01-5.23 (br, 1H),
3.64-3.71 (br. m, 12H), 3.55-3.63 (br, 4H), 3.43-3.50 (br. m, 2H), 3.38-3.42 (s,
3H), 1.80-2.05 (br, 2H), 1.54-1.69 (br, 2H), 1.25-1.52 (br, 6H). Anal. Calcd. for

(C34He4O14)n: C, 58.62; H, 9.19 Found: C, 58.64; H, 9.08.
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Chapter 4 Functionalization of Polylactides by “Click” Chemistry

Introduction

Aliphatic polyesters derived from lactide, glycolide and e-caprolactone have
been extensively studied for biomedical applications due to their biodegradability
and biocompatibility. However, their range of applications is limited by their
hydrophobic nature and the lack of chemical functionality along the polymer
backbone to support further modification. Polyesters with pendant

150,151,210,211 a||YI,21 5,216 and

hydroxyl, 219212213 carboxyl,2'* poly(ethylene oxide),
acetylene'® functionalities have been synthesized using a variety of strategies
including polymerization of functional monomers, post-polymerization
modifications of polymers, or a combination of these two approaches. However,
the functional monomer approach typically involves complex and tedious
synthetic procedures, while careful control of conditions is required in the case of
post-polymerization modification to avoid backbone degradation. In most cases,
the chemical modifications are limited to a single class of functional groups.
Having a single procedure that allows the introduction of a family of pendant
functional groups onto a single polyester substrate polymer is highly desirable.
Because of its high selectivity, reliability, and tolerance to broad range of
functional groups and reaction conditions, “click” chemistry, specifically the
copper(l)-mediated 1,3-dipolar cycloaddition of azides and alkynes, is an
excellent strategy for elaborating polymer architectures. “Click” chemistry has

141,217

been used for the preparation of block copolymers, cross-linked
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136-138.1%4 and for the introduction of pendant and

adhesives,'®® dendrimers,
terminal functional groups into various polymers including polyesters.'**
148,150.151.157 The Emrick group first described the use of aqueous “click” chemistry
to graft azide-terminated PEO and peptides onto polyesters containing pendant
acetylene groups.'*®® Later, Jéréme and coworkers found Emrick's conditions
caused significant backbone degradation during functionalization,'! and using
less severe conditions (THF as the solvent), they were able to introduce PEO,
tertiary amines and ammonium salts onto caprolactone-based polyesters having
pendant azides. However, in Jérdme’s case, it is necessary to end-cap the
terminal hydroxyl group of the polymer backbone to avoid significant backbone
degradation when using lactide copolymers as substrates, and click reactions
using Cul, the catalyst used by Jéréme, are known to cause more side reactions
than in situ generated Cu(l).">* It would be useful to have a simpler and more
reliable protocol for click functionalization of polyesters, and especially polyesters
wholly based on lactide monomers.

We are interested in tailoring the properties of polylactides through the
synthesis and polymerization of substituted lactides. Over the years, this

approach has lead to the successful preparation of poly(phenyllactide),'”’

178 176 216

polymandelide, ™ alkyl substituted polylactides, ™ allyl substituted polylactide,
PEO substituted polylactides, and alkyl/PEO substituted amphiphilic
polylactides.?'® Stimulated by the versatility of post-polymerization modification of
polyesters by click chemistry and the usefulness of having wholly lactide-based

functional polymers, we synthesized and polymerized the acetylene-
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functionalized glycolide monomer, 3,6-dipropargyl-1,4-dioxane-2,5-dione (3). The
subsequent polymerization of glycolide 3 provided the homopolymer of 3 as well
as random and block copolymers with lactide that have pendant acetylene
groups available for the attachment of functionality using click chemistry. The
drawbacks encountered in Emrick's and Jéréme's conditions for click
functionalization of polyesters were overcome by carrying out the reaction in
DMF at room temperature in the presence of CuSO, and sodium ascorbate. The
effectiveness of this protocol was demonstrated by the preparation of alkyl and

PEO grafted polylactides

Results and Discussion

Monomer synthesis.

Scheme 13 shows the synthetic route to propargyl glycolide, an acetylene-
functionalized monomer, and its polymers. The Reformatsky-type reaction of
propargyl bromide with freshly distilled ethyl glyoxylate in the presence of
activated zinc generated ethyl 2-hydroxy-3-butynoate in 51% vyield.?'® The
byproducts, most likely oligomers, were removed by eluting the crude product
through silica gel using a 70:30 mixture of hexane/ethyl acetate. Hydrolysis of
the ester in refluxing water yielded 2-hydroxy-3-butynoic acid in 84% yield.
Hydrolysis under basic conditions resulted in lower yields due to side reactions.

Dimerization of 2-hydroxy-3-butynoic acid in refluxing toluene using p-

toluenesulfonic acid as a catalyst yielded a mixture of the meso and racemic
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Scheme 13. Synthetic route to propargyl glycolide and its polymers

diastereomers in 34% vyield. The byproducts primarily consisted of linear
oligomers which could in principle be recycled or thermally cracked to yield
additional monomer. The 300 MHz 'H NMR spectrum of propargyl glycolide is
shown in Figure 56. The methine protons of the propargyl glycolide ring appear
as a triplet at 5.29 ppm and a doublet of doublets at 5.05 ppm; integration
confirms the 1:1 ratio of the meso (R,S) to rac (RR/SS) diastereomers expected
for the statistical coupling of a racemic mixture of hydroxy acids. After
recrystallization, the diastereomeric ratio was 2:3, favoring rac-propargyl

glycolide.
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Figure 56. 300 MHz 'H NMR spectra of propargyl glycolide and poly(propargyl
glycolide)

Polymerization

Bulk polymerizations of propargyl glycolide at 130 °C catalyzed by Sn(2-
ethylhexanoate), using t-butylbenzyl alcohol as the initiator yielded polymer 4.
The catalyst to initiator ratio was 1:1 for all the polymerizations, and the
monomer:initiator ratio ranged from 50:1 to 300:1. The increase in polymer
molecular weight as a function of degree of polymerization (X,,) was monitored by
gel permeation chromatography (GPC) in THF and calculated relative to
polystyrene standards. The theoretical for each reaction, corrected for
conversion, was calculated by '"H NMR analyses of samples removed from the

reaction mixture. We note that 'H NMR provides a convenient method for
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monitoring the polymerization reaction since as shown in Figure 56, the methine

peaks at 5.05 and 5.29 ppm evolve into a broad peak at ~5.38 ppm during

Table 5. Bulk polymerization results for propargyl glycolide

M Time (min) Conversion (%)*? Xn° M. (g/mol)  PDI°

50 10 85 43 9100 1.13
100 15 89 89 18500 1.21
150 25 91 136 28600 1.30
200 30 73 146 30500 1.31
250 55 78 195 38300 1.37
300 60 90 270 54600 1.38
300 75 94 280 56500 1.49

(a) Measured by 'H NMR. (b) Corrected for conversion. (c) Measured by GPC in
THF and calibrated using polystyrene standards.
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Figure 57. Relationship between M, and X, the degree of polymerization for the
bulk polymerization of propargyl glycolide.
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polymerization. Typical results for the bulk polymerization of propargyl glycolide
are listed in Table 5. The molecular weights measured by GPC range from 9-60
kg/mol and are in good agreement with the theoretical values. The evolution of
the molecular weight (measured by GPC) is plotted in Figure 57 as a function of
the expected number average degree of polymerization, X, corrected for
conversion. The linear relationship and polydispersities of 1.2-1.5 are consistent
with a reasonably controlled homopolymerization of propargyl glycolide.

Control over the number of pendant acetylene groups in a polymer can be
achieved through copolymerization of propargyl glycolide and lactide. In a model
copolymerization, we polymerized a mixture of rac-lactide and 8 mol% propargyl
glycolide with the monomer to initiator ratio set to target an X, of 300. The
polymerization was run under the same conditions used for homopolymerization
of propargyl glycolide. The incorporation of propargyl glycolide in the copolymer
was 7.9%, calculated from integration of the 'H NMR signals at & 2.85
(methylene protons in pendant acetylene group) and the signal at & 5.20
(methine proton in polymer backbone). The *C NMR spectrum of the copolymer
is consistent with the propargyl glycolide being distributed throughout the
polymer chains. Shown in Figure 58 are spectra for the copolymer as well as
polylactide and propargyl glycolide homopolymers. A comparison between the
carbonyl regions showed the appearance of an additional peak at 168.92 ppm
from the lactide repeat units and an ~0.2 ppm shift of the propargyl glycolide
repeat units, suggesting that the propargyl glycolide units are not concentrated in

“blocky” segments, but instead are distributed along the polymer backbone.
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polylactide
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Figure 58. 75 MHz '*C NMR carbonyl region of propargyl glycolide
homopolymer, copolymers, and polylactide

Poly(propargyl glycolide)(PPGL)-block-polylactide was prepared by using
scrupulously purified propargyl glycolide homopolymer as a macroinitiator (X, =
150) and Sn(2-ethylhexanoate), as the catalyst for lactide polymerization
([}/ICat] = 1). The polymerization was carried out in THF at 70 °C to minimize
transesterification. GPC traces show a shift of the peak molecular weight to
shorter retention times, with slight broadening and a increase in the PDI, (Figure

5§9), both suggesting the formation of blocky architecture. The carbonyl regions in
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the '®C NMR spectrum of this copolymer directly correlate to the two
homopolymers (Figure 58), which further confirms the blocky nature of this

copolymer.

12 13 14 15 16 17
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Figure 59. GPC traces of the PPGL macroinitiator, and PPGL-block-polylactide.
(black line: PPGL; pink line: PPGL-block-polylactide)

“Click” functionalization

Alkyl-grafted polylactides prepared by click chemistry. Emrick et al.
reported the click functionalization of pendant acetylenes incorporated into
polycaprolactone.  While the conditions for the reaction are somewhat
aggressive, an aqueous solution of CuSO, and sodium ascorbate at 80 °C or

even higher temperatures for 10-12 hours,'® they successfully modified
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polycaprolactone without significant degradation. However, when poly(propargyl
glycolide) (PPGL) (Mn,gpc = 56 500, PDI = 1.49) was stirred in an acetone/water
mixture at 50 °C for eight hours, GPC traces showed a significant reduction in
M,. This result was not surprising since the polylactide backbone is known to be
more sensitive to degradation than polycaprolactone. Recently, Jérbme et al.
reported the click functionalization of a copolymer prepared from an azide-
functionalized caprolactone and lactide using milder conditions, Cul in THF at 35
°C."®" However, esterification of the terminal hydroxyl group was necessary to
suppress backbone degradation, which complicated the synthetic procedure. In
addition, the direct use of copper (I) salts in click reactions can reduce selectivity
and lead to formation of undesired by-products.'**

We solved these problems by carrying out the “click” reaction in the presence
of CuSO,4 and sodium ascorbate in DMF at room temperature. The low solubility
of sodium ascorbate in DMF had no discernable effect on the reaction. The
efficiency of the Huisgen 1,3-dipolar cycloaddition was demonstrated by grafting
1-azidodecane, synthesized by nucleophilic substitution of 1-bromodecane using
sodium azide, onto PPGL. Thus, a propargyl glycolide polymer (My,cpc = 35,500,
PDI = 1.44) was reacted with three equivalents of 1-azidodecane in the presence
of 12 mol% sodium ascorbate and 5 mol% CuSO, (with respect to acetylene). 'H
NMR spectra taken after 2 hours showed that resonances at 2.85 ppm (-CH--
CCH) and 2.05 ppm (-CH2-CCH) had disappeared completely and a new peak
appeared at 7.6 ppm (H of the triazole ring) indicating the quantitative formation

of the triazole.
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Figure 60. GPC traces of PPGL and C10-grafted PPGL. (pink line: PPGL; black

line: C10-grafted PPGL)

The GPC results (Figure 60) of the resulting alkyl-grafted polymer (Mh,apc =
49,400, PDI = 1.41) confirmed an increase in molecular weight, with the
symmetry of the polymer peak and its molecular weight distribution unchanged.
These experimental results confirm that no significant backbone degradation
occurred during the “click” reaction of PPGL. To further confirm the stability of the
backbone under these conditions, we treated PPGL (Mh,gec = 32,600, PDI =
1.45) using the same experimental protocol (DMF, RT, 0.12 eq. sodium
ascorbate, 0.05 eq. CuSO,, 2 h) but in the absence of 1-azidodecane. The GPC
trace showed a slight decrease in molecular weight with the PDI unchanged

(Mn,arc = 32 100, PDI = 1.44) (Figure 61). Thus, “click” functionalization of PPGL
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can be effected quantitatively in DMF at room temperature without significant
backbone degradation by generating Cu(l) in situ. The formation of undesired by-
products was minimized by the lower lower reaction temperature, and protection

of the terminal hydroxyl group at the chain end was not necessary.

T T T T
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Figure 61. GPC traces from a control reaction where PPGL was exposed to click
conditions, but without added azide. (black line: PPGL before the reaction; pink
line: PPGL after the reaction)

PEG-grafted polylactide prepared by “click” chemistry. “Click” chemistry
provides a simple route to analogs of the PEO-substituted polylactides described
in Chapter 3. We selected a PEG-550 monomethyl ether as the pendant group

because of its ready availability from commercial suppliers, and transformed it

into the corresponding a,w-PEG-550 monomethyl ether azide by tosylation of
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PEG-550 monomethyl ether, followed by nucleophilic substitution using sodium
azide. The azide group is easily identified by its IR absorption at 2105 cm™ and
by resonances for the methylene a to the azide at 3.38 ppm (-OCH2CH:>N3) in the
'H NMR spectrum and at 50.5 ppm in the '*C NMR spectrum. The “click”
PEGylation of PPGL was performed under conditions identical to those described
for grafting alkyl groups to PPGL (DMF, RT, 0.12 eq. sodium ascorbate, 0.05 eq.
CuSO0,, 3 eq. of azide, 2 h). Completion of the reaction was again confirmed by
the disappearance of the '"H NMR resonances at 2.85 ppm (-CH>-CCH) and 2.05
ppm (CH.CCH) and the appearance of a new resonance at 7.6 ppm (H of
triazole). The crude product was purified by dialysis in acetone/water (1:1)
mixture, and drying under vacuum gave the PEG-grafted polyglycolide as a
water-soluble, viscous liquid tinted light green due to contamination by Cu(ll).
Direct GPC analysis of this PEG-grafted polylactide proved to be problematic.
When THF was used as solvent, we did not detect the polymer eluting from the
column and we speculated that either the polymer and THF were iso-refractive,
or that the polymer had adsorbed onto the column. We ran several control
experiments to rule out backbone degradation during “click” PEGylation. We first
subjected PPGL (Mn,cec = 32, 600, PDI = 1.45) to the same experimental
conditions (DMF, RT, 0.12 eq. sodium ascorbate, 3 eq. of PEG azide, 2 h) but in
the absence of CuSO,4. GPC results for the recovered PPGL (Mh,gpc = 32,200,

PDI = 1.44) showed no sign of backbone degradation. In a related experiment, a
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Figure 62. GPC traces of a polylactide sample exposed to “click” conditions.
(black line: polylactide before the click reaction; pink line: polylactide after
reaction)

i
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Figure 63. GPC traces for the poly(propargyl glycolide-co-lactide) click
PEGylation. The concentration of propargyl glycolide in the copolymer was 7.9
mol %. (black line: copolymer before the click reaction; pink line: copolymer after
click reaction)
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mixture of PPGL (Mn,gec = 32,600, PDI = 1.45) and polylactide (Mn,gpc = 18,600,
PDI = 1.26) was subjected to the click PEGylation conditions. GPC results for the
treated polylactide (Mn,cec = 18, 300, PDI = 1.26) (

Figure 62) again showed no loss in molecular weight.

The random copolymer of lactide with 7.9 mol% propargyl glycolide (Mn,cpc =
63,600, PDI = 1.66) was PEGylated under the identical experimental conditions.
GPC analysis of this PEG-grafted copolymer shows a shift of the peak molecular
weight to Jonger retention time than the starting copolymer (Figure 63), indicating
a lower relative molecular weight (Mh,cec = 16,800, PDI = 1.43). This result
seems at odds with the results of previous control experiments that showed no
change in molecular weight for polymers under click conditions, and we
suspected the apparent decrease in molecular weight could be related to a
decrease in the hydrodynamic radius of the polymer after PEGylation. Using
light scattering, we characterized the starting copolymer (M,,.s = 83,200, PDI =
1.20) and PEG-grafted copolymer (Mn,.s = 156,000, PDI = 1.21) which confirmed
the stability of the polymer during “click” PEGylation. Thus, the combined results
from these control experiments ruled out backbone degradation during the “click”
PEGylation of propargyl glycolide homopolymer and copolymers, and also point
to interesting solvent-induced changes in the size of the PEGylated polymer.

DIiEG-grafted and DIiEG/alkyl mixed-grafted polylactides and their
thermoresponsive properties. 1-(2-Azidoethoxy)-2-(2-methoxyethoxy)ethane
(DiEG-azide) was synthesized by the same procedure described for the

synthesis of a,w-PEG550 monomethyl ether azide. Recent reports demonstrate
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that anchoring pendant oligo(ethylene gyicol) groups onto hydrophobic polymer
backbones can lead to water-soluble polymers that have lower critical solution
temperatures (LCSTs) in an easily accessible temperature range, and that the
LCST can be tuned by changing the PEG segment length.%''%'22 As described
in Chapter 3, we found that the same design rule holds for polylactides. However,
the synthesis of the thermoresponsive polylactides was rather difficult. Having
devised a simple route to PPGL, click PEGylation of PPGL should provide easy
access to thermoresponsive polylactides. From preliminary experiments using
several oligo(ethylene glycol) azides, we found that the PEG-grafted polymer is
water soluble (no cloud point) over the entire 0 to 100 °C range when there are
three or more ethylene oxide units in the side chain. We did observe a cloud
point for the DIEG-grafted polymer at ~ 80 °C, which is too high for biomedical
applications.

Several strategies can be used to lower the LCST, including the introduction
of additional methylene spacers between the azide group and the PEG segment,
changing the w-methyl group to a higher alkyl group, using shorter PEG
segments, or by grafting a mixture of alkyl and DIEG groups to PPGL. To
minimize the synthetic complexity, we adopted the mixture of DiEG/alkyl group
strategy and carried out click chemistry using a 2:1 mixture of DiEG-azide and 1-
azidodecane. By comparing the integration from & 4.36-4.56 with  4.12-4.36 in
the '"H NMR spectrum of the grafted polymer, we concluded that ~48 % of the

grafts were DIiEG, which suggests that the click chemistry reaction rate for 1-
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azidodecane is higher than for DIiEG-azide. The resulting DIiEG/alkyl mixed-

grafted polylactide is still water-soluble at room temperature.

30°C
28 °C
25°C
> K
0.1 1l 110 1(‘)0 10’00 10000

R, (nm)
Figure 64. DLS of DIiEG/alkyl-grafted PPGL (5 mg/mL in water)

To determine the cloud point, a 5 mg/mL solution of DiEG/alkyl grafted
polylactide in water was prepared and filtered through a 0.2 ym PTFE syringe
filter. The solution was transparent when the temperature was below 28 °C and
turmned into cloudy when heated to 31 °C. The thermoresponsive behavior of the
polymer solution was also monitored by variable temperature dynamic light
scattering measurements. Shown in Figure 64 are the DLS results for a solution
(5 mg/mL) of DIEG/alkyl grafted polylactide at different temperatures. When the

solution was heated from 5 °C to 25 °C, the average hydrodynamic radius of
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particles in the solution remained constant at ~5.5 nm. Upon further heating to 28
°C, the average hydrodynamic radius slightly increased to ~8 nm, and then
dramatically increased to hundreds of nanometers at 30 °C. The magnitude of
the hydrodynamic radius at >30 °C suggests a transition from a hydrated state to

an agglomerated insoluble state.
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Figure 65. DLS of PEGylated PPGL-block-polylactide in water

This approach to PEGylated polymers is easily extended to block copolymers.
PPGL-block-PLA (Mn,cec = 38 000, PDI = 1.44, 72 mol% lactide) was PEGylated
using PEG-550 azide under the same experimental conditions as described
before. The PEG-grafted PPGL-block-PLA was isolated as a green-tinted viscous

liquid. The addition of an acetone solution of PEG-grafted PPGL-block-PLA to
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magnetically stirred water followed by evaporation of acetone under reduced
pressure resulted in a milky microemulsion. DLS measurement taken at room
temperature for a 20 mg/mL solution (Figure 65) indicates the formation of

polymeric micelles with an average hydrodynamic radius of 23 nm.

Conclusions

The synthesis of a propargyl glycolide 3 provides a convenient entry to “click”
chemistry modification of polyglycolides. This functional monomer was
homopolymerized in a controlled fashion to yield polyglycolide with pendant
acetylene groups, and the preparation of random and block copolymers of 3 with
lactide also was successful. Click reactions using these acetylene-containing
polylactides with PEG550 azide provided PEG-grafted water soluble polylactides,
PEG-grafted random copolymers, and new amphiphilic block copolymers.
Grafting DIEG and DIiEG/alkyl azide mixtures to poly(propargyl glycolide) (48%
DIEG incorporated) provides water-soluble polymers which show lower critical
solution temperatures. The approximate cloud points of DIEG and DiEG/alkyl
grafted poly(propargyl glycolide) in aqueous solutions were 80 °C and 30 °C
respectively, which were confirmed by variable temperature DLS measurements.
The use of mild click reaction conditions avoided backbone degradation and
eliminated the need to end-cap polylactides. Considering polylactide’s sensitivity
to backbone degradation, this protocol should also be applicable to the click

functionalization of other polyesters such as poly(caprolactone).
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Experimental Section

Materials. Ethyl glyoxylate (Alfa Aesar, 50 wt % in toluene) was distilled
before use. THF was dried by passage through a column of activated alumina.
DMF was dried over activated 4A molecular sieves. Zinc (Spectrum, 20 mesh)
was treated with 2M HCI, and then washed sequentially with distilled water and
absolute ethanol and dried under vacuum at 60 °C. Propargyl bromide (Alfa
Aesar, 80 wt % in toluene), and all solvents were ACS reagent grade and used
as received from commercial suppliers.

Characterization. Polymer molecular weight were determined by gel
permeation chromatography (GPC) at 35 °C using two PlLgel 10y mixed-B
columns in series, and THF as the eluting solvent at a flow rate of 1 mL/min. A
Waters 2410 differential refractometer was used as the detector, and
monodisperse polystyrene standards were used to calibrate the molecular
weights. The concentration of polymer solutions used for GPC was 1mg/ mL. 'H
NMR (300 or 500 MHz) and '3C NMR (75 or 125 MHz) spectra were acquired in
CDCl; using either a Varian Gemini 300 spectrometer or a Varian UnityPlus-500
spectrometer with the residual proton signals from the solvent used as the
chemical shift standard. Mass spectral analyses were carried out on a VG Trio-1
Benchtop GC-MS. Dynamic light scattering (DLS) data were obtained using a
temperature-controlled Protein Solutions Dyna Pro-MS/X system. All samples
were filtered through a 0.2 ym Whatman PTFE syringe filter and allowed to
equilibrate in the instrument for 15 min at 25 °C before measurements were

taken that resulted in calculation of the hydrodynamic radius (Rh). The uniformity
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of the particle sizes was determined by a monomodal curve fit, which assumes a

single particle size with a Gaussian distribution.

Synthesis of 2-hydroxy-4-pentynoic acid ethyl ester (1). Propargyl
bromide (~10 g) was added under a blanket of N, to a 3 L round bottom flask
containing 350 mL anhydrous THF and Zn (230 g, 3.5 mol). The mixture was
stirred at room temperature for 30 min and then cooled in an ice bath. A toluene
solution of ethyl glyoxylate (51 wt %, determined by NMR, 473 g, 2.36 mol) and a
toluene solution of propargyl bromide (80 wt %, 352 g, 2.36 mol) were combined
with a mixture of 500 mL dry THF and 700 mL dry ether and added dropwise to
the strirred slurry. After the addition was complete, the mixture was stirred at 0 °C
overnight. The reaction mixture was then poured into a 4 L Erlenmeyer flask
containing 1 L of ice-cold 3M HCI. After separation of organic layer, the aqueous
layer was extracted with ether (3 x 300 mL) and the combined organic layers
were dried over MgSO,. Filtration and removal of the solvents by rotary
evaporation gave a dark blue oil, which was purified by column chromatohraphy
using silica gel with EtOAc/hexanes (30/70) as the eluent. Vacuum distillation
(50-55 °C/100 mTorr) gave 170 g of 1 as a colorless oil (51%). '"H NMR & 4.25
(m, 3H), 3.11 (d, 1H, J = 6.35 Hz), 2.65 (m, 2H), 2.03 (t, 1H, J = 2.68 Hz), 1.28 (t,
3H, J=7.20 Hz). ®C NMR 5 172.99, 78.53, 71.25, 68.64, 62.11, 24.81, 14.13.

Synthesis of 2-hydroxy-4-pentynoic acid (2). Ester 1 (170 g) was added to
800 mL distilled water and heated to reflux for three days. After cooling to room

temperature, the solution was acidified by the addition of 100 mL of concentrated
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HCI and continuously extracted with ether for two days. The ether solution was
diluted to 1.5 L with additional ether and dried over MgSO, for two hours. After
filtration, the solution was concentrated by rotary evaporation and dried under
vacuum to give a light brown solid, which was purified by recrystallization from
CH.CI; at 0 °C, followed by sublimation at 58 °C and a second recrystallization
from CH2Cl; at 0 °C to give 115 g of 2 as white crystals (84%). '"H NMR & 4.42 (t,
1H, J= 5.00 Hz), 2.75 (m, 2H), 2.10 (t, 1H, J= 2.56 Hz). *C NMR & 177.28,
77.97,71.96, 68.51, 24.66. MS (m/z) 115.3 (M+1), mp 61-63 °C.

Synthesis of 3,6-di-2-propynyl-1,4-dioxane-2,5-dione (3). 2-Hydroxy-4-
pentynoic acid (2) (18 g) and p-toluenesulfonic acid monohydrate (1.5 g) were
added to a 2 L round bottom flask charged with 1.8 L of toluene. The flask was
heated to reflux for 3 days, and the water was removed azeotropically using a
Barrett trap. After cooling to room temperature, the toluene was removed by
rotary evaporation, and the residue was dissolved in 500 mL CH,Cl;, washed
with saturated NaHCO; (3 x 150 mL) and dried over MgSO,. Filtration and
removal of the CH,Cl; gave the product as a light brown solid which was washed
with diethyl ether (3 x 50 mL), sublimed at 75 °C and recrystallized from toluene
to give 6.1 g 3 as white crystals (34%). 'H NMR & 5.29 (t, J = 4.64 Hz), 5.05 (dd,
J=17.08 Hz, J = 4.39 Hz), (1H total for the signals at 5.29 and 5.05 ppm), 2.95
(m, 2H), 2.17 (t, J = 2.56 Hz), 2.11 (t, J = 2.69 Hz), (1H total for the signals at
2.17 and 2.11 ppm). *C NMR & 164.26, 163.44, 76.77, 76.67, 74.82, 74.15,
73.34, 72.02, 23.94, 21.24. Anal. Calcd. for C1oHgO4: C, 62.50; H, 4.17 Found: C,
62.80; H, 4.01. MS (m/z) 193.2 (M+1), mp 103-106 °C.
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General procedure for bulk polymerizations. Monomer and a small
magnetic stir bar were added to a bulb prepared from 3/8 in. diameter glass
tubing. The tube was then held under vacuum (3 mTorr) for 12 hours at a room
temperature and then filled with nitrogen. A syringe was used to add catalyst
(Sn(2-ethylhexanoate);) and initiator (BBA) solutions (~0.03 M in toluene) to the
bulb, and after careful removal of the toluene under vacuum, the bulb was sealed
under vacuum. Bulbs were immersed into an oil bath at 130 °C for the desired
period of time, with the contents stirred magnetically. At the end of the
polymerization, the bulb was removed from the bath, cooled in ice water and
opened. A portion of the polymer was analyzed by NMR for conversion. The
remaining polymer was dissolved in CH2Cl,, precipitated from cold methanol five
times and dried under vacuum (4 mTorr) at 40 °C for 24 hours.

Polymerization of propargyl glycolide. Propargyl glycolide (2.49 g) was
polymerized for 25 min of a [M]/[l] = 150. The conversion of monomer to polymer
calculated from 'H NMR was 90.6%. Precipitation and drying under vacuum gave
2.16 g poly(propargy! glycolide) as a light brown solid (86.7%). 'H NMR: & 5.31-
5.46 (br, 1H), 2.79-3.03 (br m, 2H), 2.01-2.18 (br, 1H). GPC (THF): M, = 28, 600
g/mol, PDI = 1.30.

Copolymerization of propargyl glycolide and rac-lactide. A mixture of
propargyl glycolide (0.384 g, 2 mmol) and rac-lactide (3.394 g, 23.6 mmol) was
polymerized for 50 min of a [M}/[l] = 300. Precipitation and drying under vacuum
gave 3.59 g of the random copolymer as a white solid (95%). 'H NMR: & 5.03-

5.39 (br m, 12.7H), 2.75-2.96 (br m, 2H), 1.97-2.11 (br, 1H), 1.43-1.65 (br m,
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38.8H). GPC (THF, light scattering and refractive index detectors): M, = 8.32 x
10* g/mol, PDI = 1.20.

Preparation of PPGL-block-polylactide. PPGL (1.0 g, M,cpc = 28,500, PDI
= 1.30) and lactide (5.0 g) were placed into a 25 mL Schlenk flask. The Schilenk
flask was then sealed with a rubber septum and held under vacuum overnight to
remove any residual water. The flask was then filled with nitrogen. After using a
syringe to add 1.21 mL of a 0.0288 M solution of Sn(2-ethylhexanoate); in
toluene and 8 mL of anhydrous THF, the flask was placed into an oil bath at 70
°C for 10 hours and the solution was stirred magnetically. At the end of the
polymerization, the polymer was isolated by precipitation into cold methanol five
times and dried under vacuum at 45 °C overnight to give 2.8 g of the block
copolymer as a white solid. '"H NMR: & 5.31-5.44 (br, 1H), 5.06-5.25 (br m, 2.6H),
2.80-3.02 (br m, 2H), 2.05-2.14 (br, 1H), 1.48-1.62 (br m, 8.1H). GPC (THF): M,
= 38,000 g/mol, PDI = 1.44.

General procedure for “click” functionalization. The desired amount of
acetylene functionalized polymer and three equivalents of azide (with respect to
acetylene groups) were dissolved in DMF in a Schlenk flask, and the solution
was deoxygenated by three freeze-pump-thaw cycles. After the contents were
refrozen, 5 mol % of CuSO4-5H,0 crystals and 12 mol% of sodium ascorbate
powder (with respect to acetylene group) were added to the frozen mixture under
a nitrogen purge, and the flask was evacuated and backfilled with nitrogen. The
mixture was then deoxygenated by three additional freeze-pump-thaw cycles,

and then stirred at room temperature under nitrogen for 2 hours. At the end of the
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reaction, the solids in the reaction mixture were removed by filtration and the
polymer was isolated by dialysis (MWCO = 12-14,000) in acetone/water (1:1)
mixture overnight and then dried under vacuum.

1-Azidodecane-grafted PPGL. PPGL (54 mg, M,,gec = 35,500 g/mol, PDI =
1.44) and 300 mg of 1-azidodecane were dissolved in 5 mL DMF for the click
reaction. The decane-grafted PPGL was isolated as a light green solid (133 mg,
87%). GPC (THF): My,cpc = 49,400, PDI = 1.41.

PEG550-grafted PPGL. PPGL (100 mg) (Ma,cec = 35,500 g/mol, PDI = 1.44)
and PEG-550 azide (1.72 g) were dissolved in 10 mL DMF for the click reaction.
PEG550-grafted PPGL was isolated as a light green viscous liquid (514 mg,
77%).

Poly(propargyl glycolide-co-lactide) grafted with PEG550. The copolymer
(650 mg) and PEG-550 azide (990 mg) were dissolved in 20 mL DMF for the
click reaction. The product was isolated as a light green rubbery solid (650 mg,
74 %). GPC (THF, light scattering): M, = 1.56 x 10° g/mol, PDI = 1.21.
DIiEG-grafted PPGL PPGL (250 mg) (Mn,cpc = 35,500 g/mol, PDI = 1.44) and 1-
(2-azidoethoxy)-2-(2-methoxyethoxy) ethane (1480 mg) were dissolved in 20 mL
DMF for the click reaction. The DIiEG-grafted PPGL was isolated as a light green
elastomer (590 mg, 79%).

Alkyl/DiEG-grafted PPGL PPGL (122 mg) (Mn,cec = 35,500 g/mol, PDI = 1.44),
1-(2-azidoethoxy)-2-(2-methoxyethoxy) ethane (480 mg, 2.6 mmol), and 1-
azidodecane (240 mg, 1.3 mmol) were dissolved in 10 mL of DMF for the click

reaction. The product was isolated as a light green elastomer (320 mg, 88%). 'H
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NMR: & 7.36-7.78 (br, 1H), 5.22-5.56 (br, 1H), 4.36-4.56 (br, 1H), 4.12-4.36 (br,
1.1H), 3.73-3.91(br, 1H), 0.70-0.94 (br, 1.7H).

PEG550-grafted PPGL-block-polylactide. The block copolymer (300 mg) and
PEG-550 azide (1.78 g, 3.2 mmol) were dissolved in 20 mL DMF for the reaction.

The product was isolated as a light green viscous liquid (690 mg, 78 %).
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Chapter 5 PEG/Alkyl-Grafted Comb Polylactides

Introduction

Aliphatic polyesters such as polylactide (PLA), polyglycolide (PGA), and
polycaprolactone (PCL) are of interest for medical and pharmaceutical
applications due to their biodegradability and biocompatibility.??° Poly(ethylene
glycol) (PEG) functionalized polyesters are of particular interest, because these
polymers are amphiphilic and resistant to protein adsorption.??"?? PEG and
polyester block copolymers such as PEG-PLA and PEG-PLA-PEG are being
extensively investigated for drug delivery applications,2%8220.223224 however, the
degradation profiles of these block copolymers are dependent on their
compositional parameters and are typically irreproducible.??® Additionally, the
structural heterogeneity of these block copolymers can also lead to increasing
PLA/PEG ratios during degradation,??°% which can change the protein resistant
characteristics of particles and complicate drug release kinetics.

Trying to solve these problems, several groups have reported PEG-grafted-
polyesters and argued that their inherent structural homogeneity should lead to
predictable degradation behavior.2'%2'22” However, these polymers often suffer
from ill-defined chemical structures, low grafting densities, backbone degradation
or high polydispersities. In some of these copolymers, the chemical nature of the
linker between PEG grafts and polymer backbone can potentially cause

compositional changes during degradation.
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Structurally well-defined graft copolymers with hydrophilic PEG groups and
hydrophobic alkyl groups on the same polymer backbone are a new family of
amphiphilic polymers. Their structure suggests interesting possibilities for self-
assembly. For example, ultrathin fiims of PEG/alkyl-grafted-polythiophene were
manipulated and processed on the nano- and micrometer scales using a self-
assembly approach,'® PEG/alkyl-grafted-poly(p-phenylene) self-organized into
fibrous aggregates in micellar surfactant solutions.'2>12

To avoid the problems encountered in exisiting PEG-grafted-polyesters and
develop new amphiphilic biodegradable polymers, we synthesized asymmetric
lactide monomers containing a PEG chain and linear alkyl group. Subsequent
polymerizations of these monomers provided structurally homogeneous
PEG/alkyl-grafted amphiphilic polyesters with high molecular weights. Similar to
other PEG/alkyl grafted polymers, these new polyesters should have useful
properties arising from self-assembly. Furthermore, the introduction of protected

hydroxyl groups into the PEG grafts provides opportunities for further chemical

modification after deprotection.
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Results and Discussion

Scheme 14 shows the synthetic route to the two monomers described in this
chapter. The reaction of tri(ethylene glycol) monomethyl ether or tri(ethylene
glycol) monobenzyl ether with 1,6-dibromohexane generated the corresponding
PEG functionalized hexyl bromide. The competing elimination reaction was
minimized by conducting the reaction at approximately -25 °C. The reaction of
Grignard reagents generated from these PEG functionalized hexyl bromides with
diethyl oxalate at -78 °C provided the corresponding a-keto esters, with no
detectable contamination from second addition of the Grignard reagent to the
substrate. Catalytic hydrogenation of the crude keto esters at 1500 psig using Pt
on carbon yielded the a-hydroxy esters, but since purification of the esters
proved difficult, the crude a-hydroxy esters were hydrolyzed and isolated as the
a-hydroxy acids. Crystallization of the acids from ether at low temperatures gave
colorless to light brown oils in an overall yield of ~65 % from diethyl oxalate. The
'H NMR spectra of both a-hydroxy acids are shown in Figure 66, with the most
important spectral features being the methine protons, appearing as a doublet of
doublets at 4.20 ppm, and the benzylic protons of compound 2b at 4.51 ppm. To
the best of our knowledge, neither a-hydroxy acid has been previously reported.

The reaction of a-hydroxy acids with 2-bromooctadecanoy! chloride!'®” (3) in
the presence of base yielded linear dimers. But since their purification proved
difficult, the crude linear dimers were directly cyclized in refluxing acetone in the
presence of NEts, yielding exclusively the rac diastereomer in low yield. The

byproducts primarily consisted of linear oligomers, which in principle, could be
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recycled. '"H NMR spectra of both monomers are shown in Figure 67. The
doublet of doublets at 4.83 ppm from the methine protons of the 3,6-disubstituted
glycolide ring can be integrated to measure the conversion of polymerizations.

Also prominent are the benzylic protons of compound 4b at 4.51 ppm.

(0]
Mg/THF
o} AN B ———— O /\/\/\)j\[rov
R< \/\)30 diethyl oxalate % \/);O 5
1aR =Me 1. Ha, 5%Pt/
1bR=Bn NaHCO; | 2. H20
EtOH
Br OH
c o /\/\/\/H‘/OH
/\/\/\/\/\/\/\)\n/ R( \/7‘30
3 o °
2aR=Me
1.Et3N | 2. EtzN 2bR =Bn

ether acetone

4aR=Me
4bR=Bn

Sn(2-ethylhexanoate),

tert-butylbenzyl alcohol 130°C

L

poly(4a) R = Me
poly(4b) R = Bn

Scheme 14. Synthesis of amphiphilic glycolide monomers
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Figure 66. 300 MHz 'H NMR spectra of PEG containing a-hydroxy acids

These new monomers were bulk polymerized at 130 °C using Sn(2-
ethylhexanoate), as the catalyst and 4-tert-butyl benzyl alcohol as the initiator,
yielding poly(4a) and poly(4b) (Scheme 14). The molar ratio of monomer,
catalyst and initiator was 250:1:1. Since the data from chapter 2 show that
substituted lactides generally polymerize slower than lactide, we used a 2 h
reaction time and achieved over 90 % conversion of monomer to polymer. The
'H NMR spectrum of poly(4a) (Figure 68) shows the expected peaks associated

with alkyl and PEG side chains plus the methine protons of the polymer
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backbone. The spectrum of poly(4b) (Figure 68) is similar, except that the

resonance at 3.35 ppm from the terminal methoxy group in the PEG side chains

was replaced by resonances at 4.54 ppm and 7.3 ppm for the benzyl group.
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Figure 67. 500 MHz 'H NMR spectra of amphiphilic glycolide monomers
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Figure 68. 500 MHz 'H NMR spectra of amphiphilic polyglycolides

The GPC traces show that the molecular weight distributions of both polymers
are somewhat bimodal (Figure 69). The origins of the high molecular weight
shoulders seen in the GPC traces are not clear, but we note that the GPC traces
of the PEG-containing polymers described in Chapter 3 also showed signs of
bimodality. The molecular weight (M,) of poly(4a) as measured by GPC (vs.
polystyrene standards) was 132,000 g/mol which was in good agreement with
the theoretical value (136,200 g/mol). The molecular weight of poly(4b) (M, =
146,000 g/mol) was also in good agreement with the theoretical value (152,300

g/mol.
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Figure 69. GPC traces of amphiphilic polyglycolides (pink line: poly(4a); black

line: poly(4b)
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Figure 70. DSC heating traces of amphiphilic polylactides (second heating scan,

10 °C/min in Np)
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The DSC traces of both polymers showed a melt transition at ~17 °C, and a
glass transition temperature (Tg) at ~ -60 °C (Figure 70). Based on our results
with alkyl-substituted polyglycolides, the melt transition can be associated with
side chain crystallization. We also found that when the side chains are longer
than 10 carbon atoms, they crystallize and the T, from the backbone is not
detectable using DSC. Thus we assign the glass transition temperature at ~ -60
°C to the PEG segment in the side chain rather than from main chain, which was
confirmed by comparing the DSC traces of the polymer and the corresponding

monomer (not shown).

Mass %

30 -

10

1000
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Figure 71. DLS of polymeric micelles and azobenzene loaded polymeric micelles
(5 mg/mL in water, pink line: polymer only; black line: polymer + azobenzene)
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Using the solvent displacement method, polymeric micelles encapsulating
azobenzene can be prepared from polymer (4a) in aqueous media. Polymer (4a)
and azobenzene were dissolved in acetone and the acetone solution was added
drop-wise to stirred ice-cold water. Acetone was removed under vacuum to yield
a stable homogenous microemulsion (polymer + dye) after filtration. Shown in
Figure 71 are the DLS results for the polymeric micelles, and azobenzene-
loaded polymeric micelles. In both systems, there are two peaks corresponding
to average hydrodynamic radii of ~20 nm and ~60 nm, respectively. The reason
for the bimodal distribution in particle size is unclear, but it may be related to the

bimodal molecular weight distribution seen in the GPC data.
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Figure 72. UV-vis spectra of polymeric micelles, azobenzene loaded polymeric

micelles, and azobenzene in water. (black line: azobenzene; pink line: poly(4a);
blue line: poly(4a) + azobenzene)
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Shown in Figure 72 are UV-Vis spectra of polymeric micelles, azobenzene
loaded polymeric micelles, and azobenzene in water. The “azobenzene”
spectrum shows only a small absorption peak at ~265 nm due to residual
acetone and no absorption from azobenzene, which is completely insoluble in
water. The spectrum of the polymeric micelles shows a weak absorption at ~ 260
nm from the ester group. In contrast, neither the peak from residual acetone nor
the peak from the polyester backbone is visible in the spectrum of azobenzene
loaded polymeric micelles. Instead, the spectrum is dominated by the
characteristic absorption peaks of azobenzene at ~ 230 nm and ~320 nm. This
simple experiment demonstrates the solubilization of otherwise water-insoluble
azobenzene by poly(4a), thus suggesting the potential of related polymers as

delivery vehicles for hydrophobic compounds.

Conclusions

PEG/alkyl substituted amphiphilic lactide monomers were synthesized by
condensing a PEG-containing a-hydroxy acid with an alkyl-containing a-bromo
acid chloride. The resulting AB substituted glycolide was isolated exclusively as
the rac isomer. Subsequent ring-opening polymerization of the monomers using
tert-butyl benzyl alcohol as initiator and Sn(2-ethylhexanoate), as catalyst yielded
novel amphiphilic polylactides capable of side chain crystallization due to their
long linear alkyl side chain. The potential application of these new amphiphilic
polylactides as drug delivery vehicles was demonstrated by encapsulation of

azobenzene in the polymeric micelles using the solvent displacement method.
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Experimental Section

Materials THF was dried by passing the solvent through a column of
activated alumina. Compounds 1a and 2a were synthesized according to
procedure described in Chapter 3. All other chemicals were used as received.

Characterization. The molecular weights of polymers were determined by
gel permeation chromatography (GPC) at 35 °C using two PLgel 10y mixed-B
columns in series with THF as the eluting solvent at a flow rate of 1 mL/min. A
Waters 2410 differential refractometer was used as the detector, and
monodisperse polystyrene standards were used to calibrate the molecular
weights. The concentration of polymer solutions used for GPC was 1 mg/ mL. 'H
NMR (300 or 500 MHz) and *C NMR (75 or 125 MHz) spectra were acquired in
CDCl; using either a Varian Gemini 300 spectrometer or a Varian UnityPlus-500
spectrometer with the residual proton signals or carbon signals from the solvent
used as the chemical shift standard. Mass spectral analyses were carried out on
a VG Trio-1 Benchtop GC-MS. Dynamic light scattering (DLS) measurements
were performed with a temperature-controlled Protein Solutions Dyna Pro-MS/X
system. Samples were filtered through a 0.2 ym Whatman PTFE syringe filter
and allowed to equilibrate in the instrument for 15 min at 25 °C before taking

measurements that resulted in calculation of the hydrodynamic radius (R»).
2-Bromooctadecanoyl chloride (3). Stearic acid (142 g, 0.5 mol, recrystallized

from ethanol) and SOCI; (140 mL, 1.9 mol) were placed into a 500 mL round

bottom flask. The mixture was refluxed for 2 hours under nitrogen, and then
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bromine (40 mL, 0.77 mol) was added dropwise to the solution. The mixture was
refluxed under nitrogen overnight, and then the excess reagents were removed
under vacuum at room temperature to give 187 g of 3 as a brown oil (98%). The
product was used without further purification. 'H NMR & 4.44-4.52 (dd, 1H, J =
7.61 Hz, J = 6.59 Hz), 2.07-2.22 (m, 1H), 1.94-2.07 (m, 1H), 1.38-1.55 (br, 2H),
1.20-1.36 (br, 26H), 0.81-0.91 (t, 3H, J = 6.73 Hz). °C NMR & 170.11, 54.14,
34.84, 31.93, 29.69, 29.66, 29.62, 29.54, 29.40, 29.36, 29.20, 28.72, 26.84,
22.68, 14.09.

2-Hydroxy-8-{2-[2-(2-methoxyl ethoxy)-ethoxyl]-ethoxyl}-octanoic acid (2a).
Compound 1a (164 g, 0.50 mol) was dissolved in dry THF (600 mL) and stirred
with magnesium turnings (24 g, 1.0 mol) until the solution stopped boiling. The
Grignard reagent was then added dropwise under nitrogen to a 2 L round bottom
flask containing a stirred solution of diethyl oxalate (56 g, 0.38 mol) in dry THF
(300 mL) at -80 °C. After the addition was complete, the mixture was stirred for
an additional hour at -80 °C, and then quenched with 300 mL of 2M HCI. The
water layer was extracted with ether (5 x 200 mL) and the combined organic
layers were dried over MgSQ,. Filtration and removal of the solvents by rotary
evaporation gave the a-keto ester as a light brown oil. After dissolving the oil in
ethanol (500 mL) and adding 1 g of 5% Pt/C and 15 g NaHCO;, the a-keto ester
was hydrogenated at ~1500 psig H.. When 'H NMR showed that the a-keto
ester had been consumed (the disappearance of the triplet at 2.80 ppm), the
solids were removed by filtration and the ethanol solution was concentrated by

rotary evaporation to give a colorless oil. The oil was then dissolved in ether (500
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mL) and continuously extracted with water for a week. Removal of water by
rotary evaporation gave a light yellow oil, which was dissolved in diethyl ether
(1000 mL) and dried over MgSOQ,. Filtration, recrystallization from diethyl ether
(once at -80 °C and twice at -45 °C), and removal of residual solvent under
vacuum (20mTorr) at room temperature for 24 hours gave 76 g of compound 2a
as a colorless oil (61%). '"H NMR & 4.20 (dd, 1H), 3.62 (m, 8H), 3.56 (m, 4H),
3.43 (t, 2H), 3.35 (s, 3H), 1.78 (m, 1H), 1.66 (m, 1H), 1.55 (p, 2H), 1.24-1.48 (br
m, 6H). ®*C NMR 5 177.69, 71.77, 71.21, 70.44, 70.26, 69.97, 69.88, 33.83,
29.19, 28.78, 25.65, 24 .47.

2-[2-(2-benzyloxyn ethoxy)-ethoxy]-ethanol. Benzyl chloride (165 g, 1.3 mol)
was added to a 2 L round bottom flask that had been charged with tri(ethylene
glycol) (975 g, 6.5 mol), NaOH (80 g, 2.0 mol) and water (80 mL). The mixture
was heated at 110 °C for 36 hours, cooled to room temperature, and poured into
600 mL water. The water layer was continuously extracted with diethyl ether for
24 hours, and then the ether layer was dried over MgSO, and the solvent
evaporated in vacuo. The residue was fractionally distilled under vacuum (122-
126 °C/30 mTorr) to give 265 g of the benzyl-protected tri(ethylene glycol) as a
colorless liquid (85%). 'H NMR: & 7.22-7.36 (m, 5H), 4.52-4.57 (s, 2H), 3.55-3.74
(m, 12H), 2.37-2.44 (s, 1H).

1-Bromo-6-{2-[2-(2-benzyloxy-ethoxy)-ethoxy]-ethoxy}-hexane (1b). A 3 L
round bottom flask containing dry THF (1200 mL), NaH (42 g 1.75 mol), and 1,6-
dibromohexane (900 g, 3.69 mol) was cooled to ~ -30 °C under a blanket of N..

Tri(ethylene glycol) monobenzyl ether (210 g 0.87 mol) was dissolved in 600 mL
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dry THF and added dropwise to the strirred slurry. After the addition was
complete, the mixture was stirred at ~ -15 °C for 24 hours and at 0 °C for 2 days.
The solids were removed by filtration, and the solvent was removed by rotary
evaporation to give a light yellow oil, which was re-dissolved in 1000 mL hexane
and washed with water (3 x 350 mL). The hexane layer was then dried over
MgSO, and evaporated in vacuo. Removal of water and excess 1,6-
dibromohexane under vacuum in a 120 °C oil bath gave 340 g of the product as
a light brown oil (97%), which was used without further purification.
2-Hydroxy-8-{2-[2-(2-benzyloxy ethoxy)-ethoxy]-ethoxy}-octanoic acid (2b).
Compound 1b (333 g, 0.83 mol) was dissolved in dry THF (1200 mL) and stirred
with magnesium turnings (36 g, 2.0 mol) until the solution stopped boiling. The
Grignard reagent was then added dropwise under nitrogen to a 2 L round bottom
flask containing a stirred solution of diethyl oxalate (83 g, 0.57 mol) in dry THF
(200 mL) at -80 °C. After the addition was complete, the mixture was stirred for
an additional hour at -80 °C, and then was quenched with 300 mL of 3M HCI.
The water layer was extracted with ether (2 x 200 mL) and the combined organic
layers were dried over MgSO,. Filtration and removal of the solvents by rotary
evaporation gave the a-keto ester as a light brown oil. After dissolving the oil in
ethanol (1000 mL) and adding 2 g of 5% Pt/C and 15 g NaHCO;, the a-keto ester
was hydrogenated at ~1500 psi. When 'H NMR showed that the a-keto ester had
been consumed (disappearance of the triplet at 2.80 ppm), the solids were
removed by filtration and the ethanol solution was concentrated by rotary

evaporation to give a colorless oil. The oil was then mixed with 1 L of 2M
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aqueous NaOH solution. The mixture was heated at reflux for four days, cooled
to room temperature, extracted with diethyl ether (3 x 200 mL, discarded), and
acidified to pH = 1 using concentrated HCIl. The acidic solution was then
extracted with ether (4 x 300 mL), and the combined ether layers were dried over
MgSO.. Filtration, recrystallization from diethyl ether (twice at -80 °C and twice at
45 °C) and removal of residual solvent under vacuum (20 mTorr) at room
temperature for 24 hours gave 152 g of 2b as a light yellow oil (67%). 'H NMR &
7.21-7.33 (m, 5H), 4.52-4.56 (s, 2H), 4.13-4.20 (dd, 1H), 3.58-3.68 (m, 10H),
3.51-3.58 (m, 2H), 3.38-3.46 (t, 2H), 1.70-1.86 (m, 1H), 1.59-1.70 (m, 1H), 1.48-
1.59 (br m, 2H), 1.22-1.47 (br, 6H). 3C NMR & 177.61, 137.92, 128.29, 127.73,
127.59, 73.12, 71.24, 70.47, 70.44, 70.40, 69.98, 69.88, 69.23, 33.80, 29.18,
28.75, 25.63, 24 .41.
3-(6-{2-[2-(2-methoxy-ethoxy)-ethoxy]-ethoxy}-hexyl)-6-Hexadecyl-
[1,4]dioxane-2,5-dione (4a). NEt; (16.6 mL, 120 mmol) was added dropwise
under nitrogen to a 0 °C solution of 2a (10 g, 31 mmol) and 3 (19 g, 50 mmol) in
diethyl ether (250 mL). After stirring at 0 °C for § hours, the mixture was washed
with 2M HCI (2 x 100 mL) and dried over MgSO,. After filtration and removal of
solvent, the residual brown oil and NEt; (13.8 mL, 100 mmol) were dissolved in
acetone (2500 mL) and refluxed for 16 hours. After removing the solvent by
rotary evaporation, the residue was re-dissolved in diethyl ether (500 mL),
washed with 0.5M HCI (3 x 200 mL), saturated NaHCO3 (3 x 200 mL) and then
dried over MgSO,. Filtration and evaporation of the ether gave a brown oil, which

was purified by column chromatography (silica gel, 3/1 hexanes/EtOAc),
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recrystalized five times from hexanes at 5 °C, and dried under vacuum (15
mTorr) at room temperature overnight to give 2.2 g of 4a as white crystals (12%).
'H NMR § 4.83 (dd, 2H, J = 7.69 Hz, J = 4.27 Hz), 3.62 (m, 8H), 3.53 (m, 4H),
3.42 (t, 2H, J= 6.71 Hz), 3.35 (s, 3H), 2.07 (m, 2H), 1.92 (m, 2H), 1.60-1.40 (br,
6H), 1.40-1.20 (br, 30H), 0.85 (t, 3H). °C NMR & 166.92, 75.61, 75.53, 71.92,
71.23, 70.61, 70.56, 70.50, 70.05, 59.00, 31.89, 30.10, 30.01, 29.66, 29.56,
29.46, 29.41, 29.33, 29.27, 29.07, 28.85, 25.77, 24.36, 24.29, 22.66, 14.09. Anal.
Calcd. for C33He20s: C, 67.58; H, 10.58 Found: C, 67.98; H, 10.55. MS-El (m/z)
587.3 (M+1), mp 51-55 °C.
3-(6{2-[2-(2-benzyloxy-ethoxy)-ethoxy]-ethoxy}-hexyl)-6-Hexadecyl-
[1,4]dioxane-2,5-dione (4b). NEt; (20 mL, 145 mmol) was added dropwise
under nitrogen to a 0 °C solution of 2b (20 g, 50 mmol) and 3 (30 g, 79 mmol) in
diethyl ether (400 mL). After stirring at 0 °C for 5 hours, the mixture was washed
with 2M HCI (2 x 200 mL) and water (2 x 200 mL) and dried over MgSO,. After
filtration and removal of solvent, the residual brown oil and NEt; (15 mL, 110
mmol) were dissolved in acetone (4000 mL) and refluxed for 16 hours. After
removing the solvent by rotary evaporation, the residue was re-dissolved in
diethyl ether (600 mL), washed with 0.5M HCI (3 x 200 mL) and saturated
NaHCO; (3 x 200 mL) and dried over MgSO,. After filtration and removal of the
ether, the brown oil was purified by column chromatography (silica gel, 4/1
hexanes/EtOAc), recrystalized five times from hexanes at 5 °C, and dried under
vacuum (15 mTorr) at room temperature overnight to give 3.2 g of 4b as white

crystals (9.7%). 'H NMR § 7.25-7.34 (m, 5H), 4.79-4.84 (dd, 2H, J = 7.81Hz, J =
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4.39 Hz), 4.53-4.56 (s, 2H), 3.59-3.68 (m, 10H), 3.53-3.57 (m, 2H), 3.40-3.44 (t,
2H, J = 6.71 Hz), 2.03-2.12 (m, 2H), 1.87-1.97 (m, 2H), 1.41-1.59 (br, 6H), 1.20-
1.40 (br, 30H), 0.82-0.88 (t, 3H). *C NMR & 166.92, 138.27, 128.34, 127.72,
127.56, 75.61, 75.52, 73.21, 71.24, 70.65, 70.64, 70.63, 70.61, 70.08, 69.42,
31.90, 30.09, 30.00, 29.67, 29.65, 29.63, 29.62, 29.58, 29.47, 29.42, 29.34,
29.28, 29.07, 28.86, 25.78, 24.36, 24.29, 22.67, 14.11. Anal. Calcd. for C39HgsOs:
C, 70.69; H, 9.97 Found: C, 70.97; H, 9.90. MS-EIl (m/z) 663.5 (M+1), mp 51-53

°C.

General procedure for bulk polymerizations. The desired amount of
monomer was loaded into a polymerization bulb prepared from 3/8 in. diameter
glass tubing along with a magnetic stir bar. The bulb was connected to a
vacuum line and the monomer was dried under vacuum (5 mTorr) at 105 °C for
18 hours. After cooling to room temperature, a syringe was used to add toluene
solutions of catalyst (Sn(2-ethylhexanoate);) and initiator (4-tert-butylbenzyl
alcohol) (monomer:catalyst:initiator ratio = 250:1:1). The solvent was removed
under vacuum, and the bulb was flame-sealed under vacuum and immersed in
an oil bath at 130 °C for 2 hours. At the end of the polymerization, the tube was
cooled in water, opened, and portions of the sample were removed for NMR and
GPC analyses.

Poly(4a). Monomer 4a was polymerized on a 704 mg scale. The monomer
conversion determined by 'H NMR was 93%, and the molecular weight (M,) from

GPC was 132,000 g/mol with a PDI of 1.30. The crude product was purified by
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precipitation into cold methanol from CH,Cl; five times and dried under vacuum
at 50 °C overnight to give 430 mg of poly(4a) as a viscous liquid in 61% yield.
NMR shows ~2% residual monomer in poly(4a) after precipitation. 'H NMR &
4.96-5.18 (br, 2H), 3.58-3.70 (br m, 8H), 3.49-3.58 (br m, 4H), 3.37-3.46 (br t,
2H), 3.33-3.37 (s, 3H), 1.72-2.04 (br, 4H), 1.48-1.62 (br, 2H), 1.14-1.48 (br, 34H),
0.80-0.92 (t, 3H).

Poly(4b). Monomer 4b was polymerized on a 1.0 g scale. The monomer
conversion determined by 'H NMR was 92%, and the molecular weight (M) from
GPC was 146,000 g/mol with a PDI of 1.31. The crude product was purified by
precipitation into cold methanol from CH.Cl, three times and dried under vacuum
at 50 °C overnight to give 0.80 g of poly(4b) as a viscous liquid in 80% yield. 'H
NMR & 7.21-7.34 (m, 5H), 4.94-5.18 (br, 2H), 4.50-4.58 (s, 2H), 3.63-3.70 (br m,
6H), 3.58-3.63 (br m, 4H), 3.50-3.57 (br, 2H), 3.36-3.44 (br, 2H), 1.70-2.01 (br,
4H), 1.49-1.62 (br, 2H), 1.09-1.49 (br, 34H), 0.78-0.91 (t, 3H).

Preparation of polymeric micelles. Polymer (5 mg) and azobenzene (5
mg) were dissolved in 1mL acetone, and then the acetone solution was added
drop-wise over two minutes to 5§ mL of ice-cold water (magnetically stirred) in a
25 mL Schlenk flask. The flask was then placed under a partial vacuum to
remove the acetone. Floating particles were removed by filtration, giving a stable
homogenous microemulsion (polymer + dye). For controls, the same procedure
was used to prepare micelles free of azobenzene (polymer only) and

azobenzene solutions free of polymer (dye only).
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Appendix A 7. " NMR spectrum of C8 dimer
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Appendix A 8. *° NMR spectrum of C8 dimer
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Appendix A 9. "M NMR spectrum of C10 a-hydroxy acid
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Appendix A 10. '*° NMR spectrum of C10 a-hydroxy acid
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Appendix A 11. 1H NMR spectrum of C10 dimer
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Appendix A 12. *° NMR spectrum of C10 dimer
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Appendix A 13. ™" NMR spectrum of C12 a-hydroxy acid
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Appendix A 14. > NMR spectrum of C12 a-hydroxy acid
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Appendix A 15. '" NMR spectrum of C12 dimer
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Appendix A 16. '*° NMR spectrum of C12 dimer
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Appendix A 17. " NMR spectrum of C14 a-hydroxy acid
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Appendix A 18. *° NMR spectrum of C14 a-hydroxy acid
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Appendix A 19. "™ NMR spectrum of C14 dimer

168



wdd (114 ov 09 08 ool 114} ovL 091 08l
r..__________________._._______.__._.~..—_—___~_______._______..___..—________._____._._..__-__—
\/\/\/\/\/\/\J\n—u_/
OJX/\/\/\/\/\/\/\
o)
o1'pl vT 85 67 Zl
97T (54 09°62 11
9t vT [44 7967 0l
€SVT [F4 v9°67 6
0687 0z 99'67 8
LO'6T 61 110€ L
vT 6T 81 06'1€ 9
8767 L1 6 1€ S
vE 6T 91 09°SL v
w6t Sl 6€9L €
Ly 6T vl 98°691 [4
SS°6T €1 96'991 i
(wdd) yrys restway) ON (wdd) yrys jeorway) 'ON

syead Jo qqe],

Appendix A 20. '*° NMR spectrum of C14 dimer
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Appendix A 21. ™" NMR spectrum of C16 a-hydroxy acid
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Appendix A 22. *° NMR spectrum of C16 a-hydroxy acid
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Appendix A 23. " NMR spectrum of C16 dimer
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Appendix A 24. '*° NMR spectrum of C16 dimer
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Appendix A 25. " NMR spectrum of polyC6
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Appendix A 26. " NMR spectrum of polyC8
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Appendix A 27."" NMR spectrum of polyC10
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Appendix A 28. "M NMR spectrum of polyC12
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Appendix A 29. " NMR spectrum of polyC14
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Appendix A 30. " NMR spectrum of polyC16
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Appendix A 31. '" NMR spectrum of MonoEG-C6 bromide
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Appendix A 32. '*¢ NMR spectrum of MonoEG-C6 bromide
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Appendix A 33. " NMR spectrum of MonoEG-C6-a-hydroxy acid
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Appendix A 34. *° NMR spectrum of MonoEG-C6-a-hydroxy acid
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Appendix A 35. ' NMR spectrum of MonoEG-C6 dimer
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Appendix A 36. *° NMR spectrum of MonoEG-C6 dimer

185



wdd 1 14 4 S 9 L
1 1 — 1 1 1 1 _ 1 1 1 1 1 1 \— 1 1 1 1 _ 1 1 1 1 _ 1 1 1 1 _
07 8€1-0€°1 o1
07 o 1-8¢'1 6
07 091-251 8
Tt L81-6L1 L o o
8T SEEPEE 9 BN N NN
17 6€E5EE 3
0T SYE-Op'E v
07 £5°€-05°€ 3
1T 8SEVS'E [4
oy £9°€-65°€ 1
anep | (wdd) yiys eorweyd | "ON

sfea3a)m jo 3jqeL

Appendix A 37. ' NMR spectrum of DIEG-C6 bromide
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Appendix A 38. *° NMR spectrum of DIEG-C6 bromide
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Appendix A 39. ™ NMR spectrum of DIEG-C6-a-hydroxy acid
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Appendix A 40. '*¢ NMR spectrum of DiEG-C6-a-hydroxy acid
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Appendix A 41. " NMR spectrum of DIEG-C6 dimer
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Appendix A 42. *° NMR spectrum of DIEG-C6-dimer
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Appendix A 43. " NMR spectrum of TriEG-C6 bromide
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Appendix A 44. '*° NMR spectrum of TrEG-C6 bromide
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Appendix A 45. 'Y NMR spectrum of TriEG-C6-a-hydroxy acid
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Appendix A 46. * NMR spectrum of TriEG-C6-a-hydroxy acid
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Appendix A 47. " NMR spectrum of TriEG-C6 dimer
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Appendix A 48. '*° NMR spectrum of TriEG-C6 dimer
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Appendix A 49. " NMR spectrum of TetraEG-C6 bromide
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Appendix A 50. '" NMR spectrum of TetraEG-C6-a-hydroxy acid
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Appendix A 52. '" NMR spectrum of TetraEG-C6 dimer
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Appendix A 54. "' NMR spectrum of poly(MonoEG-C6)
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Appendix A 55. ' NMR spectrum of poly(DiEG-C6)
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Appendix A 56. '" NMR spectrum of poly(TriEG-C6)
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Appendix A 57. " NMR spectrum of poly(TetraEG-C6)
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Appendix A 58. "M NMR spectrum of propargyl-a-hydroxy ethyl ester
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Appendix A 59. '3 NMR spectrum of propargyl-a-hydroxy ethyl ester
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Appendix A 62. ™" NMR spectrum of propargyl glycolide
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Appendix A 63. *° NMR spectrum of propargyl glycolide
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Appendix A 64. " NMR spectrum of poly(propargy! glycolide)

213

ppn



Appendix A 65. '*° NMR spectrum of poly(propargy! glycolide)
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Appendix A 66. " NMR spectrum of poly(propargy! glycolide) — ran - polylactide
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Appendix A 67. '*° NMR spectrum of poly(propargy! glycolide) — ran - polylactide
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Appendix A 68. ' NMR spectrum of poly(propargy! glycolide) — block — polylactide
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Appendix A 69. '*° NMR spectrum of poly(propargyl glycolide) —block — polylactide
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Appendix A 70. 'Y NMR spectrum of DiEG-grafted poly(propargy! glycolide)
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Appendix A 71. '™ NMR spectrum of 2-bromooctadecanoyl chloride
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Appendix A 72. *° NMR spectrum of 2-bromooctadecanoyl chloride
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Appendix A 73. '™ NMR spectrum of TriIEG-C6-C16 dimer
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Appendix A 74. 3¢ NMR spectrum of TriIEG-C6-C16 dimer
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Appendix A 75. " NMR spectrum of TriEG-monobenzyl-ether-C6 bromide

224



()]

Rl

wdd ot 09 08 ool ozL ovtL 09l o8l m
Lo v b v v b v p oy o by v by byvn v b g e by b vy by by by e teen sy b e v by gy oy gyt -m
A NS %
_ﬁ 2

(V]

£

g

N

o

S

| 2474 91 85°0L 8 c

WL st 09°0L L m

9€'6C 14 9l'1L 9 )

s9zE €l LUEL S 9

S8EE [4! s LTl 14 ‘=

9¢'69 11 89'LT1 € -

S00L ol 67821 [4 S

95°0L 6 0Z8¢€1 | £
(wdd) yws [eorwayy ON (wdd) yrys jeorways N 3
syead jo ajqe] B

Q

(7]

14

=

P

J .
m/\/\/\/O\/\O/\/O\/\O n

<

X

T©

g

Q

<

225



v S 9 L
1 | PN NN TR SR T S B S
¥9 1Tl ]!
€T 651-8V'1 6
01 0LT-6S°1 8
'l 98°1-0L'1 L
1T IE-8EE 9
1T 86'€-IS'E S
§0I 89'¢-8¢°'¢ 4
01l oTYv-El'Yy £
0C ISY-ISY [4
6V €EL1TL I
sneA (wdd) yys reorurayy ON

HO

IO/:L/\/\/\/O\/\O/\/O\/\O/\@

o}

Appendix A 77. *" NMR spectrum of TriEG-monobenzyl-ether-C6-a-hydroxy acid
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Appendix A 78. *° NMR spectrum of TriEG-monobenzyl-ether-C6-a-hydroxy acid
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Appendix A 79. " NMR spectrum of TriEG-monobenzyl-ether-C6-C16 dimer
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Appendix A 80. "> NMR spectrum of TriEG-monobenzyl-ether-C6-C16 dimer
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Appendix A 81. '™ NMR spectrum of poly(TriEG-monomethyl-ether-C6-C16)
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Appendix A 82. " NMR spectrum of poly(TriEG-monobenzyl-ether-C6-C16)
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Appendix B. FT-IR Spectra
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Appendix B 1. FT-IR spectrum of C6 dimer
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Appendix B 2. FT-IR spectrum of C8 dimer
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Appendix B 3. FT-IR spectrum of C10 dimer
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Appendix B 4. FT-IR spectrum of C12 dimer
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Appendix B 5. FT-IR spectrum of C14 dimer

237

500

1000

1500

2000

2500

3000

3500

4000

Wavenumber (cm’)



1.6

|
s
—ﬁ:
e
o
\ r
-
< ~ S ® © < o °
- - o (=] o o
aueqiosqy

Appendix B 6. FT-IR spectrum of C16 dimer
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Appendix B 7. FT-IR spectrum of MonoEG-C6 dimer
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Appendix B 8. FT-IR spectrum of DIEG-C6 dimer
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Appendix B 9. FT-IR spectrum of TriEG-C6 dimer
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Appendix B 10. FT-IR spectrum of TetraEG-C6 dimer
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Appendix B 11. FT-IR spectrum of propargyl-a-hydroxy acid
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Appendix B 12. FT-IR spectrum of propargyl glycolide
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Appendix B 13. FT-IR spectrum of TriEG-monomethyl-ether-C6-C16 dimer
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Appendix B 14. FT-IR spectrum of TriEG-monobenzyl-ether-C6-C16 dimer
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