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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF TETRAHYDROFURFURAL
SUBSTITUTED POLYLACTIDES

By

Thomas L. Jurek I
Polylactides are widely used in biomedical applications due to their
degradability, and their value as commodity plastics is increasing due to their
attractiveness as “‘green materials.” However, the use of polylactide in
biomedical applications is limited by its hydrophobicity, which reduces the
degradation rate. In structural applications, dimensional stability depends on
polymer crystallinity since the polylactide glass transition temperature is low (Tg=
50-60 °C). Modifying the polylactide structure while retaining the polyester
backbone, provides polylactide derivatives that retain desired attributes such as
biodegradability. The goal of this research was to synthesize a polylactide

derivative with an increased T, and hydrophilicity.
We synthesized two new polylactide derivatives with pendant THF rings.
The stereochemical systems of poly(THFglycolide1) and poly(THFglycolide2)
were different, and the polymers had glass transition temperatures (74's) of ~64
°C and 44 °C, respectively. No changes in Ty were observed when LiCl was
added to poly(THFglycolide1), but the T, of poly(THFglycolide2) increased from
~44 °C to 64 °C. Static contact angle measurements showed that both polymers

were relatively hydrophilic compared to poly(rac-lactide).
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CHAPTER 1

Introduction
1.1 Poly(lactide)s

Most commaodity plastics are derived from petroleum, a limited resource.
However, biodegradable polyesters derived from renewable resources may be
viable replacements for petroleum based plastics. Polylactide (Figure 1), which
is emerging as a high volume “green material”, is biodegradable, bioassimible,
and can be recycled and composted.! Unlike its petrochemical counterparts,
polylactides sequester carbon dioxide from the atmosphere through its
production through photosynthesis.? Polylactide also can mimic poly(vinyl
chloride) (PVC), linear low density polyethylene (LLDPE), polypropylene (PP),
and polystyrene (PS)® because a wide range of physical properties can be

obtained through manipulating polylactide’s stereochemistry, crystallinity, and

!

Figure 1. Structure of polylactide

architecture.*

Initially, polylactides were limited to biomedical applications such as
bioassimable sutures, biodegradable implants and orthopedic devices such as
ligating clips and bone pins.® Production costs for polylactides were greater than
$2/Ib in 2000,° much higher than commodity plastics such as polystyrene, which

ranged between $0.40 - “$1.00/lb from 2007-2009.” Polylactide costs have



steadily declined since 2000, and polylactides offer benefits (from renewable
sources, degradable, ...) that petrochemical-based polymers do not.

Polylactide is commonly described as biodegradable, but the word must
be defined. The use of the word “biodegradable” should only be applied to living
cell-mediated degradation and not abiotic enzymatic degradation. In the case of
polylactides, simple chemical hydrolysis breaks down the polymer backbone into
oligomeric degradation byproducts. Once small enough, microorganisms may
then biochemically process the polylactide byproducts, or the partially degraded
polymer may enter the food chain and be processed indirectly by animals such
as earthworms. However, certain enzymes such as proteinase K have been
shown to cleave the main chain.® Polylactides eventually degrade to carbon
dioxide, water, and humus.® The bioassimibility of polylactides stems from the
lactic acid’s presence in nearly every form of life. In humans and animals its
primary function is related to the supply of energy to muscle tissue. In the
average adult male the turnover of lactic acid, the Cori cycle, has been estimated
at 120-150 g per day.®

Lactic acid and therefore polylactide can be derived from many renewable
resources such as cornstarch, cassava starch, cottonseed hulls, Jerusalem
artichokes, corn cobs, corn stalks, beet molasses, wheat bran, rye flour,
sugarcane press mud, barley starch, cellulose, carrot processing waste, spent
molasses wash, and potato starch.’® There has been increased interest in the
fermentive production of lactic acid from these feedstocks owing to their low cost

and environmental friendliness. Two microorganisms valuable in the fermentation



of biomass to lactic acid are the amylolytic bacteria Lactobacillus amylovorus
ATCC 33622 and Lactobacillus helveticus. L. amylovorus has been reported to
effect full conversion of liquefied cornstarch to lactic acid with a productivity of 20
g L' h™" while high cell density L. helveticus (27 g L) has a maximum
productivity of 35 g L™ h™ and complete conversion of 55-60 g L™ lactose present
in whey.
1.2 The synthesis of polylactides

As shown in Scheme 1, there are multiple pathWays to high molecular
weight polylactide. Polycondensation of lactic acid, with concomitant removal of
water to drive the polymerization reaction towards completion, usually provides
low molecular weight oligomers and with forcing, higher molecular weight
polymer with polydispersities near 2.0."" Since driving the equilibrium to high
molecular weight is slow, low molecular weight polylactide oligomers may be
converted to high molecular weight polymer by using chain coupling reagents.
Alternatively, oligomers may be thermally cracked to lactide, the lactic acid dimer,
using a catalyst such as zinc oxide, and then ring opening polymerization (ROP)
of lactide can provide high molecular weight polymers with excellent control over
the molecular weight. Lactide also can be obtained directly from dimerization of

lactic acid.
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Scheme 1. Pathways to polylactide from lactic acid®

Another route to polylactides is the polymerization of activated lactide
equivalents such as the decarboxylation polymerization of 1,3-dioxolane-2,4-
diones, or O-carboxyanhydrides (OCAs). The organo-catalyzed ROP of
carboxyanhydrides derived from lactic acid (lacOCA), provides high molecular
weight polymers with controlled molecular weights and narrow polydispersities
under mild conditions.'> Molecular weights up to 60,000 g/mol have been

achieved using the methodology illustrated in Scheme 2.
Oy-0 ROH/DMAP Q o .
> +
j:o>=o RO H °
n

Scheme 2. The synthetic equivalent route to polylactide




The thermodynamics for the polymerization of lacOCA was predicted to be more
favorable than the ROP of lactide for both enthalpic and entropic reasons, the
liberation of CO, being a considerable driving force.?

Lactic acid is one of the smallest chiral organic molecules. Naturally
occurring lactic acid is mainly L(+), while the D(-) isomer is uncommon.’
Dimerization of rac-lactic acid leads to three lactides, L-lactide, D-lactide, and
meso-lactide (Figure 2). D and L lactide are optically active while the meso
lactide is inactive. A 1:1 mixture of L and D lactide is called D,L-lactide, or

racemic or rac-lactide
O/I\Oj'//"'f 0”0 0”07

(S,S) L-lactide (R,R) D-lactide R,S-lactide

1\ J
- l
rac-lactide
meso-lactide

Figure 2. Isomers of lactide

Polymerization of the different stereochemical forms of lactide provides polymers
with different properties. For example, rac-lactide polymerizes to an amorphous
polymer with a glass transition temperature, T, of 50-60 °C while polylactide
synthesized from stereochemically pure D or L lactide generally is highly
crystalline with a melting transition T, around 180 °C."”* Common catalysts

and/or initiators include Sn(2-ethylhexanoate), (Sn(Oct),) paired with an alcohol



initiator such as benzyl alcohol or p-tert-butylbenzyl alcohol (BBA), and aluminum
triisopropoxide (Al(O-i-Pr);) which acts as both a catalyst and initiator Figure 3.
Recently, organocatalysts such as 4-(dimethylamino)pyridine (DMAP) have
been developed which yield high molecular weight polymers under mild

conditions® and eliminate the use of toxic metal catalysts.

OH
o)
/Oi-Pr ’\ N% |
HPrO—Al Q-8n-0 NN
Oi-Pr O |
Al(O-i-Pr)3 Sn(Oct)2 BBA DMAP

Figure 3. Common lactide polymerization catalysts and initiators

It is widely accepted that these catalyst and initiator systems operate by a
coordination-insertion mechanism." With Sn(Oct),, at least one of the 2-
ethylhexanoate ligands is exchanged with the initiating alcohol to form a tin
alkoxide initiator. Ring opening of the monomer forms an ester from the initiating
alcohol, and a new metal alkoxide derived from the ring-opened lactide.
Propagation proceeds through successive steps of ring opening and formation of

tin alkoxides.'>"

The catalyst/initiator systems utilized in this work were
Sn(Oct),/BBA as well as DMAP/BBA. As described below, ROP of alkyl-
substituted monomers using the DMAP/BBA system'® may follow a different

mechanism.



Since Hedrick and co-workers reported the first organocatalytic ROP of
lactide with DMAP and PPY (4-pyrrolidinopyridine),'® new organocatalysts have
been developed including N-heterocyclic carbenes (NHC's),
trifluoromethanesulfonic acid (HOTf), thiourea/amine combinations, guanidines,

and phosphazenes (Figure 4)."°

»

m " N
Mes-NN-Mes HO-g—CF;; Z

NS

N
NHC HOTf PPY
CF3 /
S /@\ (\)N:j <:N.P,_N-t-8u
P I\
‘N’U\N CFs N ” N\ NEt;
NH,H H
TBD BEMP

Figure 4. Representative organocatalysts developed for the ROP of lactide'®

The mechanism by which DMAP effects ROP of lactides is only
superficially understood. Two proposed mechanisms, illustrated in Schemes 3
and 4, were evaluated via computational studies at the B3LYP/6-31G(d) level,
with solvent effects (dichloromethane) taken into account through PCM/SCRF

single-point calculations at the B3LYP/6-31G(d) level of theory.




Scheme 3. Mechanism of the DMAP-catalyzed ROP of lactide as

proposed by Hedrick'®'®
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Hedrick et al. proposed that DMAP acts as a nucleophile, attacking the carbonyl
carbon and forming a zwitterionic acylpyridinium intermediate (Scheme 3).
Addition of alcohol to the acylpyridinium carbonyl carbon forms an ester,
regenerates DMAP, and generates a new alcohol species to propagate the
polymerization. This route was found to be less favorable than DMAP acting as
a base that activates nucleophilic attack by an alcohol as proposed in Scheme
4. In this mechanism, the optimized intermediates and transition states, found
through theoretical calculations, invoke a central role for multiple hydrogen
bonding, and the possibility of DMAP acting as a bifunctional catalyst through its
basic nitrogen center and the acidic ortho-hydrogen via non-classical hydrogen

bonding."®



Scheme 4. DMAP-catalyzed ROP of lactide proposed from intermediates
calculated by Bonduelle and co-workers'®
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1.3 Glass transition temperatures of polylactides

The Ty is a physical property that depends tacticity, crystallinity, molecular
weight, polymer architecture, and the presence of plasticizers. At T, a polymer
transforms from a rigid amorphous solid state to a melt state. The reptation
model is often used to describe the movement of polymer chains entangled in
networks such as polymer gels, melts, and concentrated polymer solutions. In
the melt state, the movement of a single chain can be described as a snakelike

motion constrained in a tube defined by entangled neighboring polymer



molecules.’® Using the reptation model, qualitative conclusions can be drawn

about the relationship between polymer structure and T, in polymers such as

polylactides.
0] H o] 0]
{’krowﬁ\o]’ P\roﬁ/LO]' o Ol/
H O n (0] n (o] n
poly(glycolide) poly(lactide) poly(ethylglycolide)
Tg=7?°C Tg=55°C Tg=15°C
O o
o o
@] n (o) n
poly(hexylglycolide) poly(octylglycolide)
Tg=-37°C Tg=-46°C

Figure 5. For n-alkyl substituted polylactides, Ty decreases as the alkyl chain

increases. 2!

A homologous series of n-alkylpolyglycolides was synthesized and the
measured Ty decreased with increasing alkyl length. Simple considerations of the
rotational barriers would predict that T, should increase as the alkyl chain length
increases. However, the observed decrease in Ty suggests that the dominant

effect is to screen dipole-dipole interactions between ester groups on adjacent
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chains. Another possibility is that alkyl groups are acting as internal plasticizers
and lower T,

Another series of polylactides supports dipole-dipole screening as the
mechanism for lowering T;. These polyglycolides are substituted with isopropyl
and isobutyl groups as shown in Figure 6. For isopropyl glycolide, one would
expect that the increased the steric bulk of the isopropyl groups will increase

rotational barriers about the polymer backbone and increase T, but the the Ty of

Regd, Bl

poly(lactide) ‘ poly(isobutylglycolide)
Tg=55°C Tg= 16 °C

Bodd  Bepd,

poly(isopropylglycolide) poly(tetramethylglycolide)
Tg= 56°C Tg= ?77°C

Figure 6. Polylactides further illustrating the effects of dipole-dipole screening?’
poly(isopropylglycolide) is almost identical to poly(lactide). Dipole-dipole

screening apparently compensates for any chain stiffening caused by the

increased rotational barriers. Similar effects are seen in poly(isobutyl glycolide).
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Extending the isopropyl groups one more carbon from the polymer backbone
increases screening effects and markedly lowers the T, to 23° C.%'

Screening effects are also observed in aryl-substituted polylactides. Two
aromatic polylactide systems, poly(phenyllactide) and poly(mandelide), were
synthesized from naturally occurring a-hydroxyacids. These aryl analogues of
polylactide were expected to have high glass transition temperatures due to the
steric bulkiness of aromatic rings, as well as the possibility of n-n interactions.
However, the Tgs of high molecular weight poly(phenyllactide) and
poly(mandelide) were 50 and 100 °C, respectively. The low T; of
poly(phenyllactide), comparable to poly(lactide), mirrors the poly(isobutyl
glycolide) system. In both cases, moving the sterically demanding group one
carbon from the polymer backbone decreased the rotational barriers and
increased screening effects.*

Poly(mandelide) would seem to be an ideal high Ty biodegradable
material with polystyrene-like polymers, however each repeat unit has a labile
methine proton, a to a carbonyl and an aromatic ring, making it relatively acidic.
Consequently, the poly(mandelide) epimerizes, discolors, and is prone to thermal
and photochemical degradation. Replacing the aromatic ring of mandelide with a
cyclohexyl group stabilized the methine proton in both the monomer and the
corresponding polymer while maintaining chain rigidity.?? As shown in Figure 7,
the Tgs of the resulting poly(dicyclohexylglycolide)s are 98 °C, for rac-

poly(dicyclohexylglycolide) and 104 °C and no signs of crystallization for
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poly(R,R-dicyclohexylglycolide) (greater than 98% stereochemical purity,

determined by integration of *C NMR).%

poly(phenyllactide) poly(p-tolyllactide) poly(mandelide) poly(cyclohexylglycolide)
Tg= 50 °C Tg= 59 °C Tg= 100 °C Tg= 98 °C

Figure 7. Tgs of aryl and cylcohexyl substituted polylactides

Tacticity can have an affect the preferred chain conformations of a
polymer and therefore the polymer T,."® Isotactic polylactide synthesized from
stereochemically pure D or L-lactide is generally crystalline with Tgs of ~60 °C
and Ts around 180 °C.2?* Through the use of selective catalysts, heterotactic
as well as syndiotactic polylactides have been prepared (Figure 8). Syndiotactic
polylactide synthesized from meso-lactide and annealed at 95 °C for 60 minutes
exhibits a Ty of 34 °C and a T, at 152 °C.?°® Heterotactic polylactide made from
rac-lactide polymerizes to an amorphous polymer (Tq = 49 °C) despite its
stereoregularity.?®

Although not all stereoregular polymers form crystalline phases,
stereoregularity generally enables polymer chains to pack in a regular fashion

and crystallize. As the degree of crystallinity increases, the chain mobility in the
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amorphous phase becomes restricted, thereby increasing 7,."* The effects of
crystallinity on polylactide Tgs have been explored by Gupta et al. using oriented
fibers with draw ratios from 1-12. As the draw ratio increased, the degree of
crystallinity increased, the melting transition increased from 176 to 180 °C, and
the T, increased from 61 to 72 °C.¥ Uryama et al. examined the effects of
crystallinity on the polylactide T, by deliberately adding defects to poly(L-lactide).
In a series of poly(L-lactide-co-D,L-lactide) copolymers with the L-lactide content
ranging from 75-100%, the polymer Tgs decreased from 61 °C for poly(L-lactide)
to 53 °C for a copolymer 75% poly(L-lactide). In addition, polymers with <85%

poly(L-lactide) content were amorphous.?®

o] ] 0 )
H o \S:)LO\S:/\LO R H 056\\0\8.)\\0 R
z z n B

n
Isotactic polylactide Syndiotactic polylactide
Tg»60°C Ty »180°C Tg=34°CTp=152°C

o} o] o} o
Hie G Gatatil
z z n

Heterotactic polylactide Tg =49 °C

23,24

Figure 8. Isotactic,>>%* syndiotactic?® and heterotactic?® polylactides

Linear polylactides joined to form different polymer architectures have
varying Tgs. Figures 10-12 show examples of star-shaped, branched, and comb-

like polymers, all exhibiting differing properties. For each architecture, increasing
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the composition of L-lactide in the polymer increases both T, and Tn, as

expected.
R (0)
Of~oH Oy 0T Of~oHt Oy o
0 O O i
RiJ x CHyo Y RaR_/ X CH; O !
N J N J
Y Y
R R
Star-shaped poly(L-lactide) Star-shaped poly(D,L-lactide)
Tg~17-38°C, Tg~125-155 °C Tg~-29-27 °C

Figure 9. Star shaped poly(L-lactide) (M, = 16,000-96,000 g/mol)?® and

poly(D,L-lactide) (M, = 1,500-9,500 g/mol)®

%OKOKLOM;O%

Branched poly(L-lactide-co-mevalonolactone)
Tg~47°C T~ 161°C

Figure 10. Branched copolymer with mevalonolactone/L-lactide 10:90

M, = 23,000
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Tg~16-19°C Ty ~103-140°C
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poly(glycidol)-g-PLLA
PVA-g-PLLA Tg~46-57°C Ty ~130-174°C Tg ~2841°C T, ~119-168 °C
PVA-g-PDLA Tq ~38-44°C

Figure 11. Examples of comb-like polylactides including poly(glycidol)-g-poly(L-
lactide) (M, = 25,000-287,000 g/mol),*? poly(vinyl alcohol)-g-PLLA (M, = 76000-
274,000 g/mol) and poly(vinyl alcohol)-g-PDLA (M, = 125,000-260,000 g/mol),*

and dextrin-g-PLLA(M, = 110,000-350,000 g/mol).3*3

Copolymerization is commonly used to alter the polylactide and achieve

higher Ty materials. Copolymer Tgs vary with composition and fall between the
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Tgs of the two homopolymers. For homogeneous copolymers, the T, can be

described empirically by the Fox equation*® as:
1 2
l/TgZWI/Tg‘l'WZ/Tg Equation 1
where w, and w, are the mass fractions of components 1 and 2, respectively. To

obtain a high polylactide T,, lactide must be copolymerized with a monomer that
yields a higher Ty polymer. Accordingly to the guidelines outlined earlier, the
required monomers are those that provide polymers with restricted rotational
barriers or a stiff backbone. The examples shown in Figure 12 incorporate

pendant rings that restrict backbone flexibility and stiffen the polymer chain.
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poly(L-lactide-co-benzyllPPTC) T4 =60-69 °C poly(L-lactide-co-IPPTC) T4 =58 °C

He s

HO OH
poly(L-lactide-co-IPPTC) Tg4=52°C

\Fo/\n/]/:ﬁ’\ \Kojﬁo(o ? o/\[go oy
A

o)
/}‘0 00 4—0 4 ><o
poly(DIPAGYL) Tq =95 °C poly(L-lactide-co-PAGYL) Tg =73 °C

a6 T

poly(N-acetyl-4-hydroxyproline-co-mandelic acid) poly(L-lactide-co-IPXTC) Tg =60-89 °C
R=CHj3, Tg=53-119 °C; R=OCHyPh, T4 =54 °C

Figure 12. Examples of functional polymers with pendent ring or rings in the
polymer backbone structures: poly(L-lactide-co-benzyllPPTC) and poly(L-lactide-
co-IPPTC), *” poly(PAGYL) and poly(L-lactide-co-PAGYL),* poly(N-acetyl-4-

hydroxyproline-co-mandelic acid),*® and poly(L-lactide-co-IPXTC).*°
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A class of polylactides analogous to copolymers is homopolymers derived
from AB monomers. AB monomers are unsymmetrical lactides synthesized from
two different glycolic acid units. The Tgs of polymers synthesized from AB
monomers are roughly the average of the Tgs of the two homopolymers. The
examples shown in Figure 13 were synthesized in the Baker lab with the

exception of the n-hexyl derivative reported by Trimaille et a/.*'

byt Mf/ R m

g=7?° - 440
C g 11°C

Tg= 85°C Tg= 73°C
Figure 13. T, trends in homopolymers from AB monomers®’
Cross-linking increases the T, of polymer systems, and is usually
attributed to a decrease in configurational entropy as the distance between
cross-links decreases.*>*® In polylactide systems, cross-linking is accomplished
by a number of methods including post-synthesis addition of polymerizable
cross-linking agents, end-capping polylactides with cross-linkable acrylates or
other polymerizable groups, and the synthesis of lactide-based cross-linking

agents that can be copolymerized with lactide.” When the cross-linking is less
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than 10 mol%, Ty usually increases less than 10 °C. Most examples reported in
the literature involving high molecular weight polylactide fall into this category.
Larger increases in Ty usually require cross-linking low molecular weight
oligomers to high molecular weight polymer.*®

Inter and intrachain hydrogen bonding can also increase polymer Tgs.
Hydrogen bonding makes the polymer chains “sticky”, restricting their movement
through the tube described in the reptation model. Morpholine-2,5-dione
derivatives, glycolides where an a-hydroxyacid group has been replaced by an a-
amino acid, place amides in the polymer backbone (Figure 14). As expected,
the data in Tables 1 and 2 show that the copolymer Ty increases with the amide
concentration, illustrating the effects of hydrogen bonding and the higher

rotational barrier of the amide bonds.
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(IPMD) poly(IPMD-co-lactide)

Figure 14. Copolymerization of morpholine-2,5-dione derivatives with

glycolide* and lactide).*®
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Table 1. Composition and Tgs of poly(MMD-co-glycolide)

Mole fraction of MMD T.(°C)
in copolymer (%) o

0 43
9 54
20 63
26 68
35 72
45 75
66 75
85 86
100 91

Table 2. Composition and Tgs of poly(IPMD-co-lactide)

Mole fraction ot IPMD °
in copolymer (%) To("C)

0 40

7 41

9 42

29 45

46 48

70 56

100 74

When pendant carboxylic acid groups are added to polylactides, T, increases
significantly due to hydrogen bonding (Figure 15). Feng et al. polymerizated
benzyl-protected morpholine-2,5-diones (poly(lactic acid-alt-Asp(OBn)) and their
copolymers with D,L-lactide (poly((lactic acid-alt-Asp(OBn lactic acid)-co-lactic

acid) 30 mol % aspartic acid, as determined by 'H NMR). The Tys were 34 °C
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and 47 °C, respectively.*® Removal of the protective benzyl groups provides
poly(lactic acid-alt-Asp(OBn)) and poly((lactic acid-alt-Asp(OBn))-co-lactic acid)

with Tgs of 87 °C and 64 °C, respectively.

O H QO H
Ho/Pd
o) n 0] n

BnO  ©O Ho O
poly(Lactic acid-a/t-Asp(OBn)) poly(Lactic acid-alt-Asp)
Tg= 34°C Tg= 87°C
0] O N (0] O K
Ho/Pd
0] n o m ) @) n o m
BnO  ©O Ho O
poly(Lactic acid-co-Asp(OBn)) poly(Lactic acid-co-Asp)
Tg= 47°C Tg= 64°C

Figure 15 Removal of the protective benzyl groups from poly(lactic acid-alt-
Asp(OBn)) and poly((lactic acid-alt-Asp(OBn))-co-lactic acid) increase their Tgs

by 53 and 17 °C, respectively.

1.4 Hydrophilic polylactides

Adding hydrogen bonding to polymers increases their Tgs, and can impart
other properties such has hydrophilicity. Polylactides are typically hydrophobic,
but hydrophilic polylactides may exhibit useful properties such as the ability to
form micelles, lower critical solution temperature (LCST) behavior, and water

solubility. These properties could prove useful in medical applications such as in
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drug delivery, where a hydrophilic polylactide may have accelerated degradation
rates in vivo or resist protein fouling.*’

The usual method for evaluating the hydrophobicity/hydrophilicity of
materials is contact angle measurements. In 1805, Young described the
relationship between the surface tension at the three-phase contact line between
a smooth, rigid, solid phase S, a liquid L, and its vapor V (Figure 16).

Liquid drop

Ysv

Solid surface

Figure 16. Contact angle of a liquid drop on a solid surface and representation
of surface tensions at the three-phase contact point.*®

The contact angle, 6, is defined by the equation:

YLv'€0sB = ysv — YsL Equation 2

where Ly, Ysv and ys,. are the surface tensions (or free energy per unit area) of

the liquid-vapor, solid-vapor and solid-liquid interfaces.*®

The value of 6 indicates the hydrophobicity of a surface. A large 6
corresponds to a hydrophobic surface while a small 8 implies a hydrophilic
surface.*® The range of contact angle measurements are from 0-180°. Materials
that are completely wetted have a contact angle of 0°, while the other extreme,

180°, is not possible because it would imply a total lack of interaction between
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the liquid and the solid. Vogler differentiated “hydrophilic" and “hydrophobic”
surfaces by their water contact angle. Materials with contact angles > 65° were
considered to be hydrophobic, and a contact angle < 65° indicated a hydrophilic
material.>

The usefulness of contact angle measurements is quite apparent in drug
delivery systems where they can be used to determine the behavior of a
substance in a particular environment, to improve processability and
bioavailability, and to control process and product quality. The wettability,
determined from contact angle measurements, can be used to predict and
determine the rate of release or interfacial interactions between components.®’
For example, protecting proteins from gastric hydrolysis requires a hydrophobic
polymer.

Polylactides are hydrophobic by nature. The reported contact angles for
poly(D,L-lactide) range from 87° to 69°,°> while a contact angle of 100° for
poly(hexylglycolide) was attributed to the added hydrophobicity of the hexyl
groups.*” If a hydrophobic group increases the contact angle of polylactides,
then adding a hydrophilic side group should have the opposite effect. Hydrophilic
polylactides have been synthesized by grafting polyethylene oxide (PEO)
segments to the polymer backbone via a hexyl spacer as shown in Figure 17.
The polymers contain n = 1,2,3, and 4 PEO units, and all had weak T4 values at
~-25 °C.*” When n = 1 and 2, the contact angles were between 50-75°. Although
hydration of the hydrophilic side chains prevented precise measurements, the

increased hydrophilicity was obvious compared to more hydrophobic polylactide
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examples. When n = 3 or 4 the polymers were water-soluble and formed clear

solutions below their LCST.*’

LOVEaS S
W e

—x
Figure 17. PEO-grafted polylactide structure*’

Other examples of hydrophilic polylactides include polymers with pendant
alcohol groups. Poly(DIPAGYL) (Figure 18) is derived from glycolic acid and D-
gluconic acid with its alcohol functional groups protected with propylidene
groups. The protected polymer is insoluble in hydrophilic solvents such as
methanol, ethanol, and water. After deprotection, (maximum deprotection
achieved was 60%) the polymer was soluble in methanol and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>