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3.0 SYNTHESIS AND CHARACTERIZATION OF OPTICALLY ACTIVE AND
RACEMIC POLY(LACTIC ACIDS)

3.1.0 INTRODUCTION

Over the past 15 years, research interest in the
synthesis and characterization of poly(lactic acids) has been
fostered by their industrial applications in medicine and
surgery (1). Biomedical applications cover a broad range of
end uses including sutures (2), burn wound covering (3), drug
release systems (4), and resorbable prosthesis in orthopedic
surgery (5). Although lactic acids can undergo a
condensation polymerization (6,7), the molecular weight of
the product 1is +too 1low to be suitable for biomedical
applications. Presumably, this 1low molecular weight is due
to the  standard problems  associated with condensation
polymerizations. These problems include the necessity for
effective removal of water from the polymerization, exact
stoichiometry, high temperatures, and long reaction cycles
(8). However, diastereoisomeric lactides, derived from the
L- and D- lactic acid enantiomers have been shown to undergo

a ring-opening polymerization both in solution and the bulk
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phase to yield molecular weights which are considerably
higher and of industrial importance (9,10). This ring-
opening polymerization is shown schematically in Fig. 3.1.
Lactide is a member of a class of cyclic esters known as
glycolides, that are, in general, cyclic dimer esters ofoQ-
hydroxy-acids. As such, lactide is considered to be a
modified lactone whose polymerization behavior is reported to
be similar to conventional six membered lactones, 1like 5-—
valerolactone (11).

Within the context of some general aspects of lactone
polymerization chemistry discussed below, the pﬁrpose of this
study was to investigate the polymerization of both optically
active L-lactide and racemic D,L-lactide. Control of
molecular weight in a polymerization scheme with stannous
octoate as the catalyst/initiator system was the primary
objective. Previous attempts at determining the relationship
between melt polymerization conditions and the molecular
weight for D,L-lactide initiated with tetraphenyl tin were
unsuccessful (12). The observed irreproducibility of product
molecular weight was considered to be related to contaminants
stemming from the hydrolysis products of 1lactide (12). The
following work will deal with the effects of stannous octoate
concentration, lactic acid concentration, and polymerization
temperature on molecular weight and molecular weight
distribution. In addition, reaction profiles (kinetics) were

monitored in terms of monomer conversion and molecular weight
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Figure 3.1. Schematic of ring-opening polymerization of
poly(lactic acids).
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distribution. Finally, some configurational structures of
lactic acid stereopolymers were determined by 13C. NMR
techniques.

As a precursor to the aforementioned study, some general
aspects of lactone polymerization will be discussed. Lactone
ring-opening thermodynamics and mechanism will be addressed
as well as some of the specifics on the stereochemistry and

thermal stability of poly(lactic acids).



3.1.1 SOME GENERAL THERMODYNAMICS OF RING-OPENING

POLYMERIZATION

In contrast to condensation polymerization, the ring-
opening polymerization of lactones can lead to an extremely
high molecular weight polyester in comparatively short
reaction times and lower reaction temperatures (13).
Depending on the catalyst/initiator system employed, the
number of reacting sites does not change during
polymerization with a stepwise addition of monomer +to the
growing chain and consequent regeneration of propagating
species. This can also lead to the exact control of end
groups which can be c¢ritical in the final applications for
the polyester (14).

Although there is no generation of a by-product in ring-
opening polymerization, and this 1is generally considered to
be an advantage, it must Dbe emphasized that lactone
polymerizations are equilibrium processes which are normally
biased toward the product polymer side (13). Formal
thermodynamics predicts +this equilibrium in terms of a
ceiling temperature. From a practical point of view, the
ceiling temperature can be considered as +the highest
temperature at which an acceptable amount of monomer exists
in equilibrium with the polymer. Assuming a suitable
mechanism is available through which the reaction may

proceed, high molecular weight products are achieved only if
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a negative Gibbs free energy change for +the propagation
reaction is realized. At equilibrium, the propagation step
in the polymerization of any ring-opening system may be

generalized as:

Kp

— 3.1
‘\"R + M ‘——.Ko\ Nﬂ -1

where K? and Kd are the propagation and depropagation rate
constants respectively. At equilibrium, the overall free

energy change for the reaétion is identically zero:

AG:= AGC+TTK=0 (3.2)

o
where Cﬂgis the free energy of polymerization at appropriate
standard states and ¥L is the equilibrium constant for the

overall reaction and can be expressed as:
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for [ Rk 1=[ R¥1. Substitution of Eq. 3.3 into Eq. 3.2

(3.3)

yields:
° S
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with lc_ defined as the ceiling temperature. This

relationship shows that +the equilibrium concentration of
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monomer is clearly a reciprocal function of reaction
temperature (ceiling temperature). In the case of lactones
of five, six, or seven membered rings, the temperatures at
which substantial amounts of monomer are present may be quite
low (15). For example, poly- g -valerolactone under
conditions of polymerization where the temperature is in
excess of 150 C, a substantial amount of monomer is present
in the reaction mixture at equilibrium (16). Conversely, if
the polymeric valerolactone reaction product, once isolated
from residual monomer, is reheated to temperatures in excess
of 150 C, monomeric lactone;again can be regenerated to the
point of equilibrium.

The overall driving force for the polymerization and the
resulting reversibility of reaction with a ring-opening type
of polymerizétion is, in general, +thought to arise from
strain within the ring structure. This discussion would
naturally begin with the classic work of Dainton and co-
workers (17,18) in which the thermodynamics of the
hypothetical polymerizations of 1liquid cycloparaffins to
liquid polymers at 25 C were theoretically calculated. The
Gibbs free energy change associated with the hypothetical
reactions as a function of ring size show a maximum positive
(non-favorable) value for a six membered ring. The values
become progressively more negative (favorable) with both
increasing and decreasing ring size. Thus, the most

favorable polymerization reactions within the series of 3 to
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8 membered rings are for cyclopropane and cyclooctanse.
Further calculations indicated that pendent alkane
substitution along the ring tended to stabilize the ring
structure with respect to the linear polymeric product and,
thus, increase the Gibbs free energy of polymerization.
Subsequent calculations by Small (19) predicted the influence
of an ether oxygen hetero atom substitution in alkane rings
on the free energy for polymerization. Again, these results
indicated a maximum in the Gibbs free energy for six membered
rings preventing the polymerization of tetrahydropyran and
1,4 dioxane (13). Insertion of an ester group in the cyclic
ring system significantly alters the polymerization habits of
the lactone cyclic series. Hall and Schneider (20) have
investigated the polymerization of ring systems containing
carbonyl groups including lactones. Although the maximum
free energy for lactam rings still occurs for six membered

rings, the lactone maximum was shifted to x-butyrolactone

allowing facile polymerization of 8 -valerolactone a six
membered ring (19). Consistent with the predictions of
Dainton et al. (17,18), recent work on the copolymerization

of glycolide and lactide has shown a significantly enhanced
reactivity of glycolide as compared with lactide which has
pendant methyl groups on each of twoci.carbons (21).

Early conclusions by Hall et al. (22) indicated that the
polymerizability of lactones was dependent on internal ring

strain. Brown (23) described the internal ring strain as
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arising from bond angle distortion, and van der Waals radii
compression. Thus, in small three or four membered rings,
bond angle distortion was considered as the principal source
of strain. In intermediately sized rings, only bond
opposition forces prevailed. The largest rings were
considered to be susceptible to both van der Waals
compression forces as well as bond opposition forces. Later
authors (24) reviewed the correlation between ring strain and
polymerizability of lactones and have found some fault with
the correlation. However, as reviewed by Lundberg and Cox
(15), some general conclusions are still valid:

1) The polymerizability of five and six membered
carbonyl cyclic monomers depends on the class of the
compound. Valerolactone (6 membered) shows facile
reactivity while butyrolactone is‘ at best extremely
difficult to polymerize (25).

2) Four, seven, and eight membered ring polymerize in
all cases.

3) Alkyl or aryl pendant substituents on lactone rings

always decrease reactivity.



3.1.2 LACTONE POLYMERIZATION MECHANISMS

Polymerizations of lactones, especially Eg -
propiolactone and EE -caprolactone, have been extensively
studied. A great number of organometallic compounds, metals,
metal hydrides, Lewis acids, protonic acids, amines, and
alcohols have been examined as catalysts and/or initiators
for lactone polymerization. The term catalyst as applied in
the ensuing discussion may appear technically incorrect since
occasionally the named catalyst may become attached to the
polymer molecule. Catalyst and initiator are used
interchangeably in the literature. Most of the species,
which when combined with lactones result in polymerization,
will be termed catalysts. The term initiator will be used
exclusively with those species which have active hydrogens
and are designed to become a part of the polymer. A number
of excellent reviews (14,15) have compiled a list of
catalysts and initiators used in the ring-opening
polymerization of lactones and +the reader 1is referred to
these for specific details.

Brode and Koleske (14) categorize all initiators and
catalysts for lactone polymerization into oﬁe of three
systems summarized below:

1) Active Hydrogen Initiated Polymerizations without
Catalyst

Conventional active hydrogen initiators such as
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carboxylic acids, alcochols, and amines are restricted to the
synthesis of relatively low molecular weight polyesters (16).
This reaction scheme is also characterized by relatively slow
reaction kinetics as exemplified by the polymerization of 6 -
valerolactone initiated with ethylene glycol or ethanolamine
(16). Although rapid rates were reported for the initial
reaction between the monomer and amino group (ethanolamine),
the initiation step is followed by a slow propagation step as
monomer is added to the terminal hydroxyl group. In general,
when a lactone is heated in the presence of an active
hydrogen initiator, both initiation and propagation are very
slow (26).
2) Nonactive Hydrogen Initiated Polymerizations

Anionic and cationic, as well as coordination,
initiators have been used to prepare high molecular weight
polyesters from lactones. Although these initiators have
been often referred +to as catalysts, a clear distinction
needs to be made between the two terms. Catalysts influence
only reaction rates while initiators are incorporated into
the polymer product. On occasion, initiators may also act as
catalysts, however, in general they can be distinguished from
catalysts by their influence on molecular weight. Both € -
caprolactone and 6. -valerolactone have been polymerized to
high molecular weights with the use of such organometallic
catalysts as stannous diacylate (27), stannic tetracylate

(27), dimethyl cadmium (28), methyl magnesium bromide (28),
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and dibutyl =zinc (28). The absence of active hydrogen
initiators, often used in conjunction with these nonactive
hydrogen initiators, generally results in poor control of
molecular weight and end groups. More recently, an exception
to this generality has been found in the polymerization of
lactones with aluminum alkoxides (29) and bimetallic‘}x-
oxoalkoxides (30).

3) Active Hydrogen Initiated Polymerizations with Catalyst

The use of an active hydrogen initiator in conjunction
with a catalyst (organometallic initiator) has resulted in
good molecular weight and end group control. Carboxylic
acids and polyols, as well as polyamines, have been used with
catalyst systems such as zinc or 1lead salts (31), alkyl
titanates (31), stannous esters (32), stannic esters (32),
and phosphines (32).

Ring-opening polymerization mechanisms of lactones are
thought to be a function of the catalyst and/or initiator
employed and are subdivided into anionic, cationic, and
coordination type mechanisms (13). Note that the anionic and
cationic mechanisms referenced above can be considered to be
limiting cases with the coordination mechanism as the
intermediate case between the other +two modes (33). 1In
actual practice, the identification of a particular catalyst
that functions as an anionic or cationic catalyst is somewhat
subjective for lactone systems (15). Based on the early work

of Cherdron and Ohse (34,35) with the polymerization ofg-
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valerolactone with acetyl perchlorate, +there appears little
doubt that all three mechanisms involve the cleavage of the
acyl-oxygen bond. Exceptions to +the acyl-oxygen bond
cleavage may be found in highly strained lactones such as in
the anionic polymerization of c{ , CK disubstituted-
propiolactones (36) and the cationic polymerization of ﬁg,

¢3 dimethyl propiolactone wherein ring-opening is thought to
occur via alkyl-oxygen cleavage (37). Figure 3.2 shows the
acyl-oxygen and alkyl-oxygen bonds in lactide. Presumably,
the "configurational retaining" characteristics of some of
the known catalysts for lactides such as tetraphenyl tin
(12), stannic chloride (38), zinc (39), and stannous octoate
(40,41) preclude the cleavage of the alkyl-oxygen bond since
this could potentially cause racemization of the optically
active carbon. Recently, alkali metal carbonates were shown
to be reactive initiators for L-lactide B polymerization yet
were shown to cause considerable racemization even at low
reaction temperatures (42,43). Since racemization increases
with Dbasicity of the catalyst, it was suggested +that
deprotonation of the monomer at +the carbon is the main
source of racemization. Thus, the proposed mechanism of
ring-opening through acyl-oxygen cleavage is assumed +to be

operative even for alkali metal carbonates.



321

0 ACYL-OXYGEN BOND
I / )
\\\\

Ho ..~ ¢
C\CH O
l 3 |<——ALKYL—OXYGEN BOND
o,  ™¢

e

O

Figure 3.2. Potential for bond cleavage in ring-opening of
lactide.



3.1.2.1 ANIONIC POLYMERIZATION OF LACTONES

Some of +the most effective anionic catalysts for the
polymerization of lactones appear to be metal alkyls and
metal alkoxides (35). The nature of the actual initiating
species for most anionic/lactone polymerization systems is
somewhat obscure (44,35). Combination of certain modifying

agents with metal alkyls has led to enhanced activity of the

catalytic species. These modifying agents include water,
oxygen, and alcohol (44). In contradiction, several patents
dealing with organometallic catalysts for the

homopolymerization of lactones have cited the necessity of
the absence of water and other impurities (45,46). Despite
the apparent confusion, Cherdron et al. (34) have proposed
that the mechanism for anionic polymerization involves the
acyl-oxygen cleavage of the lactone rings as shown in Fig.
3.3. The attack of the base upon the carbonyl group is the
éharacteristic feature of the initiation process. The anion
produced upon the opening of the ring is the propagating
intermediate. Addition of subsequent monomers continues
until termination or equilibrium monomer concentration is
reached.

It has been speculated that, excluding any termination
or side reactions, these anionic systems should lead to
"living polymers”, and the molecular weight should be

inversely proportional to the concentration of the "catalyst"”
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Figure 3.3. Reaction mechanism proposed for anionic
polymerization of valerolactone (34).
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species. For example, the polymerization of Ebcaprolactone
andCf,O(dimethyl— ﬁg —isopropylidennglactones when catalyzed
with dibutyl zinc, shows reaction profiles indicative of a
“living polymer" system (47,36), although molecular weight

distribution data to support this premise were unavailable.



3.1.2.2 CATIONIC POLYMERIZATION OF LACTONES

Most reported polymerizations employing only acid
catalysts, Lewis or protonic, describe only the preparation
of low molecular weight polyesters (34,37). Cationic
catalysts, in the absence of active hydrogen initiators, have
been suggested to involve propagation through either an
oxonium ion or the carbonium ion derived by the ring-opening
of the oxonium ion (37). For the case of ring-opening
ethers, it has been argued that since the trialkyloxonium ion
is the more stable of these, the oxonium ion 1is the
predominant species in the propagation (37). Generally, the
accepted scheme for propagation, as shown in Fig. 3.4,
involves both the oxonium and carbonium ion in equilibrium.
Through the work of Cherdron et al. (34) and Yamashita et al.
(37), it has been shown that both the basicity and free
energy of polymerization participate in determining the
kinetic and thermodynamic characteristics (respectively) of
the cationic (non-active hydrogen) polymerization of
lactones.

In the presence of an active hydrogen compound, where a
carbonium/oxonium ion intermediate would not be possible,
cationic catalysts are postulated +to aid in the acyl-oxygen
cleavage (16). Specific intermediate structures have not

been proposed (37).
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polymerization of valerolactone (37).



3.1.2.3 POLYMERIZATION OF LACTONES INITIATED BY ACTIVE
HYDROGEN SPECIES

Various alcohols, amines, and carboxylic acids have been
shown to react with lactones to form a variety of adducts
(48). By reducing the reaction concentration of active
hydrogen species, the molecular weights of the product
polyesters were demonstrated to increase, suggesting a
stepwise addition of lactone monomer. The polymerization of
S}valerolactone with an alcohol and amine has generally led
to low absolute molecular weight, suggesting a substantial
amount of unreacted monomer in equilibrium with the polymer
(16). A kinetié study indicated that in the initial stages
of the reaction, a rapid reaction between the active hydrogen
species and ‘S -valerolactone occurred followed by very slow
propagation. The mechanism postulated for active hydrogen
polymerization of lactones is given in Fig. 3.5. Presumably
the propagating species in lactone polymerizations so
initiated is the terminal hydroxyl group. Generally, these
polymerizations require temperatures of 100 to 200 C and long
reaction times.

The accelerating effects of various catalysts mentioned
previously on the active hydrogen initiated polymerizations
are considered to be related to the use of these catalysts in
promoting transesterification (31,32,42,43).

Kohn et al. (49) have proposed a mechanism for the
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polymerization of glycolides in the presence of active
hydrogen species based on a transesterification reaction.
Figure 3.6 shows the detail of the steps involved. 1In
general, it was postulated that attempts at polymerizing
g€lycolides with strong Lewis acids (cationic catalysts) under
anhydrous conditions failed because trace amounts of water
were necessary to form protonic acids from the hydrolysis of
Lewis acids. The resulting protonation of one of the two
carboxyl oxygens on glycolides will promote a
transesterification type of addition of glycolide followed by
a proton shift. Polymerization proceeds through the repeat
of this process. If, in fact, +this is +the mechanism, it
would aid in the explanation of +the use of known
transesterification catalysts in promoting active hydrogen
initiated polymerizations of lactones.

It might be expected +that the conditions for a "living
polymerization” would be fulfilled under some of these
mechanisms. However, the possibility of ester interchange,
both intra- and inter- molecular, is a strong possibility and
would tend to broaden the molecular weight distribution to

that of a most-probable distribution.
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Figure 3.6. Transesterification (SN2 type) polymerization
mechanism for lactide (49).



3.1.2.4 POLYMERIZATION OF LACTONES CATALYZED BY COORDINATION
TYPE MECHANISMS

A number of publications document the insertion reaction
of lactone monomers into the metal hetero-atom of chosen
organometallic compounds and indicate that catalyst
incorporation into the polymer backbone may take place (14).
The coordination catalyzed polymerization involves a
concerted insertion with concurrent cleavage of covalent
bonds in catalyst and monomer (33). The scheme is shown in
Fig. 3.7, again, showing the anticipated acyl-oxygen fission.
However, +the occurrences of alkyl-oxygen cleavage in this
mode of "catalysis" is clearly more prevalent as reviewed by
Brode and Koleske (14). It may serve to reiterate that the
anionic and cationic mechanism previously discussed may be
considered as limiting cases. Depending on experimental
conditions, a given compound may be observed to behave
anywhere within the spectrum whose 1limits are defined as
anionic and cationic.

Triisobutylaluminum has been claimed as an anionic
catalyst for +the polymerization of some optically active
lactones derived as substituted caprolactones (15). As
testimony to the subjectivity of the classification of
catalyst systems into cationic, anionic, or coordination
types, more recent authors claim that triisobutylaluminum

functions as a coordination type catalyst in the
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polymerization of glycolide and lactide (49).



3.1.2.5 MOLECULAR WEIGHT DISTRIBUTIONS

A number of authors have suggested that ring-opening
polymerization of lactones should, under ideal conditions,
proceed via a "living" mechanism (15,30,47). This would, in
fact, yield polymers with very narrow molecular weight
distributions referred to as a Poisson distribution (8).
Flory (8) states that the following conditions must be met in
order to achieve narrow molecular weight distributions:

1) The growth of each polymer molecule proceeds by
consecutive addition of monomer wunits to an active chain
terminal group, the number of which is proportional to the
initiator concentration.

2) All active terminal centers (one per molecule) must
at all times during the course of the reaction be equally
reactive.

3) The active centers for monomer addition must all be
introduced at the onset of polymerization.

4) There must be no chain transfer, termination, ester
interchange, or depolymerization steps during the course of
the reaction.

In general, most fing-opening reactions (50), including
lactone polymerizations (33), result in broader
distributions. The ideal conditions above are only known to
exist for lactone polymerizations for some limited solution

polymerization conditions (29). In fact, prediction and/or
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control of molecular weight based on catalyst concentration
for the melt polymerization of lactide (21,41,51,52), as well
as six membered lactone rings in general (14,15,53-58),
cannot be made based on the 1literature data available.
Kinetic data on the polymerization of caprolactone in the
melt do not fit Flory’s "living"” mechanism. This has led to
the conclusions that, in addition to initiation and
propagation steps, side reactions involving co-initiators,
chain transfer phenomena, transesterification reactions, and

the formation of cyclics in depolymerization reactions are

involved (33).



3.1.3 STEREOCHEMICAL SEQUENCE CONSIDERATION IN POLY(LACTIC
ACIDS)

Different configurational structures in poly(lactic
acid) are obtainable depending on the diastereoisomeric
composition of the lactide feed (10). In particular, the six
membered cyclic diester, with two chiral centers per
molecule, can exist as four different compounds. Both the
L,L and D,D antipoles are known to exist as L- and D-
lactides, respectively. The equimolar solid racemic
combination of L- and D- lactides, and finally +the D,L
diastereoisomer or meso-lactide have also been isolated. As
discussed previously, many of the known initiators for the
ring-opening polymerization are configurational respecting.
Thus, the pair addition mechanism of lactide ring-opening
polymerization provides a means of synthesizing some
controlled tacticities (39). For example, the L-lactide will
polymerize to a crystallizable isotactic polymer with a
melting point of 180 C and a glass transition temperature of
60 C (59). Polymerization of racemic lactide will yield a
tacticity dominated by random sequences of meso dyads as
dictated by +the D,D and L,L dimer repeat units. Racemic
poly(lactic acid) is an amorphous polymer with a slightly
lower glass +transition temperature at 53 C (41). Poly(L-
lactic acid) and racemic poly(lactic acid) are the two

systems synthesized in this study. However, two additional
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possibilities exist and should be mentioned for completeness.
Meso-lactide polymerizes to a predominantly syndiotactic
configuration since racemic dyads are favored, while a
completely atactic poly(lactic acid) is also possible via a
condensation route from a racemic lactic acid feed stock
(60). Figure 3.8, originally constructed by previous authors
(60), shows the theoretical configurational structures of the
four simplest lactic acid stereocopolymers discussed above.

Sporadic work over the last twenty years has
demonstrated the configurational dependence of physical and
biological properties of lactic acid copolymers (61-64). In
the most recent work, a systematic introduction of D units
into predominantly poly(L-lactic acid) affected the control
of the tensile strength and biodegradability of the
stereocopolymers. It has been suggested that the occurrence
of transesterification reactions in the polymerization
reaction or in subsequent thermal processing could affect
stereosequence distributions although the overall
enantiomeric purity of the copolymers is unaffected since
chiral bonds are not broken in transesterification (65).
Thus, +transesterification has +the potential of destroying
intended sequence distributions in poly(lactic acids)
copolymers (random and/or block) and thus, in turn, affect
biomedical end use performance.

Lillie and Schulz (38) were the first to attempt

quantitative NMR techniques in order to characterize
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stereosequence distributions in poly(lactic acid)
steredcopolymers. Recognizing the potential for
transesterification, two models for the microstructure of the
polymer were formulated. Assuming no transesterification,
the polymer sequence distributions were calculated based on
the retention of the stereochemical grouping of the monomer.
Bernoullian statistics were used to simulate paired addition
of chiral centers in a random propagation step. In the other
extreme, wherein transesterification would tend to randomize
the aforementioned structure, Bernoullian statistics were
used to simulate single addition of D or L units in chain
propagation step. Neither model was conclusively eliminated
since it was deemed +that the spectra resolutions in both 1H
and 13C NMR were not sufficient to allow distinction between
the models.

Schindler and Harper (66), with a similar analysis of
only proton NMR of racemic poly(lactic acid), generally found
agreement between peak assignments and Bernoullian statistics
for pair addition. For a 60-MHz spectrum, the methine region
showed two quartets whose intensity ratios agreed with the
Bernoullian pair addition statistics prediction of 3/1 for a
dyad assignment. The methyl spectrum at 100 MHz showed 3
doublets whose ratios agreed with the calculated ratios for
triad assignment. The methine spectrum at 100 MHz was
postulated to show tetrad sensitivity, however, the

resolution of the twenty peaks anticipated from 5 quartets
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was cumbersome and only two of the five tetrads could be
unambiguously assigned. The generally close adherence to
Bernoullian statistics for pair addition caused the authors
to conclude that the frequency of transesterification
reactions during polymerization, if +they occurred at all,
were too infrequent to generate stereosequences detectable by
NMR. Polymerization conditions were summarized as a bulk
phase synthesis at 130 C with 50 ppm stannous octoate for
260 hours.

More recently, Chabot et al. (60) published a fairly
detailed 13C NMR study of a series of stereocopolymers of
poly(lactic acids). The copolymers were synthesized from
various lactide monomer mixtures of L-lactide and racemic
lactide. In addition, a polymer synthesized from meso-
lactide and a condensation poiymer synthesized from racemic
lactic acid were used in the study. The resolution of the
fine structure in each of the three 13C NMR peaks seen in
poly(lactic acid) deteriorate in the order carboxyl, methine,
and methyl. The focus of this study was directed towards the
assignment of the peaks in the carboxyl region.

Racemic poly(lactic acid), whose fine structure was seen
to improve by increasing the frequency of measurement from
22.51 MHz to 62.86 MHz, was determined to be consistent with
the pair addition of monomer. The carboxyl spectrum,
although obviously very complex, was simplified into three

distinct areas. Previous authors (38) tentatively assigned
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the three regions to random triads corresponding to
isotactic, heterotactic, and syndiotactic sequences.
However, if pair addition of monomer dyads was the sole
mechanism determining the sequence distribution, the
formation of syndiotactic “triad sequences would not be
possible without inversion of an asymmetric carbon during
polymerization or the presence of meso-dilactide. In
consideration of this, Chabot et al. show that the best fit
is apparently obtained for pentad stereosensitivity assuming
pair addition statistics. The anticipated number of peaks
for pentad sensitivity in a pair addition mechanism is seven.
Thus, the analysis was done by assuming that the lowest field
peak in the carboxyl spectrum was the isotactic peak while
the highest field peak was a lone heterotactic peak. All
other heterotactic peak areas were assumed to be grouped
under the third and 1largest peak at intermediate field
strength. This grouping of peaks is, in part, supported by
the observation that the unique peak observed for poly(L-
lactic acid) occurs at the same chemical shift as the low
field peak in racemic poly(lactic acid).

Auxiliary proof that the racemic spectrum represents
pair addition statistics is gleaned from a comparison with
the spectra of the condensation product of racemic lactic
acid. This latter polymer, by the nature of the
polymerization technique, was known to have single addition

statistics and as such showed 16 individual peaks in the NMR
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spectra, the precise number required by pentad single
addition statistics.

Fine structure of the racemic poly(lactic acid) NMR
spectra indicates the possible presence of peaks numbering
greater than seven. This hints at the presence of some of
the forbidden pentads denied by pair addition. Thus, Chabot
et al. (60) conjecture that some transesterification may take
place during polymerization. A 50%/50% mixture of poly(L-
lactic acid) and racemic poly(lactic acid) was formed to test
the transesterification hypothesis. The NMR spectra before
and after heating +the blend for 72 hours at 140 C were
compared. Before heating, the spectrum was an obvious
superposition of +the blend components while after heating,
there was a severe modification of the spectrum. The
dominant trend being the growth of the heterotactic intensity
at the expense of the isotactic intensity. Thus,
rearrangement of stereochemical sequence, ostensibly through
transesterification, would seem likely especially since the
resulting polymer was soluble in acetone which is a known
non-solvent for stereochemically pure poly(L-lactic acid).
However, these observations do not seem consistent with the
published polymerization conditions. Many of the
stereocopolymers were exposed to a reaction temperature of
140 C for times in excess of 700 hours without significant
deviation from pair addition statistics. An additional

oversight may be mentioned here, in that it is well known
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that the melting point of poly(L-lactic acid) is
approximately 180 C. Thus, annealing a blend containing
this crystallizable material at 140 C would necessarily
cause phase separation. Thus, the poly(L-lactic acid) would
be removed from participating in the transesterification
reaction by crystallization. Finally, Chabot et al. (60)
comment that the redistributions of the D and L units through
transesterification seem to be somewhat limited since they
were unable to randomize the stereosequence completely.

In summary, it would seem that there is limited data
concerning the transesterification reactions in poly(lactic
acids) and more importantly, even less data regarding its
effect on stereochemical sequence distributions. In light of
the increasing importance of poly(lactic acids)
stereocopolymers in biomedical applications (1-5), and the
sensitivity of +the end use properties to configurational
structure, it would seem worthwhile to improve on NMR
techniques for the characterization of sequence distributions
in poly(lactic acids). Also, additional effort is necessary
if transesterification mechanisms and their effects on the
reorganization of stereochemical sequences in poly(lactic

acids) are to be understood.



3.1.4 THERMAL DEGRADATION BEHAVIOR IN LACTONE POLYMERS

In early studies in the polymerization of lactones
Carothers (67) noted that both poly(glycolic acid) and
poly(lactic acid), in common with other polymers formed by
ring-opening valerolactone derivatives, regenerate the
original cyclic monomer on thermal degradation. Based on
these observations, it was argued that the polymerization was
a reversible process (67). Subsequently, detailed
investigations of the degradation products and mechanisms of
breakdown of these glycolide based polymers have been limited
to principally two groups (88-73). An understanding of the
thermal degradation behavior is important because of the
temperatures required in processing the polymers. Thermal
sensitivity and/or hydrolytic degradation have been the major
obstacles to the extensive commercialization of poly(lactic
acid). A brief overview of thermal degradation in lactone
polymers 1is discussed, culminating in a summary of the
conclusions regarding the previous work on the thermal
degradation of glycolide based polymers, principally
poly(glycolic acid), poly(isopropylidene carboxylate), and
poly(lactic acid).

Based on the previous investigations of +the pyrolitic
decomposition of simple non polymeric, esters, it appears
that ﬁg -elimination 1is the preferred mechanism if a

hydrogen atom occupies a position beta to the ether oxygen in
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the ester linkage (74). Figure 3.9 depicts the #g -
elimination mechanism.

The behavior of polyesters in thermal decomposition
seems to be somewhat more complex and can be closely linked
to the type of end group and/or the nature and extent of
catalyst/initiator system present. For example, the
depolymerization of lactone macromolecules, whether through
an ester interchange process (67) or a back biting mechanism
(16), has been shown to be a function of the nature of the
end group. Saotome et al. (16) has shown that poly 6 -
valerolactone begins to depolymérize at temperatures as low
as 180 C unless the hydroxyl end groups have been acetylated,
in which case, excellent stability is extended to an upper
limit of 200 C. More recently, this method has been adopted
in the stabilization of poly(lactic acid) (75). Although
hydroxyl-terminated poly € -caprolactone reportedly does not
begin to depolymerize to monomer up to temperatures of 270 C,
addition of tetrabutyl titanate, metal chlorides, and other
catalysts to the polymer caused the depolymerization to a
variety of cyclic compounds at temperatures as low as 250 C
(48,786).

The detrimental effect of carboxylic acid end groups on
thermal stability of polyesters is well documented (77).
Assuming an acid catalyzed hydrolysis, regeneration of acid
would have an autocatalytic effect with a precipitous drop in

molecular weight. Even at ambient conditions, carboxylic
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X . J ,
R-C-O—CHa—CH,—R —2 R-C—OH + CH,=CHR

Figure 3.9. ﬁg—elimination mechanism in simple esters (74).
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acid groups have been shown to decrease polymer molecular
weight over prolonged periods of time (14).

Hydrolytic and thermal stability are particularly low
for some lactone polymer systems initiated via coordination
types of catalysts. These reactions can lead to the
incorporation of catalyst residues into the main chain as
polymer end groups. Such linkages have been shown to result
in severe loss of molecular weight even for low temperature
exposures. For example, poly € -caprolactone prepared with
dibutyl zinc catalyst exhibits a rapid decrease in molecular
weight when exposed to 120 C for short periods of time (14).
Similar instability results are realized for the ring-opening
of lactones with ethylzincdiphenylamine (78).

Brode and Koleske (14) report an interesting case
wherein Jjust the presence of tin based catalysts such as
stannous octoate and trimethyltinacetate can result in
thermal instability. Extensive work investigating the
possibility of lactone insertion into the tin catalyst using
equivalent molar quantities of lactone and tin ester
functionality failed +to show any trace of insertion.
However, small amounts of polylactone were recovered,
suggesting to the workers that stannous octoate behaves as an
initiator as well as a catalyst. Brode and Koleske (14) also
point out that catalyst incorporation as a polymer end group
could also result from the reaction of the stannous octoate

with the active hydrogen end group. In any event, the
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mechanism supporting either the enhanced thermal degradation
of polylactones in the presence of stannous octoate or the
suggested initiation activity of this catalyst was not
disclosed.

In general, thermal stability may be expected from
lactone based polyesters if catalyst insertion has not
occurred, polymer terminal end groups are of a stable
variety, and the free energy of polymerization is such that
depolymerization to monomer is not favored.

Sutton et al. (68-71) have taken a very systematic
approach in analyzing the degradation mechanism of
polylactones based on the glycolide family of monomers. From
the start, they listed all anticipated thermal decomposition
mechanisms of polyesters as follows:

1) random homolytic or heterolytic chain scission
possibly followed by chain depolymerization from the point of
chain scission,

2) inter or intramolecular ester interchange,

3) chain depolymerization from chain ends,

4) molecular decarboxylation or decarbonylation
possibly accompanied by chain recoupling.

From an analysis of kinetic and analytical results that
characterize the thermal degradation of three polyglycolides,
poly(isopropylidene carboxylate), poly(glycolic acid), and
poly(lactic acid), most of the possibilities can be

eliminated.
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A brief summary of experimental observations from the
series of publications by Sulton et al. (68-71) is discussed
as they pertain to both the elimination of the possibilities
described above and the support of the accepted mechanism of
degradation.

Over a wide range of temperatures, the observed
degradation products of poly(tetramethylglycolic acid) were
cyclic monomer, and to a progressively lesser extent,
acetone, carbon monoxide and methacrylic acid. Similarly,
the degradation of poly(lactic acid) has led to lactide,
acetaldehyde, and carbon monoxide (72,73). In either case,
the production of cyclic monomer 1is considered the rate
determining step with subsequent decomposition of the monomer
to the more volatile components.

First order kinetics were observed for the degradation
behavior of all these polymers, both in standard
thermogravimetry results and in gas evolution analysis,
wherein the degradation products were allowed to stay in
proximity to the polymer. In the later stages of the gas
evolution experiment, deviations from first order kinetics
were observed and ascribed to an autocatalytic effect.

Molecular weight change during degradation was estimated
with solution viscometry +techniques. Although very slow
decrease in molecular weights was demonstrated in
thermogravimetry experiments, the autocatalytic effects in

the gas evolution experiments caused the molecular weight to
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fall at substantially steeper rates. This was confirmed by
allowing poly(glycolic acid) to degrade in a stagnant
atmosphere in the presence of benzoic acid and recording the
enhanced weight loss kinetics.

The effect of initial polymer molecular weight on the
kinetics of degradation was seen to be a progressive
deviation from first order behavior only for species with
number average molecular weights below 10,000 with little or
no sensitivity to molecular weight above this threshold
value.

Temperaéure effects on the rate of decomposition
processes were found only to change +the value of the first
order rate constant which 1led to the calculation of an
activation energy of 27.2 kcal/mole, a frequency factor of
4.1 x 107 sec-1, and an entropy of activation of -29 cal/deg.
mole for the degradation of poly(isopropylidene carboxylate).

Decarboxylation and/or decarbonylation were discounted
because these mechanisms were not consistent with the
production of the major degradation product, the cyclic
monomer. In addition, intermolecular ester interchange, as
weli as decarboxylation and/or decarbonylation, is
inconsistent with the first order kinetics observed.
Generally, Sutton et al. (69) suggest that radical reactions
resulting from homolytic scission are of 1little importance
below 400 C although there was some sensitivity of rate

constants to the presence of oxygen. More recent work has
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shown that +the poly(lactic acid) chain is susceptible to
radical attack at temperatures as low as 230 C (73). An
ionic heterolytic scission process is energetically
improbable at temperatures in and around the anticipated
processing conditions although a dipolar process might be
acceptable. The molecular weight dependence on the overall
degradation kinetics would indicate that there are relatively
small contributions from mechanisms involving chain ends.
One such mechanism is shown in Fig. 3.10 which involves the

E)—hydrogen elimination ester decomposition mechanism
followed elimination of methacrylic acid fragments for the
poly(isopropylidene carboxylate) chain end. Another such
mechanism, shown in Fig. 3.11, shows a backbiting phenomenon
that results in cyclic monomer formation. Although both of
these mechanisms show first order kinetics with respect to
residual polymer, they are important only for high chain end
concentrations (low molecular weights). Thus, in order to be
consistent with +the first order kinetics and the slow
decrease in molecular weight observed in thermogravimetric
experiments, a mechanism based on intramolecular
transesterification and a reduction in chain 1length by one
repeat unit for every step in +the degradation process was
proposed. This contrasts with the drastic molecular weight
reduction which results from random chain scission
mechanisms. For example, the autocatalytic reduction in

molecular weight in the gas evolution experiments of Sutton
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Figure 3.11.
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et al. (69) are thought to be the acid catalyzed hydrolysis
of the polyester.

Stannett and Szwarc (79) were the first to consider the
now accepted mechanism for +the thermal degradation of
polyglycolides, which is shown in Fig. 3.12 as an
intramolecular transesterification process in poly(lactic
acid). The special configurations are such that the process
may take place with 1little or no movement of the carbon
centers. This high degree of steric order, along with the
highly ordered and highly polar transition state, is quite
consistent with the relatively low energetics of reaction
summarized previously. The mechanism correlates well with
the kinetic behavior and explains the formation of cyclic
monomer with the minimal effect on molecular weight.

The primary mechanism for +the thermal degradation of
polyesters based on glycolide monomers (dimers of hydroxy-
acids) is intramolecular transesterification 1leading to the
formation of c¢yclic monomers. This has relatively subtle
influences on molecular weight’ and molecular weight
distributions. Other mechanisms which lead to more severe
molecular weight 1loss and potentially less severe weight
losses involve hydrolysis (potentially autocatalytic),
homolytic chain cleavage, and backbiting mechanisms for the
formation of cyclics and/or the depolymerization of the
polyester. Other mechanisms have also been discussed above,

however, these latter three mechanisms are generally judged
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to be the most likely competitors to the primary weight loss

mechanism of intramolecular transesterification (70,72).



3.2.0 EXPERIMENTAL
3.2.1 MATERIALS

Both the optically pure L-lactide as well as the racemic
D,L-lactide were obtained in polymerization purity from
Boehringer through the importers Henley and Co. Based on
previous attempts to polymerize these monomers (12), it was
deemed necessary to further purify the lactides by
recrystallizing twice from ethyl acetate. The ethyl acetate
was previously dried ove; molecular sieves. Best results
were obtained if the second recrystallization was done from
solutions with very low supercoolings over a long time scale,
approximately one to three days, to yield large crystals on
the order of 5 mm in dimension. Exposure to ambient moisture
was minimized by always handling the monomer under a dry
nitrogen atmosphere. After recovery from the mother liquor,
the lactide crystals were stored in a vacuum desiccator over
phosphorous pentoxide.

Stannous octoate (2-ethyl hexanoate), obtained from
Polysciences Inc., was used as the initiator/catalyst for the
polymerization without further purification.

D,L-lactic acid in concentrated aqueous solution (88%
purity) was used as a potential active hydrogen initiator and
was also obtained from Polysciences, Inc.

The polymerizations of the purified 1lactides were
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carried out via the ring-opening polymerizations in the melt
based on the procedures originally developed by Kulkarni et
al. (61) and Sinclair and Gynn (40). All details regarding
the synthesis procedures will be applicable to the ring-
opening of either L-lactide or the D,L-lactide with the
following exception. The melting point of the optically pure
monomer (98 C) is almost 30 C less than that of the racemic
lactide (126 (). This allows the melt phase polymerization
of the poly(L-lactic acid) to be carried out at considerably
milder conditions.

Just prior to use, the lactide crystals were washed with
cold ethyl ether freshly distilled from calcium hydride.
ThisAwas thought to remove any residual lactic acid excluded
from the bulk monomer by recrystallization but still residing
on the crystal surface due to exposure to the mother liquor.
Exposure to moisture was minimized by performing this
procedure under dry nitrogen.

The polymerizations were carried out on two different
scales. The first small scale synthesis on 1 gram batches
was designed +to investigate the effects of stannous octoate
concentration, reaction temperaturs, lactic acid
concentration; and reaction coordinate on molecular weight.
Once a better understanding of the polymerization chemistry
was in hand, the scheme was scaled up to a 300 gram scale.
Larger batches of material were paramount to the subsequent

study of +the strain induced crystallization of blends of
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poly(lactic acids) in biaxial deformation.



3.2.2 SMALL SCALE SYNTHESIS

The glass polymerization tube assembly shown
schematically in Fig. 3.13 was washed in an aqueous base
solution, rinsed in distilled water, ahd dried at 150 C
overnight. Approximately one gram of lactide was charged to
the bottom of the tube through the designated charge port
under a dry nitrogen atmosphere. A serum cap was placed over
the open port and the reactor was attached to a vacuum line
at the seal.

Once a vacuum was established above the seal, the
magnetic stir bar was used to break the seal and evacuate the
reactor to a pressure below one millitorr. The monomer was
then sublimed from the bottom of +the reactor to the tube
walls at the top. A heating bath was used to supply the heat
of sublimation and a cooling jacket was used +to localize the
condensation. Heating bath temperatures were themostated to
approximately 3 to 5 degrees centigrade below the melting
point of the monomer. Ice water was the cooling medium in
the condensation Jjacket. This final step in monomer
purification was crucial in removing any residual water or
other contaminating solvents which would lead to lower yields
and reduced molecular weights. After sublimation was
complete and the heating bath and the cooling jacket removed,
the reactor chamber was put under a slightly positive

pressure of dry argon. The serum cap was removed allowing a
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Figure 3.13. Small scale polymerization reactor.
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positive flow of argon and the stannous octoate was added to
the bottom of the reactor in a dilute dry pentane solution
via a syringe. Stannous octoate was diluted in pentane to
concentrations appropriate to a 0.5 ml. charge. The range of
stannous octoate to lactide molar ratios investigated ranged
from 1x10-3 +to 1x10-5 mole/mole. As will be subsequently
discussed, lactic acid was often added to the reaction
scheme. Typically, the acid was added in an ethyl ether.
solution (also 0.5 ml per charge) via a separate syringe just
after the pentane solution. Molar acid concentrations were
varied érom 3x10-4 to 3x10-2 mole/mole. The serum cap was
then reinserted and the vacuum reestablished. After all the
pentane (and ether) was evacuated, leaving the high boiling
stannous octoate (and lactic acid) in a thin coating at the
bottom of the polymerization +tube, the reactor was torch
sealed.

The sealed and evacuated vessel was then placed in an
oven or oil bath at the required polymerization temperature
which was necessarily above the melting point of the monomer.
The polymerization temperatures studied ranged from 100 C
(exclusively for L-lactide) to 200 C. On melting, the
lactide was allowed to flow to the bottom of the
polymerization tube at which +time the +tube was gently hand
shaken to mix the stannous octoate with the monomer. Typical
polymerization times were on the order of 60 hours. For the

kinetics studies, both shorter and longer reaction times were
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of interest.



3.2.3 REACTION SCALE-UP

With some experience in successful polymerizations well
in hand, scale-up from a nominal one gram scale to 300 gram
batches was undertaken. A larger reactor design is shown
schematically in Fig. 3.14. Some modifications to the set-up
procedures were necessary in order to accommodate the larger
batch size.

First, the monomer was charged to a side flash in order
to separate the sublimation residue from the reaction
mixture. This residue was thought to consist 1largely of
lactic acid that was more evident as separation from larger
amounts of lactide was attempted. In addition, longer
exposures to heat necessary for the sublimation of larger
baths may also be responsible for increased observation of
sublimation residue. After the monomer was charged to the
side flask under dry nitrogen conditions, the open ports were
serum capped and the reactor was attached to the vacuum line.

Again, a vacuum was then established in the reactor
assembly by breaking the seal with a magnetic stir bar. The
long side arm used for monomer charge was torched sealed.
Sublimation heat was applied +to the small side flask via a
thermostated oil bath nominally 3-5 centigrade degrees below
monomer melting points. Condensation of monomer on the
inside of +the large reaction flask was facilitated by the

cold finger design and the larger cooling collar which held
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the ice water. After sublimation was complete (30 hours) and
the heating bath and the cooling collar were removed, the
side flask was separated from the reactor by torch sealing
the glass connecting tube, see Fig. 3.14. The stannous
octoate/pentane solution was then added through the second
serum port under a positive flow of dry argon. The stannous
octoate molar concentration used for the large batches was
always 5x10-5 mole/mole. Molecular weight control was
affected by changing lactic acid concentrations added in
ethyl ether solutions. As with the smaller reactors, the
vacuum was reestablished, drying the pentane and ether
charges and 1leaving the stannous octoate and acid at the
bottom of the vessel. The reactor was sealed under vacuum
and separated from the vacuum line by a third torch seal at
.the point of connection shown in Fig. 3.14. Subsequent to
placing the now isolated reaction vessel in an oven at a
polymerization temperature of 130 C, periodic mixing of the
molten monomer, stannous octoate, and lactic acid for the
first hour of reaction time was crucial in this large volume

reactor for reproducible and homogeneous products.



3.2.4 POLYMER SOLUTION TREATMENTS

Both poly(L-lactic acids) and poly(D,L-lactic acids)
were separated from residual monomer and stannous octoate by
dissolving in chloroform at room temperature and
precipitating in ice cold ethyl ether. The reaction products
were then dried under vacuum at 80 C for a minimum of 20
hours. When appropriate, percent conversions were calculated
based on the weight of the product after drying and the
weight of the monomer originally charged to the reactor.
This precipitation procedure was later shown to effectively
fractionate some low molecular weight samples by virtue of
the fact that 1lowest molecular weight fractions in these
samples remained in‘the ether/chloroform mixtures. A more
effective non-solvent for the polymer was sought which would
also continue to solubilize the residual monomer and stannous
octoate, but without success.

When necessary, blends of poly(L-lactic acid) and
racemic poly(lactic acid) were made by dissolving the
appropriate ratios of the homopolymers in chloroform to a
final concentration of 5% weight/volume and then
coprecipitating in hexane. Hexane was determined to be a
very effective non-solvent for the polymer as well as the
monomer. The precipitated blend was then vacuum dried as

previously described.
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3.2.5 POST SYNTHESIS THERMAL TREATMENTS

In conjunction with the investigations of
transesterification and thermal degradation mechanisms,
samples were exposed to 200 C with and without the concurrent
application of vacuum. The small scale vacuum reactors,
previously described, were also used to heat the samples to
the desired temperature with the application of vacuum to a
final pressure of less than 1 millitorr. Previously purified
and dried poly(lactic acids) (~0.5 gm portions) were charged
to the bottom of a ‘precleaned reactor under dry nitrogen
conditions. Vacuum was established as discussed previously
and the sample was heated +through the glass reactor walls
with the application of a thermostated silicon oil bath.
Typically, degradation products were induced to precipitate
on the reactor walls above the sample with the aid of the
cooling Jjacket also previously described. Samples were
heated without the application of vacuum by placing the
poly(lactic acid) between two sheets of aluminum foil coated
with teflon and placing the sandwich between the plattens of
a thermostated press. Only enough pressure was applied to
guarantee a good thermal contact. Timed exposures were
terminated by quenching the foil/sample sandwich between two

auxiliary aluminum plattens at room temperature.
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3.2.6 ANALYTICAL TECHNIQUES

The following techniques were used to characterize the

synthesized poly(lactic acids).
3.2.6.1 GEL PERMEATION CHROMATOGRAPHY

Molecular weight distributions were determined by gel
permeation chromatography (GPC) methods using a Waters Model
150-C High Temperature GPC equipped with a differential
refractive index deteéﬁor. Five Styragel columns, installed
in series with the following pore size ratings 500 A, 1x103A,
1x104A, 1x105A, and 1x10+6A, were used to effect the
separations. Operating conditions included column
temperatufe of 28 C, injection volume 200 1, and a flow rate
of 1 ml/min. Tetrahydrofuran was used as the solvent for the
racemic polymer, while chloroform was used as the solvent for
the optically active polymer. Universal calibration
techniques were used with narrow molecular weight
polystyrenes from Polymer Laboratories to convert elution

volume times to poly(lactic acid) molecular weights.
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3.2.6.2 VISCOMETRY

Solution viscosities were measured with
semimicroviscometers of the Cannon-Ubbelohde type in a water
bath thermostated to 30 C%¥0.1 C. Intrinsic viscosities were
obtained from typical dilution series double extrapolation
techniques (81). Poly(L-lactic acid) measurements were done
in chloroform, while racemic poly(lactic acid) measurements
were done in tetrahydrofuran. The appropriate Mark-Houwink
parameters are listed in Table 3.1 along with the source

references.
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Table 3.1

Mark-Houwink Constants

Used to Calculate Viscosity Average Molecular Weight from Intrinsic Viscosity

Polymer

Poly(L-lactic
acid)

Racemic
Poly (lactic
acid)

Mark Houwink Constants

Solvent Temperature K (d1/gm) a

Chloroform 30°¢ 5.45 x 1074 0.73

Tetrahydrofuran 31% 5.50 x 107 0.64
[v\] = kMVa [v\.], Intrinsic Viscosity d1/gm

k,a, Mark-Houwink Constants
Mv, Viscosity Average Molecular Weight

Reference

(41)

(82)

TLE



3.2.6.3 DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry (DSC) on selected
samples was accomplished through the use of a Perkin-Elmer
DSC-4. Sample weights were on the order of 5 milligrams and
a scanning rate of 10 C/min was used exclusively. Baseline
corrections were done digitally using a standard software

package supplied by Perkin-Elmer.
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3.2.6.4 SPECTROSCOPY TECHNIQUES

High resolution 67.92 MHz. 13C nuclear magnetic
resonance (NMR) spectra of poly(lactic acids) were obtained
using a Bruker WP-270SY spectrometer through the courtesy and
assistance of Raj Subramanian. The samples were run in
deuterated chloroform solutions at a concentration of 7.5%
(weight/volume) at room temperature. Chromium acetyl
acetonate (Cr(acac)s3) was added +to the solution at a 0.1 M
concentration as a relaxing agent in order to reduce the
spin-lattice relatation times of +the various carbons to a
common value of about 1 second. This was accomplished By
replacing the rate determining relaxation time mechanism of
dipolar interactions with a paramagnetic relaxation mechanism
(80). Inverse gated decoupling was also used to counteract
nuclear Overhauser effects. It has been previously
determined that the combination of inverse gated decoupling
with the addition of Cr(acac)s can yield quantitative 13C
spectra (80). Spectra were generated by Fourier
transforming an accumulated signal of 2000 free induction
decays. Peak areas were digitally integrated using
instrumental software.

Infrared spectra were measured on an IBM
spectrometer. Samples were prepared in potassium bromide
(KBr) pellets by first mixing sample with KBr crystals and

subsequently pressing into pellet form in a standard manner.
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Two wavenumber resolution (2cm-1) was typical.



3.3.0 RESULTS AND DISCUSSION

As suggested in the introduction, the goals of this
project were threefold. The primary goal was to investigate
the feasibility of tailoring a reaction scheme which would
allow for the predictive control of molecular weight in the
synthesis of poly(lactic acids). As a corollary to the main
thrust, the potential effects of transesterification on the
stereochemical sequence distribution in poly(lactic acids)
and, the effects of thermal processing on the product
molecular weight were also investigated. Each of these

topics will be discussed under separate headings.
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3.3.1 MOLECULAR WEIGHT CONTROL 1IN THE SYNTHESIS OF
POLY(LACTIC ACIDS)

Investigations into the mechanism of the ring-opening
polymerization of lactide with an active hydrogen initiator
(lactic acid) wused in conjunction with a transesterification
catalyst (stannous octoate) are described. The results are
discussed in terms of the effects of lactic acid
concentration, stannous octoate concentration, polymerization

temperature, and reaction profile.
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3.3.1.1 LACTIC ACID CONCENTRATION

A previous investigation (12) concluded +that the
presence of the hydrolysis products of lactide most likely
has a detrimental effect on the product molecular weight from
the melt polymerization of poly(lactic acid). In deference
to this previous conclusion, a series of polymerizations were
carried out at varying degrees of monomer purity. The
optically active L,L lactide monomer, which had been
recrystallized once from ethyl acetate, was combined in
various proportions with the as received unpurified monomer.
The monomer mixtures were washed with dry ethyl ether in the
standard way prior to polymerization. Stannous octoate
concentration, 2 x 10-4 mole/mole, as well as polymerization
temperature, 130 C, was held constant. After 30 hours
polymerization time, the reactions were quenched to room
temperature. All products were white crystalline solids,
even at reaction temperature. Once the polymers had been
separated from residual monomer, intrinsic viscosities were
measured. The resulting viscosity average molecular weights
were plotted as a function of monomer composition in Fig.
3.15. A very systematic trend was evident supporting the
conclusions of Kohn et al. (12). Clearly, molecular weight
increased sharply with monomer purity.

It is interesting to note the success of the

polymerizations despite the fact that the polymer
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crystallizes in the reaction vessel. Apparently, the ability
of the monomer to diffuse to the reaction site is not a rate
limiting step. This observation has also been reported by
other workers indicating high conversions in bulk
polymerizations of poly(L-lactide) at temperatures well below
the polymer melting point (42,43). However, in order to
guarantee homogeneous reaction conditions, most of the
balance of this work will deal with the polymerization of
racemic poly(lactic acid) which does not crystallize and
whose glass transition (57 C) 4is well below reaction
temperatures.

It is generally Lknown that the lactide monomer is
produced by heating lactic acid in the presence of zinc-dust
(38). The cyclic dimer is separated from the reaction
mixture by sublimation (38). The similarity in vapor
pressures between the lactide and the lactic acid suggested
to this author that +the major impurity in commercial grade
lactide is lactic acid. Thus, a series of polymerizations
were undertaken to investigate more directly the influence of
lactic acid on molecular weight.

Table 3.2 shows the preliminary results from the lactic
acid concentration study. Both the stannous octoate
concentration and the polymerization temperature were
maintained at 2 x 10-4 mole/mole and 130 C respectively for
all four reaction schemes shown in Table 3.2. The as

received racemic monomer stock was probably of higher purity



Table 3.2

Effect of Lactic Acid Charge
on Molecular Weight of Racemic Poly(lactic acid)

*k*k
My 144/Mn
Lactic Acid Charge [YI] d1/gm Mv Mn T8 Residual Acid 144 -3
(moles acid/mole lactide) : Concentration Mn 1.48 x 10
None 1.25 175,000 97,200 1.48 x 1073 -
3x 103 .627 59,500 33,100 4.36 x 1073 2.88 x 1073
% -
5 x 1073 .476 39,000 21,700 6.65 x 1072 5.17 x 1073
~3H* _
3 4.48 x 1073

5x 10 .512 43,500 24,200 5.96 x 10~

* acid added after sublimation
** acid added before sublimation
*** 144 =molecular weight of lacticle monomer

Stannous Octoate Concentration 2 x 10_4 moles/mole lactide
Polymerization Temperature 1300C

Polymerization Time 60 hours
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than the L,L lactide as judged by the higher molecular weight
of the product polymerized from the racemic stock without
recrystallization. Results of three additional reactions
show the influence of racemic lactic acid which was added to
the reactions at the concentrations indicated. Previous work
on the polymerization of lactones may suggest that the
molecular weight distribution in +this type of reaction is
"most probable" leading to a polydispersity of 2 (33). 1In
addition, careful solution work on poly(lactic acids) with
known polydispersities of 2 indicated that the ratio of Mv/Mn
was approximately‘ 1.8 (41). It was assumed that the number
average molecular weight c¢ould be calculated from the
viscosity average molecular weight and that the number of
chains initiated in the polymerization was, in turn,
invefsely proportional to Mn. Thus, the fourth column
reports the moles of chains initiated per mole of monomer
charge based on the measured value of the viscosity average
molecular weight. Note, assuming that lactic acid 1is an
active hydrogen initiator, the unpurified monomer has a
residual acid concentration of 1.48 x 10-3 moles acid/mole
cyclic monomer. The last column of Table 3.2 shows the
difference between the number of chains initiated 1in each
reaction and the residual acid concentration in the monomer
stock. With considerable accuracy, this calculation predicts
the concentration of acid spiked to each reaction. The last

entry in Table 3.2 reports an experiment in which, contrary
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to standard procedure, the acid was added prior to
sublimation. Only a small percentage of the acid ( 10%) is
lost on sublimation. This would tend to confirm the
similarity in vapor pressures of lactide and lactic acid. It
thus appears that the lactic acid 1is an active hydrogen
initiator which can be removed from the monomer by
recrystallization procedures. Note that since both acids and
alcohols have been shown to be active hydrogen initiators for
lactone systems, lactic acid 1is probably difunctional.
However, one lactic acid molecule will 1lead only to one
growing polymer chain.

Figure 3.16 shows the anticipated initiation mechanisms
whereby lactic acid can open a lactide ring. Either the acid
functionality or +the alcohol functionality may lead to the
hydroxy propagating species typical of active< hydrogen
initiation. ©Since carboxylic acids will donate a proton more
easily than an alcohol, the mechanism leading to structure I
is probably the more prevalent mechanism. Continued addition
of lactide to the growing chain will occur via the mechanism
already described in the introduction and shown in Fig. 3.5.
Structure I in Fig. 3.16 has dual hydroxy functionality and
thus‘ may propagate in both directions. Initial and
propagating ring-openings are by acyl-oxygen cleavage as
previously described.

The anhydride linkage shown in Fig. 3.17 (originating

from structure I) may also undergo alcoholysis (or hydrol&sis
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in the presence of water) to regenerate acid functionalities.
These acid groups will, in turn, ring-open the monomer to
generate a growing chain with the same anhydride linkage.
Note, the alcoholysis of +the anhydride linkage leads to the
same number of reactive ring-opening functionalities in the
products that were originally in the reactants. In fact, an
anhydride linkage will be regenerated on subsequent reaction
of structure IV with monomer as indicated in Fig. 3.17.
Thus, the net effect of the recurring anhydride linkage is to
transfer the growth center to a chain with a different
molecular weight.

Any polymerization process whereby growing chains, whose
numbers are constant with time, randomly add monomer until
the growth center (hydroxyl group in this case) is
terminated, provides the basis for the Schulz-Flory
distribution (81). The original chain growth centers do not
necessarily remain active, however, the overall growth center
concentration must remain ‘constant for the duration of the
polymerization. Thus, if all the active hydrogen species
(lactic acid) initiate lactide rings on a time scale which is
short with respect +to the propagation process so that the
constant growth center concentration requirement is
fulfilled, then the mechanisms outlined in Fig. 3.16, 3.5,
and 3.17 should yield the "most probable distribution" as
described by Mw/Mn = 2. It should be also stated that

regardless of the polymerization mechanism, if



386
transesterification is operative at rates which are
commensurate with the time scale of the reaction, then the
polydispersity will also yield a polydispersity of 2.

Based on the preliminary results described above, a more
detailed investigation of the influence of lactic acid at
constant stannous octoate concentration was undertaken. All
racemic lactide in subsequently described reactions was taken
from the same feed stock which had been recrystallized from
ethyl acetate +twice to ensure that the residual acid
concentration was minimized and the same for all reactions.
The dry ethyl ether wash was performed just before reaction
so that any aging effects of the monomer in the vacuum
desiccator was also minimized.

The results of six reactions at various lactic acid
charges ranging from 3 x 10-4 +to 3 x 10-2 moles acid/moles
monomer are discussed below. For the series of six
reactions, polymer products were isolated from residual
monomer by procedures previously described in the
experimental section. Mass conversions are plotted in Fig.
3.18 as a function of lactic acid charge. Subsequently,
molecular weight distributions were measured via gpc
techniques and the results are summarized in Fig. 3.19. 1In
addition, the results of the intrinsic viscosity measurements
on each sample in the series are plotted as the calculated
(via the Mark-Houwink equation) viscosity average molecular

weight in Fig. 3.19.
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The results in Fig. 3.18 would indicate a severe drop
off in conversion above an acid concentration of 1 x 10-2
moles acid/mole monomer. However, as mentioned in the
experimental section, the ethyl ether (cold) used to separate
polymer from residual monomer was not efficient in
precipitating low molecular weight species. This low end
component appeared as a cloudy haze in the solvent/non-
solvent mixture and could not be isolated by filtration.
Thus, quantitative interpretation of the products from the
reactions with the +two highest acid concentration was not
possible. The high, nearly constant, 1levels of conversion
for the balance of the four reactions is consistent with a
negative free energy of polymerization (42,43). Percent
conversions, at the relatively high temperatures necessary
for bulk conditions, was limited to 93% 2% by the
monomer/polymer equilibrium described previously in section
3.1.1.

Clearly, the decrease in molecular weight with
increasing lactic acid change is consistent with the
postulate that +the acid behaves as an active hydrogen
initiator. The correspondence between the viscosity average
molecular weights aé calculated wvia gpc results and more
directly through intrinsic viscosity measurement could be
better. This is a bit bothersome in 1light of +the fact that
the same Mark-Houwink constants used to convert the intrinsic

viscosities to molecular weights were also used to convert
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gpc universal calibration results to poly(lactic acid)
molecular weights. However, both results confirm the same
inverse dependence of molecular weight on initiator
concentration.

With the exception of +the two products at +the highest
concentration of lactic acid, the polydispersity also
increases with lactic acid content. The two exceptions show
artificially narrowed distribution due to the solubility of
low molecular weight species in the non-solvent used to
isolate the product. The increase in polydispersity was
conjectured to result from a low molecular weight tail
characteristic of lactone polymerizations (16). A backbiting
mechanism shown in Fig. 3.11 is thought to occur during
polymerization of lactones with the production of cyclic low
molecular weight species. The full molecular weight
distributions of products from the two reactions representing
the extremes in polydispersity are plotted in Fig. 3.20.
These indicate significant differences in distribution,
however, both distributions appear exceptionally symmetric
with no evidence of a low molecular weight tail. It might be
argued that this 1low tail may have been removed by its
solubility in ethyl ether. The high levels of conversion
calculated previously would indicate that if cyclics were
removed, they were of low concentration since the conversions
quoted are thought to be close to the thermodynamic

equilibrium (43). In any event, cyclics were not the cause
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of the increase in the measured polydispersity with
increasing acid concentration.

The progressive deviations from the Schulz-Flory
distribution with increasing acid concentration can be
rationalized in the framework of the basis for +this type of
distribution outlined previously. In particular, it is
postulated that all active centers are not initiated early in
the reaction scheme. If the rate constant for initiation is
low enough, increasing the initial acid charge may defer
complete consumption of +the acid to later periods in the
reaction. As more and more acid is added to the system at
constant catalyst concentration, the initiation step of Fig.
3.16 is progressively extended into later periods in the
polymerization. Thus, the high molecular weight region of
the broad molecular weight distribution of Fig. 3.20 is
populated with macromolecules which were initiated early in
the reaction scheme. Similarly, the 1low molecular weight
region of the distribution is due to chains initiated at high
levels of monomer conversion.

The residual acid concentration in the purified monomer
stock was calculated directly from the number average
molecular weight of the product of polymerization in which no
acid was added. This resulted in an estimated latent acid
concentration of 4.00 x 10-4 moles acid/mole monomer. For
all subsequent reactions in the series, the number average

molecular weight was predicted based on the total lactic acid
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concentration calculated as the sum of the latent lactic acid
in the monomer feed stock and the amount of 1lactic acid
changed to the reactor. The predicted number average
molecular weight, as plotted in Fig. 3.19, is lower than the
value measured by gpc. Clearly, if the assumed mechanism of
acid initiation is correct, then apparently the effectiveness
of initiation decreases with increasing acid content at
constant stannous octoate concentration. This 1is consistent
with the idea that the rate of initiation is comparable to
the rate of propagation. It is quite reasonable to assume
that the reaétivity of the acid and hydroxyl groups on the
lactic acid are not too different from the reactivity of the
acid and hydroxyl groups on the propagating structures IV and
V in Fig. 3.17. The conversion of lactic acid to propagating
'chains would not be complete in the time scale defined by the
consumption of monomer as acid concentrations are increased.
This would, in fact, explain the decreased efficiency of
initiation at higher acid concentrations as well as the
concomitant increase in polydispersity.

A second mechanism may be considered to explain the
dependence of molecular weight on acid concentration. The
typical hydroxy end groups could undergo a condensation
reaction with the acid functionality of lactic acid as shown
in Fig. 3.21. At high acid concentrations, the frequency of

such a reaction would increase. The impact on the molecular

weight of the chain undergoing condensation with the acid
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would be slightly favorable, specifically the addition of one
repeat unit. The production of water would, however, lead to
the hydrolytic degradation of other chains, especially since
the presence of excess lactic acid would tend to catalyze the
hydrolysis. The overall impact of the hydrolysis mechanism
on the number average molecular weight needs to be considered
carefully. The condensation of the acid onto the growing
chain effectively removes the potential for the initiation of
a growing chain by removing a lactic acid molecule from the
reaction medium. In compensation, the hydrolysis of an ester
linkage in an existing chain will create two chains from one,
each with active end groups capable of propagation. The net
effect would be no change in the number of chains if the
original acid molecule participating in the condensation
would have otherwise initiated polymerization. Deviations
from number averages predicted from original acid
concentrations would occur if +the 1lactic acid molecule
participating in the original condensation would not
eventually have initiated polymerization, in which case, the
number average molecular weight would be lower than
anticipated. The results in Fig. 3.19 indicate the opposite
trend. In order to be consistent with the data, the water
produced on condensation of an acid molecule with an active
hydroxyl groups could not lead to hydrolysis. In such a
case, the consumption of a lactic acid in condensation

without subsequent ester linkage hydrolysis could, in fact,
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lead to number average molecular weights higher than
anticipated from known initial acid concentrations. However,
this mechanism could not lead to the observed broadening of
the molecular weight distribution.

Yet, a third mechanism may be considered to participate
in the reaction mechanism. Figure 3.22 shows a proposed
transesterification reaction between the hydroxyl
functionality of +the 1lactic acid and a mid chain ester
linkage. Such a reaction would be considered to be self
catalyzed in 1light of +the necessary protonation of the
carbonyl oxygen. Thus, this reaction may be expected to
increase 1in frequency with increasing acid concentration.
Clearly, the mechanism could be invoked to explain the
decreasing molecular weight and increasing polydispersity
with increasing acid content. However, if the mechanism were
dominant, the correspondence between number average molecular
weight and acid concentration would necessarily be closer.
Certainly, +this mechanism could not explain the positive
deviation of the measured number average molecular weight
from the anticipated number average molecular weight based on
the proportionality to lactic acid concentration.

In summary, the proposed mechanism of lactic acid
initiation of ring-opening polymerization of lactide is quite
consistent with the molecular weight data. Although both the
reactions of lactic acid with polymer end groups and mid

chain ester linkages may occur to limited extents, deviations



HO H
(|Z—C O- (IZ~—*'\— + HO- C—C OH —»
CHy  CHs CH3
O CHs
I
©0-C-C-OH
®H H
HO  CH CHy  CHy CH,
”—C O- C — VCI—IC'—O—§—9—OH + HO-C——
CH3 HO H O H
\ K 2
HO- C —OH

Figure 3.22. Ester interchange between lactic acid and mid-chain ester linkage.

LBE



398

from the Schulz-Flory distribution and decrease initiation

efficiency are, to a large extent, attributed +to the
postulate that acid initiation rates are similar to
propagation rates. Increasing acid concentrations

accentuates the molecular weight distribution broadening and
initiation inefficiency. Number average molecular weights
are inversely related to acid concentrations with deviations
from proportionality related +to relatively low initiation

rates.



3.3.1.2 STANNOUS OCTOATE CONCENTRATION

The fact that stannous octoate has been added +to the
reaction mixtures has been taken for granted. It is
generally considered that the stannous octoate behaves as a
catalyst for active hydrogen initiated polymerizations of
lactones (14). The specific mechanism of activity has not
been disclosed. However, stannous octoate is considered to
complex with the carbonyl group on the lactone monomer to
stabilize intermediate structures on ring-opening (14). In
order to confirm the activity of +the stannous octoate, a
polymerization was run under conditions similar to those of
Table 3.2 with the exception +that no stannous octoate was
added +to the system. Lactic acid was added at a
concentration of 5 x 10-3 moles acid/mole of racemic lactide
monomer. After an exposure of 60 hours at 130 C, no polymer
could be isolated from the reaction mixture. In addition,
gpc results on the reaction product showed no signals above
baseline for any elution volumes. The maximum sensitivity of
the gpc detector and high reactant concentrations were used
in the attempts to detect polymer.

Using a methodology similar to that used to investigate
acid concentration effects, the influence of stannous octoate
concentration on the conversion, molecular weight, and
molecular weight distribution was investigated. The acid

concentration was held nominally constant by using all
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monomer from the purified feed stock without any additional
acid change. Again, reaction temperature was constant at 130
C. Stannous octoate concentrations varied between 1 x 10-5
and 1 x 10-3 moles stannous octoate/mole lactide monomer.

Figure 3.23 represents the impac£ of stannous octoate
concentration on the mass conversion in poly(lactic acid)
polymerizations. Conversion remains unaffected until very
high concentrations (1 x 10-3 mole/mole) are encountered.
The lowering of conversion at high stannous octoate
concentration is not an artifact of +the procedure for
isolating the polymer since the molecular weights are high
enough as not to be dissolved by ethyl ether. The gpc
results which describe +the influence of stannous octoate
concentration on the molecular weight are summarized in Fig.
3.24. For a broad range of stannous octoate concentrations,
both absolute molecular weight and its distribution remain
invariant with increasing stannous octoate concentration. At
the highest 1levels of stannous octoate concentration, a
decrease in molecular weight and increase 1in polydispersity
clearly occur at approximately the same point at which the
decrease in conversions are observed. Also shown in Fig.
3.24 are the viscosity average molecular weighfs calculated
from intrinsic viscosity measurements. A discrepancy between
the two methods employed for molecular weight determination
is still apparent although the overall trend in the date is

still withstanding.
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The observation of decreasing molecular weight with
increasing tin catalyst is consistent with the results of
Brode and Koleske (14) which were discussed in section 3.1.4
of the introduction. Diminished thermal stability, as well
as some initiation activity, was attributed to the presence
of stannous octoate in lactone polymerizations although no
particular mechanisms were proposed by Brode and Koleske
(14). The extent of the data presented in this work is not
comprehensive enough to determine any mechanisms absolutely,
however, some discussion is still warranted.

As discussed in section 3.1.4, the major mechanism for
the degradation of polylactones is the intramolecular
transesterification reaction of Fig. 3.12. Since it has been
postulated +that stannous octoate 1is a transesterification
catalyst (28), it seems reasonable that excess stannous
octoate would promote this reaction. Certainly the increased
level of monomer in the reaction products would support this
mechanism. However, Sutton et al. (68-71) show that the
influence of the intramolecular transesterification on
molecular weight distributions is minimal and, thus, on the
whole, this mechanism would be inconsistent with the results
of Fig. 3.24. Along the same lines, stannous octoate may
also be considered to catalyze the backbiting reaction of
Fig. 3.11 which also involves an interchange mechanism.
Production of the cyclic would result in a low molecular

weight +tail in the distribution obtained from reaction
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products. Figure 3.25 shows the distributions, in detail,
from the reactions with both the lowest and highest stannous
octoate concentrations. Although no low molecular weight
tail can be discerned, increasing the stannous octoate
concentration has led to an increase in the breadth of the
molecular weight distribution which is very similar to the
increase in breadth realized at increased acid
concentrations. The similarity is particularly acute in the
continued symmetry of +the distributions with increasing
breadth. Thus, of the +two potential effects of excess
stannous octoate upon polymerization mechanisms advanced by
Brode and Koleske (14), +that of coinitiator activity seems
the most probable.

Assuming that the excess stannous octoate behaves as an
initiator as well as a catalyst in the polymerization of
lactide, the rationalization of both the mechanism and the
decreased conversion with increasing stannous octoate
concentration remains. Figure 3.26 depicts an insertion type
reaction involving the classic acyl-oxygen cleavage. This
may be a reasonable first step in the reaction sequence. The
subsequent alcoholysis of the anhydride structures of VII by
lactic acid or hydroxyl terminated chain would lead to other
propagating chains as per the mechanism in Fig. 3.17.
Specifically, Fig. 3.27 shows such an alcoholysis with
structure V of Fig. 3.17. Note that +through this mechanism,

the development of monofunctional structures like structures
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VIII and IX of Fig. 3.27 are possible. Condensation of VIII
and IX could lead to chain termination with the proposed
stannous octoate initiation scheme. Such termination by
combination in the lactic acid initiation scheme was not
possible because of the difunctional nature of all the
species in Fig. 3.186. Thus, if mechanisms in Fig. 3.26 and
3.27 dominate at very high stannous octoate concentrations
and concomitant low lactic acid concentrations, it seems
possible that termination may lead to lower conversions if
not, at least, to lower reaction rates. In fact, the
hydrolysis of ester linkages by the product of the proposed
condensation type termination may not occur to significant
extents in the low acid concentration reactions of Fig. 3.24.
Thus, chain termination by combination would occur without
any transfer expected via ester hydrolysis. This, then,
supports the observation of lower conversions and, thus,
necessarily lower overall molecular weights. Increased
polydispersity would again be rationalized in the framework
of the Schulz-Flory distribution theory. The complex
initiation via insertion would ostensibly be a slow process
so that the rate of initiation would be competitive with
propagation rates. In addition, the termination by
condensation would also tend to decrease the number of
propagating chains. The combination of these two mechanisms
would violate the Schulz-Flory stipulation that the

concentration of active centers remains constant during
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polymerization. Thus, the polydispersity would tend to
broaden beyond the Schulz-Flory most probable distribution.
The mechanism of Fig. 3.26 requires lactide insertion
into stannous octoate which Brode and Koleske were unable to
detect in the analogous caprolactone system (14). This may be
particularly relevant since a seven membered ring

(caprolactone) may be expected +to be more reactive than the

six membered lactide ring. An alternate mechanism is
proposed. Figure 3.28 shows an effective acid interchange
reaction between stannous octoate and lactic acid. The

resulting generation éf 2-ethyl-hexanoic acid could lead to
lactide ring-opening via mechanisms similar to Fig. 3.16,
reproduced in Fig. 3.28. Note that the anhydride structure
XI in Fig. 3.28 would also 1lead to monofunctional groups
through alcoholysis. Thus, with any significant acid
interchange, terminations via condensation could 1lead to a
broadening of molecular weight distribution, and lowering of
both conversion and molecular weight.

Corroboration of the proposed acid interchange mechanism
was sought through the following experiment. Equivalent
volumes of lactic acid and stannous octoate were mixed at
ambient conditions. The resulting white precipitate was
isolated from residual acid and stannous octoate by
successive washing with fresh ethyl ether and hexane. The
large pieces of the precipitate were then ground into a fine

powder and washed again with ethyl ether and hexane. The
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Figure 3.28. Acid interchange between stannous octoate and lactic acid.
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powder was then vacuum dried at 80 C for 12 hours. Assuming
the molecular weight of +the precipitate was consistent with
structure X of Fig. 3.28, a charge of 5x10-3 moles of
precipitate/mole of monomer was added to a typical 1 gram
scale polymerization in place of stannous octoate.
Polymerization conditions were otherwise the same as those in
Fig. 3.24. Gel permeation chromatography results from the
polymerization product indicate molecular weights
considerably higher than those expected from the curve in
Fig. 3.24 for equivalent stannous octoate concentrations.
Namely, the weight average molecular weight was 1.06x106 and
the number average was 4.80x105 . Similarly, the
polydispersity (Mw/Mn=2.2) was narrower than that expected
from the results in Fig. 3.23. In general, the use of this
precipitate as a substitute catalyst may extend the low
catalyst concentration trends of Fig. 3.24 and prevent both
the decrease in molecular weight and increase 1in
polydispersity at higher stannous octoate concentrations. It
would seem reasonable that the tin salt of lactic acid could
also catalyze the polymerization with a activity similar to
that ascribed to the +tin salt of 2-ethyl hexanoic acid
(stannous octoate). Thus, the improvement in molecular
weight may be credited to the lack of monofunctional groups
generated by hexanoic acid which can be displaced from the
stannous octoate by lactic acid.

The marked improvement in polymerizability of lactides
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with the addition of stannous octoate is apparently
associated with catalyst activity of tin salts of carboxylic
acids in general lactone polymerizations (26-28). The
displacement of 2-ethyl hexanoic acid from stannous octoate
by the lactic acid initiator may result in the reduced
molecular weight and increased polydispersity observed in
polymerizations at high stannous octoate concentrations. The
proposed mechanism of acid interchange between the lactic
acid and stannous octoate may lead to monofunctional
initiations which, 1in +turn, leads to chain +termination
reactions detrimental to molecular weights. It is assumed
that +the white precipitate generated on mixing stannous
octoate and lactic acid 4is, in fact, the tin salt of lactic
acid. The addition of +this white precipitate to lactide
polymerizations was an effective catalyst substitute which
did not lead to the decreased molecular weights at high
catalyst concentrations associated with the aforementioned

termination side reactions.



3.3.1.3 POLYMERIZATION TEMPERATURE

All the polymerizations described up to this point in
the discussion have been performed at 130 C. This represents
the effective lower limit since the melting point of the
racemic monomer is 126 C. A four centigrade degree margin of
error was deemed appropriate +to prevent accidental cooling
below the monomer melting point. Although control of
molecular weight through initiator and catalyst control would
seem to be well in hand, it was still deemed appropriate to
investigate the effect of temperature on polymerization.

A series of polymerizations were undertaken at various
temperatures from 130 C to 190 C. Stannous octoate
concentration was held constant at 1x10-5 moles stannous
octoate/mole monomer. No lactic acid was added beyond the
latent concentration present in the stock lactide which had
been recrystallized twice from ethyl acetate. Reaction times
were maintained at 60 hours. Figure 3.29 shows the results
of the gpc work up of each reaction product. Number average
and weight average molecular weights decrease systematically
with increasing temperature. Although polydispersity is not
quite as systematic with temperature, the overall trend would
seem to indicate an increase in breadth of distribution with
increasing temperature.

In light of previous discussions concerning the

thermodynamics of polymerization which describe the
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relatively low driving force for polymerization associated
with this six membered 1ring structure as compared to
caprolactone and propriolactone, it may be expected that
increasing the temperature of polymerization would
necessarily decrease the equilibrium conversion. Simple
intramolecular ester interchange and backbiting mechanisms
would lead to the generation of cyclic dimers and would thus
contribute +to +the dynamic equilibrium between polymer and
monomer. Assuming a comparable level of initiation,
decreasing conversions would necessarily decrease the average
degree of polymerization. The approximately fourfold
decrease in molecular weight seen on increasing the
temperature from 130 C to 190 C would require a tremendous
drop in conversion assuming this simple mechanism. Although
the conversion levels in this series of polymerizations was
not measured directly, qualitative observations of the nature
of the polymerization products are inconsistent with large
drops in conversion. A more drastic mechanism associated
with chain scission would be more capable in explaining the
temperature effects. Intermolecular transesterification
reactions would tend to drive the molecular weight
distributions toward £he most probable and, thus, are not
considered to be competitive with the scission reactions.

The increased yellowing of the product as polymerization
temperature was increased would also tend to suggest that

reactions beyond simple cyclization are operative at elevated
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temperatures. Chain degradation would also be consistent with
the increase in polydispersity previously described.
Considering the limited data presented here, it is certainly
beyond the scope of this work to conclude (a) specific chain
scission mechanism(s). However, the extent of such mechanisms
would not necessarily need to be severe in order to be
consistent with the decrease in molecular weight and
increase in polydispersity. Speculation on the mechanism(s)
involved will be kept to a minimum.

Since the carboxylic acid autocatalytic hydrolysis of
this polyester was probably not; operative at lower
temperatures, ostensibly due to the removal of water through
the standard sublimation techniques, it would seem reasonable
to discount its likelihood at elevated temperatures as well.
Based on previous investigations of the degradation behavior
of glycolide based polyesters (68-73), the two mechanisms
next in probability of occurrence would be a homolytic
mechanism and chain degradation due to a catalyst insertion.
The free radical mechanism for +this lactide system is
particularly attractive in 1light of the tertiary hydrogen
present on the alpha carbon which would be expected to lead
to a free radical site. This is supported to some extent by
previous workers who speculated on a free radical mechanism
based on enhanced degradation rates of poly(lactic acid) with
increasing oxygen exposure (70,73). Although previous

authors (14) were unsuccessful in detecting caprolactone
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monomer insertion into stannous octoate, the likelihood for
lactide insertion and its well documented detrimental effects
on polymer thermal stability (14) can not be totally
discounted. Quite a few additional degradation mechanisms,
previously discussed in the introduction, could also
participate in the decrease of molecular weight at elevated
polymerization temperatures. These mechanisms may include
decarboxylation, decarbonylation, heterolytic chain scission,
the elimination mechanism, as well as others as discussed
in pertinent reviews (68-73).

The limited data presented here cannot discriminate
among all possible degradation mechanisms. However, it would
seem appropriate +to state that the molecular weight realized
from the polymerization of lactide, with lactic acid as
initiator and stannous octoate as catalyst, is sensitive to
polymerization temperature. The deleterious effect of
temperature on molecular weight is more severe than would be
anticipated from arguments of reduced conversions stemming
from ceiling temperature. It is postulated that degradation
reactions leading to chain scission are operative at elevated
polymerization temperatures. In order to reduce chain
scission during polymerization, the minimum reaction
temperature, as dictated by monomer melting point, is

recommended.



3.3.1.4 KINETICS OF POLYMERIZATION

As a final experiment in +the investigation of the
polymerization mechanism of poly(lactic acids), the kinetics
of polymerization were measured and compared to previous
suggestions that the polymerizations of lactones under ideal
conditions should proceed via a "living" mechanism. A series
of ten reactions were performed all under identical
conditions. Stannous octoate concentration and reaction
temperature were all maintained at the 1levels indicated in
the legends of Fig. 3.30 and 3.31. Lactic acid was present
only in concentrations indicative of the residual
concentrations in +the purified monomer stock. Reaction
temperature was set at 140 C, approximately ten degrees above
the normally recommended level to accommodate faster monomer
melting and, +thus, more accurate polymerizafion temperature
control at short reaction times. Each of the ten reactions
was terminated by a rapid quench of the tube reactors in ice
water after various reaction times which ranged from 0.5
hours to 105 hours. Conversion levels were calculated in the
standard manner and molecular weights were determined via the
standard gpc method with a slight modification +to sample
preparation.

The procedure for obtaining the gpc results was slightly
altered for these kinetic studies so that a critical

evaluation of the low molecular weight species in the various
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distributions was not obscured by the lack of an effective
non-solvent. Small portions of the reaction products were
obtained prior +to the separation of insolubles. A sample of
all reaction products was put into THF solutions and
submitted for gpc analysis. Thus, there was no arbitrary
fractionation of low molecular weight tail from any sample in
the kinetic study prior to the molecular weight distribution
measurement.

The results of the kinetic studies are reported in Fig.
3.30 and 3.31. Figure 3.30 shows a plot of the number
average and weigh£ average molecular weights as a function of
reaction time. In addition, the highest and lowest
discernible molecular weights in the distributions are also
plotted. The conversion percentages, as well as the
polydispersity numbers, are plotted as a function of reaction
time in Fig. 3.31. In general, molecular weights,
polydispersity, and conversion are seen to increase with
reaction time up to maximum values realized at approximately
20 hours reaction time. After 20 hours, all the reported
polymerization parameters reach a steady state value.

Figure 3.31 indicates that at low conversions the ratio
of weight average molecular weight to number average
molecular weight is already significantly greater than 1.
The possibility of intermolecular reactions of the type
described in Fig. 3.17 (alcoholysis of anhydride linkages) or

intermolecular transesterification is surely a minimum when
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the polymer concentration is at 6.5%. Thus, the breadth of
the early molecular weight distribution would more likely be
due to ongoing initiation rates.

It would be difficult to label the cutoff point beyond
which initiation could be considered negligible and
propagation is dominating. An initiation scheme in which the
rate of initiation 1is first order in both lactic acid
concentration and monomer concentration seems reasonable
leading to the conclusion that initiation would occur, at
least to diminishing extents, throughout the polymerization.
The rate constant for initiation might depend on such
variables as stannous octoate concentration and temperature.
As discussed in section 3.3.1.1, the final molecular weight
distribution breadth may depend on the rate of initiation in
the latter stages of polymerization. If these rates tend to
be very low at high conversions, then the polydispersity
(Mw/Mn) would approach a value of two (2). If acid
concentrations were high enough such that the initiation rate
at high conversions was significant, then the distributions
may be expected to broaden.

The appearance of very high molecular weight species at
very low conversion levels may be the strongest argument yet
for the proposal that the lactic acid initiation takes place
over a time scale that is long compared to propagation rates.
For example, after 0.5 hours reaction time and at a

conversion of approximately 6.5%, there are macromolecules
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present that have molecular weights as high as 2.09x106. The
increase in the number average molecular weight and
concurrent increase in conversion with time is certainly
consistent with the mechanism of monomer addition to active
centers on growing chains. However, since the time scale
across which the conversion reaches the thermodynamic
equilibrium value of approximately 90% is 20 hours, the
appearance of molecular weight species which are considerably
higher than the final number average molecular weight in a
time scale of 30 minutes is inconsistent with the initiation
of all active sites at polymerization onset.

Note, the molecular weight of the longest macromolecules
present in the polymerization only increases from 2.09x10€ at
6.5% conversion to 6.61x106 at 90% conversion. This apparent
slowing of the addition of mbnomer units to an existing
growing chain can also be explained with the stipulated
ongoing initiation rates. Increasing the number of active
propagating sites during the course of the reaction would
necessarily increase the competition for the given amount of
monomer. This would +then lead to the nonlinearity between
molecular weight increase and monomer conversion for a given
chain in the polymerization batch.

The ability of "tagging” a molecule by calling it the
highest molecular weight species in the reaction batch may
not be gquite accurate because of +the potential for the

anhydride alcoholysis reaction sequence in Fig. 3.17. and
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transesterification. However, structures of type III in Fig.
3.17 can undergo alcoholysis Jjust once and the resulting
structures of +type V cannot undergo further alcoholysis.
Thus, assuming little potential for intermolecular
transesterification and that the high molecular weight
species are of type V of Fig. 3.17, the "tag" is still valid
and the arguments for finite initiation rates through the
course of the reaction are still intact. Support for the
assumption of minimal intermolecular transesterification has
been given in subsequent discussions, see section 3.3.2.

The persistence of low molecular weight species
throughout the course of polymerization may also be due to
ongoing initiations. Clearly, as short chains grow to become
larger molecular weight species, new short chain species must
have been generated to take their place. The lack of any
measurable gpc signal above an elution volume corresponding
to a molecular weight of 1.52x104 may be due to the
inherently 1low concentration of these very low molecular
weight species. Note, the amount of time spent by a growing
chain at a particular molecular weight is inversely
proportional to that molecular weight. In other words, it
takes a macromolecule ten times as long to grow from a
molecular weight of 50,000 to 100,000 as it does to grow from
5,000 to 10,000. Thus, in a hypothetical situation in which
there is a constant initiation rate and a rate of growth

which is independent of molecular weight, there will be 10
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times as many chains at 50,000 as there are at 5,000. Since
the value of dn/dc for poly(lactic acid) in THF was observed
to be rather low, it stands to reason that there may be a
lower limit to the molecular weight observed in the kinetics
series samples.

The upward swing in the observed lower limit molecular
weight is probably due to the fact that the rate of
initiation 1is necessarily decreasing as both monomer and
lactic acid concentrations decrease throughout the course of
the reaction. Thus, the lower concentration limit for gpc
detection would shift to higher molecular weights as the
molecular population of the very low molecular weight regimes
falls off.

The final polydispersity of 2.2 is very consistent with
the results of section 3.3.1.1, in that, for the low
concentration of acid in the kinetics series, a relatively
narrow distribution approaching 2.0 is expected. Some effect
of increasing the reaction temperature from 130 C +to 140 C
for this kinetics series might be expected due to the very
deleterious effect of temperature demonstrated in section
3.3.1.3. In fact, the steady state value of molecular weight
is a bit lower than predicted in sections 3.3.1.1 and 3.3.1.2
for comparable lactic acid and stannous octoate
concentrations.

In addition, previous authors (33) have correlated the

occurrence of side reactions with a maximum in molecular
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weight/time profile in the polymerization of caprolactone.
Such maxima were not seen in this work at the 1low reaction
temperature (140 C) employed for the kinetics study. The
slight maximum in the molecular weight curve in Fig. 3.30 is
not large enough to consider as significant in the context of
typical gpc error. Thus, reaction profile studies are also
recommended for higher temperatures ﬁhich were shown in this
work to favor lower molecular weights. If +the maximum in
molecular weight with time can be reproduced, correlation
between elevated temperature and degradation and/or side
reactions may be reinforced.

The discussion above is somewhat tentative due to the
limited data available. Certainly, the conclusions regarding
the initiation mechanisms as they influence the increase in
molecular weight with conversion need to be further
substantiated with additional experiments. Reaction profiles
for other lactic acid concentrations and stannous octoate
concentrations would go a long way toward this end. However,
it may be stated that the initiation mechanism proposed and
the stated correspondence between lactic acid concentrations
and molecular weight are consistent with the reaction profile

described above.



3.3.1.5 REACTION SCALE-UP RESULTS

As testimony to the integrity of the trends stated
above, the results of the scale-up of the reaction scheme
will be briefly described. The large scale reactions were
necessary for generating poly(lactic acids) for another study
in this dissertation, see chapter 4.0. Based on the proposed
lactic acid initiation mechanism, the addition of lactic acid
was used as the mechanism for controlling the molecular
weight for both the polymerization of L-lactide as well as
racemic lactide. Molecular weight control was deemed
especially crucial since it was desired to generate a total

of six products in three pairs of equivalent molecular

weights. Each pair was to contain one optically pure
species, poly(l-lactic acid), and +the racemic poly(lactic
acid).

Approximately, one kilogram of each of the two monomer
species was purified by repeated recrystallization from ethyl
acetate. All polymerizations were done at 3 to 4 centigrade
degrees above the melting points of the respective monomers.
Thus, the L-lactide was polymerized at 100 C and the racemic
monomer was polymerized at 130 C. The temperatures were
minimized in order to obviate any side reactions thought to
occur at elevated temperatures. Stannous octoate was the
chosen catalyst and was used at concentration levels below

those previously shown to lead to increased polydispersities.
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Initially, each of +the two one kilogram monomer feed
stocks was individually homogenized by crushing the crystals
separated from the ethyl acetate and thoroughly hand mixing.
This was done to guarantee a uniform lactic acid content in
the feed stocks. The acid content was characterized by
polymerizing a small one gram portion of each. Molecular
weight of the products was characterized by intrinsic
viscosity techniques. The acid concentration was determined
from the number average molecular weight which was, in turn,
estimated from the viscosity average molecular weight as
described in section 3.3.1.1. '

Large scale polymerizations of the L-lactide and the
racemic lactide were done 1in pairs at equivalent acid
concentrations. Each 300 gram polymerization was carried out
in the procedure described in the experimental section. The
results of the six polymerizations are summarized in Table
3.3 in which the total lactic acid concentrations and
viscosity average molecular weights are reported. The total
acid concentration represents the sum of +the latent acid in
the monomer feed stock and the acid intentionally added for
molecular weight control. Clearly, molecular weights are
almost identical in each pair, reflecting the inverse
relationship between acid content and molecular weight. The
inverse relationship is not +truly proportional due to the
kinetic effects of initiation described earlier. The

molecular weights of the racemic polymers are generally



Table 3.3

Summary of Poly(lactic acid) Polymerization Scale-Up Products,

Poly(lactic acid)

v
M

iscosity Average
olecular Wt.

Stereochemical Lactic Acid Concentration Intrinsic Viscosity
Configuration : Moles/Mole Lactide d1/gm
Racemic 1 x 1072 .458%

L 1 x 1072 1.21 *
Racemic 3 x 1073 1.04 *

L 3x 1073 3.25 *x
Racemic 4.7 x 107° 2.61 *

*k%k
L 5 x 1074 8.06 **

* Chloroform
** Tetrahydrofuran

*** Residual Acid Concentration

in Purified Monomer (i.e. No Acid Added)

|
|
|
|
;
i
|
i
(
1
|
5
i
i
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36,500
38,300
130,000
148,000
550,000
515,000

62%
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slightly lower than those in its optically pure counterpart.
This may be the result of the lo%er polymerization
temperatures employed for +the L-lactide. Thus, accurate

control of molecular weight was obtained principally through

the tailoring of lactic acid concentration.



3.3.2 TRANSESTERIFICATION OF POLY(LACTIC ACIDS)

The potential of transesterification in poly(lactic
acids) was investigated using 13C NMR techniques.
Quantitative 13C NMR characterization of stereochemical
sequences in poly(lactic acids) of various tacticities have
been attempted in two previous publications (38,41,60), as
described in the introduction. Neither of these two previous
works was conclusive in its assessment of the potential for
or extent of transesterification mechanisms in disrupting the
stereosequence distributions nascent to the polymerization of
lactides of various stereochemical compositions.

A more quantitatively correct approach was undertaken in
this work. Generally, there are two major complications in
use of quantitative 13C NMR techniques (80). Variations in
spin-lattice relaxation times and variable nuclear Overhauser
effects, (NOE), across different 13C nuclei in different
environments can make non-protonated carbon atoms very
insensitive to signal detection. By combining the techniques
of inverse gated decoupling with the addition of a shiftless
relaxation agent, these problems have been overcome and good
quantitative 13C NMR results are possible (80). The solution
preparations and instrumental conditions appropriate for the
implementation of +these techniques are described in the
experimental section.

Figure 3.32 1is a 13C NMR spectrum obtained from a

431



432

racemic poly(lactic acid) with viscosity average molecular
weight of 36,500. The three different carbon atoms present
in the carbonyl, methine, and methyl groups should appear in
equal proportions consistent with their appearance in the
polymer repeat unit. In fact, the integration curves above
each of these three peaks located at 169.3, 69.2, and 16.7
ppm, respectively, bears +this out. Note, +the digitally
integrated areas are reported above each curve as a
percentage of the total area under all three curves. It may
be worth noting that previous reports on the 13C NMR
investigations of stereosequence distributions in poly(lactic
acids) which claim to be quantitative show very unequal areas
under these three carbon peaks (60). This leaves some doubt
as to the validity of the results of Chabot et al. (60).
Possibly, the effects of spin-lattice relaxation times and
NOE were not correctly compensated.

Of the three peaks in Fig. 3.32, the carbonyl and the
methine show some fine structure indicative of stereochemical
sequence distributions. Since the methine peak showed only
dyad resolution, the majority of this work will concentrate
on the carbonyl peak whose fine structure was dominated by
three major peaks and, thus, offers the highest potential for
discrimination between pair addition statistics and single
addition statistics. Figure 3.33 shows the level of

resolution for the carbonyl group that could be obtained
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Figure 3.32. 13C NMR spectra of racemic poly(lactic acid) 67.92 MHz, 2000
scans.
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using the 67.92 MHz field strength employed in this work.
Fine structure for all three peaks, including the methyl
peak, was claimed by Lillie and Schulz (38), however, no such
fine structure in the methyl region was observed in the data
presented here. In contrast, Chabot et al. (60) saw no fine
structure in either the methyl or methine peaks.

The resolution that was obtained in the 13C NMR spectra
of the carbonyl region does not compare favorably with
previous results at equivalent field strengths. Chabot et al.
(60) show more than seven peaks at 62.86 MHz. This is
consistent with Lillie and Schulz (38) who also show more
than seven peaks at field strengths as low as 25.2 MHz.
Chalot et al. (60) report a carbonyl spectra very similar to
that in Fig. 3.33, however, the field strength employed in
this relatively low resolution spectra was 20.11 MHz. The
improved resolution in the previous high resolution work
discussed is attributed to resolution enhancement techniques
employed by the authors prior to +transformation of the
experimental decay. Similar enhancement techniques were not
used in this work.

As will be recalled from discussions in the
introduction, racemic lactide is the molecular 1:1 compound
of both enantiomers, L-lactide and D-lactide. It 1is
generally assumed that the presence of both enantiomers
should not affect the mode of ring-opening polymerization so

that retention of configurations during monomer addition is
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fully expected. This mode of polymerizing isotactic dyads
involving either D-lactide or L-lactide in random growth
steps has been described by Bernoullian D,D and L,L pair
addition statistics (41). Stereosensitivity to triads,
tetrads, and pentads should give 3, 5, and 7 NMR lines,
respectively, for the carbonyl spectra in racemic poly(lactic
acid). If significant 1levels of ester interchange occur,
then the stereochemical sequence of D and L units will be
randomized along +the chain. In such an instance, the well
known case of Bernoullian single addition statistics should
hold which will give 4, 8, and 16 components to the carbonyl
spectra for triad, tetrad, and pentad sensitivity,
respectively. These differences are the basis upon which the
occurrence of transesterification can be determined
(38,41,60).

Following the previous work of Chabot et al. (60), the
carbonyl spectrum of racemic poly(lactic acid) will be
divided into +three regions 1labeled A, B, and C as in Fig.
3.33. A is considered to be an isolated peak specific only
to isotactic sequences due to its correspondence to the
unique peak observed for poly(L-lactic acid), see Fig. 3.34.
The high field peak C was consideréd by Chabot et al. (60) to
be an isolated heterotactic peak, while the intermediate peak
B is assumed to be a multiplet of the remainder of the
possible heterotactic peaks. These two latter peak

assignments seem to be somewhat arbitrary. In order to more
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adequately consider all possibilities, the analysis will be
expanded to include single addition statistics. It still is
quite reasonable to consider peak A as an isolated isotactic
peak. The high field peak C may now be considered to be a
syndiotactic peak while the intermediate peak is again
considered to be a multiplet of all heterotactic peaks.
Note, syndiotactic sequences for pair addition statistics
were denied. Table 3.4 is a comparison of theoretical and
experimentally determined peak areas expressed as fractions
of the total carbonyl intensity. Triad, tetrad, and pentad
sensitivity are considered in the theoretical calculations.
Both results obtained in this work on racemic poly(lactic
acid), as well as those of Chabot et al., are 1listed for
comparison.

Clearly, there is a difference between the results
obtained in this work and those of previous studies (60),
especially in the high field intensity (peak C). This
difference may be 1linked to the improved and more
quantitative techniques used to measure the NMR response. 1If
pair addition statistics are assumed to be operative, then
Chabot’s et al. 20.11 MHz. spectra correlated well with
pentad sensitivity while the data in this work do not find a
good match with theoretical intensity calculations. If single
addition statistics are assumed to dominate, then data
generated in +this work correlate well with triad resolution.

Putting aside for the moment the discrepancies



Table 3.4

Comparison of Peak Areas from NMR Analysis of Racemic Poly(lactic acid)

to Single and Pair Addition Bernoullian Statistics

IA/Itota]*
a b c

Single Addition (25, 12.5, 6.25)**
Bernoullian Statistics
Pair Addition (50, 37.5, 25)
Bernoullian Statitics
Chabot et. al. (60) , 27
Data 26

IB/Itota]*

(50, 75, 87.5)

(25, 50, 62.5)

59
52

IC/Itota]*

(25, 12.5, 6.25)

(25, 12.5, 12.5)

14
22

*IA/Itota] ratio of peak intensity to total carbonyl intensity expressed as a percentage.

**(a, b, ¢) triad, tetrad, pentad theoretical intensities,

»
w
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associated with differences in resolution and technique,
there is an additional contrast to be noted. The racemic
poly(lactic acid) synthesized in the previous work was done
with the aid of 2zinc powder catalyst, while the material in
this work was synthesized with stannous octoate. The
activity of the stannous octoate is considerably higher than
that of the zinc dust as judged by the longer polymerization
times (744 hours) required for the zinc based polymerizations
at 140 C. Note from the kinetic studies above, that
polymerization time of twenty hours at 140 C was sufficient
to reach final conversion ;nd reactions were seldom run in
excess of 60 hours. In addition, the stannous octoate is
also known to promote transesterification (26,28). It would
be tempting to attribute +the single addition statistics in
the poly(lactic acid) synthesized in this work to the
enhanced ester interchange promoted by stannous octoate.
However, this reasoning would be offset somewhat by the
increased exposure to heat endured by the materials
synthesized by Chabot et al. It would stand to reason that
increased exposure to heat would promote ester interchange
even at the potentially lower rates in the absence of
stannous octoate. In fact, Chabot et al. (60) discussed the
potential of transesterification in the polymerized samples
in order to correlate their 20.11 MHz. NMR results with mixed
single addition and pair<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>