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Tuning Thermal Properties and Microphase
Separation in Aliphatic Polyester ABA Copolymers

J.P. MacDonald,” M.P. Parker,” B.W. Greenland,” D. Hermida-Merino,* . W.
Hamley” and M.P. Shaver**

Four alkyl substituted B-lactones were investigated as monomers in ring opening polymerisation to
produce a family of poly(3-hydroxyalkanoate)s. Homopolymers were synthesised using a robust
aluminium salen catalyst, resulting in polymers with low dispersity (P<1.1) and predictable molecular
weights. ABA triblock copolymers were prepared using poly(L-lactic acid) as the A block and the
aforementioned poly(3-hydroxyalkanoate) as the B block via a sequential addition method.
Characterisation of these copolymers determined they were well controlled with low disperisties and
predictable molecular weight. DSC analysis determined copolymers prepared from B-butyrolactone or
B-valerolactone yielded polymers with tunable and predictable thermal properties. Copolymers
prepared from B-heptanolactone yielded a microphase separated material as indicated by SAXS, with
two distinct Tgs. The polymers could be readily cast into flexible films and their improved tensile

properties were explored.

Introduction

Biodegradable polyesters have been of growing interest in
recent years with poly(lactic acid) (PLA) and poly(3-
hydroxybutyrate) (P(3-HB)) finding use in various specialty
and commodity applications.'™ Ring-opening polymerisation
(ROP) of the corresponding cyclic esters, catalysed by either an
organocatalyst or a metal complex, has been investigated for
improved control over the polymer properties by affording
polymers with predictable molecular weight and low dispersity
while minimising chain transfer and termination reactions.””’
These controlled polymerisations also offer the ability to access
more complicated macrostructures and facilitates precision
polymer synthesis. However, due to the vast majority of reports
focusing on a limited number of monomers, namely lactide,
glycolide and e-caprolactone, the range of accessible materials
is also quite limited.*"!

To grow this range of polymers, aliphatic polyester
copolymers have been explored.'> '* One class of particular
interest is copolymers of PLA and P(3-HB). Due to the
difficulty in polymerising B-butyrolactone (B-BL),* both the
homopolymerisation and copolymerisation of B-BL have seen
limited study. The first report of copolymerisations
incorporating 3-BL was from Hori ef al. with a distannoxane
complex to make copolymers of L-lactide (L-LA) and (R)-B-
BL." The product had random monomer incorporation, high
molecular weight and a broad dispersity (BP=1.7). A subsequent
report involved a more detailed investigation of the effects of
varying monomer feed ratios.'* The copolymers reported were
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again high molecular weight with random monomer
incorporation and broad dispersities (P=1.8-2.3) and thermal
properties that supported a homogeneous polymer sample with
no phase separation. Since this report, several groups have
developed different systems to synthesise P(LA-co-3-HB).'62°
Our group recently reported the copolymerisation of rac-B-BL
and rac-lactide (LA) with aluminium salen (MeAl[salen]®“B"®"
(1), MeAl[salen]*™*F" (2), Figure 1) and aluminium salan

(MeAl[salan]“'“'®™F (3), Figure 1) complexes.”!
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Figure 1. Aluminium salen and salan complexes for copolymerisation of 3-BL and
lactide
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Interestingly, bulk copolymerisation with 3 at 120°C, the
system favored incorporation of lactide over B-BL despite the
rate of B-BL homopolymerisation being significantly higher
than for lactide. PLA to P(3-HB) ratios varied from the
expected values from 39:1 (initial LA:B-BL=6:1) to 1:2 (initial
LA:B-BL=1:6). Furthermore, 'H NMR spectra showed strong
heterotactic PLA signals, indicative of long uninterrupted PLA
segments and a highly gradient copolymer. Although the
PLA:P(3-HB) the
dispersities indicated the polymerisation was still very well
than 1.1 in all
Copolymerisations carried out at 85°C in toluene with 1, 2 and

ratios varied from expected values,

controlled, with values less cases.
3 were also successful, although 1 gave relatively uncontrolled
copolymer (b>1.4).

More recently, advances have been made in the synthesis of
Hiki et al. synthesised the first block

copolymers of lactide and B-BL based on the method of

block copolymers.

Kricheldorf.?* 2 The ABA block copolymers were synthesised
through a multistep synthesis using the bifunctional initiator
1,4-butanediol to first generate the middle P(3-HB) block,
followed by growing the end P(L-LA) blocks simultaneously.
Interestingly, the thermal properties of the polymers suggested
that there was microphase separation between the elastomeric
syndiotactic P(3-HB) block and the brittle P(L-LA) blocks.
the first
thermoplastic elastomers prepared through ROP. Aluthge et al.

These polymers were reported biodegradable
recently reported the first case of generating ABA block
copolymers of PLA and P(3-HB) without the need of a
multistep synthesis.”* The dinuclear indium catalyst used
generated copolymers with relatively low dispersities (BD=1.16—
1.32) and were high molecular weight (>100 kDa). The report
had focused on using different lactide isomers to control PLA
block tacticities.

Expanding the scope of biodegradable ABA copolymer
systems outside of PLA and P(3-HB) increases polymer scope
and range of accessible properties. The Hillmyer group have
reported several systems that are either fully biodegradable or
contain biodegradable segments. Their first report of ABA
block copolymers containing biodegradable segments was
derived from a a,m-dihydroxyl functionalised polyisoprene as a
macroinitiator in the ROP of lactide.”> These copolymers were
of low dispersity and exhibited microphase separation.’® More
recently, they have reported the synthesis of thermoplastic
elastomeric ABA block copolymers derived from renewable
plant based monomers, menthide and tulipalin A.>” While the
copolymers produced in these reports were of low dispersity
with excellent tensile properties, the monomers are relatively
expensive and the polymer backbone that was not fully
degradable. Bhowmick recently reported the synthesis of an
ABA triblock copolymer of from lactide and §-valerolactone
using tin octanoate as a catalyst and 1,6-hexanediol as an
initiatior.”® The copolymers synthesised were found to be low
molecular weight (>15000 kDa) with have relatively broad
dispersities (P=1.2-1.5). Interestingly, the copolymers were
found to have two T,s that were tunable based on the monomer

2| J. Name., 2012, 00, 1-3

ratios. The system required precipitation and purification of the
polymer between homopolymer and ABA triblock copolymer.
While both homopolymerisation and copolymerisation
using B-BL are well understood, there has not yet been a study
of the effect of changing the nature of the alkyl substituent in 3-
lactone polymerisation. To address this, we now report our
efforts in expanding the synthesis of ABA block copolymers of
L-lactide and P-lactones while also using several different alkyl
chain lengths (methyl, ethyl and n-butyl) and their relationship
to microphase separation. We will also study of the effect of
molecular weight and monomer feed ratio as well as varying
the monomer alkyl group while maintaining full polymer
backbone degradability. L-Lactide was chosen to allow
formation of more brittle A blocks and a larger difference in T,
of A and B blocks. the
aforementioned aluminium salen complex, 1, active in the
living and immortal polymerisation of both lactide and p-BL.*!
Alumiunium salen and salan complexes have shown great

The catalyst chosen was

promise in controlled ROP, building on the early work from
Spassky®2? and Gibson,*® repectively. We also aimed for a
simple synthesis by employing a sequential addition method.

o
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Scheme 1. General Scheme for Aluminium Catalysed ABA Copolymer Synthesis

Experimental

General Methods. All experiments involving moisture- and
air-sensitive compounds were performed under a nitrogen
atmosphere using an MBraun LABmaster sp glovebox system
equipped with a -35°C freezer and [H,0] and [O,] analysers or

using standard Schlenk techniques. Gel permeation
chromatography (GPC) was carried out in THF at a flow rate of
1 mL min ' on a Malvern Instruments Viscotek 270 GPC Max
triple detection system with 2xmixed bed styrene/DVB
columns (300x7.5 mm). P(L-LA) and P(3-HB) were 0.050°*
and 0.065,*° respectively. The dn/dc values for P(3-HP), P(3-
HH) and P(3-HTD) were calculated using OmniSEC 4.7
software to be 0.060, 0.059 and 0.059, respectively. 'H NMR
spectra were recorded at 298K with Bruker Avance
spectrometers (400 or 500 MHz) in CDCIl; or C¢Dg. Differential
scanning calorimetry (DSC) was carried out using a TA
Instruments DSC Q2000 instrument. The samples were heated
from -90°C to 200°C at a rate of 10°C min ' after an initial
heating scan to 200°C (heating rate of 20°C min™') to remove
any residual solvent. Values of T,, T,, and T, were obtained
from the 2™ heating scan (-90°C to 200°C). T, values were
determined from the midpoint of the transition, while T, and T,
values were calculated as the peak endotherm or exotherm of
the respective transitions. Synchrotron Small-angle X-ray
Scattering (SAXS) measurements were performed on BM26B
(DUBBLE) at the European Synchrotron Radiation Source,
Grenoble, France.*® The sample to SAXS detector distance was

This journal is © The Royal Society of Chemistry 2012
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ca. 2.095 m using a wavelength(] A = 1.033 A. A Dectris-
Pilatus 1M detector with a resolution of 981 x 1043 pixels and
a pixel size of 172 x 172 um was employed used to record the
2D SAXS scattering patterns. Standard corrections for sample
absorption and background subtraction have been performed.
The data were normalized to the intensity of the incident beam
(in order to correct for primary beam intensity fluctuations) and
were corrected for absorption, background scattering The
scattering pattern from rat tail collagen were used for the
calibration of the wavenumber (¢ = 4msinB/A) scale of the
scattering curve. The sample was placed in a DSC pan modified
with kapton windows and heated using a Linkam hotstage from
-50 °C to 150 °C and cooled back to -50 °C and then heated
again to 150 °C all at a rate of 5 °C/min. SAXS data frames
were acquired each 30 seconds during this process. Tensile
measurements were obtained using a TA XTplus Texture
Analyser using Texture Exponent 32 software under ambient
conditions. Films were cast by slow evaporation of CHCI;
followed by drying. Samples of 3mmx40mm were cut from the
middle of the film to avoid edge defects. To avoid sample
slippage or damage from the instrument grips, the top and
bottom of the sample were placed between cardboard before
loading.

Materials. MeAl[salen]®"5"7 37 38 MeAl[salan]“'“'B"5t 33 and
CICr[TPP],*” *° were synthesised via modified literature
procedures. Carbon monoxide (99.9%, BOC) was used as
received. Benzyl alcohol was dried by refluxing over calcium
hydride for 24 h, distilled under inert atmosphere and degassed
by three freeze-pump-thaw cycles prior to use. Toluene,
hexane, and THF were obtained from an Innovative

Technologies solvent purification system, consisting of
columns of alumina and copper catalyst. The solvents were
degassed by three freeze—pump—thaw cycles prior to use. L-
Lactide was purified by three vacuum sublimations and dried
under reduced pressure for 18 h prior to use. Epoxides 1,2-
epoxybutane, 1,2-epoxyhexane and 1,2-epoxydodecane, were
purchased from Sigma-Aldrich and dried by stirring over
calcium hydride for 48 h, distilled under inert atmosphere and
degassed by three freeze-pump-thaw cycles prior to use. B-
Butyrolactone was purchased from Sigma-Aldrich and dried by
stirring over CaH, for 48 h, distilled under inert atmosphere and
degassed by three freeze-pump-thaw cycles prior to use.
Representative Synthesis of B-Lactone. CICr[TPP] (7 mg,
0.010 mmol), Co,(CO); (5 mg, 0.015 mmol) and 1,2-
epoxybutane (2.9 g, 40 mmol) in THF (5 mL) was added to an
oven dried ampoule. The solution was then transferred to a 40
mL Parr reactor under nitrogen. The reactor was filled with
approximately 25 psi CO and allowed to stir for five minutes.
The reactor was carefully vented and filled with 500 psi CO
and heated to 70°C. The vessel was heated until CO pressure
had stopped decreasing (ca 3 h). The vessel was carefully
vented and the crude mixture was distilled under reduced
pressure to afford (-valerolactone (3.9 g, 97%).
Representative Synthesis of Homopolymer. MeAl[salen]
Pr (23 mg, 0.04 mmol) BnOH (4.4 uL, 0.04 mmol) and P-

valerolactone (430 mg, 4.20 mmol) in toluene (4 mL) was

BuBu-

This journal is © The Royal Society of Chemistry 2012
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added to an oven dried ampoule. The ampoule was then sealed
and heated to 85°C for 6 h. The reaction was then quenched by
addition of two drops of MeOH and samples were taken for 'H
NMR and GPC analysis. The remainder was added dropwise to
cold methanol and upon cooling to —35°C for two days a
colorless solid was separated.

Representative Synthesis of ABA Copolymers.
MeAl[salen]®"®*™" (38 mg, 0.07 mmol), BnOH (7.2 L, 0.07
mmol) and L-lactide (100 mg, 0.70 mmol) in toluene (3 mL)
was added to an oven dried ampoule. The ampoule was then
heated to 85°C for 3 h. B-Valerolactone (700 mg, 7 mmol) was
then added under N, and the solution was continued to heat for
18 h. L-Lactide (100 mg, 0.7 mmol) in toluene (1 mL) was then
added under N, and stirred for 3 h. The reaction was then
quenched by addition of two drops of MeOH and samples were
taken for '"H NMR and GPC analysis. The remainder was added
dropwise to cold methanol and left in a freezer overnight,
filtered and dried under vacuum to constant weight.

Results and discussion

Synthesis of B-Lactones. While there have been several active
metal complexes as catalysts for the synthesis of B-lactones via
carbonylation of epoxides,*'™*°
complex due to its low catalyst loading for terminal alkyl

we chose a chromium porphyrin

substituted epoxides.*® In a recent report of the in situ formation
of the parent complex first reported by Coates et al., B-lactones
were synthesised in high yield with short reaction times.*’

o) o]

CICHTPP]
10 + co  CoyCO)g THE 0 o
R 500 psi 70°C,3h
Et
CICHTPP] = Ph Ph B-BL  B-VL
o o}
o o
Ph Ph "Bu CyoHay
B-HL  B-TDL

Scheme 2. Synthesis of B-Lactones By Epoxide Carbonylation

Using this strategy, B-valerolactone (R = Et, B-VL), B-
heptanolactone (R = "Bu, B-HL) and B-tridecalactone (R =
CoHz1, B-TDL) were prepared. As the alkyl chain increased in
length, a higher catalyst loading was necessary to achieve
quantitative conversion, maximized at 0.1% catalyst loading for
B-TDL synthesis. This is likely due decreasing solubility of the
catalyst as the chain length increases. Nevertheless, catalyst
loadings were still quite low for each epoxide (Table S1) and
the PB-lactones were easily separated from the crude product
mixture either by distillation (B-HL, B-VL) or by simple
column chromatography (B-TDL).

Homopolymerisation of p-VL, pB-HL and B-TDL.
Homopolymerisations of B-VL, B-HL and B-TDL were first

J. Name., 2012, 00, 1-3 | 3
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investigated to gain an understanding of the system. While
there have been several reports of homopolymerisation of -
VL% ® with  B-BL,>** no
homopolymerisation of 3-HL or B-TDL have been reported. It

and copolymerisation
is also worth noting, only a single report of copolymerisarion of
B-HL and B-BL has been previously
Homopolymerisations were carried out using 1 and were
monitored by '"H NMR spectroscopy. Complete conversion of
B-VL was observed after 16 h at 85°C. As expected for a
bulkier lactone, polymerisation of B-VL showed a significant
= 0.0065 min") compared to B-BL.
Interestingly, the rate of B-HL polymerisation showed a little

reported.*’

decrease in rate (Kgps

further decrease in rate with the polymerisation reaching
quantitative conversion in just 20 h (kg = 0.0040 min™). We
decided to investigate whether or not increasing the alkyl chain
significantly would still allow polymerisation to occur.
Changing the alkyl group to C;oH,; in B-TDL still allowed for
complete conversion of the monomer, despite requiring 40 h
(Kopbs 0.0017 min"). This is the first example of
homopolymerisation of B-HL and B-TDL while being one of
the first for B-VL.

Table 1. Homopolymerisation of B-lactone Data®

monomer T Time Conv M, ¢ M,¢ p¢ T,
(6] 0 cer
B-VL 50 6 81 8200 6570 1.10 -19.8
85 18 >99 10120 10080 1.09
B-HL 70 18 91 11750 11200 1.08 -30.8
85 18 >99 12800 12030 1.08
B-TDL 85 40 >99 21340 23700 1.05 nd'

 Polymerisations carried out using 1 as a catalyst with benzyl alcohol as an
initiator in toluene with monomer/catalyst/initiation ratio of 100:1:1. °
Conversion determined by "H NMR spectroscopy. © My, = (Mw monomer
x conversion) + Mw endgroup. ¢ M, and B determined by GPC analysis. ©
Determined by differential scanning calorimetry. T n.d. = not determined

Dispersities were excellent, and < 1.10 for all cases, while
molecular weights were in good agreement with theoretical
values. Increasing the temperature to 120°C gave faster
polymerisations yielding polymers with similar molecular
weight and dispersity (Table S2). Tin octanoate (Sn(oct),) and
an aluminium salan catalyst, 3, were also investigated for the
homopolymerisation of B-VL and B-HL. Homopolymerisations
with Sn(oct), were found to be unsuccessful, reaching only low
conversion (<20%) after 6 h at 120°C. Polymerisations at lower
temperatures did not yield any polymer. Homopolymerisations
using 3 yielded similar rates, molecular weights and dispersities
to 1 (Table S3, Figure S1). Higher molecular weight P(3-HP)
and P(3-HH) can also be synthesised (Table S4). Dispersities
remained low for most samples while reaching high conversion.
However, molecular weights were lower than the expected
values when [M]y/[Al]o/[BnOH], = 500:1.1.

The thermal properties for P(3-HP) and P(3-HH) were
investigated by differential scanning calorimetry (DSC). Both
samples showed no melt or crystallisation temperatures (T,
T.), indicating an amorphous nature, as expected, for atactic
P(3-HA)s, especially considering that increasing the substituent

4| J. Name., 2012, 00, 1-3

length should further disrupt any crystallisation of the polymer.
The glass transition temperature (T,) was found to decrease
from that of P(3-HB) to -19.8°C and -31.8°C for P(3-HP) and
P(3-HH), respectively. This trend is consistent with the
expected decrease in likelihood of order in these longer
polymer chains.

25
| ]
2
- ©
%1.5 * A
| ]
s . [ A
E 1 A
. : y X
0.5 P . x X
|
0 a2
0 50 100 150 200 250 300 350 400

Time (minutes)

Figure 2. Kinetic plot of B-lactone homopolymerisation (M = B-BL (0.0194 min™),
e=B-VL (0.0065 min™), A=p-HL (0.0040 min™), X=B-TDL (0.0017 min™)).

ABA Block Copolymer Synthesis. Our initial attempt to
synthesise ABA block copolymers was by sequential addition
at 70°C. The first L-lactide block reached quantitative
conversion after 4 h. B-Lactone was then added and heating was
continued for 12 h. The '"H NMR indicated that no B-lactone
was converted to polymer. To address this, once -lactone was
added, the reaction temperature was increased to 120°C for 12
h. While the 'H NMR indicated the presence of poly(3-
hydroxyalkanoate), there was also a significant amount of a
side product, likely the corresponding carboxylic acid from
monomer decomposition. Fortunately, excellent
copolymerization could be achieved by conducting the
polymerisations at 85°C. Thus, to simplify the process, all block
polymerisations of L-lactide and (-lactone blocks
conducted at 85°C (Scheme 3). These polymers represent the
first examples of block copolymers from B-VL or B-HL.
Interstingly, the temperature at which the monomer is added
was found to be important to keep dispersities low (Table S5).
Cooling the reaction and added the monomer at room
temperature is ineffective, with the entire reaction completed in
1-pot at 85°C being the preferred synthetic strategy.

were

0O
o

Yk MeAl[salen], BnOH i " R i
o leAl[salen], Bn o o o
n2 o toluene, 85°C,3h BnOQKr >VT[A|] toluene, 85°C, 18h Bnow\( ! %[A‘]
O R
o
>98% o)
0 |8C

n/2 om)\ toluene
3h

o]

o : 0 : 0 :
H H i H
BnoéK(%]/y%poi anoékro)%/\/o)gﬁo% enow\r%(yozgn/\o},
n g m n g N n

O Me O O Et o] O "Bu O

P(L-LA,-b-3HB-b-L-LA) P(L-LA,-b-3HP -b-L-LA) P(L-LA,-b-3HH,-b-L-LA)

Scheme 3. Synthetic Route to ABA Block Copolymers by Sequential Addition

This journal is © The Royal Society of Chemistry 2012
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Table 2. Polymerisation Data for ABA Block Copolymers®

Polymer Chemistry

n m B-BL B-VL B-HL
Mn.&h Mn b Mn th Mn b Mn th Mn b
10 100 10050 10560 1.16 11450 11740 1.10 14260 19180 1.09
20 100 11490 12250 1.15 12890 13470 1.10 15700 15720 1.08
50 100 15820 14200 1.17 17220 16100 1.10 20020 22340 1.10
75 100 19420 20300 1.18 20820 19020 1.13 23630 24850 1.14
100 100 23020 22620 1.18 24420 21170 1.16 27230 33700 1.16
100 75 20870 19520 1.15 21920 19720 1.17 24020 25140 1.16
100 50 18720 18200 1.16 19420 18600 1.16 20820 21650 1.14
100 20 16130 16780 1.15 16420 16490 1.17 16970 17850 1.14
100 10 15270 15110 1.18 15410 14760 1.15 15690 15230 1.13

* Polymerisations carried out in toluene at 85°C by sequential addition method.

'"H NMR Spectroscopy. After complete conversion of the first
P(L-LA) block, confirmed by "H NMR spectroscopy, p-lactone
was added at 85°C. The solution was then allowed to stir at
85°C until complete conversion of 3-lactone was achieved. The
L-lactide for the final block was dissolved in toluene and was
again added at 85°C. The absence of monomer methine protons
(~5.0 ppm for L-lactide, 4.5 for B-lactone) in the 'H NMR
spectra of each block indicated >99% conversion for each block
(Figure S2), suggesting no gradient formation.

Overlapping polymer signals make it difficult to directly
calculate the ratio of PLA:P(3-HA). In the case of P(3-HB), the
methine regions of the two polymers were separated enough to
integrate independently. However, for P(3-HP) and P(3-HH),
the methine region overlapped with that of PLA. Thus, the total
integration for the methine region of PLA and P(3-HA) was
compared to the methyl group of the alkyl chain (~0.85 ppm) to
determine the relative ratio of PLA to P(3-HA). In all
copolymers, the ratio of PLA to P(3-HA) was within 10% of
the theoretical value. Similarly, ABA triblock copolymers were
synthesised using L-lactide and B-BL, B-VL or B-HL. Due to the
long homopolymerisation time of B-TDL, copolymers were not
synthesised.

Gel Permeation Chromatography. To confirm the polymers
were formed as ABA triblock copolymers, GPC analyses were
performed after each polymer block (Figure 3).

— P(-LA,)
........ P(L-LA,-b-3HH )
1 — - P(L-LA,o-b-3HH, -b-L-LA )

Refractive Index

17 18
Retention Time (minutes)
Figure 3. Overlap of GPC traces for P(L-LAjgo-b-3HH100-b-L-LA100) A block (—,
M,=6920, D=1.06 ), AB block ( - - -, M,=19890, P=1.07 ) and ABA block (— - -,
M,=33700 Da, D=1.16) copolymers.

19
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Molecular weights of AB and ABA block copolymers were
estimated using averaged dn/dc values based on weight percent
of polymers. The dn/dc values of P(L-LA) and P(3-HB) were
0.050** and 0.065,* respectively. Values for P(3-HP), P(3-HH)
and P(3-HTD) were determined experimentally to be 0.060,
0.059 and 0.059, respectively. The GPC traces showed that
there was clear block growth from homopolymer to AB diblock
and then again from AB diblock to ABA triblock copolymers.
Molecular weight was measured after each block and was again
within 10% of the theoretical molecular weight for the
homopolymers, AB diblock copolymers and nearly all ABA
triblock copolymers. As mentioned, due to the low dn/dc of
PLA, low molecular weight PLA A block (n=10, 20) were not
calculated as no light scattering signal could be observed.
Effect of Alkyl Substituent Length. With an effective method
to synthesise ABA block copolymers, the effect of alkyl
substituent of the B-lactone was investigated. To do this, a
series ABA block copolymers were synthesised. While still
remarkably well controlled, copolymers synthesised with 3-BL
demonstrated the highest dispersities. Copolymers with B-VL
were better controlled and those with B—EL resulted in the
lowest dispersities, correlating with the slower rate of B block
formation and allowing a more uniform initiation. As expected,
the dispersity increased with the molecular weight of the
polymer. This was best demonstrated in the case of B-HL with
dispersities increasing from 1.08 (M,=15720) to 1.16
(M,=33700). GPC traces were found to be monomodal in all
cases with only very small shoulders observed after the addition
of the B block in samples where n=10, m=100.

Thermal Analysis of ABA Triblock Copolymers. To further
the ABA the thermal
properties were investigated by DSC analysis. Homopolymers

understand triblock copolymers,
composed exclusively from the studied P—lactone derivatives
are amorphous materials and exhibit well defined glass
transitions in the range -31 to 5°C (Table 1). In contrast, the
semi-crystalline homopolymer P(L-LA) is known to exhibit a
T, at approximately 60°C with T, and Tm at 125°C and 160°C
(values that can vary depending on M, and tacticity).>* Within
the series of ABA triblock copolymers composed of P(L-LA)
and either P(3-HB) or P(3-HP), a single T, was observed at all
compositions. The transition occurred at a temperature that
increases linearly with increasing P(L-LA) content between the
expected values for each component (Figure 4).

J. Name., 2013, 00, 1-3 | 5
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W P(L-LA -b-3HB, -b-L-LA )
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Figure 4. Plot of Tg vs. PLA content for P(L-LA,-b-3HB,-b-L-LA,) (M) and P(L-LA,-b-
3HP-b-L-LA,) (A).

Samples with the lowest P(L-LA) content (n=10, 20) did not
exhibit either a T, or T, and even materials that contained P(L-
LA) blocks where n=30 showed a significant depression in T,
(approximately 130°C) compared to that observed for the high
PLA content triblock copolymers (n>80, T,=160°C, Table S6,
Table S7). These data are characteristic of high miscibility
between the two blocks of the copolymers as the amorphous
nature of the P(3-HA) block disrupts the crystallinity of the
P(L-LA) segment. However, the presence of both a T, and T,
which are close to the values expected for the homopolymer in
samples with high P(L-LA) content may indicate a small degree
of phase-separation. In samples of P(L-LA,-b-3HH,,-b-L-LA,),
a different trend is observed (Figure 6). Samples containing up
to 50% P(L-LA) (n<100, m=100) content exhibit a single T, at
approximately -25 °C which is essentially invariant of
composition and may be compared to the T, of -31°C observed
for the homopolymer P(3-HH) (Table 1). In contrast, samples
with greater than 60% P(L-LA) (n=100, m<75) all exhibit a
single T, at approximately 45°C which is close to that expected
for homopolymers of P(L-LA). Melting transitions are not
evident in samples below 30% PLA content, but can be
observed to increase from 130°C to plateau at approximately
155°C at 60% P(L-LA). A similar trend is seen for the T,
measured in this series of materials (Table S8).

For samples containing blocks of similar degrees of
polymerisation (n=100, m=100 and n=100, m=75) two distinct
T,s are observed (Figure 5 and Figure 6) with the P(L-LA) T,
showing possible evidence of hysteresis.>

80| ----T_P(3-HH)
— T, P(L-LA)
60
mE
40 "an
o
< 20
-
(]
-20 ] |
L] Hgn
[
-40
0 20 40 60 80 100

% PLA

Figure 5. Plot of the most prominent T, observed vs. PLA content for P(L-LA,-b-
3HH-b-L-LA,). The dashed and solid lines represent the characteristic T, values
for homopolymers of P(3-HH) and P(L-LA) respectively.
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Figure 6. DSC curves of P(L-LA1po-b-3HH100-b-L-LA100), P(L-LA100-b-3HH75-b-L-LA100)
and P(L-LA1g0-b-3HHsg-b-L-LA1o0). For full DSC curves see Supporting Information

This is characteristic of a phase separated material.’® Thus,
predictable control of phase separation can be achieved through
varying the length of the aliphatic side group on the polyester
component of these triblock copolymers and by control of the
relative degree of polymerisation of each block within the
copolymer.

Small Angle X-Ray Scattering (SAXS). SAXS and WAXS
measurements may be used to confirm microphase separation in
polymeric structures instead of standard TEM/AFM images,>”
%% especially if temperature variations are a concern. Figure 7
provides evidence that both P(L-LAo-b-3HH75-b-L-LA ) and
P(L-LA go-b-3HHop-b-L-LA ;o) are microphase separated at
both -50 °C and 25°C. For the former sample, a peak at ¢ = 0.3

1

nm™ is observed, corresponding to a microphase separated

structure (lacking a defined morphology, i.e. irregularly
microphase separated) with a domain spacing of 21 nm. For
P(L-LAgo-b-3HH o-b-L-LA (), peaks are observed at g = 0.28
nm”', ¢ = 0.54 nm™ and ¢ = 0.9 nm™ again consistent with
microphase separation. The sequence of reflections suggests

crystal lamellar order with a period of 22.4 nm.%%

‘ ——HH75 25°C
10°F ——HH75 -50°C 4
2 ‘ ——HH100 25°C
S q0¢L HH100 -50 °C ]
S5
£ 5l
©
g
= 10°}
(2]
c
2 10t 1
£
10° ;
0 1 2

g/ nm-

Figure 7. SAXS intensity profiles for P(L-LAjgo-b-3HH75-b-L-LA100) and P(L-LA;o-b-
3HH100-b-L-LA1o0) at the two temperatures indicated (data obtained during
second cooling from 150 °C to -50 °C. The arrows point to peaks that arise from
microphase separation

Crystallisation was confirmed by WAXS data obtained
concurrently with SAXS (data not shown). For both samples,
peaks arising from a microphase separated structure were

present across the examined temperature range from -50 °C to

This journal is © The Royal Society of Chemistry 2012
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150 °C (with some variation in intensity) indicating the
persistence of the microphase separated morphology across the
glass transition temperatures.

Tensile Properties. To gain a better understanding of the
mechanical properties of the ABA triblock copolymers,
attempts were made to cast polymer films. Polymer films cast
of P(L-LA,-b-3HB,-b-L-LA,) were found to be brittle and
opaque with small defects, resulting in films that were not
suitable for tensile measurements. Polymers of P(L-LA,-b-
3HH,,-b-L-LA,) were able to be cast into transparent, peelable
films without defects. Samples where m>n were soft to take
P(L-LAgo-b-3HHog-b-L-
LA;y) was cast into flexible films suitable for tensile property
measurements. The tensile strength of the film was found to be

tensile measurements. However,

5.5 MPa which is slightly lower than similar films that have
been successfully cast of P(L-LA,-b-3HB,-b-L-LA,).>
However, in this report, the middle P(3-HB) block was found to
be syndiotactic whereas the middle P(3-HA) block in our
sample is atactic. The Young’s modulus was calculated to be
80.2 MPa and the elongation at break to be 31.4%. The
Young’s modulus is significantly lower than that of P(L-LA) as
expected for a polymer that is more elastomeric.®® This is
shown further by the elongation at break. This elongation is
higher than reported for high molecular weight P(L-LA,-b-
3HB,,-b-L-LA,) copolymers reported by Mehrkhodavandiandi**
and lower than the very low molecular weight P(L-LA,-b-
3HB,,-b-L-LA,) copolymers reported by Kimura.*

Table 3. Tensile Properties of P(L-LA ¢p-b-3HH 09-b-L-LA 00)

tensile strength Young’s modulus elongation at break

(MPa) (MPa) (%)
55 80.2 314
a
R ———
. _m— 1
5 y - 1
y 4 [ ]
y 4
2 Y 4
= Y 4
a Y 4
= / ]
w3 /
] y
e
7 2
1
0
0 5 10 15 20 25 30 35

Strain (%)

Figure 9. Typical stress-strain curve for P(L-LA;oo-b-3HH100-b-L-LA100)

For comparison, efforts were made to cast a film of P(L-LA)
(M,, = 22000) without success. This was not unexpected as low
molecular weight P(L-LA) is known to be brittle and therefore
difficult to form coherent films. However, the tensile properties

This journal is © The Royal Society of Chemistry 2012
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of higher molecular weight P(L-LA) have been characterised,
showing very little elastomeric behaviour (elongation at break <
3.9%).%

Conclusions

The homopolymerisation of four alkyl substituted B-lactones to
produce using  an
aluminium salen catalyst, 1. The polymerisations showed

poly(3-hydroxyalkanoate)s achieved
excellent control with predictable molecular weights and low
dispersities (P<1.1). The use of 1 as a catalyst allows for the
formation of well-defined ABA triblock copolymers with L-
lactide through sequential monomer addition. ABA triblock
copolymers of L-lactide and either B-butyrolactone or f3-
valerolactone yielded polymers with tunable thermal properties
and a single averaged glass transition temperature. However,
when [-heptanolactone is used, microphase separation is
observed between the A and B blocks. This was supported by
observation of two glass transition temperatures in P(L-LA jyo-b-
3HH,o-B-L-LA o0) and P(L-LA;¢-b-3HH;5-b-L-LA o) while
other samples of P(L-LA,-b-3HH,,-b-L-LA,) show a single T,
that remained relatively unchanged by a change in P(L-
LA):P(3-HH) ratio. SAXS analysis of P(L-LA go-b-3HH o-b-L-
LAy) and P(L-LAgp-b-3HH75-b-L-LA () confirmed that there
was in fact microphase separation with the P(L-LA) to P(3-HH)
ratio playing a role in the degree of order, the latter sample
exhibiting well-defined crystal lamellar order. Polymer
elastomeric properties are improved relative to PLA. To our
knowledge, this is the first report of an ABA triblock
copolymer composed of PLA and a PHA with a clear
correlation between the nature of the functional group and
microphase separation.
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