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Abstract

In this paper a series of di-block copolymers of L-lactide and (meth)acrylate [the (meth)
acrylate, (M)A, refers to methyl methacrylate, tert-butyl acrylate and 2-ethylhexyl acrylate]
were synthesized by varying the molecular weight of the polylactide (PLLA) macroinitiator
and the structure of the (meth)acrylate monomers. The glass transition temperature,
crystallinity and thermal stability of copolymers with different poly(meth)acrylate [P(M)A]
blocks were investigated by differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). The results indicated that the glass transition temperature of the copolymers
could be tuned by changing the chain structure and chain length of the P(M)A blocks. Besides,
the crystallization of the copolymers was inhibited by the introduction of P(M)A blocks, and
the toughness of the copolymers could be tuned. It is noted that the thermal stability of the
copolymers depended on the type of P(M)A blocks and the PLLA/P(M)A blocks ratio.
Furthermore, the microphase separation of copolymer in thin films was observed by atomic
force microscopy (AFM) and scanning electron microscopy (SEM), and the results showed
that the composition of copolymers significantly affected the surface morphology of the block

copolymer thin films.
Key words: poly(L-lactide); polyacrylate; block copolymer; glass transition temperature;

thermal stability; morphology
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1. Introduction

Poly(L-lactide) (PLLA) is considered as one of the most promising biopolymers due to its
unique properties [1-7]; many of the early applications of PLLA have been destined for
biomedical fields, including in-vivo degradable/resorbable medical implants, sutures and
controlled drug delivery systems [5, 6]. In recent years, technological developments have made
PLLA economically competitive with petroleum-derived plastics [6, 7], and PLLA is now
being considered as an ideal substitute to produce consumer goods such as packaging materials,

cold drink bottles, carrier bags, and clothing [1-4, 7].

However, PLLA exhibits a low heat distortion resistance due to its low glass transition
temperature (Tg) at ca. 65 <C [3, 7]. The drawback in heat distortion resistance together with its
brittleness greatly limits its potential applications. Several approaches have been employed to
improve its heat distortion resistance and thermal stability, such as addition of nucleating
agents, end group protection, cross-linking and use of composites with fibers or nanoparticles
[8-11]. However, high crystallinity or the cross-linked structure usually reduces the toughness
and transparency of PLLA [8, 12, 13]. In addition, the melting temperature of PLLA would be
increased when the crystallinity is improved, which consequently affects the processability of
PLLA by reducing the processing window. To reduce the brittleness, PLLA has been blended
with polymers and copolymers [14-16]. However, an immiscibility-induced macrophase
separation between the two components occurring in the blends would deteriorate their
mechanical properties [14]. For example, pure PLA and pure poly(e-caprolactone) (PCL) have
a tensile strength of ca. 53 MPa and ca. 37 MPa respectively, but the addition of PCL causes
PLA/PCL blends to have a reduction in their tensile strength at break as their PCL content
increases [15]. In addition, the transparency of PLLA would be reduced when it is blended with
other polymers [16]. Plasticization has also been used to modify the toughness of PLLA.
However, its toughness is degraded by the migration of low-molecular-weight plasticizers
during the storage of the blend [17]. Besides, the glass transition temperature of the blends is
usually lower than that of pristine PLLA, which would reduce its heat distortion resistance [16].
Consequently, the crystallinity, the heat distortion resistance and the toughness of the PLLA all
have to be considered for modifying its properties.

3
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Generally, block copolymers possess the advantages of the properties of their constituent
homopolymers and inhibit a macrophase separation between their components. On the other
hand, block copolymers of various compositions and molecular architectures can be designed
and obtained readily [18, 19]. A technigque combining ring-opening polymerization (ROP) and
atom transfer radical polymerization (ATRP) has been developed to synthesize di/triblock
copolymers from lactone and vinyl monomers [20-25]. Recently, 2,2,2-tribromoethanol [26,
27] and 2,2,2-trichloroethanol (TCE) [28-30] have been used as bi-functional initiators to
synthesize block copolymers using this technique and can be applied for synthesizing

copolymers of LLA and vinyl monomers.

Acrylates and methacrylates are important vinyl ester monomer families. Depending on the
nature of the substituent groups, their polymers have various morphological, thermal, and
mechanical properties. For example, the glass transition temperature (Ty) of methacrylate
polymers is usually higher than that of acrylate polymers [31], and most P(M)A polymers are
amorphous. Consequently, P(M)A blocks, when added to PLLA, are expected to modify its

heat distortion resistance and its toughness.

The objective of the present study was to explore the possibility of modifying the thermal
and crystallinity properties of PLLA by introducing poly(meth)acrylate blocks. Three
(meth)acrylate monomers with different substituent groups [methyl methacrylate (MMA),
tert-butyl acrylate (t-BA) and 2-ethylhexyl acrylate (2EHA)] were used to study the effects of
the (meth)acrylate blocks on the glass transition temperature, crystallinity, thermal stability
and microscopic morphology of block copolymers of LLA and (meth)acrylate. The glass
transition temperatures of PMMA, PtBA and P2EHA are 115, 40 and -65 <C respectively
[32-35], and it was possible to control the glass transition temperature, the crystallinity and the
thermal properties of block copolymers of LLA and (meth)acrylate by changing the chain
length and the type of (meth)acrylate blocks. Block copolymers were synthesized by
combining ROP of L-lactide and ATRP of (meth)acrylate monomers without intermediate
functionalization steps. The effects of PLLA macroinitiators with different molecular weights
and (meth)acrylate monomers with different structures on the copolymerization results were

investigated by gel permeation chromatography (GPC) measurements. In addition, the effects
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of the P(M)A blocks on the glass transition, the crystallinity and the thermal stability of the
block copolymers were studied by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Furthermore, the microscopic morphology of the block
copolymer thin films was examined by atomic force microscopy (AFM) and scanning electron

microscopy (SEM).

2. Experimental details

2.1 Materials

L-Lactide (LLA) (>99%, Shenzhen Bright China Industrial Co. Ltd., China), methyl
methacrylate (MMA) (AR, Aladdin Reagents Co. Ltd., China), CuCl (>97%, Shanghai
Chemical Co. Ltd., China) and dimethyl sulfoxide (DMSO) (GR, Aladdin) were purified using
a method already  describped [30].  Tert-butyl acrylate (tBA)  (97%,
Alfa Aesar China Co. Ltd., China) and 2-ethylhexyl acrylate (2EHA) (AR, Aladdin) were
used after distillation purification. N, N, N’, N”, N”-Pentamethyldiethylenetriamine (PMDETA)
(>99%, Sigma-Aldrich Chemie Gmbh, Germany), stannous octanoate (Sn(Oct);) (>95%,
Sigma-Aldrich Japan, Japan), 2,2,2-trichloroethanol (TCE) (>99%, Aladdin), tetrahydrofuran,

ethanol and chloroform were used as-received.
2.2 Synthesis of the diblock copolymers via ATRP of (meth)acrylate

The macroinitiator PLLA-CI was prepared from TCE and LLA following a process already
described [30] (Scheme 1). The diblock copolymers were synthesized via ATRP of the
(meth)acrylate monomers using CuCI/PMDETA as a catalyst system and PLLA-CI as a
macroinitiator (Scheme 1). In a typical polymerization, CuCl (1.9 mg, 0.019 mmol) and
PLLA-CI (0.51 g) were added to a tailor-made flask and the system was cycled between
vacuum and argon three times to remove oxygen. Then, for example, degassed PMDETA (8.40
mg, 0.048 mmol), tBA (4.97 g, 38.76 mmol), and DMSO (10 mL) were added. The solution
was further deoxygenated by three freeze-pump-thaw cycles and the flask was then placed in
an oil bath kept at 80 <C for 10 hours. After cooling, the reaction mixture was diluted in
chloroform, and passed through a neutral alumina column to remove the catalyst. It was then

isolated by precipitation in methanol, followed by drying in vacuum, and at last, the copolymer
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poly(L-lactide)-b-poly(t-butyl acrylate) (PLLA-b-PtBA) was obtained. The same synthetic
strategy was used to synthesize the other two copolymers, poly(L-lactide)-b-poly(2-ethylhexyl

acrylate) (PLLA-b-P2EHA) and poly(L-lactide)-b-poly(methyl methacrylate) (PLLA-b-PMMA).

Because the viscosity of the system for PLLA-b-P2EHA was high when the reaction time was
6 hours, the reaction times for PLLA-b-PtBA and PLLA-b-P2EHA were controlled to 7h and
6h respectively. The molecular weights, My, of the used macroinitiator were between 0.22x10*
and 9.65x10* g mol™, and the M, of the obtained copolymers, as well as the compositions for

the copolymerization, are shown in Table 1 and Table 2.

cl 0.0
TCE Ho~ECI 4 j’[ :\C LLA
Cl o o

Sn(Qct); l 120 °C
4 Cl
HO%T(O\HL)EO/\QC, PLLA-CI
(o) Cl
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Scheme 1 Synthesis strategy for block copolymers of L-lactide and acrylates
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Table 1 Copolymerization results of MMA, tBA and 2ZEHA monomers (M) initiated by
PLLA-CI macroinitiators (MI) with different molecular weights using the CuCI/PMDETA
catalyst system. [PLLA-CI]/[CuCI}/[PMDETA](mol/mol)= 1:1:2.5; [M]/[MI]
(mol/mol)=2000:1.

Monomer ~ Time  Conversion  “Micoe  ? Mnsosrc PLLA-Cl "My

B ’
Copolymers (M) ) (%) (40°) (40°) Dy (M) (x10%) Dy

B-1 MMA 24 55.7 11.35 22.02 1.34 MI-1 022 1.50
B-2 MMA 24 77.2 15.98 12.72 1.44 MlI-2 055 1.36
B-3 MMA 24 84.3 17.63 16.49 1.47 MI-3 078 121
B-4 MMA 24 51.9 11.83 9.39 1.64 MI-4 143 1.26
B-5 MMA 24 39.1 11.62 10.93 1.40 MI-5 3.80 1.37
B-6 MMA 24 58.8 21.40 18.06 1.87 MI-6 965 118
“B-7 MMA 24 67.2 5.67 5.68 1.92 MI-7 341 137
B-8 MMA 72 50.1 12.60 12.31 1.88 MI-5 380 1.37
B-9 tBA 7 17.1 6.97 6.57 2.09 MI-5 380 1.37

B-10 2EHA 6 45.5 19.35 13.26 2.86 MI-5 3.80 137

*Mn coca iS the calculated molecular weight of the block copolymers, defined by M,, of macroinitiator +
(IM]/ [MI] < molecular weight of monomer < convers, the final conversion was calculated from the
yield of the obtained polymer;

ion)”Mnyco,Gpc and Dy, are the number average molecular weight and molecular-weight dispersity of
block copolymers, respectively, obtained from GPC;

"Mnin and Dy are the number average molecular weight and molecular-weight dispersity of the
macroinitiator PLLA-CI, respectively, obtained from GPC;

“The [M]/[MI] (mol/mol) of B-7 was 500:1.
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Table 2 Glass transition temperature and decomposition temperature at 10% mass loss of

copolymers
(M M ) PLLADblock P(M)A block
“M.. EM ) neo ~ M Length Length ST ‘T,
Copolymers " ngo 7 —————"—  (numberof (number of g
POVIERS (a0") (00 Mun  monomer  monomer () (O)
units) units)

B-1 022 22.02 100.0 30 2180 125.5 262
B-2 055 12.72 22.2 76 1217 126.0 260
B-3 0.78 16.49 20.0 108 1571 120.7 256
B-4 1.43 9.39 5.6 198 796 114.6 226
B-5 3.80 10.93 19 527 713 98.9 230
B-6 9.65 18.06 0.9 1340 841 79.9 215
B-7 3.41 5.68 0.7 473 227 77.2 214
B-8 3.80 1231 2.2 527 851 103.8 228
B-9 3.80 6.57 0.7 527 216 62.6 234
B-10 3.80 13.26 2.5 527 514 -64.5 315

* Mn.in is the number average molecular weight of macroinitiator PLLA-CI, obtained from GPC;
M, is the number average molecular weight of copolymers, obtained from GPC;

(M

nco n,in)

M

4 is the ratio of molecular weight of poly(meth)acrylate blocks and PLLA blocks.

n,in
‘STg is the glass transition temperature of copolymers during the second heating run;

“T4 is the decomposition temperature of copolymers at 10% mass loss.

2.3 Analysis and measurements

The number-average molecular weight (M,), weight-average molecular weight (M,,) and
molecular-weight dispersity (By =My/M,) of the obtained PLLA-CI and di-block copolymers
were measured by gel permeation chromatography (GPC) analysis on an Agilent 1100 series
liquid chromatograph (Agilent Technologies, USA) equipped with a refractive index detector
(G 1362 A) and a series of 10000 and 100 A pore sizes polydivinylbenzene columns
thermostated at 35 <C. Tetrahydrofuran was used as the mobile phase at a flow rate of 1.0

mL/min, and the column calibration was performed with polystyrene standards.

The vacuum-dried samples were dissolved in chloroform, and then the solution was coated
on potassium bromide (KBr) plates. FT-IR spectra were recorded on a Nicolet 560 Fourier

transform infrared spectrometer (Nicolet Co., USA) with an accumulation of 64 scans in the
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400-4000 cm™ range at a resolution of 0.5 cm ™.

'H-NMR spectra were measured with a Bruker ARX400 spectrometer (Bruker Corp.,
Switzerland) at 600 MHz at ambient temperature, using chloroform-d as a solvent and

tetramethylsilane (TMS) as an internal chemical shift standard respectively.

DSC was recorded using a Mettler Toledo DSC 1 STAR system (Mettler Toledo Co.,
Switzerland) under nitrogen purge. The first heating scan was from 0 to 210 <C, and the
samples were kept at 210 <C for 5 min and then cooled to 0 <C at a rate of 10 <T/min. Finally,
after a delay of 5 min at 0 <C, the samples were heated back to 210 <C at the same rate. The
glass transition temperature (Tg) was defined as the midpoint temperature of the transition from

the second heating scan.

TGA was performed with a SDT Q600 thermogravimetric analyzer (TA instrument Co.,
USA) in the range from 30 to 500 <C using a heating rate of 10 <T/minand a steady nitrogen
flow of 100 mL/min.

Thin films of block copolymers were deposited by spin coating on freshly cleaved mica
wafers. AFM studies were performed on a Nanoscope Multimode SPM with Nanoscope Illa
controller (Vecco Instruments Co., USA) operating in tapping mode and using a silicon
cantilever (nominal specified tip radius of 5-10 nm) at room temperature to record both height
and phase images. Etched silicon tips with a resonance frequency of approximately 263 KHz

and a spring constant of about 20-80 N/m were used.

The surface morphology of thin films was analyzed by using a scanning electron microscope
(JSM-5900LV, JEOL Ltd., Japan) operating in secondary electron mode at an acceleration

voltage of 20 KV. The surfaces of the samples were gold-coated before SEM studies.

3. Results and discussion
3.1 Chemical structure of block copolymers
As shown in Table 1, the molecular weight of the block copolymers M, ¢, cpc increases

compared with that of the relative macroinitiators M, i,. For instance, the GPC trace of the
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copolymer (B-1) showed a monomodal peak at lower retention time without any shoulder
compared to that of the relative macroinitiator PLLA-CI (MI-1) (Fig. 1), indicating that the
block copolymers were formed with little evidence of unreacted starting material from the
trichloro-terminated macroinitiators. The FT-IR spectrum of diblock copolymer (B-1),
together with macroinitiator PLLA-CI (MI-1) and poly( methyl methacrylate) (PMMA), is
illustrated in Fig. 2. The double-peak absorbance at 1760, 1731cm™ on the curve of IR
absorbance of diblock copolymer (B-1) are characteristic of carbonyl C=0 stretching in PLLA
(1758cm™) and PMMA (1731cm™) chain blocks, respectively. This along with other
characteristic vibrational bands due to PLLA and PMMA confirms the presence of the two
segments in the diblock copolymers. The structure of the block copolymer is further confirmed
by 'H-NMR, revealing resonances correlating to both the PLLA and PMMA blocks. *H-NMR
[CDCI3, 600MHz], & [ppm]: 5.14-5.19 (g, CHCHs, PLLA segment); 1.57, 1.59 (d, -CHs,
PLLA segment); 3.60 (s, -OCH3, PMMA segment); 1.73-2.07 (m, -CH,-, PMMA segment);

0.85, 1.02 (s, CH3-C-, PMMA segment).

As previously reported, the structure of the block copolymers, PLLA-b-PtBA and
PLLA-b-P2EHA synthesized here, was confirmed by GPC (Table 1), FTIR (Fig. 3, Table 3)
and *H-NMR (Fig. 4, Table 4). Characteristic bands of the two blocks in the copolymer were

observed, indicating that the PLLA-based di-block copolymers were achieved.

10
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Retention time (min)

Fig. 1 GPC traces of (a) macroinitiator PLLA-CI, MI-1, (b) PLLA-b-PMMA, B-1

Transmission (%)

T T T T 77 + T T T T
4000 3500 3000 1500 1000 500

Wavenumber (cm™)

Fig. 2 FTIR spectra of (a) macroinitiator PLLA-CI, MI-1, (b) PMMA, (c) PLLA-b-PMMA,

B-1, and the subtracted spectrum: (d) = (c)-(a), (€) = (c)-(b)
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Transmission (%)
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Fig. 3 FTIR spectra of (a) macroinitiator PLLA-CI, (b) PLLA-b-PtBA, B-9, and the subtracted
spectrum (c) = (b)-(a), (d) PLLA-b-P2EHA, B-10, and the subtracted spectrum (e) =

(d)-(2)

a " 2 d c+f
L@ A

o] Cl d
ol L A “
H = ﬁ CtC Adm bl e
0 0 o
b Ay

¢ 00
e
e e

i 1 a d c l
o a, 9 cl

. f)\goﬂ(*ﬁ/wc\% ] I I

(A) 1 ° mM
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pPpm

Fig. 4 Comparison of "H-NMR spectra for copolymers (A) PLLA-b-PMMA, B-5, (B)

PLLA-b-PtBA, B-9, and (C) PLLA-b-P2EHA, B-10

12

Page 12 of 34



Page 13 of 34
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Wavenumber (cm™)

Assignments

PLLA-b-PtBA

2978, 2936

1753

1726

1453

1388, 1367

1257, 1183, 1150, 1094
846

757

PLLA-b-P2EHA
2959, 2925, 2865

1735

1460, 1382

1255, 1213, 1165, 1094
867

762

Ve PLLA and PtBA
vic=oy PLLA

Vic=o), PBA

8.+, PLLA and PtBA
S(c.+y, PtBA

vc-o.cp PLLA and PtBA
vic-cooy PLLA

8(c=0y. PLLA

vicHy, PLLA and P2EHA
Vic=oy P2EHA

8.y, PLLA and P2EHA
Vco-cy PLLA and P2EHA
Viccooy PLLA

8oy PLLA

Table 4 *H-NMR chemical shifts of PLLA-b-PtBA and PLLA-b-P2EHA

Chemical shift (ppm)

Assignments

PLLA-b-PtBA
5.14-5.19
1.57,1.59

2.22

1.63

1.43
PLLA-b-P2EHA
5.13-5.18
1.57,1.59
1.88-1.90

2.28

3.89, 3.95

1.27-1.37

0.87-0.89

g, -CHCHg, PLLA
d, -CH3, PLLA

m, -CH,-CH-, PtBA
m, -CH,-CH-, PtBA
s, -O-(CHy)s, PtBA

g, CHCHs, PLLA

d, -CHs;, PLLA

m, -CH,-CH- of backbone, -CH,-CH(CH,)-CH,, P2ZEHA
m, -CH,-CH- of backbone, P2EHA

d, -O-CH,-CH-, P2EHA

m, -CH-CH,-CH; -CH-CH,-CH,-CH,-CH3,
-CH-CH,-CH,-CH,-CHj; -CH-CH,-CH,-CH,-CH3, P2EHA
m, -CH,-CH3, P2EHA

13
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3.2 Effects of macroinitiators on the copolymerization

As PLLA can be partially dissolved in non-polar solvents, the synthesis of the copolymers
via ATRP of the (meth)acrylate monomers using high-molecular-weight PLLA as a
macroinitiator in such solvents becomes problematic. Therefore, a polar solvent, dimethyl
sulfoxide (DMSO), was used in our experiments. The dynamic equilibrium and the
controllability of the polymerization depend on several reaction factors, such as temperature,
activity of the monomer and polarity of the solvent [36]. In our previous report [30],
2,2,2-trichloroethanol was used as a dual initiator to synthesize block copolymers of LLA and
methyl methacrylate (MMA) without intermediate steps. It was found that a high monomer
concentration and a short reaction time were beneficial to the control of the polymerization
process when trichloro-terminated PLLA (PLLA-CI) was used as a macroinitiator. In the
present work, the effect of molecular weight of the macroinitiator on the copolymerization was
investigated. As shown in Table 1, the molecular weight M, of the macroinitiator had a
significant effect on the PMMA block length of the copolymers as determined from the
difference in molecular weight of the PLLA-CI and the copolymers. For instance, under
identical experimental conditions, the number of MMA chain units of the PMMA blocks of
B-1 (M,=22.02x10* g -mol™) was ca. 2180 with the corresponding macroinitiator MI-1 (M,
=0.22x10" g -mol™), and the number of MMA chain units of copolymer B-6 (M,=18.06x10"
g -mol™?) was reduced to ca. 840 when MI-6 (M, =9.65x10* g - mol™) was used as a
macroinitiator. This variation can be attributed to the decrease in solubility of PLLA-CI in
DMSO and to the increase in viscosity of the system due to the increase of the molecular
weight of the macroinitiator. The increase in viscosity reduce the mobility of the reactive
polymer chains, the diffusion process of the monomers and the activity of macroinitiator,
which results in slower chain propagation. The By, of the block copolymers increased when the
M, of the macroinitiator increased, for example, the By, of B-1 is 1.34 and that of B-6 is 1.87.
It is deduced that the “atom transfer step” of the ATRP process was influenced when the
diffusion process of the monomers and the activity of macroinitiator reduced due to the higher

molecular weight of the macroinitiator.
3.3 Effects of (meth)acrylate monomers on the copolymerization

14
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As shown in Table 1, when the macroinitiator PLLA-CI with the same molecular weight was
used, the molecular weight of PLLA-b-P2EHA (B-10) within a shorter reaction time was
higher than that of the comparable PLLA-b-PMMA (B-5) and PLLA-b-PtBA (B-9). It could be
concluded that the reaction rate of ATRP of 2EHA was higher than that of MMA and tBA. This
may be ascribed to the effects of the long chain alkyl groups of 2EHA. The By of
PLLA-b-PtBA and PLLA-b-PtBA were noticeably larger than that of the PLLA-b-PMMA (B-5)
due to higher rate constants of propagation for tBA and 2EHA. The atom transfer step is the
key elementary reaction responsible for the uniform growth of the polymeric chains in an
ATRP process. The atom transfer equilibrium and the By of polymers relate to the rate
constants of propagation of monomers, indicating that the chemical structure of the
(meth)acrylate monomers had a significant influence on the ATRP process.

The molecular weight of the block copolymers was determined by *H-NMR analysis. For
example, for copolymer PLLA-b-P2EHA, the repeat unit ratio of the PLLA blocks to P2ZEHA
blocks was calculated to be 1:3.31 by comparing the integrated intensities of peak a (1H,
OCHCH3CO, PLLA segments) and peak e (2H, -OCH,-CH-, P2ZEHA segments) (Fig. 4). The
molecular weight of the block copolymer (B-10) from the *H-NMR results (Mqnwr) Was
determined to be 20.87 x10* g/mol based on the starting PLLA (MI-5, M, gpc =3.80x10*
g/mol). This value is close to the calculated value (19.35 <10* g/mol) of the molecular weight
on the basis of the monomer conversion. However, the molecular weight from GPC
(Mn.cpc=13.26 =10 g/mol) was obviously lower than the values mentioned above. To explain
the difference, we can note that several factors would influence the GPC measurement results.
First, the M,, of the polymer is determined by the column calibration performed with
polystyrene standards, which could affect the accuracy. In addition, the solubility of polymers
in the solvents used and their interaction may also affect the GPC results. Therefore, we were
not able to to determine the exact molecular weight of the block copolymers by GPC, though

the values can still be used to describe the molecular weight of the polymers.
3.4 Glass transition temperature and crystallinity of block copolymers

The glass transition temperature (Ty) of PMMA is reported to be in the 105-125 <C range [32,

33], which is higher than that of PLLA. No conspicuous melting and recrystallization peaks for

15
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low-molecular-weight PLLA blocks were observed during the first heating scans of the
copolymers PLLA-b-PMMA (Fig. 5a). It means that the introduction of the PMMA blocks
affected the chain organization of PLLA blocks in the copolymers and inhibited its
crystallization. However, when the molecular weight of the PLLA blocks was as high as
9.65%10* g/mol and the ratio of the molecular weights of the PMMA/PLLA blocks decreased
t0 0.9 (B-6), the copolymer exhibited a double-melting behavior on the first heating scan with a
low-temperature melting temperature (T,) peak at 158 <C and a high-temperature T, peak at
173 <C (Fig. 5a). The low-temperature peak can be ascribed to the melting of the crystallites,
formed during the preparation of the samples, before DSC heating and the high-temperature
peak to the crystallites formed by a melting-recrystallization-melting mechanism during the

heating process [37].
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Fig. 5 The first heating (@), the cooling (b) and second heating (c) scans of PLLA-b-PMMA
copolymers and macroinitiator PLLA-CI. The arrows indicatethe glass transition

temperatures.
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“a” stands for the macroinitiator and “b” stands for the copolymer

Different heat histories have impact on the thermal properties of polymer samples. A second
heating scan was employed to investigate the glass transition temperature and crystallinity of
the copolymers after a heating-cooling cycle (to eliminate the heat history). Compatibilizers
are usually used to avoid macrophase separation in polymer blends due to the immiscibility
between the two components [14]. However, for block copolymers, the macrophase separation
is limited by the linkage of covalent bonds between the polymer blocks. Only one T, was
observed on each curve of all the copolymer samples during the cooling scans (not shown) and
there were no crystallization peaks. This result indicates that the crystallization of PLLA
blocks was restrained by the PMMA blocks. Similarly, only one glass transition temperature Ty,
without crystallization or melting peak, was observed in the second heating scans (Fig. 5b, Fig.
6), even for the sample B-6 with a PMMA/PLLA ratio of 0.9 (Table 2). Therefore, the
copolymers failed to crystallize and no macrophase separation occurred between the PLLA and
PMMA blocks. The presence of the amorphous phase is necessary to reduce the brittleness of
PLLA, and the absence of macrophase separation can play a beneficial role on the mechanical

properties. When the ratio of the size of the PMMA/PLLA blocks in the copolymers increased
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from 0.9 (B-6) to 100 (B-1), the Ty of the copolymers increased and gradually shifted to that of
pure PMMA (Fig. 6, Table 2). Therefore, the T, of the block copolymers can be controlled by
changing the chain length of the PMMA blocks as well as the ratio of the size of the
PMMAJ/PLLA blocks. For example, the T, of copolymer B-6 was 79.9 <C when the ratio of the
size of the PMMA/PLLA blocks was 0.9, and increased to 125.5 <C when the ratio equaled 100
(B-1). When Ty increased, the heat distortion resistance of the copolymers was enhanced as
compared with that of PLLA. In addition, the introduction of PMMA blocks restrained the

arrangement and the crystallization process of PLLA, and the copolymers became amorphous.
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Fig. 7 The first (1) and second (2) DSC heating scans of copolymers (a) PLLA-b-PMMA, B-7,
and PLLA-b-PtBA, B-9; (b) PLLA-b-PMMA, B-8 and PLLA-b-P2EHA, B-10. The

arrows indicatethe glass transition temperatures.
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To tune the Ty of copolymers to a lower value, two polyacrylates of low T4, PtBA and P2EHA,
were introduced into the block copolymers. The glass transition temperature and the
crystallinity of the block copolymers PLLA-b-PtBA and PLLA-b-P2EHA were also
investigated by DSC and were compared with that of the PLLA-b-PMMA of similar M, and
Pwm. Considering PLLA-b-PtBA first, Fig. 7a shows that both PLLA-b-PtBA (B-9) and
PLLA-b-PMMA (B-7) had asymmetric double melting peaks during the first heating scans.
The intensity areas of the high-temperature melting peaks (corresponding to the melting of
recrystallized PLLA formed during the heating scan) were larger than those of the
low-temperature melting peaks, suggesting that the crystallization of PLLA mainly occurred
during the heating process. For the second heating scans, the melting peaks of the copolymers
almost disappeared except for a weak peak at 173.8 <C for PLLA-b-PtBA, which is indicative
of a lesser effect of the PtBA blocks in PLLA-b-PtBA on the crystallization of PLLA compared
with PMMA blocks in PLLA-b-PMMA. Only one glass transition temperature T, was
observed in the heating scans, indicating that there was no macrophase separation in the
copolymer matrix. Though the two blocks are not miscible, they are linked with covalent bonds,
leading to microphase sepatation. The T4 of PLLA-b-PtBA measured on the first heating scan
(49.6 <C) was higher than that of pure PtBA (~ 40 <C) [34] but lower than that of pure PLLA (~
65 <C). For the second heating scans, the Ty of PLLA-b-PtBA (62.6 <C) was lower than that of
pure PLLA, and the T4 of PLLA-b-PMMA (77.2 <C) was higher than that of pure PLLA,
indicating that the Ty of the block copolymers can also be tuned by changing the polyacrylate
blocks. The endothermic peak in the glass transition region of the first heating scan of
PLLA-b-PtBA can be explained in terms of thermal history effects. As for glassy polymer
samples quenched from melt to temperatures below T, the sub-T4 annealing led to physical
aging with new cohesional entanglements being formed. An endothermic process was
necessary to disengage the cohesional entanglements during the heating scan, and an
endothermic peak was observed in the DSC curve. Fig. 7b shows the DSC curves of
PLLA-b-P2EHA (B-10) and PLLA-b-PMMA (B-8). During the first heating scan, the melting
peaks of the copolymers nearly disappeared, especially for PLLA-b-P2EHA, indicating that
the crystallization of the PLLA blocks was strongly inhibited. Multi-melting peaks are
observed on the first heating scan of B-8, and it can be explained by the multi-crystallization of
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PLLA blocks in the copolymer. The crystallization of the PLLA blocks in the copolymers was
inhibited, thus the PLLA blocks could partly crystallize during the preparation and new
crystallites could also formed during the storage, and a melting-recrystallization-melting
process could occur during the heating scan. For the second heating runs, the Ty of the
copolymers, PLLA-b-P2EHA (B-10) and PLLA-b-PMMA (B-8), were observed at -64.5 <C
and 103.8 <C respectively, which are close to that of pure P2EHA (-65.8 <C) [35] and PMMA
(105-125 <C). Polymers having a low T4 are potentially useful as elastomeric or adhesive
materials at room temperature. Theoretically, the Ty of PLLA-b-P2EHA could be adjusted over
a wide temperature range, from the T4 of P2ZEHA -65.8 T to that of pure PLLA 65 <C for
different applications, by changing the ratio of PLLA/P2EHA blocks. In summary, the T, of the
copolymers can be modified by using various acrylate monomers for the copolymerization.
Therefore, we deduce that the toughness of PLLA should be able to be modified by

copolymerization approach.
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Fig. 8 Thermal gravimetric curves of PLLA-b-PMMA copolymers B-1, B-2, B-3, B-4, B-5 and
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Fig. 9 Thermal gravimetric curves of copolymers (a) PLLA-b-PMMA, B-7 and PLLA-b-PtBA,
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3.5 Thermal stability of the block copolymers

Polylactide is a representative biodegradable polymer and is prone to degradation due to
moisture, heat, UV-light, etc. The thermal stabilities of the poly(meth)acrylates are better than

that of PLLA because of the presence of carbon-carbon bonds in the backbone of the
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poly(meth)acrylate chains. It was, therefore, expected that the thermal stability of copolymers
could be improved by increasing the poly(meth)acrylate content. Fig. 8 shows the TGA and
DTG curves of the copolymers PLLA-b-PMMA containing PMMA blocks of different chain
lengths. The decomposition temperature (Tq4) of the copolymers was defined as the temperature
at 10% mass loss on the TGA curves. The T4 of the copolymers was rapidly improved as the
ratio of PMMAV/PLLA blocks increased (Fig. 6).-For example, the T4 of the copolymer B-6 (the
ratio of PMMAJ/PLLA block size was 0.9:1) was 215 <C, and the T4 of the copolymer B-2 (the
ratio of PMMA/PLLA block size was 22.2:1) increased to 260 <C, while that of the copolymer
B-1 (the ratio of PMMAJ/PLLA block size was 100:1) was 262 <C, close to that of B-2. For the
free radical polymeric PMMA, there are two degradation models, the end-chain scission and
the random chain breaking. The thermal decomposition of the block copolymers
PLLA-b-PMMA was a three-step process (Fig. 8b) For example, the TGA curve of B-5
showed three decomposition rate peak temperatures at 207, 287, and 372<C. The first and third
weight loss steps were due to the degradation of the PLLA and PMMA blocks, and the second
weight loss step was assigned to the end-chain scission of the PMMA blocks. Since the Tr, and
Tq of PLLA are at ca. 175 T and 227 <T respectively, the heat processing window would still
be narrow for PLLA-b-PMMA copolymers.

Fig.s 9 (a) and (b) show the TGA and DTG curves of copolymers PLLA-b-PtBA and
PLLA-b-P2EHA, respectively, relative to that of the corresponding PLLA-b-PMMA. For
PLLA-b-PtBA (Fig. 9a), two decomposition stages were observed, and the T4 of
PLLA-b-PtBA was slightly higher than that of PLLA-b-PMMA (B-7, Table 2). The first
distinct decomposition of PLLA-b-PtBA between 210 and 250 <T with a peak at 238<C is
generally interpreted as a decomposition of the tert-butyl groups in the PtBA blocks [38]. The
intra and/or intermolecular condensation reactions, elimination of H,O and generation of
anhydride units, evolution of CO, and CO vyielding unsaturated hydrocarbon linkages, and the
degradation of unsaturated hydrocarbon chains of PtBA blocks may contribute to the second
decomposition stage. The decomposition of PLLA also contributes to the two stages. The
thermal stability of copolymer PLLA-b-P2EHA was enhanced as the decomposition
temperature at 10% mass loss of PLLA-b-P2EHA (Fig. 9b) was 315 <C as compared with that
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of PLLA-b-PMMA (B-8, 228 <C) of similar compositions. In addition, the DTG curves
showed that the fastest decomposition rate of PLLA-b-P2EHA was observed at 395 <C, which
was also higher than that of PLLA-b-PMMA (B-8, 368 <C). The results revealed that
PLLA-b-P2EHA had a better thermal stability than that of PLLA-b-PMMA having similar
composition ratio. Generally, the polymers with the lower T, the lower molecular weight, the
lower crystallinity, the wider molecular-weight dispersity have less heat distortion resistance.
PLLA-b-PMMA copolymers can perform a better heat distortion resistance than
PLLA-b-PtBA and PLLA-b-P2EHA, because PLLA-b-PMMA copolymers have higher T,
However, the influence of the PtBA and P2EHA blocks with different block lengths on the

diblock copolymers deserve investigations.

(V] 10 um O 10pm o 2pm 0 2 pm

Fig. 10 AFM images (left: height, right: phase) of (a) and (a’) PLLA-CI, MI-5, (b) and (b’)
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PMMA, (c) and (¢’) PLLA-b-PMMA, B-7, (d) and (d’) PLLA-b-PMMA, B-8, (¢) and (")

PLLA-b-PtBA, B-9, (f) and (f’) PLLA-b-P2EHA, B-10. The insets in (c’) and (d’) are

enlarged images of the copolymer film surface.

3.6 Microscopic morphology of the block copolymers

In contrast to the homopolymers, block copolymers consist of chemically distinct blocks
and often exhibit various kinds of morphology resulting from the microphase separation of
the polymer blocks. The AFM and SEM images of thin films of PLLA, PMMA and the
block copolymers are shown in Figs. 10 and 11, respectively. For the AFM results, The
height images (left) and phase images (right) of the thin films are shown in Fig. 10.
Worm-like (larger size) and spherical (smaller size) aggregates were uniformly distributed
on the surface of the PLLA films (Figs. 10a and a”), and similar convex structures were
also observed on the SEM images of the PLLA films (Fig. 11a). The aggregates appear to
be isolated on the surface of the substrate in Fig. 11a and the height images of Fig. 10a,
however, in the phase images (Fig. 10a’), these aggregates are bulged on the film. We
suggested that the domains are formed by the crystallization of PLLA chains during the
formation of PLLA thin films when the solvent evaporated. The larger aggregates probably
result from the combination of small spherical crystalline granules (~50 nm) of PLLA (Fig.
114, right). The surface of the PMMA thin films was very smooth as compared with that of

PLLA (Figs. 10, b and b’; Fig. 11 b) because PMMA is amorphous.
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Fig. 11 SEM images of (a) PLLA-CI, MI-5, (b) PMMA, (c) PLLA-b-PMMA, B-7, (d)
PLLA-b-PMMA, B-8, (€) PLLA-b-PtBA, B-9, (f) PLLA-b-P2EHA, B-10 (scale bars for

all images, left: 20 pm, right: 2 um)

As shown in the low magnification AFM images (Figs. 10, ¢ and d), the surface
morphology of the PLLA-b-PMMA (B7, B8) thin films was similar to that of pure PMMA.
However, irregular holes and nodules were observed on the surface in the high
magnification AFM images of these PLLA-b-PMMA (Figs. 10¢’ and 10d”). The insets in
Fig. 10¢’ show the sphere-shaped nodule structures in the PLLA-b-PMMA thin films. The
sphere-shaped structures are probably formed by the microphase separation between the
PLLA and PMMA blocks due to their immiscibility [39], the PLLA blocks could
crystallize but the covalent bonds between these two blocks would force the PMMA
blocks to surround the PLLA crystal “cores”. As shown in Fig. 10d’, the boundary

between the sphere-shaped structures became blurred when the content of PLLA blocks in
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the copolymer decreased. From the SEM images of the PLLA-b-PMMA block
copolymers (Figs. 11c and 11d), the copolymer thin films exhibited a relatively smooth
surface at low magnification with micro-pores on the surface being observed at high
magnification. These pores were well distributed when the content of PMMA blocks was
dominant in the copolymer (B-8, Fig. 11d). As shown in the high magnification SEM
images, the morphology of the micro-pores suggested an uneven structure, which might
result from the micro-phase separation between amorphous PMMA and PLLA crystal
domains, as noted above. The results revealed the possibility to fabricate porous
membranes using the block copolymers, whose pores could be controlled by changing the

ratio of blocks and the block lengths.

From the AFM and SEM images, the PLLA-b-PtBA and PLLA-b-P2EHA exhibited
different surface morphologies compared with that of PLLA-b-PMMA (Figs. 10e, 10e’,
10f and 10f’; Figs. 11e and 11f). It was observed that the domains of PLLA-b-PtBA and
PLLA-b-P2EHA copolymers are separate and distribute on the mica substrate. In the AFM
phase images, the microphase separation can be observed for both the big domains
(0.5-1.3 um) and the small ones (50-200 nm). The deep-gray area was assigned to the
“soft” phase, which was formed by the PtBA and P2EHA blocks of the copolymers, while
the light-gray area was assigned to the “hard” phase, which was formed by the PLLA
blocks of the copolymers. PLLA crystallized and the PLLA domains are embedded in the
PtBA or P2EHA domains. The content of PLLA blocks in PLLA-b-PtBA was higher than
that in PLLA-b-P2EHA, and thus the size of the PLLA domains of PLLA-b-PtBA was
larger than that of PLLA-b-P2EHA. Moreover, the PLLA-b-PtBA aggregates showed a
clearer boundary and a bigger size than those of the PLLA-b-P2EHA aggregates. This
difference is due to the lower T, of P2EHA. The samples were prepared from solution. The
Ty of P2ZEHA is at about -65<C, so the P2EHA blocks are in “rubbery state” at room
temperature. The AFM images of PLLA-b-P2EHA clearly showed that the P2EHA
domains were distinct in the phase image but they almost disappeared in the height image,
and this is also confirmed by the SEM results. In high magnification AFM images of the

PLLA-b-PtBA and PLLA-b-P2EHA films (Figs. 10, e’ and f°), it can be observed that
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PLLA crystals were embedded in either large-size or small-size copolymer aggregates,
suggesting a microphase separation between the constituents. The copolymer aggregates
of PLLA-b-PtBA were observed to be discontinuous structures in the SEM images (Fig.
11e), but by AFM, the block copolymers were observed as domains (Fig. 10e, e’). A
possible cause may be that the surface of the thin films were gold-coated before the SEM
measurement. The difference between the SEM and AFM results of PLLA-b-PtBA is
more surprising when both AFM and SEM analyses have been performed on the same
sample. For the SEM experiment, the sample has been metalized which may cause the
aggregations of the domains because of the weak PtBA polymer bondings to the mica
substrate. However, this was not observed for the PLLA-b-P2EHA (Fig. 11f) where no
grain boundary of PLLA-b-P2EHA aggregates was found on SEM images and the surface
of the SEM images of copolymer PLLA-b-P2EHA in Fig. 11f looks smooth.

4. Conclusions

We studied the block copolymers of lactide and 3 (meth)acrylates, using methyl
methacrylate, tert-butyl acrylate and 2-ethylhexyl acrylate as monomers. The glass
transition temperature (Tg) and the thermal stability of block copolymers could be tuned by
changing the chain length of the blocks and the type of monomers. The copolymer
PLLA-b-PMMA was endowed with a higher heat distortion resistance by the introduction
of PMMA blocks with a high T4, and the thermal stability of the copolymers could be
improved and tuned by increasing the chain length of the PMMA blocks. The copolymer
PLLA-b-P2EHA showed a better thermal stablility than that of PLLA-b-PMMA and
PLLA-b-PtBA. Moreover, the crystallization of the PLLA blocks was inhibited and we
assume that the toughness of PLLA could be modified and tuned by poly(meth)acrylate
blocks. The surface morphology of copolymer thin films made from different block
copolymers differed greatly from each other. The surface of PLLA-b-PMMA thin films
showed a micropore structure, while copolymers PLLA-b-PtBA and PLLA-b-P2EHA had
two different domains, indicating a microphase separation between the crystalline and

amorphous polymers in the thin films.
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PLLA - b - PtBA 0 4um 0 4 pm

Di-block copolymers of L-lactide and (meth)acrylate were synthesized from PLLA macroinitiators,
and the microphase separation of copolymers was observed.



