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Keywords: block copolymer solutions; self-assembly behavior; solvent selectivity

Block copolymer solutions can self-assemble into various microstructures due to the effects of
solvent selectivity. Though most of the related experimental and theoretical results are qualitatively
consistent, there exists little quantitative comparison between both fields. This is due to the fact that
it is difficult to determine the solvent selectivity in real systems. Therefore, we aim to quantitatively
determine the interaction parameters between each block and the solvent by comparing both
experimental and numerical results. We consider a poly(ethylene-glycol) -polylactide (PEG-PLLA)
diblock copolymer. In particular, PLLA component can crystallize below the melting temperature.
As PLLA is biodegradable and PEG is non-toxic to human bodies, these materials play a very
important role on the biomedical research. We first focus on the crystallization as well as the
structure analysis of PEP-PLLA copolymer melts. We then determine the interaction parameters
between PEG-solvent and PLLA-solvent. We finally analyze the effects of solvent selectivity,
copolymer volume fraction, and copolymer composition on the micelle formation of PEG-PLLA
copolymers in the presence of a selective solvent.
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Introduction (% 3 ~ P g8 < }gk%? 1)

Biodegradable block copolymers continue to attract a lot of attention due to their numerous
biomedical applications [1-3]. Much of the research has focused on the synthesis as well as the
available applications.  Although there have been recently a few studies in discussing the
crystallization behavior and structure development [4-15], the crystallization kinetics in
crystalline-crystalline biodegradable block copolymers has not been well understood. Thus, we
adopt a type of self-synthesized crystalline-crystalline diblock biocopolymers to systematically
analyze the crystallization kinetics during the isothermal crystallization processes. We then analyze
their self-assembling behavior in the presence of a selective solvent.

We consider poly(i-lactide)-block-monomethoxy poly(ethylene glycol) (PLLA-b-MePEG)
diblock copolymers. PLLA and PEG are known to be biocompatible. Their block copolymers have
been proposed for a wide range of medical applications due to drug permeability and degradability
[1,16]. So far, most studies related to PLLA-PEG block copolymers have focused on the synthesis
and the thermal crystallization behavior, which are primarily based on the nuclear magnetic
resonance (NMR), differential scanning calorimeter (DSC), and wide-angle X-ray diffraction
(WAXD) measurements [4,6-7,11,13-14,17-20]. For example, Kim et al. [6] investigated the
variation of the crystal structure and crystallization behavior with the block ratio in the PLLA-PEG
diblock and triblock copolymers by WAXD and DSC experiments. They found that the crystal
unit-cell structures of both PLLA and PEG are independent of the block length and the
crystallization temperature. However, the crystallization of one block is deeply affected by the
presence of the other block that is chemically connected to it. Sun et al. [13] synthesized a series of
PLLA-MePEG block copolymers with identical MePEG molecular weight but various PLLA
molecular weights. From the DSC experiments, they observed that with increasing the molecular
weight of PLLA in the copolymers, the melting point of PLLA increases; but the melting point of
MePEG tends to decrease. This phenomenon indicates that the crystallization of both components is
greatly influenced by the presence of the other component. In addition, by comparing the
PLLA-PEO-PLLA triblock copolymer with the same composition of binary PLLA and PEO blends,
Shin et al. [14] observed that the chain connectivity in the triblock copolymer can reduce the chain
mobility and the crystallization of each component thus decreases. Also they observed that the
degree of optical retardation due to the crystallization of PEO was greater in the triblock copolymer.

In the first part of this project, we study the crystal unit-cell structures as well as the isothermal
crystallization kinetics of PLLA in the PLLA-MePEG diblock copolymers by WAXD and DSC
techniques. To our knowledge, there have been extensive studies that have focused on the
crystallization kinetics of pure PLLA [21-28]. However, there exist few studies on the PLLA
crystallization kinetics in the presence of MePEG that is chemically connected to it. We therefore
synthesize a series of PLLA-MePEG block copolymers with the same MePEG molecular weight
but various PLLA molecular weights. PLLA and PEG are reported to be miscible in the melt [22].
The melting temperatures of PLLA and MePEG are around 150-190 ‘C and 60 C, respectively
[29]. As such, when the samples are first melted at 200 ‘C and then quenched to Tc = 70 C, we
expect that only PLLA component can crystallize in the presence of amorphous MePEG block from
a homogeneous melt state. We then examine the effects of the connected MePEG block on the
formation of PLLA crystals and the crystallization behavior of PLLA at various temperatures 7¢.
From the WAXD analysis, the crystal unit-cell structure parameters as a function of 7¢ and the
block ratio between PLLA and MePEG are studied. With the aid of DSC, we examine the melting
temperature and the crystallinity of PLLA as a function of PLLA molecular weight and
crystallization temperature. We also analyze the relative crystallinity of PLLA as a function of time
via the Avrami equation, from which the crystallization growth rate of PLLA at a given T¢ is
obtained. Based on the Hoffman-Lauritzen analysis of the PLLA growth rate vs. crystallization
temperature, we investigate the crystallization kinetics of regime transitions between II and III. In
particular, the transition temperature from regime III to II, the activation energy for segment
diffusion to the crystallization site U*, and the fold surface free energy o,., are compared for each
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diblock sample and pure PLLA.

In the second part of this project, we quantitatively determine the interaction parameters
between each block and the solvent by comparing both experimental and numerical results. Once
these interaction parameters are quantified, we analyze the effects of solvent selectivity, copolymer
volume fraction, and copolymer composition on the micelle formation of PEG-PLLA copolymers in
the presence of a selective solvent.



Experimental Section (F % = %)
Materials and Synthesis

PLLA-MePEG diblock copolymers were synthesized by a ring-opening polymerization.
L-lactide (Tokyo Kasei Kogyo Co.) was purified by recrystallization in ethyl acetate. The
monomethoxy-terminated poly(ethylene glycol) (MePEG) with the number average molecular
weight M, = 5000 was purchased from Aldrich Co.. First, a certain weight ratio of |-lactide and
MePEG (shown as Table 1) was put into a dry tri-stoppered flask with stirring. The flask was
purged with nitrogen and placed in a silicone oil bath at 110 “C. After the mixture was fully melted,
a few amount of the stannous octoate (1% of PLLA weight) was introduced to serve as the catalyst.
The system was continuously purged with nitrogen and the temperature was raised up to 130 C to
proceed the ring-opening polymerization for 24 h. The reaction product was then dissolved in
chloroform with stirring for 2-3 hours at room temperature, and precipitated by a mixture of
n-hexane and methyl alcohol under an ice bath. The above purification process
(dissolution/precipitation) was carried out for four times. The precipitate was finally filtered and
dried under vacuum at 45 °C for 3 days. For the sake of comparison, PLLA homopolymer has been

synthesized as well.
We employed 'H-NMR (Jeol EX-400, deuterated chloroform) to determine the PLLA

o D Nprra
composition in the copolymer, Sprra, which is equal to ( Npspa+ Nowrrc

of polymerization of component /. The molecular weights of the samples were then obtained based

on JSpira and the fixed number average molecular weight of MePEG (M, = 5000). With the aid of
gel permeation chromatography (GPC; PLgel, Sum Mixed-C, Polymer Laboratories Ltd.), we
determined the polydispersities of the samples. Tetrahydrofuran (THF) was used as the evoluting
solvent at a rate of 0.8 mL/min. Polystyrene (M, = 580~377400) was used as a standard. Finally, we
listed the characteristics of the PLLA-MePEG diblock copolymers and PLLA homopolymer used in
this study in Table 1.

) with N; = degree

Wide-Angle X-ray Diffraction (WAXD)

The samples were first heated to 200 °C in the oven for 10 min annealing, and then rapidly
transferred to another oven preheated to the desired crystallization temperate (7¢) = 70 °C for 24
h in order for PLLA to crystallize completely. Finally, the specimens were quenched to 25 °C so
that MePEG can crystallize in the matrix of PLLA crystalline domains. WAXD experiments were
carried out on the samples with a Rigaku Denki diffractometer with Cu Ko radiation (A = 1.542 A)
at a scanning rate 2° 6/min, where 0 is the scattering angle (the angle between the incident X-ray
beam and the scattered X-ray beam). The accelerating voltage was 40 kV, and the tube current was
100 mA. The X-rays were monochromated with a graphite. All measurements were performed at
room temperature.

Differential Scanning Calorimeter (DSC)

The kinetics of isothermal crystallization of PLLA homopolymer and PLLA-MePEG diblock
copolymers were analyzed by a PerkinElmer DSC-7 differential scanning calorimeter. First, the
samples were heated from room temperature to 200 °C and annealed for 10 min in the melt in order
to remove the thermal history. The samples were then quickly quenched to the desired
crystallization temperature (7¢) = 70 °C at a cooling rate of 100 °C/min, and kept at this
temperature to the end of the exothermic PLLA crystallization peak. The heat flow per gram of the
sample evolved during the isothermal crystallization process was recorded as a function of time.

After complete crystallization of PLLA during the isothermal crystallization, the samples were
heated from the crystallization temperature to a melt with a heating rate of 10 °C/min. The heat flow
per gram of the sample evolved during the scanning process was measured as a function of
temperature, from which the melting temperature of PLLA was determined from the maxima of the
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melting peaks, and the apparent enthalpy of melting per gram (/AH) contributed from the melting of
PLLA crystals was obtained from the areas of the melting peaks. Hence, the crystallinity of PLLA
component was determined.
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Results and Discussion (& % 2231 #%)
(I) Crystallization Kinetics of PLLA-MePEG Diblock Copolymers

WAXD Analysis

We employ WAXD to examine the unit-cell structures of both crystalline PLLA and MePEG
components for a series of PLLA-MePEG diblock copolymers (S1, S2, and S3), which are first
isothermally crystallized at various 7¢ for PLLA crystallization and then quenched to 25 °C for
MePEG crystallization. For a comparison, we also examine the WAXD results for pure PLLA
crystallized at various T¢ and for pure MePEG crystallized at 25 ‘C. Typical WAXD patterns in
terms of Intensity (/) and scattering angle (6) for each sample are shown in Figure 1, where PLLA
component is crystallized at Tc = 100 ‘C and MePEG at 25 °C. As denoted in Figure 1, the main
peak positions as well as their corresponding (hkl) reflection planes from pure PLLA and pure
MePEG are consistent with those from ref. 32 and ref. 33, respectively, indicating that PLLA and
MePEG belong to the orthorhombic and monoclinic crystal system, respectively. In further, the
peak positions from the WAXD profiles for each diblock sample are a superposition of the peak
positions from pure PLLA and pure MePEG, respectively, which reveals that each crystallizable
component in the diblocks forms a similar unit-cell structure as the pure component. For pure
components, the unit-cell structure parameters (a, b, c¢) are easily determined through the insertion
of the values of A (1.542A) and the main peak positions of the reflection planes into the form of
the interplanar spacing of the (hkl) reflection planes, which is given by

2 2
2sin(6,,, /2 kP
1] _ sin (G /2) :h_2+k_2+l_2 (162)
for PLLA belonging to the orthorhombic system, and
2 2
2sin(6.,, /2 2 ) 2
LY sin (6, /2) __ 12 h_2+k 51r21 ,6’+l_2_2hlcos,6’ (16b)
dp A sin“ f\ a b c ac

for MePEG belonging to the monoclinic system. In eq 1b, the value of /3 is equal to 125.4" [33].
For diblock samples, since the crystalline peaks contributed from both PLLA and MePEG are
overlapped, the WAXD patterns need to be deconvoluted first in order to determine the unit-cell
parameters of PLLA and MePEG crystals. Typical peak positions of the (hkl) planes, which
contribute to the crystalline intensities, as well as the corresponding 6 values used in the
deconvolution procedures for pure PLLA and MePEG are listed in Table 2a and 2b, respectively.
The WAXD deconvolution results to a combination of possible crystalline reflections as well as the
amorphous phase with Gaussian curves for pure PLLA and MePEQG, are then presented in Figure 2a
and 2b, respectively. With the same crystalline reflection planes listed in Table 2, similar
deconvolution procedure is also employed for each diblock sample, as shown in Figure 2c where
we present the deconvolution results for diblock sample S3. It is clear that both the deconvolution
results and the experimental results for each sample are in a very good agreement. Once the
crystalline peaks contributed to each component for diblock samples are separated, we thus can
calculate the unit-cell structural parameters of both PLLA and MePEG for the diblocks by eq 1.
Table 3 lists the unit-cell parameters for both PLLA and MePEG crystals in the diblocks as well as
for pure PLLA and pure MePEG. As can be seen clearly, the unit-cell parameters for each diblock
sample are almost identical to those for pure components [6], which also agree well with the
reported values [32,33]. That is, the formation of the PLLA and MePEG crystal unit-cell structures
is not affected by the chain-connectivity as well as the block ratio between PLLA and MePEG. Also,
these parameters do not change with the earlier crystallization temperature of PLLA T¢, indicating
that not only the PLLA crystal unit-cell parameters remain the same with 7¢; but also there are no
distortions of the MePEG crystal structures due to the presence of the earlier PLLA crystalline
domains at T¢.



DSC Analysis
Melting Behavior

Figure 3a shows the DSC heating scans of pure PLLA that is crystallized at various values of
crystallization temperature 7¢ and then heated at a rate of 10 °‘C/min. It is evident that two melting

temperature peaks for the PLLA component, 7, ,,, and T, as indicated by arrows in
Figure 3a, are observed when Tc = 105 ‘C. Figure 3b presents the values of T, , , and

T

wao.piia versus T for pure PLLA component. As can be seen clearly, T,

wa.riiq 18 independent of Tc,

and even disappears when 7T¢ increases to be greater than 105 ‘C. The value of T, ,, , is

observed to be linearly increasing with Tc when Tc = 95 “C. By extrapolating the line of 7, ,,,,
versus T, to the line 7,, = T¢ according to the linear Hoffman-Weeks analysis [34], we obtain the
equilibrium melting temperature of PLLA, T, p;;,, which is around 196 “C. This result is in a

good agreement with ref. 22, but comes with a difference of 10 ‘C compared with the value of
T, prr4 €qual to 206 C listed in the literature [21,23]. We believe this is due to the difference of

the molecular weight of PLLA. As such, the equilibrium thickness of the crystallites as well as the
equilibrium melting temperature varies. The existence of double melting peaks in the DSC heating
profiles of pure PLLA may result from one of the following reasons: the presence of two different
crystal structures, the presence of two different thicknesses of crystal lamellae with the same type of
crystal structure formed at the isothermal crystallization conditions [35], and the simultaneous
melting - reorganization/recrystallization - remelting of the lamellae originally formed during the
crystallization process [36]. Our previous WAXD results have shown that only one unit-cell
structure of PLLA crystals forms during the crystallization process. Thus, the occurrence of the
double melting peaks is mainly caused by the existence of the single type of crystal unit-cell
structure but with different crystal thicknesses. Are these two different thicknesses of crystals
formed at the beginning of the isothermal crystallization process or at the later heating process due
to the reorganization and/or the recrystallization of the original lamellar stacks? As illustrated in
Fgure 3a, the lower melting temperature peak 7, ,,, becomes more obvious; while the higher

peak T ,,,, gradually decreases as the crystallization temperature 7¢ increases. Furthermore,

2,PLL

T, p.4 €ven disappears when Tc is above 105 “C. Moreover, T,,,,,, also disappears with an

increase in the heating rate. Recall that at higher crystallization temperatures, it is easier to form
more perfect and larger crystal lamellae, and therefore it is more difficult for the reorganization
and/or the recrystallization process to occur. Also, when the heating rate is too fast, there is no
sufficient time for the original lamellar stacks to undergo the reorganization and/or the
recrystallization process. As such, the fact that the higher melting peak T7,, ,,,, does not exist in

the DSC melting endotherms at high crystallization temperature and/or heating rate indicates that
T, ps 18 @ result of the melting of the crystallites recrystallized during the heating process. While

m

the lower melting peak 7, ,,, refers to the melting of the primary crystallites formed during the

isothermal crystallization process.

Figures 4a, 5a, and 6a present the DSC melting endotherms of block copolymer samples S1, S2,
and S3, respectively, first allowing PLLA component to isothermally crystallize at various 7¢ from
a homogeneous melt state at 200 “C, and then heated at a rate of 10 “C/min. As illustrated in each

and T

m2,pLLA > AT€ also

figure, two melting temperature peaks for the PLLA component, 7, ,,,,

observed in the diblocks. In order to obtain the equilibrium melting temperature of PLLA for each
block copolymer sample, we plot the values of both 7, ., and T,,,, versus Tc for S1, S2,

and S3, in Figures 4b, 5b, and 6b, respectively. Similar to the analysis of pure PLLA, we obtain the
value of T, p;;,, for S1, S2, and S3, equal to around 165 C, 159 C, and 147 “C, respectively.
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This result shows a trend that the 7, p;;, value in the copolymers decreases with decreasing the

PLLA molecular weight. However, compared with the value of 7 ,;;, of pure PLLA, the

equilibrium melting temperature of PLLA in the diblock samples decreases dramatically, suggesting
that the presence of the miscible PEG blocks also has a great influence on the crystallization as well
as the melting behavior of PLLA. That is, the dependence of the PLLA melting temperature in the
diblock copolymers is not simply due to the variation of PLLA molecular weight. The dilution

effect caused by the miscible MePEG also plays a very important role on this sharp 7, »;,

decreasing behavior.
The crystallinity of PLLA in the copolymer, ®,,. p;; 4, 1s then calculated by

Dy PLIA = AH/AH;LLA (17a)

m

where AH is the apparent enthalpy of melting per gram contributed from the melting of PLLA
crystals, and AHp,,, is the heat of melting per gram of 100% crystalline PLLA equal to 81 J/g

[23] . To examine the effects of copolymer composition on the crystallinity of PLLA, we plot the
normalized crystallinity of PLLA, defined as

X e, pLLA = Ope pLLA / Wipp 14 (17b)
in Figure 7. As seen in Figure 7, the crystallinity of pure PLLA remains somewhat a constant
when T¢ is within 80 ~ 130 ‘C. As T¢ = 75°C, since it is close to the glass transition temperature
of PLLA, the crystallinity of pure PLLA drops dramatically. However, within the same
crystallization temperature regime, the normalized crystallinity of PLLA in the diblocks first shows
an increasing trend with 7¢ and then a decreasing behavior with a further increase in 7¢. The
existence of such a maximum is quite reasonable for systems undergoing the crystallization with the
process of nucleation and growth. That is, at low degrees of supercooling, the decreasing degree of
the formed nuclei is much larger than the increasing degree of the PLLA mobility, and thus the
crystallizability of PLLA decreases with 7. However, at high degrees of supercooling, although the
formed nucleation density increases, its increasing degree is still overcome by the great decrease of
the mobility, and thus the crystallizability of PLLA decreases with 7. decreasing. Because

decreasing PLLA molecular weight depresses the value of 7, 5, ,, the sample with lower PLLA

molecular weight at the same 7¢ indeed undergoes a crystallization at a smaller degree of
supercooling. As such, we observe that the crystallization temperature, at which the normalized
PLLA crystallinity in the diblocks reaches a maximum, shifts to a lower value with decreasing the
PLLA molecular weight. This showing a maximum behavior has also been observed in the
crystallization growth rate of PLLA with respect to 7, which will be discussed later.

Isothermal Crystallization Behavior
Figure 8a presents the DSC exothermic curves as a function of time ¢ for each diblock sample
and pure PLLA undergoing the isothermal crystallization of PLLA at T¢c = 90 ‘C, from which the
relative crystallinity of PLLA, X(¢), can be calculated by
fé dH (1) P
X()=—99% (18)
»dH (1)
I a
dt
where dH(r)/d¢ is the specific heat flow recorded at time ¢ during the isothermal crystallization
process. Once the values of X(#) vs. ¢ are obtained, as shown in Figure 8b, the isothermal
crystallization kinetics where only the PLLA block crystallizes are interpreted in terms of the
Avrami equation [37]

X(t)=1—exp(—kt") (19)
where n is known as the Avrami index, and k is the overall crystallization rate constant including
10




contributions from nucleation and crystal growth. It is clear that the fit of the Avrami equation to the
experimental data of each sample crystallized at 90 “C is remarkably good in the whole conversion
range, which is also true for the systems crystallized at other values of 7¢. As listed in Table 4,
where we present the fitting Avrami constants » and k&, most of the n values for the temperature
examined here are in the range between 3 and 4, indicating that the growing of spherulites due to
the crystallization of PLLA is three-dimensional. However, for the sample S3 at 7c = 100 C, n
deviates to a higher value 5, which may result from the presence of major amorphous MePEG
domains. Thus the growing of the ordinary PLLA spherulites is destroyed and the n value deviates
from 3-4. Indeed, with increasing the mount of amorphous MePEG, the resulting spherulites vary
from ordinary to banded to dentritic (tree-like) [13].

With the values of the overall crystallization rate k£ determined from the Avrami analysis, the
time for half of the crystallization to develop, ¢,,, is calculated by

In?2 1/n
t1/2 :(TJ (20)

from which the crystallization growth rate, G, defined as G =1/¢,,,, is obtained. Figures 9a-9d plot

G vs. T¢ for pure PLLA, S1, S2, and S3, respectively. We observe that with increasing the
crystallization temperature of PLLA for each sample, the growth rate first shows an increasing and
then a decreasing behavior. This behavior has been very common due to the balance between two
well-known opposing effects on the crystallization rate. As T¢ decreases and approaches the glass
transition temperature, 7,, the crystallization growth rate is greatly retarded by the significant
decrease of the chain mobility. While when 7¢ is high and approaches the equilibrium melting

temperature 7, although the chain mobility increases, it is overcome by the great decrease of the

formed nucleation density, and the crystallization rate decreases at low degrees of supercooling.
However, it should be noted that the curve of the temperature dependence of the growth rate G for
each sample in the temperature range studied here does not show a single bell shape. Instead, the
experimental G data with 7¢ is best fitted with two bell-shape curves, which are mainly attributed to
the different regimes that the spherulite growth is associated with and manifested below.

Based on the Hoffman-Lauritzen theory [38,39], the growth rate G of a linear polymer crystal
with folded chains is given by

G=G exp| —— Y exp| - K5 (21)
~ TR o) )T ATy

where G, is a pre-exponential term, U* is the activation energy for segment diffusion to the
crystallization site, R is the universal gas constant, 7, is the hypothetical temperature where all

motion associated with the viscous flow ceases and defined as7, (K )—30 , AT is the degree of

TC
T +T,
heat of fusion with T¢. K, 1s a parameter associated with the energy needed for the formation of
nuclei of critical size and expressed as

supercooling 7, —T, the correction term [ =

is introduced to account for the change in

_ab,oo,T,
0 Ahlky

in which b is the monomolecular thickness, o and o, are the lateral and fold surface free energy,

(22)

respectively, Ah; is the enthalpy of fusion per unit volume of crystal, and &z is the Boltzman

constant. The value of a depends on the growth regime, and equal to 4 for regimes I (high 7¢)

and III (low T¢) and 2 for regime II (intermediate 7¢). As a result, the value of K, for regimes I and
[T should be twice of that for regime II.
In order to verify the crystallization regimes in the temperature examined here for each sample,
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v b
R(T.-T,) T ATS
and the slope correspond to InG, and K, respectively. For the analysis, the glass transition
temperature 7, of PLLA for each sample is set around 48.3 “C, which is determined by DSC. The
equilibrium melting temperature of PLLA, T m pri4» for pure PLLA, S1, S2, and S3, is equal to 196
C, 165 °C, 159 C, and 147 “C, respectively, which has been obtained previously. Note that the
values of InG, and K, are strongly dependent of U*. For example, Figure 10a plots
U*
—— VS, ———
R(T.-T,) T ATS
PLLA. It is clear that the experimental data for both values of U* can be fitted with two straight

lines having high and low slopes, which may correspond to regime III and regime II, respectively.
In Table 5, we list the corresponding values of InG, and K, for regimes II and III, and the

we plot InG+ in terms of various values of U*, in which the intercept

InG+ with the value of U* = 1500 cal/mol and 2900 cal/mol for pure

transition temperature from regime III to regime II, 7. ,,,,. When U* is set at 1500 cal/mol,

which is frequently used for PLLA [21], the value of K, for regime II, Ky, = 3.0x10° K is
between the reported values of 1.85-5 x 10° K?, and K, for regime III, Ky, = 5.02x10° K* is also
in the range between the reported values of 4-9 x 10° K* [21,23,25-28]. However, the ratio K/
K.ary =1.67 is not consistent the theoretical value 2 for our experimental data when U* = 1500
cal/mol. Indeed, this discordance has also been observed in the literatures [23,25,27-28]. In order to
obtain the best fit with K,1/Keur) equal to 2, we find the value of U* for pure PLLA is around 2900
cal/mol. In this case, the value of K, for regimes II and III is equal to 4.58x10° K* and 9.10x10° K?,
respectively. Though the ratio Kgum/Kgar varies with the value of U*, the transition temperature

from regime III to regime I, 7, , ,,, remains somewhat a constant 120 ‘C, which is in a good

agreement with previous articles [23,25-28]. In order to examine the factor f effects, we also
U*

————— VS. ————

R(T.-T,) T.ATf

values of U*. In a comparison with the results obtained from including the correction term, we find

that at a fixed value of U*, though the intercept value InG, varies, the slope value K, does not

analyze the plot of InG + with /=1 (i.e., no correction term) at various

vary much with fterm included or not. As such, when f'= 1, the best fit with the ratio Kyn/Kqan)

equal to 2 is also expected at U* = 2900 cal/mol for pure PLLA, as shown in Figure 10a. Similar

behavior has also been observed for diblock copolymer samples S1, S2, and S3. For the further

discussion and simplicity, we only present the results based on the analysis without the correction

term (f = 1). As can be seen clearly in Figures 10b-10d, where we plot lnG+ﬁ VS.
c 1o

with the insertion of appropriate values of U* for S1, S2, and S3, respectively, we can also

C
find a transition from regime III to regime II with the ratio of K/ Keur close to 2 for each

copolymer sample. All the parameters including U*, T. ,,,,,and InG, and K, of regimes II and

III for each copolymer sample are also listed in Table 5. As expected, we observe a similar trend of

the transition temperature T, as the behavior of T, p;; . Also, the activation energy for the

-1
segment diffusing to the crystallization site U* decreases with decreasing the PLLA molecular
weight and/or composition. As reported in ref. 24, a decrease in the PLLA molecular weight may
cause the decrease of U* slightly. However, we believe that the presence of amorphous MePEG
which is chemically connected to PLLA can also promote the ability for the PLLA chains to diffuse
to the crystallization sites, which thus contributes to the decrease of U* too.

Once all the parameters related to the crystallization kinetics of regimes II and III are
12



determined, the theoretical values of the crystallization growth rate G as a function of 7¢ for each
sample are then calculated via eq 6 and plotted as the dashed bell-shaped curve and the solid
bell-shaped curve, for regimes II and III, respectively, in each Figure 9a-9d. It is evident that the
experimental G data with 7¢ are described very well by these two bell-shaped curves for each
sample. From these two calculated G curves for each sample shown in Figures 9a-9d, we then
obtain the temperature 7¢ a4y, at which the crystallization growth rate reaches a maximum G, for
each crystallization regime II and III, as also presented in Table 5. Similar to the transition
temperature T, ,,_,, behavior, the value of T¢mq in both regimes also decreases with decreasing

/T inregimes II and III for pure PLLA
are about 0.806 and 0.834, respectively, which are very close to the reported value of 0.83 for a
wide variety of polymers [40]. For each diblock sample studied here, the ratios of 7. /7 in

C,max
regimes II and III remain somewhat constants about 0.84 and 0.87, respectively, which are slightly
higher than those for pure PLLA. In a comparison of the maximum growth rate G, and G,

the PLLA composition. In more details, the ratios of 7,

C,max

between pure PLLA and diblock copolymers, we observe no specific trend of Gy, as well as G,
for both regimes with the PLLA molecular weight. While it has been found that both G,y and G,
have the same molecular weight dependence, and therefore G, /G, should be a constant for a

given homopolymer with various molecular weights [41,42]. Nevertheless, it is obvious that all the
values of G, in both regimes for each diblock copolymer sample are larger than those for pure
PLLA.

It is interesting to find that if we replot the calculated G vs. T¢ results in terms of the reduced
crystallization growth rate (G / G.x) and the reduced crystallization temperature (T¢ / T max), all
the plots based on the calculated results for pure PLLA and each diblock sample in both regimes II
and III, which are represented as the dashed and solid curves in Figure 11, almost overlap as a
master curve. Since these calculated G results are obtained from the best fit of the experimental data,
the plots of experimental data G / Gax VS. T/ Temax are expected to fall on this single master curve,
too (see Figure 11). In fact, by equating the derivative of G in eq 6 with respect to temperature 7¢ to
0,1.e., 0G/0T. =0, Tcma satisfies the following equation:

U* n Kg(Tr;_ZTC,max)

R(TC,max _TUD)Z TCz,max (T;; _TC,max )2
and the maximum growth rate G, has the form of

=0 (23)

Tm(l_ij
G, =G exp _;J 1+ L L, . (24a)
RT}; (20,":“_@ TC,max _Tl
Tm T;; T;;
and
2 2
nl G ) [ G |, (I-X) X(1-2B+4B)-B(4-1) (24b)
G, G ) X(4-X) (X-B)(1-2B+ 4B)

where X is the reduced crystallization temperature, 7c / T¢mar, and A and B are equal to 7, /T
and T /T,

C,max °

,max

respectively. With the above derived equations, Okui et al. [41,42] analyzed the

temperature dependence of the data of the crystallization growth rate for various homopolymers in
the literature, and reported that the experimental data of G / Gy Vs. Tc / Temax are well described

by eq 9. Since it has been well known that both ratios of 7,

C,max

/T, and T, /T, are nearly

constants for a wide variety of homopolymers, the ratio of G_, /G, is only a function of U* and

13



T,, as can be seen in eq 9a. As a result, G /G should be a constant, which depends on the

polymer specimen. The plots of the reduced growth rate G / Gyue in eq 9b vs. the reduced
crystallization temperature 7¢ / Tcmae for a given homopolymer fall on a single master curve
without molecular weight dependence. In further, a universal master curve is obtained when the

ratio of In(G/G,,,)/In(G,, /G ) is plotted against Tc / Tcme for various homopolymers.

However, in a comparison of the PLLA crystallization in the diblock PLLA-MePEG samples with
the pure PLLA, though the crystalline component is the same, our results show that the ratio of
G,.. /G, varies with the PLLA composition. This is not surprising since the crystallization of
PLLA is greatly influenced by the presence of the connected MePEG component, both U* and T,
are strongly dependent of the PLLA composition. In addition, the ratios of 7, . /7, in the
diblocks are slightly higher than those in the PLLA homopolymer (as listed in Table 5). Also the T,
value of PLLA for each sample is fixed at 48.3 ‘C, and the ratio 7, /T is therefore not a constant.

Although these factors have caused the variance of G, /G, with the PLLA composition, all the

crystallization growth rate results in terms of G / Gpux VS. T/ T max Still show somewhat a master
curve.

According to eq 7, the analysis of the lateral and fold surface free energy product (oo,) requires
the information of K, the monomolecular thickness b , the enthalpy of fusion per unit volume of

crystal AA}, and T, . With the average unit-cell parameters obtained for PLLA crystals from the
WAXD analysis in Table 3, the value of b, which corresponds to the interplanar spacing of the

growth front planes (110), is calculated and listd in Table 6. As expected, these b values are

almost the same and in an excellent agreement with the reported value 5.30 A [43]. Ah; for PLLA

crystals is equal to 111.083x10° J/m’ [44]. The values of oo, for each sample are then calculated by
eq 7 and listed in Table 6. It is clear that oo, calculated by inserting the values of K, for regime II
and III, respectively, should be very close. We therefore employ the mean values oo, in the
following further analysis.

In general, the lateral surface free energy (o) can be estimated by the Thomas-Stavely equation
[38],

o = Bb.Ah; (25)
where [ 1is a constant, and ranges between 0.1 and 0.3 [38]. For high melting polyesters such as
PLLA, B = 0.25 [25]. As expected, the lateral surface free energy o listed in Table 6 is almost the
same for pure PLLA as well as PLLA in the diblocks. However, o, calculated from the previously
determined values of ¢ and oo, is quite different between pure PLLA and diblock copolymers, as
presented in Table 6. For pure PLLA, o, is estimated as 8.84x107 J/m?, which is slightly higher than
the reported values in the literature [21,25]. This difference is primarily due to the fact that our K,
values from the previous kinetic analysis deviate slightly from those in the literature. In a
comparison of ¢, between pure PLLA and diblock copolymers, we observe that o, is significantly
reduced for PLLA crystallized in the diblock copolymers, suggesting that the presence of
amorphous MePEG blocks may help the PLLA chains to fold along the surface, and thus increase
the degree of chain folding in the diblocks. As a result, the formation of thinner lamellar crystals
with lower melting temperatures is expected for PLLA crystallized in the presence of connected
MePEG blocks. Although we have shown a significant reduction of the fold surface free energy o,
for PLLA crystallized with MePEG block connected to it, the chain folding type of the PLLA in the
diblock copolymers, however, needs to be clarified. Also, we are currently in the progress of
examining the effects of the connectivity between PLLA and MePEG on the resulting PLLA
lamellar crystal thickness by SAXS, which we believe may correlate with the sharp decreasing
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behavior of 7, ,;;, based on the DSC analysis.

(IT) Quantification of the Flory Interaction Parameters

Monte Carlo Analysis
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Conclusions (&%)

We employ WAXD and DSC experiments to analyze the crystal unit-cell structures and the
isothermal crystallization kinetics of PLLA in biodegradable PLLA-MePEG diblock copolymers. In
particular, the effects due to the presence of MePEG that is chemically connected to PLLA as well
as the PLLA crystallization temperature 7¢ are examined. We then use DPD to simulate the effects
of solvent selectivity and copolymer volume fraction on the microstructural type of block
copolymers.

From the WAXD analysis, both the PLLA and MePEG crystal unit-cell structures are not
affected by the chain-connectivity as well as the block ratio between PLLA and MePEG. These
structural parameters are also independent of 7, as expected. With the aid of DSC, we observe that
the equilibrium melting temperature of PLLA in the diblock samples decreases dramatically,
indicating that this decreasing behavior is not simply due to the decrease in the PLLA molecular
weight. The dilution effect caused by the miscible MePEG block connected to PLLA has a greater
influence on the crystallization as well as the melting behavior of PLLA. As described by the
crystallization process with a nucleation and growth, both the overall crystallinity and the
isothermal crystallization growth rate G of PLLA first increase with 7¢ and then show a decreasing
behavior with a further increase in 7¢. In further, based on the Hoffman-Lauritzen theory, all the
experimental data of G vs. T¢ for PLLA crystallized in each sample are well described by two
bell-shaped curves, which are mainly attributed to the crystallization regimes III and II, respectively.

Similar to the behavior of T, 5, ,, the transition temperature from regimes III to II, T, as

L=
well as T¢ma, at which the growth rate reaches a maximum G, in both regimes show a
decreasing behavior too. In further, all the plots of G / Gax Vs. Te / T max for each sample fall on a
single master curve. This phenomenon is similar to that observed for a homopolymer with various
molecular weights. However, unlike the behavior of G__ /G, remaining almost a constant for a

max

homopolymer without molecular weight dependence, we observe that G /G, varies with each
sample. This is not surprising since the crystallization of PLLA is greatly influenced by the presence
of the connected MePEG component, two of the key factors which have a great influence on
G, /G., the activation energy for the segment diffusing to the crystallization site U* and 7,,, are

strongly dependent of the PLLA composition. Similar to 7, , we find that U* also decreases with

the PLLA molecular weight and/or composition, suggesting that the presence of the amorphous
connected MePEG indeed promotes the ability for the PLLA chains to diffuse to the crystallization
sites. Also, it helps the PLLA chains to fold along the surface, and thus the fold surface free energy
o, is significantly reduced for PLLA crystallized in the diblock copolymers.
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Table 1. Sample Characteristics of PLLA Homopolymer and PLLA-MePEG Diblock

Copolymers
L-Lactide
Samples Content in the NrLra  NMmePEG Jriia Mn Polydispersity”

Feed(wt%)

PLLA 100 283 1 20400° 1.6

S1 74 181 114 0.61 18000 1.1

S2 58 86 114 0.43 11200 1.1

S3 48 56 114 0.33 9000 1.2

“Determined by GPC.

Table 2. Typical Reflection Planes and Corresponding 0 Values Used in the
Deconvolution Procedures for (a) PLLA and (b) MePEG, respectively

(@)

16.7
16.8
19.1
25.0
29.0

N — N = NP
—_—— O = O
AN N WO O =

(b)

14.4
18.7
22.5
22.9
25.8
26.3
27.3
30.0
32.4
34.6
35.7
38.8

N A= W = NN O~

N = = = N = = OO == O
1
|

S NN B = O = W N W~ DN DN

[98)
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Table 3. Unit-Cell Structure Parameters of both PLLA and MePEG Crystals Obtained
from the Diblock Copolymer Samples and Pure PLLA and MePEG after Complete
Crystallization of PLLA at Tc and MePEG at 25 °C

o PLLA MePEG
Samples Te(C) ™ h(d)  od)  ad)_ bA)  o(A)

70 10.58 6.08 28.64

&0 10.57 6.06 28.99

90 10.56 6.04 28.92

100 10.61 6.07 28.96

PLLA 110 1054 604 2894
120 1060 607 2893
130 1043 598  28.89
average 10.56 6.05 28.90
90 1058 606 2861 820 1281 _ 2056
100 10.84 620 2868 844  13.04 2083
o 110 1092 622 2830 837 1310  21.08
120 1085 624 2859 845 1299  21.12
130 1034 590 2888 801 1264 2022
average 1071 612 2861 829 1292 2076
30 1084 625 2851 839  13.10 2084
90 1036 608 2867 826  12.84 2087
o 100 1069 612  27.60 820 1294 2067
110 1068 613 2867 832 1291  21.05
120 1110 636 2620 857 1339 2129
average 1073 619 2793 835 _ 13.04 _ 20.94
70 1066 610 2865 827 1286 2084
80 1071 615 2861 834 1289  21.07
o 90 1105 638 2760 860 1321  21.40
100 1076 615 2846 818 1314 1975
110 1075 616 2846 837 1288 2111
average 1079 6.18 2836 835 _ 13.00 _ 20.83
MePEG 25 824 1336  18.59
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Table 4. Avrami Parameters for Various Samples at T¢

Samples Tc(C) n k Samples Tc(C) n k
80 3.55 7.45E-10 80 2.60 4.29E-05
85 351 6.41E-09 85 2.75 2.61E-05
90 3.06 649E-07 90 3.07 7.06E-06
95 326 1.49E-06 95 323 4.72E-06
100 346 1.42E-06 100 331 1.07E-06
PLLA 105 347 1.38E-06 S2 105 336 5.23E-07
110 345 1.67E-06 110 324 1.01E-07
115 2.82 8.86E-06 115 3.08 3.85E-08
120 3.51 4.90E-08 120 3.11 1.33E-09
125 3.59 1.45E-08
130 3.51 7.70E-09
90 290 5.02E-05 70 3.01 9.14E-06
95 2.74  1.91E-04 75 2.51 1.10E-05
100 332 1.35E-05 80 3.16 4.56E-06
105 3.35 6.69E-06 85 3.57 4.24E-07
S1 110 3.57 1.32E-06 S3 90 3.72 9.46E-08
115 3.17 1.51E-06 95 397 1.45E-08
120 2.87 1.22E-06 100 5.04 1.22E-11
125 320 2.64E-08 105 5.67 1.49E-14
130 3.15 2.09E-09 110 5.13  6.29E-15

23



Table 5. Crystal Growth Kinetic Data of PLLA in Various Samples

. Regime III Regime II
Sample U* T, | Temon
P 1 (calimol) | (C) | (C) | Ke. | nGo | Guax | Temas | Temm | Ky | I1Go | Guax  Tcmax | Toms
(10°K?%) | (sec) | (sec) | () T? (10°K?) | (sec™) | (sec’) (C) TS
PLLA" 1500 196 120 5.02 21.16 3.0 13.74
PLLA" 2900 196 119 9.1 42.81 | 0.027 | 105 | 0.806 4.58 26.47 | 0.009 118 | 0.834
PLLA 2900 196 120 8.25 37.15 | 0.026 | 104 | 0.803 4.15 23.45 | 0.008 119 | 0.836
S1 2100 165 109 3.79 25.50 | 0.051 96 0.843 1.93 16.76 | 0.020 108 | 0.870
S2 1900 159 97 4.57 27.95 | 0.028 88 0.836 2.30 18.05 | 0.017 99 0.861
S3 1530 147 86 4.71 28.85 | 0.031 77 0.833 2.34 17.92 | 0.016 88 0.860
a : U’ : . 2T,
Determined from the plot of InG + VS. with the correction term  f = — .
R(T.-T,) T.ATf T +T,.
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Table 6. Values of b, oo,, o,and o, for PLLA Crystallized in Various Samples

oo, oo,
b, (10*3%/m"* | (10*J*/m*) | mean oo, c o,
Sample
(A) From From | (10*J*m% | (10%J/m?%) | (107 J/m?)
regime 111 regime I

PLLA 5.25 12.86 12.94 12.90 1.46 8.84

S1 5.31 6.22 6.32 6.27 1.47 4.27

S2 5.36 7.56 7.60 7.58 1.49 5.09

S3 5.36 8.05 7.99 8.02 1.49 5.38

Table 7. PLLA 4- MePEG ¥ £ #8;3 #|chi®* 4 24k x (at 370K)

Solvents PLLA MePEG

acetone 0.66 0.45
THF 1.37 0.35
DMF 0.24 -0.08

* ¥ pLLA-MePEG =1.08(300K); 0.44(370K)

Table8. DPD 3gchs £ R ie* 4 $¥kca

A B S
A 25.0 51.3 25.0-50.0
B 51.3 25.0 25.0

S 25.0-50.0 25.0 25.0
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Figure 1. WAXD patterns in terms of the intensity and 6 for each diblock sample first

isothermally crystallized at Tc = 100 ‘C for PLLA crystallization and then quenched to 25 °C for

MePEG crystallization. In a comparison, the WAXD patterns for pure PLLA and MePEG

crystallized at 100 “C and 25 °C, respectively, are also shown.
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Figure 2. Peak deconvolution of the WAXD profiles for (a) pure PLLA, (b) pure MePEG, and
(c) S3 diblock copolymer, in which PLLA and MePEG are crystallized at T¢c = 100 “C and 25 °C,
respectively. In part (c), the peaks presented by the dashed and solid curves correspond to the
crystalline reflection planes contributed from PLLA and MePEG, respectively.
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Figure 3. (a) DSC melting endotherms of pure PLLA with a heating rate of 10 ‘C/min after
isothermal crystallization at various temperatures 7c. (b) Variation of 7, ,,, and T,,,, with

T¢ for pure PLLA.
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Figure 4. (a) DSC melting endotherms of sample S1 with a heating rate of 10 °C /min after

isothermal crystallization at various temperatures 7c. (b) Variation of 7, ,,, and T,,,, with

Tc for sample S1.
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Figure 5. (a) DSC melting endotherms of sample S2 with a heating rate of 10 °C /min after

isothermal crystallization at various temperatures 7c. (b) Variation of 7, ,,, and T,,,, with

T for sample S2.
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Figure 6. (a) DSC melting endotherms of sample S3 with a heating rate of 10 ‘C/min after
isothermal crystallization at various temperatures 7c. (b) Variationof 7, ,,, and T, , with

T¢ for sample S3.
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Figure 7. Plot of the normalized crystallinity of PLLA component, X, 5, as a function of

Tc for various systems isothermally crystallized at T from a homogeneous melt state at 200 C.
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Figure 8. (a) DSC exothermic curves and (b) PLLA relative crystallinity vs crystallization time
for various systems undergoing an isothermal crystallization process at 7c = 90 “C. The solid

curves in (b) represent the best fitting results from the Avrami equation.
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Figure 9. Plot of the PLLA crystallization growth rate G in (a) PLLA, (b) S1, (c¢) S2, and (d) S3,

as a function of crystallization temperature 7¢. The solid and dashed curves correspond to the

theoretical G values calculated by inserting the best fitting parameters in Table 5 into eq 6 for a

given T¢ in regimes III and II, respectively.
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Figure 10. Kinetic Analysis of the crystallization growth rate data for (a) PLLA, (b) S1, (c) S2,
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Figure 11. Plot of the reduced crystallization growth rate (G / Gyu,y) vs. the reduced
crystallization temperature (7¢ / T¢may) for various samples. The solid and dashed curves

correspond to the calculated results for various samples in regimes III and II, respectively.
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