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ABSTRACT: Diffusion of water in a phase-separated poly(r-
lactide)-b-poly(ethylene glycol) (PLLA—PEG) copolymer with
both blocks crystallizable was investigated using time-resolved
ATR-FTIR with deuterated water and 2D correlation analysis.
Water molecules of three different states were identified in the
copolymer matrix, and their formation sequence was deter-
mined. Perturbation of water on the copolymer structure was
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revealed. While the amorphous PLLA chains were not affected, upon water penetration, conformation distribution of crystalline
PLLA chains was altered, which can be reversed upon removal of the water, and the PEG crystallinity in the copolymer was gradually
destroyed and the process was not reversible. For the double amorphous PLLA—PEG film, water first associated with the more
hydrophilic PEG chains and then interacted with the PLLA segments. For the double crystalline film, however, crystalline PLLA
segments were first perturbed by the water before the crystalline PEG was affected. Finally, the water diffusion coefficient for the
PLLA—PEG copolymer was measured and compared with that of the PLLA and PEG homopolymers.

B INTRODUCTION

Water is one of the simplest and yet most significant mole-
cules. It is often present in ambience where polymer materials are
in service. In this process water can adsorb to the polymers,
exhibiting different structure from bulk water and affecting the
physical and mechanical properties of the materials. While the
diffusion and structure of water in homopolymers have been
studied extensively,' ” in copolymers water diffusion is more
complicated because of their more complex morphological
structures due to phase separation and segregation. Previous
work on water diffusion into copolymers has mainly focused on
permeability and structure/property relationships of the poly-
mers.” " Recently, we studied the diffusion of water in an
amorphous poly(ester urethane) block copolymer and identified
different modes of molecular interaction between water and the
hard and soft segments."’ This work also reveals that the
dynamics of water diffusion in copolymer matrix are complicated
due to presence of different phase domains,"* and more extensive
research is called for to better understand the diffusion of water
in phase-separated copolymer matrices. In particular, many co-
polymer materials of practical significance comprise blocks that
can crystallize, and water diffusion in phase-separated and
semicrystalline matrices is yet to be investigated.

Poly(1-lactide) (PLLA) is a biodegradable semicrystalline
polymer that has attracted much attention in recent years. Its
hydrophobicity, brittleness, and stiffness have considerably res-
tricted its application.'”> To modify the physical properties
and biodegradability of PLLA, other components have been
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incorporated.'” Poly(ethylene glycol) (PEG) has the advantages
of hydrophilicity, excellent biocompatibility, and low immuno-
genicity and has been used in biomedical alpplications to increase
the stability of blood contacting materials.>'* Block copolymers
of PLLA and PEG offer a unique combination of controlled
biodegradability, biocompatibility, and hydrophilicity and do not
have adverse effects on blood and tissues, and the PEG can
reduce the brittleness of the material. Both blocks can crystallize
under suitable conditions. PLLA—PEG block copolymers have
been well studied and found applications in biomedical and
pharmaceutical fields."*”'® As biomedical materials, PLLA—
PEGs are widely used in surroundings containing water, and
water molecules can penetrate into the polymer matrices. The
sorbed water interacts with the copolymer and modifies its
chemical and physical properties. The ester linkages in the PLLA
can hydrolyze, resulting in degradation,'” and the hydrophilic
PEG block increases the degradation rate.'® Therefore, sorption
of water is an important factor that influences the performance of
these materials.

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy has proved to be a convenient, rapid, and
accurate technique for probing dynamic diffusion behavior of
small molecules through polymer films.>'*~** Two-dimensional
(2D) correlation spectroscopy can enhance spectral resolution of
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highly overlapped FT-IR bands*® *® and provide specific se-
quences of certain spectral intensity changes taking place during
the development of a significant controlling physical variable in
dynamic analyses.”***>° 2D correlation analysis in conjunction
with ATR-FTIR has been applied to study water diffusion in
various polymer matrices. "7 119232931

In the present work, we monitor the absorption process of
deuterated water in films of PLLA—PEG diblock copolymer by
ATR-FTIR and investigate the interactions between water and
the two components of the copolymer in order to understand the
effects of water on the structure of the copolymer matrix as well
as the influence of the polymer crystallinity on the diffusion
process. The diffusion coefficients of water in the copolymer
films are also determined.

B EXPERIMENTAL SECTION

Sample Preparation. PLLA—PEG diblock copolymer® was
kindly provided by Prof. Jing. The molecular weights of the PLLA and
PEG blocks were 15K and SK, respectively. PLLA was a commercial
product purchased from Natureworks (PLA 4032D, 98% L-lactide
content, M, ~ 250K, and polydispersity 1.70) and used as received.
PEG (M,, = 100K) was purchased from Aldrich and used as received.
Because the interactions studied by vibrational spectroscopy between
water and functional units of the polymers are localized, the difference in
molecular weight among the samples was not expected to cause
significant impact on the results and key conclusions in our study.
Solutions were prepared by dissolving the polymers in dichloromethane
at a concentration of 10% (w/v). Dichloromethane was purchased from
Beijing Chemicals Co. (China) and used as received. Films were
prepared by casting solutions on clean glass slides or KBr tablets and
dried for 36 h at room temperature to remove the residual solvent. The
films cast on glass substrates were peeled off for IR analysis. A PLLA—
PEG copolymer film cast on KBr tablet was placed in a Linkam THMS
600 hot stage under a nitrogen atmosphere, heated to 200 °C for
complete melting, and then quickly cooled to 120 °C and maintained for
90 min. Then the temperature was decreased to 30 °C and maintained
for 30 min. These crystallization conditions were determined based on a
previous study®> and our DSC analysis, and the PEG and PLLA
crystallinity in this film was 30% and 48%, respectively (Figures S1
and S2, Supporting Information). The crystalline morphology of this
copolymer has been studied in great detail previously.>* The KBr tablet
was dissolved from the bottom by water, and the film was collected after
the KBr substrate was completely dissolved in less than 1 min. The film
was quickly placed on a tissue to remove water on the surface and then
dried under vacuum. Extreme caution was taken so that contact between
the film and water in this process was minimized. On the basis of our
later experiments (e.g., Figure S7, Supporting Information), the very
short exposure of the film to water in this process did not cause any
detectable structural change and had no impact on our subsequent water
diffusion analysis. Before all the measurements, films were maintained
under vacuum for 24 h at room temperature. Deuterium oxide
(D, 99.9%, Aldrich) and ultrapure water (18.2 MQ - cm) obtained from
a Millipore Simplicity unit were used for water diffusion studies.

Time-Resolved ATR-FTIR Spectroscopy. The thicknesses of all
the films were greater than 10 #m. Time-resolved ATR-FTIR measure-
ments were carried out on a Bruker Vertex 70 FTIR spectrometer
equipped with a DTGS detector and an ATR accessory (ZnSe crystal,
45°). The ATR crystal covered by a polymer film with several overlaying
filter papers was mounted in the ATR cell, as shown in Scheme 1, and
then S0 L of deuterium oxide or water were injected into the filter paper
while data acquisition was initiated. For each spectrum 16 scans were
coadded, with a 1S s time interval before the next spectral acquisition. All

Scheme 1. Schematic Illustration of the ATR-FTIR
Experimental Configuration
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spectra were collected at 4 cm ™' resolution in the range of 4000—
650 cm™ ', They were baseline-corrected using OPUS 5.0 software.
Curve fitting was performed using the Levenberg—Maquardt least-
squares algorithm routine of the OPUS software package, and the
residual rms error was about 0.001.

2D Correlation Analysis. Several spectra at equal time intervals
and in a certain wavenumber range were selected for 2D correlation
analysis using the 2D Pocha software composed by Daisuke Adachi
(Kwansei Gakuin University). Time-averaged 1D reference spectra are
shown at the side and top of the 2D correlation maps for comparison. In
the 2D correlation maps, unshaded regions indicate positive correlation
intensities, whereas shaded regions are defined as negative ones.

Estimation of Diffusion Coefficient. Normal water was used for
these experiments. For Fickian diffusion in polymers, the equation is
given to estimate the effective diffusion coefficient of water from ATR-
FTIR spectra as follows:>®
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In this equation, A, is the absorbance of the characteristic band of water
at time t, A. is the band intensity at equilibrium, y is the reciprocal of the
penetration depth of the evanescent wave, L is the thickness of the
polymer film (invariable), and D is the diffusion coefficient. For water
diffusion measurements using our ATR setup, the penetration depth
(d,) at 3300 cm™ " (where the O—H stretching band centers) was about
0.58 um according to the following equation: d, = 1/ (27n,(sin> 6 —
1,,2)"?), where A is the wavelength of the radiation in air, 6 is the
incidence angle, n; is the refractive index of the ATR crystal, and 1, is
the ratio of the refractive index of the polymer to that of the ATR crystal.
The penetration depth was much smaller than the thickness of the film
(>10 um) and can be assumed constant during the diffusion process,
meeting the requirement of diffusion coefficient calculation.”® The dif-
fusion coefficient was calculated by a nonlinear curve-fitting™ to the
equation from the variation of the V(o) stretching band area versus
time. For each sample, three replicate films were prepared separately and
analyzed, and the results were averaged.
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Figure 1. (a) ATR-FTIR spectrum of a dry amorphous PLLA—PEG film. (b) Time-resolved spectra in the region of 2750—2200 cm ™" for deuterated
water diffusion into amorphous PLLA—PEG film (black) and a spectrum for deuterated water diffusion into crystalline PLLA—PEG film at steady state
(red). The dotted lines indicate the band maximum position for the two films at steady state.
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Figure 2. Peak fitting of the infrared band in the range of 2750—2200 cm ™" of deuterated water in the PLLA—PEG film at early stage (a) and steady

state (b) of the diffusion.

B RESULTS AND DISCUSSION

Both PLLA and PEG homopolymers can readily crystallize
under suitable conditions. For the PLLA—PEG film cast directly
from solution, both PLLA and PEG were amorphous as indicated by
wide-angle X-ray diffraction and FTIR (Figures S3 and S4, Support-
ing Information). ATR-FTIR analysis can provide real-time infor-
mation on water in polymer film within a certain depth. An ATR-
FTIR spectrum of the dry PLLA—PEG film is shown in Figure 1a.
Time-resolved ATR-FTIR spectra in the range of 2750—2200 cm '
for the absorption of deuterated water into the double amorphous
PLLA—PEG film are shown in Figure 1b. The infrared band,
assigned to the stretching vibration of the O—D group in deuterated
water (V(op)), is observed to gradually increase and seems to shift
toward lower wavenumbers as a function of time when deuterated
water diffuses into the film. The same band observed for diffusion
into double crystalline PLLA—PEG at steady state is also included
for comparison, which occurs at higher wavenumbers than that for
the amorphous film. As is well-known, O—H stretching vibrations in
water are predicted to exhibit sequential red shift with increasing
strength of the hydrogen bond. Thus, the frequency difference for
the O—D stretchings between the two cases suggests that the
hydrogen-bonding interactions of water with the amorphous poly-
mer are stronger than that with the crystalline one, which may be
attributed to greater chain segment mobility and more sites available
in the amorphous polymer that favor the formation of strong
hydrogen bonds.

The broad v(op) band of deuterated water in this region is not
interfered by vibrational bands of the polymer. Peak fitting of the

band is shown in Figure 2, and three components located at
around 2400, 2520, and 2630 cm ™' are readily identified. It is
obvious that the component at ~2400 cm ™' increased with time
while the one at ~2520 cm™ " decreased, leading to shift of the
profile maximum of the broad band toward lower wavenumbers.
Because of uncertainty in peak fitting processes, to validate these
components, 2D analysis was performed.

Figure 3 shows the 2D asynchronous correlation spectra of the
deuterated water absorbed in the PLLA—PEG film in the same
spectral range of 2750—2200 cm ™. It reveals that the broad O—
D stretching band comprises three separate components, located
at ~2400, 2530, and 2650 cm” ', which is consistent with and
supports the above finding from peak fitting shown in Figure 2.
The peak fitting and 2D analysis results suggest that there are
three different states of water in the film. The three components
correspond to the absorbance from strongly hydrogen-bonded,
medium hydrogen-bonded hydroxyl groups, and weak hydro-
gen-bonding interactions, respectively. More specifically, the
band at 2400 cm ™, the lowest component, indicates strong
hydrogen-bonding interactions between hydrophilic groups of
the polymer and the deuterated water molecules, the band at
2530 cm™ " is associated with moderate hydrogen-bonding interac-
tions between the hydrophilic groups and the deuterated water
molecules, and the absorption at the highest frequency (2650 cm™ ')
belongs to the deuterated water residing in free volume (micro-
voids) with little or no hydrogen bonding between each other as
well as water forming weak hydrogen bonds with the polymer

(more detailed discussion on these structures in next section).
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Figure 3. Asynchronous 2D FT-IR correlation spectra of deuterated
water diffusion into the PLLA—PEG film in the range of 2750—
2200 em ™.

In 2D correlation spectra, @(v,v,) and ¥ (v,,v,) represent
the cross-peaks between v; and v, in synchronous and asyn-
chronous correlation spectra, respectively. ¢ (v},v,) indicates the
overall similarity between two separate spectral intensity varia-
tions measured at different spectral variables, while the appear-
ance of an asynchronous correlation peak, 1(v,,v,), may be
regarded as a measure of dissimilarity of the spectral intensity
variations and indicates that the bands v, and v, vary out of phase
with each other during the diffusion process. The sign yields
information about the sequential order of intensity changes
between band v; and band v,. According to the rules proposed
by Noda,* if (v1,v,) > 0,9 (v1,v,) is positive (unshaded area),
band v, varies before band v, does, and if 1(v,,v,) is negative
(shaded area), which implies the opposite phenomena, band v,
varies after band v, does. If ¢(v4,v,) < 0, this rule is reversed. In
the 2D synchronous correlation spectra of the deuterated water
absorbed in the PLLA—PEG film in the spectral range of 2750—
2200 cm™ ', the cross-peak is positive (Figure S5, Supporting
Information ), which means that all the components increase with
time during the diffusion process. In Figure 3, the gositive peak
1(2530,2400) suggests that the band at 2530 cm ™~ varies prior
to the band at 2400 cm ™', and the negative asynchronous cross-
peak located at 2650/2530 cm ™ ' reveals that the band at
2650 cm ™ " varies later than the band at 2530 cm ™ '. Therefore,
the sequence of the spectral changes is obtained from asynchro-
nous 2D ATR-FTIR correlation spectra by judgment of the sign
of the correlation peak, which is as follows: 2530 — 2650 and
2400 cm ™' for deuterated water diffusion in the PLLA—PEG
film. Furthermore, it is known that carbonyl and oxygen can form
weak (—O—HOH), moderately strong (—CO—HOH, —CO—
HOH—HOH, —O—HOH—HOH), and strong hydrogen bonds
(—CO—HOH—CO—, —CO—HOH—HOH, —O—HOH-
0—, —CO—HOH—0—) with water.”>*"** By combining these
structures with our analyses on the spectroscopic data discussed
above, as shown in Figure 4, we can conclude that when water
diffuses into PLLA—PEG films, the water is moderately bound to
the polymer first, by preferentially forming hydrogen bonds with
the C=0 and the —O— groups. Then, water molecules diffuse
into free volume (microvoids) in the polymer, forming water
clusters, as well as into the polymer network, forming weak and
strong hydrogen bonds with the polymer.

After investigating the various structures of water formed in
the diffusion process, we turn our attention to the effects of water
on the polymer structure by studying the characteristic bands of
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Figure 4. Interactions between deuterated water and PLLA—PEG:
weak (a), moderately strong (b), and strong (c) hydrogen bonds.

the polymer. According to literature,** the carbonyl stretching
band of PLLA at 1790—1730 cm ' is composed of four
components at about 1776, 1767, 1759, and 1749 cm . The
bands at 1776, 1767, and 1749 cm™ ! are attributed to gg tg and tt
conformers, respectively, primarily due to intramolecular cou-
pling, while the band at 1759 cm™ ' corresponds to the over-
lapped absorption of gt conformers in the amorphous and
crystalline phases.* For the amorphous film, the shape of this
carbonyl stretching band was found to be the same before (dry)
and after (wet) the deuterated water diffusion (Figure Sa),
indicating that the conformation distribution of the amorphous
polymer chains did not change with the inclusion of water, even
though water forms hydrogen bonds with the polymer. For the
crystalline film, however, pronounced splitting and broadening of
the carbonyl band, shown in Figure Sb, is observed in both dry
and wet states, presumably due to the addition of the crystalline
component. Furthermore, the band broadening and splitting are
reduced at the wet state compared to the dry one, as seen in
Figure Sb, suggesting a variation in conformation distribution in
the crystalline film with water sorption. The composition of the
carbonyl band was analyzed via band deconvolution (Figure S6,
Supporting Information). It was found that the area fraction of
the component at 1759 cm™ ', associated with the crystalline
phase, was 33% in dry state, and it decreased to 29% after water
uptake. Then upon redrying of the wet film, the carbonyl band
was observed to regain its shape as that of the dry film, and the
area fraction of the component at 1759 cm™ ' went up to ~33%
again (Figure S6, Supporting Information). These results suggest
that although the PLLA crystalline region is difficult to be
penetrated by water molecules, part of the crystalline chains,
probably the segments in the interphase between the crystalline
and the amorphous, can still interact with the water molecules,
resulting in conformation change of the polymer chains, and the
conformation change is reversible upon removal of the water.
The synchronous and asynchronous 2D FT-IR correlation
spectra of the crystalline PLLA—PEG film in the range of
1790—1730 cm™ ' for the water diffusion process are shown in
Figure 6. The cross-peaks in the synchronous map are positive,
while in the asynchronous map the peak at 1(1757,1748) is
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Figure 7. Variation of the PEG arystalline band in the range of 860—820 cm '
during the process of water diffusion into a crystalline PLLA—PEG film.

negative and the peak at 1(1767,1757) is positive. These mean
that the peaks at 1748 and 1767 cm™ ' change before the one at
1757 cm ™ . According to the assignments of the components of
the carbonyl stretching band, it is evident that the amorphous
carbonyl changes before the crystalline carbonyl does; i.e., water
molecules first form hydrogen bonds with the amorphous
carbonyls and then diffuse into the crystalline domains and
interact with the crystalline carbonyl groups.

2136

In the spectrum of the PLLA—PEG copolymer, the band at
~843 cm™ ' is associated with the combination of CH, rocking
and COC deformation of PEG and is sensitive to conformational
order.*®™%” This peak is characteristic of PEG crystallinity.*> >’
In the process of water diffusion into the crystalline PLLA—PEG
diblock copolymer, it can be seen that the intensity of the PEG
crystalline peak at 843 cm ™ ' decreases significantly and the sharp
peak becomes a broad band with water uptake (Figure 7). It
suggests that the crystalline domains of PEG in the diblock
copolymer are destroyed gradually and the stable conformation is
reduced.** 7 Obviously, this is due to the hydrophilicity and
water solubility of PEG. Unlike the reversible effects of water on
the PLLA domains, this disruption of the PEG crystallinity was
found to be irreversible upon removal of water from the film.

Then we investigate the diffusion process via time-resolved
FTIR spectroscopy. Figure 8a displays the evolution of the PLLA
V(co) band at ~1750 cm” ' and the —CH,— stretching bands at
2930—2780 cm ™' characteristic of PEG>**® for the amorphous
PLLA—PEG film over the diffusion process, and the intensity
variations of the two bands are plot in Figure 8b as functions of
time, which indicate that the amorphous PEG block changes
before the amorphous PLLA does. The data were also analyzed
using 2D correlation analysis. Figure 9 shows the 2D correlation
spectra of double amorphous PLLA—PEG film during water
diffusion in the range of 2930—2780 cm™ ' vs 1790—1730 cm '
to correlate the band intensity changes of v (cpa) (associated with

dx.doi.org/10.1021/ma200062t [Macromolecules 2011, 44, 2132-2139
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the PEG block) and v(co) (representing the PLLA). The two
positive peaks ¢(2910,1750) and 1(2910,1750) confirm that
the band at 2910 cm ™" varies before the band at 1750 cm ™ ; i.e.,
the amorphous PEG block changes before the amorphous PLLA
block during the diffusion process. This probably is due to the
hydrophilicity difference of the two components. When water
enters the double amorphous copolymer matrix, it tends to
associate with the more hydrophilic PEG segments first before
interacting with the PLLA segments.

However, the sequence was found to reverse for water
diffusion into double crystalline PLLA—PEG matrix. Figure 10
shows the 2D spectra correlating the same two spectral regions
associated with PLLA and PEG over the water diffusion into the
double crystalline PLLA—PEG film. The two (2890, 1750)
cross-peaks in the synchronous and asynchronous spectra are
negative and positive, respectively, indicating that the band at
1750 cm™ ' due to PLLA varies before the band at 2890 cm ™'
associated with PEG. To further verify this result, correlation
between the spectral range of 1790—1730 cm ' vs 860—
820 cm ', where a band characteristic of PEG crystallinity is
present, was analyzed for the water diffusion, and the contour
maps are shown in Figure 11. The cross-peaks at (1750, 843) in
the synchronous and asynchronous maps are both negative,
revealing that the PLLA carbonyl stretching band varies before

2137

the PEG crystalline band at 843 cm '. Thus, 2D correlation
analyses for two different spectral regions both demonstrate that
the crystalline PLLA block changes before the crystalline PEG
block during the diffusion process. This was also verified by time-
resolved 1D spectra (Figure S7, Supporting Information), which
revealed that water interacts with the two blocks and the PEG
crystalline structure is destroyed gradually, and the PLLA block
changes before the PEG block does. This reversed sequence
compared to that occurs in the amorphous film may be attributed
to the morphology of the film. Previous study indicates that when
this particular copolymer, with 75 wt % PLLA, is cooled down
from melt, PLLA crystallizes first, and then PEG crystallizes at
lower temgerature under the confinement of the PLLA crystalline
domains.* In addition, PEG crystals are more compact than PLLA
crystals.®® Therefore, the crystalline PEG domains in the double
crystalline copolymer film are less accessible than the PLLA, and
water molecules first interacts with PLLA segments before with
PEG segments when entering the crystalline PLLA—PEG film.
We also prepared film samples with one block being amor-
phous and the other crystalline by controlling the crystallization
conditions and investigated the interaction sequence of water
with the two components using the same 2D analysis approach.
In both cases it was found that the interactions between water
and the amorphous component occur first (data not shown).

dx.doi.org/10.1021/ma200062t [Macromolecules 2011, 44, 2132-2139
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Figure 12. Integrated intensity of ¥(oyy) as a function of time for water
diffusion in amorphous PLLA and PLLA—PEG, and quenched
PEG films.

It has been reported that diffusion coeflicient of water in
polymer matrix can be measured via the time-resolved ATR-
FTIR spectroscopy technique.*> Following this approach, the
diffusion coefficients of water in the amorphous PLLA and
PLLA—PEG and quenched PEG films were measured. The

integrated intensity of the ¥(opy) band over the diffusion process
as a function of time is plotted for the three films respectively in
Figure 12. It is clear that the amount of water in the PEG film
goes up most rapidly and reaches the highest plateau value atlong
time, indicating that water diffuses fastest in PEG, and the matrix
can absorb more water than the other two polymers. The band
intensity increases the slowest over time for the PLLA film and
reaches the lowest plateau value, with the PLLA—PEG copoly-
mer in between the two homopolymers. A diffusion coeflicient
can be derived from each by curve fitting as described in the
Experimental Section. The average diffusion coeflicient obtained
for the amorphous PLLA, PLLA—PEG, and PEG films was (1.4
+ 0.12) x 10, (92 &+ 3.5) x 107 °, and (42 £ 1.3) x
10~° cm®/s, respectively. The order of the diffusion coefficients
and the maximum water uptakes is consistent with the hydro-
philicity of the polymer matrices. The more hydrophilic the
polymer is, the easier water penetrates the matrix, and the greater
the diffusion coeflicient is, and the more water the polymer can
absorb. It should also be noted that attempts of measuring
diffusion coeflicient for crystalline PLLA and PEG and the
copolymer produced numbers with poor reproducibility but in
general greater than that for the corresponding amorphous films.
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This unexpected result probably was due to mechanical defects in
the crystalline films. While the amorphous films were rather
homogeneous, in the crystalline films cracks were observed, and
these cracks may have become shortcuts for the water molecules,
resulting in greater diffusion coeflicients than that for the
respective amorphous films.

B CONCLUSIONS

Water diffusion in PLLA—PEG diblock copolymer film has
been investigated by 2D ATR-FTIR at the molecular level. There
are three different states of water molecules in the copolymer
film. Water first forms moderately strong hydrogen bonds with
the ether linkages and the carbonyls. Then, water diffuses into
free volume and forms weak hydrogen bonds, and strongly
bounded water molecules form hydrogen bonds with two
—C=0 or two —O— and water clusters occur. With absorption
of water, conformation distribution of crystalline PLLA chains is
altered, which can be reversed upon removal of the water, while
the PEG crystallinity in the copolymer is gradually destroyed and
the process is not reversible; the conformation of amorphous
PLLA chains are not affected in the process. For the double
amorphous PLLA—PEG film, water first associates with the
more hydrophilic PEG chains and then interacts with the PLLA
segments. For the double crystalline film, however, crystalline
PLLA segments are first perturbed by the water before the
crystalline PEG is affected. These results demonstrate that
morphology is critical to the diffusion of water in crystalline
copolymer matrices and may help guide the design, processing,
and application of PLLA—PEG diblock copolymers in various
biomedical and pharmaceutical areas.
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