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Spectroscopic study on water diffusion in poly(lactic acid) film†
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The diffusion of water in biocompatible semicrystalline poly(lactic acid) (PLA) is investigated using
time-resolved ATR-FTIR. There are three different states of water molecules diffusing into the film.
Using a 2D correlation analysis, the diffusion process and the role of different functional groups on
diffusion is obtained. First, the moderately strongly bound water forms a hydrogen bond with –C]O.
Then, the water diffuses into free volume (microvoids) and strong hydrogen bonds are formed between
two –C]O groups and water. The conformations of semicrystalline PLA change during the diffusion
process and recover after re-drying. In addition, water first interacts with amorphous segments and
then interacts with crystalline segments.

Introduction
As an environmentally friendly, biodegradable and biocompatible crystalline polymer, poly(lactic acid) (PLA) has attracted
significant interest in recent years. PLA is environmentally and
economically appropriate because it can be produced from
renewable resources such as corn, and it degrades into lactic acid,
which is nontoxic and bioresorbable, and is naturally present in
the human body. Furthermore, PLA has many advantages in its
inherent properties, such as biocompatibility, processability, and
good mechanical properties comparable to those of commercial
polymers.1–4 Therefore PLA has found application in biomedical
and pharmaceutical fields, such as bone fixation materials,
controlled drug delivery systems,5 bioabsorbable surgical
sutures,6,7 and blood vessel repair.8 In addition, some traditional
applications of PLA have been explored. It has shown potential
as a substitute for common fossil fuel based thermoplastics and
has been used in the production of plastic bags, films, and
fibers.9,10
In all of these applications, in particular as biomedical material, PLA is often in contact with water, and the water absorbed
by the polymer inevitably impacts on the performance of the
material. The chemical and physical properties of polymeric
materials can transform accordingly11 and water even causes
degradation sometimes. It has been reported that hydrolysis of
the ester linkages in the aliphatic chains of PLA causes its
degradation.12 While the sorption of water is an important factor
that influences the performance and the rate of degradation of
PLA, the process is not straightforward. In some cases water was

assumed to diffuse into the free volume of the polymer matrix,
while in others water molecules may couple with certain hydrophilic groups (e.g. carbonyl or oxygen) to form hydrogen bonds
of different strength with the polymer.13–15 So far the molecular
mechanism of water diffusion in the PLA matrix is not well
established.16 In addition, influence of PLA crystallinity on water
diffusion and degradation behavior is distinct from other semicrystalline polymers and the literature is also inconsistent.17–20
Therefore, it is necessary to study water diffusion in PLA at a
molecular level.
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is a convenient, rapid, and accurate
technique and requires minimum sample handling, therefore is
particularly suitable for probing the dynamic diffusion behavior
of small molecules in polymer films.21–26 The spectral data can be
processed by the generalized two-dimensional (2D) correlation
analysis, which improves the spectral resolution of highly overlapped FT-IR bands27–29 and identifies the specific sequence of
certain spectral intensity changes occurring in the period of the
progress of a significant controlling physical variable in the
dynamic analysis.27,29–31 ATR-FTIR in conjunction with 2D
correlation analysis has proved a powerful tool for studying
water diffusion in various polymer matrices.31–35
In this work, time-resolved ATR-FTIR is employed to
monitor the diffusion of water into PLA films of different
morphologies, and the interactions between water molecules and
PLA chains are investigated.
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Sample preparation
Poly(lactic acid) (PLA) was a commercial product purchased
from Natureworks (PLA 4032D, 98% L-lactide content, Mw
250k, PDI 1.70) and used as received. Dichloromethane was
purchased from Beijing Chemicals Co. and used as received.
This journal is ª The Royal Society of Chemistry 2012
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PLA samples were prepared by casting a dichloromethane
solution (10% w/v) onto clean glass slides or KBr tablets, and the
films were maintained at room temperature for 36 h to allow the
evaporation of the residual solvent. The films cast on glass
substrates were peeled off from the substrates. In a Linkam
THMS 600 hot-stage under nitrogen atmosphere, the films on
KBr tablets were first heated to 200  C to a complete melt, and
then quickly cooled to 120  C and maintained at this temperature
for 90 min. Then the films were cooled to room temperature, and
free-standing PLA films were obtained by dissolving the KBr
tablets from the bottom in a water bath. All films were maintained under vacuum at 40  C for 24 h before ATR-FTIR
measurements. Ultrapure water (18.2 MU cm) obtained from a
Millipore Simplicity unit was used for water diffusion
measurements.
Diffusion measurements by time-resolved ATR-FTIR
The thickness of all the films was greater than 10 mm. Timeresolved ATR-FTIR measurements were carried out at room
temperature on a Bruker Vertex 70 spectrometer equipped with a
DTGS detector and a single-reflection ATR accessory (ZnSe
crystal, 45 ). The ATR crystal covered by the polymer film with
several layers of overlaying filter paper was mounted in the ATR
cell, as shown in Scheme 1, and then 50 mL of water was injected
into the filter paper while data acquisition was initiated.
For the diffusion process, 16 scans were added together for
each spectrum, with a 15 s time interval before the next spectral
acquisition. All spectra were collected at 4 cm1 resolution in the
range of 4000–650 cm1, and baseline-corrected using the OPUS
5.0 software. Curve fitting was performed using the LevenbergMaquardt least-squares algorithm routine of the OPUS software
package, and the residual RMS error was about 0.001.
2D correlation analysis
A series of time-resolved spectra at equal time intervals and in a
certain wavenumber range were selected for 2D correlation
analysis using the ‘‘2D Shige’’ software developed by Dr.

Scheme 1 Schematic illustration of the ATR-FTIR experimental
configuration.
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Shigeaki Morita (Ozaki group, Kwansei Gakuin University). In
the 2D correlation maps, unshaded regions indicate positive
correlation intensities, whereas gray-colored regions are negative
ones.

Results and discussion
The ATR-FTIR method can provide real-time information
about water in a polymer film within a certain depth. For our
ATR setup for water diffusion measurements, the penetration
depth (dp) at 1600 cm1 (where the O–H bending absorption
band occurs) was about 1.2 mm according to the following
equation: dp ¼ l/(2pn1(sin2 q  n221)1/2), where l is wavelength of
the radiation in air, q is the incidence angle, n1 the refractive
index of the ATR crystal, and n21 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 mm) and can
be assumed to be constant during the diffusion measurements.22
Both amorphous and semicrystalline PLA films were investigated and compared. The films cast from solution were amorphous, as indicated by DSC and FTIR analyses, whereas the
films cast after isothermal crystallization were found to be
semicrystalline, with a degree of crystallinity of 34%, as
determined by DSC (ESI†).
Time-resolved ATR-FTIR spectra in the range of 1700–
1580 cm1 after baseline correction for the absorption of water
into both PLA films are shown in Fig. 1. The infrared band,
assigned to the O–H bending vibration of water (d(OH)), is
observed to gradually increase as a function of time when water
diffuses into the film. The broad d(OH) band of water in this
region is not overlapped by vibrational bands of the polymer.
Peak fitting of the band is shown in Fig. 2, where three components located at around 1670, 1640, and 1620 cm1 are readily
identified for both amorphous and crystalline PLA films.
Because of the uncertainty in curve fitting processes, 2D correlation analysis was performed to validate these components.
Fig. 3 shows the 2D asynchronous correlation spectra of water
absorbed in the two kinds of PLA films in the same spectral range
of 1700–1580 cm1. In this water diffusion study, all the
synchronous cross-peaks are positive (ESI†). It can be seen from
Fig. 3 that the broad O–H bending band comprises three separate components, located at 1680, 1640, 1600 cm1 and 1670,
1625, 1595 cm1 for amorphous and crystalline PLA films
respectively, which are consistent with and support the above
findings from peak fitting shown in Fig. 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, moderately
hydrogen-bonded, and weakly hydrogen-bonded hydroxyl
groups, respectively. More specifically, the band at 1680 cm1,
the highest component, indicates strong hydrogen-bonding
interactions between hydrophilic groups of the polymer and the
water molecules, the bands at 1640 and 1625 cm1 are associated
with moderate hydrogen-bonding interactions between the
hydrophilic groups and the water molecules, and the absorption
at the lowest frequency (1595 cm1) belongs to the water molecules residing in free volume (microvoids) with little or no
hydrogen bonding between each other (more detailed discussion
on these structures in next section).
Polym. Chem., 2012, 3, 2430–2435 | 2431
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Fig. 1 ATR-FTIR spectra measured during the absorption of water
into amorphous (a) and crystalline (b) PLA films in the range of 1700–
1580 cm1.

In 2D correlation spectra, 4(n1,n2) and j(n1,n2) represent the
cross-peaks between n1 and n2 in synchronous and asynchronous
correlation spectra, respectively. 4(n1,n2) indicates the overall
similarity between two separate spectral intensity variations
measured at different spectral variables, while the appearance of
an asynchronous correlation peak, j(n1,n2), may be regarded as a
measure of dissimilarity of the spectral intensity variations, and
indicates that the bands n1 and n2 vary out of phase with each
other during the diffusion process. The sign yields information
about the sequential order of intensity changes between band n1
and band n2. According to the rules proposed by Noda,29 if
4(n1,n2) > 0 when j(n1,n2) is positive (unshaded area), band n1
varies before band n2 does, and when j(n1,n2) is negative (shaded
area), it implies the opposite phenomena, that band n1 varies
after band n2 does; if 4(n1,n2) < 0, this rule is reversed. In the 2D
synchronous correlation spectra of water absorbed in the two
PLA films in the spectral range of 1700–1580 cm1, the crosspeak is positive (Fig. S4, ESI†), which means that all the
components increase with time during the diffusion process. In
Fig. 3a, the positive j(1640,1600) peak suggests that the band at
1640 cm1 varies prior to the band at 1600 cm1, and the negative
asynchronous cross-peak located at 1680/1640 reveals that the
band at 1680 cm1 varies later than the band at 1640 cm1.
2432 | Polym. Chem., 2012, 3, 2430–2435

Fig. 2 Peak fitting of the infrared difference spectra of water in amorphous (a) and crystalline (b) PLA films in the range of 1700–1580 cm1.

Therefore, the sequence of the spectral changes is obtained from
asynchronous 2D ATR-FTIR correlation spectra by judgment of
the sign of the correlation peak, which is as follows: 1640 / 1680
and 1600 cm1, for water diffusion in the amorphous PLA film.
In Fig. 3b, the positive j(1625, 1595) peak suggests that the band
at 1625 cm1 varies prior to the band at 1595 cm1, and the
negative asynchronous peak located at 1670/1625 cm1 reveals
that the band at 1670 cm1 varies later than the 1625 cm1 band.
Then the sequence of the spectral changes is as follows: 1625 /
1670 and 1595 cm1, for water diffusion in the crystalline PLA
film. In addition, from the above 2D analysis results, it can be
found that O–H bending for each state of hydrogen-bonded water
in the amorphous film occurs at slightly higher wavenumbers than
that in the crystalline film, which indicates that water is more
confined in the ordered polymer segments of the crystalline PLA
matrix. Furthermore, it is known that carbonyl can form moderately strong (–CO–HOH and –CO–HOH–HOH), and strong
hydrogen bonds (–CO–HOH–CO– and –CO–HOH–HOH) with
water.21,34 By combining these structures with our analyses on the
spectroscopic data discussed above, as shown in Fig. 4, we can
conclude that when water diffuses into PLA films, it is moderately
bound to the polymer first, by preferentially forming hydrogen
bonds with the C]O group. Then, water molecules diffuse into
free volume (microvoids) in the polymer matrix, forming water
This journal is ª The Royal Society of Chemistry 2012
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respectively, primarily due to intramolecular coupling, while the
band at 1759 cm1 corresponds to the overlapped absorption of
gt conformers in the amorphous and crystalline phases.36 Fig. 5
shows the IR spectra in the carbonyl stretching region of the
amorphous film as a function of water uptake. It can be seen that
the shape of this carbonyl stretching band remains the same
throughout the water uptake process, which is more obvious in
Fig. 5b, where the spectra for the film in dry and wet states are
compared on the same absorbance scale. These two spectra were
fitted with the four components, and their area fractions are
listed in Table 1. It is clear that the four components of the
carbonyl stretching are essentially the same in dry and wet states,
suggesting that the inclusion of water does not alter the conformation distribution of the amorphous polymer chains, even
though water forms hydrogen bonds with the polymer.
For the crystalline film, however, pronounced splitting and
broadening of the carbonyl band, shown in Fig. 6a, 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 in the wet state compared to the dry one, as
seen in Fig. 6b, suggesting a variation in conformation distribution in the crystalline film with water sorption. The composition of the carbonyl band was analyzed via band deconvolution,
and the area fractions of the components are listed in Table 1. It

Fig. 3 Asynchronous 2D FT-IR correlation spectra of water diffusion
into amorphous (a) and crystalline (b) PLA films in the range of 1700–
1580 cm1.

Fig. 4 Interactions between water and poly(lactic acid): moderately
strong (a) and strong (b) hydrogen bonds.

clusters, as well as into the polymer network, forming strong
hydrogen bonds with the polymer.
After the various structures of water formed in the diffusion
process have been identified, we turn to the effects of water on the
polymer structure by studying the characteristic bands of PLA.
According to the literature,36 the carbonyl stretching band of
PLA at 1790–1730 cm1 is composed of four components at
about 1776, 1767, 1759, and 1749 cm1. The bands at 1776, 1767,
and 1749 cm1 are attributed to gg, tg, and tt conformers,
This journal is ª The Royal Society of Chemistry 2012

Fig. 5 ATR-FTIR spectra in the 1790–1730 cm1 region for water
diffusion into amorphous PLA film.
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Table 1 Peak fitting results of the carbonyl stretching region for amorphous and crystalline PLA films
Area fraction of component (%)
Sample

State

1776 cm1

1767 cm1

1758 cm1

1748 cm1

Amorphous film

Dry
Wet
Dry
Wet
Re-dried

7
6
4
3
4

12
12
10
11
10

17
17
26
21
26

64
65
60
65
60
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Crystalline film

range of 1790–1730 cm1 for the water diffusion process are
shown in Fig. 7. The cross-peaks in the synchronous map are
positive, while in the asynchronous map the peak at j(1758,
1748) is negative. This means that the component at 1748 cm1
changes before the one at 1758 cm1. 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.

Fig. 6 ATR-FTIR spectra in the 1790–1730 cm1 region for water
diffusion into crystalline PLA film.

is interesting to observe that the area fraction of the component
at 1758 cm1, associated with the crystalline phase, is 26% in dry
state, and decreases to 21% after water uptake. Then upon redrying of the wet film, the carbonyl band regains the shape of the
dry state, and the area fraction of the component at 1758 cm1
rises to 26% again. These results suggest that although the PLA
crystalline region is difficult for water molecules to penetrate,
part of the crystalline chains, probably the segments in the
interphase between the crystalline and the amorphous domains,
can still interact with the water molecules, resulting in a
conformation change of the polymer chains which is reversible
upon removal of the water. The synchronous and asynchronous
2D FTIR correlation spectra of the crystalline PLA film in the
2434 | Polym. Chem., 2012, 3, 2430–2435

Fig. 7 Synchronous (a) and asynchronous (b) 2D FTIR correlation
spectra for water diffusion into crystalline PLA film in the range of 1790–
1730 cm1.
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Conclusions
Water diffusion in PLA film has been investigated by 2D ATRFTIR at a molecular level. There are three different states of
water molecules in the film. Water first forms moderately strong
hydrogen bonds with the carbonyls. Then, water diffuses into
free volume, and water molecules become strongly bound via
hydrogen bonding with –C]O and water clusters. With
absorption of water, the conformation distribution of crystalline
PLA chains is disturbed, which can be reversed upon removal of
the water; the conformation of amorphous PLA chains are not
altered in the absorption process. These results demonstrate that
morphology is critical to the diffusion of water in crystalline
matrices and may help guide the design, processing, and application of PLA in various biomedical and pharmaceutical areas.
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