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ABSTRACT: The effects of low molecular weight compounds with hydroxyl groups on the
properties of poly(L-lactic acid) (PLLA) were investigated. The specific interaction
between PLLA and 4,49-thiodiphenol (TDP) was investigated by Fourier transform IR
spectroscopy. The spectra of the blends suggested that there were interassociated
hydrogen bonds between the PLLA chains and TDP molecules. The thermal and
dynamic mechanical properties of PLLA/TDP blends were investigated by differential
scanning calorimetry and dynamic mechanical thermal analysis, respectively. The
results revealed that the thermal and dynamic mechanical properties of PLLA were
greatly modified through blending with TDP and that PLLA/TDP blends possessed
eutectic phase behavior. The effects of the thermal history on the formation of hydrogen
bonds and the thermal and mechanical properties were evaluated. It was found that the
properties of the blends were strongly dependent on the thermal history. In addition to
TDP, PLLA blends with other low molecular weight hydroxyl compounds, including
aromatic and aliphatic compounds, were also characterized. The effects of the chemical
structure of the low molecular weight compounds on the properties of PLLA were
discussed. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 640–649, 2001
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INTRODUCTION

Poly(L-lactic acid) (PLLA) is a hydrolysable, bio-
compatible, and ecologically safe thermoplastic,
which can be commercially produced from renew-
able resources.1 It has been investigated as a
material for controlled-release devices,2 absorb-
able sutures and fibers,3,4 and implants for bone
fixation.5 Currently, there is increasing interest
in using PLLA for disposable biodegradable plas-
tic articles.6

In order to modify the properties, PLLA was
blended with a number of polymers such as
poly(glycolic acid),7 poly(ethylene vinyl acetate),8

poly(4-vinylphenol),9 poly(e-caprolactone),10,11

poly(3-hydroxybutyrate),12 and poly(ethylene ox-
ide).13 Recently, PLLA was also blended with low
molecular weight compounds of citrate esters.14

The citrate esters were found to be effective in
lowering the glass-transition temperature and
improving the elongation at break.14 Moreover,
the hydrolytic and enzymatic degradation of
PLLA was suggested to be controllable through
blending with the citrate esters.14

In this investigation an effort was made to
study the effect of low molecular weight dihydric
phenols on the thermal and mechanical proper-
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ties of PLLA. Nowadays, a variety of low molecu-
lar weight additives, such as fillers, antioxidants,
and plasticizers, are included in polymer materi-
als in industry to modify their properties and
greatly widen their application field. Wu et al.
recently reported that dihydric phenol can greatly
improve the damping properties of polymer ma-
terials.15 In a previous work, we also found that
the addition of 4,49-thiodiphenol (TDP) to poly(e-
caprolactone) is an effective way to modify the
thermal and mechanical properties of the polyes-
ter.16 On the other hand, dihydric phenol pos-
sesses the potential ability to form strong inter-
molecular hydrogen bonds with carbonyl, ether,
or other functional groups. We found that the two
hydroxy groups in a molecule of dihydric phenol
could form two hydrogen bonds at the same time
with two carbonyl groups of different polymer
chains.16 We expect that dihydric phenol could be
used as a compatibilizer to improve the miscibil-
ity between the immiscible polymer pairs through
the formation of intermolecular hydrogen bonds.

This work focuses on the interassociated hy-
drogen bond between PLLA and TDP with the
employment of Fourier transform IR spectroscopy
(FTIR). The relationship between this specific in-
teraction and the thermal and dynamic mechan-
ical properties of the blends, as determined by
differential scanning calorimetry (DSC) and dy-
namic mechanical thermal analysis (DMTA), are
elucidated.

EXPERIMENTAL

Materials

The PLLA sample (LACEAt; Mw 5 1.33 3 105,
Mw/Mn 5 1.70) was supplied by Mitsui Chemi-
cal Co. The TDP, 4,49-dihydroxydiphenylmeth-
ane (DPM), catechol (CAT), 1,4-dihydroxyben-
zene (DHB), 1,4-di-(2-hydroxyethoxy) benzene
(DHEB), and 1,6-hexanediol (HDO) were pur-
chased from Tokyo Kasei Kogyo Co. All the re-
agents were used as received.

Blend Preparation

The PLLA and TDP in appropriate weight ratios
were first dissolved in chloroform/1,4-dioxane (80/
20, v/v). Then the solution was cast on a glass
petri dish and the solvent was evaporated at room
temperature overnight. All the resultant films
were placed in an oven at 60°C under a vacuum

for 2 days to remove the residual solvent. The
casting films were subsequently compression
molded between Teflon sheets for 3 min at 190°C
and under a pressure of 5 MPa with a Toyoseiki
laboratory press (Mini Test Press-10). This was
followed by a fast cooling to room temperature
between two iron plates. The hot-pressed films
were used for thermal analysis and tensile tests
after annealing at 70°C for 1 week or aged at room
temperature for 2 months.

The films of PLLA blends with DPM, CAT,
DHB, DHEB, and HDO were prepared by casting
from the chloroform/1,4-dioxane (80/20, v/v) solu-
tion. After the solvent was evaporated, the cast-
ing films were aged at 70°C for more than 1 week
before the thermal analysis.

In order to indicate the different contents of the
blends, the following codes were used: LATDP10,
LATDP20, LATDP30, and so on, where LATDP
refers to PLLA/TDP blends and the numbers refer
to the TDP weight content in the blends.

FTIR Measurements

Films of the blends with a thickness suitable for
FTIR measurements were prepared by dropping
the polymer blend solution on the surface of a
silicon wafer. The silicon wafer was transparent
for the IR incident beam and was used as the
substrate. The thickness of the casting film was
carefully controlled to be thin enough to ensure
that the studied absorption was within the linear-
ity range of the IR detector. After drying under a
vacuum for 2 days, the samples were melted at
190°C for 4 min followed with a fast cooling to
room temperature. Then the samples were aged
at room temperature or 70°C for 1 week before the
measurements.

The IR measurements were carried out on a
single-beam IR spectrometer (Perkin–Elmer
Spectra 2000). All spectra were recorded under a
resolution of 4 cm21 and an accumulation of 16
scans.

DSC Testing

The DSC thermogram of the sample (about 5 mg),
which was presealed in aluminum pans, was re-
corded on a Seiko DSC 220 system. The samples
were first heated from 260 to 200°C at a heating
rate of 20°C/min (the first heating scan). After
that the samples were rapidly quenched to
2100°C with liquid nitrogen and then reheated to
200°C at a rate of 20°C/min (the second heating
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scan). The melting temperature (Tm) was deter-
mined from the maximum of the DSC endother-
mic peak. The value of the melting enthalpy (DH)
was calculated as the integral of the endothermal
peak in the DSC curve. The glass-transition tem-
perature (Tg) was taken as the peak top of the
differentiation of DSC curve obtained from the
second heating scan.

DMTA Measurements

Dynamic mechanical spectra were recorded on a
Seiko-DMS210 instrument under the tensile
mode at 5 Hz and a thermal scanning rate of
2°C/min. The test samples had lengths of 30 mm,
widths of 8 mm, and thicknesses of about 200 mm.
Before the analysis, the test samples prepared by
a hot press were annealed at 70°C for 1 week.

Tensile Tests

Dumbbell-shaped specimens were cut from hot-
pressed films with a thickness of about 200 mm
and were used for the tensile measurements.
Stress–strain curves were recorded on an EZTest
tensile tester (Shimadzu Co.) at room tempera-
ture with a crosshead speed of 5 mm/min. The
modulus, stress, and strain were determined from
these curves and averaged over 5–10 specimens.

RESULTS AND DISCUSSION

Hydrogen Bonds between PLLA and TDP

FTIR spectroscopy is a particularly suitable tech-
nique for investigating specific intermolecular in-
teractions. The PLLA blends studied here con-
tained a carbonyl group and yielded a nCAO
stretching mode at about 1759 cm21, while TDP
showed no absorption in the region ranging from
1690 to 1810 cm21. Hence, any change of the
FTIR spectrum in this region should be attributed
to change in the carbonyl group environment,
such as the formation of hydrogen bonds.

Two kinds of blend samples with different ther-
mal histories were characterized by FTIR spec-
troscopy: samples aged at room temperature for 1
week, and samples annealed at 70°C for 1 week.
For the samples aged at room temperature for 1
week the FTIR spectra in the carbonyl vibration
region are displayed in Figure 1 as a function of
the TDP composition. The carbonyl vibration
band of the PLLA component showed a tendency
to shift to a low wave number after blending with

TDP; the peak wave number for PLLA was 1759
cm21 while that for LATDP40 was 1757 cm21.
Furthermore, it can be clearly seen that the vi-
bration band became broader with the increase of
TDP content in the blend; the peak widths at
half-height for PLLA and the LATDP40 blend
were 25.4 and 34.1 cm21, respectively. The differ-
ence between the FTIR spectrum of pure PLLA
and that of the PLLA/TDP blend should be attrib-
uted to the appearance of the hydrogen-bonded
carbonyl vibration band in the spectrum of the
blend, and it indicated the formation of intermo-
lecular hydrogen bonds between the polyester
and TDP molecules.

The interassociated carbonyl vibration band
can be extracted by subtracting the “free” car-
bonyl vibration band from the carbonyl vibration
bands of the blend. As an example, Figure 2
shows the hydrogen-bonded carbonyl vibration
band of LATDP40 obtained by subtracting the
spectrum of pure PLLA from that of the
LATDP40 blend. It can be seen that the vibration
band of the interassociated carbonyl groups is
centered at 1739 cm21. By integrating the respec-
tive areas of the contributions due to the hydro-
gen-bonded and free carbonyl groups, the frac-
tions of the interassociated carbonyl groups (Fb)
can be estimated from eq. (1):17

Figure 1 The normalized FTIR spectra in the car-
bonyl vibration region of pure PLLA, TDP, and their
blends with TDP contents from 10 to 40 wt %. The
samples were aged at room temperature for 1 week.
PLLA (spectrum A), LATDP10 (spectrum B), LATDP20
(spectrum C), LATDP30 (spectrum D), LATDP40 (spec-
trum E), and TDP (spectrum F).
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Fb 5 Ab/~Ab 1 gAf! (1)

where Ab and Af are the areas corresponding to
the hydrogen-bonded and free carbonyl groups
vibrations, respectively, and g is the absorption
ratio that takes into account the difference be-
tween the absorptivities of the hydrogen-bonded
and free carbonyl groups. Taking a g value of 1.5,
which is comparable to the published data for
similar systems,18–20 the fractions of the Fb were
calculated and are plotted in Figure 3 as a func-
tion of composition. Obviously, the Fb increased
with the increase of TDP content in the blend.

Figure 4 shows the FTIR spectra of PLLA/TDP
blends (aged at room temperature for 1 week) in
the hydroxyl stretching region, which is also a
region of interest because of the involvement of
hydroxyl groups in hydrogen bonding. In the hy-
droxy vibration region of pure TDP, three vibra-
tion bands appeared that were centered at 3318,
3265, and 3183 cm21. These bands should be as-
signed to self-associated hydroxyl groups in pure
TDP, because their wave numbers were low. For
pure PLLA only very weak bands (at about 3510
cm21) were observed in this region, which should
be attributed to the vibration of the hydroxy
group in the terminal chain of PLLA. Because of
its low intensity compared to the bands of TDP in
this vibration region, the contribution of this

band to the spectra of blends should have been
negligible when the content of TDP was not too
low. In the spectra of PLLA/TDP blends the bands
shifted to a high wave number (about 3484 cm21)
compared to that of pure TDP, indicating that the

Figure 2 The FTIR spectra in the carbonyl vibration
region of pure PLLA (spectrum A), the LATDP40 (spec-
trum E) blend, and their difference spectrum (E 2 A).
The samples were aged at room temperature for 1
week.

Figure 3 The fractions of the interassociated car-
bonyl groups (Fb) in the PLLA/TDP blends aged at
room temperature for 1 week.

Figure 4 The FTIR spectra in the hydroxyl vibration
region of pure PLLA, TDP, and their blends with TDP
contents from 10 to 40 wt %. The samples were aged at
room temperature for 1 week. PLLA (spectrum A),
LATDP10 (spectrum B), LATDP20 (spectrum C),
LATDP30 (spectrum D), LATDP40 (spectrum E), and
TDP (spectrum F).
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interassociated hydrogen bonds were weaker
than the self-associated ones.

For the samples annealed at 70°C for 1 week,
there was little change between the FTIR car-
bonyl vibration region of pure PLLA and that of
the PLLA/TDP blend. As an example, the FTIR
carbonyl vibration bands of PLLA and the
LATDP40 blend are compared in Figure 5. Figure
6 shows that the wave number of the hydroxyl
vibration bands in the LATDP40 blend (aged at
70°C) was almost the same as that in pure TDP.
These results suggested that no interassociated
hydrogen bond or no strong interassociated hy-
drogen bond was retained in the PLLA/TDP
blends after annealing at 70°C for 1 week. The
annealing should prompt the crystallization of
PLLA and TDP. Then the crystallization should
facilitate the separation of TDP from PLLA. As a
result, the interassociated hydrogen bond or
strong interassociated hydrogen bond disap-
peared.

Thermal and Dynamic Mechanical Properties

The DSC analysis was performed to study the
thermal behavior of the blends. Figure 7 shows
the DSC traces of PLLA/TDP blends (annealed at
70°C for 1 week) with various TDP contents re-
corded at the first heating scan. Obviously, the

melting point of PLLA dropped drastically with
the increase of TDP content when the TDP con-
tent was not too high.

Only one melting peak appeared in the DSC
trace of the pure component. Two melting points
were observed for most of the blends. The higher
melting point decreased with the increase of the
TDP content at low TDP content while it in-
creased with the TDP content at high TDP con-
tent. The lower melting point appeared to be in-
dependent of the blend composition and was
therefore likely to be attributed to the melting of
a eutectic mixture.

The phase diagram of PLLA/TDP blends (Fig.
8) was constructed based on the following inter-
pretation of the DSC melting endotherm.21–23

When the eutectic melting occurs, either in eutec-
tic or off-eutectic mixtures, the peak temperature
of the relatively sharp endotherm is used to con-
struct a composition-independent isothermal
phase boundary representing three-phase (solid–
solid–liquid) equilibria. When composition-depen-
dent melting occurs over a rather broad temper-
ature range above the eutectic endotherm in
off-eutectic mixtures, the end point of this
asymmetric melting event is used to construct the
liquidus phase boundary that separates the solid–
liquid two-phase regions from the homogeneous
state. For pure components, the end point of the
relatively sharp endothermic transition is chosen.

Figure 5 The normalized FTIR spectra in the car-
bonyl vibration region for pure PLLA (spectrum A),
LATDP40 (spectrum E) blend aged at 70°C for 1 week.
The spectrum of the LATDP40 blend [spectrum E(RT)]
aged at room temperature for 1 week is also shown for
comparison.

Figure 6 The FTIR spectra in the hydroxyl vibration
region for pure TDP (spectrum F) and the LATDP40
blend aged at 70°C for 1 week [spectrum E(70°C)]. The
spectrum of the LATDP40 blend aged at room temper-
ature for 1 week [E(RT)] is also shown for comparison.
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The phase diagram of PLLA/TDP blends (Fig.
8) has the characteristics of a eutectic system.
The melting temperature of the eutectic mixture
was about 115°C. The content of TDP at the eu-
tectic point (42 wt %) was determined from the
composition at which the eutectic melting heat
was at maximum.23

The melting enthalpy of PLLA/TDP blends ver-
sus the content of TDP is plotted in Figure 9. The
dotted line expresses the sum of the melting en-
thalpies of the two components in the pure state.
It is clear that the values of the melting enthalpy
for PLLA/TDP blends fell below the dotted line,
indicating that the crystallinity of at least one
component decreased after blending.

The DSC thermograms in the second heating
scan are summarized in Figure 10 for PLLA/TDP
blends. Both the crystallization peak and melting
peak were observed in the DSC curves of pure
PLLA, LATDP50 blends, and LATDP60 blends.
The crystallization peaks of LATDP50 and
LATDP60 blends should contribute to the crystal- lization of the TDP component rather than that of

the PLLA component. By contrast, neither a crys-
tallization peak nor a melting peak was observed
in the thermograms of the blends with TDP con-
tents from 10 to 40 wt %. These facts should
suggest that the cold crystallization of the PLLA
component in the blend was completely inhibited
under the experimental conditions.

From Figure 10 it can also be observed that the
glass-transition temperatures (Tg) of the blend
dropped drastically with the increase of TDP con-
tent. The relationship between the Tg and TDP

Figure 7 The DSC traces in the first heating scan of
pure PLLA, TDP, and their blends with various TDP
contents. Before analysis, the samples were annealed
at 70°C for 1 week.

Figure 8 The phase diagram of PLLA/TDP blends.

Figure 9 The melting enthalpy of the PLLA/TDP
blend annealed at 70°C for 1 week.
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content is depicted in Figure 11 for the blends.
Clearly, the change of the Tg (determined from
DSC) with the TDP content followed a linear re-
lationship rather well. This result strongly sug-
gested that PLLA and TDP were miscible in the
melting state. Extrapolating the line to a TDP
content of 100 wt %, a Tg of 217.7°C was esti-
mated for pure TDP.

The thermal behavior of the sample aged at
room temperature for 2 months was evidently
different from that of the sample annealed at
70°C for 1 week. Table I summarizes the melting
temperatures and enthalpies of the samples aged
under different conditions. The melting enthalpy
of the sample aged at room temperature was
much lower than that of the sample annealed at
70°C.

The crystallization of the blend should be di-
rectly related to the interassociated hydrogen
bonds. The presence of hydrogen bonds should
hinder the crystallization of the PLLA and TDP
component, which was evident from the melting
enthalpies. On the other hand, the crystallization

led to the phase separation and then parts of the
interassociated hydrogen bond disappeared.

Figures 12 and 13 depict the dynamic mechan-
ical spectra of PLLA and the blends with TDP
contents from 10 to 40 wt %. At low temperature
(below 30°C) the storage modulus (E9) of PLLA/
TDP blends was larger than that of pure PLLA
(Fig. 12). However, the storage modulus of the
blend was basically lower than that of pure PLLA
at high temperature (over 50°C; Fig. 12). From
Figure 13 two differences can be noted in the
relaxation behavior between pure PLLA and the
blends: the a-transition peak became broad, and
the value of the tan(d) on the peak top decreased
with the increase of TDP content. These differ-
ences may be related to the change of phase struc-
ture after the incorporation of TDP.

Figure 10 The DSC traces of pure PLLA, TDP, and
their blends with various TDP contents recorded at the
second heating scan.

Figure 11 The relationship between the glass-tran-
sition temperature (Tg) and TDP content for PLLA/
TDP blends. The Tg was determined from the measure-
ments of (F) DSC and (E) DMTA.

Table I Melting Point (Tm) and Melting
Enthalpy (DH) for PLLA/TDP Samples Aged
at 70°C or Room Temperature (RT)

Sample

70°C for 1 Week RT for 2 Months

Tm (°C) DH Tm (°C) DH

PLLA 164 47.1 164 17.5
LATDP10 155 33.1 154 3.7
LATDP20 110, 145 34.4 93, 143 6.4
LATDP30 116, 133 43.3 93 11.1
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Mechanical Properties

The modulus, stress, and strain of the hot-pressed
films annealed at 70°C for 1 week and aged at
room temperature for 2 months are listed in Table
II. For the sample aged at room temperature, the
E of the LATDP10 blend was larger that that of
pure PLLA while the stress at the maximum
point (sm) was smaller than that of PLLA. As for
the LATDP30 blend, the tensile parameters E
and sm were much lower than those of PLLA and
the LATDP10 blend. However, the stain at break
(eb) of LATDP30 was about 50 times as high as
that of PLLA. These results suggested that TDP
greatly modified the mechanical properties of
PLLA.

The thermal history also affected the proper-
ties of the PLLA/TDP blend. The eb of LATDP30

aged at room temperature was 470 6 70% while
that annealed at 70°C was 2.5 6 0.3%. The glass
transition of LATDP30 was 36°C, close to room
temperature. For the LATDP30 sample aged at
room temperature the melting enthalpy was
small (11.1 J/g, Table I), and it could be roughly
regarded as an elastomer at room temperature.
Thus, LATDP30 possessed very high eb in this
case. For the LATDP30 blend annealed at 70°C
the melting enthalpy was large (43.3 J/g, Table I).
In this case the LATDP30 blend was brittle plas-
tic and the sb was very low.

Effect of Chemical Structure of Small Molecule on
Thermal Properties of Blend

In this study, the thermal properties of PLLA
blends with DPM, CAT, DHB, DHEB, and HDO
were also investigated by DSC. Similar to TDP,

Figure 13 The loss tangent tan(d) of pure PLLA and
PLLA/TDP blends with TDP contents from 0 to 40%
measured at 5 Hz and with a heating rate of 2°C/min.

Figure 12 The storage modulus (E9) of pure PLLA
and PLLA/TDP blends with TDP contents from 0 to 40
wt %, which was measured at 5 Hz and with a heating
rate of 2°C/min. The samples were aged at 70°C for 1
week.

Table II Modulus (E), Stress (sm), and Strain («b) of PLLA/TDP Samples Aged at 70°C or Room
Temperature (RT)

Sample

70°C for 1 Week RT for 2 Months

E (MPa) sm (MPa) «b (%) E (MPa) sm (MPa) «b (%)

PLLA 1770 6 180 58 6 8 6.8 6 3.0 1470 6 160 57 6 7 10 6 3
LATDP10 1847 6 50 49 6 8 5.0 6 1.0 2000 6 260 46 6 2 5.8 6 0.7
LATDP20 1490 6 90 31 6 6 6.1 6 2.0 1490 6 90 38 6 4 4.6 6 1.0
LATDP30 — 9.5 6 1.4 2.5 6 0.3 — 5.4 6 1.6 470 6 70
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all these low molecular weight molecules contain
two hydroxyl groups at the molecular terminuses.

The melting points of these blends (cast films
aged at 70°C for more than 1 week) determined
from the DSC curves are summarized in Figure
14. Obviously, the melting point of PLLA de-
creased after the addition of low molecular weight
compounds. In addition, it can be seen that the
variations of the melting points with additive con-
tent in PLLA/TDP, PLLA/DPM, PLLA/DHB, and
PLLA/CAT blends were larger than those in
PLLA/HDO and PLLA/DHEB blends (Fig. 14).
Similar results can also be observed in Figure 15
for the Tg. These facts suggested than dihydric
phenol (TDP, DPM, DHB, and CAT) significantly
modified and dihydric alcohol (DHEB or HDO)
insignificantly modified the thermal properties of
PLLA.

CONCLUSIONS

As detected by FTIR, intermolecular hydrogen
bonds were formed between the PLLA chain and
TDP molecule in the blends aged at room temper-
ature. The fractions of the associated carbonyl
group Fb values were found to increase with the
TDP content.

The thermal analysis revealed that PLLA/TDP
blends possessed eutectic phase behavior. The

thermal and mechanical properties of PLLA were
greatly modified through blending with TDP. The
melting points and the glass-transition tempera-
tures of PLLA decreased with the increase of TDP
content. At the a-transition peak of the DMTA
spectra, the loss tangent tan(d) of the blends also
decreased after the addition of TDP. The forma-
tion of hydrogen bonds and the thermal and me-
chanical properties of PLLA/TDP blends were
strongly dependent on the thermal history. The
thermal analysis on the blends of PLLA with dif-
ferent low molecular weight compounds sug-
gested that dihydric phenols but not dihydric al-
cohol were effective for modification of the prop-
erties of PLLA.

The authors are grateful to Mitsui Chemical, Inc., for
kindly supplying the poly(L-lactic acid) sample.
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