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ABSTRACT: This paper reports a DSC and FTIR study of blends of poly(L-lactide) (PLLA) with poly-
(vinylphenol) (PVPh). According to the single T, criterion, miscibility has been found in all the compositions
range for the blends obtained by solution/precipitation in a dioxane/hexane pair. However, phase separation
has been observed for PVPh-rich blends obtained by solvent casting from dioxane solutions. The T of
the blends shows negative deviation from linearity. Hydrogen bonding has been found, and the band
attributed to hydrogen-bonded carbonyl groups is shifted about 18 cm™!, suggesting relatively weak
hydroxyl—ester hydrogen bonds. The equilibrium melting points of pure PLLA and different blends have
been recorded, and the values of the interaction parameter y12 = —0.42 and the interaction energy density
B = —8.8 cal/cm?® have been calculated. The negative value of the interaction parameter confirms a
thermodynamically miscible blend. The value of B is similar to the value found in poly(e-caprolactone)
(PCL)/PVPh. This small difference between both systems is feasible because the weaker attractive
interactions found in PLLA/PVPh counteract against weaker repulsive interactions, as the solubility
parameter of PLLA (0 = 10.1 (cal/em?)¥?) is closer to PVPh (0 = 10.6 (cal/cm?®)¥?) than the solubility
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parameter of PCL (6 = 9.2 (cal/cm?)V2).

Introduction

Poly(r-lactide) (PLLA) is well known in the medical
industry as a biocompatible and biodegradable polymer
for applications such as drug delivery systems,! implant
materials for bone fixation,? and surgical suture.? These
products slowly hydrolyze within the body to lactic acid
in the presence of body fluids. However, the prohibitive
cost of producing pure L-lactide isomer via organic
chemistry synthesis procedures has restricted their
applicability outside this field until the late 1980s.
Advances in the bacterial fermentation of glucose
obtained from corn introduced the potential to obtain
L-lactide considerably cheaper.* Moreover, problems
associated with the incineration of waste have led to
the need for the development of truly biodegradable
polymers to be utilized as substitutes for non-biodegrad-
able petrochemical-based polymers in packaging, con-
sumer goods, etc. The good gas barrier properties of
PLLA, comparable to PVC and PET, associated to its
biodegradability properties, open the possibility of using
it as a potential commodity material in the packaging
industry. Thus, the study of lactic acid-based polymers
is receiving much attention, and presently several
companies have announced development activities for
polylactides.*

However, PLLA has been reported to have poor
processing properties and is brittle at room tempera-
ture®. Several modifications have been proposed to
improve processing and mechanical properties, such as
copolymerization, plasticization, and polymer blending.
Miscibility has been studied with many other polymers,
but only a few counterparts have been reported to give
miscible blends: poly(bL-lactide) (PDLLA),5-10 poly(p-
lactide) (PDLA),'1714 poly(3-hydroxybutyrate) (PHB),15:16
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poly(methyl methacrylate) (PMMA),%1® poly(methyl
acrylate) (PMA),!7 poly(vinyl acetate) (PVAc),1?~22 and
poly(ethylene oxide) (POE).23-26 On the other hand,
immiscibility has been found in blends of PLLA with
poly(butadiene-co-acrylonitrile) (NBR),2” poly(p-di-
oxanone),%® poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV),?° poly(vinyl alcohol) (PVA),3%31 and poly-
(4-vinylphenol) (PVPh).32 Taking into account this global
context, the miscibility behavior of PLLA shows a
striking difference compared with polyesters of similar
nature such as PHB or PCL; PLLA presents an appar-
ently normal variety of miscible counterparts if rela-
tively weak interactions are involved (i.e., mixed with
polyesters or polyeters), but unexpected immiscibility
results have been found when mixed with polymers
capable of strong interactions such as hydrogen bonds
(i.e., PVA or PVPh).

Nevertheless, hydrogen bonding is an important
mechanism to expand the range of miscible polymer
pairs since if no favorable interactions are present
miscibility is very rare and is only found when miscibil-
ity parameters match each other;?3 if favorable weak
interactions are present, miscibility can be found even
if the difference in solubility parameters goes up to Adqit
= 0.5 (cal em™3)¥2, but when hydrogen bonds are
established, it can go up to 3.0 (cal cm3)¥2, The present
work focuses on the study of miscible blends of PLLA
with PVPh, a presumable hydrogen-bonding counter-
part, according to the chemical structures shown in
Figure 1. This system has been earlier reported to show
only partial miscibility,3? and no specific interactions
were observed by FTIR.3* We have carried out an
extensive study of blend preparation conditions and
have found complete miscibility if blends are obtained
in proper conditions. Interactions have been analyzed
by FTIR, and the polymer—polymer intercation param-
eter has been calculated according to the melting point
depression method.
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Figure 1. Chemical structures of PVPh and PLLA.

Experimental Section

A. Starting Materials. Optically pure poly(L-lactide) con-
taining less than 0.01% of residual solvent and less than 0.1%
residual monomer was supplied by PURAC BIOCHEM (Neth-
erlands). Its specific rotation in chloroform at 20 °C was
—157.3°. The molecular weight of poly(L-lactide) was measured
viscometrically in a Ubbelohde-type viscometer in chloroform
at 30 °C, using the relation:%

7] = 5.45 x 10~* M "™ (dL/g) (1)

A value of M, = 3.2 x 10° g/mol was obtained.

PVPh was synthesized in our laboratory. This polymer is
not usually polymerized from its monomer, vinylphenol,
because its free-radical polymerization lacks control over the
molecular weight of the polymer because of chain transfer to
the phenolic hydrogen.3® Thus, the PVPh was synthesized by
polymerization of acetoxystyrene and subsequent hydrolysis
of the acetoxy groups.?® The monomer was obtained from
Sigma, and polymerization was carried out in toluene at 70
°C using benzoyl peroxide (2 mol%) as initiator. The product
was precipitated into methanol. The protecting acetoxy groups
were removed via hydrazinolisys in tetrahydrofuran at room
temperature for 6 h with a 50% excess of hydrazine hydrate.
After the reaction was complete, the product was precipitated
into water and thoroughly washed. The PVPh was character-
ized by Fourier transform infrared spectroscopy (FTIR) and
differential scanning calorimetry (DSC). The molecular weight
of PVPh was measured viscometrically in a Ubbelohde-type
viscometer in dioxane at 25 °C, using the relation:®’

7] = 2.03 x 10~* M "% (dL/g) 2

A value M, = 3.0 x 10* g/mol was obtained.

B. Blend Preparation. PLLA and PVPh dissolve in
dioxane at temperatures of about 70 °C, and their solutions
remain stable at room temperature. Dioxane solutions of the
polymers (2 wt%) were mixed in the desired amounts. Blends
were prepared by solvent casting at 30 °C or by precipitation
in a large excess of n-hexane and then were dried in a vacuum
oven at 50 °C for 2 days.

C. Differential Scaning Calorymetry. Thermal analysis
was carried out on a DSC from TA Instruments, model DSC
2920. Approximately 5—10 mg of each blend was weighted and
sealed in an aluminum pan. Two consecutive scans were
performed, with a scan rate of 20 °C/min, up to 200 °C to
ensure complete melting of the sample. Glass transition
temperatures were obtained in the second scan and were
measured as middle point values. For melting point depression
studies, samples were allowed to crystalize isothermally until
crystallization was complete and were then heated with a scan
rate of 10 °C/min to obtain the melting point values.

D. Infrared Spectroscopy. Infrared spectra of blends were
recorded on a Nicolet AVATAR 370 Fourier transform infrared
spectrophotometer. Spectra were taken with a resolution of 2
cm™! and were averaged over 64 scans. Dioxane solutions
containing the blends were cast on KBr pellets, and samples
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Figure 2. Second scan DSC traces for PLLA, PVPh, and
PLLA/PVPh blends of different compositions obtained by
solvent casting.

were vacuum-dried at 60 °C for 48 h. In the case of the blends
obtained by precipitation, a small quantity of the sample was
mixed with KBr, carefully ground in a mill, dried at 110 °C
for an hour to remove moisture, and pressed in a hot mold.
The absorbance of all the studied samples was within the
absorbance range in which the Lambert—Beer law is obeyed.
Second derivative spectra were smoothed with a quartic 15-
point Savitzky-Golay smoothing filter.3® Corrected coefficients
are found in reference 39. Following the Edwards et al.*
suggestions, the degree of distortion of this smoothing algo-
rithm was checked by the following procedure. A synthetic
spectrum of similar shape to these to be smoothed was
generated, and its second derivative was calculated with the
smoothing coefficients. The unsmoothed second derivative of
the synthetic spectrum was also calculated. Both spectra were
visually inspected. Only very subtle changes were observed
with this smoothing algorithm. Thus, the degree of distortion
introduced by smoothing should be considered negligible.

Results and Discussion

DSC Analysis. Miscible polymer pairs show a single
glass transition temperature (7) intermediate between
those of the pure polymers which makes DSC a well-
known method to study the miscibility of polymer
blends. Blends were obtained by solvent casting from
dioxane solutions and by solution/precipitation in a
dioxane/hexane pair, leading to somewhat different
results, as is discussed later on.

The DSC traces of pure PLLA and PVPh are shown
in Figure 2. PLLA is a semicrystalline polymer, and the
major features of its DSC curve are the Ty at ~70 °C,
and its melting peak at 187 °C. PVPh is an amorphous
polymer, and the T, of the sample used in this work is
190 °C. In blends cast from dioxane solutions, two
successive scans were recorded from 0—200 °C. Figure
2 also shows DSC traces obtained in the second scan
for PLLA/PVPh blends with different compositions. As
can be seen, a single T is obtained for compositions
between pure PLLA and the PLLA/PVPh 40:60 blend.
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Figure 3. First scan DSC traces for PLLA, PVPh, and PLLA/
PVPh blends of different compositions obtained by solution/
precipitation.

However, blends with compositions ranging from PLLA/
PVPh 30:70 to pure PVPh show two Tj’s; one of the
transitions is very broad and is placed at a temperature
close to the T, of the single-phase PLLA/PVPh 60:40
blend, and the second 7% is close to that of pure PVPh.
Thus, for the molecular weights employed in this study,
a single phase is obtained if the content of PVPh in the
blend is below 60 wt%. However, in blends exceeding
60 wt% PVPh, the system undergoes phase separation,
giving one phase with a composition close to 60:40 and
a second phase consisting mainly of PVPh.

Figure 3 shows DSC traces recorded in the first scan
for PLLA/PVPh blends of different composition, obtained
by solution/precipitation in the dioxane/hexane pair. All
the scans show a melting peak corresponding to crystal-
line PLLA. Nevertheless, systems rich in PLLA show a
broad specific heat jump at temperatures close to the
glass transition of pure PLLA. This situation suggests
phase-separated systems, although a second specific
heat jump attributable to the PVPh-rich phase cannot
be observed because of the strong endotherm due to
melting of PLLA crystals. These curves are also very
similar to those obtained in the first scan for solution-
cast blends.

However, DSC traces change completely in the second
scan taken after cooling from the melt to room temper-
ature for the solution/precipitation blends. As can be
seen in Figure 4, a single T, is obtained in all the
composition range, proving the miscibility of the blends.
In addition, the strong melting endotherm of PLLA
disappears for the whole blend composition range. These
results can be explained in the following terms. In the
solution/precipitation blends, polymer chains are “fro-
zen” in the precipitation step, and if specific interactions
between different chains in the solution are neglected,
a random dispersion of chains can be assumed in the
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Figure 4. Second scan DSC traces for PLLA, PVPh, and
PLLA/PVPh blends of different compositions obtained by
solution/precipitation.

precipitated blends. After the first heating scan, the
sample is completely melted, the system history is
erased, and the blends become miscible. On the other
hand, in the solution-cast blends, different phase do-
mains can develop as the solvent evaporates due to
favorable solvent—polymer interactions that tend to
exclude the second component from the growing do-
mains. Phase separation is then induced by the solvent,
a phenomenon known as Ay effect.*142 Thus, the system
is phase separated in macroscopic domains, and a
heating run up to total melting of the sample cannot
restore the thermodynamic equilibrium conditions. A
similar behavior has been reported by Zhang et al.18 in
blends of PLLA with PMMA; they also found phase
separation in solution-cast blends and miscibility in
blends obtained by solution/precipitation.

In addition, when the melt is rapidly lowered to an
isothermal temperature of 148 °C and is maintained
there for 1 h (Figure 5), just PLLA-rich compositions
are able to crystallize while PLLA/PVPh blends contain-
ing higher than 30 wt% PVPh remain amorphous. This
behavior is typical of miscible blends in which the
second component mixes at a molecular level inhibiting
crystallization of the crystalline component.

The dependence of T, on the composition of the
miscible PLLA/PVPh blends is illustrated in Figure 6
(see Table 1 for numerical values). Several equations
have been proposed to describe the T,—composition
dependence of miscible polymer blends. Couchman and
Karasz*3 proposed a general equation for predicting the
T, of polymer blends, based on the continuity of the
entropy of mixing at T, from which the most classical
models, such as the Fox or Gordon-Taylor can be
derived. Although these equations have been success-
fully applied to certain blends, there are still systems
with significant deviations; particularly severe devia-
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Figure 6. T, vs composition for PLLA/PVPh blends. The
straight line represents linear behavior, and the curve is the
fit to the simplified Kwei equation (g = —78).

tions are shown by systems containing hydrogen bond-
ing. In these cases, the most suitable relationship is the
Kwei equation:*4

~wiTy + kw, Ty
T,= w, T Fw, + qu,w, (3)

where w1 and wq are the weight fractions of components
1 and 2, respecively, Ts1 and Tye are the glass transi-
tions, and & and g are fitting constants. The first term
on the right-hand side of eq 3 is the widely used Gordon-
Taylor equation, and the second term corresponds to the
strength of hydrogen bonding in the blend, reflecting a
balance between the breaking of the self-association
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Table 1. T; Values for PLLA/PVPh Blends of Different

Composition
PVPh wt% Ts (°C) PVPh wt% Te (°C)
0 70.2 70 131.7
20 79.6 80 155.8
40 98.6 90 165.7
60 125.4 100 187.9

interactions and the forming of the interassociation
interactions through hydrogen bonding. In systems with
a highly symmetric deviation from linearity, it is com-
mon practice to set £ = 1; fitting to a single parameter,
with a simplified Kwei equation:

Ty =w Ty +wyTyy + quiw, 4)

The fit of experimental data to the Kwei equation is also
shown in Figure 6, and the value obtained for the
adjustable parameter is ¢ = —78. This large negative
value for q suggests that the specific interactions
responsible for miscibility are weak.

FTIR Analysis. Infrared spectroscopy has been
widely used to investigate specific interactions in poly-
mer blends in which the miscibility driving force is
hydrogen bonding between components. The distribu-
tion of the different association species is dependent
upon the composition of the mixture, the temperature,
and the equilibrium constants describing both self- and
interassociation.

The chemical structures of the studied polymers
support the possibility of hydrogen bonding between
hydroxyl groups of PVPh and carbonyl groups of PLLA.
Miscibility between PVPh and polyesters of similar
nature of PLLA, such as poly(hydroxybutirate)* and
poly(e-caprolactone) (PCL),*6 has also been reported, and
hydrogen bonding has been confirmed by FTIR in these
systems. However, Zhang et al. studied blends of PVPh
with polylactides and did not find evidence of specific
interactions by FTIR.3* Only partial miscibility was
obtained, according to their study. Our results support
total miscibility and existence of specific interactions,
although these are weaker than in other PVPh/polyester
systems.

Recording of FTIR spectra and sample preparation
have not been straightforward tasks. DSC results have
shown that it is necessary to melt PLLA to achieve
miscibility; thus, all spectra were recorded in the cooling
step after melting at 200 °C for 2 min. FTIR samples
with up to 60 wt% PVPh were obtained by solvent
casting on KBr pellets because DSC results showed a
single T, for those compositions. Since the solvent
casting method resulted in phase separation with PVPh
amounts higher than 60 wt%, FTIR samples with 80%
and 90% PVPh were obtained by mixing the blend
obtained by solution/precipitation with KBr in a mill,
grinding carefully, and pressing in a mold at 110 °C to
remove moisture. An appropriate spectra for the blend
with 70% PVPh could not be obtained by the grinding
method.

The chemical groups involved in hydrogen bonding
of this polymer blend system are the hydroxyl of PVPh
and carbonyl of PLLA, and their absorption band
regions are of major concern to study their eventual
interassociation behavior. Figure 7 shows the hydroxyl
spectral region of pure PVPh and PLLA/PVPh blends
of different composition. PVPh shows two contributions
attributable to the free and associated hydroxyl groups,
respectively. The broad band governing this region is
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Figure 7. Hydroxyl stretching region for PLLA/PVPh blends
of different composition at room temperature.

centered at about 3360 cm~! and corresponds to the
associated hydroxyl contribution. The free hydroxyl
band appears as a relatively narrow shoulder at about
3525 cm~!. Analyzing PLLA/PVPh spectra, it can be
observed that the relative contribution of the hydrogen-
bonded hydroxyl group increases as the concentration
of PLLA in the blend increases; in addition, the hydrogen-
bonded hydroxyl band shifts to higher frequencies. The
change in relative intensities is attributed to a higher
overall extent of interassociation that lowers the fraction
of free hydroxyl groups. The shift of the associated
hydroxyl band to higher frequencies is attributed to the
replacement of the hydroxyl stretching band of hy-
droxyl—hydroxyl hydrogen-bonded groups existing in
pure PVPh by a new band in blends corresponding to
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hydroxyl groups of PVPh bonded to carbonyl groups of
PLLA. The frequency shift between the free hydroxyl
and the hydrogen-bonded hydroxyl band is related to
the strength of the bond and varies at 25 °C from about
165 cm™! in pure PVPh to about 25 cm~! in a PLLA/
PVPh 70:30 system. This low shift value indicates that
the hydroxyl—ester interactions are weaker than hy-
droxyl—hydroxyl interactions existing in pure PVPh.

Figure 8a shows the carbonyl stretching region of
PLLA at different temperatures. In Figure 8b and c,
second derivatives and spectral curve fitting results for
amorphous and semicrystalline PLLA are displayed.
The spectrum of pure PLLA at temperatures above the
melting point exhibits a broad and asymmetric peak
(Figure 8b). The second derivative of this spectrum
reveals clearly two components; spectral fitting with two
Gaussian peaks gives a good fit at locations 1755 and
1776 cm~1. Amorphous PLLA has been earlier analyzed
by Kister at al.,*”*8 who reported broad and asymmetric
bands in the Raman spectra in which the deconvolution
analysis showed two components centered at 1749 and
1768 cm™1. The splitting of the carbonyl band was
attributed to the sensitivity of the C=0 stretching mode
to conformation, and the double bands were considered
as resulting from the particular chiral unit enchain-
ments generated by the pair addition mechanism which
governs the LA ring opening polymerization.*® The IR
components at 1755 and 1776 cm™! obtained in this
work can be assigned to the corresponding Raman
components at 1749 and 1768 cm~1. On the other hand,
below the melting point, an additional component is
expected due to absorption of the crystalline morphol-
ogy. As can be seen in Figure 8a, raising the tempera-
ture from 100 to 180 °C lowers the absorbance at the
center of the peak, and simultaneously the intensity of
a shoulder at lower wavenumbers increases. Spectral
fitting of this region (Figure 8c) reveals three contribu-
tions at 1757, 1759, and 1777 cm~!. The components at
1757 and 1777 cm™! are assigned to the amorphous
phase. The narrow band at 1759 em™! is attributed to
the crystalline absorption and is visually discerned from
the broad absorption at 1757 cm~! due to the marked
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Figure 8. (a) Carbonyl stretching region of PLLA at different temperatures: (A) at 100 °C in the heating process, (B) at 180 °C
in the heating process, and (C) at 160 °C in the cooling process after melting (amorphous PLLA). (b) Second derivative spectra
and the curve fitting components obtained for amorphous PLLA at 160 °C. (¢) Second derivative spectra and the curve fitting
components obtained for semicristalline PLLA at 100 °C. Heating and cooling processes were carried out at 5 °C/min.
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Table 2. Spectral Curve Fitting Results for Amorphous and Semicrystalline PLLA®

Peak 1 Peak 2 Peak 3
v(em™) Wi(em™) area(%) v(em™l) W(em™) area(%) v(em™1) W(m™) area (%)
amorphous PLLA (160 °C) 1776.1 20 18.8 1755.0 24 81.2 - - -
semicrystalline PLLA (100 °C) 1777.0 20 15.2 1757.0 24 78.1 1759.1 6.85 6.7

@ Peak 1 and 2 refer to the two amorphous absorptions, and Peak 3 refers to the crystalline component.

difference in widths. Numerical results are summarized
in Table 2.

As a final comment in Figure 8c, the second derivative
spectra displayed may seem somewhat uncorrelated to
the curve fitting results. For example, the intensity
obtained from curve fitting results for the crystalline
absorption is relatively weak, but this band is by far
the sharpest contribution in the second derivative
spectra. Derivation increases spectral resolution, but
when it is performed on overlapping bands with differ-
ent widths, it also results in the increase of the relative
intensity of the narrower band. This can be easily
proved by deriving twice the mathematical equation for
a Gaussian profile and calculating the intensity ratio
at the maximum for two hypothetical overlapping peaks
(1 and 2):

(Ao _ (A0)1(wz)2 (5)

Ay,  (Ag\w:

wy

where subscripts 1 and 2 refer to the different bands 1
and 2; Ay is the intensity of the second derivative peak,
Ay is the absorbance of the spectral component at the
maximum, and w is the width of the band. Another
consequence of this derivative behavior on results
displayed in Figure 7c is that spectral derivation sug-
gests an amorphous component located at about 1749
cm™1, but curve fitting locates this band at 1757 cm™1.
This discrepancy is due to the intense side lobe of the
crystalline peak in the second derivative that sinks the
second derivative contribution corresponding to the
amorphous band. It can be easily proved that the
obtained second derivative spectrum is compatible with
the curve fitting results by generating a synthetic
spectrum of similar shape (see Table 2) and obtaining
its second derivative. Thus, second derivative techniques
are valuable to analyze the number of components, but
peak positions should be taken with care, particularly
in the case of highly overlapping peaks of very different
widths.

Figure 9 shows the carbonyl stretching region for
PLLA/PVPh obtained after cooling from the melt at 30
°C. It has to be noted that PLLA/PVPh blends studied
in this figure are fully amorphous, as confirmed by DSC
in Figure 5. Therefore, no crystalline absorption is
expected in these spectra. The band obtained for PLLA
at 160 °C in the cooling process (amorphous) is shown
for reference. As can be observed in Figure 9, the
carbonyl band becomes wider as the PVPh content in
the blend increases. This behavior is attributed the
presence of a new band at about 1740 cm™!, assigned
to the hydrogen-bonded carbonyl groups, indicative of
the intermolecular interaction involving the PLLA car-
bonyl group and the PVPh hydroxyl group. However,
the low resolution in this spectral region may let some
doubts about the qualitative trends in this region
remain. For example, the relative contribution at-
tributed to the associated carbonyl seems to get stuck
for compositions higher than 60 wt% PVPh. Another

Absorbance

1800 1780 1760 1740 1720 1700
Wavenumber (cm™)

Figure 9. Carbonyl stretching region for amorphous PLLA
(at 160 °C) and PLLA/PVPh blends of different composition
at room temperature.

1800 1780 1760 1740 1720 1700
Wavenumber (cm')

Figure 10. Second derivative of the carbonyl stretching region
for amorphous PLLA (at 160 °C) and fully amorphous PLLA/
PVPh blends of different composition at room temperature.

question relates the number of bands present in this
region. To clarify these questions, second derivative
spectra are shown in Figure 10. The main advantage of
spectral derivation is to increase the resolution of the
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Figure 11. Temperature dependence of the carbonyl spectral
region for a PLLA/PVPh 20:80 blend taken on cooling from
the melt at 160, 100, and 30 °C. The spectrum marked with
an asterisk was obtained from the as-precipitated blend at 30
°C before melting. The spectrum of PLLA at 160 °C is also
shown for reference.

spectra. Another feature is that the contribution of any
linear baseline is eliminated. Figure 10 suggests that
the relative absorption of the hydrogen-bonded band at
about 1740 cm™! increases steadily as the content of
PVPh increases. This is true if the widths of the
components remain approximately constant between
different compositions, which seems to be a reasonable
assumption. Also, second derivative spectra show the
presence of three components for all the compositions
corresponding to the above-mentioned hydrogen-bonded
band and the two original bands assigned to amorphous
PLLA.

The temperature dependence of the interassociation
behavior has also been studied. Figure 11 shows the
spectra of a PLLA/PVPH 20:80 blend prior to any
heating process. This specific band was obtained from
a sample dried at low temperatures to avoid crystal-
lization of PLLA. The carbonyl band is broad, typical of
the amorphous phase, and no interassociation shoulder
is observed. The absence of interassociation in the as-
obtained sample agrees with the phase separation
obtained in the first heating scans by DSC. This figure
also shows the scale-expanded spectra of a PLLA/PVPh
20:80 blend obtained from a different pellet that was
carefully dried to obtain appropriate spectra on cooling
from the melt at 160, 100, and 30 °C. It can be observed
that a clear shift to lower wavenumbers in these spectra
taken on cooling with respect to the as obtained 30 °C
spectrum occurs, which indicates that interassociation
via hydrogen bonding has taken place in this miscible
blend. It is also observed that the change of the band
shape among spectra taken at different temperatures
is very small and suggests that the associated band
shifts to higher wavenumbers and/or its relative inten-
sity decreases at higher temperatures. Shifting to higher
wavenumbers is attributed to weaker hydrogen bonds
at higher temperatures, and the decrease in intensity
is mainly related to the interchange between free and
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hydrogen-bonded carbonyls, although some contribution
can be explained by the decrease of the molar extinction
coefficient of the hydrogen-bonded band.%4

Finally, we find it necessary to briefly discuss the
possible reasons of the splitting observed for the car-
bonyl band of molten PLLA. This is an unusual behavior
because typical polyesters with chemical structure
similar to that of PLLA show a single band in the
carbonyl spectral region in the amorphous conforma-
tion.*>~%7 The only reference reporting this behavior for
poly(lactides) attributes splitting of the carbonyl band
to the sensitivity of the C=O stretching mode to
conformation.*’*8 However, this explanation lacks of a
theoretical background and is rather arguable for an
amorphous polymer. Splitting has also been found in
low-molecular-weight species. For example, FTIR spec-
tra for a series of solid esters and ketones?%?! showed
splittings of about 10 cm™!, attributed to the isolation
of molecules within multiple types of matrix sites. The
presence of such different sites is, however, question-
able. Splitting has also been found in the carbonyl
spectral region of organic liquids; for example, cyclo-
hexanone shows a splitting of 16 cm™1,52 attributed to
Fermi resonance.53 This type of splitting is accepted to
occur often with carbonyl vibrations in complex organic
molecules, although in the majority of cases, the fre-
quency match of the overtone and fundamental is
relatively poor.?* However, experimental evidences show
that the description of the splitting of cyclohexanone
from a Fermi resonance approach is inconsistent.?3:55
Recently, the splitting of cyclohexanone has been revised
and strong experimental evidence of C—H-+-O hydrogen
bonding has been reported.??65 Evidences of this type
of hydrogen bonding have also been reported in matrix-
isolated low-molecular-weight compounds?*® and in neat
polymers.?® This global context reveals that today the
assignment of this type of carbonyl splitting is under
discussion.

Equilibrium Melting Temperature: Melting
Point Depression. The depression of the melting point
of a crystalline polymer blended with an amorphous
polymer can be studied to obtain information about the
miscibility of the system. The temperature reduction is
caused by morphological effects and thermodynamic
reasons. Thermodynamic considerations predict that the
chemical potential of a polymer will be decreased by the
addition of a miscible diluent. If the polymer is crystal-
lizable, this decrease in chemical potential will result
in a decreased equilibrium melting point. The equilib-
rium melting temperatures can be analyzed by the
Flory—Huggins equation:58

11
Tmo T'mb0

—R Vy|In ¢, 1 1 2
AH,, VM[ %a + (_ - x_l)(l = ¢9) + 212(1 — ¢3)

Xo
(6)

where the subscripts 1 and 2 refer to the amorphous
and the crystallizable polymer, respectively. T,° and
Tmp? denote the equilibrium melting points of the pure
crystallizable component and of the blend, respectively.
V. is the molar volumes of the repeating unit of the
polymers, R is the universal gas constant, AH, is the
heat of fusion of the perfectly crystallizable polymer, x
is the degree of polymerization, ¢ is the volume fraction
of the component in the blend, and y;2 is the polymer—
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Figure 12. Hoffman—Weeks plots for PLLA/PVPh blends of

different composition: (M) 100:0, (¢) 90:10, (®) 85:15, and (A)
80:20.

polymer interaction parameter. When both x; and x are
large, for high-molecular-weight polymers, these related
terms can be neglected:

1 1 \AH,, Vy,
_(_0 B _O)T2 V_1 = Y1 )

If y12 is assumed to be independent of composition, a
plot of the left-hand side of eq 7 versus ¢;2 should give
a straight line passing through the origin. The interac-
tion parameter is implicitly referred to a reference
volume, V,, usually defined in terms of the molar volume
of the amorphous component in the mixture. This
peculiarity makes y inadequate to compare different
systems since the monomer volumes of polymers 1 and
2 are usually significantly different from each other. The
interaction energy density is a different form to express
the Flory—Huggins interaction parameter eliminating
the reference volume:

RTYy,
B = Vv

r

€))

Substituting y12 from this equation in the Flory—
Huggins equation yields the Nishi Wang equation:??

0_ B

T °— -
AH,,

m mb

¢, )

To eliminate the morphological effect from the melting
point depression and to determine the equilibrium
melting temperatures for pure PLLA and blends of
given compositions, the method of Hoffman and Weeks
has been used.®® Values obtained for the equilibrium
melting point from the Hoffman—Weeks plot (Figure 12)
are summarized in Table 3. The decrease in the equi-
librium melting point obtained upon addition of PVPh
to pure PLLA suggests the miscibility of the system.
However, further addition of PVPh causes a low incre-
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Figure 13. Flory—Huggins equation plot for the equilibrium
melting temperatures obtained for PLLA/PVPh blends.

Table 3. Equilibrium Melting Temperature (Ty,°) for Pure
PLLA and PLLA/PVPh Blends

PLLA wt% T (°C)
100 211.6
90 203.9
85 203.0
80 201.7

mental decrease of the melting point, suggesting a
relatively low value for the interaction parameter.

Figure 13 displays the analysis of these values with
the Flory—Huggins equation. The parameters used in
the calculations are Vi, = 100 cm?, Vy, = 53.3 cm3
(reported earlier in this work), and AHs, = 93 J/g.%1 The
experimental data fit a line not passing through the
origin. This behavior is usually attributed to a residual
entropy effect, which is neglected in the derivation of
the equation.®? The values obtained for y12 and B are,
respectively, —0.42 and —8.8 J/cm3. The negative value
of the interaction parameter confirms a thermodynami-
cally miscible blend. The value of B is similar to the
value found in PCL/PVPh.* The analysis of miscibility
quantified by interaction parameter proves that both
PLLA and PCL systems involve a similar favorable
energy exchange with PVPh. This value is the balance
between favorable specific interactions and repulsive
dispersive interactions. In the case of PCL/PVPh, the
specific interactions are stronger than in PCL/PVPh, but
this is counterbalanced by more similar solubility
parameters existing in PLLA/PVPh with respect to PCL/
PVPh.

Conclusions

Miscibility has been found in the PLLA/PVPh system
in all the compositions range for blends obtained by
solution/precipitation in the dioxane/hexane pair. How-
ever, phase separation has been observed for PVPh-rich
blends obtained by solvent casting from dioxane solu-
tions. These results have been explained in the following
terms. In the solution/precipitation blends, polymer
chains are “frozen” in the precipitation step, and if
specific interactions between different chains in the
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solution are neglected, a random dispersion of chains
can be assumed. However, after the first heating scan,
the sample is completely melted, the system history is
erased, and the blends become miscible. On the other
hand, in the solution-cast blends, different phase do-
mains can develop as the solvent evaporates due to
favorable solvent—polymer interactions that tend to
exclude the second component from the growing do-
mains. Phase separation is then induced by the solvent,
a phenomenon known as Ay effect.

Hydrogen bonding has been found, and the band
attributed to hydrogen-bonded carbonyl groups is shifted
about 18 cm™!, suggesting relatively weak hydroxyl—
ester hydrogen bonds. Finally, the equilibrium melting
point of pure PLLA and different blends has been
recorded, and the values of the interaction parameter
x12 = —0.42 and the interaction energy density B = —8.8
cal/cm? have been calculated. The negative value of the
interaction parameter confirms a thermodynamically
miscible blend. The value of B is similar to the value
found in PCL/PVPh. This small difference is feasible
because the weaker attractive interactions found in
PLLA/PVPh counteract against weaker repulsive inter-
actions, as the solubility parameter of PLLA (6 = 10.1
(cal/em?®)12) is closer to PVPh (6 = 10.6 (cal/cm?)2) than
the solubility parameter of PCL (6 = 9.2 (cal/cm?)/2),
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