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Abstract In this work, a novel strategy for the preparation of
bio-hybrid systems based on polylactic acid (PLA) and poly-
hedral oligomeric silsesquioxane (POSS) was developed. In-
deed, the new method consists in a preliminary
functionalization of the polymer matrix and a subsequent
reaction of silsesquioxane molecules, characterized by amino
or hydroxyl functionalities, potentially capable of reacting
with maleic anhydride groups created onto PLA by a free
radical process. The method adopted to create maleic
anhydride-grafted polylactic acid (PLA-g-MA) allowed to
graft 0.7 wt% of MA onto the polymer backbone, avoiding a
dramatic reduction of PLA molecular mass. "H-NMR mea-
surements demonstrated a different reactivity of the two used
POSS, namely trans-cyclohexanediolisobutyl POSS (POSS-
OH) and aminopropyl heptaisobutyl POSS (POSS-NH,). In-
deed, the amino group of POSS-NH, was found to react with
the maleic anhydride group of PLA-g-MA allowing to obtain
a hybrid system, carrying silsesquioxane molecules along the
polymer backbone while the reactivity of POSS-OH turned
out to be much lower. Thermal properties of the synthesized
hybrid systems were assessed by means of DSC measure-
ments. Indeed, the presence of POSS grafted onto the macro-
molecular chain was found to improve PLA crystallinity, by
affecting the crystal nucleation density. Moreover, a decrease
of surface water wettability was observed in the films made of
PLA-g-MA/POSS-NH,.
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Introduction

Polylactic acid (PLA), which is a biodegradable polyester
derived from biomasses with excellent properties for various
applications, has been emerging as an alternative to conven-
tional petroleum-based polymeric materials [1, 2]. However,
in order to compete with most of the commonly used poly-
mers, the performances of PLA, such as impact strength,
elongation at break, and crystallization rate, must be improved
without compromising its inherent sustainability [3]. Indeed,
the dispersion of proper nanofillers within PLA, yielding bio-
nacomposites, can improve significantly the polymer matrix
properties [4]. Among the various nanofillers applied in the
preparation of PLA-based bio-nanocomposites, of particular
interest is the exploitation of layered silicates, which allows
the formation of bio-nacomposites that consists of PLA and
organically modified clay (organoclay) [5—8]. PLA/clay bio-
nanocomposites show an improvement in the mechanical and
thermomechanical as well as gas barrier properties and exhibit
a higher crystallization and biodegradation rates with respect
to the polymer matrix. Moreover, clays are environmentally
friendly material and do not significantly affect the
compostability of PLA after nanocomposite formation [6].
Besides clays, also carbon nanotubes (CNTs), both single-
and multi-walled, received relevant attention for the prepara-
tion of PLA-based bio-nanocomposites [9—11]. The above
systems, prepared by using both pure and surface oxidized/
functionalized CNTs, are characterized by enhanced modulus
and electrical properties. In addition to the most commonly
used nanofillers, clay and carbon nanotubes, other inorganic
fillers, such as silica [12], titanium dioxide [13], silver [14]
and palladium [15, 16] nanoparticles, cellulose and starch
nanocrystals [17], whiskers [18], and polyhedral oligomeric
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silsesquioxane (POSS) [19-28] were used to improve the
properties of PLA. POSS, the object of the present work, are
organic-inorganic hybrid molecules [29], which can be direct-
ly inserted into the macromolecular chains by using in situ
polymerization [30, 31] or grafting reactions [32, 33] while
melt or solution blending allows to obtain only a physical
dispersion [15]. In particular, the level of POSS dispersion in
PLA-based systems prepared by melt compounding was
found to depend on the kind of functionalities linked to the
silsesquioxane siliceous cage. Indeed, POSS characterized by
particular functional groups, such as amino [19] or epoxy [20],
capable of reacting and/or interacting with PLA showed an
improved dispersion. The presence of POSS was found to
enhance the mechanical properties of PLA, improving its
modulus and elongation at break [19], the crystallization rate
[21, 22], and thermal stability [20, 23]. Moreover, the specific
effect of POSS on PLA combustion behavior was recently
highlighted by Fox et al. [24], who exploited POSS-modified
nanofibrillated cellulose as a carbon source in intumescing
flame retardants for melt-blended PLA composites.

As far as the in situ polymerization is concerned, the direct
bond of the silsesquioxane to the macromolecular chain, pro-
ducing hybrid systems, might potentially enhance the specific
effect of POSS on the PLA features. Indeed, hydroxyl and
amino POSS were used as initiator of the ring-opening poly-
merization (ROP) of lactide. By using this method, Goffin
et al. [24] synthesized nanohybrids by grafting the polyester
chains onto POSS nanocages, using a polymerization initiated
from the primary amine of the silsesquioxane, which proved
to be well controlled. POSS/PLA hybrids were also success-
fully prepared by the ring-opening polymerization of lactide
with 3-hydroxypropylheptaisobutyl POSS as an initiator in
the presence of tin(Il) 2-ethylhexanoate (Sn(Oct),) as catalyst
[26].

More recently, Sun et al. [27] prepared biodegradable core-
shell rubber-like particles by using an octa-hydroxy POSS as
initiator of the ring-opening polymerization of a mixture of ¢-
caprolactone and L-lactide to form poly(e-caprolactone-co-
lactide) as the rubbery core, followed by the polymerization
of D-lactide to form poly(D-lactide) as the outer shell. More-
over, the efficacy of a metal-silsesquioxane (heptaisobutyl
titanium-POSS) as initiator of the ring-opening polymeriza-
tion of L-lactide was proved by Monticelli et al. [28], who
demonstrated that this reaction leads to the direct insertion of
POSS to the polymer backbone.

It is worth underlining that the exploitation of POSS or
metal-POSS as initiator of the ROP of lactide allows to obtain
macromolecular chains carrying the silsesquioxane only as
end group. Moreover, the polymer molecular mass turns out
to be affected by the concentration of POSS in the reaction
mixture, decreasing it by increasing the amount of initiator.
Clearly, the possibility to graft POSS along the polymer chain
might further enhance the effect of the hybrid molecule on
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PLA final features. The above approach, widely used for the
preparation of polymer/POSS system, can only be applied to
polymer matrices carrying reactive side groups capable of
reacting with silsesquioxane molecules. Although, PLA is
not characterized by such functional groups, in this work we
propose a novel approach to prepare PLA/POSS hybrids by
applying a preliminary functionalization of the polymer ma-
trix. First, in order to create reactive groups along the macro-
molecular chains, the grafting of maleic anhydride (MA) onto
PLA was carried out by applying a reactive blending through a
free radical process. The so-prepared maleic anhydride-
grafted polylactic acid (PLA-g-MA) was subjected to the
grafting of two different kinds of silsesquioxane: one charac-
terized by hydroxyl groups (named POSS-OH) and another
one by an amino group (named POSS-NH,). The specific
effect of POSS on the features of the synthesized hybrid
system was highlighted.

Experimental section
Materials

Polylactide (PLA) is a commercial product from Nature
Works Co. Ltd. U.S.A. (2002D, Mn=100.000 g/mol) with a
residual monomer content less than 0.3 wt%.

Trans-cyclohexanediolisobutyl POSS (referred to as
POSS-OH in the following) (Fig. 1a) and aminopropyl
heptaisobutyl POSS (referred as POSS-NH, in the following)
(Fig. 1b) were purchased from Hybrid Plastics (U.S.A.) as
crystalline powders and used as received.

"H NMR (ppm) (300 MHz, CDCl5) of POSS-NH,: 5 2.73
(2H, -CH,NH,), 2.66 (2H, -CH,CH,NH,), 1.85 (7H, -
CH,CH(CH;),), 1.53 (2H, -CH,CH,CH,), 0.96 (42H, -
CH(CH3),), 0.60 (2H, -SiCH,CH,), and 0.60 (14H, -
SiCH,CH).

"H NMR (ppm) (300 MHz, CDCl;) of POSS-OH: 0.96
(42 H, -CH(CHj3),), 0.60 (14H, -SiCH,CH), 0.60 (2H, -
SiCH,CH,), 0.60 (4H, -CH,CH,CH), 1.46 (4H, -CH,CH,.
CHOH), 1.85 (7H, -CH,CH(CH3),), 1.85 (1H, -CH(CH,)3),
3.57 (2H, -CH,CHOH), and 3.44 (2H, -CH,CHOH).

Dimethyl-2,5-di-(tert-butylperoxy)hexane organic perox-
ide (Lupersol 101), maleic anhydride (MA), and tetrahydro-
furan (THF) were purchased from Sigma—Aldrich and used as
received.

PLA-g-MA/POSS hybrid preparation

The maleation of polylactide was carried out by applying the
procedure previously reported [34], which is briefly outlined
in the following. Indeed, the maleation was carried out by
adding PLA, MA, and Lupersol 101 to a glass reactor, namely
a laboratory internal mixer provided with a mechanical stirrer
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Fig. 1 (a) Aminopropyl heptaisobutyl POSS (POSS-NH,). (b) trans-
cyclohexanediolisobutyl POSS (POSS-OH)

(Heidolph, type RZR1), which was connected to a vacuum
line and evacuated for 30 min at room temperature. Then, the
reactor was purged with helium for 30 min. The above oper-
ations were repeated at least three times, to be sure to avoid
humidity coming in contact with the reagents. The percent-
ages of Lupersol and MA were 0.5 wt% and 6 wt%, respec-
tively. The reactor was placed in an aluminum block oven at
180 °C and mixed for 10 min. The mixture was dissolved in
chloroform and precipitated in methanol in order to eliminate
the fraction of MA not linked to the polymer.

For the hybrid system preparation, 5 g of PLA-g-MA and
1 g of POSS (POSS-NH, or POSS-OH), the molar amount of
which was more than the grafted maleic anhydride, were
dissolved in 75 and 25 mL of THEF, respectively. The solution
of POSS was dropped into the PLA-g-MA solution and stirred
at 50 °C for 2 h under inert atmosphere. The product was
precipitated in hexane, a solvent of the used POSS, filtered,
and repeatedly washed with hexane. The product was dried
under vacuum at 30 °C.

Characterization

Both the neat PLA, PLA-g-MA, and the hybrids containing
POSS were characterized by means of "H NMR spectroscopy:
"H NMR spectra were recorded with a Varian NMR Mercury
Plus apparatus at a frequency of 300 MHz in CDCl; solutions
containing TMS as internal standard.

The reduced viscosity of the samples, dissolved in chloro-
form at a concentration of 0.5 g/dL, was determined with an
Ubbelohde viscometer thermostated at 25+0.5 °C in a water
bath.

Differential scanning calorimetry was performed under a
continuous nitrogen purge on a Mettler calorimetric apparatus,
model DSC1 STAR® System. Both calibrations of heat flow
and temperature were based on a run in which one standard
sample (indium) was heated through its melting point. The
samples, having a mass between 2.5 and 6 mg, were heated
from room temperature to 200 °C, then cooled down to room
temperature and finally heated to 200 °C again. A scanning
rate of 10 °C/min was used both on heating and cooling.

Fourier transform infrared absorption spectra were record-
ed by a Bruker IFS66 spectrometer. All the samples were
scanned in the range 400-4000 cm ' with nitrogen purge.

Wide-angle X-ray diffraction (WAXD) was carried out on a
Philips PW 1830 powder diffractometer (Ni-filtered Cu Ko
radiation). Films for WAXD measurements were cast from
solutions prepared by dissolving PLA-g-MA or PLA-g-MA/
POSS systems in chloroform (2 wt%) at room temperature.
Dense films, characterized by a thickness of ca. 200 um, were
obtained by evaporating the solvent from the cast solution
along an overnight exposure in an oven at 110 °C.

The development of morphology during melt-
crystallization was followed by means of a Leika DMLP
polarized optical microscope equipped with a x20 objective
lens. The microscope was coupled with a Linkam CSS450
stage to enable a careful control of the thermal history while
acquiring optical micrographs with a dedicated digital video-
camera. The sample was initially loaded in the cell as a
powder, melted, and compressed in a film of approximately
20 um thickness by moving the stage plates gently towards
each other. In order to compare POM with DSC experiments,
an analogous temperature protocol was adopted. In particular,
the sample was annealed for 2 min at 200 °C and then cooled
to room temperature at 10 °C/min. Optical micrographs were
taken at 125 °C, with a frequency of approximately 30 s.

Contact angle measurements were performed at room tem-
perature with an Erma G-1 contact angle meter by using pure
water as probe liquid.

Results and discussions

The preparation of the hybrid systems based on POSS has
been preliminary focused on the functionalization of the poly-
mer matrix by grafting MA onto PLA, carried out by applying
a reactive blending through a free radical process. By using
the above method, it was found that the addition of 0.5 wt% of
L101 and 6 wt% of MA leads to the grafting of 0.7 wt% of
MA [34]. Moreover, viscosity measurements indicated a
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Fig. 2 '"H-NMR spectra of: a
PLA-g-MA and b PLA-g-MA/
POSS-NH,
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slight negative effect on the molecular mass of PLA, the
reduced viscosity of PLA-g-MA decreasing of ca. 10 % with
respect to the starting PLA. In order to evaluate the hybrid
system chemical structure, 'H-NMR measurements were per-
formed. Figure 2 compares the spectra of the pristine PLA-g-
MA with that of the hybrid based on POSS-NH,. The 'H-
NMR spectrum of PLA-g-MA reveals two major set of signals
with chemical shifts of about 1.5 ppm, assigned to methyl
protons and 5.2 ppm, assigned to methine protons of PLA.
The resonance at 7.2 ppm is attributed to the solvent

@ Springer
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deuterated chloroform. The resonances at 2.2-2.5 and 3.5—
4.0 ppm are assigned to the methine and methylene protons of
the succinic anhydride ring, respectively, which suggests, as
reported in the case of maleation of syndiotactic polystyrene
[35], that the grafting reaction consists of single succinic
anhydride rings. In "H-NMR spectra of the samples based
on POSS, PLA-g-MA/POSS-NH, and PLA-g-MA/POSS-
OH, together with the above strong signals coming from the
PLA chain, other peaks are observed in the region between 0.5
and 1.0 ppm. In particular, in the case of the hybrid based on
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POSS-NH,, PLA-g-MA/POSS-NH,, the signals at 0.94 ppm
and 0.63 ppm were assigned to the methyl protons (-Si-
CH,CH(CHs),) and methylene protons (-Si-CH,CH(CHj;),),
respectively, and the small signals at 1.88 ppm (region not
shown) can be ascribed to the methine protons (-Si-CH,CH(-
CHj3),). Indeed, this finding reveals that POSS is chemically
bound to PLA chains, un-reacted silsesquioxane being re-
moved by the purification process. Moreover, the resonance
at 2.2-2.5 and 3.5-4.0 ppm disappears in the sample treated
with POSS-NH,, thus indicating the reaction of the succinic
anhydride rings.

By comparing the integration area of the peak at 5.2 ppm to
those of the peaks belonging to the POSS-NH,, it is possible
to calculate the amount of the silsesquioxane grafted onto the
polymer backbone. The results obtained from 'H-NMR high-
light that ca. 70 % of the maleic anhydride groups of PLA
react with the amino functionalities of POSS and that the
percentage of silsesquioxane moiety grafted onto the polymer
is ca. 4 %. A similar "H-NMR spectrum (results not shown)
was obtained in the case of POSS-OH, but the areas of the
peaks related to POSS moiety were much lower than those in
the spectrum of PLA-g-MA/POSS-NH,. This different behav-
ior might be ascribed to the steric hindrance of the hydroxyl
functionalities of POSS-OH, which, being on two vicinal
carbon atoms in the same cyclohexane ring, likely retain a
limit reactivity. This result highlights also the importance of
properly choosing the functionalities of the silsesquioxane. In
the light of these results, the hybrids based on POSS-NH,
were considered in detail for a further characterization.

In order to better assess the structure of the hybrid systems,
FT-IR measurements also were carried out. Figure 3 compares
IR spectra of the pristine PLA-g-MA with that of PLA-g-MA/
POSS-NH,.

Although the two spectra are similar, some modifications
are visible in the part of the spectrum between 1,850 and
1,650 em L Indeed, a shoulder is clearly visible at
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Fig. 3 FT-IR spectra of: a PLA-g-MA and b PLA-g-MA/POSS-NH,

1,710 cm™', which can be assigned to the carbonyl group
stretching vibration of an amide. Thus, as illustrated in
Fig. 2, these results prove the occurrence of the reaction
between the MA group of PLA-g-MA and the amino group
of POSS molecules.

It is worth underlining that the above grafting reaction,
carried out by applying mild conditions, is not accompanied
by a change of the polymer molecular mass, as confirmed by
viscosity measurements (results not shown). This aspect rep-
resents one of the main advantage of this novel preparation
method, as the classical approaches applied for POSS-hybrid
synthesis, being based on the use of silsesquioxane molecules
as initiators of the ring-opening polymerization of lactide, give
a relevant decrease of the polymer molecular mass by increas-
ing the amount of POSS in the reaction mixture and produce
macromolecular chains carrying the silsesquioxane only as
end group. Conversely, our approach allows from one part to
maintain the pristine PLA molecular mass and from the other
to tune the level of POSS grafting, which depends on the
concentration of the polymer functional groups.

The thermal properties of the hybrid systems based on
POSS were studied by means of DSC. Figure 4 shows the
DSC traces (as recorded during the second heating scan) for
the neat PLA-g-MA, PLA-g-MA/POSS-NH,, and PLA-g-
MA/POSS-OH.

DSC results clearly show that the incorporation of POSS
has little effect on the glass transition temperature (7,) of
PLA-g-MA, which is around 62.5 °C. Neat PLA-g-MA ex-
hibits a cold crystallization (7;.) and a melting peak (7},,) at
128 and 151 °C, respectively. Although, T.. and T, were
found not to change in the hybrid systems, the melting heat
(AH,,) turned out to be much higher in the samples grafted
with POSS.

Indeed, on the basis of the melting heat of 100 % crystalline
(AH,) PLA (93 J/g), the degree of crystallinity () of the
neat PLA and of the hybrids based on POSS were determined.
W, is ca. 5 % for PLA-g-MA, increasing to 7 and 15 % for
PLA-g-MA/POSS-OH and PLA-g-MA/POSS-NH,, respec-
tively. It is worth underlining that the increase of ¥, seems
to be related to the amount of POSS grafted onto the polymer,
being the degree of crystallinity much higher in the sample

Endoup
i"

t t t + i
0 50 100 150 200
Temperature (°C)

Fig. 4 DSC traces of: a PLA-g-MA, b PLA-g-MA/POSS-NH,, and ¢
PLA-g-MA/POSS-OH
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26 (°)
Fig.5 WAXD patterns of: (...) PLA-g-MA and (—) PLA-g-MA/POSS-
NH,

based on POSS-NHo. It is worth underlining that in the case of
the nanocomposites prepared by melt blending, the addition of
POSS was found to enhance the crystallinity of PLA only to
the a maximum of 17 % [20], while, as previously underlined,
in the synthesized hybrid based on POSS-NH, the increment
was almost 200 %.

In order to further elucidate the role of POSS on the PLA
crystallization, WAXD measurements were carried out. Figure 5
shows the WAXD pattern of the neat PLA-g-MA film and that
of the hybrid film based on POSS-NH,, namely the sample
whose crystallinity was more affected by the grafting of POSS.
Both films exhibit a diffraction pattern typical of crystalline
PLA [21], consisting of two major crystalline diffraction peaks
at 20 values of 16.6 and 19.0° and two additional small peaks at
15.0 and 22.5°. Moreover, in the spectrum of the hybrid film, a
very small and broad peak at ca. 8° is visible, which indicates
some degree of short-range aggregation of the silsesquioxane
molecules, being typical of POSS crystal [36].

Although, the spectra of the two films are similar, the
intensity of the diffraction peaks of PLA-g-MA/POSS-NH,
appears to be considerably more intense, thus highlighting a
higher crystallinity of the hybrid film when compared to the
pristine one. Indeed, the above finding supports DSC mea-
surements results.

In order to elucidate the peculiar behavior of the POSS-
based hybrid, measurements by means of a hot stage coupled
to a polarized optical microscope were carried out. By

100 um

Fig. 6 Micrographs taken at 125 °C during non-isothermal crystalliza-
tion of: a PLA-g-MA and b PLA-g-MA/POSS-NH,
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comparing the micrographs, taken at 125 °C during isothermal
crystallization of pristine PLA-g-MA with that of PLA-g-MA/
POSS-NH,, it is clearly visible that the hybrid sample shows a
higher nucleation density, i.e. a greater number of spherulites
per unit volume, thus highlighting a nucleation effect of the
silsesquioxane (Fig. 6).

It was reported that there was a nucleating effect of POSS
for several polymers [29], including PLA [21] when it is
dispersed in the matrix by melt or solution blending. However,
due to the adopted synthesis and purification procedure, un-
reacted crystalline POSS, able to provide nucleation sites, is
not expected to be present in the hybrid samples.

When POSS is covalently bound to the polymer chain, the
resulting effect on crystallization is highly dependent on the
specific molecular architecture. Indeed, the presence of POSS
as a pendant group of the backbone chain greatly hinders the
crystallization process in poly(ethylene) (PE)-POSS copoly-
mers, leading to smaller and defective PE crystallites [36]. On
the other end, the presence of silsesquioxane molecules, at-
tached to one end of PLA chains, was found to appreciably
increase the crystal nucleation density [28]. On the basis of the
literature findings, it is possible to hypothesize that the poly-
mer structuring depends also on the amount of silsesquioxane
molecules attached to the macromolecular chains. In the case
of our hybrid sample, characterized by a low grafting density,
the partial POSS aggregation, evidenced by WAXD measure-
ments, is likely to promote the structuring of the long chain
segments lying between two silsesquioxane molecules, simi-
lar as in the case of the attachment of POSS at one end of the
macromolecular chain [28]. Conversely, when the amount of
POSS inserted into the polymer is high, it can hinder the
macromolecule organization.

The wettability of neat and hybrid films was evaluated by
contact angle measurements. The contact angle of PLA films
is ca. 73°, while that of hybrid film based on POSS-NH, was
found to be higher, being ca. 95°. The influence of POSS on
surface properties was previously evidenced on other
POSS/polymer systems. An increase of surface hydrophobic-
ity with respect to the neat polymer matrix was found in the
case of the styrene-maleic anhydride copolymers (PSMA)/
POSS systems [36]. This finding was explained by taking into
account the cumulative effect of the eight hydrophobic
isobutyl groups, attached to the POSS cage, as well as the
increase of surface roughness of the nanocomposite films.
Also in our case, the increment of contact angle can be
ascribed to the hydrophobic nature of silsesquioxane mole-
cules grafted to the polymer chains.

Conclusions

In this paper, a new bio-hybrid system based on polylactic
acid (PLA) and polyhedral oligomeric silsesquioxane (POSS),



Colloid Polym Sci (2014) 292:3271-3278

3277

characterized by the presence of POSS directly attached to the
polymer backbone, has been prepared by applying a simple
approach. The new method consists in a preliminary
functionalization of the polymer matrix and a subsequent
reaction of silsesquioxane molecules characterized by func-
tionalities, potentially capable of reacting with maleic anhy-
dride groups created onto PLA by a free radical process.
Indeed, with respect to the classical approaches applied for
POSS-hybrid synthesis, which being based on the use of
silsesquioxane molecules as initiators of the ring-opening
polymerization of lactide give a relevant decrease of the
polymer molecular mass by increasing the amount of POSS
in the reaction mixture and produce macromolecular chains
carrying the silsesquioxane only as end group, our method
allows to maintain the pristine PLA molecular mass and to
tune the level of POSS grafting.

It is of utmost relevance that the presence of silsesquioxane
molecules, attached to the polymer chains, improves PLA
crystallinity, by affecting the crystal nucleation density, as
well as the film hydrophobicity.
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