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This study is concerned with the preparation and properties of a new class of bionanocomposites from renewable
resources. Epoxidized linseed oil (ELO) and 3-glycidylpropylheptaisobytplelyhedral oligomeric silsesquioxane
(G-POSS) (2, 5, and 10 wt %) were cross-linked, and Fourier transform infrared spectroscopy (FTIR), dynamic
mechanical thermal analysis (DMTA), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM)
were employed to characterize the POSS-reinforced oil-based polymer networks. No POSS aggregates were
observed for the 2 wt % G-POSS nanocomposite by SEM. POSS-rich particles with diameters of several nanometers
were observed in the nanocomposites with 5 and 10 wt % G-POSS. Enhanced glass transition temperatures and
storage moduli of the networks in the glassy state and rubber plateau were observed to be higher than those of
the POSS-free oil based polymer network, due to the reinforcement effect of POSS cages.

Introduction epoxidized soy oil resin® In addition, a new class of green
hybrid materials incorporating cl&¥y° or a silica network®
Growing interest in the exploitation of renewable resources into a vegetable oil polymer matrix has been reported.
in the areas of energy and materials has been one of the major Polymers reinforced with well-defined nanosized inorganic
scientific and technological issues of these past few decadesclusters have attracted a tremendous amount of interest because
Vegetable oils represent one of the cheapest and most abundardf their versatility; among these systems, polyhedral oligomeric
biological feedstocks available in large quantities, and their use sjlsesquioxane (POSS) compounds, which possess a unique
as starting materials offers numerous advantages, such as lowagelike structure and nanoscale dimensions, are of particular
toxicity and inherent biodegradabilityAlthough they possess  interest. POSS compounds are3d nm in diameter, and their
double bonds, which are used as reactive sites in coatings, theyinorganic cage framework is made up of a fixed proportion of
can also be functionalized by epoxidation. Epoxidized vegetable silicon and oxygen: (Sig),, wheren = 8, 10, or 12. Different
oils show excellent promise as inexpensive, renewable materialspolymerizable POSS macromers have been employed to copo-
for industrial applications.In recent years, extensive work has  lymerize with organic monomers, via the formation of covalent
been done to develop polymers from epoxidized triglycerides bonds, to afford a variety of polymer/POSS nanocomposites.
or fatty acids® The cationic polymerization of epoxidized Epoxy resins/POSS nanocomposites are the most studied of
vegetable oils has been investigated using photoinitizaed these nanocomposites, and various métti-or polyepoxidé®
therma? latent cationic catalysts to produce biobased epoxy POSS monomers have been used to modify epoxy networks.
resins with promising properties. Latent initiators show no The incorporation of POSS derivatives into polymeric materials
activity under normal conditions, but form active species to can lead to substantial improvements in polymer properties
initiate polymerization only with external stimuli such as heating including increases in use temperafi@nd mechanical proper-
or photoirradiatior?. ties?2 as well as reductions in flammabili&j heat evolutior??
Triglycerides are made up of aliphatic chains, and, conse- and viscosit$® during processing. These property improvements
quently, the triglyceride-based materials are incapable of the have encouraged academic and industrial research, which were
necessary rigidity and strength required for some applicafions. critical in both reducing the prices and increasing production
There has been great interest in orgatiforganic hybrid of POSS feedstocks.
materials because of their unusual properties, derived from To the best of our knowledge, this is the first example of the
unique combinations of each componérpecifically, the preparation of biobased POSS nanocomposites from plant oil
physical, mechanical, and thermal properties may be greatly derivatives. In this study, 3-glycidylpropylheptaisobuty-T
improved. Regarding vegetable oil-based hybrid materials, polyhedral oligomeric silsesquioxane (G-POSS, Chart 1) was
composites with good mechanical properties have been preparedncorporated into an epoxidized linseed oil (ELO, Chart 1) cross-
from acrylate-modified soybean oil and natural fibtesganic- linked network, by cationic-initiated polymerization. The cat-
inorganic hybrid coatings have been developed using plant oils ionic latent initiator used in this study wisbenzylpyrazinium
and metal (Ti and Zr) oxid€e¥, organic-inorganic hybrid hexafluoroantimoniate (BPH, Chart 1). Chemical incorporation
networks with good transparency were developed by hydrosi- of G-POSS into the network was studied by solvent extraction
lylation of alquenil-terminated fatty acid derivativE'sand and Fourier transform infrared (FTIR) analysis; the morphology
carbon nanotubes have been used as reinforcements for acrylatedf these nanocomposites was determined by X-ray diffraction
(XRD) and scanning electron microscopy (SEM); and the
* Corresponding author. E-mail: marina.galia@urv.cat. nanoscale reinforcement effect of POSS on the prepared epoxy
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Chart 1. Chemical Structure of Epoxidized Linseed Oil (ELO), mL of distilled water and 100 mL of saturated sodium bicarbonate
3-Glycidylpropylheptaisobutyl-Tg-polyhedral Oligomeric solution (aqueous). These washings were continued until the pH reached

Silsesquioxane (G-POSS), and N-Benzylpyrazinium 7. The ethyl acetate solution was then dried over anhydrous magnesium
Hexafluoroantimoniate

sulfate, filtered, and concentrated in vacuo to give the product as a
clear oil with a yield of 96%.

FTIR (cnT!): 2957, 2860+, C—H), 1743 ¢, C=0), 825 ¢, C—O
oxirane ring).

H NMR (CDCl): 6 = 0.8-1.1 (—CH; of fatty acids), 1.2-1.8
(=CH,— of fatty acids), 2.3 {CH,C=0-), 2.8-3.2 (—-CH-0O—
CH-), 4.1-4.3 (CH,—0—C=0), 5.2 -CH-0-C=0).

3C NMR (CDCk): 6 = 10.6, 14.2 {CHj of fatty acids), 21.2-

34.8 (~CH,— of fatty acids), 54.+58.0 (-CH—O—CH-), 62.2
(—CH,—0—-C=0), 68.9 (CH-O—C=0), 172.4, 172.7, 172.8 ¢(€0).

General Preparation of ELO/G-POSS BionanocompositesTo
prepare the bionanocomposites containing POSS (2, 5, and 10 wt %),
the desired amount of G-POSS was dissolved in a minimum of acetone,
and this solution was added to preweighted ELO. On formation of a
homogeneous solution, 1 wt % of the latent catalyst (BPH) was added.
The mixture was stirred for 2 h, and the solvent was removed under

R vacuum. The mixture was cast and cured in a mold at°Ciéor 1 h,
\ /\/\ 170°C for 2 h, and 190C for 1 h, in air using an oven. The curing
O’Si/ ~~si conditions were determined from the DSC data. ELO homopolymer
R / / was prepared under the same curing conditions for comparison. Ground
N
Si O\Si’\o o) to powder samples~1.0 g) of every nanocomposite were immersed

/ R \ \ R / into a large excess of tetrahydrofuran or chloroform and refluxed for
(0] \—Si 0 Si 12 h to determine if any soluble material could be extracted by the
\S ~© \/0// \R solvent.

Measurement and TechniquesThe FTIR spectra were recorded
on a Bomem Michelson MB 100 FTIR spectrophotometer with a

R resolution of 4 cm? in the absorbance mode. An attenuated-total-
reflection (ATR) accessory with thermal control and a diamond crystal
R = isobutyl (Golden Gate heated single-reflection diamond ATR, Specac-Teknok-
roma) was used to determine FTIR spectra.
G-POSS

The NMR spectra were recorded on a Varian Gemini 400-MHz
spectrometer (400 MHz folH, 100.57 MHz for'3C). The samples

/7 \ were dissolved in deuterated chloroform, and spectra were obtained at
CHz_N\ /,N room temperature using TMS as an internal standard.
* N Calorimetric studies were carried out on a Mettler DSC822e thermal
SbFg analyzer in a dry nitrogen atmosphere. All of the samples (about 10
BPH mg in weight) were heated from80 to 150°C at a rate of 20C/min.
Thermal stability studies were carried out on a Mettler TGA/
SDTA851e/LF/1100. The samples (about 10 mg) were heated, under
biobased nanocomposites was evaluated using differentialnitrogen or air atmospheres, from ambient temperature to°80& a
scanning calorimetry (DSC), dynamic mechanical thermal rate of 10°C/min.
analysis (DMTA), and thermogravimetric analysis (TGA). Dynamic mechanical properties were measured with a dynamic
mechanical thermal analyzer (DMTA) (TA DMA 2928). Specimens
with dimensions 2 mnx 5 mm x 10 mm were tested in a three-point
bending configuration. The various thermal transitions were studied
between—80 and 90°C at a heating rate of 3C/min and at a fixed

Experimental Section

Materials. The linseed oil and 3-glycidylpropylheptaisobutyd-T frequency of 1 Hz
polyhedral oligomeric silsesquioxane (G-POSS, Chart 1) used in this ' . . )
study were supplied by Aldrich and were used as received. The WAXD measurements were made_ using a Siemens D5000 diffrac-
following chemicals were obtained from the sources indicated, formic {ometer (Bragg-Brentano parafocusing geometry and vertieed
acid (Scharlau), hydrogen peroxide 50% wi/v (Aldrich), sodium goniometer) fitted with a curved graphite diffracted-beam monochro-
hexafluoroantimoniate (Aldrich), pyrazine (Aldrich), benzyl bromide mator, incident and diffracted-beam Soller slits, a 0.@&eiving slit,
(Fluka), and all were used without further purification. All solvents @nd scintillation counter as a detector. The angutadiffraction range
were purified by standard procedures. was betweenland 40. Samples were dusted onto a low background

N-Benzylpyrazinium hexafluoroantimoniate (BPH) was synthesized Si(510) sample holder. The data were collected with an angular step
in our laboratory according to the published procedure. of 0.05 at 3 s per step. Cu Kradiation was obtained from a copper

Epoxidation of Linseed Oil. A solution of linseed oil (20.1 g, 67.0  X-ray tube operated at 40 kV and 30 mA.
mmol) and formic acid (1.0 mL, 26.2 mmol) was stirred at°€q and The surfaces of different biobased nanocomposites were observed
H.0, 50% w/v (38 mL, 659.0 mmol) was added dropwise. Afteh with SEM. A gold coating, which is a few nanometers thick, was made
addition was complete, the temperature was raised tdCr@nd the on the fracture surfaces to be observed. A JEOL JSM 6400 SEM with
flask contents were stirred vigorously for 6 h. The mixture was then a field emission filament and an accelerating voltage of 10 kV was
cooled and transferred to a separating funnel containing ethyl acetateused to collect SEM images for all samples. For the atomic mapping,
(75 mL). The organic fraction was washed with approximately 100 an Oxford INCA energy-dispersive X-ray Micro Analyzer was us&(bv
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Figure 1. FTIR spectra of ELO (a), ELO polymer (b), and ELO

nanocomposites containing G-POSS: 2 wt % (c), 5 wt % (d), and 10
wt % (e).
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Figure 2. WAXD data of ELO polymer (a), ELO nanocomposites
containing G-POSS: 2 wt % (b), 5 wt % (c), 10 wt % (d), and G-POSS
(e).
Results and Discussion

In this study, epoxidized linseed oil (ELO, Chart 1) and

3-glycidylpropylheptaisobutyl-Fpolyhedral oligomeric silses-
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using 1 wt % ofN-benzylpyrazinium hexafluoroantimoniate
(BPH, Chart 1) as a thermally latent cationic catalyst on the
basis of published resultsThe C-N bond in BPH is thermally
cleaved to generate a benzyl cationic reactive species, which
catalyzes the cationic polymerization of the epoxitl€d.O
nanocomposites containing 2, 5, and 10 wt % of G-POSS and
neat ELO polymer were prepared by thermal curing at 4@0

for 1 h, 170°C for 2 h, and 190°C for 1 h (conditions
determined by DSC).

All of the cured nanocomposites were homogeneous and
transparent, implying that no phase separation had occurred, at
least on the scale greater than the wavelength of visible light.
All samples were refluxed in chloroform or tetrahydrofuran
(THF) for 12 h to dissolve and extract any soluble components
present. No soluble fractions were detected in the solvent
residues, suggesting that the cross-linking reaction had occurred
between the two components and showing that all of the cured
composites were no longer soluble. FTIR spectra of the above
POSS-containing nanocomposites allowed examination of the
degree of curing after the introduction of POSS into the network.
Shown in Figure 1 are the FTIR spectra of ELO, the ELO
polymer, and the hybrid composites containing 2, 5, and 10 wt
% POSS. ELO is characterized by the stretching vibration of
the epoxide moieties at 825 cm(C—O—C), and completion
of the curing reaction was confirmed by its complete disap-
pearance (see curves-b). New bands were also observed at
1075 and 3500 cm and were assigned to the aliphatic ether
and terminal hydroxyl groups produced during oxirane ring
opening. The absorption at 1109 chassigned to SiO—Si
of the POSS, is present in all of the composites and indicates a
silsesquioxane structure, its intensity increasing with POSS
concentration.

The morphology of the POSS bionanocomposites was further
investigated by wide-angle X-ray diffraction (WAXD), energy-
dispersive X-ray spectroscopy (EDX) Si-mapping, and scanning
electron microscopy (SEM). The WAXD patterns of the
nanocomposites are shown in Figure 2; for comparison, the
X-ray patterns of G-POSS and the neat ELO polymer are also
shown. The diffractogram of the G-POSS shows a main
reflection at 2 of 7.4° and a series of smaller peaks &<of
8.1°, 8.7, 9.3, etc. This complicated diffractogram and the
presence of two well-defined melting peaks, at 112 and 132
°C, in the DSC thermogram may indicate the coexistence of
two different crystalline phases. The WAXD patterns of all of
the ELO nanocomposites are similar to that of the neat ELO
polymer, displaying a broad peak witl$ Zaround 20, corre-
sponding to an amorphous halo. Therefore, the WAXD data
give no indication of the presence of crystalline POSS aggregate
in the synthesized nanocomposites. However, because of the

quioxane (G-POSS, Chart 1) were used as organic monomerdimited sensitivity of WAXD, the occurrence of some clustering
and inorganic nanoparticules, respectively. Naturally linseed oil of POSS units or phase-separated small-sized inorganic domains

contains triglycerides consisting of a mixture of linolenic (57%),
oleic (19%), linoleic (15%), palmitic (5%), and stearic (4%)

cannot be ruled out.
The homogeneity of the POSS nanoparticules dispersion was

fatty acids. ELO was prepared by the reaction of linseed oil further examined with SEM. As a first approach, EDX Si-

with formic acid and hydrogen peroxide at 70 for 6 h. The

mapping of all of the composites showed that the particles were

chemistry of the Prileshajev epoxidation of unsaturated fatty uniformly dispersed in the cross-sectional surfaces observed

compounds is well know a short-chain peroxy-acid is

(Figure 3). The white points in the image denote POSS-enriched

prepared from hydrogen peroxide and the corresponding acid,regions. Figure 4 displays the SEM cross-sectional images of

either in a separate step or in sfftiThe structure of ELO was
confirmed by its FTIR, andH and'3C NMR spectra. The epoxy
group number of ELO per molecule, determined'blyNMR
spectroscopy, was 5.6.

ELO/G-POSS composites having different POSS contents. The
SEM micrograph of the composite containing 2 wt % G-POSS
exhibits a featureless morphology, with no discernible phase
separation, suggesting that POSS nanopatrticles are homoge-

The bionanocomposites were synthesized by curing the neously dispersed throughout the matrix. When the concentration
epoxidized linseed oil and the designated amount of G-POSS,of POSS was 5 wt %, the SEM micrograph reveals aggregag%
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Figure 3. SEM-EDX Si-mapping micrograph of a cross section of
ELO 5 wt % G-POSS nanocomposite. 10000
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Figure 5. (a) DMTA tan 6 and (b) DMTA dynamic storage moduli
(E) plots as a function of temperature for the neat ELO polymer (a)
and ELO nanocomposites containing G-POSS: 2 wt % (b), 5 wt %
(c), and 10 wt % (d).

maximum intensity of the ta@d curves, which reflects the
viscous-elastic characteristic of a polymeric material. Shown
in Figure 5a are the DMTA plots of tad as a function of
Figure 4. SEM cross-sectional micrographs of ELO polymer (a) and temperature for the ELQ polymer and I.ts nanocomposﬂes. The
ELO nanocomposites containing G-POSS: 2 wt % (b), 5 wt % (c), neat ELO polymer exhibits a well-defined relaxation peak

and 10 wt % (d). centered at 44C, which corresponds to the glass transition of
the polymer. The ELO/POSS nanocomposites that contain 2,
5, and 10 wt % of G-POSS also clearly exhibit a single transition
at 49, 52, and 42C, respectively. The glass transition behavior
of the nanocomposite systems is dependent on the morphology
of the hybrid composites. The Tg of the nanocomposites slightly
increased and the intensity of tletransition decreased with

an increasing POSS content up to 5 wt %. This observation is
ascribed to the nanoreinforcement effect of the POSS cages on

showing many spherical particles 480 nm in diameter)
uniformly dispersed. More serious aggregation<{860 nm in
diameter) occurs in 10 wt % containing composite. This
behavior can be explained assuming that the reactivity of epoxy
POSS is likely to be lower as compared to that of ELO due to
steric hindrance; phase separation of G-POSS rich domains
could occur at low conversions, before a significant advance in

the copolymerization with ELO occurs. G-POSS, which is ™.
initially soluble in the monomer mixture, phase separates °"'b?‘sed polygther network8.The bulky PQSS cages may
restrict the motion of the macromolecular chains, and thus higher

because its solubility in the organic medium becomes lower ired ide th isite th I
during the polymerization, and this phase separation occurs attémperatures are required to provide the requisite thermal energy
to cause a glass transition in hybrid materials. However, the

lower conversions when increasing G-POSS content. These . i
particles may contain ELO segments chemically bonded, in 19 Of the composite that contains 10 wt % G-POSS does not
agreement with the reduced crystallinity. follow thg same trend. The decreaseq Tg for this phqse-sepa(ated
The thermal behavior of ELO/POSS bionanocomposites was COMposite could be attributed to the incomplete curing reaction
investigated by DSC and DMTA. All of the DSC thermograms due to the inclusion of bulky POSS cages. Infrared spectroscopy
display single glass transition temperatures (Tg's) in the (Figure 1) showed the disappearance of the epoxide band at
experimental temperature range, attributed to the ELO matrices.825 cnT?, suggesting that the curing reaction occurred to
Although the SEM micrograph of 10 wt % G-POSS containing completion. The glass transition behavior cannot be explained
composite showed a heterogeneous morphological structure, ngolely on the basis of the nanoreinforcement effect. The
separated Tg values were detected. The approximate Tg valuesgepression of Tg could be ascribed to the increase in free volume
determined by DSC, are listed in Table 1. The transition was of the system due to the inclusion of bulky POSS cages and
broad, and therefore greater accuracy was not possible. Usingthe lower cross-linking density in the composite. Thedapiots
DMTA, it was possible to determine with far greater accuracy for all samples displayed @ relaxation at approximately 60
the Tg of the cross-linked materials: it is measured at the °C. Thisf transition, which is generally observed in fatty a%%v
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Table 1. Thermal Properties of ELO/G-POSS Nanocomposites

TGA (nitrogen) TGA (air)
ELO/G-POSS Tg? Tgb Ts%loss Rsoo°c Tsokloss Rsooec
entry wt % (DSC) (DMTA) cC)° (%) cc)° (%)
1 100:0 29 44 357 3 327 0
2 98:2 35 49 355 4 338 2
3 95:5 39 52 356 5 334 4
4 90:10 30 42 355 5 327 7

aRough estimation from a broad transition. » Maximum of tan ¢. ¢ Temperature of 5% of weight loss. ¢ Char yield at 800 °C.

% in the glassy and the rubbery states. The inclusion of POSS
100 a) Nitrogen could give a decrease in the densities of the materials ascribed
901 to an increase in the free volume of the nanocomposites that
801 can come from the increase in the free volume caused by the

interaction of POSS cages and polymer chains, and also from

701 the nanoporosity of the POSS core. The cross-linking density
601 per unit volume will decrease with increasing concentration of
501 the POSS in the hybrids, which will result in a decreas€&'in

401 of the nanocomposites. Nonetheless, it can be seen that the
20- storage moduli of the hybrids with less than 10 wt % of G-POSS

are higher than that of the neat oil network. This implies

207 g significant nanoreinforcement by the POSS cages, which
107 j ' counteracts the effect of decreased densities on the storage
0 a b moduli. Only at higher POSS contents could the effect of the

reduced density dominate over the nanoreinforcement €éffect.
Thermogravimetric analysis (TGA) was used to evaluate the
% thermal stability of these composites as a function of the POSS

100 200 300 400 500 600 700 °C

1001 content. Table 1 collects the TGA data determined under
90 nitrogen and air atmospheres, and Figure 6a shows the TGA
80 curves for all samples under nitrogen atmosphere &CIfin.
70 For all samples, there is only a single degradation process under
nitrogen, which is due to the degradation of the cross-linked
60 polymer network, suggesting that the presence of POSS does
50 not significantly alter the degradation mechanism of the ELO
40 polymers. For the POSS-containing polymers, the char yields
30 at 800°C slightly increased with the POSS content. The TGA
20 experiments were also carried out in the presence of air as the
carrier gas. Under air, a second step in the weight loss rate
10 appears at higher temperature, above #4B0corresponding to
0 the thermo-oxidative degradation. Figure 6b shows that under
100 200 300 400 500 600 700  °C air atmosphere hybrids with POSS content up to 5 wt % are
Figure 6. TGA thermograms for the neat ELO polymer (a) and ELO more thermally stable than the neat ELO polymer. It has been
nanocomposites containing G-POSS: 2 wt % (b), 5wt % (c), and 10 proposed that the tethering of the structure of the POSS cage
wt % (d) under (a) nitrogen and (b) air atmospheres. to the organic polymer was crucial to improve the thermal

stabilities of POSS-containing nanocomposffehe temper-
containing thermosets, may be related to the rotational motionsature of 5% of weight l0SSTéwi0s9 IS Slightly increased because
of short units in the fatty acid chaf. the POSS cages retard the movement of the molecular chains
Figure 5b shows the dynamic storage modil)(as a at high temperature (see Table 1). The aggregated structure when
function of temperature for neat ELO polymer and all of its POSS content is at 10 wt % reduces its overall effectiveness in
composites. All materials exhibE curves with the typical  hindering polymer movement and its Td value. It is noted that
behavior of cross-linked polymeric networks. At low temper- the char residues under air atmosphere increase with POSS

ature, there is a glassy state wih staying at a high moduli ~ content and are in good agreement with the added POSS, which
plateau and a rubbery state with a lovigrfor temperatures ~ would be converted into inorganic silica at high temperatures.
higher than Tg. As can be seen in Figure 5b;-80 °C theE' High char yields correspond to reduced amount of volatile and

of the hybrids is slightly higher thal of the neat ELO polymer; ~ combustible compounds evolving from the thermal degradation
therefore, the introduction of small amounts of POSS cages gaveprocesses and improved flammability.

rise to a small increase i in the glassy state. It is also worth

noticing that theE' at the rubbery plateau for POSS-containing Conclusions

polymers was close to or higher than that of the neat ELO

polymer. Only at the higher concentration of G-POSS was the In conclusion, new biobased nanocomposites have been
storage modulus in the rubbery plateau lower than that of the developed from plant oils as renewable resources. The bio-
neat ELO polymer. This behavior has been observed by othernanocomposites were obtained from epoxidized linseed oil and
authorg® and can be related to the nanoreinforcement effect of 3-glycidylpropylheptaisobutyl-gFpolyhedral oligomeric silses-
the POSS cages on the netwoks that will give an increake in  quioxane. Most of the resulting POSS-containing netw%lb%/
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displayed slightly enhanced glass transition temperatures. The (12) Thielemans, W.; McAninch, |. M.; Barron, V.; Blau, W. J.; Wool,
storage moduli of the networks at the glassy and the rubbey R. P.J. Appl. Polym. S¢i2005 98, 1325. _ o
plateau were observed to be somewhat higher than that of the (13) Yyama, H.; Kuwabara, M.; Tsujimoto, T.; Nakano, M.; Usuki, A.;
. Kobayashi, SChem. Mater2003 15, 2492.
POSS-free n_etwork. These results can be ascribed to the 14) Uyama, H.; Kuwabara, M.; Tsujimoto, T.; Nakano, M.; Usuki, A.;
nanoscale reinforcement effect of POSS cages on the cross- Kobayashi, SMacromol. Biosci2004 4, 354.
linked matrix. (15) Lu, J.; Hong, C. K.; Wool, R. PJ. Polym. Sci., Part B: Polym.
Phys.2004 42, 1441.
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