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*S Supporting Information

ABSTRACT: High performance polysulfone/γ-alumina biocom-
patible nanocomposites are reported for the first time and the
effects of γ-alumina surface modification are explored. We show that
some fatty acids chemisorb over the surface of γ-alumina forming
nanosized self-assembled structures. These structures present
thermal transitions at high temperatures, 100 °C higher than the
melting temperatures of the pure acids, and are further shifted
about 50 °C in the presence of polysulfone. The chemistry involved
in the chemisorption is mild and green meeting the stringent bio
sanitary protocols for biocompatible devices. It has been found that
the self-assembled structures increase mechanical strength by about
20% despite the foreseeable lack of strong particle−matrix
interactions, which manifests as small variations in both the glass
transition temperature and the Young’s modulus. Electron microscopy observation of fractured surfaces has revealed that some
acids induce an extended region of influence around the nanoparticles and this fact has been used to explain the enhancement of
mechanical strength.
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1. INTRODUCTION

In addition to improving mechanical performance, a key
requirement to develop polymer nanocomposites1 for medical
devices,2 such as brackets or implants, is to meet stringent
biosanitary protocols3 throughout the nanocomposite fabrica-
tion process: from the biocompatible polymer and nanoparticle
selection to the surface modification of nanoparticles, their
dispersion and the final shaping processes. Among these, the
surface modification step is particularly critical since it normally
involves chemical reactants and solvents that are not explicitly
accepted by regulators.3 Nanocomposites for bioengineering
applications, that is, that are in permanent contact with the
body, are thus a separate class of nanocomposite materials for
which a mild and specific surface chemistry needs to be
developed.
The overall performance of polymer nanocomposites

depends, among other factors, on the surface modification of
the nanofillers4 which has two main effects. On the one hand, it
helps to stabilize nanoparticle dispersions and, on the other, it
enhances miscibility and ensures a good interfacial contact with
the polymer matrix. Concerning the first effect, most inorganic
oxides used as nanofillers show a remarkable tendency to form
aggregates due to the relatively strong van der Waals
interactions associated with the presence of hydroxyl groups

on their surface. Aggregates delay percolation and reduce the
interphase volume fraction having thus a deleterious effect on
both the mechanical and thermal properties.5−14 Concerning
the second effect, it is now accepted that a promising route
consists of the functionalization of nanoparticles with polymer
brushes with varying density and graft length.15 However, the
chemistry involved in such methods may not be adequate for
biomedical applications.
To screen out particle−particle interactions several strategies

have been explored and a detailed description of them can be
found elsewhere.16 Among these, chemisorption of long chain
carboxylic acids onto the surface of inorganic nanoparticles
through acid−base reactions may be of particular interest for
the purposes of this work because of the mild character of their
chemistry and the wide range of natural fatty acids that could be
accepted as minor constituents.3,17−20 The properties of their
surface structure have been studied at the atomic level and it
has been described that close to the isoelectric point these acids
chemisorb forming insoluble carboxylates.20−22
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To the authors knowledge, nothing is known about the
structure at higher scale lengths except for the early work of
Allara and Nuzzo23 who discovered that, above 11 carbon
atoms, n-alkanoic acids physisorbed on an oxidized aluminum
surface present closest packed structures with the same low
surface free energy. Nothing is known also about the use of
these acids as surface modifiers for advanced nanocomposites.
Probably, the reason is associated with the foreseeable lack of
strong particle−matrix interactions due to the low polarity of
the alkanoic acid layer on the surface of the nanoparticles.
Nevertheless, as we will show, chemisorption arrests the
hydrocarbon chains in the monolayer providing adequate
conditions for crystallization and these surface nanocrystals
induce new mechanisms that enhance the strength of the
nanocomposite.
In this paper we have selected polysulfone (PSF) as the

matrix polymer. Its excellent thermal and mechanical properties
along with its high temperature hydrolytic resistance and its
biocompatibility,24,25 make this polymer suitable for high-
performance medical devices that require high temperature
sterilization.26,27 This polymer is currently used for brackets
production but erosion induced by mastication may reduce its
in-service life; thus, an increase of its strength is currently
desired and may be achieved by dispersion of hard ceramic
oxides, such as γ-alumina. This ceramic oxide was selected as
nanoreinforcement since it shows minimal or no tissue
reaction, blood compatibility tests are satisfactory27,28 and its
beneficial effects on mechanical properties have already been
demonstrated.9,29−32 Alumina particles will be surface modified
with stearic, palmitic, erucic and oleic acids. Dry methods such
as extrusion and microinjection will be used to prepare
nanocomposites mimicking real industrial processing and
allowing fabrication specimens with highly reproducible
geometry. Except for the case of oleic acid, we will show that
nanocrystals form over the surface of alumina presenting
unusually high melting temperatures, around 170−190 °C and
deeply modify the strength and fracture behavior of the
nanocomposites despite the weak interfacial polymer−particle
interactions.

2. MATERIALS AND METHODS
2.1. Materials. A commercially available polysulfone (PSF)

Ultrason S2010 (Natural) of density 1.23 g·cm−3 was supplied by
BASF. Characterization of the polymer (SEC) was done by Hoffman
et al:33 Mn = 13600, Mw = 53800.
γ-Al2O3 nanoparticles were purchased from Sigma-Aldrich with 50

nm nominal median size and 4 g·cm−3 density. Several long chain
carboxylic acids, including two unsaturated acids, oleic and erucic, and
two saturated acids, palmitic and stearic, were also purchased from
Sigma-Aldrich; molecular formulas, molecular mass, and melting
points are given in Supporting Information Table 1.
The solvents used to wash nanoparticles: ultrapure water and

acetone (98%), as well as NaOH were purchased from Sigma-Aldrich
Co, and they were used as received without further purification. No
other chemicals were used in this work.
2.2. Characterization Techniques. Surface area was evaluated by

nitrogen adsorption and desorption isotherm (Micromeritics New
Gemini VII 2390 Series Surface Area Analyzers). Before determi-
nation, the samples were heated at 200 °C for more than 1 h to
remove adsorbed water.
Thermogravimetric analysis (TGA), were performed with a

PerkinElmer STA 6000 to study the chemisorption of carboxylic
acids, the thermal stability of nanocomposites and to measure the final
amount of nanoparticles in the nanocomposite. Conditions were:
temperature range of 30−900 °C, heating rate 20 °C/min. An O2

atmosphere was used to characterize surfactants on alumina particles.
A N2 atmosphere was used for PSF nanocomposites.

Fourier transform infrared spectroscopy (FTIR) was conducted
with a PerkinElmer GX 2000 spectrometer in the medium range
(4000−400 cm−1) to test the physicochemical interaction between
carboxylic acids and γ-alumina nanoparticles; resolution and number
of scans were set to 1 cm−1 and 25 respectively.

Differential scanning calorimetry (DSC, PerkinElmer Pyris
Diamond) was used to measure the glass transition temperature of
the nanocomposites in the temperature range from 40 to 300 °C at a
heating rate of 10 °C/min under nitrogen atmosphere.

Field emission scanning electron microscope (FESEM FEI Nova
NANOSEM 230) was used to observe the dispersion state and effect
of nanoparticles on the fracture of nanocomposite; samples were
cryogenically fractured along the injection direction of bone
specimens.

2.3. Surface Functionalization of γ-Alumina Nanoparticles.
An already reported method for surface functionalization, based on the
alkaline treatment of alumina, has been followed.20 As received
alumina had a specific surface of 138 m2·g−1 but it is known that under
alkaline conditions at pH = 11 alumina dissolves forming aluminate
anions34 with a relatively small equilibrium concentration (10−4 M),
that is, the extent of the dissolution is limited to approximately 1%. To
determine the effect of alkaline media on surface properties of alumina,
as received alumina was treated for 1 h at pH = 11 and specific surface
was measured again. Results are presented in Supporting Information
Table 2 where it can be observed that specific surface only increases up
to 150 m2/g. Calculation of the amount of carboxylic acid needed for
monolayer coverage was done taking this last value. Excess of
carboxylic acid, that would require and extensive post-treatment
washing step, was avoided. In a typical experiment 0.25−0.4 g of
carboxylic acid were dissolved in 200 mL of an alkaline (NaOH)
solution at pH ∼ 11 at 85 °C yielding a clear solution after 5 min;
under these conditions, carboxylic acids were completely ionized.
Immediately after, 1 g of alumina powder was added to the basic
solution, vigorously stirred and sonicated in an ultrasonic bath for 60
min at 85 °C. After this time, the solution was cooled to room
temperature, centrifuged at 4000 rpm for 15 min and filtered and
washed several times with deionized water until neutral pH. Finally,
the powder was washed several times with acetone to remove the
physisorbed carboxylate while retaining the chemisorbed carboxylate
surface coverage.32 The final filtrated solid was dried in vacuum at 120
°C for at least 24 h. Alumina powders were analyzed by TGA to
measure the amount of chemisorbed acid, Δω (see Supporting
Information Figure 1 and Table 1). Calculation of the surface density σ
(molecules/nm2) was done with the following expression σ =
ΔωNA10

18/MSp, where M is the molar mass of the fatty acids and
Sp is the specific surface of alumina particles. Particle density, ρP, was
estimated using the following equation ρP = (1 + Δω/ρac)]−1, where ρa
and ρac are the pure alumina (4 g·cm−3) and fatty acid densities.
Results were ρP(erucic) = 2.45 g·cm−3; ρP(stearic) = 2.69 g·cm−3;
ρP(oleic) = 2.75 g·cm−3; ρP(palmitic) = 3.06 g·cm−3.

2.4. Nanocomposite Fabrication. Incorporation of γ-alumina in
the polysulfone matrix was carried out using a HAAKE Minilab micro
compounder equipped with a conical counter-rotating silicon carbide
hardened twin screw extruder. Neat PSF was mechanically mixed with
γ-alumina nanoparticles and the premix was dried at 140 °C for 24 h to
remove moisture before compounding. After a preliminary rheological
study it was concluded that the best processing conditions were: barrel
temperature 360 °C, recirculation time 10 min and screw rotating
speed 150 rpm. A 10% w/w master batch was initially prepared with
modified and unmodified nanoparticles and the molten polymer strand
was quenched at room temperature and pelletized. Samples containing
1−5% w/w nanoparticles were prepared by dilution with fresh PSF
pellets and pelletized as well. Maximum loading was set at 5% since
higher loadings resulted in nonhomogeneous samples. The resulting
nanocomposites were homogeneous but light yellow colored.
Yellowing increased with the amount of γ-alumina and notably
decreased when surface modified particles were used, except for the
case of oleic acid.
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The extruded pellets of neat PSF and each set of the different
compositions were molded using a Battenfeld Microsystem 50 micro
molding machine; molding conditions were: mold temperature 135
°C, barrel temperature 350 °C, die temperature 345 °C, injection
speed 500 mm·s−1, injection pressure 989 bar, cycle time: 20 s. A mold
specifically designed for this work was used to fabricate mini
specimens with adequate geometry for tensile testing as shown in
Supporting Information Figure 2. Before testing, all specimens were
aged at 140 °C and 50% relative humidity for 24 h to remove residual
stresses.
Highly loaded composites (50%) were prepared for analyzing the

thermal behavior of the alkanoic acid monolayers. They could not be
prepared by injection molding due to their extremely high viscosity so
a solvent casting method with N-methylpyrrolidone was used instead.
After an exhaustive vacuum drying process, the cast solid was hot
pressed at 360 °C (Fontijne LabPro 400) for 10 min to eliminate any
remaining solvent and then quickly cooled down to room temperature
using the air/water system of the platen press.
2.5. Mechanical Measurements. Tensile testing was performed

according to UNE-EN ISO 527-2 standard in a Shimadzu Autograph-
1KN testing machine. The crosshead speed was set to 1 mm/min
consistent with the standard and tests were done under the
assumption of plane stress conditions. The mini-bone shaped
specimens (16 × 3 × 1 mm3) were prepared as described in the
nanocomposite fabrication section. The average value of the Young
modulus, tensile strength and strain at failure for each composition was
obtained from five independent measurements. In some samples,
optical clarity was visually monitored during the test and the stress at
which whitening appeared was recorded.

3. RESULTS AND DISCUSSION

3.1. Chemisorption of Long Chain Fatty Acids. To
confirm chemisorption of long chain fatty acids on γ-Al2O3 and
to study their interaction, modified nanoparticles were studied
by Fourier transformed spectroscopy (FTIR) and thermog-
ravimetry. Regions of interest of the FTIR spectra of neat and
surface treated γ-alumina nanoparticles as well as band
assignment are shown in Figure 1. For comparison purposes,
FTIR spectra of pure carboxylic acids are presented in the
Supporting Information Figure S1.
Neat alumina presents a small absorption at around 1630

cm−1 that can be assigned to surface species with Dawsonite-
like structure which may be formed by adsorption35 of H2O

and CO2. Asymmetric and the symmetric CH2 stretching bands
appear at 2920−2850 cm−1. Vinyl band (CH−) of
unsaturated fatty acids appears at around 3000 cm−1. Carbonyl
band (CO) of free carboxylic acid groups (∼1700 cm−1) is
absent (Supporting Information Figure S1), in accord with
TGA results. The new band at 1590−1560 cm−1 is assigned to
asymmetric stretching of the carboxylate group (COO−)22,36

and clearly indicates that a new compound of aluminum
carboxylate has been formed. Vibrational deformation of
methylenic groups adjacent to the carboxylate37 appears at
∼1467 cm−1 and symmetric stretching of carboxylate22 appears
at 1410 cm−1.
Interactions between carboxylate and metal atoms have been

classified as monodentate, bidentate, bridging bidentate, and
ionic interaction.21,22,38 The relative wavenumber separation, Δ,
between the asymmetric and symmetric carboxylate stretching
bands, appearing at ∼1560 cm−1 and ∼1410 cm−1 respectively,
or 1590 and 1467 cm−1, can be used to distinguish these
interactions21. Figure 1 reveals that Δ is approximately constant
for all studied acids with a value of ∼150 cm−1, suggesting that
the representative interaction between the COO− group and
the Al3+ ion corresponds to a bridging binuclear bond.
Thermogravimetric analysis (TGA) was performed on all

samples to measure the surface density of chemisorbed
carboxylates on γ-Al2O3 surface. Representative behavior is
shown in Supporting Information Figure S2 and the calculated
surface density of the fatty acids is presented in Table 1. Surface

density data range between 1.5 and 2.5 molecules·nm−2 (1.1 ×
104 − 2.4 × 104 grafts per particle) which is in fair accordance
with the bridging bidentate bonding revealed by FTIR.

3.2. Characterization of Nanocomposites. The lack of
strong interactions between the low polarity surface of coated
alumina and PSF manifests as negligible variations in both the
relaxational behavior and thermal resistance of the nano-
composites (see Supporting Information Table 3 and
Supporting Information Figure S4). Concerning the glass
transition temperature, Tg, it does not appreciably change with
respect to neat PSF (190 °C) irrespective of the loading
content or surface modifier. In addition, the width of the
transition, as measured by the difference between the
temperatures at start and end of the relaxation, and the
strength of the transition, as measured by the change in heat
capacity, also remain constant: ΔT = 29 ± 1 K and ΔCP = 0.29
± 0.02 J·g−1·K−1 respectively.
The absence of measurable effects of nanoparticles on Tg in

PSF is not uncommon. It has been found in several PSF
nanocomposites loaded with carbon nanotubes,39,40 polyhedral
oligomeric silsesquioxane41 and organosilicates42 although
other similar systems present opposite behavior. An example
is poly(methyl methacrylate)(PMMA)/γ-Al2O3, a deeply

Figure 1. High (left) and low energy (right) Fourier transform
infrared (FTIR) spectra of as-received and functionalized γ-alumina.

Table 1. Thermogravimetric Analysis of Nanoparticles
Coated with Natural Fatty Acids

weight loss peak
(°C)

Δw (900 °C)
(%)

surface density
(molecules/nm2)

γ-Al2O3/oleic 445 15 2.3
γ-Al2O3/
stearic

450 15 2.1

γ-Al2O3/
palmitic

462 9 1.5

γ-Al2O3/
erucic

460 21 2.5
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studied system9,29 representative of the conf inement ef -
fect43−46,45−48 due to the weak polymer−particle interactions.
In this system the polymer at the interfacial region has an
enhanced mobility that substantially reduces the Tg of the
composite and changes its tensile behavior from fragile to
ductile fracture.
PSF and PMMA are conformationally flexible polymers

(C∞,PSF = 2,47,48 C∞,PMMA = 8.149) that should interact with
alumina in a similar way according to their similar surface
tension49 (γ20°,PSF = 46.6 mN/m, γ20°,PMMA = 41.1 mN/m) and
cohesive energy density values49 (δPSF = 20.3 MPa1/2, δPMMA =
22.7 MPa1/2). Therefore, their different behavior must be
probably associated with their very different structure in the
amorphous state, as revealed by their entanglement density
values,48 νe, which may be the ultimate responsible for their
very different Tg and mechanical properties. νe for PSF (5.5 ×
10−4 mol/cm3) is four times larger than for PMMA (1.3 × 10−4

mol/cm3) and, as pointed out by Mills,50 this entanglement
network is maintained in the glassy state when cooled from the
melt. Therefore, we hypothesize that the segmental mobility in
PSF must be so severely constrained that the reduction in
entanglement density by the presence of the interface, the so-
called conf inement ef fect, must be limited to a region near the
surface too small to cause any effect on the bulk polymer
relaxational behavior. Literature on alumina nanocomposites
with other high performance polymers is scarce but in a recent
work30 it is also reported a lack of variation of the Tg of
polycarbonate when it is blended with the neat inorganic filler.
For polycarbonate νe is even higher than for PSF (6.7 × 10−4

mol/cm3) and this is in accordance with our assumption.

3.3. Young’s Modulus and Strength. However, coated
nanoparticles have a deep effect on mechanical behavior of
nanocomposites as studied by tensile testing. Representative
engineering stress−strain curves are shown in Supporting
Information Figure S5. In Figure 2a, composite Young’s
modulus, EC, is plotted as a function of nanoparticle mass
fraction for all systems.
Although data scattering appears to be high, relative errors

range between 1.6% and 2.5%, which are more than acceptable
considering typical uncertainty in this kind of measurements.
Except for the case of neat alumina, all systems using surface
modified alumina show an increased value of EC up to a
maximum at about 3% (w/w), particularly for erucic, palmitic
and stearic systems. This is a common behavior found in many
filled systems usually attributed to cluster formation. However,
the great jump found at low loadings cannot be accounted for
with known micromechanical models. For particulate filled
polymers with weak interfacial interactions the lower bound
shear modulus enhancement micromechanical model51 should
apply (see Supporting Information Annex). According to this
model, the maximum increment of EC for a representative
system (2% palmitic) should be 1.6%, while the experimental
enhancement is 6.2%, three times higher.
We attribute this discrepancy to chain orientation in the

injection process. The micromechanical models for particulate
composites use the matrix as the reference phase and calculate
the enhancement factor by the sole presence of uniformly
dispersed particles. The underlying assumption is that the
properties of the isotropic matrix must be the same in both the
pure state and in the composite. When composites are prepared

Figure 2. (a) Young’s moduli of the nanocomposites as a function of nanoparticle mass fraction; shaded envelope corresponds to systems for which
a noticeable enhancement has been found (stearic, erucic and palmitic); dotted line is a guide for the eye and shows data trends for neat alumina. (b)
Modulus enhancement factor as a function of nanoparticle volume fraction. Error bars correspond to the standard deviation of five independent
measurements. Straight line corresponds to the fitting of data to a modified Halpin−Tsai equation (see Supporting Information Annex, eq 5). (c)
Yield stress of the nanocomposites as a function of nanoparticle volume fraction; shaded envelope corresponds to systems for which an enhancement
has been found (stearic, erucic and palmitic); dotted line is a guide for the eye and shows data trends for neat alumina. (d) Yield stress enhancement
factor as a function of interparticle distance (see text for details); error bars correspond to the standard deviation of five independent measurements;
straight line corresponds to the fitting of data to eq 1
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by injection molding, this requirement may not be fulfilled
because of the flow perturbations of the melt induced by the
presence of nanoparticles. Some rheological studies on the flow
of melts loaded with spherical and cylindrical nanoparticles52,53

show dramatic changes in the flow field in the converging flow
region at the entrance zone of the capillary die, which is
geometrically equivalent to the gate entrance in an injection
mold. In particular, a vortex enhancement was found which
resulted in the enlargement of the acceleration zone and the
increase of the fluid velocity. In turn, this increased the strength
of the elongational field and the elongational stress at the
entrance of capillary. We hypothesize that under our processing
conditions (volume, temperature and time), the elongated melt
would quickly cool and retain at least to some extent the melt
orientation. As a consequence, Young’s modulus would be
slightly higher than in the absence of particles and fracture
deformation would be lower and that is already observed in the
mechanical tests (see Supporting Information Figure S5).
Having these ideas in mind, the reference state for

nanocomposites loaded with nanoparticles should correspond
to pure neat polysulfone subjected to the same extensional flow
than a loaded one. Obviously, this is not easy to achieve
experimentally but an iterative method to estimate it can be
inferred. A detailed explanation is given in Supporting
Information Annex. Using this method, the true normalization
constant EM* was calculated for all the systems and its average
value was EM* = 2510 ± 40 MPa, 3% higher than the value
measured for polysulfone. Although this variation is small in
absolute terms, it is important to consider it to properly analyze
experimental data. The true enhancement factor is presented in
Figure 2b. To confirm the validity of the present analysis the
results have been analyzed using eq 1, which is valid for diluted
suspensions.

ϕ* = +
ϕ→∞

E
E

Alim 1C

M (1)

Coefficient A, which depends on the shear modulus of the
polymer matrix and of the alumina particles as well as on the
Poisson coefficient of the matrix (see Supporting Information
Annex), has the well-known value of 5/2 for perfectly rigid
particles suspended in an incompressible matrix; for our system,
the theoretical value is 2.26. The initial linear section of the data
shown in Figure 2 (bottom left), up to ϕ = 0.016 excluding the
neat alumina, was fitted to eq 1 and the recovered slope was
2.11 ± 0.12, which is in good agreement with the theoretical
result and confirms that (i) mechanical behavior of pure matrix
polymer can no longer be used as the reference to correctly
analyze mechanical behavior of nanocomposites if these are
obtained by injection molding; (ii) reinforcement can be
explained, as expected, in terms of the lower bound
micromechanical model; (iii) there is almost no adhesion
between the particles and the matrix.
Nevertheless, despite the lack of adhesion, strength analysis

reveals that the interfacial zone is able to effectively transfer
stresses across it. The strength of composites results from a
balance of two opposing effects: particles act as stress
concentrators or as barriers to crack growth. It is commonly
observed that in the case of no adhesion between the particles
and the matrix, the first effect predominates and strength
usually decreases.54 But, as shown in Figure 2c, yield stress
increases with particle content suggesting that the second effect
operates. From this figure it becomes also clear that the

strength of neat alumina and oleic systems is lower than for
palmitic, erucic or stearic systems, in accord with the observed
earlier whitening during loading in the stress−strain tests (see
Supporting Information Figure 5) for these systems.
As with Young’s modulus, the maximum yield stress is also

achieved for the palmitic system with a notably higher relative
increment, around 20%, while the strength of nanocomposites
loaded with neat alumina remains approximately constant.
Coherently with the analysis of Young’s modulus data, a
different reference state should be considered also for yield
stress. Among the models commonly used to explain strength
in particulate composites, that of Young and Beaumont54,55

allows comparing different systems. According to this
phenomenological model, the yield stress of a composite is a
function of the interparticle distance D, as shown in eq 2

σ σ= + S
DC M (2)

where D can be calculated from the primary particle diameter
dP and the particle volume fraction ϕ, according to54 D = 2dP(1
− ϕ)/3ϕ; S is a constant that depends on the interfacial
adhesion. Fitting of σC in the range 0 ≤ ϕ ≤ 0.02 as a function
of D−1 has been used to extract the yield stress of the reference
matrix, σM* . Its average value was σM* = 117 ± 6 MPa, which is
13% higher than the neat PSF yield stress measured value,
which was σM = 104 ± 3 MPa. The relative increment of yield
stress, given by the quotient σC/σM* is plotted against D−1 in
Figure 2d; fitting to eq 2 gives a straight line with slope S = (9.5
± 0.5)·10−6 MPa·m. As expected, this value is smaller than
other published data in which adhesion among particles and
matrix is stronger as the case of epoxy filled with silane treated
glass.55

3.4. Fracture Behavior and Nanocrystals Formation. A
possible origin of the different behavior of neat alumina/oleic
and palmitic/erucic/stearic systems can be understood
observing the morphology of fracture surfaces. Two different
surfaces were analyzed: fragile fracture surfaces, prepared
quickly breaking samples that were frozen in liquid N2, and
ductile fracture surfaces, prepared from samples loaded to
failure in the testing machine.
Fragile fracture surfaces of the neat alumina and oleic

systems are very similar; a representative image is shown in
Figure 3a, where particles appear to be uniformly dispersed and
surrounded by plastically deformed polymer in a buttonhole
fashion with diameter less than a micron, without particle−
matrix connectivity; the lack of connectivity with the matrix
indicates a bad interfacial contact probably because of the
reactivity of alumina. γ-Al2O3 has a highly reactive surface and
close to its isoelectric point the neutral surface hydroxyl groups
are active as radical generators as it has been deduced from
studies on the catalytic activity of γ-Al2O3 in the degradation of
some colorants.56 At the high temperatures involved in
composite processing, alumina may induce chemical degrada-
tion of the polymer, probably through chain scission. As a
consequence, polymer−particle contact becomes poorer
degrading thus its mechanical performance.
This bad contact also manifests in the ductile fracture

surfaces (Figure 3d and e) where a region with a morphology
resembling viscous flow where torn particles leave relatively
large wakes as they move or even holes if they become
detached from the matrix can be observed. In the absence of
any surface treatment (Figure 3d) stopped crazes have been
found very close to the edge of the specimen; very large fibrils
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several microns long can be clearly observed alongside, with
detached aggregates identified within the holes of the fibrils.
A representative image of the fracture surface for alumina

treated with the other fatty acids is presented in Figure 3b.
Along with hackle or mackerel bands, the most interesting
feature of this image is the presence of parabolic markings in

the center of which a nanoparticle or aggregate is located.
Figure 3c corresponds to a magnified image of this feature and
reveals a coarse surface at the sides of the parabola, plenty of
prominences and channels, which may indicate rapid crack
propagation, in accordance with previous findings.50 However,
the surface becomes smooth in the region around the focus,
just where the particle is located as indicated by the arrow
inserted in the image. It seems therefore that the crack slows
down in a region around 1 μm in diameter near the particles
indicating a good interfacial contact in accord with the higher
yield stress observed for these systems. The very different
behavior shown by these acids with respect to oleic system
must be related to the different structure of these acids in the
monolayer. Since chemisorption immobilizes the hydrocarbon
chains over the alumina surface, nanosized crystals could be
formed during nanocomposite processing.
XRD is of the paramount importance for characterizing

crystalline nanostructures. However, alumina particles present a
very intense line just below 10°, which precludes the use of
diffractions at low angles for identification, and a small and
broad line at 20°, which is coincident with diffraction lines of
some fatty acids (see Supporting Information Figure 6).
Considering that the amount of fatty acids on the surface of
nanoparticles is small and not all may form part of crystalline
nanostructures (see discussion below), diffractions of fatty acids
on the surface are completely obscured by the intense
diffractions of the highly crystalline alumina substrate. As a
consequence, it seems difficult to unambiguously ascertain the
crystalline structure of the nanostructures by XRD.
Alternatively, to verify if nanocrystals were formed two

different set of experiments were done. In the first one, surface
treated nanoparticles were investigated by DSC. In the second
one, it was checked whether crystals could also be formed in
the presence of the PSF matrix. The results of the first
experiment are presented in Figure 4a. Alumina nanoparticles
treated with palmitic and erucic acids presented two clear
endotherms at around 126 and 147 °C and those treated with
stearic acid presented a single endotherm at 125 °C. The total
enthalpy associated with these endotherms was ∼6 J/g for
palmitic acid and ∼3 J/g for both erucic and stearic acids.
These values are extremely low in comparison with the melting
enthalpies of the pure substances but it is interesting to observe

Figure 3. Fracture surface FESEM micrographs: (a, b, and c) fragile
fractures and (d and e) ductile fractures. (a) PSF/γ-Al2O3 3%. (b)
PSF/γ-Al2O3−palmitic 3%. (c) Same as that in panel b but at higher
magnification; the arrow shows the region of influence of the particle.
(d) Frontal view PSF/γ-Al2O3−oleic 3%. (e) Frontal view PSF/γ-
Al2O3. Stress direction in micrographs d and e is perpendicular to the
images.

Figure 4. Second scan DSC runs after cooling at 40 °C/min for (a) alumina modified with erucic, palmitic, oleic and stearic acids and (b) for a 50%
(w/w) nanocomposite with alumina particles modified with erucic, stearic and palmitic acids. Vertical lines show the temperatures for the several
endotherms and the glass transition of the polymer at 183−186 °C. A shift of about 45 °C is observed in the presence of polysulfone matrix.
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that endotherm temperatures are shifted about 50−100 °C with
respect to the melting points of the pure substances (see
Supporting Information Table 1). Thermogrammes of oleic
treated nanoparticles did not present any melting even at the
sub ambient temperature range. These results confirm that the
long chain fatty acids can form nanocrystals over the surface of
γ-alumina with the exception of oleic acid.
For the second experiment it was necessary to prepare highly

loaded composites (see Experimental) since the mass fractions
of fatty acids were too small to be detected with our instrument.
Results for the second scan after cooling at −40 °C/min are
presented in Figure 4b. Two clear endotherms are observed for
erucic and stearic systems appearing at 171 and 176 °C, before
the glass transition of the polymer which is 4 °C below the bulk
Tg of PSF. For palmitic an endotherm clearly appears also at
172 °C, before Tg of the matrix, but a second small endotherm
was detected above the Tg of the matrix, at 194 °C. Neither did
oleic systems present any melting in the measured temperature
range. The total enthalpy associated with these endotherms was
reduced with respect to the treated nanoparticles, being ∼4 J/g
for palmitic acid, ∼1 J/g for erucic acid and 3 J/g for stearic
acid. Endotherm temperatures in the composite were further
shifted about 50 °C to higher temperatures with respect to the
particles without PSF.
To the author’s knowledge, this is the first time surface self-

assembled structure formation is reported. In qualitative terms,
the high transition temperatures observed in the absence and in
the presence of PSF, may find an explanation in successive
entropic reductions assuming that phase transition enthalpy
does not change very much for a given allotrope. The first
reduction in phase transition entropy may be associated with
the immobilization of the fatty acid chains over the surface of
nanoparticles, which eliminates the translational degree of
freedom. This fact suggests that the term “melting” may be
inadequate.
The fact that stearic crystals present a single endotherm in

the nanoparticles but two endotherms in the composite
indicates that PSF chains at the interface somehow influence
the crystallization process. Thus, we might speculate that on
cooling, PSF segments may be so close to the fatty acid chains
during its transition so as to reduce the number of possible
microstates during the phase transition; this phenomenon
further reduces the phase transition entropy increasing the
transition temperature.
However, an alternative explanation may be given in terms of

the autophobic effect or dewetting5,57−60 which might operate
by virtue of the high graft density, the high molecular weight of
the polymer matrix in comparison with the molecular weight of
the fatty acids, and the unfavorable interactions between PSF
and the hydrocarbon grafts. The experimental fact that phase
transition occurs close to the Tg of the polymer, a temperature
range at which the polymer relaxation time is longer than the
characteristic relaxation time for phase transitions of small
molecules, suggests that either polymer exclusion from the
crystals or dewetting may occur, and both may leave the
polymer in a compressed state in a region close to the fatty acid
monolayer. This plausible fact may be the origin of the
extended region of influence observed in Figure 3c, and,
consequently, of the observed increased strength of the
composites.
Nevertheless, it remains as a question to be answered why

oleic acid does not crystallize.

As mentioned above, pristine γ-Al2O3 is involved in the local
generation of chromophoric groups associated with polymer
chain scission at the high processing temperatures used in this
work and this fact is the main reason for the strong coloring
found when using neat alumina or alumina modified with oleic
acid. But when γ-Al2O3 is surface modified with palmitic, erucic
and stearic fatty acids, PSF degradation becomes greatly
reduced. Considering DSC results we can speculate that the
presence of a coating layer of nonpolar palmitic, stearic or
erucic acids distances and protects the matrix polymer from the
generation of radicals from γ-Al2O3. In the case of oleic acid, we
currently think that alumina may degrade this unsaturated acid
at the high temperatures used for preparing the samples
preventing its crystallization.
Which kind of crystalline structure is formed at the interface

and which solid−solid phase transitions operate, the reasons for
such low enthalpy values, the origin of the two endotherms and
the influence of the polymer matrix on their appearance or
disappearance are some open questions that have not been
answered hitherto in the checked literature on nanocomposites
and require further research that is presently being carried out.
However, in our opinion, the important point here is that even
in the presence of the polymer, alkanoic monolayers crystallize
at temperatures very near the Tg of the matrix. Thus, the
existence of a solid-like interfacial region formed during the
cooling of the composites is confirmed for palmitic, erucic and
stearic systems and not for the oleic case, and this contributes
to increase the strength of the nanocomposites.

4. CONCLUSIONS

Oleic, palmitic, erucic, and stearic fatty acids have been
chemisorbed onto the surface of γ-alumina nanoparticles via
bridging bidentate complex formation. Surface treated alumina
has been dispersed in polysulfone by extrusion and nano-
composites with varying amounts of the nanofiller have been
prepared by injection molding. Glass transition temperatures
were measured for all the nanocomposites and almost no
variation was observed, contrary to what was observed for
PMMA/γ-alumina nanocomposites. This fact was attributed to
the very high entanglement density of PSF in comparison with
PMMA. Young modulus results have been analyzed in terms of
the lower bound shear modulus enhancement micromechanical
model. It has been shown that it is not possible to fit data if a
new reference state is not postulated. The existence of this
reference state can be explained considering an extra chain
orientation during injection molding in the presence of γ-
alumina nanoparticles. Strength results show a noticeable
improvement of about 20% for the palmitic system. Analysis of
the fracture surfaces has revealed the existence of an extended
region of influence for this system of about 1 μm around the
nanoparticles. The origin of this region has been explored by
DSC and it has been found that with the only exception of oleic
acid, fatty acids self-assemble giving nanostructures on the
surface of the γ-alumina nanoparticles that present single or
dual endotherms shifted 145 °C above the normal melting
points of the pure acids. The temperature ranges of these
endotherms and of the glass transition of polysulfone are
coincident suggesting that, on cooling, polymer exclusion from
the crystals or dewetting may occur leaving the polymer in a
compressed state in a region close to the fatty acid monolayer.
This plausible fact may be the origin of the observed extended
region of influence and, consequently, of the observed
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increased strength of the composites despite de foreseeable lack
of strong particle−matrix interactions.
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(11) Kovacěvic,́ V.; Lucǐc,́ S.; Leskovac, M. Morphology and Failure
in Nanocomposites. Part I: Structural and Mechanical Properties. J.
Adhes. Sci. Technol. 2002, 16, 1343−1365.
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