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ABSTRACT: The structure of the interphase, a region between nanoparticle fillers and the bulk polymer matrix
in a particle reinforced composite, was investigated using two different approaches. The polymer nanocomposite
systems consists of alumina (Al2O3) and magnetite (Fe3O4) nanoparticles embedded in poly(methyl methacrylate)
(PMMA) and polystyrene (PS) matrices. The first approach utilized data from thermal gravimetric analysis (TGA)
and transmission electron microscopy (TEM) to predict the structure and density of the interphase for four
nanocomposite systems. In the second approach, the nature of bonding between the polymer and the nanoparticle
surfaces was analyzed using Fourier transform infrared spectroscopy (FTIR) to calculate the density of the interphase
for two PMMA-based nanocomposite systems. Mechanical properties of these composites were correlated with
the structure of the interface, and results from the two approaches were compared with previous studies. Moreover,
by comparing results from the two characterization approaches, a new method for characterizing the degree of
nanoparticle flocculation in a composite is also provided. The results indicate that Al2O3 nanoparticles are more
reactive with the polymer matrix than Fe3O4 nanoparticles, but neither have strong interactions with the matrix,
a fact that leads to low-density interphase and consequently results in more compliant composites. Tensile testing,
dynamic mechanical analysis (DMA), and nanoindentation tests confirmed that these nanocomposite systems do
not have the same mechanical properties as their respective pure polymer systems.

1. Introduction

A polymer nanocomposite is a polymer matrix with a
reinforcing phase consisting of particles with one dimension in
the nanosized regime. In the past decade, extensive research
has focused on polymer nanocomposites in hopes of exploiting
the unique properties of materials in the nanosized regime.1-6

A general conclusion has been drawn that nanocomposites show
much improved mechanical properties over similar microsized
systems.2,3,5-10 Because of their small size, nanoparticles have
a high surface-to-volume ratio and provide high-energy surfaces.
A desirable result of embedding nanoparticles into a polymer
matrix is the enhanced bonding between the polymer matrix
and filler, resulting from the nanoparticles’ high interfacial
energy.2,5,7,11Classical composite theory predicts that improved
bonding between the polymer matrix and the reinforcing phase
leads to improved mechanical properties.2,5,7,11,12

Despite these predictions, however, mechanical tests of
nanocomposites have shown mixed results.1,13,14Although some
research has shown great improvement of mechanical properties
for nanocomposites compared to composites with particles with
length scales in the microrange,1,2,7 those results have not been
consistent.1,5,13,15No clear conclusions have been made regarding
trends in the mechanical properties of polymer nanocompos-
ites,1,5,13 as current polymer models have not been able to
consistently predict the properties of nanocomposites.1,5,16-19

Polymer composite theories in the past have relied on the idea
that the modulus of a composite is a function of the mismatch
of properties of constituents, volume fraction, shape and
arrangement of inclusions, and matrix-inclusion interface.4,5,7,13

These theories, therefore, predict that the effect on the composite

system is independent of the size of the inclusion. Recent
theories have included the size of the filler particulate to predict
the properties of composites.2,6,7,11,13,19-24

An area of polymer composite structure that has always
garnered attention is the region near the interface of the polymer
matrix and the filler.1,7,10,11,14,20,25-27 Despite the large variety
of polymer composite systems, a common thread among all the
systems is the existence of a phase border between the matrix
and filler and the formation of an interphase layer between
them.7,11,25,26,28As seen in Figure 1, the interphase layer extends
well beyond the adsorption layer of the matrix chains bound to
the filler surface. The structure of the interphase is different
than either the filler or matrix phases, and it varies depending
on the distance from the bound surface.

Because of the differences in structure, properties of the
polymer at the interface can differ dramatically from the bulk
polymer.7,24-26 The interphase structure and properties are
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Figure 1. Schematic representation of the interphase region between
a filler and a polymer matrix.
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important to the overall mechanical properties of the composite
because its distinct properties control the load transfer between
matrix and filler.15,17,20,25,26The concept of interphase is not
unique to nanocomposites, but because of the large surface area
of nanoparticles, the interphase can easily become the dominat-
ing factor in developing the properties of nanocomposites.7,24,25

A 1 nm thick interface surrounding microparticles in a composite
represents as little as 0.3% of the total composite volume.
However, a 1 nmthick interface layer on nanoparticles can reach
30% of the total volume.7 As shown in Figure 1, the interphase
has a characteristic structure consisting of flexible polymer
chains, typically in sequences of adsorbed segments (point
contacts, i.e., anchors, or trains) and unadsorbed segments, such
as loops and tails, which in turn are entangled with other chains
in their proximity and which are not necessarily bound to the
surface. Interphase thickness for a specific particle-polymer
system is not a constant size because the interphase has no well-
defined border with the bulk polymer.28 The effective value of
the thickness depends on chain flexibility, the energy of
adsorption, and the extent of chain entanglements, which are
determined by the surface energies of the polymer and the
nanoparticles. Because of conformational limitations brought
by particles in addition to other restrictions on chain conforma-
tion, only a relatively small number of segments within a chain
are directly bound to the surface.28 If all areas of the surface
are capable of adsorption, then polymer segments, for a reason-
ably flexible polymer chain, are readily adsorbed on the surface,
resulting in short loops and a flat (i.e., dense) layer close to the
surface, as shown in Figure 2a. If the chain segments have weak
interaction with the surface or if the chain is rigid, the loops
and tails extend farther into the matrix and form a region of
lower density, as shown in Figure 2b.26 Therefore, the strength
of the interaction of a polymer molecule with the surface of
the nanoparticles controls both the polymer molecular confor-
mations at the surface and the entanglement distribution in a
larger region surrounding the nanoparticle. Hence, a higher
degree of entanglements will result in a larger number of
polymer chains that are associated with a given nanoparticle,
of which only a fraction are actually anchored to the surface.

In this work we characterized the mechanical properties of
four polymer nanocomposite systems and investigated the role
of the interphase structure on their behavior. Alumina (Al2O3)
and magnetite (Fe3O4) nanoparticles were dispersed in poly-
styrene (PS) and poly(methyl methacrylate) (PMMA) matrices.
Appropriate samples were created to support mechanical charac-
terization using tensile testing, dynamic mechanical analysis
(DMA), and nanoindentation. Interphase bonding, interphase
density, and thickness were quantified using Fourier transform
infrared spectroscopy (FTIR), transmission electron microscopy
(TEM), and thermal gravimetric analysis (TGA). Alumina (39

nm) nanoparticles and magnetite (90 nm) were chosen on the
basis of availability and size distribution and due to the existence
of results from literature for comparison.15,29-31

PMMA and PS were chosen as the matrix materials on the
basis of their differing reactivity with metal oxides. Previous
studies have shown that PMMA adsorbs strongly to metal oxide
nanoparticles through coordination of the carbonyl functional
group to the metal surface sites. PS adsorbs weakly through
dipole-dipole interactions between theπ-electrons of the
pendant benzene ring and the metal surface sites.32 High
molecular weight polymers withMh W ) 350 000 g/mol were
chosen to maximize chain flexibility, which facilitates chain
adherence to a nanoparticle surface.26,28 Filler volume fraction
of 5% was chosen for all systems because it offers more
opportunities for comparison to other studies.1,2,15 To provide
good solvents for the polymers, chlorobenzene was chosen for
the PMMA systems and toluene was chosen for all PS systems.

2. Experimental Methods

2.1. Preparation of Initial System Mixture. PS-Fe3O4 samples
were created as follows: 351 mL of toluene (Fisher Scientific,
density 0.867 g/cm3) was introduced into a 500 mL Erlenmeyer
flask, which was placed on a Thermolyne Mirak stirring hot plate
with the temperature set to 70°C. A magnetic stirrer was dropped
into the flask and began spinning at the preset speed of 200 rpm.
45.67 g of PS (Aldrich Chemical Co., Inc.,Mh W of 350 000 g/mol,
density 1.040 g/cm3) was poured into the flask. After the polymer
was completely dissolved, the stirrer was removed. 0.49 g of
magnetite (Fe3O4) nanoparticles (University of Illinois,Davg ) 90
nm, density 5.15 g/cm3) was measured and kept in weighing paper.
The flask was agitated on a Scientific Industries Vortex-2 Genie
vortex with a setting of 8-10. While the mixture was swirling
continuously the magnetite was slowly poured into the flask. Mixing
continued for 5 min. The flask was covered with laboratory film
and stored in a fume hood.

The four different polymer nanocomposite systems were created
following the same procedures. PS-Al2O3 was created with 0.50
g of alumina (Al2O3) nanoparticles (Nanophase Technologies,Davg

) 39 nm, density 4.00 g/cm3) in a solution of 36.54 g of PS
dissolved in 281 mL of toluene. PMMA-Al2O3 was created using
a similar procedure with 0.50 g of alumina in a solution of 32.48
g of PMMA (Aldrich Chemical Co., Inc.,Mh W of 350 000 g/mol,
density 1.170 g/cm3) dissolved in 220 mL of chlorobenzene (99+%,
Acros, density 1.106 g/cm3). PMMA-Fe3O4 was created with 0.44
g of Fe3O4 nanoparticles in 36.54 g of PMMA in 220 mL of
chlorobenzene. Pure PS and PMMA reference samples were created
using 36.33 g of PS in 140 mL of toluene and 32.48 g of PMMA
in 110 mL of chlorobenzene.

2.2. Particle Characterization by TEM and SEM. Transmis-
sion electron microscopy (TEM) was used to determine the size
and distribution of the original particles for all four polymer
nanocomposite systems. TEM samples were obtained by placing a
small droplet of the reacted solution containing the polymer-coated
metal oxide particles onto a Formvar-coated copper TEM grid from
Ted Pella. The grid rested on a thin piece of tissue paper so that
the liquid would drain into the paper, leaving a very thin film on
the grid itself. Additional samples were prepared by microtoming
the sections used for SEM analysis and placed on similar Formvar-
coated copper TEM grids. The TEM analysis was performed on a
JEOL 4000EX high-resolution electron microscope with an operat-
ing voltage of 200 keV.

SEM was used to determine size and distribution of particles in
tensile tested dogbone samples for all four polymer nanocomposite
systems. After tensile testing, approximately a 5 mmsection of
the sample neck, including one fracture surface, was cut and placed
on a SEM sample holder. The samples were sputter-coated with
gold using an International Scientific Instruments sputter coater for
80 s to reduce charging. SEM was performed in a LEO 1530
Thermally-Assisted FEG scanning electron microscope at 10 kV.

Figure 2. Schematic representation of the adsorption characteristics
of polymer chains onto the surface of metal oxide clusters in a metal-
polymer nanocomposite: (a) a strongly binding polymer adheres to
the surface and most of the segments reside on the surface and (b) a
weakly binding polymer adheres to the surface and most of the segments
reside in loops.
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2.3. Characterization of Interfacial Interactions. 2.3.1. Ther-
mograVimetric Analysis. Thermogravimetric analysis (TGA) was
conducted to measure the thickness of the polymer interphase. TGA
samples were prepared by centrifuging each of the four polymer
nanocomposite mixtures using a Fisher Scientific Centrific model
228 centrifuge at 10 000-15 000 rpm for 12-17 min. The capped
particles formed a solid mass at the bottom of the vial, and excess
polymer and solvent solution were removed. The remaining particles
were washed with solvent, and the vial was shaken using a Scientific
Industries Vortex-2 Genie vortex for 1 min to remove any excess
unbound polymer from the particles. The suspension was centri-
fuged again, and this process was repeated 3-4 times. The particles
were placed onto a TGA platinum pan, and the data were collected
using a TA Instruments Inc. TGA model 50 at a ramp rate of 10
°C/min to 600°C.

2.3.2. Infrared Spectroscopy.FTIR was used to identify the
bonding between the polymer matrix and nanoparticles in the two
PMMA-based nanocomposites. The sample cell was placed into a
Nicolet Instrument Corp. Nexus 870 FTIR spectrometer, and after
the infrared sample compartment was sealed and purged for at least
5 min, a background spectrum was taken and assigned for use on
subsequent spectral acquisitions. The vials containing the centri-
fuged capped particles were shaken using a Scientific Industries
Vortex-2 Genie vortex to resuspend the particles. Using Nicolet
OMNIC 5.2a software, the spectra of the capped metal oxide
particles were compared against previously recorded spectra of
PMMA solutions or PMMA thin films to highlight peaks unique
to the capped particles.

2.4. Measurement of Mechanical Properties.Mechanical
properties for all systems were characterized using tensile testing,
dynamic mechanical analysis (DMA), and nanoindentation. Dog-
bone-shaped samples were created following ASTM document
D638 for tensile tests. The solution sample of the composite system
was poured into the mold and left in a vacuum hood and then a
dry oven for 24-72 h while solvent evaporated. This process was
repeated for a total of 3-5 times or until the mold was filled. The
sample was then placed in a Fisher Scientific Isotemp (model 281A)
vacuum oven preheated to 120-140°C with vacuum slowly raised
to -28 in Hg. To remove air bubbles, each sample was compres-
sion-molded in a Carver compression-molding press with plates
heated to 130-190°C, increasing pressure periodically over a 1-3
h period up to a sustained pressure of 2000 psi for at least 1 h.
Samples were allowed to cool in a compressed state. Tensile testing
was performed using MTI Phoenix tensile testing equipment with
a 10 000 lb load cell and a(0.2 in. Instron extensometer with a
loading rate corresponding to a 0.1 in/min displacement rate.

Thin film samples on glass slides were cut into small rectangular
samples approximately 25 mm long, 5-10 mm wide, and 0.100-2
mm thick for DMA tests. DMA tests were performed on a
Rheometric Scientific III dynamic mechanical analyzer using RSA
Orchestrator v6.58B2 software and 2.0°C/min ramp rate, 0.1%
strain rate, and initial static load of 100-250 g.

Thin film samples for nanointendentation were created by
pouring one layer of solution on a glass slide, placing it in a vacuum
hood for 24-72 h, and then into a Fisher Scientific Isotemp vacuum
oven at 90-140 °C, with vacuum slowly raised to-28 in Hg.
Typical thickness of the sample on the slide was 200-1000µm.
Nanoindentation was performed on an MTS Nanoindenter using a
DCM indenter head and a Berkovich-shaped diamond indenter
operated in batch mode by MTS TestWorks4 controller software.
Multiple batch runs with 4-9 offset tests per batch were performed
for each sample, and the distance between each test indentation
location was set to 20-30 µm in the X and Y directions. The
following parameters were set for the test runs: allowable drift)
0.150 nm/s, depth limit) 200-500 nm, frequency target) 0.45
Hz, maximal load) 0.88 mN, Poisson’s ratio for PMMA-based
systems) 0.375 and for PS-based systems) 0.350. Starting
indention locations on the sample for batch runs were chosen
randomly but were visually checked via the video viewer to ensure
the test did not take place near an air bubble. Batch test results
were discarded if any tests within the batch failed.

3. Results and Discussion

3.1. Mechanical Testing Results Summary.To characterize
the impact of nanoparticles on the mechanical properties of
polymer composites, we used three different mechanical testing
techniques: tensile testing, DMA, and nanoindentation. Each
technique determines the elastic modulus for the specimen as
well as other properties specific to each technique. Nanoinden-
tation is particularly useful in assessing the properties of the
interfacial region between the nanoparticles and the surrounding
matrix, since this technique probes the local changes in
properties that occur on the nanosize scale in the nanocomposite
materials. DMA measurements can detect the impact of the
presence of nanoparticles on the primary and secondary
relaxation processes of polymer chains in their vicinity. Hence,
this technique probes the microscale mechanical properties
arising from interfacial phenomena at the nanoscale and is
indicative of the influence of the local fluctuations of properties.
It is important to note that at this size scale the extent of
flocculation of the particles in the matrix will have a direct
impact on the resulting mechanical properties of the nanocom-
posite materials. Finally, tensile testing probes the mechanical
properties of the polymer nanocomposite at the macroscopic
scale. Local phenomena in the vicinity of the nanoparticles are
not necessarily expected to translate into changes in the “bulk”
properties of the polymers. However, if the volume fraction of
the regions that are affected by the local interfacial phenomena
is non-negligible, similar changes (at least qualitatively) in
properties of the nanocomposites should be observed with all
three testing methods.

All samples were prepared using the same procedures, and
all mechanical tests were run using the same parameters. This
consistent approach to testing provided a true comparison
between the reference pure polymer systems, PMMA and PS,
and the nanocomposite systems, PMMA-Al2O3, PMMA-
Fe3O4, PS-Al2O3, and PS-Fe3O4. The combined elastic
modulus results of all three testing techniques are shown in
Figure 3. While there are quantitative differences between the
values of the moduli measured by the different techniques, the
overall qualitative trend is the same. The results show a decrease
in modulus of the nanocomposite systems as compared to the
pure polymer systems. TheTg of the composites were very
similar (if not identical) to theTg of the pure polymers, so the
decrease in the moduli upon the introduction of the nanoparticles
are not due to a plasticizing effect that the nanoparticles could
have exerted on the polymer matrix. These results are incon-
sistent with the predictions from composite theory, which can
account for a possible lowering of the modulus of composites
with stiff particles but compliant interphases but suggest that
particle fillers are expected to improve the composite’s me-
chanical properties, specifically the elastic modulus, upon
effective bonding with the matrix.

3.2. Interphase Characterization.Composite theory assumes
perfect interface between the reinforcements and the matrix. If
a perfect interface exists, where continuum strain compatibility
is present, the composite theory has excellent predictive
capabilities. Unfortunately, at the molecular lever, the interface
is more complicated and a perfect interface may not even exist.
Connections between the polymer matrix and reinforcing par-
ticles exist at specific discrete locations where molecules bond
with particles, rather than as a continuous interface. The effect
of this difference becomes more pronounced when the size of
the particles becomes smaller and the interfacial area becomes
large. The error created by the assumption of a continuous and
compatible interface is larger for a relatively large interface
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since, depending on the number of contact points, the actual
effective area of bonding between polymer and particles is far
less than that of the entire circumferential area of the particle.
The actual bonding area depends on the specific polymer-
particle system. Since composite theory fails to predict the
modulus of our nanocomposites, the logical step is to under-
stand the nature of the interface to identify the degree to which
the assumptions in classical composite theory are violated.
Since experiments have also shown significant enhancement
in modulus for some nanocomposites, it is certainly possible
that the classical composite theory assumptions could also
predict more accurate results for nanocomposites when the
properties of the system are enhanced. Development of a denser
interface layer (compared to the matrix) might enhance the
effectiveness of the reinforcement particles, thus improving the
modulus.

We employed two approaches to characterize the particle-
matrix interphase.26,28,30-32 The first method couples TEM and
TGA in order to allow an indirect determination of the average
number of polymer segments that are effectively bonded to the
metal cluster surface.31,32The second method uses the intensity
of characteristic infrared bands that are generated as a function
of the extent of polymer segment bonding onto the metal cluster
surface.29,30Unlike previous studies in which these methods have
been applied to calculate the extent of interfacial interactions
between polymer chains and metal nanoparticles that were
formed in situ, here the particles were ready-made and were
introduced into the nanocomposite system by the usual filler-
matrix mixing techniques. While this procedure allowed for a
higher volume fraction of metal clusters to be incorporated into
the nanocomposite, it also generated difficulties associated with
particle flocculation that were not present in the nanocomposites
that were prepared in situ. Moreover, in previous work, the
results pertaining to the morphological details of the interfacial
region have not been combined with mechanical characterization
of those systems to determine the impact of the interphase
properties.32,33

Although the different interphase characterization techniques
take different approaches, they both assume that the structure
of the interphase is a function of the nature of the interfacial
interactions between the polymer and the reactive sites of the
filler surface.26 Both methods determine the average number
of contact points between an adsorbed polymer chain and the

nanoparticle. The number of contacts, or anchoring points, per
chain indicates the density of polymer layer and thus the density
of the interphase. A higher number of contact points per chain
means the loops must be smaller so the entire adsorbed chain
is closer to the surface and the interphase is denser.26

3.2.1. Interphase Characterization Using FTIR.The first
interphase characterization approach calculates the density of
the interphase by investigating the bonding mechanism in the
PMMA-based systems using FTIR. The chemistry behind the
interaction of PMMA and aluminum oxide surfaces is well
established.29,30,34 The bonding process between the PMMA
chain segments and the aluminum oxide nanoparticle surface
is as follows: The aluminum oxide nanoparticle surface
molecules react with atmospheric water vapor creating oxy-
hydroxide surface groups:

This hydration reaction has been proven to occur with several
metal oxides, including Al, Cr, Co, and Cu.29,30,34,35The presence
of the OH group on the nanoparticle surface facilitates hydrolysis
of the PMMA ester group to produce either a COOH acid group
or its conjugate COO- base group according to the following
reaction:30

The COO- group directly interacts with the positively charged
Al(III) atoms to generate a bond between the polymer segment
and the aluminum oxide nanoparticle surface.29,30This bonded
segment is an anchoring point for the PMMA chain.

FTIR was performed on the PMMA-capped Fe3O4 and Al2O3

nanoparticles to confirm that bonding occurs as described above
and to translate that information into interphase structure.
Previous work has shown that the appearance of specific peaks
in the IR spectrum indicates the existence of bonding between
PMMA and a metal oxide surface upon polymer adsorp-
tion.29,30,34,35The summary of the various pertinent infrared

Figure 3. Elastic modulus results for tensile testing, DMA, and nanoindentation mechanical testing.

Al 2O3 + H2O a 2AlO(OH) (1)
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absorption bands associated with the reactive adsorption of
PMMA onto metal oxide clusters is presented in Table 1. The
changes in the infrared spectra of PMMA resulting from its
interactions with oxide surfaces are shown in Figure 4. The
decrease in the absorbance of the 2950 cm-1 peak, correspond-
ing to the hydrolysis of some of the methoxy groups in adsorbed
PMMA, is the first stage in the adsorption process, as indicated
in the first reaction of eq 2, and is shown in Figure 4a. The
second and third reactions of eq 2 are characterized by changes
in the absorbances of various bands in the carbonyl region. The
relative increase of the 1687 cm-1 peak, corresponding to
carboxylate groups, as compared to the 1734 cm-1 carbonyl
peak for the adsorbed PMMA, as shown in Figure 4b, indicates
that the predicted bonding process between PMMA and
aluminum oxide has indeed taken place. The similarity between
the PMMA-Al2O3 and PMMA-Fe3O4 spectra (not shown)
suggests that the adsorption of PMMA on magnetite nanopar-
ticles proceeds via the same mechanism.

Since the carboxylate groups generated in the PMMA chains
participate in the bonding to the particle surface, quantifying
the number of participating groups can serve as an estimate for
the number of bonds. The 1687 cm-1 absorption band, shown
in Figure 4b (inset), corresponds to the asymmetric stretch of
the COO- group, which is indicative exclusively of the COO-
group bonding with the surface.29,30Evaluating the ratio of the
COO- groups participating in bonding (absorbance intensity
of the 1687 cm-1 peak) to the unreacted carbonyls in the ester
groups (absorbance intensity of the 1734 cm-1 peak) provides
the relative concentration of the reacted COO- group.29,30The
number of anchoring points for a particular polymer chain is
dependent on, and limited by, the chain conformation, length,
and strength of interaction with the surface. Therefore, the
COO-/CdO ratio may initially increase with the increase in
the adsorption layer, but once a monolayer of polymer has been
anchored (i.e., chemisorbed), no additional carboxylate groups
will be formed, and hence, this ratio will be indicative of the
relative concentration of the chains at the interface.

The reactive adsorption of PMMA on the surface of the metal
oxide nanoparticles through direct bonding of segments requires
a change in the conformation of the polymer at the surface of
the nanoparticles.32,33,36These conformation rearrangements in
the polymer generate a change in the cooperative symmetric
and asymmetric stretches of the C-O and C-C bonds of the
polymer in the 1100-1200 cm-1 spectral region. The shift in
the relative intensities of the 1156 and 1171 cm-1 infrared
absorption bands is very apparent when comparing the PMMA
thin film spectrum against the PMMA-capped nanoparticle
spectra, as shown in Figure 4c. The ratio of these two bands
indicates the proportion of polymer segments that experience
the conformational changes indicative of the bonding process.
The total number of PMMA carboxylate groups that have
undergone hydrolysis and have anchored to the surface can be
calculated from the ratio of the fraction of the segments
containing the bonding group (COO-) experiencing the con-
formational change multiplied by the total number of monomers
in the sample. Dividing this by the total number of chains gives

the number of anchoring points per chain, according to eq
3:29,30,34

The total number of monomers in the sample is given by

Table 1. Infrared Absorption Bands Resulting from of PMMA
Segment Adsorption on Al2O3 Surfaces

band, cm-1 change peak assignment

2950 lower absorbance O-CH3 bond is broken
1734 lower absorbance CdO is no longer

isolated
1687 new absorption band formation of COO- group
1156 and 1171 peak ratio inversion C-C and C-O stretching

modes

Figure 4. FTIR spectra for the PMMA-Al2O3 system: (a) The change
in the 2950 cm-1 absorption band, indicating the hydrolysis of the
O-CH3 group in adsorbed PMMA. (b) The decrease of the 1734 cm-1

absorption band, indicating a change in the bonding properties of the
CdO group due to PMMA adsorption and the hydrolysis of the
methoxy group. The inset shows the appearance of the 1687 cm-1

absorption band, corresponding to the asymmetric stretch of the
carboxylate groups (COO-), indicating the formation of a carboxylate-
metal bond. (c) FTIR spectra showing the changes in the relative
intensities of the 1171 and 1151 cm-1 bands corresponding to
overlapping C-C and C-O stretching modes in the C-C-O sequence,
indicating changes in the conformation of the PMMA due to surface
confinement upon adsorption.

no. of anchors/chain)
E1687

E1734

E1156

E1171

Nmonomers

Nchains
(3)
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Nmonomers) Mh wNchains/M0, whereM0 is the molecular weight of
the monomer and the total number of chains in the sample is
given by Nchains ) MsamplewpolymerNA/Mh w, whereMsample is the
mass of the sample,wpolymer is the mass fraction of polymer
as determined from TGA data, andMh w is the weight-aver-
age molecular weight of the polymer. Using the data from the
FT-IR spectra and using eq 3, the number of anchors per chain
was calculated for the PMMA-based nanocomposites, as shown
in Table 2.

The results in Table 2 are somewhat surprising given those
from previous studies,26 in which the same characterization
approach indicated that PMMA chains (Mh w ) 330 000 g/mol)
adsorbed on cobalt oxide nanoclusters formed 466 anchoring
points per chain per cluster.26 In these previous studies, the
number of anchors per chain was calculated for several different
molecular weights of PMMA, showing that with longer, more
flexible chains the energetic penalty for the loss of conforma-
tional entropy, due to chain confinement on the surface,
decreases. Hence, the strong interaction of the polymer with
the surface outweighs the entropic loss, and the more flexible
chains can form additional anchoring points with the surface.26

In the present study we used even longer chains of PMMA (Mh w

) 350 000 g/mol), and the expectation was that the resulting
number of anchoring points would be even higher. Instead, we
obtained 137 and 135 anchoring points for the PMMA-Al2O3

and PMMA-Fe3O4 nanocomposite systems, about only one-
fourth of the actual expected magnitude of anchors per chain.
Given the fact that the infrared spectra of both systems show
the same type of features, the difference in reactivity between
Co2O3 and Al2O3 or Fe3O4 could only partially account for the
lower number of anchoring points. It is important to note that
the critical difference between the current study and the study
involving Co2O3 is the fact that the Co2O3 nanoparticles were
generated in situ via the decomposition of cobalt carbonyls in
the presence of PMMA. In this system, the PMMA chains were
able to come in contact with the coordinatively unsaturated,
reactive, growing metallic fragments, which provided a much
greater opportunity for the PMMA chains to adsorb onto the
surface. Conversely, in the current study, we utilized preformed
nanoparticle clusters that had already been processed and limited
to a particular size. The surfaces of these particles are far less
reactive and provide less energetic drive for bonding with
PMMA.

3.2.2. Interphase Characterization Using TGA and TEM.The
FTIR is applicable only to metal-polymer composites in which
the interfacial interactions generate considerable changes in the
infrared spectrum of the polymer arising from new bonding
between the two moieties at the interface. However, for
interfacial interaction driven primarily by van der Waals
attractions, such as between polystyrene and metal oxide
surfaces, a different characterization method was used. The

second characterization approach calculated the number of
anchoring points using the average cluster size from TEM and
the total mass of the polymer directly absorbed on the metal
clusters from TGA. Using this information, the structure of the
loops and chains can be defined to determine the number of
anchoring points. As shown in Figure 2, the interphase boundary
extending out from a particle surface is described by the
thickness of the polymer layer directly adsorbed onto the
particle,Leff. Within the interphase region, the adsorbed polymer
chains form loops and trains over the surface. Assuming that
the conformation of the polymer in the loops is that of a random
coil, it is possible to calculate the minimum number of segments
present in a loop,nloop, based on the number of segmentsneff in
a random coil of lengthLeff. The number of segments in a loop
combined with the molecular weight of the polymer determines
the number of anchoring points per chain.

TGA decomposition data obtained from capped particles
determine the weight fraction of the polymer layer adsorbed
on the metal oxide particles. The difference between the starting
and final weight of the sample represents the weight of the
polymer burned off during the experiment. As seen in the
PMMA-based system experiments, shown in Figure 5, the
polymer layer constituted 9.1% of the PMMA-Al2O3 particle
mass and 15.1% of the PMMA-Fe3O4 particle mass. On the
basis of only these data, one might conclude that the Fe3O4

surfaces are more reactive with PMMA since more chains
anchored to the surface. One important consideration, however,
is that more tightly bound chains can shield the surface from
other chains, likely resulting in a denser layer formed from fewer
number of chains with fewer entanglements with other chains.26,28

Therefore, this higher weight fraction of bound chains on Fe3O4

is likely due to weaker bonding of a larger number of chains

Table 2. Absorbances from FTIR Spectra and the Calculated
Number of Anchors per Chain for the PMMA -Al2O3 and

PMMA -Fe3O4 Systemsa

PMMA-Al2O3 PMMA-Fe3O4

E1156 0.3106 0.3109
E1171 0.4528 0.4502
E1687 0.0315 0.0323
E1734 0.5507 0.5772
Nchains 5.31× 1014 1.06× 1015

Nmonomers 1.85× 1018 3.69× 1018

anchors/chain 137( 12 135( 12

a Note that only the PMMA-based systems were analyzed by FTIR, since
only in these systems a considerable change in the characteristic infrared
absorption bands of the polymer could be observed.

Figure 5. TGA decomposition profiles for the PMMA-based and the
PS-based systems.
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with the surface through fewer number of anchors and a higher
degree of entanglements with unbound chains.33

The average size of the oxide nanoparticles was determined
from TEM images such as the one of the PS-Al2O3 sample
shown in Figure 6a and PS-Fe3O4 in Figure 6b. Particle sizes
determined from TEM were 2-3-fold larger than manufacturer
stated sizes with large standard deviations indicating the
occurrence of particle flocculation. With both the average
particle size from TEM and the weight fraction of polymer in
the capped-particle sample from TGA, the number of anchoring
points per chain can be calculated. The first step is to derive
the expression for the thickness of the bound polymer layer
around the particles. The thickness of the polymer layer,Leff,
is determined by first considering the total volume of a polymer-
capped particle,Vtotal. The total volume of the capped particle
includes both the metal oxide cluster volume and the volume
of the polymer layer bound to the surface,Vtotal ) Vcluster +
Vpolymer. The volume of the polymer adsorbed on the metal oxide
cluster can be calculated using the weight fraction of the
polymer, the mass of the TGA sample, the number of clusters
in the sample (Nclusters), and the density of a thin film of polymer
(F) given as 1.05× 10-21 g/nm3 for PS and 1.17× 10-21 g/nm3

for PMMA.

The number of clusters in the sample is the quotient of the
number of oxide molecules in the sample (Nmolecules) and the

number of oxide molecules per cluster (Nmolecule/cluster), which
assumes that the volume fraction of the molecules in the cluster
(ε) is 0.7.

The diameter of an oxide molecule was calculated as 0.52 and
0.43 nm for Fe3O4 and Al2O3, respectively (based on the
manufacturer-provided density of each metal oxide).

Assuming spherical clusters, the average diameter of the
clusters (D) provides the volume of a metal oxide cluster without
an adsorbed polymer layer.

The total cluster volume including the adsorbed polymer layer
of thicknessLeff, is now given by

To derive an expression forLeff, we rearrange eq 7 and substitute
Vcluster+ Vpolymer) Vtotal. Simplifying through several steps leads
to an expression forLeff that incorporates the TGA and TEM
experimental data, as shown in eq 8.32

Thus, using the expression forLeff, one can calculate the
corresponding average number of repeating units,neff:

whereθ ) 109.5°, l ) 1.54 Å, and the steric hindrance factors,
σ, for PS and PMMA are 2.3 and 2.1, respectively.33 As shown
in Figure 2, the minimum number of free repeating units that
exist in a loop between two anchoring points,nloop, is given by
nloop ) 2neff - 1. Hence, the number of anchoring points per
chain is given by the quotient of the average number segments
(monomers) in a chain andnloop:

Using the data gleaned from TGA and TEM and these equations,
the number of anchoring points per chain was calculated for
all four nanocomposite systems, as shown in Table 3.

The calculated results for adsorbed PS are consistent with
previous research.26,32The calculated average number of anchors
for PS chains (Mh w ) 250 000) on Co2O3 nanoclusters using
the combined TEM/TGA characterization method was 52.9.26

Similarly, the average number of anchors for PS chains (Mh w )
350 000) on Al2O3 nanoclusters (obtained from the combined
TEM/TGA method) was calculated at 49.7 anchors per chain
and for PS chains (Mh w ) 350 000) on Fe3O4 nanoclusters was
9.5. Since Al2O3 nanoparticles are considered to exhibit higher
surface energy than Fe3O4 nanoparticles,37-39 it would be
expected that the PS-Al2O3 system exhibits a much denser
interphase than the PS-Fe3O4 system due to more efficient

Figure 6. TEM image of the reacted polymer-oxide nanoparticle
solution of the PS-Al2O3 system (a) and PS-Fe3O4. Images were used
to measure particle size distribution shown for each system in the upper-
right-hand side of each image.
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adsorption on the more reactive surface. In the case of PS-based
systems, it was not possible to develop an infrared spectroscopic
method for the characterization of the extent of interfacial
interactions because the physisorption of PS on metal oxide
particles does not give rise to changes in the infrared spectrum
of the polymer in its adsorbed state. Hence, in this case, only
the gravimetric method could be used to calculate the number
of anchoring points per chain per cluster.

However, a comparison between the calculated average
number of anchoring points for the PMMA-based systems
obtained via the FTIR method and the TEM/TGA method is
indeed possible and reveals considerable discrepancy. Following
the FTIR characterization approach, PMMA (Mh w ) 350 000
g/mol) adsorbed on Al2O3 nanoclusters formed 137 anchoring
points per chain,26 while only 35.12 anchors per chain were
calculated via the TEM/TGA method. For the PMMA-Fe3O4

system, 135 anchoring points per chain were calculated via the
FTIR method, while only an average 7 were calculated via the
TEM/TGA method. The fact that for both oxide systems the
average number of anchoring points per chain is considerably
lower than that found for the PMMA-Co2O3 system stems from
the differences in the reactivity of the particles as a result of
their in-situ vs ex-situ synthesis. However, the systematic lower
number of anchoring points obtained with the TEM/TGA
method stems from the average size of the particles,D, that
was used in the calculations ofLeff, neff, andnloop and that was
evaluated from the TEM images. Since TEM data provide the
net particle size without considering nanoparticle flocculation
in the composite, the effective average particle diameter of the
individual units that are connected loosely with other nanopar-
ticles will be smaller than that obtained from TEM. In other
words, since flocculation does not provide the same intrinsic
rigidity in the flocculated particles compared to that within a
stable aggregate, the effective size of the particle must be
calculated first. To obtain comparable results from calculations
based on the TEM/TGA experimental data to match the results
from calculations based on the FTIR spectra, the flocculation
of particles must be accounted for. The two characterization
methods yielded similar results when particle size for the
PMMA-Al2O3 system was set to 39 nm (as opposed to 124
nm suggested by the TEM images) and for the PMMA-Fe3O4

system was set to 64 nm (as opposed to 139 nm suggested by
TEM), as summarized in Table 4. These sizes are very similar
to the particle sizes specified by the nanoparticle manufacturers.
Since FTIR calculations, basedonly on particle-polymer
interactions, give accurate results on the number of anchoring
points/chain, calculation of an equivalent size of the particle
gives us a means of evaluating the flocculation parameter. The
ratio between the experimental average cluster diameter obtained
from TEM and the calculated average equivalent cluster
diameter needed to simultaneously satisfy the interfacial mor-

phology results obtained with both characterization methods for
the number of polymer anchoring points per cluster, may give
an indication as to the degree of aggregation or flocculation
that the oxide particles underwent during the formation and
testing of the nanocomposites. Since the number of anchoring
points per chain per cluster in a given system is directly related
to the number of clusters in a given sample, and this latter
depends on the volume of each independent cluster, we decided
to formulate a flocculation parameter as (Davg

TEM/Davg
calc)3. There

may be, of course, other alternatives for expressing in a
quantitative manner the possible flocculation process in these
systems. However, while more experiments would be required
to potentially establish a more general relationship in this
respect, it appears that looking at the differences between TEM-
measured diameters and calculated equivalent diameters may
turn out to be a very useful approach. One must also keep in
mind that the characterization of particle sizes by TEM was
performed on samples of the original suspensions, and as is
frequently the case with reactive colloidal systems, it indicated
the occurrence of flocculation. In addition, SEM and some TEM
characterization were performed on samples origination from
fractured surfaces, and therefore, it is possible that the larger
agglomerated particles are on a weaker surface that fractured
during the test while the majority of the particles within the
sample are smaller. Conversely, the FTIR approach analyzed a
more homogeneous portion of the samples.

4. Conclusions

The polymer nanocomposite systems in this study, PMMA-
Al2O3, PMMA-Fe3O4, PS-Al2O3, and PS-Fe3O4, do not
provide improved mechanical properties over pure PMMA and
PS systems, indicating that an in-situ preparation is necessary
for these composites to develop their full potential of mechanical
properties. A decrease in elastic modulus for each system was
proven with consistent results from tensile testing, DMA, and
nanoindentation.

Interphase characterization showed limited interaction be-
tween the Al2O3 and Fe3O4 nanoparticles with either of the
polymer matrices, as compared to other studies of similar
systems. The low number of anchoring points of polymer chains
on the metal oxide surfaces calculated in this study results in a
low interphase density in each of the nanocomposite systems.
The low interphase density around the high number of nano-
particles results in the decrease of elastic modulus. Using
preformed nanoparticle clusters seems to restrict the extent of
interactions between the polymer and the particles since the
polymer is not present in solution during the initial formation
of the highly reactive metallic fragments, as is the case with
in-situ synthesis. Moreover, preformed nanoparticles can cause
uncontrolled particle flocculation during processing generating
large inhomogeneities in the distribution of the nanoparticles
in the polymer matrix, which, in turn, give rise to lower elastic
moduli. An initial, mostly qualitative, attempt to provide a
quantitative correlation betweenδ, the calculated density of

Table 3. Calculation of Interphase Morphology Using TGA and
TEM Experimental Dataa

PMMA-Al2O3 PMMA-Fe3O4 PS-Al2O3 PS-Fe3O4

Davg

(nm)
124 139 135 154

Leff (nm) 4.59 10.92 5.87 9.47
neff 50.28 284.80 68.59 178.49
nloop 99.55 568.60 136.18 355.98
anchors/
chain

35 ( 15 6( 25 50( 15 10( 25

a The large errors associated with the calculated number of anchoring
points per chain are due to the fact that only a small number of particles
was available for size evaluation. Similar sizes were also calculated from
SEM images of samples after fracture during tensile testing experiments.

Table 4. Comparison of the Average Particles Sizes for the Al2O3

and Fe3O4 Nanoclusters As Obtained by the Manufacturers,
Obtained from Analysis of TEM and SEM Images and Calculated

To Satisfy the Theoretical Matching of Calculated Anchoring Points
Obtained from the Gravimetric Method and Those Obtained from

the Spectroscopic Method

particle
Davg purchased

(nm)
Davg

TEM

exptl (nm)
Davg

calc

calcd (nm)
(Davg

TEM/Davg
calc)3

aggregation index

Al2O3 39 124 39 32.14
Fe3O4 90 139 64 10.24
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anchoring points per unit area (nm2), andGrel, the relative elastic
moduli of the various systems that were tested (as percentage
of the modulus of an identical sample of the pure polymer
without the embedded nanoclusters), is shown in Figure 7. It
seems that a nonlinear dependence of the moduli on the
interfacial morphology is observed,Grel ∝ δ1/3, but additional
data should be generated before a conclusive correlation could
be made. However, this initial attempt provides a road map for
the design and implementation of further experiments.

A new way of identifying flocculation is also provided by
using correlation data from the FTIR and TEM/TGA methods.
Since the number of anchoring points density must be the same
irrespective of the methodology and since the FTIR method,
which incorporates the particle-polymer interaction, is more
accurate than the TEM/TGA results, which cannot define the
degree of particle flocculation, an equivalent radius of particles
is calculated using the FTIR results. A comparison between this
calculated particle radius and that obtained from TEM gives
the flocculation parameter that provides a quantitative indication
as to the degree of flocculation.
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Figure 7. Tentative correlation between the average anchoring points
density per nm2, δ, in a metal oxide-polymer composite and the
resulting relative elastic modulus,Grel, the percentage of the elastic
modulus of the nanocomposite relative to the elastic modulus of the
pure polymer treated in a similar manner but without the embedded
nanoparticles, measured by three different mechanical testing meth-
ods: tensile stress, DMA, and nanoindentation.
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