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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 (&8;) and magnetite (R€,) 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 @4 #dnoparticles are more
reactive with the polymer matrix than &, 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 Chain
the nanosized regime. In the past decade, extensive research Entanglement |
has focused on polymer nanocomposites in hopes of exploiting
the unique properties of materials in the nanosized redifhe.

A general conclusion has been drawn that nanocomposites show
much improved mechanical properties over similar microsized
systemg:35-10 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 & -fg,'gg
energy?>7 11 Classical composite theory predicts that improved = —_—
bonding between the polymer matrix and the reinforcing phase ‘-'
leads to improved mechanical properiés;11.12 Figure 1. Schematic representation of the interphase region between
. L . a filler and a polymer matrix.

Despite these predictions, however, mechanical tests of
nanocomposites have shown mixed restis'*Although some
research has shown great improvement of mechanical propertie
for nanocomposites compared to composites with particles with
length scales in the microrangé; those results have not been
consistent>13.15No clear conclusions have been made regarding
trends in the mechanical properties of polymer nanocompos-
ites1513 as current polymer models have not been able to
consistently predict the properties of nanocompogite§.1°
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 interfagé!3
These theories, therefore, predict that the effect on the composit

g

|

system is independent of the size of the inclusion. Recent
heories have included the size of the filler particulate to predict
the properties of composités.”11.13.1924

An area of polymer composite structure that has always
garnered attention is the region near the interface of the polymer
matrix and the fillert:710.11,14.20,2527 Degpite 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? 112526285 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
Shan either the filler or matrix phases, and it varies depending
on the distance from the bound surface.
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(a)
Polymer Matrix

{b)
Polymer Matrix

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)

reside in loops.

important to the overall mechanical properties of the composite
because its distinct properties control the load transfer between
matrix and filler!>17.20.25.26The concept of interphase is not

unique to nanocomposites, but because of the large surface are

of nanopatrticles, the interphase can easily become the dominat-

ing factor in developing the properties of nanocompoditég>

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 volumé.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, suc

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 partiplelymer

a
weakly binding polymer adheres to the surface and most of the segmentsa
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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 comparisdh29-31

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 the-electrons of the
pendant benzene ring and the metal surface 3itdigh
molecular weight polymers wittvlyy = 350 000 g/mol were
chosen to maximize chain flexibility, which facilitates chain
dherence to a nanoparticle surfa®& Filler volume fraction
of 5% was chosen for all systems because it offers more
opportunities for comparison to other studi€s®> To provide
good solvents for the polymers, chlorobenzene was chosen for
the PMMA systems and toluene was chosen for all PS systems.

a. Experimental Methods

2.1. Preparation of Initial System Mixture. PS-F&0O, samples
were created as follows: 351 mL of toluene (Fisher Scientific,
density 0.867 g/cf) was introduced into a 500 mL Erlenmeyer
flask, which was placed on a Thermolyne Mirak stirring hot plate
with the temperature set to €. 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., IndJ of 350 000 g/mol,
density 1.040 g/cf) was poured into the flask. After the polymer
as completely dissolved, the stirrer was removed. 0.49 g of
magnetite (FgO,) nanoparticles (University of Illinoisa,g = 90

nm, density 5.15 g/cB) was measured and kept in weighing paper.
The flask was agitated on a Scientific Industries Vortex-2 Genie
vortex with a setting of 810. While the mixture was swirling

system is not a constant size because the interphase has no welkontinuously the magnetite was slowly poured into the flask. Mixing

defined border with the bulk polymé®.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 surfaéelf 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

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. P8I,0; was created with 0.50
g of alumina (AbO3) nanoparticles (Nanophase Technologi2sg
= 39 nm, density 4.00 g/cthin a solution of 36.54 g of PS
dissolved in 281 mL of toluene. PMMAAI Oz 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.My of 350 000 g/mol,
density 1.170 g/cR) dissolved in 220 mL of chlorobenzene (9%,
Acros, density 1.106 g/cth PMMA—Fe&0, was created with 0.44
g of FgO, nanoparticles in 36.54 g of PMMA in 220 mL of

surface, as shown in Figure 2a. If the chain segments have wealchlorobenzene. Pure PS and PMMA reference samples were created

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 2bTherefore, 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 nanopatrticle,
of which only a fraction are actually anchored to the surface.
In this work we characterized the mechanical properties of

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-

four polymer nanocomposite systems and investigated the rolecoated copper TEM grids. The TEM analysis was performed on a

of the interphase structure on their behavior. AluminaQ3)
and magnetite (R©,) 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

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, approximgtel 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 lOé%V
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2.3. Characterization of Interfacial Interactions. 2.3.1. Ther- 3. Results and Discussion
mogravimetric Analysis Thermogravimetric analysis (TGA) was . . .
conducted to measure the thickness of the polymer interphase. TGA  3-1. Mechanical Testing Results SummaryTo characterize
samples were prepared by centrifuging each of the four polymer the impact of nanoparticles on the mechanical properties of
nanocomposite mixtures using a Fisher Scientific Centrific model polymer composites, we used three different mechanical testing
228 centrifuge at 10 00015 000 rpm for 12-17 min. The capped  techniques: tensile testing, DMA, and nanoindentation. Each
particles formed a solid mass at the bottom of the vial, and excesstechnique determines the elastic modulus for the specimen as
polymer and solvent solution were removed. The remaining particles well as other properties specific to each technique. Nanoinden-
were washed with solvent, and the vial was shaken using a Scientifictation is particularly useful in assessing the properties of the

Indbustrlzs V?rtex-zf Gent'ﬁ vortet>_< }cor 1an?m to remove any excefs_, interfacial region between the nanoparticles and the surrounding
unbound polymer from the particies. 1he suspension was Centil- y,yjy - since this technique probes the local changes in

fuged again, and this process was repeated tines. The particles . : . .
were placed onto a TGA platinum pan, and the data were collected propemes that occur on the nanosize scale in the nanocomposr[e
using a TA Instruments Inc. TGA model 50 at a ramp rate of 10 Materials. DMA measurements can detect the impact of the
°C/min to 600°C. presence of nanoparticles on the primary and secondary
2.3.2. Infrared Spectroscop¥:TIR was used to identify the relaxation processes of polymer chains in their viCinity. Hence,
bonding between the polymer matrix and nanoparticles in the two this technique probes the microscale mechanical properties
PMMA-based nanocomposites. The sample cell was placed into aarising from interfacial phenomena at the nanoscale and is
Nicolet Instrument Corp. Nexus 870 FTIR spectrometer, and after indicative of the influence of the local fluctuations of properties.
the infrared sample compartment was sealed and purged for at leasft js important to note that at this size scale the extent of
5 min, a background spectrum was taken and assigned for use offjgccylation of the particles in the matrix will have a direct
?L:Jbesde%l;entesdpectrgall aC(i]AlIJISrItIOFI]]S.kTEE V:ﬁls Cosnt?lrr:lt?f? trn% Cet?it“'impact on the resulting mechanical properties of the nanocom-
g PPed partic’es Were shakefl using a SCentiiic Incus esposite materials. Finally, tensile testing probes the mechanical

Vortex-2 Genie vortex to resuspend the particles. Using Nicolet . : -
OMNIC 5.2a software, the spectra of the capped metal oxide properties of the polymer nanocomposite at the macroscopic

particles were compared against previously recorded spectra ofScale. Local phenomena in the vicinity of the nanopartlcles are
PMMA solutions or PMMA thin films to highlight peaks unique  NOt necessarily expected to translate into changes in the “bulk”
to the capped particles. properties of the polymers. However, if the volume fraction of
2.4. Measurement of Mechanical Properties.Mechanical the regions that are affected by the local interfacial phenomena
properties for all systems were characterized using tensile testing,is non-negligible, similar changes (at least qualitatively) in

dynamic mechanical analysis (DMA), and nanoindentation. Dog- properties of the nanocomposites should be observed with all
bone-shaped samples were created following ASTM document three testing methods.

D638 for tensile tests. The solution sample of the composite system All samples were prepared using the same procedures. and
was poured into the mold and left in a vacuum hood and then a p prep 9 P '

dry oven for 24-72 h while solvent evaporated. This process was all mgchanlcal tests were run using the same parameters..Thls
repeated for a total of-35 times or until the mold was filled. The ~ consistent approach to testing provided a true comparison
sample was then placed in a Fisher Scientific Isotemp (model 281A) between the reference pure polymer systems, PMMA and PS,
vacuum oven preheated to 22040°C with vacuum slowly raised and the nanocomposite systems, PMMAI,0;, PMMA—

to —28 in Hg. To remove air bubbles, each sample was compres- Fes04, PS-Al,0;, and PS-FesOs. The combined elastic
sion-molded in a Carver compression-molding press with plates modulus results of all three testing techniques are shown in
heated to 136190°C, increasing pressure periodically over-a3l Figure 3. While there are quantitative differences between the
h period up to a sustained pressure of 2000 psi for at least 1 h.y5yes of the moduli measured by the different techniques, the
Samples were allowed to cool in a compressed state. Tensile testing,, o ol qalitative trend is the same. The results show a decrease

was performed using MTI Phoenix tensile testing equipment with . .
a 10 000 Ib load cell and &0.2 in. Instron extensometer with a " modulus of the nanocomposite systems as compared to the

loading rate corresponding to a 0.1 in/min displacement rate. ~ PUré polymer systems. Thg of the composites were very
Thin film samples on glass slides were cut into small rectangular Similar (if not identical) to theTq of the pure polymers, so the
samples approximately 25 mm long- 50 mm wide, and 0.1062 decrease in the moduli upon the introduction of the nanoparticles
mm thick for DMA tests. DMA tests were performed on a are not due to a plasticizing effect that the nanoparticles could
Rheometric Scientific Il dynamic mechanical analyzer using RSA have exerted on the polymer matrix. These results are incon-
Orchestrator v6.58B2 software and ZQ/min ramp rate, 0.1%  sistent with the predictions from composite theory, which can
strain rate, and initial static load of 16@50 g. account for a possible lowering of the modulus of composites
Thin film samples for nanointendentation were created by with stiff particles but compliant interphases but suggest that

pouring one layer of solutior_1 on ag_lass slid_e, p_Igcing itin a vacuum particle fillers are expected to improve the composite’s me-
hood for 24-72 h, and then into a Fisher Scientific Isotemp vacuum o hicq| properties, specifically the elastic modulus, upon
oven at 96-140 °C, with vacuum slowly raised te-28 in Hg. effective bonding Wi'th the matrix '

Typical thickness of the sample on the slide was-20000um. o )
Nanoindentation was performed on an MTS Nanoindenter using a  3-2. Interphase Characterization.Composite theory assumes
DCM indenter head and a Berkovich-shaped diamond indenter perfect interface between the reinforcements and the matrix. If
operated in batch mode by MTS TestWorks4 controller software. a perfect interface exists, where continuum strain compatibility
Multiple batch runs with 49 offset tests per batch were performed is present, the composite theory has excellent predictive
for each sample, and the distance between each test indentatiozapabilities. Unfortunately, at the molecular lever, the interface
:‘?)(I:Igtllvci)rr:g\A;;Z?asrfét(te?szvsg?eggt Ifr(;rtthheefez?(rjuﬁsqIrael(l:(gl\/c\)lgzi eTekI:r(iaft is more complicated and a perfect interface may not even exist.
G130 s, G I 30 50 . oy gt D45 ConnECtons bteen e poymer maxand fefrcing par,
Hz, maximal load= 0.88 mN, Poisson’s ratio for PMMA-based ; ; . .

systems= 0.375 and for PS-based systems0.350. Starting with 'part'lcles, rather than as a continuous interface. The gffect
indention locations on the sample for batch runs were chosen ©f this difference becomes more pronounced when the size of
randomly but were visually checked via the video viewer to ensure the particles becomes smaller and the interfacial area becomes
the test did not take place near an air bubble. Batch test resultslarge. The error created by the assumption of a continuous and
were discarded if any tests within the batch failed. compatible interface is larger for a relatively large interfza’glsv
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Figure 3. Elastic modulus results for tensile testing, DMA, and nanoindentation mechanical testing.

since, depending on the number of contact points, the actualnanoparticle. The number of contacts, or anchoring points, per
effective area of bonding between polymer and patrticles is far chain indicates the density of polymer layer and thus the density
less than that of the entire circumferential area of the particle. of the interphase. A higher number of contact points per chain
The actual bonding area depends on the specific polymer means the loops must be smaller so the entire adsorbed chain
particle system. Since composite theory fails to predict the is closer to the surface and the interphase is defiser.
modulus of our nanocomposites, the logical step is to under- 3.2.1. Interphase Characterization Using FTIRhe first
stand the nature of the interface to identify the degree to which interphase characterization approach calculates the density of
the assumptions in classical composite theory are violated.the interphase by investigating the bonding mechanism in the
Since experiments have also shown significant enhancementPMMA-based systems using FTIR. The chemistry behind the
in modulus for some nanocomposites, it is certainly possible interaction of PMMA and aluminum oxide surfaces is well
that the classical composite theory assumptions could alsoestablished®334 The bonding process between the PMMA
predict more accurate results for nanocomposites when thechain segments and the aluminum oxide nanoparticle surface
properties of the system are enhanced. Development of a denseis as follows: The aluminum oxide nanoparticle surface
interface layer (compared to the matrix) might enhance the molecules react with atmospheric water vapor creating-oxy
effectiveness of the reinforcement particles, thus improving the hydroxide surface groups:
modulus.

We employed two approaches to characterize the patticle Al0; + H,0 = 2AI0(OH) (1)
matrix interphas@®28:3%-32 The first method couples TEM and . ) ) .
TGA in order to allow an indirect determination of the average This hydration reaction has been proven to occur with several
number of polymer segments that are effectively bonded to the Metal oxides, including Al, Cr, Co, and C¥2°3*%The presence
metal cluster surfac&:*2The second method uses the intensity ©f the OH group on the nanoparticle surface facilitates hydrolysis
of characteristic infrared bands that are generated as a functiorPf the PMMA ester group to produce either a COOH acid group
of the extent of polymer segment bonding onto the metal cluster OF its conjugate CO® base group according to the following
surface?®®Unlike previous studies in which these methods have reaction®
been applied to calculate the extent of interfacial interactions

between polymer chains and metal nanoparticles that were\ //O H,0 AN //O +H,0

formed in situ, here the particles were ready-made and were CH—CL ALOYAIO(OH) /CH—C\ T
introduced into the nanocomposite system by the usual-ller OCH; OH

matrix mixing techniques. While this procedure allowed for a N /0
higher volume fraction of metal clusters to be incorporated into CH_C<@ @)
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 The COG- group directly interacts with the positively charged
results pertaining to the morphological details of the interfacial Al(Ill) atoms to generate a bond between the polymer segment
region have not been combined with mechanical characterizationand the aluminum oxide nanoparticle surf&®& This bonded
of those systems to determine the impact of the interphasesegment is an anchoring point for the PMMA chain.
properties’?33 FTIR was performed on the PMMA-cappedsPg and AbOs3
Although the different interphase characterization techniques nanopatrticles to confirm that bonding occurs as described above
take different approaches, they both assume that the structureand to translate that information into interphase structure.
of the interphase is a function of the nature of the interfacial Previous work has shown that the appearance of specific peaks
interactions between the polymer and the reactive sites of thein the IR spectrum indicates the existence of bonding between
filler surface?® Both methods determine the average number PMMA and a metal oxide surface upon polymer adsorp-
of contact points between an adsorbed polymer chain and thetion.29:30:3435The summary of the various pertinent infrar&%v
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Table 1. Infrared Absorption Bands Resulting from of PMMA

Segment Adsorption on ApO3 Surfaces "— PMMA Film

| =——=PMMA on Al203

band, cmt change peak assignment 1.2

2950 lower absorbance -A@CHz bond is broken

1734 lower absorbance =€) is no longer
isolated

1687 new absorption band formation of CO@roup

1156 and 1171 peak ratio inversion =~ —C and C-O stretching
modes

0.8

0.4

Absorbance (a.u.)

absorption bands associated with the reactive adsorption of
PMMA onto metal oxide clusters is presented in Table 1. The 0.0 :
changes in the infrared spectra of PMMA resulting from its 3050 3000 2950 2900
interactions with oxide surfaces are shown in Figure 4. The
decrease in the absorbance of the 2950cpeak, correspond-
ing to the hydrolysis of some of the methoxy groups in adsorbed
PMMA, is the first stage in the adsorption process, as indicated SR p—y Yy | oor
in the first reaction of eq 2, and is shown in Figure 4a. The ——PMMA on Al203
second and third reactions of eq 2 are characterized by change 2.5
in the absorbances of various bands in the carbonyl region. The
relative increase of the 1687 ctpeak, corresponding to
carboxylate groups, as compared to the 1734 coarbonyl
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—-AI,O3 and PMMA-Fe;0,4 spectra (not shown)
suggests that the adsorption of PMMA on magnetite nanopar-

ticles proceeds via the same mechanism. 0.5 -
Since the carboxylate groups generated in the PMMA chains
participate in the bonding to the particle surface, quantifying 0.0 ] —

the number of participating groups can serve as an estimate for ‘
the number of bonds. The 1687 chmabsorption band, shown 1755 1735 1715 1695 1675
in Figure 4b (inset), corresponds to the asymmetric stretch of
the COO- group, which is indicative exclusively of the COO
group bonding with the surfad@3°Evaluating the ratio of the 16 -
COO- groups participating in bonding (absorbance intensity ——PMMA Film
of the 1687 cm? peak) to the unreacted carbonyls in the ester 12 | ——PMMA on Al203
groups (absorbance intensity of the 1734 émeak) provides ’
the relative concentration of the reacted CO@roup?®2°The
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—/C=0 ratio may initially increase with the increase in
the adsorption layer, but once a monolayer of polymer has been 0.0
anchored (i.e., chemisorbed), no additional carboxylate groups : ' ' ' '
will be formed, and hence, this ratio will be indicative of the 1185 1175 1165 1155 1145 1135
relative conpentration pf the chains at the interface. (c) Wavenumbers (cm'1)

The reactive adsorption of PMMA on the surface of the metal
oxide nanoparticles through direct bonding of segments requiresilznigtlrllree ‘21-95FOT|§mslpggtsrgrl;)0t€;Eebiwgﬂfnzliégiii)ésttig1h§/ac}rgl?;i i(;hgfn%ﬁe

hange in th nformation of th lymer h rf f . '
?hg naangoepart'i[cli?;?%'3%Th:tsg C(c))nftoremg?ign reea?:;ngesnl:e:tzeir? g)b—s(g:islgroup in adsorbed PMMA. (b) The decrease of the 1734'cm

; . . ption band, indicating a change in the bonding properties of the

the polymer generate a change in the cooperative symmetricC=0 group due to PMMA adsorption and the hydrolysis of the
and asymmetric stretches of the-O and C-C bonds of the methoxy group. The inset shows the appearance of the 168F cm
pobymer n he 11091200 e spectal regon. The siftin 2080 e e cvsooe.
the rela_tlve Intens_ltles of the 1156 and 1171 Fl,mnfrared metal %ond.g(c) pFTIR sp;actra sho%ving the changes in theyrelative
absorption bands is very apparent when comparing the PMMA ntensities of the 1171 and 1151 chmbands corresponding to
thin film spectrum against the PMMA-capped nanoparticle overlapping G-C and G-O stretching modes in the-8C—0 sequence,
spectra, as shown in Figure 4c. The ratio of these two bandsindicating changes in the conformation of the PMMA due to surface
indicates the proportion of polymer segments that experience confinement upon adsorption.
the conformational changes indicative of the bonding process.the number of anchoring points per chain, according to eq
The total number of PMMA carboxylate groups that have 3:29,30,34
undergone hydrolysis and have anchored to the surface can be
calculated from the ratio of the fraction of the segments . E1687E1156 Nmonomers
containing the bonding group (CO€) experiencing the con- no. of anchors/chair Ei724E1171 Nehains )
formational change multiplied by the total number of monomers

in the sample. Dividing this by the total number of chains gives The total number of monomers in the sample is givenégv

Wavenumbers (cm™)

—
1Y
—

c00™-"*H

o
[=1
@

(oe]e )
2.0

o
o
@

PMMA Film

Absorbance (a.u.)

1.5

0.01 T
1695 1680 1685 1680 1675

Wavenumbers (cm™)

1.0 -

Absorbance (a.u.)

Wavenumbers (cm")

——
o
S

0.8

04 -

Absorbance (a.u.)
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Table 2. Absorbances from FTIR Spectra and the Calculated

Number of Anchors per Chain for the PMMA —Al,O3 and g 100
PMMA —Fes04 System$ .3
PMMA—Al,05 PMMA—Fe;O, £ 80
Ei156 0.3106 0.3109 ]
Eun 0.4528 0.4502 D__ 60
Eies7 0.0315 0.0323 =3
E1734 0.5507 0.5772 o 40
Nchains 5.31x 10¥ 1.06 x 1015 a .
Nmonomers 1.85x 108 3.69x 108 5 — PMMA
anchors/chain 132 12 135+ 12 £ 201 | Fe304-PMMA
1=
aNote that only the PMMA-based systems were analyzed by FTIR, since | 3 | = ARO3-PMMA |
only in these systems a considerable change in the characteristic infrared 0 ' ’ ' '
absorption bands of the polymer could be observed. 150 200 250 300 350 400 450

— 0,
Nmonomers= MwNchaindMo, whereMg is the molecular weight of Temperature ('C)

the monomer and the total number of chains in the sample is| 100 -
given by Nehains = Msampi®polymeNa/Myw, WhereMsampieis the
mass of the sampleypoymer iS the mass fraction of polymer

as determined from TGA data, arM,, 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 studie} in which the same characterization
approach indicated that PMMA chainigl, = 330 000 g/mol)
adsorbed on cobalt oxide nanoclusters formed 466 anchoring 0
points per chain per clustét.In these previous studies, the 150 200 250 300 350 400 450
number of anchors per chain was calculated for several different
molecular weights of PMMA, showing that with longer, more
f!EXIbIe chains the enel’getlc_penalty_ for the loss of conforma- Figure 5. TGA decomposition profiles for the PMMA-based and the
tional entropy, due to chain confinement on the surface, pS-pased systems.
decreases. Hence, the strong interaction of the polymer with
the surface outweighs the entropic loss, and the more flexible second characterization approach calculated the number of
chains can form additional anchoring points with the surfdce. anchoring points using the average cluster size from TEM and
In the present study we used even longer chains of PMM# ( the total mass of the polymer directly absorbed on the metal
= 350 000 g/mol), and the expectation was that the resulting clusters from TGA. Using this information, the structure of the
number of anchoring points would be even higher. Instead, we loops and chains can be defined to determine the number of
obtained 137 and 135 anchoring points for the PMVIN 03 anchoring points. As shown in Figure 2, the interphase boundary
and PMMA-Fe;0, nanocomposite systems, about only one- extending out from a particle surface is described by the
fourth of the actual expected magnitude of anchors per chain.thickness of the polymer layer directly adsorbed onto the
Given the fact that the infrared spectra of both systems show particle,Les. Within the interphase region, the adsorbed polymer
the same type of features, the difference in reactivity between chains form loops and trains over the surface. Assuming that
C0,03 and AbOj3 or FeO,4 could only partially account for the  the conformation of the polymer in the loops is that of a random
lower number of anchoring points. It is important to note that coil, it is possible to calculate the minimum number of segments
the critical difference between the current study and the study present in a loopieep, based on the number of segmemigin
involving CqOs is the fact that the Gz nanoparticles were  a random coil of length.es. The number of segments in a loop
generated in situ via the decomposition of cobalt carbonyls in combined with the molecular weight of the polymer determines
the presence of PMMA. In this system, the PMMA chains were the number of anchoring points per chain.
able to come in contact with the coordinatively unsaturated, @TGA decomposition data obtained from capped particles
reactive, growing metallic fragments, which provided a much determine the weight fraction of the polymer layer adsorbed
greater opportunity for the PMMA chains to adsorb onto the on the metal oxide particles. The difference between the starting
surface. Conversely, in the current study, we utilized preformed and final weight of the sample represents the weight of the
nanopatrticle clusters that had already been processed and limitegholymer burned off during the experiment. As seen in the
to a particular size. The surfaces of these particles are far lessPMMA-based system experiments, shown in Figure 5, the
reactive and provide less energetic drive for bonding with polymer layer constituted 9.1% of the PMMAAI O3 particle
PMMA. mass and 15.1% of the PMMAFe&O, particle mass. On the

3.2.2. Interphase Characterization Using TGA and THiMe basis of only these data, one might conclude that th¥ke
FTIR is applicable only to metalpolymer composites in which  surfaces are more reactive with PMMA since more chains
the interfacial interactions generate considerable changes in theanchored to the surface. One important consideration, however,
infrared spectrum of the polymer arising from new bonding is that more tightly bound chains can shield the surface from
between the two moieties at the interface. However, for other chains, likely resulting in a denser layer formed from fewer
interfacial interaction driven primarily by van der Waals number of chains with fewer entanglements with other créifs.
attractions, such as between polystyrene and metal oxideTherefore, this higher weight fraction of bound chains ogOze
surfaces, a different characterization method was used. Theis likely due to weaker bonding of a larger number of chad'{B;V
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Figure 6. TEM image of the reacted polymeoxide nanoparticle
solution of the PSAI,O3 system (a) and PSFe;0,. Images were used
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number of oxide molecules per clust®foiecule/ciuste, Which
assumes that the volume fraction of the molecules in the cluster
(e) is 0.7.

(MsampIéNclustelNA)

N _ Nmolecules _ Mmolecule 5
clusters™ N - D 3 ( )
moleculegcluster cluster

“\d
molecul

The diameter of an oxide molecule was calculated as 0.52 and
0.43 nm for FeO, and ALOs;, 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.

47\(D)\3
Vcluster: (?)(E)

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

47\[D + 2Lcx\3 3 3 p
Viotar = (?)(Te = L= Ervtotal - E (7)

To derive an expression fagg, we rearrange eq 7 and substitute
Veluster T Vpolymer= Viotar Simplifying through several steps leads
to an expression fokLess that incorporates the TGA and TEM
experimental data, as shown in e§?8.

3 B p
)+01 -5 8

(6)

L =1‘[6Wpolyme|Mmoleculc.fl D
eff 2 npwclusteNA \dmolecul

to measure particle size distribution shown for each system in the upper-Thys, using the expression fdr, one can calculate the

right-hand side of each image.

with the surface through fewer number of anchors and a higher

degree of entanglements with unbound ché&ins.

The average size of the oxide nanoparticles was determined

from TEM images such as the one of the-P8,03; sample
shown in Figure 6a and P3-e;0, in Figure 6b. Particle sizes
determined from TEM were-23-fold larger than manufacturer

corresponding average number of repeating uniig,

o —_L+cosé (ﬁr)z
et 2(1— cosO)\ ol

)

wheref = 109.5, | = 1.54 A, and the steric hindrance factors,
o, for PS and PMMA are 2.3 and 2.1, respectivé&As shown
in Figure 2, the minimum number of free repeating units that

stated sizes with large standard deviations indicating the oyisiin a loop between two anchoring poimigep, is given by

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 lalgt,
is determined by first considering the total volume of a polymer-
capped particléYioa. The total volume of the capped particle

includes both the metal oxide cluster volume and the volume

of the polymer layer bound to the surfad@eas = Veiuster T

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 sampleNcusterd, @and the density of a thin film of polymer
(p) given as 1.05< 102t g/nn? for PS and 1.1% 102 g/nm?
for PMMA.

_ MsampIéNpolymer

V =
polymer N
cluster®

(4)

Nop = 2Nt — 1. Hence, the number of anchoring points per
chain is given by the quotient of the average number segments
(monomers) in a chain antlyep:

monomers__ I\/IW

a Mmonome(zneff - 1)

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 researct:32The calculated average number of anchors
for PS chains Nl,, = 250 000) on CgO3 nanoclusters using
the combined TEM/TGA characterization method was 52.9.
Similarly, the average number of anchors for PS chaihg €
350 000) on AJOs nanoclusters (obtained from the combined
TEM/TGA method) was calculated at 49.7 anchors per chain
and for PS chainsM,, = 350 000) on FgO4 nanoclusters was
9.5. Since AJO; nanoparticles are considered to exhibit higher
surface energy than E®,; nanoparticle$/=3° it would be

no. of anchors/chair (20)

loop

The number of clusters in the sample is the quotient of the expected that the PSAI,O3 system exhibits a much denser

number of oxide molecules in the sampMmiecued and the

interphase than the P$e0,4 system due to more efficier&DV
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Table 3. Calculation of Interphase Morphology Using TGA and
TEM Experimental Data?
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Table 4. Comparison of the Average Particles Sizes for the AD3
and Fe;04 Nanoclusters As Obtained by the Manufacturers,

Obtained from Analysis of TEM and SEM Images and Calculated

PMMA—Al0; PMMA—Fe0s PS-Al0s PS-FeOs To Satisfy the Theoretical Matching of Calculated Anchoring Points

Davg 124 139 135 154 Obtained from the Gravimetric Method and Those Obtained from
(nm) the Spectroscopic Method

Lett (Nnm 4.59 10.92 5.87 9.47

™ e 284.80 68.59 178.49 _ Daypurchased DlvE?M D??%C (Dayg /D)
Moop 99.55 568.60 136.18 355.98 particle (nm) exptl (nm) calcd (nm) aggregation index
anchors/ 35+ 15 6+ 25 50+ 15 10+ 25 Al,O03 39 124 39 32.14
chain FesO4 90 139 64 10.24

aThe large errors associated with the calculated number of anchoring ] ] o
points per chain are due to the fact that only a small number of particles phology results obtained with both characterization methods for

was available for size evaluation. Similar sizes were also calculated from the number of polymer anchoring points per cluster, may give
SEM images of samples after fracture during tensile testing experiments. an indication as to the degree of aggregation or flocculation

d . h . ¢ In th ¢ PS-b %hat the oxide particles underwent during the formation and
adsorption on the more reactive surface. In the case of PS-baseglqting of the nanocomposites. Since the number of anchoring

systems, it was not p053|blg to .develop aninfrared sp.ectroscpplcpoints per chain per cluster in a given system is directly related
method for the characterization of the extent of interfacial (4 {he number of clusters in a given sample, and this latter

interactions because the physisorption of PS on metal oxide yonenqs on the volume of each independent cluster, we decided
particles does not give rise to changes in the infrared spectrumt0 formulate a flocculation parameter &3"F/DS93. There
of the polymer in its adsorbed state. Hence, in this case, only P a‘Eg avg’ -

the gravimetric method could be used to calculate the numbermay be, of course, other alternatives for expressing in a

of aglchor'n oints per chain per cluster guantitative manner the possible flocculation process in these

Ing points per in p uster. systems. However, while more experiments would be required
However, a comparison between the calculated average

. . to potentially establish a more general relationship in this
number of anchoring points for the PMMA-based systems : : - )
obtained via the ETIR method and the TEM/TGA method is respect, it appears that looking at the differences between TEM

. . . - > measured diameters and calculated equivalent diameters may
indeed possible and reveals considerable discrepancy. Followin

o ~ %urn out to be a very useful approach. One must also keep in
the FTIR characterization approach, PMMA{ = 350 000. mind that the characterization of particle sizes by TEM was
g/mol) adsorbe_dson '%.03 hanoclusters formed 137 an_chorlng performed on samples of the original suspensions, and as is
pollntT ?e(; C.hat'ﬁ’ V_I\_'E"l\i /%l)( 35'&12 c?nlgho:ﬁ plglrvl?»ld::n (;vere frequently the case with reactive colloidal systems, it indicated
ca (f[u a el3\é|a ﬁ . it me oh - rorthe lcul t%d 4 th the occurrence of flocculation. In addition, SEM and some TEM
system, anchoring points per chain were caiculated via In€ oy, .5 erization were performed on samples origination from
FTIR method, while only an average 7 were calculated via the

. fractured surfaces, and therefore, it is possible that the larger
TEM/TGA method. The fac_:t that_for both ox!de_ systems the agglomerated particles are on a weaker surface that fractured
average number of anchoring points per chain is considerably

during the test while the majority of the particles within the

iﬁ\éve(;iltpe?r;rggzg?#ngorretgcetil\:/)illﬂM(;?(t:r?éos s;i_stlem stems frorE f sample are smaller. Conversely, the FTIR approach analyzed a
L . ity particies as a resutt ot ., , .o homogeneous portion of the samples.

their in-situ vs ex-situ synthesis. However, the systematic lower
number of anchoring points obtajned with the . TEM/TGA 4, Conclusions
method stems from the average size of the partidesthat
was used in the calculations b, Nesr, andnieop and that was The polymer nanocomposite systems in this study, PMMA
evaluated from the TEM images. Since TEM data provide the Al20s, PMMA—Fe;0,4, PS-Al;0; and PS-Fe;04 do not
net particle size without considering nanoparticle flocculation Provide improved mechanical properties over pure PMMA and
in the composite, the effective average particle diameter of the PS systems, indicating that an in-situ preparation is necessary
individual units that are connected loosely with other nanopar- for these composites to develop their full potential of mechanical
ticles will be smaller than that obtained from TEM. In other Properties. A decrease in elastic modulus for each system was
words, since flocculation does not provide the same intrinsic Proven with consistent results from tensile testing, DMA, and
rigidity in the flocculated particles compared to that within a Nnanoindentation.
stable aggregate, the effective size of the particle must be Interphase characterization showed limited interaction be-
calculated first. To obtain comparable results from calculations tween the AlO; and FgO, nanoparticles with either of the
based on the TEM/TGA experimental data to match the results polymer matrices, as compared to other studies of similar
from calculations based on the FTIR spectra, the flocculation systems. The low number of anchoring points of polymer chains
of particles must be accounted for. The two characterization on the metal oxide surfaces calculated in this study results in a
methods yielded similar results when particle size for the low interphase density in each of the nanocomposite systems.
PMMA—AI,O3 system was set to 39 nm (as opposed to 124 The low interphase density around the high number of nano-
nm suggested by the TEM images) and for the PMMZAg;0,4 particles results in the decrease of elastic modulus. Using
system was set to 64 nm (as opposed to 139 nm suggested bypreformed nanoparticle clusters seems to restrict the extent of
TEM), as summarized in Table 4. These sizes are very similar interactions between the polymer and the particles since the
to the particle sizes specified by the nanoparticle manufacturers.polymer is not present in solution during the initial formation
Since FTIR calculations, basednly on particle-polymer of the highly reactive metallic fragments, as is the case with
interactions, give accurate results on the number of anchoringin-situ synthesis. Moreover, preformed nanoparticles can cause
points/chain, calculation of an equivalent size of the particle uncontrolled particle flocculation during processing generating
gives us a means of evaluating the flocculation parameter. Thelarge inhomogeneities in the distribution of the nanoparticles
ratio between the experimental average cluster diameter obtainedn the polymer matrix, which, in turn, give rise to lower elastic
from TEM and the calculated average equivalent cluster moduli. An initial, mostly qualitative, attempt to provide a
diameter needed to simultaneously satisfy the interfacial mor- quantitative correlation betweeah the calculated density OCt,DV
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