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Fourier transform infrared spectroscopy (FTIR) was used as a novel characterization method to determine
the properties of the interface that developed when cobalt oxide nanoparticles were self-assembled in a poly-
(methyl methacrylate) (PMMA) matrix. The method employed the distinct changes that were observed in the
infrared spectra of the polymer upon adsorption onto the cobalt oxide nanopatrticles, allowing a quantitative
determination of the average number of contact points that the average polymer chain formed with the surface of
a cobalt oxide nanoparticle of average size. The results obtained with this method compared favorably to those ob-
tained by the coupling of transmission electron microscopy (TEM) experiments with thermogravimetric analysis
(TGA). On the basis of both methods, we concluded that the interfacial region created between the cobalt
oxide nanoparticles and PMMA is extremely sensitive to the chain length, i.e., the number of anchor points
and the density of the polymer layer increase with chain molecular weight. At molecular weigh2501000,

the density of the polymer layer saturates at a value that correspond to that of very thin PMMA films.

1. Introduction where the ratio between the surface area and the volume is high.
Indeed, several studies indicate that nanocomposites can display
new properties which are not present in the constituent parent
materialst—8
One of the key factors influencing the macroscopic material
behavior of composites, e.g., the load transfer between matrix
and filler35-38 is the interfacial region between these two
' components. Reducing the size of filler while preserving the
S-filler volume fraction leads to a dramatic increase of the volume
fraction of the interfacial region (interphase). The interfacial
. . . . . region in a polymer nanocomposite, depicted schematically in
matenal_, frequently display dlffer.ent material properties than Figure 1la, has distinct structural features, depending on the
comp03|te§ .b.ased on larger part|.c4§§.6 ) strength of the interactions between the filler particles and the
The definition of nanocomposite materials encompasses apolymer matrix. A weak attractive interaction will result in the
large variety of systems made of distinctly dissimilar COMPO-  gxtension of the polymer chains into the bulk polymer matrix,
nents, where at least one component of the composite hasgeating a diffuse interface, as shown in Figure 1b. Conversely,
nanometer size dimensiohs2® The general class of organic/ strong attractive interaction involves the effective adsorption
inorganic nanocomposite materials is a fast growing area of of holymer chains onto the surface of the fillers via bonding of
research. Significant effort has been focused on the ability to f,nctional groups of the polymer with reactive sites on the
obtain control of the structure of nanoscale materials in the ¢, face of the nanofiller® Such an interaction will result in a
composite via innovative synthetic approacffes? flat (i.e., dense) configuration of the polymer on the surface of
The properties of nanocomposite materials depend not only the nanofillers and a compact interface, as shown in Figure 1c.
on the properties of their individual components but also on |n addition, the strength of the interaction of a polymer molecule
their organization in the composite as well as their interfacial \jth the surface of the filler controls also the polymer molecular
characteristics. The latter is especially important in these systemseonformations and resulting interactions (e.g., entanglement
distribution) in a larger region surrounding the filler (as shown
* Address correspondence to this author. E-mail: rina.tannenbaum@ in Figure 1a). Thus, control of the particle/polymer interface

Nanostructured materials consist of phases with dimensions
in the nanometer size range (1 to 100 nm). This is the range
where atomic and molecular phenomena strongly influence the
macroscopic material properties. It has been shown that the
mechanical; 3 electronici® magneticS—8 and optical properties
of a material vary as a function of the nanoscale domain size
while they are less sensitive to the size of micron-scale domain
As a result, composite materials in which nanopartiéied®
nanofibers, or nanotub¥s? are dispersed in a matrix of another
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Figure 1. Schematic representation of a metpblymer nanocom-
posite: (a) The various components in a mefalymer nanocomposite
highlighting the presence of the extended interfacial region, i.e., the
interphase. (b) A detailed schematic view of the adsorption character-
istics on the surface of the cobalt oxide clusters of a weakly binding
polymer, in which most of the segments reside in loops. (c) A detailed
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Assuming that the polymer behaves as a freely jointed chain
between the contact points (i.e. bonds) with the metal cluster
surface, and neglecting bridging chains (polymer chains ad-
sorbed on multiple clusters), we can calculate the minimum
number of segments in an average chain residing in loops as
Noop [ (Lerr)?, and consequently, the maximum number of
contact points per chain a®nchor = N/Nioop, WhereN is the
average number of segments per chain.

We have found that for a given polymer molecular weight,
fewer contact points lead to a high concentration of polymer
loops and a diffuse interfacial region, while a larger number of
contact points leads to a high concentration of polymer trains
and a compact interfacial regiét.This in turn has a direct
impact on the density of the interphase and its contribution to
the mechanical properties of the nanocomposite.

The main drawback of the TEM/TGA method is the fact that
it requires some assumptions regarding the density of the
adsorbed polymer monolayer. In this paper we focus on the
development of a new characterization method of the interfacial
structure based on infrared spectroscopy. This method will allow
the direct calculation ofignchorwithout the need to assume the
density of the adsorbed polymer monolayer. On the contrary, it
will serve as a direct method for the determination of the density
of the adsorbed layer. We recognize that this will be possible

schematic view of the adsorption characteristics on the surface of the Only in systems in which the adsorption of the polymer chains

cobalt oxide clusters of a strongly binding polymer, in which most of
the segments reside on the surface.

adsorbed layer, and the number of contacts between the particl

and the polymer. We have previously developed a method that
uses transmission electron microscopy images (TEM) coupled

onto the metal oxide nanoclusters generates a characteristic
infrared signature as a result of new bond formation at the
interface, i.e., due to reactive chemisorption, and cannot be

eapplied to physisorbed polymer chains where the adsorption

process occurs via dipole interactions.
In this paper we chose to focus on poly(methyl methacrylate)

with thermal gravimetric analysis (TGA) data to characterize (PMMA) as the polymeric matrix, with the reinforcing nano-

the average thickness of the adsorbed polymer chains on
nanoparticle surface,es (as in Figure 1b,c), and subsequently

determine the number of contact points (anchors) between the

adsorbed polymer and the nanopartid@he method consists
of the determination of the average cluster diamdderfrom
TEM images, and the calculation bfy from TGA measure-

ments of the coated nanopatrticles (after all physisorbed polymer
chains have been removed by repeated washing). The averag

volume of the monolayer of chemisorbed polymer chains on
each cluster is given bYpoy = Msampi®Vpoly/NeiustePpoly, Where
Wyoly iS the mass fraction of the polymer moiety in the sample
as determined from TGA measurement sier is the total
number of nanoclusters in the sample, apgl, is the density

of a thin film of the polymer matrix used in a given nanocom-
posite system® Since the volume of a polymer-coated nano-
cluster, Vi, is the sum of the volumes of the metallic and
polymeric moieties, the following expression can be developed:

Viet = V.

cluster

D+ 2Leﬁ)3 0

_ 4
v =55

The expressiol + 2L denotes the diameter of a polymer-

aparticles being cobalt oxide nanoparticles that were formed in

situ in the polymer matrix from homogeneously dispersed
organometallic cobalt precursors. The guiding principle for the
choice of this nanoparticle/polymer system is the distinct
changes that are observed in the infrared spectra of the polymer
upon adsorption onto the cobalt oxide nanoparticles, allowing
a quantitative determination of the average number of contact
8oints that the average polymer chain forms with the cluster
Surface. Finally, we will compare the two characterization
systems and evaluate the implications regarding the structure
of the polymer-metal cluster interfacial region.

2. Experimental Methods

2.1. Synthesis of the NanocompositeBorty five milliliters
of a 2 wt %solution of poly(methyl methacrylate), PMMA (Alfa
Aesar), ofM,, = 30 000, 60 000, 120 000, 250 000, or 330 000
(first two with PDI= 1.04, and the last three with PB4 1.12)
in chlorobenzene was added to a three-neck, jacketed reaction
flask, followed by the addition of 45 mL of a ¥ 102 M
solution of Ce(CO)g in chlorobenzene. The combined solution
had final PMMA and Cg(CO)s concentrations of 1 wt % and
5 x 1072 M, respectively. The reaction flask was flushed with
dry N, and an aliquot was removed for Fourier transform
infrared spectroscopy (FTIR) analysis. The decomposition was

coated nanoparticle as shown by the dotted red circle in Figure carried out at 9C°C with constant stirring for ca. 10 h. The

la. Therefore, it is possible to calculatgq, the effective
thickness of the polymer layer, as follows:

reaction was deemed complete when all infrared carbonyl
absorption bands of GECO)s have disappeared. This process
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TABLE 1: Average Sizes of the Cobalt Oxide Nanoparticles 0035 —¢=p 0012 —4 5
Formed in Solutions of Poly(methyl methacrylate) of Various ~ 0030 —~ 0010 |
Polymer Molecular Weights 2 COOH 3
< 0025 £ 0008 |
molecular weight of PMMA av particle diameter (nm) 8 coo- g
£ 0020 c 0008
30 000 67+ 12 s g
60 000 50+ 8 § 0.015 S o004 |
120 000 28+ 8 2 0010 —PMMAAU, 8 0002 | —
250 000 27+ 5 < “Pumaco, < — PMMajA |
330 000 315:5 0.005 0.000
1750 1700 1650 1275 1175 1075

resulted in the formation of G@s; and some CoO nanoparticles  (a) Wavenumbers (cm™) (b) Wavenumbers (cm™)
SUSPe”de‘,’ Ina poly(methyl methacryIaFe) solution. The ave,rageFigure 2. (a) The infrared absorption bands of PMMA in the carbonyl
particles sizes of cobalt oxide nanoparticles formed in solutions spectral region at 1743, 1702, and 1674 &neorresponding to the
of PMMA with different molecular weights are summarized in  stretch of the &0 groups, the stretch of the hydrogen-bonded COOH
Table 1. To form nanocomposite films, a small amount of groups, and the asymmetric stretch of the CQyfoups, respectively.
polymer solution containing the already-formed nanoparticles (b) The changes of the relative intensities of the 1241 and 1271 cm
was deposited on a glass slide and the solvent was allowed tolanrziii?ﬂmt)e?rri]gz’tre(:tcc)g:ssg??r?:(%:j% ;?gugsc:rggglc\;ﬁ/ef;%ﬂglt?ngand
evaporate slowly in a temperature-con_trolled oven ?‘T@“’Of changes in the conformation of the polymer’at the surfacé of the cobalt
a week. The volume fraction of the oxide nanoparticles in the yige clusters. The spectrum of a very thin spin-coated PMMA layer
nanocomposite films was (146 0.3)%. on Au is used as a reference.

2.2. Characterization of the NanocompositesThermo-

gravimetric analysis (TGA) was conducted to measure the gold surfaces were used as a reference, representing a nonre-
thickness of the polymer interphase for the PMMA nanocom- active interface. The details of the preparation of these samples

posites. TGA samples were prepared by centrifuging an aliquot have been previously described elsewHéré3
of a previously reacted solution containing cobalt oxide nano-

clusters capped with PMMA, witM,, = 120 000, 250 000, and
330 000, using an Eppendorf Concentrator 5301 Centrifuge, at
12 000-17 000 rpm. This separated excess solvent from the The nanocomposites were synthesized via an in situ synthesis
polymer-coated nanoclusters. The supernatant chlorobenzengonsisting of the thermal decomposition of organometallic
solution was removed, and the remaining particles were washedprecursors in the presence of polymer as previously de-
with both chlorobenzene and hexane to remove any excessscribed®*40This method allows the control of particle size via
unbound polymer or partially reacted cobalt carbonyl fragments. the variations of polymer concentration in the original reaction
The suspension was centrifuged again and the process wasolution. The system examined consisted of cobalt oxide
repeated three times. Upon completion, a fraction of the isolatednanoclusters formed in the presence of PMMA. It has been
PMMA-coated particles were placed into a TGA pan and the previously show#P that under the reaction conditions, PMMA
data were collected with a TA Instruments TGA Model 50.  interacts vigorously with the surface of the cobalt clusters,
Transmission electron microscopy (TEM) was performed to resulting in a strong adsorption. This interaction occurs in two
allow the determination of the average size of the cobalt steps, as shown in eq 3.
nanoparticles formed and provide the basis for the TEM/TGA In the first step, a fraction of the ester bonds in the polymer
analysis of the interfacial structure of the PMMA nanocom- are hydrolyzed in the presence of the cobalt oxide nuclei to
posites and the calculations of the adsorbed PMMA layer form carboxylic acid group®+142In the second step, some of
density. TEM samples were obtained by placing a small droplet these carboxylic groups undergo dissociation to form the
of the reacted solution containing the polymer-coated cobalt carboxylate anionic group. The formation of the carboxylate
particles onto a Formvar-coated copper TEM grid from Ted anion has been shown to occur only upon formation of a bond
Pella. The grid rested on a thin piece of tissue paper so that the(anchoring point) at the surface of the cobalt oxide nanopatrticle,
liquid will drain into the paper leaving a very thin film on the and hence it can be considered as a quantitative measure of the
grid itself. The TEM analysis was performed on a JEOL 4000EX number of anchoring points per polymer chéirt? The con-
high-resolution electron microscope with an operating voltage centration of the carboxylate anion in a given sample can be
of 200 keV. obtained via the evolution of the 1674 chinfrared absorption
Finally, another fraction of the isolated PMMA-coated band, corresponding to the asymmetric stretch of the C@oup,
particles (described previously) was mixed with a drop of Nujol as shown in Figure 2a. It is important to remember that in the
mull to form a thick paste, cast on an NaCl circular crystal, case of PMMA, the strong interactions with the cobalt oxide
and analyzed by means of transmission FTIR, using Nicolet surface will promote extensive bonding, which will result in
Nexus 870, at a resolution of 2 crfhand 3000 scans. The the loss of entropy and changes in the conformation of the poly-
infrared spectra of very thin films of PMMA spin-coated on mer due to chain confinement on the surface. The changes in the

3. Results and Discussion
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TABLE 2: Calculations of the Thickness of the Adsorbed Polymer Layer and the Resulting Number of Polymer Anchoring
Points for the System of CgO3; Nanoclusters Embedded in a Poly(methyl methacrylate) Matrix, Based on Experimental Results
Obtained from FTIR Measurements and the TEM/TGA Method for Selective Systems

no. of anchoring no. of anchoring
mol wt of no. of polymer E1674E1743 x no. of points/chain by points/chain by
PMMA chains in sample Ei124/E1271 reacted groups FTIR (£35) TEMI/TGA (+40)
30 000 2.1x 108 0.061 1.9x 10Y° 9.2 N/A
60 000 1.0x 10%® 0.091 2.8x 10%° 27.5 N/A
120 000 5.2x 10%7 0.270 8.0x 10 155.7 160.1
250 000 2.5x¢ 10Y 0.252 7.8x 10%° 315.7 289.0
330 000 1.9x 10 0.282 8.7x 10 466.1 414.8

conformation of the polymer at the surface can be directly ob- the effective thickness of the adsorbed laygf, and the average
served by following the changes of the relative intensities of particle sizeDeustes Via the expression

the 1241 and 1271 cmiinfrared bands, corresponding to the co-

operative symmetric and antisymmetric stretches of th€€O0 47| [Deruster 3 [Dguster®
group, respectively, and shown in Figure 2b. The characteristic Veoy =3 ({2 Let| =\
changes in the infrared spectrum of PMMA upon its reactive
adsorption on the surface of the cobalt oxide nanocluStefs
allow the quantitative analysis of the extent of this adsorption
based solely on spectral information, without the need of prior
assumptions. The ratio of the 1241 and 1271 tnmfrared

We see that the density of the adsorbed layer (Figure 3b)
increases with the chain length, or with the number of anchor
points per chain (Figure 3a). This is as expected. If all segments

. . h e ; would have adsorbed, then the density should have reached that
absorption bands gives a direct indication as to the fraction of ¢ 1,1k polymer. Thus, it is not surprising that increasing the

functional groups that have been affected by the conformational ,, ;mper of anchoring points (through increase in chain length)
changes of the polymer chain due to adsorption. Multiplying \yquid lead to an increase in the interphase density.

this ratio by the absorbance intensity of the 1674 tinfrared However, we find that even though only a small fraction of
absorption band, and by the number of monomers in the sample o chains is anchored@0%), in the limit of high molecular

and normalizing the result by the intensity of the initial adsorp- \yejght chains, the density of the interphase saturates at a value
tion of the C=0 bond at 1743 cmt (acting as an internal stan- ¢ 1 55 g/cnd. This value is consistent with the previously

dard), will give the total pumber of PMMA ester groups that  heasured density of very thin PMMA films<Q0 nm), 1.28
have undergqne hydrolysis followed by dissociation and anchor- g/cr?.#5 The fact that the density of thin films is higher than
ing. The quotient of the total number of adgorb_ed carboxylate he density of bulk PMMA (1.19 g/cf is most likely an
groups,Ncoo, and the total number of chains in the sample, g erestimate due to the sharp transition between the density of
Nenain Shown below in eq 4, will give the average number of he agsorbed PMMA film and that of the €2s nanocluster,
anchoring points per chain, as summarized in Table 2. as observed on silica substrafés.
The sharp increase in the number of anchoring points per
-~ Ncoo  Ei674E1241 Nmonomers chain with molecular weight in PMMA differs from the case
no. of anchors/chairr Nehain - E1743E1271 Nehain (4) of PS, where the number of anchoring points per chain increases
chains chans linearly with molecular weight® To understand the difference
When comparing the number of anchoring points for the PEween the two polymers we must refer to the parameters
samples containing PMMA withl,, = 120 000, 250 000, and control_lmg polymer adsorptlon onto solid _sqbstra‘t‘é_s‘fhe
330 000 obtained from infrared intensities with the number of formation of an anchor point between a chain in solution and a
anchoring points of the same samples that were calculated USing;glilndinsguir:]ai?ﬁe:gg:ilgsse;rf]eig;hliISrtH:Pjgggrnpatliloﬁné;osr)gérr\?flehrzlti
w:"??rrr;bgzﬂﬁg (S);;E'\,{Ioa;g i:%é;ysggoﬂa;gsl::;?ble 2as from that same _chain wou_ld redupe the coqformational entropy
As previously observed with the PS-cobalt system, in which of the Ch?mﬂ:,\’h”e fothfrPlgcrfhaSIng the %[]_aln due ctjo |ntfrasg7g
the polymer is weakly bonded to the cluster surface via dipole energy.t.n he Caslfg ' ﬁ fr?ergg Ic é;a(;n l“e 0 e o
interactions'® the extent of polymer adsorption on the cluster gssocgaalc;n IS Sma_f: St? res(;J " € a Sor ? pohymer_cta!ns
The same is also true in the case of PMMA, as shown in Figure . . A ] ’
3a. As the molecular weight of the polymer chain increases, so géigﬁgctie?owtlmaggrt(i)crllggsljr?all%g’ Zthgflntqc'::)alfr:)Sr rt:a;\?(;ﬁ a;:gf‘gy
does the number of anchor points per chain However, the ) . o .
number of anchor points per chain increases more rapidly with f:g;aaﬁt:] elﬁgfr:n?nttoh;hl?nlliqtcv:/iaéizcihseePnscl)tlgclztglgrfv?gii)m?ro?ct)rﬂts
PMMA molecular weight, and so the fraction of adsorbed IR .
segments increases ag well. It is interesting to note that in thePMMA chains is high, however, the particle surface becomes
limit of high molecular weight the effect of chain length saturated_(as given by the_ hlg_h interphase density), which leads
becomes more or less linear, so that the fraction of adsorbed!© & leveling off as seen in Figure 3c.
segments is similar for molecular weights whitg > 120 000.
The use of the infrared spectroscopic method for the
characterization of the structure of the clustpolymer inter- In this paper we have shown that in the case of strongly
facial region allows the independent determination of the density binding polymers, such as PMMA, FTIR may be used as an
of the adsorbed polymer layer, as shown in Figure 3b. The independent method for the characterization of the interfacial
density is calculated by dividing the mass of the adsorbed structure, provided that the new bonds that developed at the
polymer layer (obtained from the number of reacted segments)interface between the polymer and the metal oxide cluster
by the volume of the adsorbed polymer layer (obtained from surface gave rise to a characteristic new infrared absorption

4. Summary
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Figure 3. The structure of the interface between PMMA and cobalt

clusters: (a) The number of anchoring points for a@fPMMA
system as a function of polymer molecular weight, calculated from

Polymer Molecular Weight (g/mol)
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is in contrast to the case of weakly adsorbing PS, where the
number of anchor points increases linearly with chain leAgth.
The increase in the number of PMMA anchor points correlates
to an increase in the interphase density, which saturates at a
value that corresponds to a thin PMMA film (Figure 3b). The
effect of polymer chain length on the structure of the interphase
layer can be understood in terms of an adsorption model, where
the number of anchor points and density of the adsorbed layer
are a function of the strength of interactions between the
nanoparticle and the polymer.
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