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PREAMBLE 
 

 

 

My research activity is included in a general problematic of understanding the structure-

properties correlations in complex multi-component systems. It is organized around two main axes. 

The nanocomposites for which we are looking for the correlations between the mechanical 

properties (reinforcement, flow, deformability…) and the nanometer scale organization of the 

particles inside the matrix and the polymer chain conformation. The asphaltenes (in collaboration 

with IFPEN, the French petroleum research institute located at Rueil-Malmaison near Paris), 

colloidal entities of crude oils whose volume and interface nanometric properties are driving the 

macroscopic behaviors of the fluids (viscosity, emulsion stability, flocculation etc…). This activity 

around the asphaltenes is the continuity of my post doc research realized in 2002-2003 at IFPEN 

with L. Barré. Many studies have been developed since 2007 on the stability of petroleum 

emulsions and the use of neutron contrast variation method to characterize the interfacial film 

structure
1,2

, on adsorption of asphaltenes on surface of various morphologies using neutron 

reflectivity to identify the structure of the adsorbed layer (mono or multi layers)
3,4

 on rheo-

reflectivity
5
 as well as the use of SANS to determine the asphaltenes adsorption in porous media

6,7
. 

We recently continued the study of the nanometric structure of the asphaltenes aggregates by a 

combination of SAXS and SANS on diluted solutions on a broad Q range. We highlighted a refined 

internal structure of the aggregates, never observed before, constituted of poly-dispersed disks 

made of an aromatic core and an aliphatic shell
8
. We extended the characterization to see whether 

our model of nano-aggregate can be generalized to asphaltenes coming from different geographic 

and geologic origins
9
. 

 

 

I have chosen to focus my accreditation on nanocomposites. Despite of a comparable 

experimental approach, I do not wish to merge both nanocomposite and asphaltenes thematic 

because they remain relatively far away in term of scientific expertise. The nanocomposite was the 

core of my research project presented to the CNRS when I was recruited as permanent scientist in 

2004 for a position at the Laboratoire Léon Brillouin. My objective was to develop this thematic 

and more specifically to adapt the systems to neutron scattering techniques. In addition, I 

developed the subject through the management of students and PhD students in agreement with the 

principle of the accreditation to supervise research. Indeed, the work presented here is a 

compilation of three PhD already defended: Chloé Chevigny (defended on October 2009), Nicolas 

Jouault (defended on November 2009), Anne-Sophie Robbes (defended on October 2011) and two 

PhD currently in progress, Adrien Bouty (defense scheduled on December 2014) and Nicolas 

Genevaz (defense scheduled on October 2015).  
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ABSTRACT 
 

 

 

Nanocomposite materials have raised a great interest over the last twenty years. This deep 

attractivity comes from the outstanding potentials of applications of these systems in a broad range 

of industrial fields. Putting together “soft” polymer chains and “hard” particles of similar 

nanometer size opens also the way to new questions of fundamental physics associated with 

polymer chains conformation and dynamic, dispersion mechanisms and confinement effects. 

However, the large variety of possible assemblies between different kind of polymers and particles 

makes difficult to dispose of a general trend to describe the correlations between the local structure 

of the materials and their macroscopic properties. Despite of unusual performances of mechanical 

reinforcement, adhesion or deformability, the general viscoelastic behaviors in nanocomposites 

remain still not fully described due to specific interactions, often difficult to identify and to 

complex organizations covering a large range of typical sizes from the nanometer to the 

micrometer.  

 

 

The present work exposes the correlations that can be done between the particles dispersion, the 

polymer chain conformation with the viscoelastic behaviors of the materials at rest and under 

deformation across different examples of nanocomposites. The first chapter shows different 

strategies (chemical grafting, magnetic field, specific additives or controlled sample processing) to 

control the filler dispersion inside the polymer matrix with different particles (colloidal or 

industrial silica, magnetic nanoparticles) dispersed in polymers (polystyrene, 

polymethylmethacrylate) or elastomers (Styrene-Butadiene-Rubber). We go progressively from 

well defined model systems toward more complex “real” systems. We obtained a broad range of 

various morphologies from individual particles, to compact aggregates, oriented chains of particles 

to hierarchical networks described quantitatively by Small Angle X-ray Scattering (SAXS) and 

microscopy (TEM) at the different lengths scale (particle and aggregate shapes, sizes and inter-

object correlations). With a combination of several methods, the viscoelastic behavior has been 

determined in the second chapter and analysed quantitatively with hydrodynamic and percolation 

models: the reinforcement is mostly driven by the aggregate morphologies and by the network 

strength (depending on inter-particle and inter-aggregate interactions) while the flow behavior is 

mostly driven by the polymer chain contribution whose physical origin appears to be related to 

specific polymer-particle interactions. This origin is discussed according to the different existing 

models. With a combination of SANS with different contrast variation methods, we demonstrated 

in the third chapter that the polymer chain conformation is not modified by the filler suggesting that 

the number of chains involved in the viscoelastic processes is low. By following the scattering of 

both filler and chain under deformation in the fourth chapter, we confirm that the non linear 

mechanical behaviors are mostly dominated by the filler reorganizations. The goal of the fifth 

chapter is then to define some strategies to progress in the understanding of the specific polymer-

chain interactions with nancomposites using grafted nanoparticles. We propose to focus on the 

chain dynamic with inelastic neutron scattering and some synthesis developments to manage the 

interface chain mobility or the polymer-chain interactions without changing the filler dispersion. In 

a more extended view, we discussed the necessity to go further in industrial systems with the 

development of new “real-time” experiments associated with the design of the future SANS 

spectrometers.       

 

 

 

Keywords: Nanocomposites, filler dispersion, polymer chain conformation, Small Angle Neutron 

and X-ray Scattering, viscoelastic behavior, reinforcement, deformation. 

 

5



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6



 

CONTENTS 

Preamble          3 

Abstract          5 

Introduction          9 

1 Filler dispersion in nanocomposites: a broad range of morphologies  13 

1.1 Synthesis and sample processing      14 

1.1.1 Nanoparticles: the building block      14 

1.1.2 Grafting: an incremental way of control    15  

1.1.3 Nanocomposites processing by solvent casting   19 

 1.2 From individual dispersion to multiscale organization   20 

  1.2.1 The ideal case       21 

  1.2.2 Compacts aggregates      23 

  1.2.3 Aligned chain of particles: 1D filler network   26 

  1.2.4 3D connected filler network     27 

  1.2.5 Two levels of aggregation      29 

   1.2.5.1 Polymer matrix      29 

   1.2.5.2 Elastomer matrix     32 

  1.2.6 Multi-scale aggregation: toward the “real” systems  33 

 1.3 Conclusions        36  

2 Mechanical and rheological behaviors     37 

 2.1 The effective volume contribution      38 

 2.2 Anisotropic reinforcement       40 

 2.3 Filler percolation        42 

  2.3.1 The local filler structure contribution    42 

  2.3.2 The flow behavior       48 

 2.4 Conclusions        51 

3 Chain conformation in nanocomposites     53 

 3.1 The grafted brush conformation in nanocomposites    54 

 3.2 The bulk chain conformation in nanocomposites    57 

  3.2.1 The Zero Average Contrast ZAC Method    57 

   3.2.1.1 The Debye Approximation    57 

   3.2.1.2 The Random Phase Approximation RPA  59 

  3.2.2 The extrapolation method      61 

 3.3 Conclusions         63 

4 Chain and filler structure under deformation    65 

 4.1 The grafted brush deformation in nanocomposites    66 

7



 

4.2 The bulk chain deformation in nanocomposites    67 

4.3 The filler network deformation      69 

 4.3.1 Oriented network       69 

4.3.2 Effect of network constitution     70 

 4.4 Conclusions        72 

5 Toward a better description: chain dynamic and interface setting  73 

5.1 Chain dynamic        74 

5.2 Interface setting        76 

 5.2.1 Di-block grafting       76 

  5.2.2 Photo-cleavable interface      77 

 5.3 Additional perspectives: chain distribution and particles dynamic  77 

Conclusions and outlook        79 

Bibliography          83 

Curriculum Vitae         89 

Publications and communications list       93 

Publications list         93 

 Communications list        97  

Selected papers         99 

 

Anisotropic Reinforcement of Nanocomposites Tuned by Magnetic 

Orientation of the Filler Network Advanced Materials 2008, 20 (13), 2533  101 

 

 Well-Dispersed Fractal Aggregates as Filler in Polymer-Silica Nanocomposites: 

Long-Range Effects in Rheology Macromolecules 2009, 42 (6), 2031   109 

 

 Direct small-angle-neutron-scattering observation of stretched chain conformation 

in nanocomposites: More insight on polymer contributions in mechanical 

reinforcement Physical Review E 2010, 82, 031801     119 

 

Polymer-Grafted-Nanoparticles Nanocomposites: Dispersion, Grafted Chain 

Conformation, and Rheological Behavior Macromolecules 2011, 44 (1), 122  123 

 

 Controlled grafted brushes of polystyrene on magnetic -Fe2O3 nanoparticles 

via nitroxide-mediated polymerization Soft Matter 2012, 8 (12), 3407   135 

 

 

 

 

 

 

8



 

INTRODUCTION 
 

 

 

Significantly increase the mechanical reinforcement of a material with only a few percent of 

« hard » filler constitutes a real gain from both industrial and economical point of view. These new 

performances are accessible with innovated materials called composites or nanocomposites. 

Indeed, including particles (filler) inside a polymer or an elastomer matrix enables for many 

situations to modify the intrinsic properties of the matrix like the mechanical reinforcement, the 

deformability, the rupture strength
10

 but also the optical properties (transparency, opacity), 

electrical (conducting, insulating) or the gas and fluid barrier properties (diffusion). These materials 

are used in many industrial fields like the tire industry, painting, cosmetics, food packaging and 

energy or petroleum industry. They have been studied intensively for twenty years for fundamental 

aspects but also to understand and provide the macroscopic properties knowing the intrinsic 

characteristic of the two main constituents, the polymer and the filler. For composite materials 

(made of micrometer size particles) the macroscopic behavior can usually be described with 

classical hydrodynamic models
11

 when the mechanisms are mainly dominated by the inter-particle 

interactions. More recently, for cost reasons but also to improve the performances of the materials, 

we moved toward a decrease of the characteristic size of the particle to the nanometer range. The 

simple idea is to enhance the surface interaction between the filler and the polymer to raise the 

effects or to obtain similar results with fewer particles. At the nanometer scale, specific interactions 

between particles and between polymer and particles will drive the formation of new structures of 

particles inside the matrix
12

. The particles can be organized according to multiscale processes from 

the individual dispersion to fractal aggregates more or less large or ramified that can be 

interpenetrated and/or percolated to form connected heterogeneous /complexes networks
13

. The 

filler is expected to alter the characteristic of the polymer chains whose conformation, typically 

Gaussian in bulk, can be affected by entropic constraints of excluded volume with interaction with 

the particle surfaces or directly by geometrical confinement. At the same time, the mobility of the 

chain should be also perturbed by the filler by modification of the dynamical relaxation modes
14

. 

 

 

These modifications at the local nanometer scale will have strong consequences of the 

macroscopic behavior of the materials. Despite of an abundant literature on the subject for twenty 

years, the precise relationships between the local structure of the particle and of the polymer chains 

(and their modifications) with the mechanical behavior presents still unresolved questions. A 

complete state of the art review can be accessed within the following reference
15

. The classical 

hydrodynamical model failed to describe the experimental data because they do no consider 

aggregation or percolation effects. In addition, it is often difficult to dissociate experimentally the 

different contribution because they are intimately linked. The large diversity of nanocomposite 

components in term of chemical, physical and physical-chemistry properties and of shapes, size 

and composition, gives a large variety of results apparently dependent of the systems. It is thus 

currently difficult to provide a clear panel of the general tendencies to provide the filler dispersion 

inside the matrix and the macroscopic behavior as function of the microstructure. To face these 

difficulties, one strategy is to design model systems by combining under controlled conditions a 

polymer of knowing properties and a well-defined particle. 

                                                           
10

 Leblanc, J. L. Prog. Polym. Sci. 2002, 27, 627-687. 
11

 Einstein, A. Ann. Phys. 1906, 17, 549. 
12

 Jing, X.; Zhao, W. ; Lan, L. J. Mater. Sci. Lett. 2000, 19, 377-379. 
13

 Klüppel, M.; Heinrich, G. Rubber Chem. Technol. 1995, 68, 623-651. 
14

 Berriot, J.; Montes, H.; Lequeux, F.; Long, D.; Sotta, P. Macromolecules 2002, 35, 9756–9762. 
15

 Jancar, J.; Douglas, J. F.;Starr, F. W.;  Kumar, S. K.; Cassagnau, P.; Lesser, A. J.; Sternstein, S. S; Buehler, 

M. J. Polymer 2010 51, 3321-3343. 
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In this context, my research project when I arrived at the Laboratoire Léon Brillouin was to 

define and design model systems for which we would be able to dissociate the filler dispersion 

from the polymer chain organization contribution and identify the correlation with reinforcement 

and flow behavior. The use of neutron scattering techniques and specifically the Small Angle 

Neutron Scattering (SANS) associated with deuteration is determinant because it’s enables to probe 

directly the chain conformation (grafted or in bulk) inside the nanocomposite as function of the 

different dispersion states (individual dispersion, aggregates, 1D or 3D connected network) at rest 

and under deformation. We chose polymers, polystyrene (PS) and polymethylmetacrylate 

(PMMA), for which the deuterated forms are easily accessible using classical polymerization 

methods. The deuterated forms can be also directly bought for different molecular masses (Mw) and 

index of polymolecularity (Ip).  The question of deuteration can become a critical issue when 

considering more complex systems as we will see for industrial systems made with Styrene-

Butadiene-Rubber (SBR) matrices. The combination of SANS and SAXS is a refined way of 

optimizing the contrast on nanocomposites. Indeed, the fillers used (silica or maghemites particles) 

have a large electronic density and thus a strong sensibility to synchrotron radiation. We can then 

determine with SAXS the filler dispersion and with SANS the chain conformation on the same 

samples. 

 

 

The synchrotron beam enables to get higher flux and resolution in comparison to neutron 

beams. The accessible Q range, similar for both radiations, covers typically 10
-3

 to 0.5 Å
-1

 

corresponding in the real space to distances from 1 to 100 nm.  However synchrotron radiation 

allowed to probe smaller Q values, up to 2.10
-4

 Å
-1

, thanks to the Bonse-Hart geometry to 

characterize the particle organization around the micrometer size. Scattering patterns could be 

limited for many situations by the data interpretation when different analytical solutions can give 

identical scattering curves. It is then often suitable to complete the analysis with measurements in 

the real space using Transmission Electronic Microscopy (TEM) imaging to validate the hypothesis 

of scattering curves calculations but also to check whether the local structures are conserved or not 

at larger scale. The viscoelastic behaviors are determined by combination of uni-axial stretching, 

oscillatory shear and dynamical mechanical analysis (DMA) experiments that provide 

reinforcement and flow behaviors of the materials in the linear regime. Scattering can also be 

performed on stretched and freezed samples to check the evolution of structure under nonlinear 

deformation. 

 

 

The initial idea was to define parameters as simple as possible to tune the filler dispersion in 

nanocomposites. In parallel, we developed an approach of increased complexity of the systems, 

from well-defined model toward more “real” or industrial example. The idea is to use the model to 

elaborate tools that can be later applied on more complex situations. Three main routes have been 

defined. The first one is the grafting which consists in functionalizing the surface of a particle with 

polymer chains before to mix them with free chains of the same polymer to make a film. The 

method has the advantage to promote the compatibility between the filler and the matrix with the 

grafted to free chain length ratio. However, it needs a critical pre-step of particle preparation to 

avoid aggregation while keeping efficient polymerization rates. The second route uses magnetic 

filler (maghemite oxide -Fe2O3) and applies an external magnetic field during the sample 

processing to orient the filler inside the polymer. The last route consists in mixing non 

functionalized particles with polymer chains in a common solvent and to evaporate the solvent 

under controlled conditions. The conditions of solvent casting, nature of the solvent, temperature 

and duration drive the final arrangement of the particles inside the polymer by controlling the 

attractive/repulsive balance. According to this route, we can verify the influence of the particle and 

of the polymer nature (size, polydispersity…). This last system which is close to the industrial 

situation leads to more realistic problematic by the substitution of the PS matrix by Styrene-

Butadiene-Rubber (SBR) provided by Michelin. The control of the dispersion is realized with 

additives (mono or bi-functional silanes) that modulate the polymer-filler interactions. We also 

10



 

investigate the influence of the sample processing by comparison between solvent casting methods 

with the manufacturing process which uses mechanical mixing. 

 

 

The manuscript is composed of 5 parts. The first focuses on the analysis of the filler dispersion 

inside the matrix using a coupling of TEM/SAXS for different systems.  We will see that simple 

functions enable to model the scattering and to characterize the shape of the aggregates as well as 

the interactions and the evolution when increasing the particle concentration for different 

arrangement of particles. In a second part, we will analyze the linear mechanical response of the 

materials (reinforcement and flow) while including in the model the parameter of the filler structure 

determined from the structural analysis. In a third part, we will focus on the contribution of the 

polymer chain conformation and its eventual modification induced by the particles inside the 

nanocomposites. By using SANS and deuteration, we will be able to discuss the chain 

conformation as function of the different filler network and about its contribution to rheological 

behaviors. We will then discuss in the fourth part the evolution of the filler and chain structure 

under deformation to probe the reinforcement mechanisms at large deformation in the nonlinear 

regime. The last section brings together the concepts detailed in the previous chapter to turn them 

into a research project, a program of my research activity for the years to come. It describes in 

particular a strategy to understand more deeply the polymer-chain interface influence.  
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CHAPTER 1 

 

FILLER DISPERSION IN NANOCOMPOSITES: A 

BROAD RANGE OF MORPHOLOGIES  

 

 

 

The knowledge and the control of the particle dispersion inside a polymer or an elastomer 

matrix is a key parameter with different levels of complexity. This is a multi-scale problem
16

 that 

needs to identify several sizes or distances on a characteristic range that can vary from the 

nanometer to the micrometer. Such a scale range is accessible by combination of electronic 

microscopy with scattering techniques. Imaging enables to probe the structure in the real space 

while scattering permits to get the mean information on a large number of atoms typically 10
22

. 

This is also a multi-component problem in which the properties of the nanocomposites will depend 

on the intrinsic properties of the polymer and of the filler but also on the way to assembly them. 

Due to short range van der Waals interactions, the particles will spontaneously form aggregates 

inside the polymer matrix. We thus have to imagine processes to counter balance the attractive 

forces and limit the aggregation. The notion of model system means that we have to use well-

defined particles and polymers but also a well-controlled sample processing. In laboratory, we will 

use the solvent casting way consisting in mixing the particle and the polymer in a common solvent 

and to evaporate the solvent under controlled conditions. For similar systems, we can obtain very 

different final filler dispersion according to the nature, the duration and the kinetic of the casting 

process
17

. The sample processing constitutes then an effective way of control of the filler dispersion 

inside the matrix. Other strategies exist. For systems driven by electrostatic, one can change the 

dispersion with the pH by modification of the particle interactions in solution before mixing with 

the polymer
18

. One can also play with the filler by changing the size or the nature of the 

nanoparticle but mostly the shape, from simple sphere
19

 to anisotropic objects like carbon 

nanowires
20

, clays
21

, or natural filler like cellulose whiskers
22

 or by using fractal carbon black
23

 or 

industrial silica
24

 that will produce a broad area or various filler morphologies. Alternatively, the 

filler dispersion can also be tuned by an external trigger, an electrical or magnetic field
25

 applied 

during the solvent casting to modulate the particle interactions or orient them in a specific 

direction. Finally, recent developments have been made by modifying the surface of the 

nanoparticles by adsorption or covalent grafting (silanes, surfactants, polymers…) to improve the 

compatibility with the polymer chains of the matrix.  
 

 

 

                                                           
16

 Vilgis, T. A. Polymer 2005, 46, 4223-4229. 
17

 Sen, S.; Xie, Y.; Bansal, A.; Yang, H.; Cho, K.; Schadler, L. S.; Kumar, S. K. Eur. Phys. J. Spec. Top. 

2007, 141, 161–165. 
18

 Oberdisse, J. Macromolecules 2002, 35 (25), 9441–9450. 
19

 Botti, A.; Pyckout-Hintzen, W.; Richter, D.; Urban, V.; Straube, E. J. Chem. Phys. 2006, 124, 174908. 
20

 Dalmas, F.; Cavaillé, J.-Y.; Gauthier, C.; Chazeau, L.; Dendievel, R. Compos. Sci. Technol. 2007, 67, 829–

839. 
21

 Favier, V.; Chanzy, H.; Cavaillé, J.-Y. Macromolecules 1995, 28, 6365–6367. 
22

 Wang, Y.-Z.; Zhang, L.-Q.; Tang, C.-H.; Yu, D.-S. J. Appl. Polym.Sci. 2000, 78, 1879–1883. 
23

 Heinrich, G.; Klüppel, M.; Vilgis, T.-A. Curr. Opin. Solid State Mater.Sci. 2002, 6, 195–203. 
24

 Baeza, G. ; P.;  Genix, A.-C.; Degrandcourt, C.; Petitjean, L.; Gummel, J.; Couty, M.; Oberdisse, J. 

Macromolecules 2013, 46 (1), pp 317–329 
25

 Fragouli, D.; Buonsanti, R.; Bertoni, G.; Sangregorio, C.; Innocenti, C.; Falqui, A.; Gatteschi, D.; Davide 

Cozzoli, P.; Athanassiou, A.; Cingolani, R. ACS Nano 2010, 4 (4), 1873–1878. 
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1.1 Synthesis and sample processing 

 
 1.1.1 Nanoparticles: the building block 

 

 

 

The starting point for modeling the filler dispersion in nanocomposites is the particles. Even 

restricted to spherical shape, a large range of size and size polydispersity can be found as a function 

of the particle nature and synthesis. These parameters can be easily accessible with SAXS 

experiments on diluted solutions or powders. For diluted systems, the interactions between the 

particles can be negligible and thus the scattering intensity is directly proportional to the form 

factor of the particles. The Figure 1.1 presents a series of SAXS curves obtained on different 

particles that we used as filler in model nanocomposites. These are commercial colloidal silica 

particles (a) Ludox dispersed in water and (b) Nissan dispersed in DMAc (Dimethylacetamide). 

The maghemite magnetic nanoparticles (c) have been chemically synthesized in water using a 

standard method
26

 by co-precipitation in an aqueous ammonia solution of FeCl2 and FeCl3 salts. As 

a result, we obtained colloidal magnetite which is fully oxidized to maghemite by Fe(NO3)3 in 

acidic medium. A size-sorting process based on colloidal gas-liquid transitions allowed then to split 

up the population of nanoparticles according to their radius. The final example (d) concerns 

industrial silica powder (Zeosil 1165 MP) from Rhodia used as filler in rubber matrix.  

 
 

Figure 1.1: SAXS curves on different examples of nanoparticles used as fillers of nanocomposites and 

modeling using spherical from factor. 

 
 

We model the scattering intensity with a form factor of a sphere convoluted with a log—normal 

function from which we can extract a mean particle radius and the polydispersity. We can observe 

various level of definition. The Ludox particles exhibit a low polydispersity level illustrated by the 

classical oscillation of the form factor in the intermediate Q range. This oscillation disappears when 

                                                           
26

 Massart, R. IEEE Trans. Magn. 1981, 17, 1247 
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the polydispersity is increased as we can see for the Nissan and for the maghemite particles. For 

Nissan particles (b), we observe a maximum in the low Q domain indicating that even in diluted 

solution we can see some interactions due to low aggregation of the particles (2 or 3 particles per 

aggregates). The case of industrial powder is not so clear because the scattering pattern is rather 

unstructured indicating a multi-scale organization with large polydispersity. A mean polydisperse 

size (R0=85Å) can be extracted supposing the existence of a finite number of smaller sub-particles 

in close contact forming a compact primary particle. As illustrated here, the perfect knowledge of 

the form factor of the primary particles is of a critical importance as they will constitute the 

building blocks of the hierarchical structures that will appear in nanocomposites. 

 

 

1.1.2 Grafting: an incremental way of control 
 

 

 

The use of grafted nanoparticles as filler for further studies of nanocomposites can suffer from 

the neccesity to have large amounts of particles. The critical point is thus to define reliable 

chemical synthesis route, with high conversion rates and good reproducibility to produce from an 

original sol grafted nano-beads quite well defined from the beginning to the final sol after grafting. 

Moreover, controlled polymerization is crucial to have a well-defined corona in term of 

architecture, composition and distribution (to study later its effect on the mechanical properties). 

Beyond the different polymerization techniques, we usually distinguish between the grafting 

“onto”
27

 from the grafting “from” methods. The grafting “onto” will attach to the surface of the 

particle a polymer chain which has been already synthetized and characterized. This technique can 

be used for a large number of monomers but is limited in the range of grafting density and 

molecular masses. The grafting “from” technique makes the growth of the chain directly from the 

surface of the particles allowing grafting densities typically ten times larger. Various controlled 

radical polymerization methods
28

 can be associated to grafting “from” like ATRP (atom transfer 

radical polymerization) developed by Matyjaszewsik
29,30

, NMP (nitroxide-mediated 

polymerization) by Hawker
31

 or RAFT
32

 (reversible addition fragmentation chain transfer). 

Keeping the control of the grafted particle suggests working on the colloidal suspension of the 

particles. The key point is then to be able to maintain the colloidal stability of the particles during 

the different steps of the synthesis despite of the surface modifications and of the addition of some 

additives that can modify the inter-particle interactions. A resulting issue is to try as best as 

possible to reduce the number of synthesis steps while limiting the number of synthesis 

components. 

 

 

A first series of experiments was performed at the LLB using ATRP for grafting polystyrene 

chains at the surface of silica particles (PhD of A. El Harrak
33,34,35,36

). It appeared that the use of a 
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multiple-component initiating system, e.g. metal halide and ligand for ATRP, increased the source 

of possible aggregation phenomena by disturbing the particle interactions. 
 

 

We chose to start from a colloidal suspension of well dispersed nanoparticles in an organic 

solvent and maintain the stability and the good dispersion in the sol during grafting. We must then 

optimize the process using a limited number of components for the synthesis while being 

straightforward to perform. We turned to NMP which is a mono-component system with additional 

advantages of versatility, robustness and simplicity. Our approach consists of covalently bind the 

alkoxyamine, which acts as initiator-controlling agent, in two steps onto the silica nanoparticles 

surface. After transfer of the particles from aqueous into an organic media, the first step is a 

reaction between the aminopropylsilane and the silica particles in order to functionalize the particle 

surface with amino group. In a second step the initiator-controlling alkoxyamine moiety is 

introduced via an over grafting reaction between the amino group and the N-hydroxysuccinimide-

based MAMA-SG1 (MAMA-NHS) activated ester previously prepared in a straightforward manner 

from the commercially available MAMA-SG1 (BlocBuilder)
37

. We have chosen the over grafting 

method because it has been already used for the functionalization of silica wafers or silica particles 

and was found to give better results in terms of control and degree of grafting than other methods. 

The general scheme of the grafting process is reported on Figure 1.2.  

 

 

 
 

Figure 1.2: Scheme showing the three steps of grafting: [a] silanization, [b] over grafting of the initiator, and 

[c] the polymerization from the particle surface. Am = initiator. 

 
 

The synthesis conditions are defined with model polymerization, without particles, to verify the 

control and estimate the conversion rates. Grafting process has been developed for many types of 

nanoparticles, mainly for silica but also for gold
38

 or magnetic particles
39

. We optimized the 

process on Ludox TM-40 silica nanoparticles
40

 (Figure 1.1a) and adapted it in a second step to 

silica Nissan
41

 (Figure 1.1b) and to maghemites nanoparticles
42

 (Figure 1.1c). The first step is to 
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transfer the particle from water to the organic solvent (DMAc) used for the synthesis. This can be 

done simply by mixing and evaporation of the water as the DMAc presents a boiling point 

(165°C) higher than 100°C. The colloidal stability of the nanoparticle is checked after each 

polymerization steps using scattering techniques. With particles, optimized conditions (30% v/v of 

monomer at 120°C) give a conversion rate of around 50%. For any polymerization ‘sacrificial’ free 

initiator is necessary to initiate the polymerization and to ensure good control of the chain growth; 

without the free initiator, the SG1 concentration would be too low to attain the persistent radical 

effect, thus allowing control. The consequence is the presence of free (non-grafted) polymer chains 

in the solvent at the end of the synthesis. The grafted nanoparticles can be separated from the free 

polymer chains by ultrafiltration.  

 

 

Some results are presented on Figure 1.3 for polymerization performed with hydrogenated or 

deuterated monomers on silica and maghemites particles. The grafted nanoparticles were analyzed 

by TGA to evaluate the number of grafted chains per particle, typically 0.2 chain/nm², and the free 

polymer chains were analyzed by SEC to determine the Mw of the synthesized chains, typically of 

25 000 g/mol with polydispersity index for the grafted masses (Mw/Mn below 1.3). Previous 

studies
43,44 

showed that the mass of the grafted chains are usually of the same order of magnitude 

that the non-grafted chains. By adding free controller SG1 instead of free initiator in solution, we 

could then polymerize from the nanoparticles in a controlled way, without creating the free chains 

and thus enable a tuning of the grafted chain mass from 5000 to 50 000 g/mol
45

. 

 

 

 
 

 

Figure 1.3: Semi-logarithmic evolution of the conversion as a function of t
2/3

 illustrating the control of the 

reaction for model polymerizations and for polymerizations on silica particles (left) and maghemite particles 

(right) using hydrogenated and deuterated styrene. 

 
 

 

 

                                                                                                                                                                                
42

 Robbes, A.-S. ; Cousin, F. ; Meneau, F. ; Chevigny, C. ; Gigmes, D. ; Fresnais, J. ; Schweins, R. ; Jestin, J. 

Soft Matter 2012, 8 (12), 3407-3418. 
43

 Husseman, M.;  Malmstrom, E. E.; McNamara, M.;  Mate, M.; Mecerreyes, D.;  Benoit, D. G.;  Hedrick, J. 

L.; Mansky, P.; Huang, E.;  Russell, T. P.;  Hawker, C. J. Macromolecules 1999, 32, 1424–1431. 
44

 Flood, C.; Cosgrove, T.; Howell, I.; Revell, P. Langmuir 2006, 22, 6923–6930. 
45

 Chevigny, C.; Gigmes, D.; Bertin, D.; Schweins, R.; Jestin, J.; Boué, F. Polymer Chemistry 2011, 2 (3), 

567-571. 

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

H-1

H-2

D-1

Modèle

ln
([

M
] 0
/[

M
])

t
2/3

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

H-1

D-1

modèle

ln
([

M
] 0

/[
M

])

t
2/3

SiO2

-Fe2O3

17



 

The strength of our approach is to associate a refined polymerization method with the grafted 

nanoparticle characterization using SANS and contrast variation. Using mixtures of deuterated and 

hydrogenated solvent, simplified SANS scattering patterns can be obtained by matching either the 

contribution of the grafted shell or the one of the particle core. This allows to check the degree of 

dispersion of the nanoparticles (individual or aggregated) and to probe precisely the composition of 

the grafted brushes (Mw, radius of gyration and grafting density) with appropriate models. Some 

examples of such characterizations are presented on Figure 1.4 for the polymer matching 

conditions for silica (a) and maghemite (c) and for the particle matching condition for silica (b) and 

for maghemite (d). We found individual particle for silica (modeled with a spherical shape) and 

small linear aggregates for maghemite as a result of attractive dipolar interactions adjusted with an 

ellipsoidal shape. From the form factor of the core, we can extract the structure factor of the center 

of masses of the grafted objects Score = Imatch_pol/Pcore that can be then used for the second contrast 

conditions (c) and (d) to extract the form factor of the grafted brushes Pgrafted = Imatch_core/Score.  

 
 

Figure 1.4: (a) PS-grafted-silica particles in polymer matching condition (match_pol), the full black line is 

the spherical form factor of the primary particle P(Q), the inset is the structure factor of the particles deduced 

from the division of the intensity by P(Q). (b) PS-grafted-silica particles in silica core matching condition 

(match_core), the full black line is the best fit result of the grafted brush form factor Pgrafted using the 

Gaussian chain Pedersen model
40

, the inset shows the evolution of the scattering when varying the mass of 

the grafted chain
45

. (c) PS-grafted-maghemite particles in polymer matching condition (match_pol), the full 

black line is the form factor of the primary objects P(Q) with an ellipsoid. (d) PS-grafted-maghemite particles 

in silica core matching condition (match_core), the full black line is the best fit result of the grafted brush 

form factor Pgrafted using the Gaussian chain Pedersen model
42

. 
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The form factor of the grafted brushes can be well reproduced by an analytical function 

proposed by Pedersen
46

 which is representative of non-interacting Gaussian chains attached onto an 

incompressible core. The Gaussian behavior of the grafted chain is highlighted by the Q
-2

 

dependence of the scattering intensity in the high Q range nicely visible on Figure 1.4b and d.  

 

 

The characteristics of the brush deduced from the fitting process with the Pedersen model are in 

very good agreement with the results deduced from standard chemical analysis. The grafted chain 

conformation is in accordance with scaling laws for brushes in solvent theta hN
3/5


1/3
R0

3/5
 for 

silica particles. For the maghemite particle, the extension corresponds to an intermediate geometry 

between a spherical and a planar surface according to the “quasi-linear” geometry of the core.  

 

 

This refined combination between controlled polymerization and detailed characterization 

enables to dispose of well-defined grafted particles that we can use now to prepare nanocomposites 

using the sample processing described below. 

 

 

1.1.3 Nanocomposites processing by solvent casting 

 
 

 

As already mentioned, the preparation process of the nanocomposite is of a critical importance 

for the final organization state inside the matrix
10

. We have developed a new method of processing 

particle-polymer composites by solvent casting based on the use of a high boiling point solvent, in 

which the particles are well dispersed, and a long controlled evaporation procedure
47

. The general 

scheme of the process, presented on Figure 1.5a, has been developed specifically for the silica-

polystyrene system and adapted (temperature and evaporation duration) for the further additional 

couples particle/polymer used. For maghemites systems, we have added a specific device for 

applying a homogenous magnetic field during the solvent casting
48,49

. To understand the process, 

we can follow the evolution of the inter-particle structure facture as function of the evaporation 

time as presented on Figure 1.5b. For both concentrations, we can see that the maximum of the 

S(Q) moves first to the higher Q values illustrating a first step of the aggregation of the particles 

and then moves back to the lower Q values for higher evaporating times illustrating repulsion 

between aggregates due to polymer chains.  

 

 

The final slope of the scattering curve shows a Q
-1.8

 dependence of the intensity typical of 

DLCA (Diffusion Limited Clusters Aggregation)
50

 process. The resulting well organized structure 

of the filler comes from a subtle balance between attractive van der Waals interactions and 

repulsive slowing down due to the increase of the viscosity of the medium induced by the solvent 

evaporation. 

 

This question of the sample processing method, and the consequences on the filler dispersion, 

will be of a particular interest when addressing the industrial systems prepared by internal mixer 

inducing thermal and rheological history. 
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Figure 1.5: (a) general scheme of the sample processing by solvent casting, (b) evolution as function of the 

evaporating time of the inter-particle structure factor S(Q) for the system silica Nissan/Polystyrene for a 

silica volume fraction of 5% v/v (top) and of 20% v/v (bottom). 

 

 

1.2 From individual dispersion to multiscale aggregation 
 
 

 

From the particles (grafted and non-grafted) and the sample processing described previously, we 

have studied a series of nanocomposites made with two kind of matrix: high Tg polymers, 

polystyrene PS and polymethylmethacrylate PMMA and low Tg elastomer, Styrene-Butadiene-

Rubber SBR. The pertinent parameter is the particle volume fraction and we will describe different 

interesting morphologies as function of the specificity of the systems. The understanding of the 

local structure of the filler inside the matrix is crucial to move toward to the quantitative modeling 

of the mechanical properties and specially the identification of the pertinent length scale. One of 

the main issue is to separate the contribution of the structure factor between the objects (primary 

particles, primary or secondary aggregates) from the one of the form factor of the objects 

(aggregation number and fractal dimension). Both can be modified or not with the particle 

concentration. This point will be discussed using modeling function based on analytical 

considerations.   
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1.2.1 The ideal case 

 
 

 

The first example of particle dispersion called “the ideal case”, corresponds to the individual 

dispersion of single particle inside the matrix without any aggregation. This can be obtained with 

grafted nanoparticles mixed with the homologous polymer for which the parameter is close to 

zero. The particle dispersion can be tuned with the grafted (of polymerization index N) to free 

chain (P) length ratio R=N/P. For either very low grafting density (σ) or very high σ, the particles 

are arranged as aggregates within the polymer matrix. The formation of aggregates is due to 

attractive interactions, either between particles at very low σ corresponding to allophobic wetting 

transitions
51
, or between grafted brushes at very high σ corresponding to autophobic wetting 

transitions. For intermediate σ, the dispersion state of the particles is mainly dependent on the 

interactions between the grafted and the free chains. It is then only tuned by R: when the free 

chains are smaller than the grafted ones, they can wet the grafted brushes owing to favorable 

mixing entropy. This induces repulsive interactions between the grafted objects inside the matrix 

leading to their perfect individual dispersion. 

 

 

Two examples are given on Figure 1.6 for silica particles with a grafted to free chain length 

ratio R=0.25
52

 and for maghemite particles for R=1
53

. The SAXS curves exhibit a nice repulsion 

peak, around 0.02 Å
-1

, corresponding to the interactions between the particles. The increase in the 

low Q domain is attributed to voids domains inside the materials due to the samples processing. 

The TEM image (Figure 1.7) confirms the nice individual repartition of the particles. The scattering 

intensities can be well reproduced as function of the contrast ², the particle volume V and the 

particle volume fraction  by the product of the form factor of the particles with a structure factor 

of individual spheres: 

 

 

)Q(S)Q(PV)Q(I partpart

2         1.1 

 

 
The structure factor is defined here by a Percus-Yevick (PY) function

54
. According to the 

characterization of the grafted objects in solution, the form factors of the cores are individual 

spheres for silica and small linear aggregates for maghemites. From the PY analysis, we can extract 

an inter-particle center to center distance from which we can deduce the extension of the grafted 

brushes inside the composite (h6 nm) which is found to be reduced of a factor 2 in comparison 

with the extension in solution (Figures 1.4b, 1.4d). We can also extract an effective volume fraction 

of the particles, including the volume of the grafted brushes, which is found to be twice the initial 

particle volume fraction in agreement with the number of chain per particles.     
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Figure 1.6: SAXS scattering curves of PS nanocomposites, left,  (Mn matrix = 98 000 g/mol) filled with PS 

grafted silica nanoparticles (Mn grafted=24 400 g/mol) corresponding to a grafted-free chain length ratio 

R=0.25 as a function of the particles concentration (4 red, 9 green, 12 blue, and 15% v/v orange), right, (Mn 

matrix = 26 000 g/mol) filled with PS grafted maghemite particles (Mn grafted=26 000 g/mol) corresponding 

to a grafted-free chain length ratio R=0.1 for a particles concentration of 7% v/v yellow. The full black 

corresponds to the calculated scattering function (see text).  

 

 

 

 
 
 

Figure 1.7: TEM pictures at large (left) and low (right) magnifications for PS silica grafted particles R=0.25 

at 5 (red) and 15 (orange) % v/v and for PS maghemite grafted particles R=0.1 for a particles concentration 

of 7% v/v (yellow).  
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1.2.2 Compact aggregates 
 

 

 

We consider now the reversed situation. When the free chains are larger than the grafted ones, 

the free chains are expulsed from the grafted coronas because of the unfavorable mixing entropy, 

which results in attractive interactions between objects and ultimately to the formation of dense 

aggregates of particles inside the matrix. We can see on Figures 1.8 and 1.9 the characteristics 

SAXS/TEM corresponding to silica and maghemite grafted particles forming larges compact 

aggregates inside the matrix for ratio R=0.17 and 0.26. The scattering curves show a peak at low Q 

whose position moves to lower Q values when increasing the particle concentration illustrating the 

interactions between the aggregates. A second peak around 0.02Å
-1

, only visible for silica, 

illustrates the particles in contact inside the aggregates. This peak is not visible for maghemites due 

to the lower compactness of the aggregates. Indeed, the intermediate slope characteristic of the 

fractal dimension of the aggregates is close to 3 for silica (compact) and reduced to 2.6 for 

maghemites (less compact). To model the scattering curves (full black lines), we use a combination 

of analytical functions for structure and form factors. Starting from the spherical form factor of the 

particle, we can calculate the scattering of an aggregate composed on N native particles (Nagg) and 

described by a fractal dimension Df. We add two PY functions, one to describe the interactions 

between the particles inside the aggregate Sintra, the other to describe the interactions between the 

aggregates Sinter: 

 

 

)Q(S)Q(S)Q(PV)Q(I aggraintaggerintagg

2        1.2 

 

 
where the form factor of the aggregates is defined according to: 

 

 
















0

3

0

3

D

aggagg

dR),R(LR

dRR),R(L)R,Q(P

QN)Q(P f       1.3 

 
It is important to notice that the PY function was first computed for mono-dispersed hard sphere 

particles. However, we can observe that it can also be used for long range interactions between 

aggregates even for poly-dispersed ramified entities. The modeling works indeed nicely for 

compact aggregates obtained with silica particles. From the calculations we can extract quantitive 

parameters about the morphology like the compactness of the aggregates (of the order of 40%) and 

the fractal dimension (Df=3) as well as the distance in the real space between the objects of the 

order of the micrometer. The compactness of the aggregates is defined as: 
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With Ragg is defined as: 
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When the particle concentration increases, the aggregates become larger and move away from each 

other indicating that there is no direct connectivity or percolation between the objects. When the 

compactness of the aggregates decreases as for maghemite system, the Sintra do not presents a well-

defined correlation peak. The feature is reduced to a smooth oscillation because the correlation 

ranges between the particles are reduced to limited directions.  

 
 

 

Figure 1.8: SAXS scattering curves of PS nanocomposites, left,  (Mn matrix =140 000 g/mol) filled with PS 

grafted silica nanoparticles (Mn grafted=24 000 g/mol) corresponding to a grafted-free chain length ratio 

R=0.17 as a function of the particles concentration (4 red, 7 green, 9.5 blue, and 11% v/v orange), right, (Mn 

matrix = 65 000 g/mol) filled with PS grafted maghemite particles (Mn grafted=17 000 g/mol) corresponding 

to a grafted-free chain length ratio R=0.26 for a particles concentration of 0.5 %v/v yellow. The full black 

line corresponds to the calculated scattering function (see text).  

 

 

 

 
 

 

 

Figure 1.9: TEM pictures PS silica grafted particles R=0.17 at 5 (red) for two magnifications (500 and 

100nm) and 15 (orange) % v/v and for PS maghemite grafted particles R=0.26 for a particles concentration 

of 0.5% v/v (yellow).  
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The transition between individual dispersion and aggregates formation as function of R, usually 

called the “wet-to-dry” transition is now a generalized result supported by many 

publications
44,45,55,56,57

. This mechanism is accompanied by an elastic compression of the grafted 

chains for P > N and with an extension for P < N to minimize the free energy of the system. This 

point will be discussed in Chapter 3. Beyond this clear view of the general behavior of these 

systems, several points remain to be solved, as highlighted by recent simulations
58,59

. It mainly 

concerns the threshold of the transition and the identification of the whole parameters that can 

influence it. According to the pioneer work of De Gennes
60

 this transition is supposed to occur at P 

= N in the case of planar surfaces but should be influenced by surface curvature effects when 

considering spherical particles, by the brush−brush and free chains−brush entanglement effects and 

by the sample processing conditions. By a direct comparison between silica, for which the 

transition is around R=0.24 (spheres), and maghemite for which the transition is above R=0.4 

(linear aggregates), we can see the influence of the surface curvature of the grafted objects on the 

threshold of the transition: the modification of the particle surface curvature from sphere to linear 

aggregates shifts the transition threshold toward the expected value of R = 1 for planar surface. 

 

 

 
 

Figure 1.10: Phase diagram of particles dispersion as function of the particle concentration and of the grafted 

to free chain length ratio R. 

 

 

We recently investigated more precisely the behavior around the transition R=0.24 reported on 

Figure 1.10. We obtained a new intermediate organization, an interconnected network, suggesting a 

metastable behavior around the transition. 
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1.2.3 Aligned chains of particles: 1D filler network 

 

 
 

Alternatively to grafting, a more promising flexible route to control the spatial repartition of 

nanoparticles inside a polymer matrix is the use of an external trigger which can be applied during 

the nanocomposite processing. This can be achieved using magnetic nanoparticles (maghemite) and 

an external homogenous magnetic field
48

. The Figure 1.11a shows the 2D scattering patterns 

obtained with two magnetic field intensities (100 and 600 G) with increasing particles sizes. The 

TEM pictures show that the nanoparticles are organized as chains of particles oriented along the 

magnetic field direction (indicated by the red arrow). We can see nice anisotropic patterns whose 

anisotropy seems to increase both with the field intensity and the particles size. This indicates that 

the aggregation processes are dominated here by the dipolar interactions between the particles that 

are varying like the square of the particle volume (D0
6
). This effect is thus even greater when the 

particles are larger. The 1D organization of the particles is confirmed by the scattering analysis by 

the radial averaging of the intensity parallel and perpendicular to the magnetic field direction. By 

dividing the scattering intensity by the well-known form factor of the particles, we can extract the 

structure factors of the particles in both directions. Looking at the evolution of the parallel S(Q) 

with the particle concentration (Figure 1.11b), we can observed that we have alignments, not of 

single particles, but of finite size units of particles whose aggregation number is decreasing with 

the particle concentration (10 at 1% and 5 at 3%). The alignment illustrated by the slope of the 

power law decrease of the intensity is not perfect at 1% (slope 1.3) certainly due to misalignments 

effects. It becomes nicely perfect at 3% (slope 1) according to a rod-like scattering object
49

.  

 

 

 

 
 
Figure 1.11: (a) Influence of the magnetic field on the nanoparticle dispersion in two concentrated regimes 

as a function of the nanoparticle size. 2-D SAXS images in reciprocal space of the nanostructure of the films 

at 1% v/v (left) and 3% v/v (right) for 3 nanoparticle sizes at 2 magnetic fields (B = 100 G, and B = 600 G) 

and corresponding TEM images. (b) Comparison of the magnetic field parallel structure factors S(Q) for 2 

particles concentrations 1 and 3% v/v. (c) Image reconstruction by 3 D tomography, the black arrow indicates 

the magnetic field direction. 
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1.2.4 3D connected filler network 
 

 

 

We turn now to a more complex situation by studying non-functionalized silica (from Nissan 

described on Figure 1.1b) nanoparticles dispersed inside polymer matrix of PS and PMMA. 

Despite of different chemical compositions, both polymer matrixes have common points, equal 

molecular weights and molecular weigths distribution (around 300 000g/mol, Ip2), same Tg 

(around 100°C) and comparable mechanical behaviors. We follow the evolution of the SAXS as 

function of the particles concentration over a range of concentration located between 5 and 35 % 

v/v for PS
47

 (Figure 1.12c) and PMMA
61

 (Figure 1.12d). The analysis is completed with TEM 

pictures (Figure 1.13) at small (100nm) and large magnification (1m). The SAXS curves 

exhibited two distinct behaviors as a function of the particle concentration: a plateau at low Q for 

low particles content indicating finite size objects (Figure 1.12a) and a nice peak appearing at 

larger concentration indicating repulsive interactions between the objects (Figure 1.12b). We fitted 

the scattering curves with the same analytical function used previously for grafted nanoparticles 

(Equation 1.2): the native silica particles are making fractal aggregates whose interaction between 

objects follows a PY potential. The main difference is that we suppressed the Sintra contribution that 

cannot be fitted with a monodipserse PY function. We think that it is related to the size of the 

aggregates, the number of particles in interaction, which is here too low (Nagg10) in comparison to 

the system with grafted particles (Nagg100) to give a significant contribution to the scattering 

signal. The repulsion peak disappears and is replaced by a smooth oscillation which is not 

reproduced by a PY function. This effect should be increased by the polydispersity of the particles 

that supposed to consider a more complex development than the simple product between the form 

and the structure factor. The analytical function is then reduced to: 

 

 

)Q(S)Q(PV)Q(I aggerintagg

2         1.6 

 
 

The scattering curves can be well described by Equation 1.6 from which we can extract the 

following description. Whatever the polymer, the particles are organized as fractal aggregates at 

low particle concentration: Nagg=8, Df=1.6, Ragg=216Å, =0.16 for PS and Nagg=6, Df=1.7, 

Ragg=172Å, =0.25 for PMMA. The primary aggregates are thus smaller and denser in the PMMA 

meaning the existence of specific polymer-particle interactions. When increasing the concentration, 

the aggregates size and density are progressively lowering to form a continuous 3D network 

characterized by a nice repulsion peak whose characteristic mesh size can be well reproduce by the 

PY prediction. The transition between isolated primary aggregates and a connected network is 

confirmed in the real space by TEM pictures for both polymers. We can also check that we do not 

observe any additional structure at larger scales up to the micron. From our quantitative analysis, 

we can follow the evolution of the effective volume fraction of the interacting objects (Figure 

1.14a) which is increased typically from 2 to 20% v/v while the interacting distance d0 is decreased 

from 100 to 50nm. The corresponding Q* (Figure 1.14b) scales as 
0.8 

according to a percolation 

process
43

. The transition between the two regimes, illustrated by the apparition of the interactions, 

for PS is found around a silica volume fraction of 8% v/v and slightly shifted to larger values for 

PMMA (10% v/v) in agreement with the smaller sizes of the primary aggregates. 
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Figure 1.12: (a) SAXS curves of PS nanocomposite filled with 5%v/v of Nissan silica particle and modeling 

of the primary aggregate form factor. (b) SAXS curves of PS nanocomposite filled with 20%v/v of Nissan 

silica particle illustrating the network mesh size. (c) Evolution of the scattering curves of PS nanocomposites 

filled with silica Nissan particles at 5 (red), 10 (green), 15 (blue), 20 (orange) and 30 (yellow) % v/v. The 

curves have been shifted for clarity (d) Scattering curves of PMMA nanocomposites filled with silica Nissan 

particles at 5 (red), 10 (green), 15 (blue), 20 (orange), 30 (yellow), 35 (gray) % v/v. The curves have been 

shifted for clarity. The full black lines are the results of the fit using the analytical model described in the 

text. 

 

 

 

 
 
Figure 1.13: TEM pictures for 5 (red) and 15 (blue) % v/v for Nissan-PS (top) and for Nissan-PMMA 

(bottom) at low (200nm) and large magnification (1m). 
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The mesh size of the connected network is always larger than the size of the primary aggregates 

suggesting an “opened” networ . The same silica Nissan particle can be grafted with PS chains 

according to the grafting method described in section 1.1.2. The grafting modifies the morphology 

of the aggregates
41

 that become more ramified (Df=1.2, Nagg=7, =0.05) but do not modified 

strongly the evolution of the particle dispersion with the particle concentration: we observed a 

similar transition between individual aggregates and a connected 3D network when increasing the 

particle concentration.  

 

 
 

 

Figure 1.14: (a) Inter-aggregate effective volume fraction deduced from the PY calculation as a function of 

the silica volume fraction for the PS (red) and the PMMA (blue) system. (b) Power law variation of the Q* as 

function of the particle volume fraction Q*
0.8

.
 

 

 

1.2.5 Two levels of aggregation 

 
 1.2.5.1 Polymer matrix 

 

 
 

We move to another kind of silica particles (SiO2 Ludox LS and TM) and maghemite particles 

(-Fe2O3) to illustrate another example of filler dispersion in polymer matrix (PS and PMMA). 

Despite of the variety of the samples and of the specific interactions, one can find a unified 

description of the particle arrangements. The shapes of the scattering curves are different from the 

previous example as well as their evolution with the particle volume fraction. As shown on SAXS 

pattern on Figure 1.15a, the peak in the low Q domain, well visible on the previous example, is 

now matched by an additional low Q scattering intensity. The additional scattering intensity is 

characteristic of a second level of aggregation. To illustrate this level, we proceed by modeling first 

the form factor of the primary aggregates (Equation 1.3) that can be accessible on diluted samples 

as described on Figure 1.15a for the maghemite-PS system. As the form factor of the primary 

aggregates remains unchanged with the particle concentration, we can divide the total scattering 

intensity by this modeling to extract the product of the different structure factors: 
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Figure 1.15: (a) SAXS intensity for nanocomposites maghemite particles in PS at a particle volume fraction 

of 0.05% (light blue) and 2% v/v (yellow). The full black line is the result of the calculation of the form 

factor of primary aggregates (illustrated by the TEM inset). S(Q) resulting from the division of the scattering 

intensity by the calculated full line illustrating the secondary aggregation level for (b) maghemite-PS (2 

yellow, 3 brown  and 5 red % v/v), (c) Silica LS-PS, (d) Silica LS-PMMA, black lines are the PY prediction, 

(e) Silica TM-PS and (f) Silica TM-PMMA nanocomposites (5 red, 10 green, 15 blue  and 20 orange % v/v). 

The intermediate oscillation visible in all cases is the inter-aggregate structure factor Sinter. 

 

 
Figure 1.16: TEM picture for maghemite-PS at 2 and 5% v/v (b), LS-PS at 5% v/v (c), LS-PMMA at 15 and 

5% v/v (d), TM-PS at 5% v/v, TM-PMMA at 15 and 5% v/v. 
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Sinter and Sintra are the already mentioned intra and inter-aggregate structure factors while S(Q) 

represents the structure of the low Q secondary aggregation level.  

 

 

The Figure 1.15 summarizes the evolution of the resulting structure factors as a function of the 

particle concentration determined for maghemite, Ludox LS and TM in PS and PMMA matrix
61

. 

The Figure 1.16 shows the corresponding TEM pictures. When primary aggregates are small, the 

interactions between the particles (Sintra) inside the aggregates are difficult to model with the 

aggregate form factor. This contribution induces a strong correlation hole in the S(Q) around 3-4 

10
-2

Å
-1

. More interesting is the possibility to highlight the inter-aggregate structure factor Sinter in 

the intermediate Q range, typically around 0.01 Å
-1

. The corresponding peak is indeed partially 

matched in the I(Q) representation by the low Q scattering increased coming from the secondary 

structure. The Sinter aggregate behaves identically for all examples: it moves towards the high Q 

values when enhancing the concentration meaning that primary aggregates move gradually close to 

each other inside the secondary structure. A structural percolation occurs when the effective 

volume fraction of the primary aggregates inside the equivalent volume of the secondary 

aggregates is superior to 100%. For example, such a calculation gives a threshold around 2% v/v 

for the maghemite-PS system
62

. We give an example of the modeling of the Sinter using the PY 

function (Figure 1.15c) to extract the quantitative variation of the inter-aggregate distance d0. At 

the final state, the objects are more or less in close contact as function of the systems. This can be 

evaluated by comparing the aggregate size (Ragg) with the inter-aggregate distance (d0). For the TM 

system, the ratio (2*Ragg/d0) is always inferior to 1 (below the close contact) while for all other 

examples the ratio is superior to 1 (at or slightly above the close contact) suggesting the objects can 

be slightly interpenetrated. This result shows that the different primary networks can present 

various strengths depending directly of the inter-aggregates interactions.  

 

 

The second interesting feature is the behavior of the low Q signal characteristic of the secondary 

aggregation level. It behaves identically for all cases: a signal close to a plateau at low 

concentration, an object of finite large size, whose intensity decreases when increasing the 

concentration meaning a reduction of the mean secondary aggregate size. The extrapolation of the 

structure factor when Q tends to zero is a direct determination of the secondary aggregation number 

(the number of primary aggregates inside the secondary structure) which is varying from 20 to 2-3. 

This value progressively tends to 1 suggesting that the secondary structure is progressively 

transformed to a continuous network. Such large structure is difficult to identify on the TEM 

pictures due to the close contact of the primary aggregates.  

 

 

Contrary to Nissan silica particles, the primary aggregates are denser in PS than in PMMA 

meaning that the specific polymer particles interactions are also dependent of the nature of the 

silica. This might be also the case for the maghemite particle whose behavior is shifted to lower 

particles volume fractions. 
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1.2.5.2 Elastomer matrix 

 
 

 

We have adapted the sample processing by solvent casting to an elastomer matrix, the styrene-

butadiene-rubber (SBR) coming from Michelin. The idea is to compare this model system (model 

particles Ludox LS, controlled solvent casting process) with the “real” systems made with 

industrial silica and prepared according to the manufacturing process by mechanical mixing. One 

of the pertinent question is to elucidate the influence of additive agents (nature, quantity) on the 

final dispersion in the matrix. These additives are a covering agent octytriethoxysilane (Octeo) and 

a coupling agent TESPT (Si69) which are able to graft to the surface of the filler. In addition, the 

coupling agent is able to make covalent bonds between filler and SBR chains. As for the previous 

example, we observe two levels of particles aggregation inside the SBR matrix. We have treated 

the scattering curves according to the same process by modeling the primary aggregates form factor 

on the diluted sample and then extracted the inter-aggregate structure factor and the secondary 

aggregate scattering (Figures 1.17a, b for one quantity of Octeo O1 and Si69 Si1 and c for two 

quantities of Octeo O2). The precise mechanisms of the additives regarding the filler dispersion as 

well as the density of adsorbed agent (bound rubber) and their conformation at the filler surface are 

generally quite difficult to access
 63

. However, one can identify here some characteristics. Contrary 

to previous published results that does not see any influence of the additive on the filler 

dispersion
64

, we observe that the primary aggregates are smaller and denser with Si69 than with 

Octeo suggesting a well-defined dispersion with Si69. To explain this, we suggest a DLCA process 

as already mentioned for silica particle which is limited for Si69 by the covalent bounding with the 

chains of the matrix that reduces the diffusion coefficient and thus decreases the probability of 

particle-particle encounter. 

 

 

As illustrated by the black arrow, the inter-aggregate interactions vary differently as function of 

the additive with the filler concentration. For O1, the objects remain below the close contact and 

seem to move away from each other for O2. Conversely, with Si1 the aggregates move toward to 

each other to be finally at the close contact. This suggests that the covering agent promotes 

repulsions between aggregates while the coupling agent supports attractions. The secondary 

structure also varies differently. It decreases with the concentration the O1 series and increases for 

the series Si1 and O2. This means an increase of the secondary aggregate size Si1 maybe due to 

bounding with matrix, and finite size objects for the series O2. The formation of secondary 

aggregate of finite size can be the result of the particle surface saturation by the Octeo agent that 

screens overlap between the objects.  
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Figure 1.17: Structure factor illustrating the inter-aggregate interactions (pointed by the black arrow) and the 

secondary aggregates for (a) silica LS-O1-SBR, (b) silica LS-O2-SBR and (c) silica LS-Si1-SBR for 4.7% 

(red), 9.1% (green) and 16.1% v/v (blue) of particles.  

 

 

1.2.6 Multi-scale aggregation: toward the “real” system 

 
 

 

To conclude the presentation of the different examples of filler dispersion, we move to more 

complex systems which are then closer to “real” industrial systems. Silica-SBR nanocomposites are 

formulated by stepwise introduction and mixing of SBR chains with silica powder 160 MP (figure 

1d) in an internal mixer (Haake). Compared to the complex samples usually studied in the 

literature, the system is thus designed to be a simplified industrial nanocomposite, i.e., ingredients 

have been limited to the strict minimum, conserving namely aggregated multi-scale silica as filler 

particles, SBR-chains, and a mixing process, all related to tire applications. The hierarchical 

organization starts with the silica powder, not colloidal, that can be modeled with sub-unit particles 

of 1nm densely structured in close contact to form a “native-li e” bead of radius 8.5 nm. In a 

second step, these beads can be organized themselves according to fractal primary aggregates 

defined as previously with an aggregation number and an apparent fractal dimension Df. The 

interactions of the native-like beads inside the primary aggregates as well as the interactions 

between the primary aggregates can be described with PY functions as also recently discussed on 

similar systems
17

. The primary aggregates form an additional structure, large agglomerates or 

fractal networks that finalize the hierarchical organization up to the micrometer scale. The SAXS 
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scattering curves of such samples are reported on Figure 1.18a for systems with covering agents 

Octeo (O1) and Figure 1.18b for systems with coupling agents Si69 (Si1) as function of the filler 

content. Additional TEM pictures (Figure 1.19) are also reported at two magnifications, 100 nm to 

probe the local structure and 1m to probe the larger structure of the samples. We use the 

analytical function described in equation 1.2 to model the scattering curves (black lines). Despite of 

the large level of polydispersity in the system, the modeling curves reproduce very nicely the 

experimental data, especially for the Sintra contribution that works here because aggregation number 

are larger enough (100) as for the compact aggregates obtained with grafted particles. Contrary to 

previous examples, both structure factors (intra and inter aggregates) and form factor are evaluating 

with the filler volume fraction. Concerning the primary aggregates, we find in “real” systems the 

same tendency that the one observed in previous model systems: the aggregates are smaller and 

denser with the Si69 than with Octeo agent. This suggests that the additive act at the same length 

scale than for the colloidal particles, i.e. the size of the primary particle (10nm), independently of 

the sample processing and according to the same DLCA aggregation process. 

 

 
 

 

Figure 1.18: Evolution of the scattering curves of SBR nanocomposites filled with silica 160MP particles at 

8.4 (red), 12 (blue), 15 (brown), 18 (orange) and 21 (green) % v/v for the series with (a) Octeo and (b) Si69 

agent. The curves have been shifted for clarity. The black lines are adjustements with the analytical model 

described in the text. (c) Structure factor for the Si69 series obtained by the division of the total intensity with 

the analytical modeling curve.  
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Figure 1.19: TEM picture for 8.4 (red) and 21 (green) % v/v at low magnification for the Octeo series (top) 

and for the Si69 series (bottom) at two magnifications (100 nm) and (1m). 

 

 

 
According to the scheme observed for model systems, the primary aggregates are in close 

contact with the coupling agent and well below the close contact with the covering one suggesting 

that the Octeo agent promotes repulsions between the objects. An interesting difference is that the 

mean radius of the aggregates is decreasing when increasing the particle content (aggregation 

number and apparent fractal dimension are reducing with a resulting constant compactness of the 

objects). However, this result already observed on similar systems
65

 is rather not surprising 

regarding the way of sample preparation that applies strong rheological constraints depending on 

the filler volume fraction. On the Figure 1.15c, we can see the structure factor deduced from the 

scattering modeling (equation 1.7) as well as the TEM pictures at large magnification. This 

confirms the presence of a secondary aggregation level that could correspond here to large 

agglomerates whose structure seems to change when increasing the filler volume fraction. The low 

Q intensity is decreased as observed for model systems while the slope corresponding to the 

apparent fractal dimension of the objects also decreases suggesting that secondary objects become 

smaller and more ramified. 
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1.2 Conclusions 
 

 

The filler organization of the particles inside the polymer matrix can be tuned by different 

triggers: grafting, external magnetic field, sample processing, additives, nature of particles and 

nature of the matrix, and gives a very broad and interesting range of various morphologies: 

individual objects, 1D aligned chains, 3D network, network of hierarchical aggregates. This panel 

leads to many situations from the well-defined model “fundamental” case to a multi-scale “real” 

example close to the industrial conception. With a combination of simple functions (finite size 

fractal aggregate of spherical beads and Percus-Yevick function), we can quantitatively model the 

evolution of the scattering with the particle concentration while dissociating the variations of the 

aggregates form factor induced by the modification of the morphologies (fractal dimension, 

aggregation number and compactness) to the ones of the aggregates structure factor coming from 

the interactions between the objects (number of objects in interactions and distance of correlations). 

If the two first situations (grafted particle and magnetic filler) can be described according to 

theoretical concepts (mixing entropy and dipolar interactions), the following examples reveal more 

complex results driven by diffusion limited aggregation processes which can be mediated either by 

the viscosity of the medium or by the covalent bound with the matrix. We can distinguish between 

3D connected networks from network made of multi-scale objects (two or more) that can be 

organized at larger length scales according to secondary aggregates processes. We get networks of 

various apparent strengths whose structure is mainly driven by the inter-aggregate interactions, 

more or less in close contact. The contribution of the primary particle interactions is more difficult 

to evaluate because it clearly depends on the number of involved particles. This perfect knowledge 

of the aggregates morphologies and interactions constitutes a set of quantitative database that will 

be useful to interpret the viscoelastic behaviors of the materials.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

36



 

CHAPTER 2 

 

MECHANICAL AND RHEOLOGICAL BEHAVIORS OF 

NANOCOMPOSITES 
 

 

 

The elastomeric or polymeric based materials present outstanding rheological and mechanical 

enhanced properties after addition of filler. This motivates to understand precisely the correlations 

between the filler structure and the macroscopic answer of the material. As we have seen on the 

previous chapter, as function of the filler/matrix specificities, the filler structure can present more 

or less complex hierarchical organizations covering a broad range of characteristic length scale 

from the size of the native particle filler to the one of large agglomerates or fractal networks. When 

the rheological and mechanical properties are experimentally investigated, the significant length 

scale of the system will depend on several factors like the rate of deformation, the frequency or the 

temperature. Most of the theoretical models that consider the reinforcement in filled 

nanocomposites calculate the dependence with the filler volume fraction. The effective values of 

filler volume fractions, and the typical associated length scales, are then difficult to estimate in 

presence of multi-scale aggregation and/or percolation processes. In addition, this effective value 

can also be influenced by the specific interactions between the filler components, primary particles, 

primary aggregates or secondary structures. As we will see in more details, the understanding of 

the correlations between reinforcement factors and filler structure is crucial to progress in the 

description of the whole processes involved, especially the role of the polymer chains. 

 

 

We have investigated the viscoelastic properties of the different systems presented on chapter 1 

by combination of different techniques: at low deformation by small amplitude (linear regime) 

oscillatory shear experiments and by dynamical mechanical analysis as a function of the 

temperature and at low and large deformation by uniaxial stretching methods. Nonlinear effects in 

nanocomposites (Payne
66

 and Mullins
67

 effects) have attracted considerable attention in the past. 

Here, we will focus on the linear regime considering only the Young modulus of the material given 

at low deformation and the reinforcement factor given by the ratio between filled and unfilled 

modulus. We have compared the evolution of the reinforcement factor with both hydrodynamical 

and percolation models in which the effective particle volume fraction is calculated knowing the 

aggregate morphology determined from our previous scattering analysis. We extract for each 

system a relative modulus of reinforcement which can be discussed as function of the relaxation 

terminal time (above and below ter), of the aggregates morphologies and of the specific filler 

network organizations (individual dispersion, compacts aggregates, 1D and 3D and multi-level of 

aggregations) as well as possible “glassy layer” and “enhanced entanglement” effects.      
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2.1 The effective volume contribution 
 

 

 

We investigated first the mechanical response of the composites for both dispersion states 

described previously with grafted silica on section 1.2.1 and 1.2.2: individual particle dispersion, 

and large and compact aggregates. We used oscillatory shear measurements at small deformation 

(amplitude 0.5%) with a plate-plate rheometer ARES. The evolution of the elastic and loss moduli 

 ’ and  ’’ was determined as a function of the filler content (% v/v) at different temperatures 

(from 160°C to 120°C) and the Time-Temperature Superposition (TTS) is applied using WLF law 

at a reference temperature of 143°C with standard parameters. The results are reported on Figures 

2.1a for the individual dispersion and 2.1b for the aggregates. The two matrices (98 000 and of 140 

000 g/mol) used as references do not show significant differences as a function of the frequency, 

indicating that their contribution are similar for the two kinds of dispersion and will not influence 

the comparison of the nanocomposites. 

 

 
 

Figure 2.1: Elastic shear modulus as a function of pulsation for different volume fractions (% v/v) of grafted 

particles in the composite for two dispersion state of the particles inside the polymer matrix: (a) individual 

dispersion (b) aggregates. (c) Modulus ratio (at a pulsation 0.04 rad/s) as function of the silica volume 

fraction for individual particles (full circles) and aggregates (open circles). The full line is the modeling with 

equation 2.1. 
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Whatever the silica content and the dispersion state, the curves ( ’ and  ’’) superimpose 

perfectly in the whole high frequencies range (above 0.1 rad/s), namely the elastic domain, and 

show a typical variation as 
1/2

. This means that the short characteristic times (the Rouse modes) of 

the polymer matrix are not affected by the fillers. We don’t see any changes of the intermediate 

rubbery plateau level with introduction of filler meaning that the apparent entanglement mass Me is 

here not influenced (for PS Me=18000 g/mol corresponds to a plateau G
0

N1.5 10
5
 Pa). 

 

 

In the lower frequencies domain (between 10
-3

 and 0.1 rad/s), the flow domain, the pure matrix 

shows classical variation of  ’
2
 and  ’’

1
 while intersection between  ’ and  ’’ allows the 

determination of the relaxation terminal time of the polymer, here equal to ter=18s for PS at 0.35 

rad/s. With introduction of filler we observe especially on the  ’ an increase of the modulus for 

times superior to ter with a significant reduction of the exponent of the power law dependence of 

the modulus with the frequency  ’
1/3

. This can be associated with the apparition of a longer time 

in the relaxation modes of the polymer chains, becoming longer with increased filler content. Such 

a long-time effect at low frequencies can be seen as a process analogous to a liquid-solid transition 

inside the materials, whose origin can be interpreted in different ways. To illustrate the difference 

between the two dispersions, we reported the modulus ratio  ’(filled)/ ’0 (unfilled) as function of the 

particle volume fraction for a frequency below the terminal time (0.04 rad/s) on Figure 2.1c. The 

difference between the two dispersions appears here clearly with larger amplitude for the aggregate 

case than for the dispersed one. Thanks to the previous filler structure analysis, we know that we 

have no direct filler percolation in both systems. We thus can compare the modulus ratio evolution 

with classical hydrodynamical models like the Guth and Gold prediction
68

 available for high 

particle content: 

 

 

)145.21(GG 2

0          2.1 

 
With the introduction of the effective filler volume fraction: 

 

 






part

eff

.
         2.2 

 

 part is the experimental particle volume fraction and  is the compactness of the considered objects 

deduced from the scattering model: =1 for individual particles and =0.4 for the compact 

aggregates. The single fitting parameter is the pre-factor  which can be related to the effective size 

of the particle including the layer of the grafted brushes according to: 

 

 

3

part

3

effpart

R

)eR( 
          2.3

 

 

where eeff is the effective layer thickness. This approach gives a good agreement between the fitting 

function and the experimental data as illustrated by the full black line on Figure 2.1c. We find 

respectively effective thickness layers eeff=5nm and 2.5 nm for the individual and for the aggregates 

cases. These values are very consistent with the real thickness grafted layer determined by SANS 

and SAXS on the same systems which are respectively e=6nm and 3nm for dispersed and for 

aggregated case (see chapter 3 for details) supporting strongly the contribution of an additional 
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fraction of polymer of modified mobility to reinforcement according to a long range effect. The 

physical state of the chain inside this effective layer is still under debate: one idea is to consider the 

chain in a “glassy-like” state
69,70

. However, the extension of the effective layer is depending of the 

frequency and becomes larger than the real layer thickness when looking at smaller frequency 

values (eeff=11 nm at  10
-3

 rad/s). This increased extension when decreasing frequency and thus 

increasing the temperature is rather contradictory with the glassy model that predicts a decrease of 

the thickness when going far away from Tg. This thus suggests an additional contribution. The 

formation of indirect filler network through the grafted layers has been also proposed to contribute 

to reinforcement
71

. However, this idea is not in agreement with the fact that the inter-aggregate 

distances increase when the particle concentration increases. Alternatively, we can suggest that this 

effect is related to the local inter-particle interactions, more effective for compact aggregates than 

for individual dispersion. This is then still difficult to conclude but our approach and especially the 

perfect knowledge of the aggregate morphology shows here the importance of the filler structure to 

compare and understand the rheological behavior of various dispersion states.  

 

 

2.2 Anisotropic reinforcement 
 

 
 

We analyze the mechanical behavior of nanocomposites for which the filler, magnetic 

nanoparticles, can be oriented inside the matrix by applying an external magnetic field during the 

solvent casting as described in section 1.2.3. Mechanical tests were performed with a homemade 

uniaxial-elongation machine. They were stretched up in a controlled constant rate deformation (= 

0.005 s
-1

) at a temperature Tstr = Tg + 15°C, where Tg is the glass transition temperature of a given 

sample. The tuning of the anisotropy of the filler structure provides a spectacular effect on 

mechanical behaviors. Figure 2.2a and b presents the reinforcement factor σ/σmatrix deduced from 

the strain stress isotherms of the nanocomposite films as a function of the particle content, stretched 

in the direction either parallel to the applied magnetic field or perpendicular to it. It is compared to 

the isotropic case and to the pure PS matrix. The reinforcement is important and strongly 

anisotropic. In the isotropic case, σ/σmatrix shows a clear maximum around λ = 1.2 that becomes 

very marked at low λ when stretched along the parallel direction. The system behaves as a 

connected network in the direction of the alignment of the nanoparticle chains. This situation 

stands for the formation of a 1-D connected network, where the rupture points are reduced 

compared to the classical 3-D filler network.  
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Figure 2.2:  eal stress (a) and reinforcement factor σ/σmatrix (b) as a function of the elongation λ of 

nanocomposite films, synthesized with maghemite nanoparticles with and without an applied magnetic field 

of 600 G at a particle volume fraction of 3%. Black curves: nanocomposites synthesized without a magnetic 

field. Red curves: nanocomposites stretched parallel to the applied magnetic field. Blue curves: 

nanocomposites stretched in the direction perpendicular to the magnetic field. Gray curves: pure PS matrix. 

Inset: zoom on the linear part of the real stress as a function of the elongation ratio λ, for a better insight. The 

experiments have been performed at Tg + 15°C. (c) Quantitative correlation of the anisotropy of the 

macroscopic mechanical properties with the anisotropy of the local structure of the fillers for all samples at 

particle volume fraction of 1 and 3% casted under a magnetic field. 

 
 

We correlate in Figure 2.2c the anisotropy of the macroscopic mechanical properties with the 

anisotropy of the local structure of the fillers (Figure 1.9), for all of the samples synthesized under 

a magnetic field. To quantify the anisotropy of the mechanical properties of a given sample, we 

extract the Young modulus in the parallel direction and in the perpendicular direction from the 

linear regime of the strain stress isotherms to calculate (E//-E)/E. A value equals to zero 

corresponds to isotropic mechanical properties. The determination of the structural anisotropy is 

more difficult because the anisotropy of the scattering curves is Q-dependent. We thus considered 

Q=I(Q)Q²dQ =2²(1-)² which is the pendent along one direction of the scattering invariant 

usually averaged over three dimensions. The overall anisotropy of the structure can thus be 

estimated through (Qhori-Qvert)/(Qvert) and can be related to the effective volume fractions, i.e., to 

volume fractions of orientated aggregates, in both directions as ∼(mag//-mag)/(mag). (Qhori-

Qvert)/(Qvert) increases either with the nanoparticles size or with the applied magnetic field. It 

(a) (b)

(c)
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illustrates the fact that the structural anisotropy is mainly governed by the dipolar interactions 

between the nanoparticles. Remarkably, for a given particle volume fraction, all the data from the 

different samples superimpose onto the same straight curve. As the Young modulus varies, to a 

first order, proportionally with the volume fraction, the tuning of the structural local anisotropy is 

directly converted into a macroscopic anisotropy of the mechanical properties. The slope of the 

curve increases with an increase of the particle volume fraction. This arises from the fact that 

transverse correlations between aligned chains of particles, which increase with the particle volume 

fraction, systematically correlate with stronger anisotropic reinforcement. 

 

 

2.3 Filler percolation 

 
 2.3.1 The local filler structure contribution 

 

 

 
We investigate now the situations for which the particles form a connected filler network 

according to a percolation process. Two main kinds of dispersions have been characterized 

previously: a 3D filler network made of small finite size primary aggregates and a connected 

network made of aggregates of different sizes (primary, secondary…). For the first networ , the 

rheological and mechanical behaviors have been determined with a combination of oscillatory 

shear measurements (ARES), Dynamical Mechanical Analysis (DMA) as function of the 

temperature and uniaxial stretching experiments. 

 

 

The shear oscillatory measurements results, reported on Figure 2.2a for the Nissan-PS system, 

present the same characteristics than for the grafted systems described previously with the 

appearance of a long time at low frequency when the filler content increased. We can notice a 

significant difference here which is related to a significant increase of the rubbery plateau level 

with the filler concentration related to elastic reinforcement. For high concentrations, we turned to 

DMA experiments performed at fixed frequency (5 Hz), with an amplitude deformation ratio of 

0.1%. Using TTS, measurements between 143 and 200 °C correspond to a time range at 143 °C 

between 0.2 and 60 s. In Figure 2.2b, we show the evolution of the storage modulus E′ for different 

volume fraction of Nissan silica in PS (from 0 to 20% v/v), as a function of temperature. For pure 

PS (without silica), at low temperature, i.e., for T < T, the curve is typical of amorphous polymer 

with a high elastic modulus plateau of about 2.5 GPa. When T increases above T, a steep decrease 

of E′ is observed, followed by a shoulder corresponding to the entanglement rubbery plateau, very 

narrow before to be cut at slightly larger temperature by a strong decrease corresponding to the 

terminal relaxation. 
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Figure 2.3: (a) Elastic shear modulus  ′ and  ′′ as a function of pulsation  for different volume fractions of 

silica in the composite (0, 2, and 5% v/v). (b) D   measurements of elastic modulus E′ as a function of 

temperature for different volume fraction of silica (from 0 to 20% v/v). (c) Real stress as a function of 

elongation ratio for different silica volume fractions. The experiments have been performed at Tg + 20 °C. 

 
 

Note the amplitude of the inflection point is of the same order of magnitude as the modulus 

obtained on the oscillatory shear plate-plate ARES rheometer (i.e., of the order of 0.15 MPa; 

E’=3G in linear deformation range). In the presence of silica, the most important fact is that at high 

temperatures (T∼150°C) the characteristic creep zone of pure PS disappears completely: the 

curvature is reversed, so that E′ decreases slowly and tends toward a plateau, clearly visible for 

high silica concentrations. The set of data is completed with uni-axial stretching experiments 

(Figure 2.3c). Samples are stretched up to a predefined deformation value in a controlled constant-

rate deformation (dλ/dt= 0.005 s
-1
, λ being the elongation ratio L(t)/L(t=0)), at temperature T=120 

°C, i.e., ∼20 °C above the glass transition temperature of the polymer matrix (Tg=98 °C for pure 

PS). This corresponds to a typical time (dλ/dt)
-1

=200 s, which after applying the time-temperature 

superposition factor (0.0087 from 120 to 143°C) corresponds at 143 °C to 1.8 s. The set of 

stretching curves can be summarized by the progressive increase with SiO2 of an initial stress jump 

at the beginning of the elongation, while the shape at large λ is similar, except for the shift due to 

the initial jump. This initial stress jump can be expressed in terms of an initial slope of stress vs 

deformation ε=λ-1 in a low elongation ratio (λ < 1.1) regime, giving an effective Young modulus 

Enanocomposite in this range of deformation. For very high silica concentration (SiO2 > 10% v/v), a 

maximum is observed in the stress-strain curves, more and more pronounced when SiO2 increases. 
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Most of the time, this peak appears simultaneously with local necking while we can notice a 

constant remaining stress at large deformation illustrating that the modulus of the filled samples 

don’t go back to the one of the pure matrix even at very large deformation. Whatever the 

considered technique, we can investigate the reinforcement by the determination of the ratio of the 

filled sample modulus by the one of the pure matrix  ’/ 0. In addition, by applying the TTS 

principle at the reference temperature, we can compare directly the different reinforcement ratios 

for an equivalent time range (or frequency). This can be done in the elastic regime for times lower 

than the terminal time of the polymer ter, with superposition of stretching at low deformation (1.8s 

at 143°C) with DMA at T/T=1.1 corresponding to typical time of 0.2s at 143°C and with ARES at 

high frequency (100 rad/s) which gives a typical time of 0.0628s at the reference temperature. Such 

superposition is presented on Figure 2.3a and 2.3b for Nissan-PS and Nissan-PMMA systems. We 

can observe a very nice overlap of the data for the different techniques for the considered typical 

time range (0.1 to 1s). This means that at lower typical sizes, i.e., when considering mostly the 

local structure of the fillers, the system behaves identically whatever the geometry of deformation.  
 

 
 

 

Figure 2.3: Reinforcement factor as function of the particle volume fraction determined for equivalent times 

using TTS principle for ARES data (open circles), DMA (open triangles) and uni-axial stretching data (full 

circles) for 3D connected network systems (a) Nissan-PS and (b) Nissan-PMMA. The full black is the best 

fitted result using the percolation model described in the text. 

 

 

 
The evolution of the reinforcement factor with the particle concentration can be quantitatively 

described with a theoretical model. We choose an approach, called the mechanical percolation 

model, which consists in a series-parallel model extended by Ouali et al.
72,73

 and then by Kolarik 

and Favier et al.
74

 with a percolation concept. In this model, the composite is described by a 

parallel mechanical coupling of a rigid phase, made of a theoretical volume fraction of filler 

network, and a soft one, made of the matrix reinforced with the fillers out of the network (i.e. dead 

branches and isolated aggregates). The network volume fraction is calculated from the percolation 

theory
75

. In the case of randomly distributed objects, the volume fraction  of percolated structure 

depends on the total volume fraction of objects, eff, and is given by: 
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with c, the percolation threshold and , the critical exponent. As assumed by De Gennes
76

, the 

dead branches do not participate actively in stress transmission and taking account only of the 

structure backbone requires a value of  close to 1.8. The Young’s modulus, G, of the composite is 

then given by: 
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Gm is the modulus of the pure matrix and Gn is the one of the filler percolating network. The 

calculation have been done using the primary aggregates compactness  deduced from the 

scattering curves modeling to estimate eff as function of the particle filler volume fraction SiO2 

(eff=SiO2/). The percolation thresholds have been determined from the scattering calculation 

and/or from the TEM analysis and fixed at SiO2=8% and 10% for both systems N-PS and N-

PMMA. Finally, the single fitted parameter is the modulus of the percolating network Gn. The 

result of the calculation is the full black line reported on the Figures 2.3a and 2.3b enables to see 

the good agreement between the model and the experimental data. 
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Figure 2.4: Reinforcement factor in the elastic regime as function of the particle volume fraction determined 

for equivalent times ARES data (open circles), DMA (open triangles) and uni-axial stretching data (full 

circles) for multi-level aggregated network systems (a) Ludox TM-PMMA and Ludox LS-PMMA, (b) 

maghemite-PS and Ludox TM-PS, (c) Ludox LS-O1, LS-O2 and LS-Si1-SBR and (d) 160MP-Si1 and 106MP-

O1-SBR. The full black is the best fitted result using the percolation model described in the text (equation 

2.5). The curves have been shifted for clarity. 

 

 

 

 

We applied the same analysis to all other studied systems, especially the one presenting a filler 

dispersion of multi-level (both or more) of aggregated network described in section 1.25 and 1.26 

and present the results of the calculation on Figure 2.4. We obtained a good agreement between the 

model and the experimental data for all kind of particle/matrix couples for compactness ranging 

from 15 and 40% and percolation threshold of around 10% v/v for silica (and around 2% for 

maghemite system). We can notice that we never observed a decrease of the viscosity, which 

behaves as the reinforcement for low filler content as already reported in nanocomposites
77,78

. Our 

purpose here is not to test the validity of the model or to compare between different theoretical 

functions. We are mostly looking for a tool, as simple as possible, from which we can extract a 

representative parameter of the reinforcement efficiency and discuss the efficiency as function of 

the filler structures, i.e., the aggregate morphologies as well as the inter-aggregates and inter-
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particles interactions. For comparison, the different values of the relative network modulus Gn 

deduced from the mechanical analysis are reported on Figure 2.5.  

 

 

The resulting figure shows different aspects that must be discussed in details. The first obvious 

conclusion is that the reinforcement can be reproduced considering the percolation of primary 

aggregates made of primary particles. The morphology of the objects (compactness) is a driving 

parameter. 

 

 

The second point is to see whether we can find a correlation between the reinforcement 

efficiency and the apparent network strengths and at which relevant length scale. At first sight, the 

variation looks randomly distributed. We propose an explanation based on the particle surface 

modifications. For systems in which the particle surface have been not modified (Silica Nissan, 

TM, LS and maghemite), the variation of reinforcement values is not correlate with the inter 

aggregates interactions: for example for TM, the primary aggregates are below the close contact 

and give a more reinforced network than for LS or maghemite systems for which the aggregates are 

slightly interpenetrated. This suggests that here the apparent strength of the network is mostly 

governed by the primary inter-particles interactions, dominant because not mediated by a surface 

agent. This is supported with the result obtained with grafted Nissan particles in PS
41

 showing a 

very low reinforcement value compared to the non-grafted one suggesting that reducing the inter-

particle interaction with grafted chain reduces reinforcement. Grafted chains can deform and then 

induce the diminution of the network rigidity. By modifying the particle surface with an additive, 

the primary inter-particle interaction becomes less important and then the apparent strength of the 

network is governed at larger length scale by the inter-aggregate interactions. This is nicely 

highlighted with the elastomer series for which the covering agent Octeo gives more repulsive 

inter-aggregates interaction that decreases the reinforcement while the coupling agent Si69 gives 

more interpenetrated aggregates that increases the reinforcement. This tendency is observed for 

both model and industrial elastomer systems
79

. This idea is also supported by the fact that the direct 

influence of the different additives on the inter-particle interaction is difficult to evaluate. 

 

 

The final observation, the most spectacular, is the effect of the matrix across the difference 

observed for PMMA and elastomer SBR with PS that exhibits larger values. Beyond the effect of 

the morphology of the aggregates, this means that there is an additional contribution, depending on 

the specific PS-silica interactions, that increases the effective volume fraction of the objects 

induced by the polymer chain contribution. This can be the result of a fraction of chain acting as a 

hard fraction due to a modification of mobility close to the surface as already observed for the 

grafted silica particles. If we compare the reinforcement between N-PS and N-PMMA, we found a 

factor 2.8 that gives an effective layer thickness equal to 2.5 nm. This value is in agreement with 

the NMR prediction
69

 of the “glassy layer” model at Tg+20°C. However, it is always diffcult to 

confirm such hypothesis with macroscopic evidences of immobilized polymer for example with 

calorimetric measurements. An alternative explanation
80

 suggests that the reduced mobility of the 

chain comes from a slowing down of the reptation mode due to adsorption at the surface of the 

particles. The adsorbed amount of chain has been estimated in both N-PS and N-PMMA systems 

and respective values of 0.28 and 0.11 mg/mg whose ratio (~2.5) corresponds also to the observed 

reinforcement ratio. Chains contribution is also expected for SBR systems which are supposed to 

present different quantities of “bound rubber” depending of the additive: the quantity of occluded 

polymer has been found to be larger with coupling agent than with the covering one
63

 while 

reinforcement is lower. However, bound rubber effect doesn’t seem to be significant for 

reinforcement of elastomers here.  
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We observe a mean general tendency showing that the reinforcement follows percolation of 

primary aggregates whose morphologies drive reinforcement efficiency. The apparent strength of 

the different network seems to be correlated to the inter-particle interactions (for non-modified 

surface particles) and to the inter-aggregate interactions when additives are used. Some variations 

from this general tendency impose to include additional contribution depending of the polymer-

particle interaction: an effective “glassy” or adsorbed layer of chain of reduced mobility that gives 

rise to enhanced reinforcement. 

 

 

 

 

 
 

 

Figure 2.5: Summary of the relative reinforced network values deduced from the percolation function 

modeling for the different systems. 

 

  

2.3.2 The flow behavior 

 
 

 

As we have seen in the previous part, the aggregate morphologies and interactions drive the 

reinforcement efficiency in the elastic regime. We turn now to the flow behavior in a range of long 

typical relaxation times (for >>ter). As already mentioned, the characteristic of this regime is the 

appearance of a long time at low frequency accompanied with a drastic change of the modulus 

frequency power law dependence  ’

 ( can varied typically from 2 to 1/3 with the filler 

concentration). This illustrates a specific flow behavior, usually called anomalous flow behavior 

and interpreted as a liquid-solid transition. To overcome from the specific behavior of the different 

matrixes used and compare the different systems, one practical way is to report the modulus ratio 

that we call “Flow  odulus  atio (F  )”, at a given frequency (here at   0.06 rad/s) 

corresponding to typical time (100s) larger than the polymer terminal time ter, presented on 

Figure 2.6. The primary observation is that the FMR is typically larger by a factor 5 to 10 than for 

shorter times (excepted for the Nissan-PMMA for which the effect is lower). This means that this 

behavior cannot be simply related to the filler percolation as frequently suggested. The correlation 

with the large scale filler structure, the secondary aggregation level can be then investigated. 
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However, such correlation is not clear: for model LS-SBR systems, similar FMR corresponds to 

different secondary aggregation (Figure 1.14a and b) while for industrial SBR system, different 

FMR are correlated with similar secondary filler organization (Figure 1.15).  

 

 

 

 

 
 

 

Figure 2.6: (a) some examples of Flow Modulus Ratio (FMR) variations with the particle content at a 

pulsation of 0.06 rad/s. (b) Illustration of the shift of the  ’’ toward the lower frequencies with the particle 

volume fraction for the LS-O1-SBR nanocomposites. (c) Illustration of the absence of shift of  ’’ with the 

particle volume fraction for the industrial 160MP-O1-SBR nanocomposites. 

 

 
 

This is also supported by the Nissan-PS system behavior which presents below the percolation 

threshold a dispersion of individual aggregates separated by a rim to rim distance of the order of 50 

nm while showing larger FMR amplitude. In addition, the Nissan-PMMA system who presents 

filler dispersion quasi-similar to the one of the Nissan-PS system shows very low FMR amplitude. 

In addition, identity between grafted and non-grafted Nissan-PS and between LS-O1 and LS-Si1-

SBR suggests an independence with the polymer-filler interface. 
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That suggests that in the range of long relaxation times, the flow behavior is mostly dominated 

by the polymer chain contribution than by the large scale organization of the filler. The application 

of the percolation model gives unphysical compactness values compared to the morphology of the 

secondary aggregation level. At the same time, reproducing the data using the model imposes us to 

include an additional effective layer which is significantly higher than for the elastic regime 

suggesting a long range effect. For example, for the Nissan-PS system, it corresponds to an 

increase of the layer’s thickness of the factor 3. A possible origin of the increase of the flow 

deformation modulus according to a long range effect is to consider chain bridging
81

 between 

aggregates. This assumption implies in our case that the radius of gyration of the chains involved 

would be increased, since they would have to join two aggregates separated in average by distances 

substantially larger than the Rg at rest. 

 

 

An alternative idea is to suggest that anomalous flow behavior is driven by longer 

disentanglements. Longer disentanglements, i.e. longer reptation time, can be due to an increased 

density of entanglements that reducing the reptation tube diameter. This has been recently 

determined by neutron spin echo
82

 and rheological experiments
83

 for high concentrated filler 

systems (up to 60% v/v) and by simulations
84

. The reduction of the reptation tube diameter is 

illustrated by a shift of the  ’’ toward the low frequencies. This is indeed what we observed on 

some systems as illustrated on Figure 2.6b for the Ludox LS-O1-SBR. However, this shift is not 

observed systematically for every systems like the example of the Figure 2.6c (160MP-O1-SBR) 

showing the constant position of the  ’’ even at large filler content (20%). The idea is that this 

effect is a result of a geometrical confinement due to filler structure suggesting a different filler 

organization between model and industrial SBR systems. However, we have seen that for a given 

additive the organization of the primary aggregates is similar, meaning that the  ’’ behavior is not 

related to the filler structure. Beyond the fact that it could be a solvent effect due to the sample 

processing, we also suggest that geometrical confinement can be related to the ratio between the 

size of polymer chain and the size of the aggregates. Indeed, in model systems both sizes are 

comparable (RgRagg) and induced confinement while in industrial systems Rg<<Ragg do not give 

rise to an effective confinement and thus do not modify the  ’’.  
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2.4 Conclusion 
 

 

 

We highlighted through the different examples some evidences between the local structure of 

the filler dispersion and the viscoelastic behavior for non-percolating, oriented and percolating 

filler structures. The classical hydrodynamical or percolation models can reproduce quantitatively 

the reinforcement behaviors, considering the aggregate morphologies as a key parameter. The 

apparent strength of the network and the corresponding reinforcement efficiency are driven by the 

inter-aggregate interactions, more or less attractive, as well as by the inter-particle interactions 

mediated by the attached ligands. However, some variations to these tendencies induce to include 

in some cases an additional effective layer involving the polymer chains in reinforcement 

mechanisms. The anomalous flow behavior, observed for all the systems, appears to be a complex 

process, more than a simple result of filler percolation that do not present obvious correlations with 

the large scale structure of the network or with the polymer-filler interfaces. The flow behavior is 

clearly related to the polymer chain contribution according to mechanisms supported by several 

hypothesis. For systems that are able to induce a geometrical confinement of the polymer chain, the 

chain mobility can be affected by an increase of the entanglement density producing a reduction of 

the reptation tube and slowing down the reptation mode of the chains. For non-confined systems, 

the anomalous flow can be illustrated by an additional effective layer of chains of modified state 

corresponding to a long range effect. The physical state of the polymer chains inside the effective 

layer observed in both reinforcement and flow regimes can be related to the chain dynamic or 

mobility (glassy model, entanglement density model) and/or to the chain conformation (bridging 

effects, adsorption). These different statements are currently strongly debated in the literature. 

Whatever the origin of the effect (dynamical or conformational), it appears to be larger enough to 

affect significantly the mean shape of the polymer chains. One way to progress in the 

understanding of these mechanisms is thus to determine the polymer chain conformation in 

nanocomposites in presence of filler. This is the scoop of the next chapter. 
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CHAPTER 3 

 

POLYMER CHAIN CONFORMATION IN 

NANOCOMPOSITES 
 

 

 

Knowing both the filler dispersion and the mechanical behavior of the different systems, we can 

investigate now the polymer chain conformation inside the nanocomposites to complete the 

description of the processes. We consider here two main situations, the grafted chain conformation 

and the bulk chain conformation, to probe the influence of the surface vicinity. The case of the 

grafted chain conformation and the interaction with free chains has been extensively studied in the 

case of planar surfaces (see for example the reference
85

) but much less in the case of 

nanocomposites for obvious reasons of geometry. Thanks to a refined combination of SANS with 

specific deuteration, we have been able to determine directly the grafted brush conformation inside 

the composite as a function of the particle dispersion, individual case or compact aggregates. On 

the contrary, the question of the bulk matrix chain conformation and it modification due to the 

presence of the fillers has been addressed several times with different approaches. However, a clear 

conclusion is still currently under debate. This point has been studied also by 

simulations
86,87,88,89,90,91,92

 considering the polymer radius of gyration Rg pol and the particles radius 

Rpart ratio (Rg pol/Rpart) and leads to contrary conclusions, either swelling or decrease of the Rg pol as a 

function of the particle filler volume fraction, mostly when the polymer radius of gyration Rg pol is 

equal or superior to the particle radius Rpart. For example, Termonia et al. and Sung et al.
72,73

 

reported a significant swelling of the chain for Rg pol/Rpart > 1 while Vacatello et al.
74,75

 reported a 

decrease of the chain. Sharaf et al.
76

 have reported a swelling of the chain but for Rg pol/Rpart < 1. 

 

 

 The situation has been also probed from an experimental view 
93,94,95,96,97,98,99 

using SANS and 

specific deuteration of the polymer chains. These studies also provide controversy behaviors whose 

origins can be discussed according to different issues. A first possible origin is the difficulty to 

extract the experimental chain signal without ambiguous matching or undefined extra scattering. 
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Nakatani et al.
79

, Mackay et al.
80

 (for the C60/PS system) and also Botti et al.
81

 extracted the 

conformation of the polymer chain from a complex scattering signal in which the interactions 

between labeled and non-labeled chains have to be taken into account for. Sen et al.
82

, Nusser et 

al.
83

 and Genix et al.
84

 (on latex/silica systems) used the zero average contrast (ZAC) method, 

which cancels inter and intra-chains correlations, but in unperfected matching conditions
82,83

 or in 

presence of extra scattering signal coming from chain diffusion
84

. An unambiguous contrast 

matched method used is the one of Mackay et al.
85

 with cross-linked PS particles as fillers but 

concerns a very specific case of nanocomposites filled with soft fillers. Another contribution comes 

from the role played by the particles dispersion inside the polymer matrix. Despite of the general 

prediction proposed by Mackay et al.
80

 that suggested that the particle dispersion is only governed 

by the Rg pol/Rpart ratio, it has been also demonstrated that the particle dispersion strongly depend on 

the processing conditions
10,40

. Indeed, some of the previous studies suffer from a clear particle 

dispersion characterization that can render a confusing reading of the results. Anyway, when 

reducing the discussion to the specific case for which the polymer radius of gyration is of the same 

order of size that the particle radius (Rg pol ≈  part), the situation can be summarized as follow: most 

of the experiments have concluded that the chain conformation seems to be unaffected by the 

presence of the fillers
80,81,82,84,85

 excepted for Nakatani et al.
79

 and Nusser et al.
83

 that have shown a 

decrease of the polymer radius of the gyration Rg pol due to the presence of the fillers. 

 

 

Beyond the fundamental interest of the previous studies mainly performed on model systems, 

the question of the chain conformation inside a composite is also a main preoccupation of industrial 

actors. In the present context of petroleum resources depletion, a new challenge of the tire industry 

is to develop new materials that can reduce the cars oil consummation and CO2 emissions while 

offering improved mechanical performances (reinforcement, adhesion, tensile strength…). 

Consequently, the question of the matrix chain conformation modification and it correlation with 

the mechanical performances of the material becomes a central point also from an industrial point 

of view.  

 

 

After the presentation of the chain conformation measurements in the specific case of grafted 

brushes, we will describe different methods to determine the bulk chain conformation in 

nanocomposite using a combination of SANS/SAXS with mixtures of deuterated and hydrogenated 

polymers. 

 

 

3.1 The grafted brush conformation in nanocomposites 
 

 

 
After the determination of the grafted brush conformation for particles in solution, an existing 

challenging step was to see whether it is possible to measure this conformation when particles are 

mixed with free chains to form a nanocomposite. In particular, the relation between the 

elastic/stretched conformation and the particles dispersion as predicted by the theoretical 

description remains a question of interest.  

 

 

To succeed in such determination we have developed a refined chemistry to build controlled 

grafted silica particles with deuterated polystyrene (PS) chains (as described in Chapter 1) and 

synthesized a statistical hydrogenated-deuterated polystyrene matrix that matches the particles 

scattering in SANS experiments: the silica becomes invisible to neutrons in the matrix, and only the 

deuterated corona contributes to the signal. The polymer chains for the matrix, called “grey matrix” 

were synthesized by conventional radical polymerization (6 h at 80°C) by mixing normal and 

deuterated styrene to form a statistical H/D PS chain at the final state of the polymerization 

54



 

process. The styrene H/D ratio was varied (from 35 to 100% v/v of H-monomer) and the neutron 

scattering length density (SLD) of the resulting chain measured with SANS (Figure 3.1a) to find 

the SLD value as close as possible of the one of the silica (3.40 10
-6 

Å
-2

). Then deuterated PS 

grafted particles were dispersed in the “grey matrix” and measured by S NS
100

.  

 

 

The scattered intensity is thus only due to the grafted deuterated chains around the silica 

particles as the silica signal contribution is suppressed by the matrix one and can be expressed in 

this case as ISANS(Q) ∼ Sgp(Q).Pgp(Q), where the index “gp” represents the grafted particles. For a 

correct modeling of the grafted brush (Pgp(Q)), it is needed to suppress the contribution of the inter-

particles structure factor (Sgp(Q)) related to the arrangement of the grafted coronas between them 

inside the matrix. As this organization is built across the network center of masses of the scattered 

grafted objects, the inter-particles structure factor is independent of the nature of the probe, i.e., is 

the same for neutron and for X-rays, Sp(Q)=Sgp(Q). Thus, the grafted corona form factor can be 

extracted by dividing the SANS signal by the particles structure factor deduced from SAXS. The 

grafted corona form factor can be perfectly modeled (Figure 3.1b) with a Gaussian chain model 

from which we can extract the physical parameters describing the system: the number of grafted 

silica particles (5% v/v), the number of polymer chains per particle (∼400), the mass (Mn = 25 000 

g/mol), and the radius of gyration of grafted chains equal to 3.1 nm, corresponding to a corona 

thickness of 6.2 nm. The grafted brush thickness can also be determined indirectly with the analysis 

of the SAXS pattern with the analytical function described on the Chapter 1. 

 

 

From this modeling, we can calculate the inter particle distance and knowing the particle radius, 

we can deduce the grafted brush thickness variations. For the grafted silica system, the direct 

determination method is only available for well individual dispersion of particles (because of the 

limited mass of the grey matrix) while indirect method works for both individual dispersion and 

aggregates.  
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Figure 3.1: (a) Variation of the H/D styrene ratio for synthesis of a statistical H/D PS matrix of tunable 

scattering length densities (SLD): the minimum of the curve correspond to the SLD of the silica. (b) 

Modeling of the form factor of the deuterated PS grafted silica nanoparticles in a grey matrix with a Gaussian 

chain model
99

. (c) Evolution of the thickness e of the spherical grafted polymer layer normalized by the 

Gaussian radius of gyration Rg as a function of the grafted/free chain length ratio R determined indirectly 

with the analysis of the inter-particle structure factor (blue symbol) and measured directly with SANS (green 

symbol). 

 
 

 

We completed the direct determination method with the grafted maghemite system whose 

particles contrast can be simply matched with deuterated PS matrix and enables thus to measure the 

grafted brush thickness for the aggregate case. The results (direct and indirect) are reported as a 

function of R
45

 in Figure 3.1c. We see an excellent agreement between the two methods. Besides, 

we observe that the transition between complete dispersion and formation of aggregates is 

accompanied by a significant reduction of the normalized thickness of the grafted polymer layer: 

by about a factor of 2. These results show that the dispersion can be tuned by a refined control of 

the grafted/free chains wetting properties. These observations can be qualitatively described 

considering the total free energy as a combination of a mixing entropy term between the grafted 

and the free chain and an elastic term of compression or stretching of the grafted brushes. For R < 

0.24 (the transition value), according to a depletion process, entropic expulsion of the free chains 

from the grafted corona is observed, and the corona eventually collapses. The resulting short-

ranged inter-particle potential induces therefore aggregation. For R > 0.24, the free chains can 

(b)

(c)
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partly swell the grafted corona which is then more extended and creates repulsive long-ranged 

inter-particle potential, favoring the complete dispersion of the particles. We can note the 

interesting agreement between the grafted brushes thicknesses obtained here from scattering with 

the one of the effective layer thickness deduced from rheological modeling on chapter 2. 

 

 

3.2 The bulk chain conformation in nanocomposites 

 
3.2.1 The Zero Average Contrast ZAC method 

 
 

 

The scattering intensity of a single chain in nanocomposite can be obtained directly by SANS 

using the zero average contrast (ZAC) method. This method was first used for a mix of normal, i.e., 

non-deuterated (H) and deuterated (D) chains in a solvent. The total scattering intensity I(Q) can be 

expressed by the relation: 
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where ρH, ρD, and ρ0 are respectively the scattering length densities (SLD) of non-deuterated 

chains, deuterated chains, and solvent, x is the molar fraction of D-chains, ν is the molar volume of 

D monomer,V is the global volume,  is the molar fraction of polymer, P(Q) is the form factor of 

one chain, and S(Q) is the inter-chain structure factor. When the average contrast between polymer 

mix and solvent is adjusted to zero, i.e.: 

 

0)x1(x 0HD          3.2 

 
The scattering intensity is only related to the form factor of one chain: 

 

)Q(NP)x1(x)()Q(I 2

HD         3.3 

 
By this condition (eq 3.2), the intra and inter-chain correlations are matched and not observed. 

Equation 3.2 is possible when ρ0 is comprised in between ρH and ρD; to meet this condition, 

mixtures of normal and deuterated solvents are often used. In our case, the role of the solvent is 

played by silica. 

 

 
3.2.1.1 The Debye Approximation 

 

 
 

For athermal systems, when the Flory parameter is close to zero (HD0) (no interactions 

between monomers as for ideal mixtures) and for identical hydrogenated and normal chain lengths 

as for PS, the form factor of the chain is expressed by the Debye function: 
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depending only on the radius of gyration of the chain. We have applied the ZAC method to the 

silica Nissan-PS system to extract the single form factor as function of the filler dispersion and of 

the polymer chain length. To resolve the ambiguous problem of possible unperfected matching of 

the filler, we have compared two methods, the three components method (ZAC mixture of H and D 

PS chains with silica) and the four components method (ZAC mixture of H and D chains with silica 

in the “grey matrix”). The second approach enables the validation, without any doubt, of the perfect 

matching of the silica fillers. Moreover to progress in the extra scattering understanding, we have 

also investigated the chain SANS signal in a wide range of scattering vector Q significantly 

extended toward the low Q values region, corresponding to larger distances in the direct space. We 

have investigated two different mass of polymer (138 k and 430 k) and two filler concentrations 5 

and 15% v/v corresponding to non-connected finite size aggregates (of radius of 20 nm) below the 

percolation threshold and to a connected 3D network above the percolation (see section 1.2.4).  

 

 
 

 

Figure 3.2: SANS curves in Zero Average Contrast (ZAC) conditions in Nissan-PS nanocomposites (pure 

matrix, 5 and 15% of particle volume fraction) for molecular mass Mw=138k (a) and Mw=430k (b). Extra 

scattering modeling by voids contribution for pure matrix (c) and by demixing H/D domains contribution (d). 

 
 

The results are reported on Figure 3.2a for 138k and b for 430k and show the superposition 

between the unfilled and the filled samples. We found no difference between our two methods, 

three and four components, suggesting that complete matching of the particle is achieved
101

. The 

signal of the filled samples superimposed to the one of the unfilled whatever the polymer chain 

length and the filler content up to a critical Q* value corresponding to the size of the polymer 

chain. Below this critical value, we see two kinds of extra scattering. The first one, mainly visible 

on the pure matrix, is a power law increase of the intensity which behaves as Q
-3

 as reported on 
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Figure 3.2c. We attribute this extra scattering to the presence of voids domains inside the sample, 

usually named crazes coming from the sample processing. The second extra scattering is a kind of 

shoulder whose amplitude seems to vary according to a non-systematic way mostly visible on the 

silica filled samples. We propose to analyze this extra scattering as demixing domains of H and D 

PS chains created by the interaction with the particles. We assumed that H and D domains have 

similar sizes and similar contrasts (H versus H/D mixture is very close to D versus H/D mixture). 

We modified the Debye function accordingly to extract the mean size and the volume fraction of 

the domains. The fitting curves reproduce nicely the experimental ones (Figure 3.2d) with large 

size domains of typically 300-400Å. A very low fraction of demixing domains (below 0.1% v/v) is 

enough to provoke strong extra low Q scattering. Otherwise, when taking into account for both 

extra scattering, the mean radius of gyration of the bulk chain is not modified by the presence of 

the particle whatever the filler dispersion or the polymer chain length as recently confirmed
102

. We 

can note that considering the radius of gyration (Rg pol) and the radius of the aggregates (Ragg) and 

the network mesh size (), we are still below the case of geometrical confinement of the chains.    

 

 

3.2.1.2 The Random Phase Approximation RPA 
 

 

 

We consider now the intermediate industrial system made of SBR matrix filled with colloidal 

Ludox particles and prepared by solvent casting (described in section 1.2.5.2). SBR is not ideal and 

one needs to introduce a monomeric interaction parameter (Flory-Huggins) HD. Then, the polymer 

chain form factor is described by the Random Phase Approximation (RPA): 
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Where D,H, ND,H, D,H, PD,H(Q) are the volume fraction, the number of monomeric unit per chain, 

the volume of monomeric unit and the form factor of the chains respectively for the hydrogenated 

and for the deuterated SBR polymers. V is the average monomer volume = HH + DD. The 

molecular weight determination with SEC experiments permits to extract the ND,HD,H product like 

MwD,H = dNAND,HD,H where d is the density in g/cm
3
 and NA the Avogadro number. As the two 

monomers have the same structure, the numbers of parameters can be simplified according to RgD = 

RgH (MwD/MwH)
1/2

. 

 

 

Here, deuterated polymer chains have been synthetized by Michelin for low molecular weights 

(40k) to be far away from the critical demixing mass. Some tentatives made with Mw of 140k 

(used for filler dispersion), have revealed some synthesis limitations. Chemists from Michelin 

finally succeed in synthetize 140k chains but preliminary tests show strong phase separation 

between H and D chains.   
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Figure 3.3: SANS curves in Zero Average Contrast (ZAC) conditions for silica Ludox-SBR nanocomposites 

with the coupling agent Si69 (a) and with the covering agent Octeo (b). The full red line is the modeling with 

the RPA function corrected with the demixing H/D domains contribution. 

 

 
As for the filler dispersion study on section 1.2.5.2, we analyzed the chain scattering as function 

of the silica filler concentration and of the additive, the covering agent Si1 (Figure 3.3a) and the 

coupling agent O1 (Figure 3.3b). The pure matrix scattering is well modeled with the RPA function 

from which we can extract the radius of gyration of the H, D chains (RgH=69.5Å, RgD=82.8Å) as 

well as the  parameter (=5.5 10
-4
).  ontrary to the previous case with PS, we don’t see any extra 

scattering due to voids domains with the SBR matrix. However, when consider the silica filled 

samples, we can observe the appearance of extra low Q scattering, similar to the one already 

observed with PS and interpreted as H/D demixing domains induced by the filler. The scattering 

are again well reproduced by the corrected RPA function including the H/D demixing domain 

contribution. When tacking into account for a very low volume fraction (0.01%) of these large 

demixing domains (400Å), we concluded that the parameters of the chains (RgH, RgD,) are not 

modified by the presence of the filler
103

. This result can appear to be surprising regarding the two 

level filler dispersion described on section 1.2.5.2 in which the primary aggregates are very close to 

each other and thus suppose to create a geometrical confinement of the chain. This is also 

supported by the shift of  ’’ observed in chapter 2 which can be directly correlated to geometrical 

confinement. However, the filler dispersion is strongly dependent on the Mw of the polymer chain 

and the change of the Mw from 140k to 40k induces the disappearance of the two level aggregation 

processes which is reduced to a single one with formation of very large aggregates unable to create 

chain confinement. This is illustrated with TEM images on Figure 4.3. 
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Figure 3.4: TEM images on nanocomposites prepared with SBR matrix of 40k to illustrate the formation of 

large aggregates. 

 

 

3.2.2 The Extrapolation method 

 

 

 
Here we investigated an alternative method to ZAC described previously to probe the polymer 

chain conformation using maghemite particles. As the scattering length density of the particles is 

the same than the one the deuterated PS chain, we can apply the extrapolation to zero concentration 

which consists in measuring different samples of various H and D PS chains ratio. The total 

scattering intensity can be written as: 

 

)Q(Skk2)Q(Sk)Q(Sk)Q(I HDDHDD

2

DHH

2

H        3.6 

 
where k is the contrast between the chains and the melt. When considering a melt of 100% of D 

chain, the terms involving the D chain becomes equal to zero and the equation simplifies as: 
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Where S1 and S2 are respectively the intra chain contribution related to the form factor P(Q) of the 

chain and the inter-chain contribution related to the structure factor S(Q). Finally, we can write: 
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illustrating that the extrapolation of the scattering to the limit of zero volume fraction of H chain 

enables to determine for each Q values the form factor P(Q) of the chain. This is possible for pure 

melts of H and D chains but also for melts in presence of particles whose scattering length density 

is equal to the melt of PS D chains. The figure 3.5a summarizes the different measurements made 

from 0 to 100% of H chains dispersed inside a D melt with maghemite particles as well as the 

extrapolated form factor signal on Figure 3.5b. The strong interest of this system is that we can 

tune the chain confinement when applying a magnetic field to orient the particles inside the matrix 

as described on section 1.2.3. We can then compare the extrapoled form factor of the chain inside 

the non-oriented with the oriented one parallel or perpendicular to the magnetic field. We can also 

LS-Si1-1% LS-Si1-10% LS-O1-10%
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graft “invisible” D chain at the surface of the particles as described in section 1.1.2 to probe the 

influence of grafting when applying or not a magnetic field.  

 

 

 
 

 

Figure 3.5: (a) SANS scattering curves of increasing volume fraction of H chain inside a D melt mixed with 

maghemite particles, from zero (crazes) scattering (red) to reveal progressively the filler structure (blue), (b) 

the chain form factor deduced from the extrapolation at zero concentration for each Q values and each 

concentration, (c) extrapolated signal for every situation: pure matrix, non-grafted particles, non-grafted 

particle oriented (parallel), non-grafted particles oriented (perpendicular), grafted particles, grafted particles 

oriented (parallel).  

 

 

All situations have been determined experimentally and showed the same scattering signal 

reported on Figure 3.5c meaning that whatever the situation, the mean form factor of the chain is 

not influenced directly by the particles. Again for this system, the close proximity of the aggregates 

described in section 1.2.5.1 is expected to create chain confinement. This seems to be indeed not 

realized due to the reduction of the polymer chain length to avoid H/D chain phase separation that 

modified the filler dispersion to simple aggregates which are then too large to induced chain 

confinement.   
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3.3 conclusions 
 

 

 
We saw that the application of different methods for the determination of polymer chain 

conformation in nanocomposites enables to clarify ambigous results related to particle matching or 

additional low Q scattering. The ZAC method with or without the “grey matrix” as well as the 

extrapolation method unambiguously confirms the filler matching condition. The additional 

scattering contribution has been identified as demixing H/D domains induced by the presence of 

particles that can contribute strongly to the scattering curves even for very low quantities of 

domains. Including these contributions in the form factor model of the polymer chain conformation 

leads to a unified conclusion: the polymer chain conformation is not affected (pre-constrained or 

stretched) by the presence of the filler whatever the system, the filler content and the polymer 

molecular Mw investigated. However, to reduce the risk of H/D phase separation, we have worked 

with lower molecular Mw than the one used for filler dispersion. The Change of the Mw of the 

matrix changes the dispersion and as a consequence, we are never in the case of geometrical 

confinement for the polymer chains even when close proximity between aggregates was expected. 

We are thus not able to confirm an effect on the polymer chain conformation induced by larger 

entanglement density as suggest by mechanical results. The filler has thus no indirect influence on 

chain conformation. This can be surprising when considering the mechanical conclusions that 

always find a “long range effective layer” in both elastic and flow regimes. This means that the 

different origins of this layer (glassy layer or glassy paths, adsorbed layer, bridging) are possible 

but reduced to a low fraction of chains. An alternative proposition could be that this effect is related 

to the molecular weight distribution (Ip=Mw/Mn) of the polymer chains. All the studied systems used 

polymers (grafted or not) and elastomers of large Ip, typically around 2. From an empirical point of 

view, we can thus schematize the nanocomposite matrix as a heterogeneous distribution of long 

chains (for example 10%), medium chain lengths corresponding to the mean value (80%) and very 

small chains (10%). We can then consider that all macroscopics or mean chain contributions (chain 

conformation, filler dispersion, Tg…) are driven by the 80% of the medium size chains while the 

mechanical reinforcement and the flow behavior are mostly driven by the 10% of longer chains that 

could bridge the filler or being confined even for long range inter-filler distances. Of course, such 

empirical hypothesis remains to be supported by experimental evidences and could be an 

interesting route of investigation.     
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CHAPTER 4 

 

FILLER AND CHAIN STRUCTURE UNDER 

DEFORMATION 
 

 

 

The mechanical behavior in the nonlinear regime at large deformation (above >5%) leads to 

many unsolved questions; for instance, for filled elastomer a decrease of the oscillatory storage 

modulus is commonly observed when the amplitude of the imposed oscillation is increased (the so-

called Payne effect
64

) and mechanical hysteresis is observed during load-unload cycles, with an 

appreciable change in mechanical properties after pre-straining (the Mullins effect
65

). Many 

explanations have been proposed to explain the deformation dependence of the storage modulus 

involving either the polymer chains or the filler structure. Different changes in the dynamics under 

strain have been proposed. It could be related to desorption of chains immobilized at the filler 

surface
104

, to slippage of entanglements (slip-links) of higher density at the surface or to release of 

occluded polymer trapped in filler agglomerates. An alternative suggestion is that these effects 

come from dynamical reorganization of glassy regions (glassy bridges), which can be broken 

during stretching and slowly rebuild after relaxation through an aging process
105

. In addition, 

models implying structural filler rearrangements (non-affine reorganizations, cyclic filler network 

breakdown with rupture/re-agglomeration process)
106

 have been proposed. SAS measurements on 

stretched filled-polymer systems can provide useful information among the different solutions. The 

anisotropy is observed through the 2D patterns of the scattering from either labeled chains (using 

SANS), or filler embedded in the deformed matrix (SAXS). These patterns display different 

shapes: ellipse, eight shaped butterflies or double wings depending of many processes inducing 

variation of interacting distances between the objects (structure), modification of the shape (form 

factor) or even breaking and rebirth of news entities. One of the challenges to progress in the 

interpretation of these complex patterns is to be able to dissociate between the different processes. 
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4.1 The grafted brush deformation in nanocomposites 
 

 

 

The grafted brush conformation inside nanocomposite whose determination has been described 

in section 3.1.2 can be analyzed under deformation for different stretching rates. The samples has 

been stretched at Tg+20°C and then rapidly quenched at ambient temperature before measurements 

by SANS. We presented an example for individual grafted particle (10% v/v) on Figure 4.1. The 

scattering intensity is radialy averaged in the parallel direction to the plane of the 2D pattern (a) 

and in the perpendicular one (b) for elongation rates of =1 and =4. The scattering signal depends 

only on the form factor of the grafted brushes around the particles. To model the scattering curves, 

we have modified the isotropic function of Pedersen
96

 by including a radius of the brush depending 

on the direction (Rpara and Rperp) in addition to the local radius of gyration of the chain Rg. We also 

included a function (a PY function
53

) to take into account the inter-particle interactions coming 

from displacements of the particles under deformation.   

 

 

 
 

Figure 4.1: 2D SANS patterns and radial averaging along the parallel direction (a) and along the 

perpendicular one (b) for un-stretched grafted brush signal (blue symbols) and for stretched grafted brush at 

an elongation ratio of =4 (red symbols), the full black line are the result of the modeling described in the 

text. Inset: a picture of the setup, (c) radius of the grafted brushes deduced from the modeling as function of 

the elongation rate and comparison with the affine prediction (full line). 

 

 

 

1

10

100

1000

0.5 1 1.5 2 2.5 3 3.5 4 4.5

R//(Å)



(c)

R(Å)

10
-2

10
-1

10
0

10
1

10
2

10
3

0.001 0.01 0.1 1

I para_4
I fit_para_4
I exp_iso
I_fit_iso

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

0.001 0.01 0.1 1

I perp_4
I fit_perp_4
I exp_iso
I_fit_iso

I(
Q

) 
cm

-1
)

I(
Q

) 
cm

-1
)

Q (Å-1) Q (Å-1)

(a) (b)

66



 

We obtained a good agreement between the model and the experimental curves from which we 

can extract the variation of the radius of the brush under stretching in both directions. We report 

these variations as function of the elongation ratio and compare with the expected one for an affine 

deformation of the chains which is, at a first order, the basic deformation mode for bulk polymer 

chains. We observe that the parallel deformation of the grafted brush follows nicely the affine 

estimation. The brush is more deformed in the perpendicular direction in agreement with the 

reduction of the inter-particle distance d0 in this direction according to the PY function (d0 

increases in parallel direction). We can then consider that in the perpendicular direction the chain 

are compressed directly by the particles in close contact. However, when the grafted chain are not 

directly compressed by the particles (parallel direction), the grafted chains are apparently deformed 

as in pure melt without being influenced by the surface vicinity. This result is interesting regarding 

the “effective layer” of chains of modified mobility around the particle that we highlighted on 

section 2.1 as responsible for reinforcement efficiency. This means that at the typical time probed 

for chain deformation, we do not see a significant influence of the chain mobility or dynamic on the 

deformation suggesting that the number of effective chains contributing to reinforcement is limited. 

 

 

4.2 The bulk chain deformation in nanocomposites 

 
 

 
As described in section 3.2, the bulk chain conformation in presence of filler can be accessible 

using ZAC method. Such determination can be transfer to stretched samples and the evolution of 

the chain conformation can be followed as function of the elongation ratio. We  made these 

experiments with SANS on the Nissan-PS system for different situations by varying the filler 

content (from 5 to 15% v/v), the polymer chain length (from 138k to 1777k) and the elongation 

rates from =1 to =6
107

. Figure 4.2a shows the SANS results for Mw=315 k in directions parallel 

and perpendicular to the stretching for direct comparison of unfilled and filled polymer matrix at 

5% silica, in log-log representation for =6. Intensity maps of the two-dimensional (2D) detector 

(inset) show strong anisotropy, evidencing the deformation of the chains.  

 

 

At first sight, particularly striking is the unanimous identity of chain conformation with and 

without fillers, in both directions, for each elongation ratio. This is true at 5% silica from =2 to 

=6. It is also true for 15% silica: the samples were much more difficult to stretch, reaching only an 

elongation ratio =1.28 (not reported here). The chain deformation is unperturbed by the presence 

of silica contrary to previous study
108

, with different characteristic sizes and filler structures in a 

cross linked matrix. It is not sensitive to any confinement due to filler reorganizations resulting 

from the deformation either for low filler content (below the percolation threshold) or for large 

filler content (above the percolation threshold). This effect is also confirmed when increasing the 

Mw of the polymer. 
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Figure 4.2: (a) SANS results (absolute intensity) from chains in stretched unfilled polymer (red circle 

symbols) and nanocomposites filled with 5% v/v of silica particles (blue square symbols) for a molecular 

weight of 315 k in directions parallel (lower symbols) and perpendicular (upper symbols) to the stretching, 

and for elongation ratio =6. Inset: intensity maps of the 2D detector. Black triangle symbols: isotropic 

scattering (identical in filled and unfilled un-stretched samples), (b) Radius of gyration of chains of molecular 

315 k in direction parallel (squares) and perpendicular (triangles) to stretching: experimental result using 

Debye function for filled 5% v/v full symbols) and (unfilled 0% v/v empty symbols) polymers, and phantom 

network predictions (dashed red line) assuming one slip link, each with 180 segments, (c) Stress-strain for 

unfilled polymer (red circles) and 5% filled nanocomposite (blue squares) for Mw=315 k. 
 

 
For the pure PS matrix, the curve is classical for stretched chains, and it has been well described 

in the literature. At low Q (Guinier regime), the radius of gyration Rg of the deformed chain is 

determined using the classical Debye function in parallel and perpendicular directions. Its 

experimental variation is compared in Figure 4.2b with predictions for a chain inside a tube 

extending the phantom network model by replacing cross links with entanglements slip links. It is 

known that this can be accounted by implying relaxation between the slip links, i.e., inside the tube, 

followed by reptation out of the tube. The presence of the filler is expected to modify this behavior 

for all chains or at least a fraction of them, by creating specific polymer/filler interaction which 

could apply at short or long range, as a function of the filler structure. This should affect the 

relaxation processes including reptation of the chains under stretching, but such modification is 

clearly not observed here. The same result has been obtained with maghemite-PS and Ludox-SBR 

system under deformation. The second important result concerns the mechanical response: at 

variance with chain conformation, the mechanical response of the nanocomposites is very different 

in the pure matrix and in the reinforced polymer. For the samples observed here, the difference in 

(c)

(a) (b)
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stress survives at high elongation ratio as highlighted in Figure 4.2c. At this stage, it is worth noting 

that the curves look as shifted, with respect to the pure polymer curve, by a constant value, 

increasing with silica fraction. This has two important consequences with respect to the different 

reinforcement models. Models implying that some chains would connect elastically the fillers 

predict a stronger deformation of these chains: the absence of such effects suggests a very small 

fraction of them. In a simplistic picture, glassy chains then would not be largely deformed, with the 

other chains undergoing most of the deformation: this should also result in a difference in average 

chain deformation. However, we do not see any temperature dependence when reducing the Tg 

suggesting again that theses processes are possible but concern only a small fraction of chains. As a 

result, the constant value of the remaining modulus when increasing deformation could be 

attributed mostly to the contribution of the filler structure. 

 

 
4.3 The filler network deformation 
 

  4.3.1 Oriented network 

 

 

 
We investigate the evolution of the filler structure under deformation using SAXS and TEM. 

We start with a first example which corresponds in principle to the simplest situation, namely the 

1D network constituted with aligned chains of particles (described in section 1.2.3) that we 

stretched in the direction of the particle alignment.  

 

 

 

 
 

 

Figure 4.3: (a) 2D SAXS patterns and radial averaging along the parallel direction for the aligned chains of 

maghemite particle in PS matrix for different elongation rates, (b) sketch of the filler reorganization under 

deformation in the real space, (c) TEM imaging of the stretched sample at =1.5. 
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As we have seen in section 2.2, this sample present a strong anisotropic reinforcement 

characterized by a larger modulus along the direction of alignment of the filler. At large 

deformation, we observed a residual stress as in the previous example which is expected to depend 

mostly on the filler reorganization than on the polymer chain deformation. But the precise 

mechanism of such reorganization remains to be described.  

   

 

On Figure 4.3a are reported the SAXS patterns (2D and radial averaging along the parallel 

direction) on aligned chains of maghemite particles in PS matrix for different elongation ratio. A 

sketch (b) proposes a possible evolution of the filler structure under deformation
46

 which can be 

summarized as follow: for the first stretching ratio =1.5, we observe the apparition of a peak 

(green curve) suggesting a break of the particles chain in sub-unit entities; the peak represents the 

correlation between these sub-units along the parallel direction. The rupture of the particles chain 

in sub-unit is visible in the real space on the TEM image (Figure 4.3c). When increasing the 

elongation to =3 (blue curve), the peak moves toward the small Q values suggesting an 

enhancement of the distance between the sub-entities in the stretching direction. For larger 

elongation =6, the peak moves back to higher Q values illustrating a new correlation coming from 

the transverse intercalation of a neighboring sub-entity between two others of the same line. This 

new correlation appearing at large elongation can lead to offset the loss of modulus due to the 

move apart of the filler along the stretching direction and thus keeps a mean modulus larger than 

the one of the pure matrix even at very large deformation.    

 

 
 4.3.1 Effect of network constitution 

 
 
 

We complete our investigation of the filler structure under deformation by a direct comparison 

between two different structures of filler network highlighted on chapter 1: the 3D connected 

network described on section 1.2.4 for the Nissan-PMMA system and the aggregated network for 

the Ludox-PMMA system described on section 1.2.5.1.  As seen on chapter 2, the morphologies of 

the primary aggregates as well as the structure of the network are the driving parameters of the 

elastic reinforcement in the linear regime. Otherwise, these two examples present different 

structures of primary aggregates: a mesh size larger than the aggregate size for the Nissan and a 

slight interpenetration of the objects for Ludox.  et’s check now the evolution of both type of 

networks with deformation and correlate it with the mechanical behavior at large deformation. The 

Figure 4.4 presents the evolution of the network structure under deformation for Nissan, Figure 

4.4a and Ludox, Figure 4.4b. From a qualitative point of view, we can see different variations of 

the scattering curves with the elongation: for Nissan we see mainly a shift of the maximum 

representing the mesh size of the network toward the low Q value meaning while the scattering 

behavior is not affected in the intermediate Q range. This means a homogenous deformation of the 

network whose typical size is enhanced with deformation without break or change of the primary 

aggregates. The variation of the peak position follows indeed the prediction for affine deformation. 

 

 

Conversely, for the Ludox, the low Q maximum is not affected by the deformation while the 

intermediate Q range is strongly modified suggesting a heterogeneous deformation of the network 

with a strong modification of the shape of the primary aggregates, clearly visible with the decrease 

of the slope related to the fractal dimension of the aggregates. 
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Figure 4.4: (a) SAXS 2D patterns and radial averaging along the parallel direction for the Nissan-PMMA 

network at 20% v/v of particles for un-stretched (=1, red symbols) and stretched (=3, pink symbols), (b) 

radial averaging SAXS along the parallel direction for the Ludox-PMMA network at 20% v/v of particles for 

un-stretched (=1, blue symbols) and stretched (=3, light blue symbols), (c) real stress as function the 

elongation rate for pure matrix (black line), Nissan (red) , Ludox (LS blue and TM green) in PMMA at 20% 

v/v of filler volume fraction.   

 

 

The peak maximum do not follows in this case the affine deformation. This qualitative 

description can be nicely confirmed with modeling starting from the function used on chapter 1 and 

changing either the form factor or the structure factor between the aggregates to reproduce the 

scattering curves (full black lines). The real stress behavior reported on Figure 4.4c shows that 

Nissan network recovers the modulus of the pure matrix at large deformation while a residual stress 

is maintained even at large deformation for Ludox network. As a consequence, homogenous 

(affine) deformation gives lower reinforcement while heterogeneous deformation (aggregates form 

factor modification) leads to an additional stress. We suggest that non-affine deformations are 

related to the slight overlapping between the primary aggregates
109

. 
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4.4 Conclusions 

 

 

 
We saw in this last chapter how to determine the polymer chain and the filler structure under 

deformation in nanocomposite and the correlation with the mechanical behavior in the nonlinear 

regime. Whatever the situation (grafted or non-grafted) the polymer chain deforms with filler the 

same way as in the pure polymer. This follows the conclusion of the previous chapter. The mean 

chain conformation is never constrained or stretched at rest. This means that the effective fraction 

of chains useful to explain reinforcement and flow behaviors and discussed in the literature 

according to different models can exist but must concern a reduced fraction of chains. Otherwise, 

the situation for the filler structure under deformation is clearer. Thanks to a refined knowledge of 

the different network structure, we are able to describe precisely the evolution of the scattering 

curves under deformation and to dissociate the effects of form factor variations from the ones of the 

structure factor. We can then identify that the break of the primary structure network and 

reorganization lead to additional residual stress at large elongation while homogenous deformation 

without breaking recovers the stress of the pure matrix.  
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CHAPTER 5 

 

TOWARD A BETTER DESCRIPTION: CHAIN DYNAMIC 

AND INTERFACE SETTING 
 

 

 

The four preceding chapter have summarized with different examples the correlations between 

the filler dispersion and the polymer chains conformation with the mechanical and rheological 

behaviors at rest and under deformation. If some evidences have been clearly identified mainly 

about the filler network contribution, some unclear points continue to resist to our understanding 

specifically related to the polymer chain contribution. The physical state of the chains involved in 

the mechanical processes must be clarified as well as the range of length scale on which this 

contribution is effective. We think that the most efficient way to answer these questions is to go 

further on the particle-chain interface.  

 

 

In this last part, we propose some orientations that we think to be relevant in the description of 

nanostructured polymer-particle composites. This section is actually a research program that I plan 

to focus-on in the years to come. 
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5.1 Chain dynamic 
 

 

 
The polymer chain dynamic, i.e., it modification in presence of particles, is a key point in the 

field of nanocomposites that opens the discussions on mainly two questions. We have firstly to find 

the pertinent time scale for which the chain dynamic will influence significantly the rheological 

properties of the materials. Several time/scale domains have to be considered, short times at the 

local scale (segmental relaxation) and longer times at larger scales corresponding the whole chain 

length (Rouse/reptation modes). Secondly, we have to identity the range of this influence; more or 

less close the surface of the particle and possibly extended to longer distance. 

 

 
We thus would like to develop this topic on the PS grafted silica particles dispersed in PS 

matrix. This system presents many advantages. Firstly, we have a perfect knowledge of the 

synthesis conditions, reproducible enough to give a large amount of well-defined grafted 

nanoparticles to prepare nanocomposites. Secondly, as also reported in this manuscript, we have a 

perfect knowledge of the dispersion state of the particles inside the matrix as well as the 

corresponding effect of the grafted brush conformation. The rheological behavior as function of the 

different dispersion state has been already determined. We can thus plan a complete study of the 

dynamic of the grafted chains and of the free chains by associating different inelastic neutrons 

scattering techniques (INS) benefiting from the opportunity of labeling with deuteration of the 

grafted brushes or of the matrix chains and thus optimize the coherent over incoherent ratio. 

Preliminary experiments have already been performed on different spectrometers. 

 

 

 

 
 

 

Figure 5.1: Mean Square Displacements MSD as function of the temperature for different grafted to free 

chain length ratios R for the whole temperature (left), with a focus on the transition (right). TEM picture 

illustrating the different particle repartitions inside the PS matrix.   
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We have performed a first experiment on the backscattering spectrometer IN16 at ILL 

(Grenoble) by comparing the temperature dependence of the Mean Square Displacement (MSD) of 

low Mw H free chains alone (Mn=26.4k) and of the same chains grafted on silica nanoparticles and 

dispersed in D matrix of various Mw (Mn=169, 111.3 and 31k giving grafted to free chains ratios 

R=0.14, 0.24 and 0.85). We can observe a significant difference of the MSD temperature 

dependence between free and grafted chains (Figure 5.1).  

 

 

The transition between harmonic and an-harmonic behavior can be assimilated to the glass 

temperature transition Tg of the grafted chains. We can see a positive shift of around 5-10K 

between the free and the grafted chains illustrating the influence of the grafting on the local chain 

dynamic. However, no significant effect seems to be correlated with the dispersion state of the 

particles and as a consequence with the grafted brush conformation that is more collapsed when 

decreasing R. 

 

 

This first set of results was completed with Neutron Spin Echo (NSE) measurements that enable 

to probe the chain dynamic at larger scale and longer times. The first experiments were made on 

the IN11C spectrometer at ILL. As the Mw of the grafted chain is close to the entanglement Mw for 

PS (Me=18k), we expect to directly describe the experimental data with the Rouse model and to 

follow the Rouse parameters at fixed temperature well above (450K) the glass temperature 

transition. We thus compared the intermediate scattering function I(Q,t) of the free polymer chains 

(D) with the intermediate scattering function of the same chains grafted on silica particles and 

dispersed in hydrogenated matrix for two states of particles dispersion (individual and aggregated). 

The Figure 5.2 reported the results for two typical Q values (0.073 and 0.46 Å
-1

) for free chains 

(Figure 5.2a), grafted chains individually dispersed in the matrix (Figure 5.2b) and aggregated in 

the matrix (Figure 5.2c). The intermediate scattering function has been normalized by measurement 

at low temperature. At a first order, these results show that we don’t see a significant influence of 

the particles on the Rouse mode of the chains at this time scale window (up to a few ns). One of the 

main issues is to see whether the complete chain relaxation is affected by the filler. We thus have to 

probe the longer relaxation times in the reptation regime at lower Q values while having the 

possibility to look for the single chain scattering signal using the “grey matrix” to match the 

contribution of the silica particles. Such experiment is possible on IN15 at ILL. Some preliminary 

tests have been performed recently. We can investigate a low Q domain (from 0.03 to 0.08Å
-1

) and 

have access to typical times up to 300 ns. 

 

 
Figure 5.2: Normalized NSE (IN11) intermediate scattering function at T=450K for (a) free deuterated 

chains, (b) grafted deuterated chains dispersed individually inside the hydrogenated matrix, (c) grafted 

deuterated chains dispersed as compact aggregates inside the hydrogenated matrix. 

 
We compared the intermediate scattering function of the single chains (D) with the scattering of 
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the grafted chains contribution. The results presented on Figure 5.3 show that even at very long 

time, we do not see a significant influence of the filler on the chain dynamic. 

 

 

 

 
 

Figure 5.3: Normalized NSE (IN15) intermediate scattering function at Q=0.07 Å
-1

 for (a) free deuterated 

chains inside the “grey matrix” for different temperatures and (b) comparison with the same hydrogenated 

grafted at the surface of the silica particles individually dispersed in the “grey matrix” at Q=0.036 Å
-1

. 

 
 

These results must be considered carefully because they deserve further analysis and must be 

confirmed with additional experiments. However, they appear to be rather not obvious and 

unexpected regarding the viscoelastic behaviors of the materials discussed previously. This thus 

motivates the necessity to address completely this question. This work is currently under progress 

with the PhD thesis of Nicolas Genevaz. 

 

 

5.2 Interface setting 

 
5.2.1 Di-block grafting 

 

 

 

The polymer-filler interface is of a significant importance for many mechanisms in 

nanocomposites. One strategy to progress in the understanding consists in setting systematic 

variations of the polymer-filler interface to evaluate the consequences on the viscoelastic properties 

of the materials. Such approach has been tested several times in the past and recently
110

 using filler 

surface modifications by the way of grafting or additives or other types of compatibilizer 

molecules. It could be however sometimes difficult to conclude for two main reasons. First the 

characterization of the molecules at the interface could be difficult (grafting density, 

conformation…). Secondly, most of the time, the modification of the interface leads inevitably to 

change the filler dispersion. It becomes then delicate to dissociate the contribution coming from the 

interface modification from the one coming from the filler dispersion modification. 
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In this context, we suggest an alternative strategy based on developing processes enabling to 

modify the polymer-filler interface while keeping the filler dispersion unmodified. The idea is to 

set the interface mobility by adapting our grafting synthesis to a di-block copolymer presenting two 

blocks with different Tg, one low Tg block and one high Tg block. The first part of the di-block 

copolymer grafted at the surface of the particles can be the poly-(ter-butylacrylate-b-styrene 

(Tg=30°C). Then keeping the living character of the radical polymerization enables to change the 

monomer and to restart the polymerization with the second monomer, the polystyrene PS 

(Tg=100°C) for the high Tg part. Using PS as the second part of the di-block yields the control of 

the particle dispersion as for the previous case of the full PS grafted chain by the way of the free to 

grafted chain ratio R. This would be an encouraging way to compare directly for similar particles 

dispersion, either individual particles or aggregates, the consequences of the interface mobility 

related to a gradient of Tg on the viscoelastic behaviors of the nanocomposites.  

 

 

5.2.1 Photo-cleavable interface 

 
 

 

To be able to tune directly the polymer-filler interface with an external trigger, without to input 

chemical modifications inside the nanocomposites should certainly allow great progress. That 

could be in principle possible using an additional linker between the particle and the grafted 

polymer chains that could be cleaved under external UV radiations. The addition of such a linker 

could be done by adapting our synthesis of PS grafting on silica nanoparticles. Again, we should be 

able to keep the control of the particle dispersion with the grafted to free chains ratio R. That 

should opens the way to new experiments of rheological (oscillatory shear) or mechanical (uni-

axial stretching) tests under UV radiation to measure directly the consequences of the in-situ chain 

cleaving on viscoelastic behaviors. The grafted to cleaved chains ratio, that could be controlled and 

adjusted with the radiation duration or intensity, will enable a direct tuning of the polymer-chain 

interactions.     

 

 

5.3 Additional perspectives: chain distribution and particles dynamic 
 

 

 

To complete this project, we propose two additional approaches. The first one already 

mentioned in the manuscript consists in identifying the effects of the molecular chain distribution 

of the polymer chains on the properties of the nanocomposites, the filler dispersion and rheological 

behavior. We indeed suggest that anomalous viscoelastic behaviors highlighted in this study could 

be explained by the contribution of a few fraction of long chains inevitably presented in a polymer 

melt of large broad weights distribution (typically Mw/Mn2). At the same time, this fraction is too 

low to be modified and have an influence on the mean chain characteristics (chain conformation) or 

on the macroscopic thermal behaviors of the material (Tg etc…). Up to day, only a very few 

experimental works exist on the molecular Mw distribution effects in nanocomposites
111

. This can 

be extended to systematic studies by probing the viscoelastic properties (mainly in the flow 

regimes) of nanocomposites at fix filler volume fraction by varying the molecular distribution of 

the polymer matrix (from Mw/Mn1 to 3). One can suppose that the molecular Mw distribution has a 

limited influence on the filler structure whose range remains also to be checked. 
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The network relaxation or a long time relaxation of the component of the filler network 

(aggregates or agglomerates) are sometimes mentioned in some published papers to contribute to 

the rheological behavior at low frequency. The filler relaxation in nanocomposites can be studied 

with X-rays Photon Correlation Spectroscopy (XPCS) for example on grafted nanoparticles
112

 or on 

elastomer filled with silica or carbon black on stretched samples
113

. It should be interesting to have 

access to such (longer) time range scale and push the X-rays/neutrons complementarity even for 

dynamic studies by associating the polymer chain dynamic by NSE with XPCS on similar filled 

samples.  
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CONCLUSIONS AND OUTLOOK 
 

 
 

Nano-structured polymer-particles are attractive systems presenting many stimulating 

challenges for industrial applications and fundamental researches in polymer physics. Due to the 

large variety of the possible assemblies, a significant effort remains to be done to give the general 

scheme that drives the nano-structures of the systems and their macroscopic properties to improve 

the performances and be able to predict the behaviors as function of a dedicated application. 

Separating the contributions of the particles from the one of the polymers to the viscoelastic 

properties is a strong issue to identify the mechanisms. 

 

 

Using different systems, colloidal/industrial silica, and magnetic nano-particles dispersed in 

polymer and elastomer matrix, we developed several strategies to control first the particles 

dispersion inside the matrix described in chapter 1. We used an incremental approach which 

consists in starting with model systems, defined as well as possible, to go progressively to more 

complex ones and closer to “real” industrial mixtures. Thanks to chemical grafting, magnetic fields, 

additives or controlled sample processing, we can tune the filler dispersion along a broad range of 

particles arrangements from individual particles, compact aggregates, or oriented chains to 

networks of various constitutions (continuously connected or made of multi-size objects). Some 

mechanisms driving the final dispersion have been clearly identified: mixing entropy for grafted 

particles, dipolar interaction for magnetic particles as well as diffusion limited aggregation 

mediated by viscosity or covalent bound for silica particles. Imaging methods like TEM are very 

powerful and essential to characterize the structure especially at the micrometer length scale. In 

complement, scattering techniques like SAXS can provide a quantitative description of the particle 

multi-step organization from the primary particle size (1 nm) to large structures (a few hundred of 

nm). Simple analytical functions enable to describe quantitatively the whole lengths scale of the 

systems; the morphologies of the primary particles, the primary aggregates (shape, size, and 

compactness) as well as the interactions between the different entities. One has some limitations to 

describe the very large structure (secondary aggregates) and the interactions between the primary 

particles inside one aggregate that works only for large and compact objects. We can finally 

classify the different networks, more or less connected and compacted and then confront this 

classification to the viscoelastic behaviors. These behaviors can be described in chapter 2 with 

hydrodynamical or percolating models showing that mechanical reinforcement is driven by the 

aggregate morphologies as well as by the inter-particles and inter-aggregates interactions. Some 

variations to this general trend suggest a contribution of the polymer chain on reinforcement, of 

conformational or dynamical origin that appears to be even more significant in the flow regime for 

which no direct correlation with the filler organization can be establish. This contribution can be 

either a long range effect or related to a geometrical confinement whose physical origin (glassy-like 

chains, entanglement density, bridging effects…) is currently actively debated in the literature. We 

demonstrate in chapter 3 with SANS and different contrast variations methods that the mean 

polymer chain conformation (and the chain deformation in chapter 4) is not directly modified by 

the filler. This suggests that the quantity of polymer chains involved in viscoelastic processes is 

reduced to a low volume fraction. We propose an influence of the polymer matrix Mw distribution 

that could be the scope of further experiments. Otherwise, nonlinear mechanical behaviors can be 

directly related to filler reorganization (aggregate form factor break and rebuild) as showed in the 

chapter 4. 
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We saw across this work that some clear general trends can be exposed even on variable 

complex systems while specific or anomalous behaviors are still visible due to unresolved 

mechanisms. We propose some scientific outlooks that should allow significant progress in the 

understanding described in chapter 5. One essential point is to identify the physical state of the 

polymer chains involved in the mechanical process. This could be a difficult task if the number of 

involved chain is supposed to be low. To do that, we propose to focus on the polymer-interface by 

first looking at the chain dynamic effects using inelastic neutron scattering techniques, neutron spin 

echo and backscattering spectrometer associated with a large choice of hydrogenated/deuterated 

combinations offered by our PS-grafted-silica-PS system. In a second step, we propose to develop 

some chemical processes to modify in-situ either the interface dynamic by grafting a di-block 

copolymer presenting two different Tgs (a high Tg block and a low Tg block) or the polymer-

particle interactions by grafting a photo sensible linker between the chain and the particles that 

could be cleaved using UV radiations.      

 

 

In a more extended view, we think that the scale-up to “real” industrial systems will be an 

essential issue in the next few years. Improving the materials performances needs a better 

knowledge of the local nanoscale structure of the systems. Across our collaboration with Michelin, 

we developed experimental methods and analytical tools allowing the extraction of some general 

behaviors even for complex multi-component systems. In a longer term outlook, such close 

collaborations with industrial partners can also drive and support new instrumentals developments 

of SANS spectrometers (but also on Synchrotron SAXS machines). For example, great benefits 

could be obtained from specific new sample environments to measure directly in the neutron beam 

the “real-time” viscoelastic properties of the reinforced elastomers (under stretching or shear) or 

the “real-time” dispersion processes with a mixing machine designed specifically for the SANS 

spectrometer. Such time-resolved performances will be accessible on the new S NS “P 20” 

spectrometer currently under development at the LLB and will be operating next year at the end of 

2014 (Figure below on the left). 

  

 

 

 

 
   

 

 

Left: Future layout of the Small Angle Neutron Scattering spectrometer at LLB, PA20 in the Orphée Guide 

Hall. From left to right, the heavy concrete casemate housing the monochromator, the polarizer and the spin 

flipper located at the end of the G5 guide, the 16m long collimator, the sample area with an upper platform, 

and the 20m long cylindrical tank housing the detectors. Right: Layout of SKADI SANS proposal for ESS. 

All lengths and positions (yellow) are given in m. The drawing is to scale, but the full length of the detector 

tube is hidden.  
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This new spectrometer will present a longer sample to detector distance (20m) enabling to 

operate at short wavelength (6Å, the maximum of the neutron flux) while benefiting from a multi-

detector design (one for the small Q range and another one for the high Q range) and of the time of 

flight mode to cover a large Q range in a single shot. This is expected to be a competitive 

spectrometer whose performances and add-on devices would be benefit for nanocomposite 

researches.  

 

 

Neutron science is progressing with the neutron sources and one exiting perspective is the new 

European Spallation Source (ESS) that will be built in Lund in Sweden around 2020. Most 

important is the development of the new generation of the SANS machines with dedicated sample 

environments and strongly supported with ambitious science cases including major societal 

impacts. Accordingly, we are actively implicated in the SKADI SANS project (Figure above on 

right part), a German-French consortium between JCNS (Jülich Center for Neutron Science) and 

the LLB to propose (October 2013) to ESS to build a multi-purposed SANS instrument with 

focusing VSANS and polarized neutrons. This machine, whose performances are expected to be 

around 40 times better than D22 at ILL (currently the best SANS machine in the world), will open 

the way to significant breakthroughs in the field of nanocomposites as well as in a broad range of 

scientific domains in soft matter, biology, materials and magnetism.            
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Magnetic Orientation of the Filler Network
N

By Jacques Jestin,* Fabrice Cousin, Isabelle Dubois, Christine Ménager, Ralf Schweins,

Julian Oberdisse, and François Boué
In the past two decades, the extension of the range of fillers

for polymer reinforcement to nanometer-sized filler materials

has lead to progress in both the design of innovative materials

and understanding of their properties.[1] Among the future

challenges, the improvement and possibly tuning of a specific

material property through a simple external trigger will be of

particular importance. A promising pathway to achieve such a

design is to introduce a new degree of freedom, i.e., by using

magnetic instead of classical inorganic particles as filler. The

design of a functional nanocomposite material with the

possibility to orient the filler inside the matrix by using a

simple external magnetic field should allow the tuning of

macroscopic material properties, in particular the mechanical

ones. In the past twenty years this concept has been explored

by many research teams, most of whom have been studying the

effect of micrometer-sized particles or fibres (needles).[2–5]

Two routes are possible when using magnetic filler particles:

applying the field on the material after synthesis or applying it

during the synthesis. In this study, we used the second approach

for the nanoparticles; for this case, the consequences for the

mechanical properties due to local anisotropy resulting from

specific orientation of the nanofiller (i.e., particles with a size

comparable to the polymer network mesh-size) still have to be

researched.

Here, we present a new material based on the dispersion of

magnetic nanoparticles in a polymer matrix. This was achieved

in a controlled way by adapting the knowledge on systems

in solution (‘‘Ferrofluids’’)[6] to our own method, where a

‘‘ferrolatex nanocomposite’’ was formed by dispersion of silica

nanoparticles in a polymer matrix made of latex beads[7–9] via
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solvent (water) casting of a suspension of magnetic nanopar-

ticles and polymer latex. In this article, we will show that these

steps can be achieved by application of a weak magnetic field,

which induces an orientation of the nanofillers that causes a

strong anisotropic effect of the reinforcement. Moreover, the

mechanical anisotropy in our system was studied by measuring

the spatial arrangement and orientation of the isotropic

particles in a range of 1–200 nm using small-angle neutron

scattering (SANS).

The synthesis of a composite made of a latex film filled with

magnetic particles required two main steps (Scheme 1). The

first step was the synthesis of the magnetic particles according

to a well-known process described in the Experimental section.

Secondly, the particles, still in the same batch, were covered

with a thin layer of silica. The silica shell made the particles

pH-compatible with the latex beads, while retaining the initial

size and magnetic properties of the core. Hence, we could use

the developed technique for introducing silica particles in a

latex film.[7,9] The colloidal suspension of particles was mixed

with a polymer-latex bead suspension (Rbead� 200 Å) at a

fixed, high pH, followed by evaporation of the (aqueous)

solvent, which made the latex nanospheres come in contact

with each other. Above the film-formation temperature,

capillary forces compressed them into adjacent polyhedrons

separated by a membrane depending on the nature of the

specific polymer shell of the latex beads. Above the glass-

transition temperature (Tg), the matrix, which has a rubberlike

elasticity similar to that of the membrane,[7a] follows affinely

(homothetically) at larger scale the macroscopic deformation

down to the scale of one bead. At lower scales (not relevant

here), relaxation of the chain occurs similarly to that of a

polymer network. It is also known that diluted particles show

an affine displacement in a similar nanolatex matrix as long as

they do not have any interactions.[7b]

The colloidal mixture, with a proportion of magnetic

nanoparticles to the latex spheres of 5% by volume, was

poured into rectangular moulds (1 cm� 6 cm� 0.1 cm) and

dried at T� 60 8C, i.e., above the film-formation temperature,

which was close to the glass-transition temperature of the latex

(Tg� 33 8C).
A weak, constant field (150 Gauss (G); 1 G¼ 10�4 T) was

applied during evaporation in order to orient the magnetic

filler. A similar sample was also evaporated in the samemould,

but without the application of a magnetic field; this was labeled

the ‘‘zero-field cast sample’’.
mbH & Co. KGaA, Weinheim 2533
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Scheme 1. Schematic representation of the synthesis route for incorpora-
tion of magnetic nanoparticle fillers in polymer films by latex-film formation
and the orientation of the fillers with a constant field.

Figure 1. a) Stress-strain isotherm for: a pure latex matrix, a zero-field
composite sample containing 5% (v/v) magnetic nanoparticles, and
nanolatex films cast under a constant magnetic field; samples were
stretched in directions parallel and perpendicular to the magnetic field.
b) The reinforcement factor as function of the deformation for the field-cast
samples under a constant magnetic field. c) Parallel-to-perpendicular
reinforcement ratio for the field-cast samples under a constant magnetic
field.
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Mechanical tests were performed with a homemade

uniaxial-elongation machine. Keeping in mind the direction

of the magnetic field during casting, we studied two simple, but

fundamental cases — stretching parallel or perpendicular to

the field — using two rectangular films (1mm � 6 mm

�40mm) cut from the same sample. This allowed a direct

comparison of the stress–strain isotherms in the two different

directions. The samples were first immersed in a silicone oil

bath at a temperature of (Tgþ 27) 8C and then elongated at a

constant-velocity gradient. When the desired elongations were

reached (i.e., l¼ 1.5, 2, and 3), the samples were immediately

frozen by immersion into a carbonic ice bath. The reference for

the mechanical tests was the stress–strain isotherm of the pure

latex matrix. All stress–strain isotherms measured for the

nanocomposites were normalized to this reference value; this

gave us a reinforcement factor R (l) for each composite with

respect to its own matrix. We manufactured a second series of

films synthesized from a second batch of magnetic nanopar-

ticles of similar size to check the reproducibility of the synthesis

of the magnetic nanoparticles. Figure 1a shows the stretching

curves (s versus l) of the two nanocomposites, the pure matrix,

and the zero-field cast film. For all samples containing

nanoparticles, the shape of the curves was similar: these

showed a fast increase at the beginning of the elongation

compared to that of the pure latex, while the curve shape at

large l tended to be similar to that of the pure latex sample.

There was a very strong effect for the zero-field cast sample,

whereas we observed that the s values for the reinforcement

samples after field-casting were lower by one order of

magnitude.

But the most striking effect was the difference between the

field-cast samples stretched parallel and those stretched

perpendicular to the magnetic field. They showed very

different behavior, especially at low deformation. Moreover,

the mechanical tests for the two batches of magnetic

nanoparticles showed excellent reproducibility for the two

directions.
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2533–2540

102



C
O
M

M
U
N
IC

A
T
IO

N

Figure 1b shows the reinforcement factor R(l) as function of

the deformation l; a strong reinforcement was observed for

small deformation values, but a rapid decrease of R(l) was

noticed with increasing deformation towards a lower, constant

value for R(l). These results were the same as those previously

described for nanolatex composites filled with silica nanopar-

ticles.[9] The curve aspect was similar in the two directions. The

most important finding was that the reinforcement factors

obtained were much higher when the field was applied along the

deformation direction than when the field was perpendicular to

it. The anisotropy of the mechanical properties of a given

sample was quantified by calculating the ratio of the parallel

reinforcement to the perpendicular reinforcement (Fig. 1c). It
Figure 2. SANS scattering of the samples at rest. Upper part: 2D spectra pr
intensity versus the scattering vector q; lower part: the corresponding schemati
covered with a silica layer, the full blue line corresponds to the form of a cluster
isolated nanoparticle. b) A zero-field nanolatex composite sample. c) A nano

Adv. Mater. 2008, 20, 2533–2540 � 2008 WILEY-VCH Verl
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was found to be more than a factor two at low deformation. It is

important to note for the discussion below that such anisotropy

in R(l) vanished for large elongations (l> 2).

In summary, we were able to obtain a strong anisotropic

effect for the mechanical properties by using nanocomposites

under orientation of a magnetic field. Next, we tried to

correlate the macroscopic effect with the local organization of

the filler network in the matrix and its evolution under

mechanical strain by using SANS measurements analysis.

SANS measurements were performed on the samples after

each successive step of the synthesis. Here below, Figures 2–4

will be presented in the same way: the upper part of the figure

shows 2D intensity patterns, in the middle section the radially
obed at the lowest q-range in the experiment; middle part: 1D scattering
c representation of the structure. a) The initial magnetic-particle aggregates
of 3–4 nanoparticles withDf¼ 1 and the full red line to the form factor of an
latex composite film evaporated under a constant magnetic field.

ag GmbH & Co. KGaA, Weinheim www.advmat.de 2535
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Figure 3. 2D scattering of the stretched nanolatex film when the oriented fillers are parallel to the elongation direction. Themiddle section shows the radial
averaging of S(q)q2 versus q along the vertical (a) and the horizontal (b) direction for each elongation value and the lower part shows a sketch of the
structure in the real space. The hexagonal aspect of the 2D picture is due to the apparition of a correlation peak, which corresponds to a characteristic
distance between the aggregates along the stretching direction (the black arrows for l¼ 1.5). The green arrows for l¼ 3 illustrate a smaller characteristic
distance between the aggregates. This is the result of displacement of the objects under stretching (intercalation); the supra aggregates are brought closer
to each other along the horizontal plane of the figure.

2536
averaged intensities are shown as a function of the scattering

vector, and at the bottom there is a sketch in real space

illustrating the structure of the network of aggregates. First,

Fig. 2a shows the results for magnetic particles in a dilute

aqueous solution at a low volume fraction (F¼ 0.001) before
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &

10
and after the silica-covering process. The scattering is

obviously isotropic and its radial average can be fitted with

a polydisperse log-normal distribution for spherical primary

particles with an average radius of 35 Å and a variance of

s¼ 0.3. The low-q, rod-like scattering (q-Df, fractal dimension
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2533–2540
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Figure 4. SANS scattering of the stretched nanolatex filmwhen the oriented fillers are perpendicular to the elongation direction. Radial intensities averaged
along the vertical and the horizontal direction of the 2D picture as a function of q for a non-stretched sample (a) and an elongated sample with l¼ 2 (b).
Comparison with the zero-field cast isotropic sample (black dots) is shown in (b).
Df¼ 1) suggested that the particles were organized in small

‘‘primary clusters’’. The mean number of particles in a cluster,

Nprim., is of the order of three to four particles, as obtained from

the fit for the scattering of a fractal aggregate with Df¼ 1

(cf. [10] for details). Second, patterns that occurred after

casting and before stretching are presented in Figure 2b. As

expected, the zero-field cast sample was isotropic. The radial

average displays the characteristic signature of aggregate

formation during film-drying. Fortunately, the size of such

large objects was observable in our q-window, as illustrated by

the plateau in the scattering curve at low q. This intensity limit

corresponded to an aggregation number of around 10 primary

clusters (�30 nanoparticles). At slightly larger q, where the

internal structure of the aggregates was probed, we observed a

q�2 behavior (i.e., a fractal dimension of Df� 2), as typically
Adv. Mater. 2008, 20, 2533–2540 � 2008 WILEY-VCH Verl
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encountered for either diffusion-limited aggregation (DLA,

Df¼ 1.8 in 3D)[11] or reaction-limited aggregation (RLA,

Df¼ 2.1 in 3D).[12] For larger values of q (around 4.10�2 Å�1),

an oscillation was observed in the scattering curve, which

corresponded to the correlation (i.e., repulsive interactions)

between primary clusters inside the aggregates. Figure 2c

shows the results for the field-cast film, which displayed an

evident anisotropic scattering pattern. The elliptic shape with a

large horizontal axis (i.e., transverse to the field) is character-

istic for objects elongated vertically: thus, there were

aggregates aligned parallel to the field. To quantify this effect,

we performed radial-averaging of the scattering inside an

angular sector along one direction, either vertical or horizontal,

with a width of 258. For small q values, the intensity was smaller

along the vertical than along the horizontal axis. The
ag GmbH & Co. KGaA, Weinheim www.advmat.de 2537
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aggregates were aligned on a larger scale along the field

(vertical here) and we assumed that they formed ‘‘chains of

aggregates’’ inside the matrix. The intensity along the

horizontal axis showed a strong q�3 decrease. This power-law

decrease with exponent three is mostly encountered for

compact objects, composed here of chains of aggregates that

we will define as ‘‘supra-aggregates’’. The scattering was still

increasing at the lowest q of the experimental window. This

meant that the size of the supra-aggregates was too large to be

probed here. The structural organization of the aggregates

inside one supra-aggregate was also too large to be accessible

within the experimental q-range. For high q values, the

intensities along the vertical and horizontal axis were super-

imposed on the zero-field sample. This indicated that the local

structure of the aggregates, composed of the primary clusters,

was not affected by the application of the magnetic field. To

summarize this section, we succeeded in orienting the filler as

chains of aggregates, inside the nanolatex composite using a

constant field.

Furthermore, we investigated the evolution of the structure

of the filler network under stretching. We started with the case,

where the oriented chains were parallel to the elongation

(vertical). Figure 3 shows the 2D intensity map for each l.
When the elongation rate increases, the anisotropy is

increasing towards a surprisingly clear-cut hexagonal form.

This hexagonal form was related to the rise of a maximum

occurring in the vertical direction. The maximum appears at a

small q value for the first elongation (l¼ 1.5) and its position

moves to higher q values at higher elongations. This behavior is

highlighted in the S(q)q2 versus q representation of Figure 3a

and b, which is convenient here since the scattering decays with

q�2 at intermediate q. S(q) was determined from dividing the

scattering intensity I(q) by the form factor P(q) of the primary

clusters. The data showed that elongation of the sample

induced the organization of the aggregates with a characteristic

distance between the aggregates in the vertical direction.

Please note that the curve for the unstretched sample showed

no maximum in the available q range. Since the correlation

peak shifted towards higher q with increasing elongation, the

characteristic distance decreased. Intuitively, one would expect

the contrary, as the aggregates moved away from each other

along the stretching direction. This implied that some aggre-

gates coming from neighboring, chainlike supra-aggregates

intercalated vertically between two aggregates under strong

deformation. Such amechanism results in an effective decrease

of the vertical inter-aggregate distance, as illustrated in the

real-space sketches of Figure 3. Along the horizontal direction,

the intensity decreased compared to that of the isotropic

signal: the supra-aggregates were brought closer due to lateral

shrinking of the sample, which increased the effective

compressibility between them.

In Figure 4, we present the second case where the stretching

direction (here horizontal) is perpendicular to the chainlike

supra-aggregates. In addition to the isotropic intensity map,

two elongation ratios are presented, l¼ 1.5 and l¼ 2. The

result of the deformation experiments is in this case completely
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
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different from that of the previous experiments; the scattering

pattern becomes isotropic as the elongation is increased. This

becomes evident when S(q)q2 is plotted as a function of q along

both the vertical and horizontal directions of the 2D intensity

map: the anisotropy effect was significant for the nonstretched

sample (Fig. 4a), but became small for the elongated one

(Fig. 4b). The orientation of the filler disappeared under

mechanical constraint: the aggregates were reoriented iso-

tropically. Moreover, the supra-aggregates were destroyed: the

final scattering of the sample stretched to l¼ 2 superimposes

well on the scattering from the zero-field cast sample (black

symbols).

A consistent picture emerges when confronting the

structural organization of the filler network deduced from

SANS to the reinforcement: under stretching, the parallel-

oriented chains rearrange along the deformation direction due

to a contraction of the interconnecting particle network. In

contrast, the perpendicularly oriented network breaks under

deformation. This leads to a higher reinforcement factor in the

parallel direction. In the perpendicular direction, the final

structure of the chains reverted to the organization of the

zero-field cast sample (at least in the available q range), but the

latter had a higher reinforcement factor. We attribute this

difference to the existence of larger aggregates connected at

larger scales.

To summarize, we designed an original nanometer-sized

material, which displayed anisotropic and tunable mechanical

properties. The samples were formulated rather easily by

mixing aqueous suspensions of polymer and magnetic colloids,

followed by casting. The prepared nanocomposites bore

magnetic properties and therefore possessed the possibility

of pre-orientation when cast under a magnetic field. Detailed

insight on dispersion was obtained from SANS measurements,

which showed that primary-particle aggregates were organized

at the nanometer scale and aligned in the presence of a

magnetic field. Such anisotropy had a clear effect on the

mechanical reinforcement introduced by the fillers. The

interesting novelty is the anisotropic reinforcement: it is larger

by a factor of two at low deformation along the field than

transverse to it. Microscopically, this can be understood with

the SANS-data: while strain perpendicular to the chains

destroys chain ordering, strain parallel to the field induces

additional organization. Thus, anisotropic mechanical reinfor-

cement is obtained through anisotropic interconnection of

nanoparticles, which is a one-dimensional version of the

filler-network effect.

In addition to the observed controlled anisotropy of our

nanocomposites, we want to point out another contribution of

this study, which concerns the conceptual side. Our system

opens the way to discriminate between the two dominant

contributions assigned to the filler in reinforcement mechan-

isms: on the one hand, the role of the particle interface and on

the other hand, that of the filler network. The former con-

tribution includes the interaction between the particles and

polymer, and the consequences on the chain dynamics,[13–17]

the latter interconnected networks and/or aggregation.[18].
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2533–2540
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It appears to be very difficult to separate the two effects

experimentally, as one usually influences the other. The new

system provides a simple alternative to act on the nanoparticle

filler network without any important modifications of the

interface. This can be achieved by a simple orientation of

the filler network, which does not involve modification of the

matrix chains themselves (at variance with, for example, strain

exerted on the full sample).

Experimental

The nanoparticles were made of maghemite (g-Fe2O3). They were
chemically synthesized in water by co-precipitation of FeCl2 and FeCl3
in an alkaline solution [19]. A size-sorting procedure [20] performed at
the end of the synthesis enabled a reduction of the polydispersity of the
nanoparticles. The final particle size was determined with magnetiza-
tion measurements and SANS experiments; both techniques produced
the same results. The size distribution was described by a log-normal
distribution with a mean radius (R0) of 35 Å and a polydispersity index
(s) of 0.3. At the end of the synthesis procedure, the ‘‘naked’’
nanoparticles were stabilized at pH 12 with N(CH3)4

þ counterions. In
order to increase their stability range (their PZC is 7.2 and they are only
stable for pH> 10), their surface was coated with a thin shell of silica.
The silica coating process was based on a two-step procedure described
in [21] to obtain silica particles with a magnetic core; in this study, we
only performed the first step of the procedure. A solution of SiO2/Na2O
was added to a suspension of naked nanoparticles at pH 12, which
induced the formation of silica oligomers in the solution. The oligomers
adsorbed on the nanoparticle surface. The concentration of the
nanoparticles and silica corresponded to a molar ratio of [Fe]/[Si]¼ 1; a
dilute solution of nanoparticles and silica was chosen to prevent the
formation of silica bridges between the particles and thus irreversible
aggregation. In order to eliminate the excess of silica oligomers, the
suspension was dialyzed against a reservoir with a NaOH solution at
pH 10. The nanoparticles had the same size before and after the
silica-coating process (confirmed with SANS measurements) and were
now stable from pH 4–12. A very thin layer of silica was thus coated on
the nanoparticles; this modified their surface properties, but not their
magnetic properties.

The nanolatex was kindly provided by Rhodia; it was a core–shell
latex solution containing poly(methyl methalycrate) (PMMA) and
poly(butylacrylate) (PBuA) as the core compounds and methacrylic
acid forming the hydrophilic shell to ensure the colloidal stability in
water. The approximate particle size given by Rhodia was R� 200 Å.
Before mixing, the nanolatex solution was dialyzed against the same
reservoir as used for the dialysis of the silica-coated magnetic
nanoparticles, in order to obtain the same pH and ionic strength in
both solutions. Both solutions were then mixed as Fnanoparticles/
Fnanolatex¼ 0.05. The final mixture was degassed under primary
vacuum conditions for about one day to avoid bubble formation.
The solvent was then slowly evaporated for four days at T¼ 60 8C
under atmospheric pressure to get a homogeneous bubble-free film.
During the drying step, a magnetic field of 150 Gauss was imposed to
the sample along the plane of the final film.

The samples for determination of the stress–strain isotherms were
polished with sandpaper to obtain a constant thickness. They were
stretched up to rupture in a controlled constant-rate deformation
(g ¼ 0.0016 s�1) at T¼ 60 8C (i.e., well above the glass transition tem-
perature of the matrix (Tg¼ 33 8C)). The force F(l), where l¼L/L0

defines the elongation with respect to the initial length L0, was
measured with a HBM Q11 force transducer and converted to (real)
stress inside the material, s. The deformation of the film was supposed
to elapse homogeneous and incompressible. In our silica–latex system,
the physico-chemical parameters that control the morphology of
aggregates of silica nanoparticles are the silica concentration, the pH,
and the salinity in solution before solvent evaporation. We have
Adv. Mater. 2008, 20, 2533–2540 � 2008 WILEY-VCH Verl
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previously shown that the rheological properties of the pure nanolatex
matrix were pH-dependent [10]. Therefore, we analyzed our data in
terms of the nanocomposite reinforcement factor R(l)¼ s(l)/slatex(l),
where the stress of the pure matrix slatex(l) was measured at the
same pH.

Experiments were performed at Laboratoire Leon Brillouin (LLB,
Saclay, France) on beam line SANS, at the Institut Laue-Langevin
(ILL, Grenoble, France) on beam line D11 and at the Hahn-Meitner
Institut (HMI, Berlin, Germany) on beam line V4. With regard to
SANS, two sample-to-detector distances (1 and 5 m) at wavelength 6Å
gave us a q range from 8.10�3 to 0.3 Å�1. With respect to the D11
measurements, two wavelengths (6 and 12 Å) with four sample-
to-detector distances (1, 5, 20, and 34m) allowed use to have access to a
q range between 8.10�4 and 0.3 Å�1. Regarding V4, three sample-
to-detector distances (1, 4 and 12m) and two wavelengths (6 and 12 Å)
gave us a q range from 2.10�3 to 0.1 Å�1. Data treatment was
performed following standard procedures, with H2O as the calibration
standard, to get absolute intensities. Incoherent scattering and
background contributions of the nanolatex films were subtracted
from the pure-latex matrix scattering (the incoherent scattering from
maghemite nanoparticles is null). In the most simple case of
centrosymmetrical monodisperse particles, the scattering intensity
I(q) can be written as function of the scattering vector q as follows:
I(q)¼F Dr2 V P(q) S(q), where F is the volume fraction of the filler,
Dr2 the contrast term with respect to its environment (matrix, solvent,
etc.), V the volume of the particle, P(q) the form factor and S(q) the
structure factor. For dilute systems, the structure factor is close to 1
because interactions are negligible. For concentrated systems with
repulsive interactions, S(q) presents a correlation peak at q*¼ 2p/D,
where D is the average distance between the scattering mass centres. For
attractive systems, aggregates of initial particles can be formed with
different compactness. For open systems, one gets a fractal organization
of particles with a fractal dimension Df and the scattering spectra decay
with q-Df, whereas for dense systems the compactness can be obtained
from the close packing-volume fraction.
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ABSTRACT: We are presenting a new method of processing polystyrene-silica nanocomposites, which results
in a very well-defined dispersion of small primary aggregates (assembly of 15 nanoparticles of 10 nm diameter)
in the matrix. The process is based on the use of a high boiling point solvent, in which the nanoparticles are well
dispersed, and a controlled evaporation procedure. The filler’s fine network structure is determined over a wide
range of sizes, using a combination of small-angle neutron scattering (SANS) and transmission electronic
microscopy (TEM) experiments. The mechanical response of the nanocomposite material has been investigated
for both small (ARES oscillatory shear and dynamical mechanical analysis) and large deformations (uniaxial
traction) as a function of the concentration of the particles in the matrix. Our findings show that with a simple
tuning parameter, the silica filler volume fraction, we can investigate in the same way the structure-property
correlations related to the two main reinforcement effects: the filler network contribution and a filler-polymer
matrix effect. Above a silica volume fraction threshold, we were able to highlight a divergence of the reinforcement
factor, which is clearly correlated to the formation of a connected network built up from the finite-size primary
aggregates and is thus a direct illustration of the filler network contribution. For a silica volume fraction lower
than this percolation threshold, we obtain a new additional elastic contribution of the material, of longer terminal
time than the matrix. This cannot be attributed to the filler network effect, as the filler is well dispersed, each
element separated from the next by a mean distance of 60 nm. This new result, which implies the filler-matrix
contribution of the reinforcement, must include interfacial contributions. Nevertheless, it cannot be described
solely with the concept of glassy layer, i.e., only as a dynamic effect, because its typical length scale extension
should be much shorter, of the order of 2 nm. This implies a need to reconsider the polymer-filler interaction
potential and to take into account a possible additional polymer conformational contribution due to the existence
of indirect long-range bridging of the filler by the chains.

I. Introduction

Reinforcement of polymers, and particularly of elastomers,
using inorganic particles is still an open challenge, from both
the industrial and fundamental points of view. According to the
characteristics of the filler (nature, shape, matrix structure,
concentration) and of the elastomer matrix (interaction potential
with the filler), many systems with many associated mechanical
properties can be found.1 More recently, a specific interest has
developed in the size effect due to a better availability of much
smaller particles. The first, simple idea was that the enhancement
of the composite properties could be induced by increasing the
specific contact area between the filler and the matrix, i.e., by
reducing the size of the particle filler. This reduction could be
made by downscaling to the polymer network mesh size,
allowing further interaction.2,3 The second idea was that using
nanosized particles would produce a convenient extent of
clustering. Controlled clustering could make it possible to
control the hierarchical organization of the matrix’s filler,
resulting in specific filler-matrix interactions opening the way
to new mechanical properties. These ideas, together with
advances in characterization methods, lead to the creation of
elaborate advanced composites with nanofillers, from classical
carbon black,4 to silica,5-9 and up to carbon nanotubes.10 Most
studies used rheological approaches of various mechanical

solicitations and showed various kinds of rheological transition
related to reinforcement.

In this context, two main contributions to reinforcement stand
out, borrowing both from earlier research and from more recent
theory. The first contribution is linked to the filler network
structure: beyond the classical hydrodynamic description of
Einstein,11 Guth and Smallwood,12 and Batchelor,13 the idea is
that in a further range of particle concentration the particles
can form a connected network (as in the percolation model),
whatever their shape: simple spheres, more anisotropic rods,
platelets,9,10 or complex shapes like fractals.14 The second
contribution is attributed to the interface between the matrix
polymer chains and the particle filler. Beyond earlier ideas of
adsorption-desorption and occluded rubber confinement, the
idea that the chain dynamics could be modified in the area close
to the filler object was reformulated in terms of a kind of “glassy
layer” through earlier15-18 and more recent19 works, including
NMR evidence on mobility and signature on the temperature
dependence of mechanical response.

The experimental distinction between these two classes of
contributions to the reinforcement mechanisms, filler network
and interface, is difficult because they are often correlated:

• When starting from already complex fillers (such as carbon
black or fumed silica), the structure of the filler affects the
buildup, the geometry, the connectivity of the filler network,
and the related interfacial interaction. The interaction potential
between the chain and the filler is also associated with the filler’s
form factor. As discussed by Vilgis,20 the problem is multilength
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and multitime scale so that many characteristic lengths must
be identified, from the nanometer range to the macroscopic one.

• When starting from individual nanoparticles, once again,
an (often spontaneous) buildup of clusters brings the problem
back to the former situation. However, particularly in industry,
dispersion control implies a use of surfactants, grafted short
linear molecules, and coupling agents, which greatly and
simultaneously modifysand thus correlatesthe filler structure
and the local interface. Trying to reduce this correlation, this
same idea of controlling the filler’s local dispersion, in particular
the nanofillers, has been used in academic research, through
more or less sophisticated chemistries like in situ polymerization
after dispersion of nanoparticles21 or grafting polymerization
on individual nanoparticles.22,23 Other methods implied simple
control of electrostatics repulsion,24 or of magnetic attraction,25

by mixing the particles with polymer beads (latex)sinstead of
polymer chains like in the great majority of tire processing (at
least up to very recently).

In the present paper, we are presenting another strategy, which
turns out to be very simple, based on a new method of
nanocomposite processing, using a polystyrene matrix filled with
silica nanoparticles. First, we will present the method, based
on the use of a particular solvent, with a high boiling point,
above the glass transition temperature Tg of the polymer, and a
controlled-evaporation procedure which appears to limit the
attractive van der Waals interactions effect and thus makes it
possible to obtain a particularly well-defined dispersion of the
silica particles in the matrix. Second, we will describe the fine
characterization of the filler dispersion in the matrix on a very
wide length range through a combination of small-angle neutron
scattering (SANS) and transmission electronic microscopy
(TEM). Third, we will report the mechanical response of the
material at low (ARES oscillatory shear plate-plate rheometer
and dynamical mechanical analysis, DMA) and large deforma-
tion (uniaxial stretching). Finally, we will discuss the link
between the filler structure inside the matrix at the local scale,
with the mechanical behavior of the nanocomposites at the
macroscopic scale.

II. Materials and Methods

1. Sample Preparation. The colloidal solution of silica nano-
particles is a gift from NISSAN (DMAC-ST). In this solution, the
native particles, of an average radius of 5.2 nm, are electrostatically
dispersed in the dimethylacetamide (DMAc), a polar solvent which
is also a good solvent for the polymer used as a matrix, polystyrene
(PS, Aldrich, Mw ) 280 000 g/mol, Ip ) 2, used as-received). The
glass transition Tg of pure PS is around 100 °C. A concentrated
solution of PS in DMAc (10% v/v) is mixed with a solution of
silica in DMAc at various fractions, ranging from 0 to 30% v/v.
The mixtures are stirred (using a magnetic rod) for 2 h. They are
then poured into Teflon molds (5 cm × 5 cm × 2.5 cm) and let
cast in an oven at constant temperature Tcast ) 130 °C. This yields
dry films of dimension of 5 cm × 5 cm × 0.1 cm (i.e., a volume
of 2.5 cm3). The specific conditions of film formulations, solvent
titration, etc., are discussed in the Results section. We cut some
disks out of the films (diameter 1 cm, thickness 1 mm) for the
plate-plate oscillatory shear cell, and 2 cm × 0.5 cm rectangular
1 mm thick films, for DMA as well as for uniaxial stretching.

2. SANS Experiments. Measurements were performed at the
Laboratoire Léon Brillouin (LLB) on the SANS spectrometer called
PACE. Three configurations were used: a first with wavelength 17
Å, sample-to-detector distance of 4.70 m, and a collimation distance
of 5.00 m, a second with wavelength 6 Å, sample-to-detector
distance of 3 m, and a collimation distance of 2.50 m, and a third
with wavelength 6 Å, sample-to-detector distance of 1 m, and a
collimation distance of 2.50 m corresponding to a total q range of
2 × 10–3 to 0.3 Å-1. Data processing was performed with a
homemade program following standard procedures26 with H2O as
calibration standard. Small deviations, found in the spectra at the

overlap of two configurations, are due to different resolution
conditions and (slight) remaining contributions of inelastic, incoher-
ent, and multiple scattering. To get the cross section per volume in
absolute units (cm-1), the incoherent scattering cross section of H2O
was used as a calibration. It was estimated from a measurement of
the attenuator strength and of the direct beam with the same
attenuator. The incoherent scattering background, due to protons
of the matrix chains, was subtracted using a blank sample with
zero silica fractions.

3. Transmission Electronic Microscopy. In order to complete
on a larger scale the SANS analysis of the nanocomposite structure,
conventional TEM observations were also performed on composite
materials. The samples were cut at room temperature by ultrami-
crotomy using a Leica MZ6 Ultracup UCT microtome with a
diamond knife. The cutting speed was set to 0.2 mm s-1. The thin
sections of about 40 nm thickness were floated on deionized water
and collected on a 400 mesh copper grid. Transmission electron
microscopy was performed on a Philips Tecnai F20 ST microscope
(field-emission gun operated at 3.8 kV extraction voltage) operating
at 200 kV. Precise scans of various regions of the sample were
systematically done, starting at a small magnification which was
then gradually increased. The slabs observed were stable under the
electron beam. The sample aspect was the same in every area of
every piece. Apart from a few cutting scratches, moderate buckling,
very rare bubbles, and impurities, the pictures given below are
completely representative of the single aspect of the sample, which
thus appears homogeneous.

4. Oscillatory Shear Small Deformation Tests. Shear tests,
corresponding to low deformation levels (0.5%), were carried out
in the dynamic mode in strain-controlled conditions with a
plate-plate cell of an ARES spectrometer (Rheometrics-TA)
equipped with an air-pulsed oven. This thermal environment ensures
a temperature control within 0.1 °C. The samples were placed
between the two plate (diameter 1 mm) fixtures at high temperature
(160 °C), far above the glass transition, put under slight normal
stress (around 0.5 N), and temperature was decreased progressively,
while gently reducing the gap to maintain a constant low normal
stress under thermal retraction. The zero gap is set by contact, and
the error on sample thicknesses is thus minimalsestimated at
+0.010 mm with respect to the indicated value. Artifacts slipping
are noticeably reduced by this procedure, as checked by its
reproducibility, and also by a sweeping in amplitude, at constant
pulsation, which also made it possible to determine the limit of the
range of linear deformation. To stay below this limit, the shear
amplitude was fixed to 0.5%. Samples are stabilized at the
temperature for 30 min before starting measurements. The repro-
ducibility was first tested on pure PS samples with an average of
five repetition measurements, permitting an estimation of variations
of the order of 10%. In dynamic mode, the frequency range was
from 0.5 to 100 rad/s for different temperatures (from 160 to 120
°C), and time-temperature superposition was applied. The obtained
multiplicative factor can be adjusted to WLF law27 as follows

log(aT))
C1(Tref - T)

C2 + T- Tref
(1)

where aT is the multiplicative factor, Tref is the reference temperature
of the master curve (in our case 143 °C), T is the temperature of
the measurement, and C1 and C2 are the WLF parameters. We found
C1 ) 6.72 and C2 ) 98.03 °C, which is commonly obtained for PS
samples.28 For this plate and plate technique, we only focused on
the samples with low silica concentration (from 0 to 5% v/v)
because for higher silica fractions (>5% v/v) the measurement
reproducibility was not ensured (risk of slippage).

5. Dynamic Mechanical Analysis. Rectangular pieces of film
2 cm long × 0.5 cm wide were sanded down to a constant thickness
of 0.8 mm. Dynamic mechanical analysis (DMA) measurements
were performed on a TA DMA Q800 device in oscillatory tension
mode, at fixed deformation rate (0.1%) and fixed frequency (5 Hz),
at temperatures ranging from 40 to 300 °C with a heating rate of
10 K/min. Analysis of the oscillatory stress response is done by
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the software provided by TA; a preloading of 0.04 N is applied to
avoid buckling. Note that 5 Hz corresponds to a short time span,
0.2 s. However, a measurement at 200 °C, applying a time-tempera-
ture superposition factor of 296, corresponds when using eq 1 to
60 s at the reference temperature of 143 °C (equivalent to 2π/60 )
0.1 rad/s). Two identical experiments (for pure PS samples) were
performed to check the reproducibility of the measurements and
correct obtained values. The storage (E′) and the loss (E′′ ) moduli
of the complex Young modulus (E*), and the loss factor tan δ )
(E′′ /E′) at 5 Hz, are extracted from the measurements. The
temperature at which tan δ shows a maximum is noted TR.

6. Stress-Strain Isotherms. Samples for stress-strain isotherms
cut from films are carefully sanded down to a constant thickness
∼1 mm within a few microns. A grid of lines is drawn on the
sample with a felt pen. Samples are stretched up to a predefined
deformation value in a controlled constant-rate deformation (dλ/dt
) 0.005 s-1, λ being the elongation ratio L(t)/L(t)0)), at temperature
T ) 120 °C, i.e., ∼20 °C above the glass transition temperature of
the polymer matrix (Tg ) 98 °C for pure PS). This corresponds to
a typical time (dλ/dt)-1 ) 200 s, which after applying the
time-temperature superposition factor (0.0087 from 120 to 143
°C) corresponds at 143 °C to 1.8 s. The tensile force F(λ), where
λ ) L/L0, defines the elongation ratio with respect to the initial
length L0, measured with a HBM Q11 force transducer and
converted to (real) stress inside the material σ by dividing the force
by the assumed cross section during elongation. Indeed, the
deformation of the film is assumed to be homogeneous and at
constant volume; thus, the cross section decreases as (1/�λ)2. Apart
from stress-strain curves, we analyze our data in terms of the
nanocomposite reinforcement factor R(λ) ) σ(λ)/σmatrix(λ), where
σmatrix(λ) is the stress-strain curve for the polymer with a zero silica
fraction.

7. Thermal Characterizations. Differential scanning calorimetry
(DSC) measurements were performed on TA DSC Q100 under
helium flow to characterize the Tg of the nanocomposites. 5-10
mg of samples was put into a hermetic aluminum pan. An empty
cell was used as reference. Samples were heated from 25 to 140
°C at a heating rate of 10 °C/min and kept at this temperature for
15 min to erase the thermal history of the materials. Then they
were cooled to 25 °C at the same speed. This cycle was repeated
once; reported Tg was from the second heating, determined as the
midpoint of the heat flow step. Thermal gravimetry analysis (TGA)
measurements were performed on TA TGA Q50 under nitrogen
flow to evaluate the quantity of residual solvent and check silica
volume fraction. A mass of 15 mg of the sample was heated from
25 to 600 °C at a heating rate of 10 °C/min, and weight loss was
measured. The weight fraction of residual solvent was found to be
between 100 and 200 °C.

III. Results

1. Composite Films Formulation and Processing. As we
said in the Introduction, we feel it is very important in
nanocomposite science to obtain well-defined model systems,
in which one knows how the filler is dispersed inside the matrix,
to discriminate the polymer chain interfacial effects (including
the dynamic ones) from effects of the network filler structure
in the composites’ mechanical properties. Nanocomposites of
PS filled with silica nanoparticles have been extensively studied
in the past decade.29,30 The results show the difficulty of
obtaining a good dispersion of the silica particles at the
nanometer scale, which formed in most cases large compact
aggregates (of the order of a hundred nanometers or larger) in
the PS matrix. One cause of this dispersion problem may be a
difficulty in controlling, during the filmification process, the
evaporation speed of the solvent used (toluene, THF, methyl
ethyl ketone (MEK),29 etc.) and the temperature with respect
to boiling point and Tg. Indeed, various dispersions can be
obtained with the same solvent.29,30 Anyway, in our case,
dimethylacetamide (DMAc), the solvent in which silica particles
are electrostatically stabilized (and which is also a good solvent

for the PS), has a high boiling point, 167 °C. The casting
temperature could be fixed at 130 °C, which corresponds to a
relatively controlled evaporation regime, while remaining above
the Tg of the bulk polymer. The drying time has been
determined, using the dry film reference (without silica par-
ticles), as the one for which DSC measurements showed a glass
transition temperature stabilizing at Tg ) 98 °C, i.e., very close
to the one of native polymer powder (Tg ) 100 °C). The residual
quantity of solvent inside the composite film is found to plateau
around 0.4 wt %, as determined by thermogravimetry.

2. Local Structure by SANS. The structure of the silica-PS
composite films has been explored by SANS. The evolution of
the SANS signal as a function of the silica volume fraction ΦSiO2

in the films, respectively 6.6, 10.5, 15.7, 19.8, and 29.4% v/v,
is presented in Figure 1. After the standard corrections and
normalizations, the intensities ((1/V)dΣ/dΩ, in cm-1) are
normalized by the volume fraction and corrected from the
incoherent scattering of the nonfilled PS matrix as follows:

I(Q)) Ifilm - ((1- φSiO2
)Imatrix) (2)

Let us now discuss the aspect of the different spectra, which
evidence different Q ranges:

(i) At high Q, all curves superimpose perfectly after dividing
by the silica fraction, indicating a good normalization of the
concentration and the thickness of the samples. The scattering
intensity decreases like Q-4, which is characteristic of the
scattering of a sharp well-defined interface between the native
silica particles (R0 ) 5 nm) and the polymer matrix. At the
intermediate Q range, we note an oscillation, highlighted in a
Q3I vs Q representation (see inset in Figure 1) where it gives a
maximum. Since the position of this maximum does not vary
with the concentration, we can assume that it corresponds to a
privileged distance inside every object, more precisely between
initial spheres in contact inside the objects (in other words, an
internal structure factor).

(ii) At low Q, the remarkable point of the whole set of data
in Figure 1 is the absence of any upturn in intensity, for Q
tending to 0. This indicates that if larger agglomerates existed,
it would require lower Qs to detect them; in practice, TEM at
low magnification (see below) shows, in the direct space, a
complete absence of such agglomerates. For small concentra-
tions (6.6 and 10.5% v/v), at low Q, the curves exhibit a plateau
which is the signature of finite-size objects in the probed length

Figure 1. Scattering of the PS nanocomposite as a function of the filler
concentration. The curves are normalized by the volume fraction of
silica. In the inset, the IQ3 vs Q representation for the same scattering
curves. The oscillation, corresponding to initial spheres in contact, is
highlighted around 4 × 10-2 Å-1.
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scale. These objects, which we will now call “primary ag-
gregates”, are the results of the aggregation of a finite number
of the native silica beads. The form factor of the primary
aggregate can be approached from the most diluted scattering
curve (6.6% v/v, neglecting interaggregate correlations). We
propose to model it by the form factor of fractal objects with
the following equation:31

Pagg(Q) ≈ NaggQ
-Df

∫0

∞
Pnative beads(Q, R)L(R, σ)R3 dR

∫0

∞
R3L(R, σ) dR

(3)

where Nagg is the number of native beads inside the primary
aggregate, Df is the fractal dimension of the primary aggregates,
Pnative beads(Q,R) is the form factor of a sphere, and L(R,σ) is the
log-normal distribution of the radius, with a variance σ. As we
are dealing with the most diluted film, neglecting interaggregates
correlations as explained above, we assume the structure factor
between aggregates Sagg inter to be close to 1. The total scattering
intensity can thus be expressed as

I(Q) ≈ φ∆F2Pagg(Q)Sagg intra(Q) (4)

where ∆F2 is the contrast difference between the silica and the
PS matrix. The intra-aggregate structure factor, due to the
repulsive interaction between initial silica beads in contact, can
be expressed on the basis of the Percus-Yevick relation,32

which depends only on the radius and the concentration of the
particles. We then use this structure factor Sagg intra to divide the
measured intensity of the film containing 6.6% v/v of silica
particles; Figure 2 shows the result and its fit to eq 3 for Pagg(Q).
In the inset, one can see the superposition of the intensity and
the calculated structure factor before division by Sagg intra.

In the calculation of eq 3, we use the radius and the log-
normal polydispersity distribution (σ) of the native particles,
determined from a SANS measurement of a diluted solution of
particles (0.1% v/v) and fixed here to R0 ) 5 nm, σ ) 0.36.
The concentration is also fixed at the nominal value, so only
the aggregation number and the fractal dimension are fitted. The
result of the analysis, Nagg ) 15, Df ) 2.5 (corresponding to

objects of a mean radius around 30 nm), agrees well with the
experimental curve. The difference between the calculation and
the experimental data around 4 × 10-2 Å-1 comes mainly from
the fact that we have not taken into account the polydispersity
in the expression of the PY structure factor. The fractal
dimension of the primary aggregates (2.5) extracted from the
analysis should be also a little bit overestimated by the presence,
but not clearly visible and accessible in the experimental Q
range, of the interaggregates structure factor.

For larger silica fractions in the film, we see at low Q a
second remarkable feature: a maximum appears. At first sight,
the presence of this “peak” confirms the good dispersion of
the particles in the polymer matrix: there is a privileged
distance in the system. Let us now discuss its origin, using
the evolution of the peak position as a function of the
concentration (Figure 3).

Two situations can be considered. The first situation is
described by the well-known hard-sphere model: the primary
aggregates are distributed at random, on the condition that they
cannot overlap; when increasing their concentration, they come
closer to each other without being connected. This would lead
to a liquidlike order showing repulsive interaction between the
mass centers of the primary aggregates, and the variation of
the peak position as the function of the concentration should
be33 Q* ∼ Φ1/3. The second situation is that the fractal primary
aggregates connect with each other, which can be analogous to
a percolation transition. In this case, Q* should correspond to
the characteristic size of the network mesh and display a Q* ∼
Φ0.88 scaling.34 Plotting Q* vs Φ (Figure 3), we obtain a slope
of 0.87 ( 0.05, suggesting that we are in this second situation
for ΦSiO2

> 10% (below this value no maximum is seen in our
Q range). Thus, SANS measurements give us a global but
relevant view of both the form factor of the primary aggregates
and the organization of the filler network in the polymer matrix.

However, to correlate the rheological macroscopic properties
with the local filler structure, we need to make a final check
and verify that there is no additional organization of the objects
at a larger scale than the one probed with SANS. At the same
time, it will also be interesting to confirm the local structure
deduced from scattering, i.e., from correlations in reciprocal
space, with a picture in real space. This is what we will show
in the next section, using electronic transmission microscopy.

3. Structures on a Larger Scale by TEM. Two concentra-
tions of silica particles, 6.6 and 15.7% v/v, have been investi-

Figure 2. Form factor of the aggregates for the most diluted nano-
composite (6.6% v/v). Black open circles are experimental data, and
black full line is the calculation (see eq 2 and eq 3 for details of fit).
In the inset, raw intensity (black open circles) and structure factor of
the initial beads inside the aggregates (blue open circles).

Figure 3. Variation of the filler nanocomposite concentration as a
function of the scattering curve peak position (black open circle). The
full line corresponds to a fit q*∼ ΦSiO2

0.87 with error (0.05 on the
slope.
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gated with TEM. Figure 4 presents the results obtained at two
magnifications (see bars for 200 nm and 1 µm in the top and
bottom figures, respectively). The most important result is that
the homogeneity of the two samples is extremely good from
the 50 nm scale to the macroscopic scale.

At ΦSiO2
) 6.6%, the size distribution of the objects appears

centered on a mean value which agrees well with the mean
radius of primary aggregates deduced from the SANS analysis,
i.e., 30 nm. The width of the distribution is enough to let objects
of 200-300 nm at most appear. The origin of these objects is
briefly discussed below. However, a further analysis of TEM
would be out of this paper’s scope, and we will keep using
SANS results as a safe ensemble average of correlations. At
ΦSiO2

) 15%, the real-space picture confirms the model deduced
from SANS. The structure keeps an “open” shape, i.e., does
not show larger compact lumps: it shows a connected structure.
We observe a characteristic net mesh size of the same order as
D ) 2π/Q* ) 2π/5.3 × 10-3 Å-1 ∼ 120 nm, corresponding to
the abscissa Q* of the repulsion peak in the SANS spectrum
for 15%. Thus, the important result here is that on a larger scale,
up to macroscopic scale, the silica spatial distribution is
homogeneous, with no connectivity signature at 5% and with
connectivity at 15%.

Such changes from one picture to the next, at larger silica
fractions, raise the question of the evolution of the structure
with silica volume fractions. Is it related to an aggregation
process specific to each concentration or to the progressive
aggregation or percolation, according to the concentration, of
initial building bricks which would be the primary aggregates,
until one reaches a connected network? We will not attempt to
answer this question here.

For ΦSiO2
) 6.6%, to evaluate the mean rim-to-rim distance

between two primary clusters, we have to return to SANS data.
Because of the absence of a maximum in the available range
(2-3) × 10-3 Å-1 in the SANS curve for the diluted regime,
this cannot be calculated directly. We can make two different
estimates. On the one hand, in the hypothesis of a progressive
connection of primary aggregates, D is larger than the minimal
distance Dmin, at a larger concentration, extracted when a
maximum is detectable: in Figure 2, the peak appears for ΦSiO2

) 15% and gives Dmin ∼ 120 nm, as shown above. On the other

hand, ignoring this hypothesis, we can, on a general basis, use
the absence of a visible maximum at Q > 3 × 10-3 Å-1. This
suggests, in a less accurate way, that this distance is larger than
D ) 2π/3 × 10-3 Å-1 ∼ 200 nm. Knowing the mean radius of
the primary aggregates, 30 nm, we can deduce that the minimal
distance between the rims of two primary aggregates, for the
diluted regime (ΦSiO2

) 6.6%), can be estimated around 60 nm
in the first case and 100 nm in the second case. This order of
magnitude is also confirmed by a careful examination of a large
number of real-space picture (an example being Figure 4a).
Since the thickness of the slab is of the order of 50 nm here, a
value of 60 nm can safely be drawn for the 3d space.

4. Low Deformation Mechanical Measurements. Low
deformation measurements are interesting because the micro-
structure of the films shows much less alteration. The first set
was obtained using the shear plate-plate rheometer ARES
(amplitude 0.5%). In Figure 5a the variation of the elastic
modulus G′ is presented for a fraction of silica increasing from
0 to 5% v/v, as a function of the product of the pulsation ω
(rad/s), by the factor aT of time-temperature superposition to
a reference temperature 143 °C. For further discussion, we note
that the lowest value of ωaT, 10-2 rad/s, corresponds to a
maximum accessible time 2π/10-2 rad/s ) 600 s at 143 °C.
For pure PS, the curve has the usual shape in a log-log plot.
At a high frequency, it shows a slope of -1/2 associated with
the Rouse modes of the chains. At an intermediate pulsation ω
∼ 0.1 rad/s, a drop is observed which is characteristic of a
terminal time (“creep zone”, around 2 π/ω ∼ 60 s, at T ) 143
°C). At a lower pulsation, a decrease with G′(ω) ∼ ω2 can be,
as usual, associated with a liquid state of the polymer. The
terminal time measured is in agreement with the molecular
weight used here for the matrix. The height of the plateau is of
order of 1 × 105 Pa, i.e., close to the value GN

0 , well-known for
the entangled rubbery plateau of PS (2 × 105 Pa). The behavior
of G′′ (ω) is given in Figure 5b and is also characteristic of
entangled polystyrene of this molecular weight.

When silica is introduced, both G′(ω) and G′′ (ω) show clearly
that, at high pulsation ωaT >100 rad/s, whatever the silica
volume fraction, the behavior of the nanocomposite is very close
to the one of the PS matrix: the Rouse modes of the chains are

Figure 4. Transmission electronic microscopy on the nanocomposite filled with 6.6% v/v (a) and with 15.7% v/v (b) of silica particles. Observation
at medium (left) and low (right) magnification are shown. The black zone corresponds to the silica and the gray to the polymer.
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still observed. At intermediate and low frequencies, differences
appear. At ωaT >10 rad/s, this is limited to a progressive
increase of G′ with silica fractions, analogous to elastic
reinforcement as expected. But in the lowest pulsation regime,
ωaT < 1 rad/s, a much more differentiated behavior is observed:
adding silica greatly increases the terminal times. For the lowest
silica volume fraction, it is only slightly increased compared to
the one for pure PS; the creep zone stays in the same pulsation
range, but a more accurate value can be extracted from the ω
abscissa of the crossing of G′ and G′′ . As soon as the silica
fraction reaches 2% v/v, the terminal relaxation time become
so long that the creep zone is no longer visible in the
experimental window. The existence of a long elasticity time
is accompanied, predictably, by a low dissipation, so that the G′′
values become inferior to the G′ values in the low frequency

range. In such a low ω range, the slopes n of the G′ and G′′
curves in the log-log plot become parallelsin a rather narrow
window in practicesand the ratio G′/G′′ , written as tan δ(ω),
is equal to tan(nπ/2), as observed in a gelling process.8 For
higher silica concentrations (from 3 to 5%), this additional (with
respect to pure matrix) elastic behavior is even more marked in
the same low ω range. It seems at Φ > 3% that the curve decay
for ω tending to 0 is slower. The trend of a plateau at lower ω
is more and more apparent at Φ ) 4% and 5%. Comparison of
parts a and b of Figure 5 enables us to see the parallel evolution
of G′ and G′′ . We can note, on the curve corresponding to 4%,
the same type of shoulder at the same abscissa as for pure PS,
suggesting that we see a contribution from chain reptation before
(i.e., at higher ω than) the final slow decay. The height at low
ω of what we could call the “secondary plateau” is close to 1
× 105 Pa. Values at intermediate pulsations have also increased,
becoming of the order of 5 × 105 up to 106 Pa. This makes
measurements at higher ΦSiO2

more delicate, due in particular
to risks of slippage.

For high concentrations, we turned to DMA experiments
performed at fixed frequency (5 Hz), with an amplitude
deformation ratio of 0.1%. As detailed in section II, using
time-temperature superposition, measurements between 143
and 200 °C correspond to a time range at 143 °C between 0.2
and 60 s. In Figure 6, we show the evolution of the storage
modulus E′ for different volume fraction of silica (from 0 to
20% v/v), as a function of temperature. For pure PS (without
silica), at low temperature, i.e., for T < TR, the curve is typical
of amorphous polymer with a high elastic modulus plateau of
about 2.5 GPa. It corresponds to the glassy regime. The value
obtained for TR is the usual one retained for the glass temperature
of PS.

When T increases above TR, a steep decrease of E′ is
observed, followed by a shoulder corresponding to the entangle-
ment rubbery plateau, very narrow before to be cut at slightly
larger temperature by a strong decrease corresponding to the
terminal relaxation. Measurements were stopped above the
temperature at which the modulus becomes too weak because
the samples were flowing over during the measurement time.

In the presence of silica, different behaviors appear succes-
sively as the volume fraction increases. First, the glassy plateau

Figure 5. Elastic shear modulus G′ (a) and G′′ (b) as a function of
pulsation ω, using time-temperature superposition (T0 ) 143 °C)
coefficient aT defined in the text, for different volume fractions of silica
in the composite (0, 1, 2, 3, 4, and 5% v/v).

Figure 6. DMA measurements of elastic modulus E′ as a function of
temperature for different volume fraction of silica (from 0 to 20% v/v)
(note for comparison with Figure 5 that E′ ) 3 G).
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keeps the same height over the whole range of ΦSiO2
. Second,

at high temperatures (T > 130 °C), three successive types of
behavior can be distinguished: (i) For the lowest value of ΦSiO2

(1% v/v), the behavior remains close to that of pure PS: the
creep zone shoulder at higher temperatures keeps the same
shape; it shifts slightly when passing from pure PS to 1%
silicasby less than 10 °Csafter which the sample flows. Note
the height of the inflection point is of the same magnitude as
the modulus obtained on the oscillatory shear plate-plate ARES
rheometer (i.e., of the order of 0.1 MPa; we recall that E ) 3
G in linear deformation range). (ii) For higher ΦSiO2

range, 3
and 5% v/v, the most important fact is that at high T (T ∼ 150
°C) the characteristic creep zone of pure PS disappears
completely: the curvature is reversed, so that E′ decreases slowly
and seems to tend toward a plateau (∼1 MPa) at high
temperatures (which however it does not reach). (iii) For volume
fractions of 10% v/v, this plateau becomes clearly visible, and
much higher (107 Pa). For 10 and 15% v/v, definitely, high
elastic plateaus are present, at the 5 Hz frequency (10 and 100
MPa). For 20% v/v, the plateau height has jumped to more than
108 Pa, only 1 decade below the glassy plateau height. The slight
decrease visible at the highest temperature may be an artifact.
We did not measure at larger temperatures than 300 °C because
this would pass the limit of matrix’s thermal stability. These
results will be examined further in the Discussion section.

5. High Deformations: Stress-Strain Isotherms. Figure 7a
shows the evolution of real stress σ as a function of the
elongation ratio λ for ΦSiO2

) 0, 1, 2, 3, 4, 5, 7.5, 10, 12.5, and
15% v/v. For higher concentrations (>15% v/v), samples did
not stretch homogenously at high elongation ratios: the stress
was extreme, and the samples escaped it by forming local shear
bands in different zones along the sample, leading to a somehow
disorganized deformation. We do not present those curves and
only focus on homogeneous and well-stretched samples. In these
elongation measurements, all shorter processes will not produce
an elastic reversible contribution, though they will contribute
to the effective viscosity, but this contribution is not dominant.
The set of stretching curves can be summarized by the
progressive increase with ΦSiO2

of an initial stress jump at the
beginning of the elongation, while the shape at large λ is similar,
except for the shift due to the initial jump. This initial stress
jump can be expressed in terms of an initial slope of stress vs
deformation ε ) λ - 1 in a low elongation ratio (λ < 1.1)
regime, giving an effective Young modulus Enanocomposite in this
range of deformation. We have to be aware of the limitations
of this analysis: the deformation ε and the initial velocity
gradient dε/dt at λ close to 1 are not accurately known, so that
the sample may initially be subjected to a stronger and faster
deformation than the nominal values. This may, in particular,
alter the filler network. However, we will see in the Discussion
that these values compare well with the DMA values at
equivalent instrumental times.

For very high silica concentration (ΦSiO2
> 10% v/v), a

maximum is observed in the stress-strain curves, more and
more pronounced when ΦSiO2

increases. Most of the time, this
peak appears simultaneously with local necking, which is not
discussed here. Actually, to compare with the pure matrix, a
simplistic way to represent the reinforcement effect in nano-
composites is to plot the ratio of nanocomposite stress over the
pure matrix stress versus λ. In Figure 7b this reinforcement
factor R(λ) increases notably with ΦSiO2

for small λ (from 1 for
1% v/v to 100 for 15% v/v). At large λ, all curves show a rapid
decrease toward what seems to be a constant value. This final
“value” is a more slowly increasing function of ΦSiO2

; no strong
divergence with ΦSiO2

is seen here. Note however that the
reinforcement factor remains 4 for 15%, at an elongation ratio
of 2.

6. Differential Scanning Calorimetry. Figure 8a shows the
differential scanning calorimetry thermograms for the pure
polymer and the different nanocomposites (from 1% to 20%
v/v). All curves exhibit similar behavior: a slow decrease of
heat flow followed by a steeper descent, provoking a step and
corresponding to the glass transition temperature (Tg). We did
not observe change of step height, i.e., of specific heat capacity
∆Cp (normalized by weight fraction of polymer) at Tg which is
constant as a function of silica content. The width ∆T is also
constant with the increase of filler concentration. So magnitude
and width of the step associated with the glass transition remain
constant with the increase of silica fractions. In every case, we
observe a single transition, in agreement with the spatial
homogeneity of the sample.

Figure 8b shows the change in such measurement of Tg

compared to that of pure PS for several nanocomposites (1, 3,
5, 10, 15, and 20% v/v).The Tg determined by DSC increases
with the addition of silica. The positive shift is 6 °C for ΦSiO2

) 20%. An opposite shift (negative) has been found for other

Figure 7. (a) Real stress as a function of elongation ratio for different
silica volume fractions. (b) Reinforcement factor as a function of the
elongation ratio. The experiments have been performed at Tg + 20 °C.
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PS-silica composites prepared in different conditions,29 but in
further investigations of the same group, leading to better
dispersion, this negative shift vanished.30

IV. Discussion

The precise description of the key parameter that governs
the reinforcement mechanisms of nanocomposites depends on
a thorough knowledge of the filler dispersion on the local scale.
This is not always accessible due to difficulties of sample
processing (reproducibility, complexity) and suitability of the
samples to characterization methods. Here, a reliable and
reproducible processing technique allowed us to obtain well-
defined nanocomposites, on which we were able to apply a
combination of SANS and electronic microscopy to picture the
nanomorphology of the silica particle inside the PS matrix. The
dispersion can be summarized as follows: the system presents
a silica volume fraction threshold (located around 7% v/v)

between two main domains of the silica organization in the
matrix. For silica volume fractions lower than this critical value,
the silica particles gather in finite-sized fractal clusters called
“primary aggregates”, of a small mean radius ∼30 nm, which
are homogenously dispersed on a larger scale inside the matrix;
they have no direct connectivity since they are separated from
each other by a mean typical rim-to-rim distance of ∼60 nm,
which represents the minimal estimated value. For silica volume
fractions larger than the critical silica volume fraction, similar
primary aggregates still exist, and due to the increase of their
number per volume unit, they percolate into a directly connected
and continuous network. The next step is now possible: to
identify the mechanical responses of the composite with the
two different structural organizations, for various characteristic
time ranges (at 143 °C) and rates of deformation depending
on the technique: shorter times (0.5-60 s) for DMA (low
deformation) and (2 s) for stretching (large deformation) and
longer times (200 s) for small deformation for ARES.

For the shorter times, the results are summarized in Figure
9. The moduli Enanocomposite extracted from the initial slopes of the
stretching curves (see section II) have been represented in the
form of the reinforcement ratio Enanocomposite/Ematrix, as a function
of filler concentration. We see in this plot a first linear part and
then a fast divergence around 7%.

This behavior is confirmed in the same Figure 9 with moduli
extracted from DMA measurements at T ) 1.3TR, which
corresponds to instrumental times at 143 °C equivalent to
stretching times. The two curves show parallel behavior.
Assuming a fully elastic contribution, the crossover of the
reinforcement factor, which corresponds to the critical volume
fraction of the connected filler network’s formation, can be
interpreted in terms of connectivity, more precisely of percola-
tion between the primary aggregates. Several classical equa-
tions11-13 have attempted to describe such effects in the
literature but are known to fail to reproduce the divergence.
This behavior was formerly observed for the rubbery modulus
obtained from DMA of polymers reinforced by fillers of higher
aspect ratio (fibers, platelets9,10) and also formulated by Heinrich
et al.14 for fractal aggregates. We have attempted to fit data to
such a formula,14 but the fit is very sensitive to the value of the
different fractal dimensions and easily gives unphysical values.
If we restrict ourselves to the crossing between the low ΦSiO2

and high ΦSiO2
asymptotes of the curve in Figure 9, we obtain

an indicative value of Φ*SiO2
∼ 7-10%. There is thus a clear

Figure 8. (a) Heat flow vs temperature for different silica content %
v/v: 0, 1, 3, 5, 10, 15, and 20 (to clarify, all data have been shifted
along the heat flow axis). (b) Tg composite-Tg bulk PS as a function
of silica content. Vertical errors bars are standard deviations from
measurements ((1 °C).

Figure 9. Reinforcement factor as a function of silica volume fraction
for two different mechanical techniques: cross from DMA and full circle
from stress-strain isotherms.
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direct correlation here between such mechanical behavior in
nanocomposites and the local structure of the filler in the
polymer matrix: the divergence of the reinforcement factor
appears at the critical silica volume fraction at which the isolated
primary aggregates are closer to each other and form a connected
network.

For the longer times, a second and more surprising mechanical
response of the composite appears in the silica volume fraction
domain, in which the filler elements are not directly connected
to each other, i.e., below the silica volume fraction threshold,
for ΦSiO2

< Φ*SiO2
. Although the rims of primary aggregates

are separated by a mean minimal distance of 60 nm, the
oscillatory shear experiments (Figure 5) and the DMA experi-
ment at high temperature (Figure 6) show an additional process
corresponding to a longer terminal time, greater than the terminal
time of the matrix. This means that after a decay of most of the
elasticity at the matrix terminal time, an elastic fraction stays.
At ΦSiO2

g 4%, the complete relaxation of this elastic fraction
is beyond our accessible time range. The occurrence of such
elasticity between aggregates not directly connected, but
separated by very long paths through a polymer matrix of shorter
terminal time, which should shortcut any additional elasticity,
is, to our knowledge at least, an unexpected and original result.

The origin of this additional elastic contribution can first be
discussed along the idea of the existence of a “glassy zone”
around the particle filler. This has been proposed from earlier
studies,7,15-18 up to more recent research35 from 1H NMR and
rheological measurements. It is suggested that this zone increases
the effective volume of the filler around each particle35 and also
that it shifts the threshold for percolation between the hard
regions. The EHM model36 developed for ionomers assumes
the existence around the hard zones of intermediate mobility
regions of a given thickness, which merge into low mobility
regions when they percolate. The EHM model has been extended
to nanofillers in polymer.7 It has also been suggested that the
hard coronas act on the steric repulsion (“hard-sphere model”)
between the filler particles and hence on the spatial correlations
as observed using SANS characterization.23 In these systems,
the filler is mostly spherical particles, and volume fractions are
often higher than 10%.7,35,36 A comparison with these studies
addresses the problem of the value of the thickness � of the
glassy region around the filler. It should be equal to 30 nm in
our case, considering that the lowest distance between the closest
rims of two primary aggregates is 60 nm. Several of the earlier
studies on 1H NMR proposed an estimate for � of a few
nanometers (for temperatures usually above Tg by several tens
of °C). Similar values were proposed from the volume fraction
dependence of DMA measurements in ionomers.36 More
recently, Berriot et al.35 obtained by NMR an increasing
thickness with decreasing T a bit closer to Tg: �NMR increasing
from 2 nm at T - Tg ) 100 °C to 3 nm for T - Tg ∼ 50 °C.
These values of �NMR agreed with the values of effective volume
with respect to nominal volume fraction extracted from me-
chanical reinforcement. Using a formula extracted from the
thickness dependence of Tg in thin films,37 the same authors
could extrapolate this dependence down to lower T, in the range
T - Tg < 50 °C, and this dependence agreed with the values of
�mech obtained from mechanical reinforcement. The latter passes
25 nm only for T very close to Tg only (�mech ∼ 30 nm at T -
Tg ∼ 3 °C35). This is much closer to Tg than the temperature of
our different mechanical measurements, i.e., between T and Tg

) 20 and 70 °C. Since �NMR decreases fast with increasing T -
Tg, it remains notably smaller than 25 nm and does not explain
our results.

Moreover, we face another discrepancy with the measure-
ments of Berriot et al.19,35 In their case, the dependence of �
over T - Tg results in the failure of the usual William-

Landel-Ferry-Vogel-Fulcher time-temperature superposi-
tion. As a consequence, the reinforcement factor R(T,ω) does
not obey the same time temperature superposition as the matrix.
In our case, conversely, the time-temperature superposition
applies correctly for oscillatory shear measurements, with the
same coefficients as for the pure PS matrix. If a value of 25 nm
is required for � to explain our ΦSiO2

) 6.6% data, this value
must be kept at 120 °C for stretching and above for shear. This
is also imposed by the DMA measurements at 5 Hz which
display high reinforcements for ΦSiO2

) 6.6%, up to T - Tg )
70 °C. So far from Tg, �NMR has in most studies been estimated
to a few nanometers. Keeping much larger values would mean
a particularly strong interaction between the filler and the
polystyrene. Though it is in principle possible, since the filler
and the polymer are different from the ones in ref 35 and other
NMR investigations, the existence of such an interaction is in
contradiction with the DSC measurements: even at ) 20%, DSC
gives a shift of the average Tg of 6 °C only. In summary,
attributing through-polymer connectivity between our aggregates
to glassy zones around the nanofillers implies thicknesses larger
by more than a factor 10 to commonly accepted values and
without visible temperature dependence.

Along the same lines, the origin of the additional elastic
contribution could be the result of the existence of continuous
glassy paths between aggregates. This has been proposed as a
theory to explain shifts in Tg and other dynamics in ultrathin
films38 for which some shift in Tg appears, for typical film
thickness of 50 nm.39 This analogy with thin film has also been
proposed by Kumar et al.29,30 to explain the shift in Tg in some
nanocomposites (which is abated in ref 29 but not in ref 30 as
it can depend on the matrix polymer interaction and the
processing). Note that if the orders of magnitude of the
characteristic distance are the same in our system and in thin
films, a marked difference appears in the sign of the shifts in
Tg which are negative in thin film for cases corresponding to
no or weak polymer-surface interaction, while it is slightly
positive in our case (Figure 8). This observation implies the
need to reconsider the polymer-filler interaction in our case
which appears to be possibly stronger than expected. Apart from
specific surface chemistry considerations, which we are not in
a position to study in our system, the origin of a stronger
polymer-filler interaction could be attributed to the shape of
our primary aggregates; at scale between the size of the
individual particles (5 nm) and the size of the aggregate (30
nm) the surface is contorted. This can be associated with earlier
proposals that the interaction potential between polymer and a
fractal filler surface is much enhanced by its roughness.14,20 This
assumption of stronger polymer-filler interaction opens the way
to an additional conformational contribution, via the bridging
of the primary aggregates by some matrix chains. Saverstani et
al.40 have proposed a model and some simulations based on
the formation of a mixed polymer-filler network by adsorption
of the chain on the filler objects. They have showed that an
additional elastic contribution appears in the modulus when the
mixed network is formed for a typical rim-to-rim distance equal
to twice the gyration radius of the polymer chains. For our PS
chains (Mw ) 280 000 g/mol, Ip ) 2) the average Rg should be
∼15 nm; thus, a distance of 30 nm is expected, still lower than
our minimal rim-to-rim distance of 60 nm, but molecular weight
polydispersity could play a role in this phenomenon.

To end this discussion, we would like to recall that secondary
relaxation times were formerly observed in filled systems of
well-dispersed particles;23 in this case, a model assuming no
specific lower mobility regions, but only spatial correlations at
large distances, was used.41 However, the plateau moduli
obtained in this case are much lower than in the present study.
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V. Summary and Conclusion

In summary, we have been able to synthesize, over a wide
range of volume fraction, polymer systems filled with very
small particles (5 nm in size), aggregated at nanometer size
only, and well dispersed at all larger sizes. We were then
able to characterize the structure precisely over the full
relevant size range, from nanometer to sample size, owing
to a combination of small-angle neutron scattering and
transmission electronic microscopy. The fillers form small
primary aggregates of tens of particles, of elongated, slightly
ramified shape, with a radius around 30 nm, distributed
homogenously in the matrix and separated by a mean rim-
to-rim distance of 60 nm. When the silica volume fraction is
increased, a threshold Φ*SiO2

appears, at which the primary
aggregates percolate in a directly connected filler network.
Two very different nanocomposite structures can thus be
tuned with the simple silica volume fraction parameter. The
resulting mechanical response of the material was then
analyzed through different mechanical tests. Initially, with
short time spans, both stretching and DMA experiment were
a simple illustration of the influence of the filler network
connectivity on reinforcement properties. A direct correlation
between the divergence of the reinforcement factor and the
formation of the primary aggregates’ connected filler network
was seen. Second, with longer time spans (than the matrix
terminal time) and small deformation (1%), a more surprising
mechanical signature appeared below the silica volume
fraction threshold for connectivity: the material exhibited an
additional elastic contribution, with very long terminal times
(not accessible). Comparing this effect with the dynamic
effect attributed to a glassy layer model around the filler,
the discrepancy is that the typical extension layer was around
2 nm, much lower than our rim-to-rim distance of ∼60 nm.
Similar values were however seen in Tg shifts of thin polymer
films (the typical thickness threshold being around 50 nm).
We must also reconsider the polymer-filler interaction, which
can be stronger due to the higher adsorption capacity of
fractal filler compared to single spheres. In this case, the
mechanical behavior could be the result of an additional
conformational effect through the formation, for a typical
distance of 2Rg ∼ 30 nm, of a mixed polymer-filler network
by a bridging effect on the part of the polymer chains.
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2006, 2, 1043.
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Direct small-angle-neutron-scattering observation of stretched chain conformation
in nanocomposites: More insight on polymer contributions in mechanical reinforcement
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In this paper we present a direct measurement of stretched chain conformation in polymer nanocomposites
in a large range of deformation using a specific contrast-matched small angle neutron scatttering �SANS�
method. Whatever are the filler structure and the chain length the results show a clear identity of chain
deformation in pure and reinforced polymer and offer more insight on the polymer chain contribution in the
mechanical reinforcement. It suggests that glassy layer or glassy paths, recently proposed, should involve only
a small fraction of chains. As a result, the remaining filler contribution appears strikingly constant with
deformation as explained by continuous locking-unlocking rearrangement process of the particles.

DOI: 10.1103/PhysRevE.82.031801 PACS number�s�: 82.35.Lr, 81.05.Qk, 61.05.fm

Polymers filled with nanoparticles �PNCs� exhibit im-
proved mechanical properties compared to the pure matrix
making them interesting materials for many applications �1�.
Reinforcement mechanisms can be described according to
two main contributions: one associated to the filler and the
other to the chains. We focus here on chains, more specifi-
cally on their deformation, how it is affected by fillers, and
the impact of this deformation on the elastic modulus. One
increasingly recognized point is filler dispersion. It acts on
geometrical confinement of chains, as measured �2–4� and
modeled �5,6� in the isotropic state, and on their interfacial
dynamics: authors detected glassy polymer layers around
fillers that increase the volume of the rigid phase �7,8�, for
sufficient dispersion. Liquid layers have also been proposed,
by analogy with thin films, for systems showing a decrease
in the average glass transition temperature Tg �9�. This sug-
gested a different filler-polymer interaction, but the differ-
ence in dispersion appeared also determining �10�. Our sys-
tem, well representative in the field of PNCs, associates
polystyrene �PS� and silica, as extensively studied �4,9,10�,
in two filler structures, dispersed fractal aggregates, and con-
nected filler network. Its mechanical tests approach the most
active type of nowadays industrial effort along the line of,
e.g., composites with carbon black.

Up to date, the evolution of chain conformation under
stretching in nanocomposites has been investigated mostly
by indirect measurements. Deuterium NMR experiments
�7,8,11,12� on elastomers provide an average of local strain
within the matrix, and deformation inhomogeneities have
been observed, increasing with filler fraction, directly corre-
lated with the increasing of mechanical reinforcement. Re-
cent simulations yield a similar picture �13�. Getting the
single chain form factor by small angle neutron scattering
�SANS� �14,15�, homogeneous overstrain has been estab-
lished in triblock copolymer micelles of PI-PS-PI in cross

linked polyisoprene �PI� matrix, nicely dispersed but differ-
ent from classical PNCs, where a direct measurement of
polymer chain deformation is not available. Hence, it re-
mains difficult to separate the chain from the filler contribu-
tions to the final macroscopic reinforcement. The present pa-
per addresses such direct measurement.

The zero average contrast �ZAC� method, based on a mix-
ture of nondeuterated �H� and deuterated �D� PS chains, is
the only technique which enables a direct measurement in-
side a composite without further approximations. Then stress
measurements will allows us to correlate the local chain de-
formation effects with influence of strain on the macroscopic
material modulus and discriminate the contribution of the
chain deformation from the one of the filler structure.

We have generated our model system by dispersing nano-
silica �R�6 nm� in a PS matrix. The nanocomposites were
prepared by mixing a silica solution with a PS solution and
drying to get three final silica volume fractions: 0%, 5% and
15% v/v, characterized by a combination of x rays and trans-
mission electronic microscopy �16�. Nanosilica arranges at
low silica volume fraction in small aggregates, not visibly
connected, with an essentially narrow size distribution, and
forms a clearly connected network with mesh size of 125 nm
for 15% v/v. Differential scanning calorimetry gives Tg
=94 °C for 0%, 95 °C for 5%, and 98 °C for 15% v/v �16�,
suggesting glassy layers in the 15% v/v connected structure.
To correct for Tg shift effect on stress, nanocomposites of
length L were stretched at constant temperature T−Tg
=20 °C with a constant rate of deformation �=5�10−3 s−1

up to the maximum elongation ratio �=L�t� /L�0�=1–6, and
subsequently quenched for SANS recording. The effect of
filler dispersion on mechanical properties of these samples
has been already detailed �16� for low and large deforma-
tions. We focus first on SANS measurements at large elon-
gation ratios �.

We have adapted the ZAC method to our system. It con-
sists of making the sample by mixing H and D PS chains of
close molecular weights in specific proportions with a third*jacques.jestin@cea.fr
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continuous medium, which is usually a solvent replaced with
the silica in our case. The total scattering function of the
resulting three-component system can be expressed by the
relation

I�q� = ��D − �H�2x�1 − x���NP�q�

+ �x�D + �1 − x��H − �0�2���NP�q� + V�2S�q�� ,

�1�

where �H, �D, and �0 are, respectively, the scattering length
densities of the H chains, of D chains, and of the continuous
medium �here, silica�; x is the molar fraction of deuterated
chains; � is the molar volume of the chain segment H as well
as D, V is the total volume; and � is the total volume frac-
tion of polymer in the system. P�Q� and S�Q� are, respec-
tively, the form factor and the structure factor of the inter-
chain H or D. When the average scattering length density of
an H chain/D chain mixture �60.9% v/v/39.1% v/v� is equal
to the one of the silica, i.e., when �x�D+ �1−x��H−�0�=0, all
correlations involving silica are cancelled out, as well as in-
terchain correlations if the H and D chains have the same
weight distribution �with polydispersity index lower than
1.2�. Then only the intrachain signal, proportional to the av-
erage form factor of a single chain P�q�, is measured �first
term of Eq. �1��. The scattering intensity I�q� described by
Eq. �2� is then reduced to

I�q� = ��D − �H�2x�1 − x��� NP�q� . �2�

However, imperfect matching of the silica filler by the H/D
matrix might perturb the scattering signal. To ensure perfect
matching, we used conditions different from the ZAC ones:
we have synthesized some statistical H/D PS chains from a
mixture of H and D styrene, whose scattering length density
is equal to the one of the silica and used it with a mixture of
H chains/D chains of mass 138 k in ZAC proportions.

Figure 1 shows the SANS results for Mw=315 k in direc-
tions parallel and perpendicular to the stretching for direct
comparison of unfilled and filled polymer matrix at 5%
silica, in log-log representation for �=2, 4, and 6, or for
�=1.28 for comparison with a sample filled with 15% of
silica. Intensity maps of the two-dimensional �2D� detector
�inset� show strong anisotropy, evidencing the deformation
of the chains.

At first sight, particularly striking is the unanimous iden-
tity of chain conformation with and without fillers, in both
directions, for each elongation ratio. This is true at 5% silica
from �=2 to �=6, as shown in Figs. 1�a�–1�c�. It is also true
for 15% silica: the samples were much more difficult to
stretch, reaching only an elongation ratio �=1.28 �Fig. 1�d�,
showing a difference at the lowest q’s due to crazes�. The
chain deformation is unperturbed by the presence of silica
contrary to previous study �14�, with different characteristic
sizes and filler structures in a cross linked matrix. It is not
sensitive to any confinement due to filler reorganizations re-
sulting from the deformation either for low filler content �be-
low the percolation threshold� or for large filler content
�above the percolation threshold�. This effect is clearly con-

firmed at 5% in Fig. 2 for three other molecular weights:
lower �138 k, Fig. 2�a��, comparable �430 k, Fig. 2�b��, and
higher �1777 k, Fig. 2�c��.

Again the scattering from filled �5%� and unfilled samples
superimposes perfectly in the probed Q range. The 430 and
1777 k cases correspond to an H chain/D chain mixture with
silica, while the 138 k case corresponds to an H chain/D
chain mixture in a statistical H/D matrix which matches the
silica. The conclusion is the same in all cases, confirming
very good matching. For the pure PS matrix, the curve is
classical for stretched chains, and it has been well described
in the literature. At low Q �Guinier regime�, the radius of
gyration Rg of the deformed chain is determined using the
classical Debye function in parallel and perpendicular direc-
tions. Its experimental variation with � is compared �Fig. 3�
with predictions for a chain inside a tube �extending the
phantom network model by replacing cross links with en-
tanglements �sliplinks��; Rg is calculated �17� for a chain
passing by a number k of sliplinks, k=Mw /Me, where the
mass Me between entanglements is 18 000 for PS. For both
molecular weights, the radius is less deformed, as due to
chain reptation �18,19� during stretching, which is faster for
the lower Mw, as expected. When increasing q, i.e., decreas-
ing the distance, the form factor reflects also this relaxation
by a loss of anisotropy. It is known that this can be accounted
by implying relaxation between the sliplinks, i.e., inside the
tube, followed by reptation out of the tube �20,21�. The pres-
ence of the filler is expected to modify this behavior for all
chains or at least a fraction of them, by creating specific
polymer/filler interaction which could apply at short or long
range, as a function of the filler structure. This should affect

FIG. 1. �Color online� SANS results �absolute intensity� normal-
ized by ��h�1−�h� from chains in stretched unfilled polymer �red
circle symbols� and nanocomposites filled with 5% v/v of silica
particles �blue square symbols� for a molecular weight of 315 k
�MwH=315 kg /mol−1� in directions parallel ��, lower symbols� and
perpendicular ��, upper symbols� to the stretching, and for elonga-
tion ratios �a� �=2, �b� �=4, and �c� �=6 and �d� for higher filler
content of 15% v/v at �=1.28. Inset: intensity maps of the 2D
detector. Black triangle symbols: isotropic scattering �identical in
filled and unfilled unstretched samples�.
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the relaxation processes �including reptation� of the chains
under stretching, but such modification is clearly not ob-
served here.

The second important result concerns the mechanical re-
sponse: at variance with chain conformation, the mechanical
response of the nanocomposites is very different in the pure
matrix and in the reinforced polymer. For instance, for
�silica=15% at �=1.28 only, the stress is larger than the
matrix one by an order of magnitude �16�. For the samples
observed here �5% v/v�, the difference in stress survives at
high elongation ratio as highlighted in Fig. 4�a�. At this
stage, it is worth noting that the curves look as shifted, with
respect to the pure polymer curve, by a constant value, in-
creasing with silica fraction. This prompts us to subtract the
pure polymer curve from the composite one, in agreement
also with the independence of average chain deformation on
filler concentration. The remaining stress after such subtrac-
tion is presented for 315 k in Fig. 4�a� �black triangle sym-
bols� and for all molecular weights in Fig. 4�b�. We obtain a
second striking behavior: the remaining contribution to stress
is quasiconstant with �; this is seen for all polymer sizes and
has also been observed for two other deformation gradients
0.001 and 0.01 s−1 �not shown�.

Thanks to a well-defined model nanocomposite, we have
shown that the deformation of the chains is not affected by
the presence of the structured silica filler inside the nano-
composite �Figs. 1 and 2�. This result suggests that the chain
deformation does not contribute more than for the intrinsic

matrix to the elastic modulus of the material, whatever are
the silica content, the filler structure, and the polymer mo-
lecular weight. This has two important consequences with
respect to the different reinforcement models. Models
�22,23� implying that some chains would connect elastically
the fillers predict a stronger deformation of these chains: the
absence of such effects suggests a very small fraction of
them. A more recent approach �8,9,24� proposes the exis-
tence of a fraction of glassy chains �glassy layer or glassy
paths� to explain reinforcement depending on T−Tg �25�. In
a simplistic picture, glassy chains then would not be largely
deformed, with the other chains undergoing most of the de-
formation: this should also result in a difference in average
chain deformation. To enhance this difference, since glassy
effects increase closer to Tg, we decreased the stretching
temperature down to Tg+10 °C. We see in Figs. 4�c� and
4�d� that again the scattering signal of the filled sample su-

FIG. 2. �Color online� Normalized scattering of stretched unfilled polymer �red circle symbols� and 5% v/v filled nanocomposites �blue
square symbols� �=2 for molecular weights �a� Mw=138, �b� 430, and �c� 1777 k.

FIG. 3. �Color online� Radius of gyration of chains of molecular
weights 138 k �left� and 315 k �right�, in direction parallel ��,
squares� and perpendicular ��, triangles� to stretching: experimen-
tal result using Debye function for filled �5% v/v, full symbols� and
unfilled �0% v/v, empty symbols� polymers, and phantom network
predictions �dashed red line� assuming one sliplink, each with 180
segments.

FIG. 4. �Color online� �a� Stress-strain for unfilled polymer
�red circles� and 5% filled nanocomposite �blue squares� for
Mw=315 k. The remaining stress after subtraction of unfilled poly-
mer stress �black triangles� reaches a plateau above �=1.1. �b� Re-
maining stress versus elongation ratio for four molecular weights
�from 138 to 1777 k� at the same silica volume fraction of 5% v/v.
�c� and �d� Stretching closer to Tg �Tg+10 °C�: �c� stress-strain
curves and �d� scattering intensities filled �blue squares� and un-
filled �red circles� at �=2 for Mw=315 k.
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perimposes perfectly with the unfilled one, and the remaining
stress is still quasiconstant with �. To summarize, glassy ef-
fect is not excluded but clearly concerns in our case a very
small fraction of chains, although our system displays a posi-
tive Tg shift for 15%v/v of silica. As a result, the constant
value of the remaining modulus when increasing deforma-
tion could be attributed mostly to the contribution of the
filler structure. This surprising and rarely reported effect �26�
could be explained by a combination of filler displacement

�27� and filler orientation �28� along the stretching direction
inducing a continuous locking-unlocking process of filler as-
sociations. These observations offer more insight on the
physics of chain confinement, including the actively dis-
cussed case of glass transition in ultrathin films �29�, in the
basic mechanisms of reinforcement, and can enable the de-
sign of new hybrid materials with improved mechanical
properties in a large range of deformation.

�1� S. Tjong, Mater. Sci. Eng. R. 53, 73 �2006�.
�2� A. I. Nakatani, W. Chen, R. G. Schmidt, G. V. Gordon, and C.

C. Han, Polymer 42, 3713 �2001�.
�3� A. Tuteja, P. M. Duxbury, and M. E. Mackay, Phys. Rev. Lett.

100, 077801 �2008�.
�4� S. Sen, Y. Xie, S. K. Kumar, H. Yang, A. Bansal, D. L. Ho, L.

Hall, J. B. Hooper, and K. S. Schweizer, Phys. Rev. Lett. 98,
128302 �2007�.

�5� J. E. Mark, R. Abou-Hussein, T. Z. Sen, and A. Kloczkowski,
Polymer 46, 8894 �2005�.

�6� G. Allegra, G. Raos, and M. Vacatello, Prog. Polym. Sci. 33,
683 �2008�.

�7� N. K. Dutta, N. R. Choudhury, B. Haidar, A. Vidal, J. B.
Donnet, L. Delmotte, and J. M. Chazeau, Polymer 35, 4293
�1994�.

�8� J. Berriot, H. Montes, F. Lequeux, D. Long, and P. Sotta, Mac-
romolecules 35, 9756 �2002�.

�9� A. Bansal, H. Yang, C. Li, K. Cho, B. C. Benicewicz, S. K.
Kumar, and L. S. Schadler, Nature Mater. 4, 693 �2005�.

�10� S. Sen, Y. Xie, A. Bansal, H. Yang, K. Cho, L. S. Schadler, and
S. K. Kumar, Eur. Phys. J. Spec. Top. 141, 161 �2007�.

�11� P. Ekanayake, H. Menge, H. Schneider, M. E. Ries, M. G.
Brereton, and P. G. Klein, Macromolecules 33, 1807 �2000�.

�12� S. Dupres, D. Long, P. A. Albouy, and P. Sotta, Macromol-
ecules 42, 2634 �2009�.

�13� D. Long and P. Sotta, Macromolecules 39, 6282 �2006�.
�14� S. Westermann, M. Kreitschmann, W. Pyckhout-Hintzen, D.

Richter, E. Straube, B. Farago, and G. Goerigk, Macromol-

ecules 32, 5793 �1999�.
�15� E. Straube, V. Urban, W. Pyckhout-Hintzen, D. Richter, and C.

J. Glinka, Phys. Rev. Lett. 74, 4464 �1995�.
�16� N. Jouault, P. Vallat, F. Dalmas, S. Said, J. Jestin, and F. Boué,

Macromolecules 42, 2031 �2009�.
�17� R. Ullman, Macromolecules 15, 1395 �1982�.
�18� P. G. de Gennes, Scaling concepts in polymer physics �Cornell

University Press, Ithaca, NY, 1999�.
�19� M. Doi and S. F. Edwards, The theory of polymer dynamics

�Clarendon Press, Oxford, 1986�.
�20� F. Boué, Adv. Polym. Sci. 82, 47 �1997�.
�21� F. Boué, J. Bastide, M. Buzier, A. Lapp, J. Herz, and T. Vilgis,

Colloid Polym. Sci. 269, 195 �1991�.
�22� P. G. Maier and D. Goritz, Kautsch. Gummi Kunstst. 49, 18

�1996�.
�23� A. S. Sarvestani, Eur. Polym. J. 44, 263 �2008�.
�24� D. Long and F. Lequeux, Eur. Phys. J. E 4, 371 �2001�.
�25� J. Berriot, H. Montes, F. Lequeux, D. Long, and P. Sotta, EPL

64, 50 �2003�.
�26� A. J. Meuler, G. Fleury, M. A. Hillmyer, and F. S. Bates,

Macromolecules 41, 5809 �2008�.
�27� J. Oberdisse, Y. Rharbi, and F. Boué, Comput. Theor. Polym.

Sci. 10, 207 �2000�.
�28� J. Jestin, F. Cousin, I. Dubois, C. Ménager, R. Schweins, J.

Oberdisse, and F. Boué, Adv. Mater. 20, 2533 �2008�.
�29� M. Alcoutlabi and G. B. McKenna, J. Phys.: Condens. Matter

17, R461 �2005�.

JOUAULT et al. PHYSICAL REVIEW E 82, 031801 �2010�

031801-4

122

http://dx.doi.org/10.1016/j.mser.2006.06.001
http://dx.doi.org/10.1016/S0032-3861(00)00771-0
http://dx.doi.org/10.1103/PhysRevLett.100.077801
http://dx.doi.org/10.1103/PhysRevLett.100.077801
http://dx.doi.org/10.1103/PhysRevLett.98.128302
http://dx.doi.org/10.1103/PhysRevLett.98.128302
http://dx.doi.org/10.1016/j.polymer.2005.07.043
http://dx.doi.org/10.1016/j.progpolymsci.2008.02.003
http://dx.doi.org/10.1016/j.progpolymsci.2008.02.003
http://dx.doi.org/10.1016/0032-3861(94)90085-X
http://dx.doi.org/10.1016/0032-3861(94)90085-X
http://dx.doi.org/10.1021/ma0212700
http://dx.doi.org/10.1021/ma0212700
http://dx.doi.org/10.1038/nmat1447
http://dx.doi.org/10.1140/epjst/e2007-00034-x
http://dx.doi.org/10.1021/ma991495j
http://dx.doi.org/10.1021/ma900006y
http://dx.doi.org/10.1021/ma900006y
http://dx.doi.org/10.1021/ma061306e
http://dx.doi.org/10.1021/ma990112e
http://dx.doi.org/10.1021/ma990112e
http://dx.doi.org/10.1103/PhysRevLett.74.4464
http://dx.doi.org/10.1021/ma801908u
http://dx.doi.org/10.1021/ma00233a035
http://dx.doi.org/10.1007/BFb0024042
http://dx.doi.org/10.1007/BF00665493
http://dx.doi.org/10.1016/j.eurpolymj.2007.11.023
http://dx.doi.org/10.1007/s101890170120
http://dx.doi.org/10.1209/epl/i2003-00124-7
http://dx.doi.org/10.1209/epl/i2003-00124-7
http://dx.doi.org/10.1021/ma800885s
http://dx.doi.org/10.1016/S1089-3156(99)00081-1
http://dx.doi.org/10.1016/S1089-3156(99)00081-1
http://dx.doi.org/10.1002/adma.200702758
http://dx.doi.org/10.1088/0953-8984/17/15/R01
http://dx.doi.org/10.1088/0953-8984/17/15/R01


pubs.acs.org/Macromolecules Published on Web 12/14/2010 r 2010 American Chemical Society

122 Macromolecules 2011, 44, 122–133

DOI: 10.1021/ma101332s

Polymer-Grafted-Nanoparticles Nanocomposites: Dispersion,
Grafted Chain Conformation, and Rheological Behavior

Chlo�e Chevigny,† Florent Dalmas,‡ Emanuela Di Cola,§ Didier Gigmes,^ Denis Bertin,^

Franc-ois Bou�e,† and Jacques Jestin*,†

†Laboratoire L�eon Brillouin, CEA Saclay 91191 Gif-sur-Yvette Cedex, France, ‡Institut de Chimie et des
Mat�eriaux Paris-Est, UMR 7182 CNRS/Universit�e Paris-Est, 2-8 rue Henri Dunant 94320 Thiais, France,
§ESRF 6 rue Jules Horowitz B.P. 220, 38043 Grenoble Cedex 9, France, and ^Laboratoire Chimie Provence,
UMR6264, CNRS etUniversit�es d’Aix-Marseille 1, 2 et 3, Site de St J�erôme, Av. Esc. Normandie-Niemen case
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ABSTRACT: We investigate the dispersion mechanisms of nanocomposites made of well-defined polymer
(polystyrene, PS) grafted-nanoparticles (silica) mixed with free chains of the same polymer using a combi-
nation of scattering (SAXS/USAXS) and imaging (TEM) techniques.We show that the relevant parameter of
the dispersion, the grafted/free chainsmass ratioR tunedwith specific synthesis process, enables tomanage the
arrangement of the grafted nanoparticles inside the matrix either as large and compact aggregates (R<0.24)
or as individual nanoparticles dispersion (R>0.24). From the analysis of the interparticles structure factor,
we can extract the thickness of the spherical corona of grafted brushes and correlate it with the dispersion:
aggregation of the particles is associatedwith a significant collapse of the grafted chains, in agreementwith the
theoretical models describing the free energy as a combination of a mixing entropy term between the free and
the grafted chains and an elastic term of deformation of the grafted brushes. At fixed grafting density, the
individual dispersion of particles below the theoretical limit of R=1 can be observed, due to interdiffusion
between the grafted and the free chains but also to processing kinetics effects, surface curvature and chains poly
dispersity. Mechanical analysis of nanocomposites show the appearance of a longer relaxation time at low
frequencies, more pronounced in the aggregated case even without direct connectivity between the aggregates.
Correlation between the local structure and the rheological behavior suggests that the macroscopic elastic
modulus of the nanocomposite could be described mainly by a short-range contribution, at the scale of the
interactions between grafted particles, without significant effect of larger scale organizations.

I. Introduction

The properties of a polymer, an elastomeric matrix, can be
amazingly enhanced by inclusion of hard inorganic particles. The
resulting material, which makes use of both the softness of the
polymer matrix and the specificities of the particles, constitutes
an innovative way of designing new products for applications
in mechanical, optical, fuel cells, or gas barrier engineering. Re-
cently, more attention was focused on the size reduction of the
particles down to the nanometer range, to increase the specific
surface available and thus obtain improved macroscopic proper-
ties. At this scale, these properties are directly related to the local
organization of the nanoparticles inside the matrix, which can
present a large variety of structures: directly connected or not,
from the well-dispersed case to the formation of large and com-
pact aggregates, with intermediate structures like ramified or
elongated objects.Different strategieswere developed to tune and
control the hierarchical structure of the particles distribution
in order to tune and control the expected final properties: one can
play on the initial shape using anisotropic fillers like carbonnano-
tubes1 or fractal fillers,2 or one can use an external trigger by
simple control of the processing conditions,3,4 such as for instance
controlling the electrostatic repulsion5 or a magnetic field.6 An
alternative route of tuning is to use an internal trigger: grafting
chemistry to cover the particles with a corona of grafted polymer
of the same nature as the matrix. Many recent studies7 present

various refined synthesis processes of well-defined grafted nano-
particles using radical-controlled polymerization (RCP), parti-
cles which can then be used as fillers bymixing with free chains of
the same polymer. The resulting interactions between grafted
chains and free chains from thematrix were described from a the-
oretical point of view for planar surfaces8,9 as a function of two
main parameters: the chain length ratio between the free and the
grafted chains (expressed using the polymerization indexesN for
the grafted chains and P for the free chains) and the chains graft-
ing density. For P e N, the phase diagram exhibits a complete
wetting region bound by two grafting density limits, a lower σ*
and an upper σ** (defined asP-1/2). These two limits coincide for
P=N, namely when the free chains length is identical to that of the
grafted ones, and incomplete wetting takes place. These theoretical
concepts have been transferred to colloidal systems10,11 for PeN:
in this case, interparticles interactions and surface curvature have
to be taken into account. For high grafting density, attractive
interactions between grafted chains dominate and induce aggre-
gation of particles.12 For low grafting density, interparticles in-
teractions dominate due to incomplete surface coverage and the
particles can aggregate, or percolate into a continuous network.
In the intermediate grafting density situation (σ*< σ< σ**), the
dispersion is mainly dominated by the interactions between the
grafted and the free chains, and thus by the grafted to free chain
length ratio: the surface coverage is large enough to suppress the
percolation but lower enough to reduce the attractions between
grafted chains. The total free energy can be expressed as the sum*Corresponding author. E-mail: jacques.jestin@cea.fr.
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of a mixing entropy term between the grafted and the free chains,
and an elastic term of deformation (stretching or compression) of
the grafted chains. The key parameter is then the ratio between
the length of grafted chains (N) and of free chains (P), R=N/P.
When an identical polymer is used for the free and for the grafted
chains, which is our case all along this article, the ratio can then
directly be expressed asR=Mn grafted/Mn matrix.WhenR>1, the
free chains, which are shorter, can penetrate into the grafted
corona according to a favorable entropic potential and conse-
quently swell it: the grafted chains are stretched and the brush is
“wet”. When R< 1, the mixing entropy is much lower, swelling
elastic dominates, which expels free chains from the brush and
changes its conformation: the grafted chains are compressed, and
the brush becomes “dry”. From an experimental point of view,
these concepts have been studied mainly in the case of microgel
systems13-16 or for large particles17 (micrometric scale) but less in
the case of nanocomposites.18

The present paper first addresses the experimental validation
of this theory, through the effect of R (expected to be the key
parameter) on the dispersion of grafted nanoparticles inside a
polymer matrix. We focus here on the specific case of N < P,
i.e.Mn grafted <Mn matrix or R< 1, while working at fixed inter-
mediate grafting density. Our previous works19,20 allowed us to
develop a controlled synthesis process of well-defined polystyr-
ene-grafted silica nanoparticles, with grafting densities around
0.2 molecules/nm2 and varying grafted chains molecular masses
between 5000 and 50 000 g/mol. We thus obtained the materials
required to formulate nanocomposites filled with grafted nano-
particles, nanocomposites in which we are able to change the R
parameter according to two different strategies: either by varying
the mass of the free chains at constant mass of the grafted chains,
or by varying the mass of the grafted chains at constant matrix
mass. The second important purpose of this article is to link the
dispersion of the particles with the conformation of the grafted
brushes. We recently showed through a refined combination of
X-rays and neutron scattering that we could directly observe the
conformation of the grafted brushes inside the nanocomposite.21

By comparison with the conformation of the grafted corona in
solution, we showed a compression in the composite, a “wet” to
“dry” conformational transition, which illustrates the competi-
tion between the mixing entropy of grafted and free chains and
the elastic deformation of the grafted chains.

In this contribution, two main questions will then be addressed:
first, the relationbetween the conformationof the graftedbrush and
the dispersion state, second the correlation between the dispersion
and the macroscopic mechanical response of the material.

II. Material and Methods

1. Synthesis of the Grafted Nanoparticles. We developed
our own versatile polymer-grafted nanoparticles synthesis

method.19 This method, based on nitroxide-mediated poly-
merization (NMP), consists of binding covalently the alkoxy-
amine (which acts as an initiator and controlling agent) to
the silica nanoparticles surface in two steps, and then poly-
merize from the alkoxyamine-functionalized surface of the
particles (“grafting from” method). For the grafting of the
initiator, the first step is a reaction between aminopropylsi-
lane and the silica particles in order to functionalize the par-
ticle surface with an amino group, and in a second step, the
initiation-controlling alkoxyamine moiety is introduced via
an overgrafting reaction between the amino group and the
N-hydroxysuccinimide-based MAMA-SG1 activated ester
(MAMA-NHS Scheme 1a). The initiator-grafted particles
are then ready for the polymerization, which is performed at
120 �C, in the presence of free alkoxyamine MAMA-SG1
(Scheme 1b) (for a better control of the polymerization). To
simplify both their chemical transformation and the polym-
erization step, the native silica particles, initially dispersed in
water, are transferred to an organic solvent, dimethylacet-
amide (DMAc),which is also a good solvent of the polystyrene.
The synthesis parameters were optimized to maximize graft-
ing density, conversion rates, and enhance synthesis reproduc-
ibility, while keeping the colloidal stability and avoiding any
aggregation of silica particles (which could be induced by the
change in interparticles interaction during the synthesis). After
synthesis, the final grafted objects are purified and the non-
grafted polymer chains formed in the solvent washed out by
ultrafiltration. The grafted particles were studied using small
angle neutron scattering (SANS) coupled with a neutron con-
trast variation method from which we can extract a complete
description of the grafted objects: number and mass of the
grafted chains, number of particles. Using this first synthesis
method, we synthesized two batches of particles grafted with
deuterated PS chains: Mn grafted = 24000 g/mol, PDI=1.3
andMn grafted=24400 g/mol, PDI=1.27, similar chain length,
polydispersity and grafting density (0.19 chains/nm2). Alter-
natively to this first route, we also developed a new route20

to obtain grafted nanoparticles with tunable grafted chain
length, by replacing the free initiator in solution by the
controller agent (SG1) (Scheme 1c) at the beginning of
the polymerization process. This allowed us to obtain four
batches of grafted nanoparticles with hydrogenated PS chains
ofMn grafted=5300 g/mol,Mn grafted=19000 g/mol,Mn grafted=
32000 g/mol, andMn grafted=50000 g/mol.Grafting densities
are comprised between 0.15 and 0.20 chains/nm2.

2. Preparation of Nanocomposites. The preparation of
nanocomposites follows the process developed in the labora-
tory as described by Jouault et al.3 The grafted nanoparticles,
dispersed in theDMAcaremixedwitha concentrated solution
of atactic PS (10%v/v, also inDMAc), ofMn=140000 g/mol

Scheme 1
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(Aldrich, PDI=2, used as received) or Mn=98 000 g/mol
(PDI=1.7, synthesized by classical radical polymerization),
at various fractions of particles ranging from 0 to 15% v/v.
The mixtures are stirred (using a magnetic rod) for 2 h. They
are then poured into Teflonmolds (5 cm�5 cm�2.5 cm) and
let cast in an oven at constant temperatureTcast=130 �Cdur-
ing 1 week. This method of preparation enables us to obtain
stable films whose local structure does not evolve with time.
This yields dry not crystallized films of dimensions 5 cm �
5 cm � 0.1 cm (i.e., a volume of 2.5 cm3). Disks are then cut
out of the films (diameter 1 cm, thickness 1mm) for the plate-
plate oscillatory shear cell.

3. SAXS/USAXS Experiments. SAXS experiments were
done at the ESRF at the high brilliance small-angle X-ray
scattering beamline (ID2) using the pinhole configuration
at single energy (12.46 keV) and two sample-detector distances
1.5 and10mcovering a scattering vectorQ range from0.5down
to 0.001 Å-1. Complementary ultrasmall X-ray (USAXS)mea-
surements were done using the available Bonse-Hart camera
allowing exploring a Q range from 0.0001 to 0.01 Å-1.

4. Transmission Electronic Microscopy. In order to com-
plete at larger scale the SAXSanalysis of the nanocomposites
structure, conventional TEM observations were also per-
formed on the composite materials. The samples were cut at
room temperature by ultramicrotomy using a LeicaUltracut
UCT microtome with a diamond knife. The cutting speed
was set to 0.2mm 3 s

-1. The thin sections of about 40 nm thick
were floated on deionized water and collected on a 400-mesh
copper grid. Transmission electronmicroscopywas performed
on a FEI Tecnai F20 ST microscope (field-emission gun op-
erated at 3.8 kV extraction voltage) operating at 200 kV.
Precise scans of various regions of the sample were system-
atically done first at small magnification, then at increasing
magnification. The slabs observedwere stable under the elec-
tron beam. The sample aspect was the same in every spot of
every piece, and typically, 10 different slabs were observed.
The pictures presented in the following are completely rep-
resentative of the single aspect of the sample, which appears
on average to be homogeneous.

5. Oscillatory Shear Small Deformation Tests. Shear tests,
corresponding to low deformation levels (0.5%), were car-
ried out in the dynamic mode in strain-controlled conditions
with a plate-plate cell of anARES rheometer (Rheometrics-
TA) equippedwith an air-pulsed oven. This thermal environ-
ment ensures a temperature controlwithin 0.1 �C.The samples
are placed between the two plates (diameter 10 mm) fixtures
at high temperature (180 �C), far above the glass transition,
put under slight normal stress (around0.5N), and temperature
is decreased progressively, while gently reducing the gap to
maintain a constant low normal stress under thermal retrac-
tion. The zero gap is set by contact, and the error on sample
thicknesses is thus minimal and estimated to(0.010 mm with
respect to the indicated value. Slipping artifacts are noticeably
reduced by this procedure, as checked by its reproducibility,
and also by a sweeping in amplitude, at constant pulsation,
which alsomakes it possible to determine the limit of the range
of linear deformation.To staybelow this limit, the shear ampli-
tude is fixed to 0.5%. Samples are stabilized at the temperature
for 30 min before starting measurements. The reproducibility
was first tested on pure PS samples with an average of five
repeatedmeasurements, permitting an estimationof variations
which is found to be of about 10%. In dynamic mode, the fre-
quency range is from0.5 to100 rad/s for different temperatures
(from 160 to 120 �C), and time-temperature superposition is
applied. The obtained multiplicative factor can be adjusted to
WLF law22 as follows: log(aT)=C1(Tref-T )/C2þ (T-Tref),
where aT is the multiplicative factor, Tref is the reference

temperature of the master curve (in our case 143 �C), T is the
temperature of the measurement, and C1 andC2 are theWLF
parameters.We foundC1=6.19 andC2=97.23 �C,which are
commonly obtained values for PS.

III. Results

1. Dispersion of the Grafted Nanoparticles in the Nanocom-
posite. 1.1.Varying theMass of theMatrixChains.The first
systemwe analyzed is a set of nanocompositesmade of nano-
particles grafted with short chains (Mn grafted= 24000 g/mol)
introduced in a matrix of longer chains (Mn matrix = 140 000
g/mol), corresponding to a grafted/free chains length ratio
R of 0.17. Four films containing silica volume fraction of
ΦSiO2

= 4, 7, 9.5, and 11% v/v were formed. The X-rays
scattering, dominated by the strong contrast between the silica
particles and thepolymer, reveals the dispersionof theparticles
inside themelt without discrimination between the grafted and
the free polymer chains. The corresponding scattered intensi-
ties are reported on the Figure 1a as a function of the wave
vectorQ. The scattering coming from the purematrixwas sub-
tracted according to the following equation I=Inanocomposite-
(1 - ΦSiO2

) � Imatrix. In the low Q region close to 10-4 Å-1,
we can observe a strong increase of the intensity (decreasing
as a function ofQ-3) due to the formation of voids domains
inside the composite during the filmprocessing.23 In the large
Q region, all curves superimpose nicely indicating the good
corrections by the sample thicknesses and the silica volume
fractions. In this region, the intensity decreases as a function
ofQ-4, which is a classical scattering behavior of flat surfaces
in a continuous medium characteristic of silica particles. At
glimpse, the scattering patterns present several features: at
4� 10-2 Å-1, we observe a first oscillationwhich is related to
the form factor of the silica particles. This form factor, deter-
mined from the scattering of an aqueous dilute solution of
particles,19 can be easilymodeledwith thewell-known sphere
form factor convoluted with a log-normal dispersion of 0.14
(slight polydispersity of the silica particles) around a mean
sphere radius of 134 Å (see the full black line in Figure 1a).

Figure 1. USAXS and SAXS scattering curves of PS nanocomposites
(Mn matrix = 140000 g/mol) filled with PS grafted silica nanoparticles
(Mn grafted= 24000 g/mol) corresponding to a grafted-free chain length
ratioR=0.17 as a function of the particles concentration (4, 7, 9.5 and
11% v/v). The pure matrix contribution has been subtracted and the
curves have been normalized by the silica concentration. The full black
line is the calculated form factor of a single particle (see text).
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At 2 � 10-2 Å-1, we observe a strong peak whose position,
noted Q*, does not vary with the silica volume fraction. The
presence of this peak and its behavior with the particle con
centration is a first indication of particles aggregation inside
the polymer matrix. Indeed, from the peak position, we can
deduce the mean distance D between the center of masses of
the particles in the real space using the relation Q*=2π/D.
The resulting calculated distance D = 314 Å is close to the
one for particles in close contact. Between Q=10-2 and
10-3 Å-1, we observe a strong increase of the intensity, which
indicates that we observe now objects bigger than the single
particle: this confirms the aggregation of the grafted particles
inside the film. Again in this range, the scattered intensity
varies as Q-4, meaning that at the corresponding scale, the
aggregates behave as compact. Finally, between 10-3 and
2� 10-4 Å-1, we see a second maximum, noted here asQ**,
whose position and intensity change with the particles concen-
tration: the position is shifting toward the small Q values and
the intensity increases when the silica content increases. From
the position of the peak, we can extract the mean distance
between the center of masses of the aggregates, D = 2π/Q**
equal respectively to 0.65, 0.85, 1.15, and 1.60 μmforΦSiO2

=4,
7.5, 9, and 11% v/v. We can also estimate the number of silica
particles per aggregates by assuming a cubic network: Nagg=
D3ΦSiO2

/(4/3πRparticles
3), which gives 1000, 4200, 13100, and

40900particles per aggregate forΦSiO2
=4, 7.5, 9, and 11%v/v.

To summarize, inside the matrix, the grafted particles of form
factor Pparticles arrange in close contact according to an inter-
particle structure factor Sinter-particle, to form compact aggre-
gates of form factor Paggregates. The size of the aggregates and
the distance between them, illustrated with a repulsive inter-
aggregates structure factor Sinter-aggregate, increases with the
particles content. This picture, extracted from the behavior in

Q space, is nicely confirmed by direct observation in real space
with the microscopy experiments (TEM) presented in Figure 2
for two particles concentrations: 4 and 11% v/v, at low (parts
a and c) and high magnification (parts b and d). At low mag-
nification and low particles content, we can observe the well-
dispersed organization of small-sized aggregates of grafted
particles, an organization which is preserved up to the micro-
meter scale. The typical sizes and interparticle distances de-
duced from SAXS and USAXS analysis are confirmed here
and increase with ΦSiO2

. The largest magnification picture
confirms the evolution of the number of grafted particles per
aggregates as a function of the particle content.

In a second step, we obtained and observed a different
situation: we still used the same molecular mass of grafted
chains (Mn grafted=24 400 g/mol), but reduced the mass of
the freematrix chains (Mn matrix=98 000 g/mol), which gives
a chain mass ratio R=0.25. Four films at four particles
content (ΦSiO2

=5, 9, 12 and 14% v/v), still using the same
film processing conditions, are again characterized byX-rays
scattering experiments (Figure 3). In the largeQ domain, the
intensities normalized by the particles content show the same
behavior than for the previous films: the scattering is domi-
nated by the signal of the single silica particles illustrated
with the poly disperse sphere form factor calculation in full
black line (R=134 Å, σlog-normal= 0.14). On the reverse, the
lower Q behavior is different: around 0.01 and 0.02 Å-1, we
see a correlation peak, whose intensity and position,Q*, now
varies with ΦSiO2

: the intensity increases and the position is
shifted toward higherQ values while increasing the particles
content. However, the main difference with the previous set of
data is the vanishingof the strong increase of the intensity in the
lowQ region (previously varying asQ-4) and of the correlation
peak Q** between aggregates around 5 � 10-4 Å-1. There is

Figure 2. Transmission electronic microscopy on the nanocomposites (Mn matrix=140 000 g/mol) filled with 4% v/v of grafted silica particles
(Mn grafted=24000 g/mol) (the grafted-free chain length ratio R = 0.17) at low (a) and medium (b) magnification and filled with 11% v/v of grated
particles at low (c) and medium (d) magnification.

126



126 Macromolecules, Vol. 44, No. 1, 2011 Chevigny et al.

only a slow increase of the intensity left in the low Q range,
which comes from the scattering of crazes, the voids domains
which form during the film processing. This is a strong indica-
tion that the particles are now individually dispersed inside the
polymer matrix for this chain length ratio. This also matches

with the variation ofQ* around 0.01 and 0.02 Å-1 withΦSiO2
,

which thus corresponds to particles coming closer when more
concentrated. This Q space evidence of the grafted particles
perfect dispersion inside the polymer matrix is one again nicely
confirmed in the real space by TEM, in Figure 4 for two parti-
cles volume fractions, 5% and 14% v/v. From high mag-
nification (Figure 4, parts b and d) up to lower magnifica-
tion (Figure 4, parts a and c), one can see that the dispersion
is homogeneous until the micrometer scale. The reduction of
the interparticle distance with increase of concentration is also
clearly highlighted.

1.2. Varying the Mass of the Grafted Chains. The disper-
sion of the grafted nanoparticles inside a polymer matrix can
then be probed as a function of the grafted/free chain mass
ratio with fixed free chains mass (Mn matrix = 140 000 g/mol)
and variable grafted chains mass. Four nanocomposite
films were prepared and measured by SAXS as previously
(Figure 5). The silica content is fixed at 5% v/v and the
grafted/free chain length ratio is varied fromR=0.04, 0.14,
0.23, to 0.36 by the use of particles with grafted chainsmasses
of respectively Mn grafted = 5200, 19 000, 32 000, and 50 000
g/mol. In the large Q domain, all the normalized curves su-
perimpose perfectly and the scattering is, as in both the pre-
vious cases, proportional to the form factor of single silica
particles. In the intermediate Q range, we can observe a cor-
relation peak of abscissa Q* moving toward the small Q
values while increasing the mass ratio R, indicating that the
interparticles distance increases alongwith the grafted chains
mass. Two different behaviors appear then, especially in the
low Q domain: for the three lower values of R= 0.04, 0.14,
and 0.23, we observe a strong increase of the scattered inten-
sity, similar to the case of R=0.17 in Figure 1 and char-
acteristic of dense aggregates. Conversely, for the highest

Figure 3. USAXS and SAXS scattering curves of PS nanocomposites
(Mn matrix = 98 000 g/mol) filled with PS grafted silica nanoparticles
(Mn grafted= 24 400 g/mol) corresponding to a grafted-free chain length
ratioR=0.25 as a function of the particles concentration (4, 9, 12, and
15% v/v). The pure matrix contribution has been subtracted and the
curves have been normalized by the silica concentration. The full black
line is the calculated form factor of a single particle (see text).

Figure 4. Transmission electronicmicroscopy on the nanocomposites (Mn matrix=98000 g/mol) filledwith 5%v/v of grafted silica particles (Mn grafted=
24400 g/mol) (the grafted-free chain length ratioR=0.25) at low (a) andmedium (b) magnification and filled with 14% v/v of grated particles at low
(c) and medium (d) magnification.
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value of R = 0.36, the intensity at small Q is close to a pla-
teau, as for the case R=0.25 in Figure 3, corresponding to a
complete dispersion of the particles. So by varying the grafted
chains mass, and thus varying the chains length ratio from
R = 0.04 to R = 0.36, we are able to observe a transition:

between the formation of dense aggregates of grafted nano-
particles for R< 0.24, and the complete dispersion of the
grafted nanoparticles for R>0.24. This transition is con-
firmed by TEM pictures shown in Figure 6, where we see
directly the formation of aggregates forR=0.04 (Figure 6a),
R = 0.14 (Figure 6b), and R = 0.23 (Figure 6c) and a com-
plete dispersion for R = 0.36 in Figure 6d. We also see dis-
tinctly that the interparticles distance increases along with the
grafted chains mass.

2. Interparticles Structure Factor Sinter-particle. The combi-
nation of scattering and imaging methods showed that,
whatever the way of varying the grafted over free chains
mass ratio R (at constant grafted chain mass or at constant
matrix mass), we observe a transition between the formation
of compact aggregates of grafted nanoparticles, for R <
0.24, and a complete dispersion of the grafted nanoparticles
inside the matrix for R > 0.24. We will now analyze more in
details the interparticles structure factor, which can provide an
indirect determination of the thickness of the polymer corona
grafted around the nanoparticles. We first analyze the case
described in Figure 3 and 4, i.e., R=0.25, corresponding to a
complete dispersion of the nanoparticles. Following the gen-
eral behavior of the scattering intensity from particles:

I∼Δr2ΦνparticlePparticlesðQÞSinter-particleðQÞ ð1Þ
(with ΔF2 as the contrast term), the interparticles structure
factor can be extractedbydividing the total scattering intensity
with the particle form factor:

Sinter-particleðQÞ∼I=PparticlesðQÞ ð2Þ
Since we measured the form factor of our silica particles,

such operation can be easily done by dividing the total

Figure 5. SAXS scattering curves of PS nanocomposites (Mn matrix =
140 000 g/mol) filled with 5% v/v of PS grafted silica nanoparticles with
variable grafted chain length Mn grafted= 5300, 19000, 32 000, and
50 000 g/mol corresponding to grafted-free chain length ratiosR=0.04,
0.14, 0.23, and 0.36. The pure matrix contribution has been subtracted
and the curves have been normalized by the silica concentration. The full
black line is the calculated form factor of a single particle (see text).

Figure 6. Transmission electronic microscopy on the nanocomposites (Mn matrix= 140 000 g/mol) filled with 5%v/v of PS grafted silica nanoparticles
with variable chain lengthMn grafted= 5300 g/mol,R=0.04 (a),Mn grafted= 19000 g/mol,R=0.14 (b),Mn grafted= 32 000 g/mol,R=0.23 (c), and
Mn grafted = 50000 g/mol, R = 0.36 (d).
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intensity with the full black line from Figure 4 (representing
the single silica particle form factor). The result is presented
in Figure 7a (for silica contentΦSiO2

= 4, 9, 12, and 14%v/v.
While increasing ΦSiO2

the peak position moves toward
higher Q values and its intensity increases, indicating a de-
crease of the interparticles distance and (increase of the
interparticles interactions). The interparticles structure fac-
tor can bemodeled by the Percus-Yevickmodel,24 forwhich
an analytical solution was calculated by Wertheim, for a
hard spheres system:25 it models the interactions between
noncharged hard spheres. This model mainly depends on
two parameters: the volume fractionΦeff and the radius Reff

of the interacting particles. The best adjustments are pre-
sented in Figure 7b for all silica volume fractions. A rather
good agreement is found between the experimental data and
the model, even if the calculation does not take into account
the polydispersity of the particles.

Knowing RSiO2
from our previous solution measurements

(RSiO2
=134 Å), we can extract the thickness of the grafted

layer on particles, assuming the parameters of the Percus-
Yevick to be related to the whole particles: polymer corona
plus silica sphere. Then the Reff represents the radius of a
grafted particle Rgrafted particle, and the thickness e of the
corona is easily obtained by:

e ¼ Reff -RSiO2
ð3Þ

The volume fraction of the grafted particles can be ex-
pressed as:

Φgrafted particles ¼ Nνgrafted particles=V ð4Þ
with N the number of particles and V the total volume. The
silica volume fraction can be expressed as well:

ΦSiO2
¼ NνSiO2

=V ð5Þ
Combining 4 and 5 allows expressing a modeled grafted

particle volume fraction as a function of the silica volume frac-
tion, the radiusRSiO2

of the silica particles, and the thickness e

of the grafted polymer layer:

Φmod
grafted particles ¼ ΦSiO2

½1þ e=RSiO2
�3 ð6Þ

Besides, from thermo-gravimetric analysis (TGA) on the
dry grafted particles, we know the mass ratio between silica
and polymer and are then able to estimate an experimental
volume fraction of grafted particles,Φexp

grafted particles. If the
approximation Reff = Rgrafted particles is appropriate, both
theseΦgrafted particles should be similar toΦeff. All the param-
eters useful for the fitting procedure (ΦSiO2

,Φexp
grafted particles)

or deduced from it (Reff, Φeff, e, Φmod
grafted particles) are

reported in Table 1. We find a good agreement between Φeff

and Φexp
grafted particles, which justifies the assimilation of the

“interacting particles” from the Percus-Yevick model with
the grafted particles. Φmod

grafted particles is also pretty close to
both these parameters, which is one more justification of this
assimilation. Besides, the effective radius of particles, and
therefore the thickness of the polymer coronas as well, appear
to be quite independent of the silica content

The interparticle structure factor was also derived for the
chain length ratio R = 0.17 (Mn grafted = 24 000 g/mol and
Mn Matrix=140 000 g/mol). Here too, it is obtained by di-
viding the total intensities (Figure 1) by the form factor of the
silica particle (full black line). The result is presented in
Figure 8a for different silica contents (4, 7, 9.5, and 11% v/v).
The modeling is shown in Figure 8b for each silica concentra-
tion and the fitting parameters reported inTable 2.Oncemore
there is a good agreement between model and experiment. In
this case where the grafted particles form compact aggregates
inside the polymer matrix, the effective volume fraction of
particle corresponds to a number of particles per aggregate
and is thus very high, around 40%v/v. This value then cannot
be directly expressed as a function of the number of grafted
particles and compared with the volume fraction of grafted
particles as for the previous well-dispersed case. However, the
indirect evaluation of the thickness of the grafted corona e
from the radius of particles deduced from the Percus-Yevick

Figure 7. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 3) by the silica form factor (full black
line in Figure 3) for dispersed grafted nanoparticles (Mn grafted=24 400 g/mol) in a 98 000 g/molmatrix (R=0.25) at the four particle contents. (b) Fits
with the Percus-Yevick model (full black line) for each particle content.
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fits is still valid inside an aggregate.We observe that the thick-
ness e, still independent of the silica content, is smaller of about
a factor two compared to the layer thicknesses corresponding
to well-dispersed particles (Table 1): average value was then
around 60 Å, and is now around 30 Å.

Finally, we analyzed the evolution of the interparticle
structure factor when varying the grafted chains mass ratio
R at constant matrix mass. It is again calculated by dividing
the total intensities (Figure 5) with the form factor of the
silica particles. The interparticles structure factors are pre-
sented in Figure 9a for R=0.04, 0.14, 0.23, and 0.36. The
Percus-Yevick modeling is shown in Figure 9(b) and the
corresponding fitting parameters are reported in Table 3.
The results correspond to the transition between the aggre-
gation and the good dispersion of the particles previously
observed when increasing the chain length ratio R. For the
first three values (R=0.04, 0.14, and 0.23), the high value
(∼40%) of the effective volume fraction of the particles
deduced from the fit, reflects the particles aggregation: this
Φeff is then about four times higher than theΦexp

grafted particles

deduced from TGA. For the last value (R=0.36), we find a
good agreement between Φeff and Φgrafted particles (both
Φexp

grafted particles andΦmod
grafted particles), illustrating the good

dispersionof the particles.Yet independently of the dispersion
state of the particles, we can still extract the thickness e of the
grafted polymer layer from the radius of the particles deduced

from the fit, except for theR=0.04 (forwhich the effective ra-
dius is very close to theoneof the naked silicameaning that the
layer thickness is below the limit of detection of the method,
which is estimated to be of the order of 10 Å).

3. Mechanical Behavior. We investigated the mechanical
response of the composites for both the dispersion states de-
scribedpreviously: completedispersion, and large andcompact
aggregates. We used oscillatory shear measurements at small
deformation (amplitude 0.5%) with a plate-plate rheometer
ARES. The evolution of the elastic modulus G0 and G0’ was
determined as a function of the filler content (% v/v) for the

Table 1. Fitting Parameters of the Inter-Particle Structure Factor by the Percus-YevickModel for theChain LengthRatioR=0.25 as a Function
of the Silica Volume Fraction (Particles Dispersed Inside the Polymer Matrix)

silica volume
fraction ΦSiO2

a
experimental grafted particles volume

fraction Φexp
grafted particles

a
effective volume
fraction Φeff

b
effective radius of
particles Reff

b
thickness of the
grafted corona ed

modeled grafted particles volume
fraction Φmod

grafted particles
c

5 14 11 189 55 14
9 26 24 198 64 29
12 36 31 195 61 37
14 42 34 187 53 38

aExperimental values. bDeduced from the fit with the Percus-Yevick model. c e= Reff - RSiO2
with RSiO2

=134 Å. dDeduced from eq 6 (see text).
Volume fractions are in % [v/v], lengths in Å.

Figure 8. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 1) by the silica form factor (full black
line in Figure 1) for aggregated grafted nanoparticles (Mn grafted = 24000 g/mol) in a 140000 g/mol matrix (R = 0.17) at the four particle contents.
(b) Fits with the Percus-Yevick model (full black line) for each particle content.

Table 2. Fitting Parameters of the Inter-Particle Structure Factor by
the Percus-Yevick Model for the Chain Length Ratio R= 0.17 as a
Function of the Silica Volume Fraction (Particles Aggregated Inside

the Polymer Matrix)

silica
volume
fraction
ΦSiO2

a

experimental grafted
particles volume
fraction Φexp

grafted

particles
a

effective
volume
fraction
Φeff

b

effective
radius of
particles
Reff

b

thickness of
the grafted
corona ec

4 12 40.5 162 28
7.5 21 44 167 33
9 28 44 169 35
11 32 44.5 171 37
aExperimental values. bDeduced from the fit with the Percus-

Yevick model. c e = Reff - RSiO2
with RSiO2

=134 Å. Volume fractions
are in % [v/v], lengths in Å.
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complete dispersion, obtained with a grafted/free chain length
ratioR=0.25 (Mn grafted=24400g/mol,Mnmatrix=98000g/
mol) (Figure 10 (a),G0 and10 (b),G00), and for the case of dense
aggregates of grafted particles, for R = 0.17 (Mn grafted =
24000 g/mol,Mn matrix=140000 g/mol) (Figure 10 (c),G0 and
10 (d), G00). The two matrices (98 000 and of 140 000 g/mol)
used as references do not show significant differences as a func-
tion of the frequency, indicating that their contribution are
similar for the two kinds of dispersion and will not influence the
comparison of the nanocomposites. Whatever the silica content
and the dispersion state, the curves (G0 and G00) superimpose
perfectly in thewholehigh frequencies range (above0.1 rad 3 s

-1).
Thismeans that the short characteristic times (theRousemodes)
of the polymer matrix are not affected by the fillers. Conversely,
in the lower frequencies domain (between 10-3 and 0.1 rad 3 s

-1),
weobserve, especially on theG0, an increaseof themodulus.This
can be associated with the apparition of a longer time in the
relaxation modes of the polymer chains, becoming longer with
increasing filler content. In addition, the effect seems to be more
pronounced for the aggregated case than for the dispersed one.
Sucha long-timeeffect at lowfrequencies canbe seenasaprocess
analogous to a liquid-solid transition inside the materials,
whose origin can be interpreted in different ways. One of the
main view postulates that the transition is associated with the

formation of a connected network of the filler. This can be a
direct connection3,26 or a specific interaction between the
particles15,27,28 but also an indirect connection through the
polymer chains. In addition, some interfacial effects can also
contribute: mobility of the polymer chains at the interface
with the fillers is modified because of confinement.29,30

IV. Discussion

We address the dispersion mechanisms of a model nanocom-
posite, formed by silica nanoparticles grafted with PS chains and
spread inside a PS matrix, as a function of the key parameter
R. Dispersion can be tuned either by coupling fixed grafted chains
length (Mn grafted =24 000 g/mol) with variable free matrix chain
length (Mn matrix=98000 or Mn matrix=140 000 g/mol), or by
coupling variable grafted chain length (Mn grafted = 5300, 19 000,
32 000 and 50000 g/mol) with fixed free chains length (Mn matrix=
140 000 g/mol): we cover then a wide range of values from R =
0.04 up to 0.36. This specific approach allowed us to obtain a
clear and unambiguous result:

When R< 0.24, the grafted nanoparticles organize inside the
polymer matrix as dense and large aggregates, which size and
distance between eachother increase alongwith the silica content.

When R>0.24, the grafted nanoparticles form a repulsive
well-dispersed organization inside the polymer matrix: while

Figure 9. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 5) by the silica form factor (full black
line in Figure 5) as a function of the chainmass ratioR: matrix ofmassMn matrix= 140 000 g/mol filled with 5% v/v of silica nanoparticles with grafted
chain massMn grafted= 5300, 19000, 32000 and 50 000 g/mol corresponding toR=0.04, 0.14, 0.23 and 0.36. (b) Fits with the Percus-Yevick model
(full black line) for each chain length ratio R.

Table 3. Fitting Parameters of the Inter-Particle Structure Factor by the Percus-Yevick Model at Fixed Silica Volume Fraction of 4.5% v/v for
Various Chain Length Ratios R

chain length
ratio Ra

experimental grafted particles volume
fraction Φexp

grafted particles
a

effective volume
fraction Φeff

b
effective radius of
particles Reff

b
thickness of the
grafted corona ec

modeled grafted particles volume
fraction Φmod

grafted particles
d

0.04 9 40 115
0.14 9 41 146 12
0.23 12 40 180 46
0.36 17 18 207 73 17

aExperimental values. bDeduced from the fit with the Percus-Yevick model. c e= Reff - RSiO2
with RSiO2

= 134 Å. dDeduced from eq 6 (see text).
Volume fractions are in % [v/v], lengths in Å.
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increasing the silica content, the mean interparticles distance
decreases, according to a classical volume compression process.
Using the Percus-Yevick hard-spheremodel to fit our interparti-
cles structure factor, we extracted the thickness e of the polymer
layer grafted around the particles. In the case of complete dis-
persion, the values (53 Å< e<64 Å forR=0.25 and e=73 Å
for R=0.36) obtained with this indirect method are to compare
with the ones calculated in our previous work (e=62 Å forR=
0.25, 0.43, and 0.71), in which the thickness was determined in a
direct way using a specific neutron contrast technique.21 As the
thickness of the grafted layer depends intrinsically on the length
of the grafted chains, we normalized the thicknesses e of the graft-
ed layers by the radius of gyrationRg for Gaussian conformation
(Rg= 0.275M1/2 for polystyrene). The results deduced from both
the ways of determination are reported as a function of R in
Figure 11. We see an excellent agreement between the two
methods. Besides, we observe that the transition between com-
plete dispersion and formation of aggregates is accompanied by a
significant reduction of the normalized thickness of the grafted
polymer layer: by about a factor of 2. These results show that the
dispersion can be tuned by a refined control of the grafted/free
chains wetting properties.

These observations can be qualitatively described considering
the total free energy as a combination of a mixing entropy term
between the grafted and the free chain and an elastic term of

compression or stretching of the grafted brushes. For R < 0.24,
according to a depletion process, entropic expulsion of the free
chains from the grafted corona is observed, and the corona even-
tually collapses. The resulting short-ranged interparticles potential
induces therefore aggregation. For R > 0.24, the free chains can
partly swell the grafted corona which is then more extended and
creates a repulsive long-ranged interparticles potential, favoring
the complete dispersion of the particles. If these observations are
qualitatively in agreement with theoretical considerations,8,10,11,31

open questions remain to be clarified, especially concerning the
parameter fixing the R value separating dispersed from aggre-
gated state. Indeed, we obtained a complete dispersion for value
below R= 1, which is the theoretical limit below which no com-
plete wetting is possible. Similar observations are reported in the
literature32-34 and are usually explained by kinetic effects, related
to the processing conditions of the systems: the observed dis-
persed state is indeed ametastable state, inwhich particles should
aggregate but cannot move anymore because of solvent evapora-
tion. The depletion effects being stronger for larger differences
in chain lengths, and stronger depletion then inducing quicker
aggregation, it explains why we see aggregates for larger chains.
Another explanation could be the presence of an interpenetration
domain35 between the grafted and the free chains, even when the
free chains are longer than the grafted chains, which would then
allow dispersion. This idea is supported by the fact that the

Figure 10. Elastic shear modulus as a function of pulsationω, using time-temperature superposition (T0 = 143 �C) coefficient aT defined in the text,
for different volume fractions (% v/v) of grafted particles in the composite for two dispersion state of the particles inside the polymer matrix: (a) G0,
(b) G0 0 complete dispersion of the particles inside the matrix corresponding to the grafted/free chain length ration R = 0.25 and (c) G0, (d) G0 0,
aggregation of grafted particles inside the matrix corresponding the grafted/free chain length ratio R = 0.17.
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dispersed state corresponds to a collapse of the grafted chains
which is only partial (e=50-70 Å), in comparisonwith the com-
plete collapse observed for the aggregated state (e = 30-40 Å)
and the totally expanded conformation observed in solution (e=
120 Å), corresponding to wet brushes (R . 1). In addition, the
surface curvature,36 which can come in play for spherical parti-
cles, and the polydispersity of the grafted and of the matrix
chains, constitute two other relevant contributions which could
also have an influence on the transition between aggregated and
individual particles. To progress in the understanding of the
experimental limiting R parameter, varying the grafting density
would certainly be an interesting method of investigation.

The direct correlation between the local structure and the
macroscopic rheological response of a material is in many cases
difficult to establish. At first order, the mechanical response of our
nanocomposites as a function of the two dispersion states, aggre-
gated particles or dispersed ones, shows inboth cases the apparition
of a much longer relaxation time in the low-frequencies range,
which appears to be more pronounced in the case of aggregates.
Because of grafting and as revealed by the entire dispersion study,
the observed rise in time, which has some features of a liquid-solid
transition, cannot be interpreted as a direct percolation3,26 of the
silica fillers or of the compact aggregates. However, it could be the
signature of the formation of an indirect network by means of the
grafted layer. For the individual dispersion, the particles come in
brush-to-brush contact at ΦSiO2

=12% v/v, illustrating that the
observed liquid-solid like transition could be related to the direct
contact between grafted brushes. It was already observed in other
well dispersed and diluted systems.15,27,28 In the case of aggregated
particles, the aggregates are not connected, but dispersed in a
matrix which is liquid at the considered frequencies (ω*aT =10-2

rad 3 s
-1). Moreover, the large distances between aggregates in-

crease with silica content, while the modulus also increases: this is
contradictory with a confinement effect between aggregates. Such
behavior is indicative that at this given frequency, the elastic
modulus of the filled nanocomposite should only be depending
on short-ranged phenomena, governed by the interparticle inter-
actions. No additional long-range contribution, as already shown
in nanocomposites showing fractal dispersion,3 seems to be ob-
served. The short-range interparticles effects could be related to the
interpenetration between the grafted brushes, which becomes then
dominant compared to the interaction between grafted and free
chains. Besides, confinement can also alter the dynamics of chains

grafted to particles, especially by slowing-down effects. Finally,
this new relaxation could also be related to the intrinsic relaxation
of the polymer-silica aggregates, depending on the aggregates
sizes. However, such interpretations remain to be experimentally
validated, for instance by probing directly the dynamics of the
chains with inelastic neutron scattering experiments.

V. Summary and Conclusion

Using a combination of refined synthesis of polymer-grafted
nanoparticles with a controlled formation process of nanocom-
posites films, we investigated the complex problem of the disper-
sion of polymer grafted particles inside a matrix of the same
polymer (PS). For a given intermediate density of grafted chains,
the dispersion of the particles inside the films was analyzed with
complementary scattering (SAXS/USAXS) and imaging (TEM)
techniques as a function of the particle content. The relevant
parameter in this case is the grafted/free chains length ratio R,
which can be tuned either at fixed grafted chains length, by
varying the molecular mass of the free chains, or at fixed molec-
ularmass for the chains of thematrix, by varying the length of the
grafted chains. In the probed range of the R parameter always
below 1 in our case, between 0.04 and 0.36, we demonstrate the
possibility of two dispersion states of the grafted particles inside
the polymer matrix: for R below 0.24, the particles arrange in
compact and large aggregates whose size and interaggregate dis-
tance increase when increasing the particle content. For R above
0.24, the particles form a complete well-defined repulsive orga-
nization inside the matrix, where interparticles distance decreases
while increasing the silica content, without any aggregation.
From the analysis of the interparticle structure factor, we in-
directly extract the thickness of the spherical grafted brushes and
correlate it with the dispersion state: aggregation of the particles
is clearly associated with a significant collapse of the spherical
grafted brushes. These results, showing the tuning of the disper-
sion by a refined control of the grafted/free chains wetting prop-
erties, are in qualitative agreement with the theoretical descrip-
tion of the dispersion mechanisms but also lead to questionings
about the numerical value of R separating the two dispersion
states. The mismatch with the expected theoretical frontier of
R=1 can be linked to the possible existence of an interdiffusion
zone between the grafted and free chains, along with processing
kinetics, surface curvature and chains polydispersity effects.
Finally, mechanical analysis shows the appearance of a longer
relaxation time at low frequencies more pronounced for the aggre-
gates. The observed liquid-solid like transition can be attributed
to the contact between the grafted brushes for the individual
dispersion, while modulus increase for the aggregates seems to
be also dominated by a short-ranged contribution, with no sig-
nificant effect of larger scale organizations. This suggests a sub-
stantial influence of the interpenetration between grafted
brushes or of grafted chains confinement, but this remains to
establish with complementary techniques to clarify the contribu-
tions of the different effects described above. Such control on the
design and the characterization of well-defined nanocomposites
and the understanding of correlations between local dispersion,
chain conformations and rheological behavior can have a sig-
nificant impact on the progresses and design of new applicative
materials.
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Controlled grafted brushes of polystyrene on magnetic g-Fe2O3 nanoparticles
via nitroxide-mediated polymerization†
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We present a new multi-step efficient ‘‘grafting from’’ method to obtain well defined magnetic g-Fe2O3

nanoparticles grafted by polystyrene (PS) chains, from the synthesis of the native nanoparticles up to

the refined characterization of the final grafted objects in different organic solvents, using

a combination of small angle scattering (SAXS and SANS) and deuteration methods. The

polymerization technique, based on a two-step Nitroxide-Mediated Polymerization (NMP), has been

adapted for maghemite particles from a protocol previously established for negatively charged silica

nanoparticles in dimethylacetamide (DMAc), a polar organic solvent. Such a method requires an initial

inversion of the charge surface of the maghemite particles after their synthesis in an aqueous solvent.

The colloidal stability of the system has been kept and controlled at every stage of the process to avoid

aggregation of the particles to optimize the synthesis parameters in terms of grafting density,

conversion rates, and reproducibility. The grafted objects, redispersed in different solvents, have been

studied by SAXS (to characterize their g-Fe2O3 core) and SANS (to characterize their grafted PS

corona, either hydrogenated or deuterated) at different concentrations to extract both the form factor

of the object and the structure factor of the suspension. The experimental scattered curves were

modelled by a Pedersen model. The parameters extracted from the model can be directly compared with

the masses of the degrafted chains. The grafted objects, better dispersed in DMAc than in toluene, are

organized as linear fractal aggregates of 3–4 native particles grafted with PS chains whose behavior is in

agreement with scaling laws derived for brushes in a theta solvent.
Introduction

Magnetic nanoparticles have numerous applications. In stable

suspensions, they form ferrofluids, i.e. dipolar magnetic fluids

which have both a fundamental interest as dipolar liquids1 or for

industrial applications such as liquid seals. Associated with other

systems, their magnetic properties are used for dedicated indus-

trial use,2 for example in magnetic storage, in ink jet printing or

in many biomedical applications (MRI contrast enhancement,

hyperthermia, targeted drug delivery,.). This has led in the past
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E-mail: jacques.jestin@cea.fr; fabrice.cousin@cea.fr
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cInstitut de Chimie Radicalaire, UMR 7273, Aix-Marseille Universit�e -
CNRS, Av. Esc. Normandie Niemen Service 542, 13397 Marseille Cedex
20, France
dLaboratoire PECSA Universit�e Pierre et Marie Curie, Case Courrier 51 4
place Jussieu, 72522 Paris Cedex 5, France
eInstitut Laue Langevin (ILL) DS/LSS 6 rue Jules Horowitz, 38042
Grenoble Cedex 9, France

† Electronic supplementary information (ESI) available: Additional
results. See DOI: 10.1039/c2sm06438c
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few decades to intense research towards two directions: (i) the

synthesis of new types of magnetic nanoparticles, with various

chemical compositions, sizes and shapes, and (ii) the surface

modification of existing nanoparticles for their incorporation in

dedicated solvents while keeping their colloidal stability, or in

dedicated systems such as nanocomposites. For the latter,

various strategies have been used for the surface modification of

nanoparticles, including the adsorption or grafting of organic

ligands, silica, surfactants or polymers, as nicely reviewed by

Laurent et al.2 Concerning the grafting of polymers, most of the

works have concerned biopolymers (alginate) or biocompatible

polymers (Dextran, PEG) soluble in aqueous media, as requested

for biomedical applications. By contrast, there are fewer works

concerning the functionalization of magnetic nanoparticles by

controlled grafted dense brushes of polymers soluble in organic

solvents. However, such nanoparticles would be perfectly suited

to be incorporated in polymeric systems. It motivated the work

described in this paper that presents the synthesis of single

magnetic nanoparticles of maghemite (g-Fe2O3) of around

�10 nm of diameter, which are grafted by a dense brush of

polystyrene (PS). A specificity of this system is the possibility to

re-disperse the powders of dried nanoparticles into stable
Soft Matter, 2012, 8, 3407–3418 | 3407
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solutions. We believe that such single PS-grafted magnetic

nanoparticles will have special interest for the design of ferro-

fluids based on good solvents of PS, in the field of polymeric

nanocomposites, i.e. polymeric matrixes reinforced by inorganic

nanoparticles, and also in the domain of lyotropic self-associ-

ating diblock copolymer-based systems. There is indeed an

ongoing research for designing magneto-responsive polymeric

ferronematics or ferrosmetics by incorporation of magnetic

nanoparticles in such systems either in bulk,3 in thin layers or in

lamellar bilayers.4

In polymeric nanocomposites, a key point to tune the

macroscopic properties of materials is the control of the final

dispersion of the nanoparticles within the polymer matrix.5

Among the different ways used to play on polymer/particle

interactions to control such dispersions during nanocomposite

processing,6–10 two routes are very promising. The first one

consists of using an external magnetic field during casting with

magnetic nanoparticles, in order to obtain different dispersion

states, ranging from isotropic aggregates to chains of particles.

The dispersion depends on the applied magnetic field intensity

and/or on the particle size that monitors the dipolar interac-

tions.11–13 The second one is to graft at the nanoparticles surface

the same polymer chains as used in the polymer matrix. It

enabled us to obtain a large panel of particles dispersion from

individual particles to large compact aggregates by playing on

the grafting parameters (grafting density and grafted to free

chains mass ratios).14,15 Thus our system, for which these two

strategies can be associated, should enable the design of nano-

composites with an unprecedented control of the dispersion.

For the grafting of polymer chains on surfaces, two main

strategies are used. The grafting ‘‘onto’’ technique,16 where

functionalized tethered chains are covalently grafted on the

surface, or the grafting ‘‘from’’ technique, where the polymeric

chains grow directly from the nanoparticles surface. Usually, the

grafting ‘‘from’’ technique leads to denser brushes than the

‘‘onto’’ technique (typically by a factor of 10), which prompted us

to choose it. The grafting ‘‘from’’ technique can be performed

with various controlled polymerization techniques as ATRP

(Atom Transfer Radical Polymerization),17 NMP (Nitroxide-

Mediated Polymerization)18 or RAFT (Reversible Addition

Fragmentation Chain Transfer)19 which are efficient in terms of

conversion rates and reproducibility. However, when performed

on nanoparticles in solution, such techniques could be difficult to

implement as the colloidal stability of the system could be lost at

any step of the polymerization process. Previous studies have

demonstrated the potentiality to graft various kinds of mono-

mers like styrene,4,20–22 methacrylate,20,21 MEMA,23 and P3VP22

on magnetic nanoparticles, magnetite or maghemite using either

ATRP or NMP. The authors obtained both a good grafting

density (typically between 0.2 and 2 molecules per nm2) and

a good control of the polydispersity index of the masses of the

grafted chains (Mw/Mn below 1.3). But in all of those studies

there remains some partial aggregation of nanoparticles, even if

the grafting tends to limit it, by favoring the dispersion in a good

solvent of the polymeric brush.

We have chosen here to adapt a grafting method based on

NMP performed on silica nanoparticles, because it enabled a well

defined control of the grafting process while preserving the

colloidal stability at the local scale all along the polymerization,
3408 | Soft Matter, 2012, 8, 3407–3418
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as proven by small angle scattering.24,25 Moreover, NMP was

preferred because it involves only one chemical species that acts

both as an initiator and a controller, in comparison with ATRP

or RAFT for which the multi-components initiating system can

be a source of particles aggregation. To achieve such a method,

first the silanization of the nanoparticles has to be performed in

order to graft the initiator and then to carry out the polymeri-

zation. Since the g-Fe2O3 nanoparticles we used are synthesized

in acidic aqueous media (positive charge surface), a controlled

transfer to a basic medium (negative charge surface) in a polar

solvent has to be performed prior to the silanization, in order to

guarantee a covalent bonding between the silane molecules and

the nanoparticles. Indeed, an attempt to conduct maghemite

silanization in acidic media has led to a simple polycondensation

of the silane, forming a shell around the maghemite nano-

particle.26 In this article, we report the synthesis of well defined

grafted magnetic nanoparticles and their detailed structural

characterization by SAXS/SANS combination.

Experimental

Materials

FeCl2, FeCl3 and ammonia solutions were purchased from VWR

Prolabo without further purification. The different solvents,

dimethylacetamide (DMAc), toluene, acetone, diethyloxide,

nitric acid and chloridric acid, were used as received from

Aldrich. Tetrabutylammonium (TBA) was purchased from

Fluka. Aminopropyltriethoxysilane (APTES), N-hydroxy-

succinimide, dicyclohexylcarbodiimide and styrene were

purchased from Aldrich and used as received. N-(2-Methyl-

propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxy-

lprop-2-yl)hydroxylamine (MAMA-SG1, BlocBuilder MA�) was

kindly provided by Arkema and used as received. Deuterated

DMAc (D-DMAc), deuterated toluene (D-tol) and deuterated

styrene were purchased from Eurisotop and used without further

purification. Dialysis bags (MWCO ¼ 12 000–14 000 Da) are

from Roth-Sochiel.

Synthesis of g-Fe2O3 nanoparticles

The g-Fe2O3 nanoparticles were synthesized according to the

Massart method,27 by coprecipitation of FeCl2 and FeCl3 salts in

an aqueous ammonia solution. The obtained maghemite nano-

particles were then fully oxidized by nitric acid. The resulting

positively charged nanoparticles of maghemite are electrostati-

cally stabilized by NO3
� counterions in acidic media. We per-

formed a size-sorting process based on colloidal gas–liquid

transitions28 to obtain rather monodisperse solution of g-Fe2O3

nanoparticles. We chose to work with nanoparticles of 8.1 nm

diameter with a polydispersity of 0.29, following a poly-disperse

log-normal distribution. The size was determined by magneti-

zation measurements with a home-made vibrating magnetometer

apparatus and by SAXS/SANS experiments.

Charge surface modification in aqueous media

A solution of tetrabutylammonium was added dropwise at

constant stirring up to pH ¼ 13. During the pH increase, the

nanoparticles passed through a reversible aggregation state
This journal is ª The Royal Society of Chemistry 2012
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characterized by a brown turbid solution, due to their PZC

(Point of Zero Charge) located at pH ¼ 7.4. In order to ensure

that a state of perfect re-dispersion of the nanoparticles is ach-

ieved, the final basic solution was stirred at room temperature for

12 h under nitrogen to avoid carbonation of the basic aqueous

solution, TBA. The ions in excess (H+, NO3
�, TBA, OH�) are

then removed by dialysis in an alkaline aqueous reservoir at pH

¼ 12.25. The basic solution of maghemite nanoparticles is placed

in a dialysis bag made of regenerated cellulose with a MWCO of

12 000–14 000 Da.

Solvent transfer

The magnetic nanoparticles are transferred into the DMAc by

dialysis (MWCO ¼ 12 000–14 000 Da). The procedure is

repeated two times in order to remove all the water molecules

and the ions in excess.

Silanization of the nanoparticles

APTES was added to g-Fe2O3 nanoparticles negatively charged

in DMAc. In a typical run, 2.35 g of APTES is added to 155 g of

g-Fe2O3 nanoparticles solution at Fmag ¼ 1.9% v/v, corre-

sponding to about 2 molecules per nm2. The reaction mixture was

mixed for 12 h with a magnetic stirrer under nitrogen at room

temperature. The solution was then filtered under nitrogen

pressure using a Millipore Ultra-filtration apparatus with

a regenerated cellulose 30 000 Da pore diameter filter (Millipore)

in order to remove the unreacted APTESmolecules. The solution

was filtered 4 times. Each time, 100 mL of the solution is diluted

with 200 mL of DMAc. Finally, the solution is filtered with

a filtration paper.

Over-grafting of the polymerization initiator

2-Methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-di-meth-

ylpropyl)aminoxy]-N-propionyloxysuccinimide (MAMA–

NHS), previously prepared according to ref. 29, was added to the

silanized g-Fe2O3 nanoparticles solution (105.6 mg of MAMA–

NHS in 116 g of 5.1 wt% g-Fe2O3 nanoparticles). The reaction

was carried out under nitrogen bubbling at 0 �C, in order to

avoid the decomposition of the alkoxyamine, for 2 h.

Polymerization from the nanoparticles surface

A first model polymerization in solution without particles has

been made before under the same conditions to check the feasi-

bility of the reaction in terms of control and efficiency. The

following procedure was used (with and without particles):

styrene (44.8 g) was added dropwise to the solution of MAMA–

NHS grafted g-Fe2O3 nanoparticles (118 g at 1 wt%) placed in

a three-necked flask under stirring. Free initiator MAMA-SG1

(261 mg) was then added to the solution. The reaction mixture

was deoxygenated during 30 min under nitrogen. The three-

necked flask was put in an oil bath at 120 �C at the beginning of

the polymerization reaction for 6 hours. At the end of the

polymerization, the solution was placed in an ice cup in order to

stop the reaction. The PS-grafted g-Fe2O3 nanoparticles were

separated from the PS chains in solution coming from the

addition of the free initiator MAMA-SG1 by seven successive
This journal is ª The Royal Society of Chemistry 2012
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centrifugations (the first one for 4 h at 16 000 tr min�1 and the

others for 2 h at the same speed). In a typical run, 20 mL of the

solution at 0.5 v/v% is placed in a 50 mL centrifugation tube in

which 15 mL of pure DMAc is added. After each run, the upper

part of the tube containing only a solution of free PS chains in

DMAc is removed and replaced by pure DMAc. The quantity of

free PS chains is measured by gravimetry at the end of each run

(see Fig. 1 in the ESI†). When the processing was finished,

DMAc was added to recover the initial volume of the solution.

The final solution was ultra-sonicated for 12 h to redisperse the

PS-grafted nanoparticles. Scheme 1 resumes the whole grafting

process.
Cleavage of the PS chains

In order to measure the molecular weight of the grafted PS

chains, a concentrated HCl solution (1 mL at 37 wt%) was added

to the PS-grafted g-Fe2O3 nanoparticles (2.5 mL at 0.055 v/v%)

to dissolve the nanoparticles. This procedure leaves the PS chains

intact. When the procedure was over, the solution was yellow,

which showed the total dissolution of the red magnetic nano-

particles. The solution was then diluted by a factor of 5 in

tetrahydrofuran and precipitated in an excess of cold ethanol.

The PS chains are finally recovered by filtration and dried at

room temperature.
Grafting densities

The grafting densities of grafted species (APTES, initiator and

PS) were determined by thermogravimetric analysis (TGA). We

used a TA instrument Q50 with the following analysis program:

10 min at 100 �C to remove all the solvent traces and then a scan

at a rate of 10 �C min�1 up to 800 �C under nitrogen flow (40 mL

min�1). The grafting densities were determined using the equa-

tion below:

Dg ¼ Sspe

MgrNa

Wtot �Wref

100� �
Wtot �Wref

� (1)

where Sspe is the specific surface (nm2 g�1) of the g-Fe2O3

nanoparticles, Mgr the molar mass of the grafted molecules

(APTES, initiator, PS), Na the Avogadro number, Wtot the

weight loss of the grafted sample and Wref the weight loss of the

reference sample (respectively the g-Fe2O3 nanoparticles,

the APTES-grafted g-Fe2O3 nanoparticles or initiator-grafted g-

Fe2O3 nanoparticles).
Analytical techniques

Polymer molecular weights and polydispersities were determined

by gel permeation chromatography (GPC) on a system

comprising a Waters 515 HPLC pump equipped with a pre-

column (Nucleogel, Macherey-Nagel) and two columns ther-

mostatted at 40 �C (PSS SDV, linear M, 8 mm � 300 mm, bead

diameter: 5 mm). Detection was made with two detectors: UV/

visible (Waters 486) and RI (Waters 2414). THF was the mobile

phase, with a flow rate of 1 mL min�1. Calibration was based on

polystyrene standards.
Soft Matter, 2012, 8, 3407–3418 | 3409
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Scheme 1 Scheme of the steps of nanoparticles synthesis and grafting:

the charge surface modification [I], solvent transfer [II], silanization [III],

the over-grafting of the initiator [IV] and the polymerization from the

particles surface [V].
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Small angle scattering (SANS and SAXS)

SAXS measurements were performed on the beam-line SWING

at Soleil. Two configurations were used in order to cover a large

q-range. The beamline energy was set to 7 keV and the sample to

detector distance to 6.5 m and 1.8 m. Using a 3 mm beamstop

(vertical size) with a photodiode inserted in its centre (to measure

the transmitted intensity), the resulting q-range spans from 1.8 �
10�3 to 0.15 �A�1, where q ¼ 2psin q/l. The detector non-linear-

ities were corrected, and the resulting 2D SAXS images were then

radially averaged and normalised by the transmitted intensity.

The parasitic scattering from the air and mica windows was

subtracted from the total scattering intensity. Finally, both the

scattering of the solvent Isolvent and the scattering of the capillary

Icapillary were removed by the subtraction of (1 � F)[Isolvent �
Icapillary] from all the solutions.

SANS measurements were performed at the Institut Laue

Langevin on the spectrometer D11. Three configurations were

used with a wavelength of 8 �A and sample-to-detector distances

of 34 m, 8 m and 1.5 m, corresponding to a total q-range of

0.001 �A�1 to 0.2 �A�1, and at the Laboratoire L�eon Brillouin on

the spectrometers PAXE and PACE, using three configurations:

4.7 m—12 �A, 4.7 m—5 �A and 1.2 m—5 �A, covering a q-range

from 0.0034 �A�1 to 0.36 �A�1. All measurements were done under

atmospheric pressure and room temperature. Standard correc-

tions for sample volume, neutron beam transmission, empty cell
3410 | Soft Matter, 2012, 8, 3407–3418
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signal subtraction, detector efficiency, subtraction of incoherent

scattering and solvent were applied to get the scattered intensities

in the absolute scale.30 The data reduction has been done with the

Pasinet software31 for both SANS and SAXS. The different

models used to analyze the scattering data are described in the

Appendix.

Contrast variation

We use the contrast complementarity between the X-rays and

neutrons (see the values of Scattering Length Densities (SLDs) in

Table 1) to characterize our particles at each step of the grafting

process. Due to the high electronic density of maghemite, SAXS

permits to characterize finely the g-Fe2O3 core of the particles,

whatever the solvent and whatever the grafted species (silane, PS

chains), taking advantage from the high flux and resolution given

by synchrotron radiation. The grafted PS chains can be charac-

terized by SANS, either under the ‘‘empty’’ core condition or

under the ‘‘full’’ core condition. The ‘‘empty’’ condition is real-

ized when the neutron SLD of the core is very close to the one of

the solvent and is achieved by substituting hydrogenated solvents

by deuterated ones. The ‘‘full’’ condition corresponds to the case

for which the contrast of the core is very close to the one of the

grafted chains. This is the specificity of our system and is

obtained by grafting deuterated PS chains. The maghemite core

of the particle can however never be perfectly matched because

their SLD is always slightly higher than the ones of the solvents

or PS chains. In addition, the complete redispersion of the

grafted particles in DMAc requires the presence of a few

percentage of hydrogenated species, accentuating more the

difference between the respective SLDs of the core and of the

solvents. Eqn (A7) of the Appendix cannot thus be simplified to

the perfect matching conditions.

Results and discussion

In order to adapt the polymerization process successfully applied

for silica particles24 to the maghemite nanoparticles, two condi-

tions are required. The particles must be neutral or negatively

charged to react with the aminosilane and they must be stable in

DMAc, the optimized organic polar solvent of the polymeriza-

tion. The reaction of magnetic particles with amino-silane under

basic conditions has been previously described for magnetite.32

We present here a protocol enabling the transfer of the g-Fe2O3

maghemite nanoparticles in an alkaline organic solvent which

allows the covalent bonding of silane molecules at their surfaces.

Modification of the charge surface of the nanoparticles

At the end of the synthesis and after the size-sorting process, the

g-Fe2O3 nanoparticles are positively charged (Fe–OH2
+) in an

acidic solution at pH¼ 2. These conditions do not allow a proper

bonding of the aminosilane because: (i) the reaction of hydrolysis

between the silane molecules and the nanoparticle surface is only

possible when the alcohol groups present at the nanoparticles

surface are neutral or fully deprotonated to have access to the

nucleophilic character of the oxygen atom and (ii) under acidic

conditions, the silane molecules are not reactive with respect to

the polymerization initiator, due to the protonation of the amine

function.
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Scattering Length Densities (SLDs) (X-rays/Neutrons) of the
components of the systems and of the solvents

SLD
(1010 cm�2) g-Fe2O3 H-PS D-PS H-DMAc D-DMAc H-tol D-tol

Neutrons 6.86 1.43 6.56 0.53 6.60 0.94 5.61
X-Rays 40.20 9.68 9.68 8.80 8.80 7.99 7.99

Fig. 1 (a) Scattering of a dilute solution (0.5% v/v) of magnetic

nanoparticles dispersed in an acidic aqueous solution (blue curve,

SANS) and in an organic (DMAc) alkaline medium (red curve, SAXS).

The blue line is a fit with a polydisperse sphere form factor (see text).

(b) Scattering signal of the particles in DMAc in the Porod represen-

tation Iq4 vs. q.
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An efficient way to set the good conditions for silanization is

to increase the pH of the aqueous solution up to be in basic

conditions. This enables to inverse the surface charge of the

nanoparticles to make them anionic (Fe–O�) since their PZC is

around 7.4. In order to ensure a good colloidal stability of the

nanoparticles suspension, the pH has to be higher than 12.

Such a colloidal stability is indeed provided by electrostatic

repulsions between nanoparticles. Below pH 10, suspensions

are not stable because the surface charge of the nanoparticles is

too weak. The electrostatic repulsions thus cannot overcome

van der Waals attractions. Between pH ¼ 10 and pH ¼ 11,

there are gel phases33,34 which probably result from the aggre-

gation of some clusters of nanoparticles present in solution. It

is thus likely that some small clusters of nanoparticles remain

in solution between pH ¼ 11 and pH ¼ 12.33 Above pH 12,

stable suspensions of individual particles are obtained. The

choice of the counterion of the strong base is important. One

commonly uses a big counterion, tetramethylammonium

(TMA+), to stabilize the g-Fe2O3 nanoparticles at high pH.

However, TMA+ is not soluble in DMAc. We have thus

decided to use TetraButylAammonium (TBA+) counterions

which are a strong base of important size permitting the

stabilization of the nanoparticles and are soluble in DMAc. At

the end of the procedure, the solution was limpid at pH 13 and

red because nanoparticles optically absorb in red, as for the

initial solution in an acidic medium. During the addition of

TBAOH, the solution passed by a brownish turbid stage due to

the reversible aggregation state close to the PZC (pH ¼ 7.4).

The recovering of limpidity shows that the PZC of the g-Fe2O3

nanoparticles has been crossed and thus that the surface charge

has been inversed.
This journal is ª The Royal Society of Chemistry 2012
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Solvent transfer and optimization of the experimental conditions

for silanization in DMAc

The nanoparticles in the aqueous solution are then transferred

into the DMAc by dialysis. The dialysis also enables us to

decrease the concentration of ions in solution which is important

after the addition of TBA–OH up to pH ¼ 13 (TBA+, OH� and

the NO3
� remaining from the original solution in the nitric acid

medium). Such ionic concentrations have indeed to be decreased

in order to avoid undesired reactions of APTES with TBA. The

dialysis has to be performed in two steps, as explained in the

ESI†. The key point for the whole silanization process is the pH

of the TBA–OH alkaline aqueous reservoir of the first dialysis.

This optimal pH is 12.25, as determined by the measurement of

the effective surface density of the grafted silane molecules on the

nanoparticles surface as a function of pHreservoir_bath in a pH

range lying from 11.8 to 13 (see ESI†). Such a study enabled us to

find the best conditions in terms of colloidal stability for the

covalent bonding of silane molecules at the maghemite nano-

particles surface. After the silanization of the nanoparticles in

DMAC, the solution was purified to remove all the APTES

molecules that did not react with the nanoparticles (see the

Experimental section). After purification and removing all non-

covalently bonded APTES molecules adsorbed on the nano-

particles surface, the surface density of grafted silane molecules

on the nanoparticles surface was measured by TGA at 0.23 mol

nm�2 (see Table 2).
SAXS characterization of the stability of the solution of particles

All along the procedure, the stability of the particles was checked

by SAXS/SANS. Fig. 1(a) compares the stability of the nano-

particles in an acidic aqueous solution (at Fmag ¼ 0.5% v/v) and

in an alkaline medium in DMAc. In water (blue curve), at large q,

the curve exhibits a slope in q�4 preceded by an oscillation at

intermediate q. It is typical from the scattering of the sharp

interface between compact nanoparticles and water. At low q, the

curve exhibits a plateau, indicating that the objects present in

solution have a finite size. The scattering intensity is perfectly

modelled by a sphere form factor with a log-normal poly-

dispersity (eqn (A4) of the Appendix) with a mean radius R0 ¼
3.8 nm and s ¼ 0.32, indicating the perfect initial dispersion of

the nanoparticles in water. In DMAc, after the charge modifi-

cation surface, the scattering intensity of the suspension at the

same particles concentration exhibits in the lower q range

a higher intensity than the form factor of the single particle (red

curve), indicating that some aggregation occurred. The ratio of

the intensities at q/ 0 gives an aggregation number of around 3

particles. This aggregation is not related to the solvent transfer

because the DMAc enhances the stability of the nanoparticles.12

It appeared then during the alkalinization of the initial aqueous

suspension. It is likely due to the possible formation of small

‘‘living’’ aggregates in an alkaline medium below pH 12. As

recalled before, nanoparticles are perfectly dispersed in TMA-

based ferrofluids and form clusters between pH 11 and pH 12.33

The transition is maybe slightly shifted towards higher pH with

TBA, which could explain the formation of these small aggre-

gates of 3 particles. We can determine the specific surface of the

aggregates by analysis of the so-called ‘‘Porod’’ domain which
Soft Matter, 2012, 8, 3407–3418 | 3411
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Table 2 Chemical analysis deduced from thermogravimetric measurements for the different polymerizations

Polymerization
number Silanea/nm2 Initiatora/nm2 Chaina/nm2 Chain/parta Mn/g mol�1, solb Mn/g mol�1, graftedc PDIc Conversion rateb (%)

H1 0.23 0.23 0.16 95 26 000 26 600 1.7 51
D1 0.23 0.23 0.15 89 17 600 15 700 1.8 48
Model — — — — 25 900 — 1.27 42

a Determined by TGA. b Determined by weight. c Determined by SEC after cleaving.
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gives, in a Iq4 versus q representation (Fig. 1(b)), a plateau at high

q proportional to the specific surface of the particles:

lim Iq4 z 2pFmag(1 � Fmag)Dr
2S/V (2)

In water, the specific surface of individual particles is equal to

150 m2 g�1 for nanoparticles with 8 nm in diameter while it is

reduced to 99 m2 g�1 in DMAc due to aggregation. This precise

knowledge of the specific surface of the clusters is a very

important parameter to determine correctly the grafting densities

using eqn (2).

The stability of the particles after the silanization process was

then checked by SAXS (Fig. 2). Again, the intensity at low q is

higher than the single particle form factor indicating a slight

aggregation of silanized particles. However, the level of aggre-

gation remains constant (Nagg z 3).

Thus, the modification of the nanoparticles surface after the

silanization step did not influence strongly the interactions

between the particles. In particular, it did not induce the

formation of larger aggregates. We succeeded in bonding cova-

lently the silane molecules onto the surface of the nanoparticles

in an organic alkaline polar medium while controlling the

colloidal stability of the system. We then dispose of well-defined

silanized small clusters of 3–4 primary particles on which we can

apply the following step of the polymerization process.
Polymerization of the g-Fe2O3 nanoparticles

Before starting the polymerization on the MAMA–NHS graf-

ted nanoparticles, a model polymerization (without any parti-

cles) was realized in order to optimize the synthesis conditions

for good conversion rates of polymerization. These conditions
Fig. 2 Scattering curves of the particles after the silanization process

(green circles, SANS), compared with the scattering of the particles in

DMAc before the silanization (red dots, SAXS) and in water (blue dots,

SANS).
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were defined according to the ones determined previously for

silica particles.24 The result of this model polymerization

(120 �C, 30% v/v styrene, Mn theo ¼ 50 000 g mol�1, DMAc) is

reported in Fig. 3.

The conversion of the polymerization was measured by

gravimetric analysis by weighing after solvent evaporation of

samples taken along the whole reaction via sterile syringes. We

obtained a conversion rate of 40% after 6 hours. The chain

molecular weight distribution of the free chain displays a low

polydispersity index (PDI) of 1.27 with a molecular weightMn ¼
30 000 g mol�1 which varies linearly with the conversion as

expected for a controlled polymerization with an efficient initi-

ation. The polymerization initiator, MAMA–NHS (previously

prepared according to ref. 29), is added to the silanized g-Fe2O3

nanoparticles solution. After purification by ultra-filtration, the

content of the organic grafted organic material was determined

by TGA (see Table 2). The polymerization from the nano-

particles surface is realized under the same conditions as for the

model polymerization described before: 30% v/v styrene, 120 �C,
Mn theo ¼ 50 000 g mol�1 in DMAc at 1% v/v of g-Fe2O3

nanoparticles during 6 hours. At this stage, we were not inter-

ested in changing the molecular weight of the chains by changing

the synthesis conditions. Indeed, an increase of the initial

quantity of styrene may induce aggregation of the particles

resulting in a destabilization of the medium and an increase of

the ratio ninitiator/nstyrene will decrease both the efficiency and the

control of the polymerization.

Two different polymerizations were realized on the same over-

grafted nanoparticles: one with hydrogenated monomers and the

other with deuterated monomers. In both cases, it is necessary to

add a sacrificial initiator (MAMA-SG1) to reach the persistent

radical effect and ensure a good control of the reaction.24 The

results of the evolution of the conversion as a function of time are
Fig. 3 Evolution of the molecular mass Mn as a function of conversion

for the model polymerization. The dashed line is a guide for the eye

illustrating the control of the polymerization.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (a) Conversion rates with time and (b) semi-logarithmic evolution

of the conversion as a function of t2/3 for the hydrogenated monomer

(blue) and the deuterated monomer (red).

Fig. 5 (a) SAXS scattering curve of a dilute solution (0.1% v/v) in

maghemite of the grafted maghemite nanoparticles with hydrogenated PS

chains in a mixture of 95% v/v of D-DMAc and 5% v/v of H-DMAc. The

X-ray scattering signal arises from the maghemite core. (b) SANS scat-

tering of the same solution, the neutron scattering comes from the grafted

PS chains. The red lines are the best fitted results of modeling (see text for

details). Sketches are representations of the grafted objects in the real

space.
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presented in Fig. 4 for the two polymerizations H-1 and D-1. The

chosen representation, (ln ([M]0)/[M]) as a function of t2/3,

exhibits a quasi-linear variation indicating a good control and

efficiency of the reaction. It shows that the chain growth (prop-

agation) is as fast as the initiation. The conversion rates are

reported in Table 2. It is worth noting that one recovers the high

conversion rate (around 50%) formerly observed for silica

particles24 in spite of the initial state of the surface of naked

maghemite particles (Fe–OH2
+) and of the subsequent modifi-

cations of their surface. There is a difference in efficiency reac-

tivity between hydrogenated monomers and deuterated

monomers which can be explained by the presence of additive

species inside the deuterated styrene used for stabilization and

storage. The grafting densities deduced from TGA are also given

in Table 2. They are comparable for both polymerizations at

around 0.15 chains per nm2.

The PS-grafted g-Fe2O3 nanoparticles were then separated

from the free PS in solution coming from the introduction of

MAMA-SG1 in the medium by centrifugation. The removed

quantity of free PS chains was measured by gravimetry at the end

of each run (see ESI†). One of the most interesting advantages of

our system is the possibility of easy dissolution of the maghemite

nanoparticles for a direct characterization of the PS-grafted

chains.

Contrary to silica where fluorhydric acid (highly corrosive and

contact poison) is required to dissolve the particles, the dissolu-

tion is simply achieved by the addition of a concentrated solution

of HCl. The molecular weights of the cleaved hydrogenated and

deuterated chains are measured by SEC and compared to the PS

chains in solution. They are found to be of the same order of

magnitude (Table 2), as previously demonstrated in ref. 35–37

showing that the mass of the grafted chains is usually close to the

untethered chains.
SAXS/SANS characterizations of the grafted nanoparticles in

solution

After purification, the different batches of grafted g-Fe2O3

particles were measured by SAXS and SANS under different

contrast matching conditions. We studied both dilute solutions

(typically�0.1% v/v of maghemite) to determine the form factors

of the grafted objects, and more concentrated solutions to extract

the structure factors in order to probe the interactions between

the grafted objects. For most of the experiments, the grafted

g-Fe2O3 particles have been dried by evaporation of the
This journal is ª The Royal Society of Chemistry 2012
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H-DMAc to form powders and then re-dispersed by ultra-soni-

cation at the desired volume fraction in the chosen solvent.
Dispersion in DMAC: form and structure factors of grafted

particles

According to the neutron scattering length densities (see Table

1), the most effective matching of the core would occur in a 100%

D-DMAc solvent. However, it has not been possible to achieve

here the redispersion of dried nanoparticles by ultrasonication in

pure D-DMAc. A macroscopic irreversible aggregation of the

nanoparticles occurred, probably due to some additives present

in the D-DMAc for stabilisation and storage. An alternative

possibility for the exchange of D-DMAc with the initial H-

DMAc solvent would have been dialysis, but it requires a huge

quantity of D-DMAc which is too costly. We thus decided to

dilute by a factor of 20 the solution of nanoparticles in H-DMAc

by D-DMAc corresponding to a final H/D ratio of 5/95% v/v of

the solvent. The resulting solution at 0.1% v/v in maghemite was

measured by SAXS to characterize the maghemite core and then

by SANS, to obtain information about the PS corona. The

resulting scattering curves are shown in Fig. 5. Both SAXS and

SANS curves exhibit a flat plateau at low q indicating that, at low

concentration, the interactions between the objects can be

neglected. This shows that the objects are well dispersed in the

solvent. At intermediate and large q, both curves show a different

behavior: a rapid decay like q�4 for SAXS, characteristic of the

maghemite core form factor and a q�2 decay for SANS, arising

from the scattering of the PS chains. As the silanization was

performed on small aggregates of nanoparticles, we assume that

the polymerization occurs on the same aggregates and not on

individual particles. This is confirmed by SAXS data which can

be perfectly modelled using a form factor of a fractal aggregate

made of a finite number of individual maghemite particles (eqn

(A5) and (A6) of the Appendix). The best fit is obtained for

a linear aggregate (Df ¼ 1) of 4 primary particles. For a further

simplification of the modelling of the corona, we also chose to

analyze the SAXS curve with the form factor of an ellipsoid (eqn

(A11) of the Appendix). The adjustable parameters are: F, the
Soft Matter, 2012, 8, 3407–3418 | 3413
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Table 3 Best-fitted results parameters of the fitting procedure applied on the hydrogenated grafted particles in DMAc and in toluene

Solvent
Maghemite particle
concentration (F% v/v) Rcore/�A Polydispersity s Ellipticity n

Volume of the
grafted chain V/nm3

Grafting density/
mol nm�2

Rg of
grafted chains/�A

DMAc 0.1 40 0.22 0.22 54.7 0.13 92
Toluene 0.1 40 0.23 0.22 62.6 0.13 97
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g-Fe2O3 nanoparticles volume fraction, R0, the mean radius of

the g-Fe2O3 nanoparticles corresponding to the small side of the

ellipse, s, the particle polydispersity and n, the ellipticity ratio.

The scattering length density between the particles and the

solvent is fixed. The best fit calculation shows a nice agreement

with the experimental data. In particular, the value of v (0.22) is

consistent with the aggregation number of the linear aggregate.

The parameters deduced from the fit are reported in Table 3.

The SANS curve has been analyzed by the Pedersen model

described with eqn (A7) of the Appendix. The parameters of the

core have been fixed at the values determined previously from the

SAXS analysis using the ellipsoid model. The respective SLDs of

the core, of the solvent and of the chains have been fixed at their

calculated values (Table 1).

Finally, the fitting variable parameters are reduced to only

three: the grafting density of chains N, the volume of the

polymer chain and the radius of gyration of the grafted chains.

The best fit result shows a good agreement with the experi-

mental data (Fig. 5(b)). The grafting density deduced from such

a fit is consistent with the one calculated from TGA (see Table

2). The extension of the grafted layer h ¼ 2Rg_corona ¼ 18.4 nm

is found to be 1.5 times larger than the corresponding Gaussian

chain in solution (2Rg_bulk ¼ 12.0 nm with Rg_bulk ¼
0.275Mw

0.5) determined by SEC after the cleaving process

(Table 1). This points out the stretching of the chain at the

surface of the particle. Such a stretching, which can be

explained by excluded volume interactions with lateral neigh-

boring chains, has been described by scaling laws of the

grafting density s by Alexander.38 For a layer grafted on

a planar surface, the extension of the grafted layer is expected

to be h z aNs1/3 for a good solvent and h z aNs1/2 for a theta

solvent, where a is the monomer length and N the number of

monomers.39 The calculations from such scaling laws give

respectively 55 nm and 40 nm, showing that we are closer to
Fig. 6 (a) SAXS of grafted particles in H-DMAc at 0.5% v/v in

maghemite. The red line corresponds to the modeling of linear fractal

aggregates. (b) Structure factor S(q) deduced from the division of the

total scattering intensity by the form factor of the linear aggregates (black

line) and P–Y modelization (red line) see text for details. Sketches are

representations of the grafted objects in the real space.

3414 | Soft Matter, 2012, 8, 3407–3418
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the theta solvent regime. In addition, the effect of surface

curvature r0
2/5 has also to be taken into account. It will reduce

the extension of the grafted layer down to h z N3/5s1/3r0
2/5.40

The surface curvature here is difficult to estimate in the case of

our linear aggregate. As a comparison, the extension for the

corresponding grafted brush on a single maghemite particle

would give h z 11 nm.

The value of the extension of the grafted layer deduced from

the fit for our objects is in agreement with the scaling laws of

grafted brushes in a theta solvent, taken for the surface an

intermediate geometry between a spherical surface and a planar

one. It is consistent with the modelization of the core with linear

aggregates made of primary spheres. Fig. 6(a) shows the SAXS

scattering curve of grafted particles at higher concentration in

DMAc (0.5% v/v of maghemite). The curve exhibits a correlation

peak in the low q domain at 0.008�A�1 and a weak compressibility

(I(q)q/0 is decreasing), which arise from repulsive interactions

between the objects. The structure factor S(q) can be extracted by

dividing the total scattering intensity I(q) by the form factor of

the core made of linear aggregates of 4 native particles. The

resulting S(q) can be compared (Fig. 6(b)) with an approxima-

tion of Percus–Yevick (P–Y)41 that describes the interactions in

a system of hard spheres.42 The P–Y calculation necessitates the

knowledge of the total volume fraction of objects and of the

diameter of the hard spheres. Taking into account the grafted

polymer layer, the volume fraction of objects is equal to 0.15. The

diameter taken for the spheres is 52 nm, corresponding to the

length of grafted linear aggregates, obtained by summing the 4

maghemite cores and the thickness of the polymer layer. The P–Y

model reproduces very well the position of the correlation peak.

This confirms the well dispersed organization of the grafted

objects in DMAc. The experimental correlation peak has a much
Fig. 7 (a) SAXS scattering curve of a dilute solution (0.1% v/v) in

maghemite of the grafted maghemite nanoparticles with hydrogenated PS

chains re-dispersed in D-toluene. The X-rays scattering signal arises from

the maghemite core. (b) SANS scattering of the same solution, the

neutron scattering comes mainly from the grafted PS chains. The red lines

are the best fitted results of modelling (see text for details). Sketches are

representations of the grafted objects in the real space.

This journal is ª The Royal Society of Chemistry 2012
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softer shape than the calculated P–Y one because the grafted

particles are not hard and the aggregates are not spherical.
Fig. 8 SAXS of grafted particles in H-toluene at 0.5% v/v in maghemite.

The inset compares the SAXS curve of the grafted objects dispersed in

DMAC and in toluene in linear representation. Sketches are represen-

tations of the grafted objects in the real space.

Fig. 9 (a) SAXS scattering curve of a solution (0.5% v/v) in maghemite

of the grafted maghemite nanoparticles with deuterated PS chains re-

dispersed in D-DMAc. The red line is the linear aggregate modeling. The

X-ray scattering signal arises from the maghemite core. (b) SANS scat-

tering of the same solution, the neutron scattering comes mainly from the

grafted D-PS chains. The insets permit to illustrate the two respective q�4

and q�2 regimes. Sketches are representations of the grafted objects in the

real space.
Dispersion in toluene

We did the same experiments in toluene as in DMAc in order to

test the influence of the nature of the solvent on the conformation

of the grafted brush, while keeping the core of the grafted objects

unchanged. In toluene, the dried grafted nanoparticles can be

directly dispersed in D-toluene by ultrasonication without

macroscopic irreversible aggregation. As the SLD of the

D-toluene is lower than the SLD of maghemite, the core cannot

be perfectly matched in this solvent. A dilute solution of grafted

particles (0.1% v/v of maghemite) with hydrogenated chains in

D-toluene has been measured by SAXS to extract the parameters

of the core and by SANS to extract the parameters of the grafted

corona (Fig. 7). At low q, the SAXS scattering curve in toluene is

higher than the one in DMAc, indicating an aggregation process

of the grafted objects. This aggregation may come from a partial

re-dispersion of the dried objects in toluene. In order to simplify

the further modelling of the corona, we calculated the effective

structure factor Seff(q) describing the structure of the aggregates

arising from such an aggregation process.

It is done by dividing the SAXS signal by the form factor of the

core of the grafted particles determined previously in DMAc, in

the absence of aggregation. The result is presented in the inset of

Fig. 7(a). The shape of Seff(q) is typical of the formation of finite

aggregates of 2–3 grafted objects, which are linear aggregates of

3–4 particles themselves. The SAXS curve can indeed be perfectly

fitted with a model of a branched fractal aggregate (Df ¼ 1.6) of

finite size, made of primary maghemite particles (Nagg ¼ 10).

Such a Seff(q) is crucial for the refined analysis of the grafted

corona in toluene, as it enables to obtain the form factor P(q) of

the grafted corona by dividing the total SANS scattering inten-

sity I(q) by Seff(q), as presented in Fig. 7(b). The resulting form

factor can then be analyzed by the Pedersen model according to

the same fitting procedure than for DMAc. In this case, only the

radius of gyration of the grafted chains and the volume of the

chains were fitted. All the other parameters were kept fixed with

the values obtained in the DMAc case. The agreement between

the calculation and experimental data appears less accurate than

for DMAc probably because of the aggregation process in

toluene. However, it remains acceptable. The values of the radius

of gyration and of the chain volume extracted from the fit are

very close to the ones in DMAc (Table 3). Thus there is no

significant effect due to the solvent quality on the conformation

of the grafted layer, which also scales as a brush in the theta

solvent in toluene.

Again, we probed the dispersion of the grafted objects in

toluene with SAXS on a concentrated solution at 0.5% v/v in

maghemite (Fig. 8). There is still a repulsive correlation peak, but

with a higher intensity and at a smaller q position than in DMAc.

This is consistent with the slight aggregation observed for the

dilute case in toluene: (i) as the whole aggregates involve more

particles in toluene than in DMAc, the mean distance between

objects is increased and the peak is shifted towards low q (see

sketches of Fig. 8), and (ii) the overall intensity at low q is

weighted by the mass of aggregates and is thus higher in toluene.

We did not extract here the structure factor because its
This journal is ª The Royal Society of Chemistry 2012
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calculation would require the exact knowledge of the form factor

of the aggregates of grafted object, which may evolve with the

concentration of objects. This measurement proves that there are

repulsions between grafted objects in toluene. The dispersion of

the grafted objects appears less good in toluene than in DMAc.

As it is clearly not an isotopic effect (the dispersions are similar in

H and D solvents), we guess that this difference is more governed

by the kinetic of dissolution of dried grafted objects for a given

solvent. We believe that a full dispersion of individual grafted

objects would thus be possible in toluene with longer re-disso-

lution time under ultrasonic conditions.
Deuterated grafted particles

We finally characterized the particles grafted with deuterated

PS chains (polymerization D1) by combination of SAXS and

SANS (Fig. 9). The particles have been dissolved in fully

hydrogenated DMAc at 0.5% v/v in maghemite. We describe

here the results only from a qualitative point of view. The

SAXS curve, which gives only the structure of the core, shows
Soft Matter, 2012, 8, 3407–3418 | 3415
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a strong correlation peak at �0.008 �A�1 indicating repulsive

interactions between the grafted objects. The position of the

correlation peak is similar to the one of the H-PS grafted

chains in H-DMAc at the same volume fraction of maghemite.

In the SANS experiment, there is almost no contrast between

the core and the corona shell because the SLD of the grafted

D-PS chains is very close to the one of the maghemite particles

(Table 1). From a neutron point of view, the grafted particles

correspond thus to the case of homogeneous hairy spherical

particles dispersed in a solvent. The q�4 behavior observed at

intermediate q comes then from the form factor of the spheres.

At large q, where the neutrons probe the interface between the

object and the solvent, the intensity decays nicely like q�2,

illustrating the Gaussian behavior of the grafted chain in

a theta solvent. The correlation peak highlighted in the SAXS

measurement at �0.008 �A�1 is also present in the low q region.
Conclusions

We demonstrate here the possibility to modulate the charge

surface of maghemite nanoparticles, from positive to negative,

while transferring them in an organic solvent without any

aggregation in order to apply a PS controlled grafting from

method based on NMP to finally obtain well defined PS-grafted-

g-Fe2O3 particles. The colloidal stability has been kept at every

stage of the grafting process and high conversion rates with low

PDI and controlled grafted molecular masses using either

deuterated and hydrogenated monomers were successfully

synthesized. The final grafted objects have been purified and re-

dispersed in two solvents, DMAc and toluene, at low and high

concentrations to analyze, by a combination of SAXS/SANS

methods, the form factor and the interaction of the core–poly-

mer-grafted particles. The core is organized as a linear fractal

assembly of 3–4 native particles and the polymer-grafted corona

can be nicely fitted with a Gaussian chain Pedersen model and

directly compared with masses of de-grafting chains. The grafted

chain conformations are in accordance with scaling laws for

brushes in a theta solvent for the intermediate spherical/plane

surface curvature geometry.

We believe that these PS-grafted magnetic nanoparticles are of

great interest for many applications owing to their versatile

properties: the size of their core or/and of their shell can be tuned

through the synthesis parameters, a single synthesis provides

a huge quantity of nanoparticles (typically 200 mL at 1% v/v in

maghemite) and the nanoparticles can be perfectly re-dispersed

in different solvents from dried powders. In particular, they can

be used as fillers in nanocomposites, for the design of self-

assembled hybrid systems based on copolymers or as a support

of active species for drug delivery.
Appendix: fitting models

The total intensity I(q) scattered by a colloidal suspension of

centrosymmetrical particles with a volume fraction F can be

written as follows:

I(q) ¼ FDr2VpartF(q)S(q) (A1)
3416 | Soft Matter, 2012, 8, 3407–3418
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Vpart is the volume of the particle, Dr2 is the difference between

the scattering length density of the particle and the scattering

length density of the solvent, F(q) is the form factor of the

particles and S(q) is the structure factor of the system. For

diluted colloidal solutions, the interactions between the particles

are negligible and S(q) z 1 on the whole q-range. The form

factor of a g-Fe2O3 nanoparticle which we assume to be

a compact sphere is written as:

FðqÞ ¼ ½3f ðqRÞ�2 with f ðxÞ ¼ sin ðxÞ � x cos ðxÞ
x3

(A2)

R is the radius of the sphere. The polydispersity in size of the

g-Fe2O3 nanoparticles is described as a log-normal distribution

with the mean diameter R0 and the polydispersity s.

PðR;R0; sÞ ¼ 1ffiffiffiffiffiffi
2p

p
Rs

exp

��1

2s2
ln2 R

R0

�
(A3)

The form factor with polydispersity is calculated by

integration:

F(q) ¼ Ð
P(R, R0, s)F(q, R)dR (A4)

This form factor can be used to analyze the scattering signal of

the perfectly dispersed nanoparticles in solution. During the

different steps of surface modifications, a slight aggregation can

lead these particles to form small fractal objects of a finite

number of primary particles. The scattering intensity of such

aggregates presents three distinct behaviors as a function of q

separated by two cut-offs qc1 and qc2:
43

(i) at very large q (for q > qc2), the scattering can be identified

with the form factor P(q, R) of the primary particles as given by

eqn (A4).

(ii) at intermediate q (for qc1 > q > qc2), the scattering intensity

scales as

I(q) z q�Df (A5)

(iii) at low q (for q > qc1), the scattering intensity is equal to:

I(q) ¼ FDr2NaggP(q /0, R) (A6)

where Nagg is the number of single particles inside an aggregate,

Df is the fractal dimension of the aggregates. This expression is

valid when the particles are diluted enough to consider that the

interactions between aggregates are negligible, i.e. with a struc-

ture factor between aggregates equal to 1.

The model we use to model the grafted particles has been

developed by Pedersen44 for block copolymer micelles and is

representative of the form factor for non-interacting Gaussian

chains. The general expression can be written as follows:

F2
pedersen(q, R) ¼ V2

coreDr
2
coreFcore(q) + NDr2chainV

2
chainFchain(q) +

2NVcoreVchainDrcoreDrchainScore–chain(q) + N(N � 1)

Dr2chainV
2
chainSchain–chain(q) (A7)

whereVcore andVchain are respectively the volume of the core and

of the chain,Fcore andFchain are the form factors of the core and of

the chain, Drcore
2 and Drchain

2, are the contrast between the core

and the solvent and between the chain and the solvent, Score–chain

and Schain–chain are the structure factors between the core and the
This journal is ª The Royal Society of Chemistry 2012
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chain and the interchain structure factor, N is the number of

grafted chains by particle. The form factor of the Gaussian chain

Fchain can be written according to the classical Debye expression:

FchainðqÞ ¼ 2ðe�x � 1þ X Þ
X 2

; with X ¼ q2R2
g (A8)

where Rg is the radius of gyration of the Gaussian chain. The

crossing term related to the interaction between the core and the

chain can be expressed as:

Score�chainðqÞ ¼ 3

q3

�
sin ðqRÞ � ðqRÞcos ðqRÞ

R3

�

�
h
1� exp

	
�q2R2

g


i
	
q2R2

g


 sin
�
q
�
Rg þ R

��
�
q
�
Rg þ R

�� (A9)

The intrachain form factor can be expressed as:

Schain�chainðqÞ ¼
h
1� exp

	
�q2R2

g


i
	
q2R2

g


2

�
sin

�
q
�
Rg þ R

��
�
q
�
Rg þ R

��
�2

(A10)

The form factor of the core Fcore, composed of small fractal

aggregates of a finite number of primary particles, can be written

as an ellipsoid form. For the semi-axes, R, R, 3R:

Pðq;R; 3Þ ¼
ð2p

0

F ½q; rðR; 3;aÞ�2sin ada (A11)

where r(R, 3, a) ¼ R(sin2 a + 32cos2 a)1/2.

The total measured intensity I(q) is expressed as:

IðqÞ ¼ F

Vpart

½FPedersenðq;RÞ� (A12)

The polydispersity can be included by integration of the

expression of eqn (A12) according to eqn (A4). In the case of

block copolymers, the model must contain an additional

parameter modeling the inter-diffusion zone between the two

polymers. An appropriate radial profile for the corona is chosen

to account for the possibility for the chain to penetrate into the

polymer core.45 Such a refinement is not necessary in our case

because it is impossible for the grafted chains to penetrate within

the maghemite core, which simplifies the analytical formulation

of the model. In the range of our experimental grafting densities,

the interactions between the chains in the corona can be

neglected. This prompted us to use the form factor of Gaussian

chains, and not the one of interacting self-avoiding chains, which

has been derived by Svaneborg and Pedersen on the basis of

Monte Carlo simulations.46 To analyze the experimental data, we

use the SASFIT software developed by J. Kolbrecher.47 The

number of fitting parameters is model dependent. We reduced it

by fixing some values from calculations (contrast term) or

experiments (particle volume fraction) when it was possible. The

routine is running by minimization of c2 on various combina-

tions of the adjustable fitting parameters. All parameters are

restricted within a range of values of physical meaning.
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