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ABSTRACT 
Polymer nanocomposites (PNCs) hold a great promise as future lightweight functional 
materials processable by additive manufacturing technologies. However, their rapid 
deployment is hindered by their performance depending strongly on the nanoparticle (NP) 
spatial organization. Therefore, the ability to control the nanoparticle dispersion in the process 
of PNCs preparation is a crucial prerequisite for utilizing their potential in functional 
composites. This work investigates solution blending of PNCs in a model glass forming polymer 
matrix, a bulk processing technique of a tailored NP spatial organization controlled by 
structural and kinetic variables of the preparation protocol. The presented results describe the 
differences between nanoparticle induced changes on the rheological behavior of a 
polystyrene solution under large amplitude oscillation shear (LAOS). High-affinity OP-POSS 
NPs seem to interact with the PS at low filler loadings and form stiffened aggregates, whereas 
low-affinity OM-POSS NPs remained rather uninvolved in the polymer deformation at these 
conditions. Furthermore, an interest was focused on the impact of the blending solvent on the 
NP spatial arrangement in silica/PMMA and silica/PS nanocomposites, which has already been 

suggested as the controlling parameter of the solid-state structure. An emphasis was put on 
tƘŜ ǉǳŀƭƛǘŀǘƛǾŜ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ άǇƻƻǊƭȅ ŘƛǎǇŜǊǎŜŘέ bt ŀǊǊŀȅǎ ǿƘƛŎƘΣ ōȅ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ 
rheological assessment and structural analysis (TEM, USAXS), were identified as chain bound 
clusters and two types of aggregates, one of thermodynamic and the other of a kinetic origin, 
which are characterized by substantially distinct formation kinetics and mismatched 
properties compared to individually dispersed NPs and each other. The currently observed 
types of NP dispersion were quantitatively linked with their rheological properties during the 
solution blending step and the amount of polymer adsorption and depletion attraction. The 
results were compared to the PRISM theory. Finally, the importance of NP spatial organization 
was demonstrated on the comparison of glass transition temperatures of various structures 
at constant chemical composition. 
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ABSTRAKT 
tƻƭȅƳŜǊƴƝ ƴŀƴƻƪƻƳǇƻȊƛǘȅ όtb/ǎύ ƳŀƧƝ ǎƭƛōƴƻǳ ōǳŘƻǳŎƴƻǎǘ Ƨŀƪƻ ƭŜƘƪŞ ŦǳƴƪőƴƝ ƳŀǘŜǊƛłƭȅ 
ȊǇǊŀŎƻǾŀǘŜƭƴŞ ŀŘƛǘƛǾƴƝƳƛ ǾȇǊƻōƴƝƳƛ ǘŜŎƘƴƻƭƻƎƛŜƳƛΦ WŜƧƛŎƘ ǊȅŎƘƭŞƳǳ ǊƻȊǑƝǌŜƴƝ ǾǑŀƪ ōǊłƴƝ ǎƛƭƴł 
ȊłǾƛǎƭƻǎǘ ƧŜƧƛŎƘ ǳȌƛǘƴȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƴŀ ǇǊƻǎǘƻǊƻǾŞƳ ǳǎǇƻǌłŘłƴƝ ƴŀƴƻőłǎǘƛŎ όbtύΦ  {ŎƘƻǇƴƻǎǘ 
ǌƝŘƛǘ ŘƛǎǇŜǊȊƛ ƴŀƴƻőłǎǘƛŎ ƧŜ ǘŀƪ ƪƭƝőƻǾȇƳ ǇǌŜŘǇƻƪƭŀŘŜƳ ǇǊƻ ƧŜƧƛŎƘ ǳǇƭŀǘƴŠƴƝ ǾŜ ŦǳƴƪőƴƝŎƘ 
ƪƻƳǇƻȊƛǘŜŎƘΦ ¢ŀǘƻ ǇǊłŎŜ ȊƪƻǳƳł ǇǌƝǇǊŀǾǳ ǇƻƭȅƳŜǊƴƝŎƘ ƴŀƴƻƪƻƳǇƻȊƛǘǻ Ǿ ƳƻŘŜƭƻǾŞ 
ǎƪƭƻǘǾƻǊƴŞ ǇƻƭȅƳŜǊƴƝ ƳŀǘǊƛŎƛ ǊƻȊǘƻƪƻǾƻǳ ƳŜǘƻŘƻǳΣ ǘŜŎƘƴƛƪƻǳ ǎŎƘƻǇƴƻǳ ǾȅǘǾłǌŜǘ ǇǊƻǎǘƻǊƻǾŞ 
ǳǎǇƻǌłŘłƴƝ ƴŀƴƻőłǎǘƛŎ ǌƝȊŜƴŞ ǎǘǊǳƪǘǳǊƴƝƳƛ ŀ ƪƛƴŜǘƛŎƪȇƳƛ ǇŀǊŀƳŜǘǊȅ ǇǌƝǇǊŀǾƴŞƘƻ ǇǊƻŎŜǎǳΦ 
tǊŜȊŜƴǘƻǾŀƴŞ ǾȇǎƭŜŘƪȅ ǇƻǇƛǎǳƧƝ ǊƻȊŘƝƭȅ ƳŜȊƛ ȊƳŠƴŀƳƛ ǊƘŜƻƭƻƎƛŎƪŞƘƻ ŎƘƻǾłƴƝ ǊƻȊǘƻƪǳ 
ǇƻƭȅǎǘȅǊŜƴǳ Ǉǌƛ ƻǎŎƛƭŀőƴƝƳ ǎƳȅƪǳ s Ǿȅǎƻƪƻǳ ŀƳǇƭƛǘǳŘƻǳ ό[!h{ύ ǾȅǾƻƭŀƴȇƳƛ ƴŀƴƻőłǎǘƛŎŜƳƛΦ 
±ȇǎƭŜŘƪȅ ǾŜŘƻǳ ƪ ȊłǾŠǊǳΣ ȌŜ ǾȅǎƻŎŜ-ŀŦƛƴƴƝ ht-th{{ ƴŀƴƻőłǎǘƛŎŜ Ǉǌƛ ƴƝȊƪȇŎƘ ƪƻƴŎŜƴǘǊŀŎƝŎƘ 
ŘƻōǌŜ ƛƴǘŜǊŀƎǳƧƝ ǎ t{ ŀ ǘǾƻǌƝ ǘǳƘŞ ŀƎǊŜƎłǘȅΣ ȊŀǘƝƳŎƻ ƴƝȊƪƻ-ŀŦƛƴƴƝ ha-th{{ ƴŀƴƻőłǎǘƛŎŜ Ȋŀ 
ǘŠŎƘǘƻ ǇƻŘƳƝƴŜƪ ƴŜƻǾƭƛǾƶǳƧƝ ŘŜŦƻǊƳŀőƴƝ ŎƘƻǾłƴƝ ǇƻƭȅƳŜǊƴƝŎƘ ǌŜǘŠȊŎǻΦ 5łƭŜ ōȅƭŀ ǇƻȊƻǊƴƻǎǘ 
ȊŀƳŠǌŜƴŀ ƴŀ ǾƭƛǾ ǇƻǳȌƛǘŞƘƻ ǊƻȊǇƻǳǑǘŠŘƭŀ ƴŀ ǳǎǇƻǌłŘłƴƝ ƴŀƴƻőłǎǘƛŎ Ǿ SiO2/PMMA a SiO2/PS 
ƴŀƴƻƪƻƳǇƻȊƛǘŜŎƘΣ ƪǘŜǊȇ ƧŜ Ǿ ƭƛǘŜǊŀǘǳǌŜ ǇǊŜȊŜƴǘƻǾłƴ Ƨŀƪƻ ǇŀǊŀƳŜǘǊ ǌƝŘƝŎƝ ǇǊƻǎǘƻǊƻǾŞ 

ǳǎǇƻǌłŘłƴƝ ƴŀƴƻőłǎǘƛŎ Ǿ ǇŜǾƴŞƳ ǎǘŀǾǳΦ 5ǻǊŀȊ ōȅƭ ƪƭŀŘŜƴ ƴŀ ƪǾŀƭƛǘŀǘƛǾƴƝ ǊƻȊŘƝƭȅ ƳŜȊƛ αǑǇŀǘƴŠ 
ŘƛǎǇŜǊƎƻǾŀƴȇƳƛά ǎƘƭǳƪȅ ƴŀƴƻőłǎǘƛŎΣ ƪǘŜǊŞ ōȅƭȅ ƴŀ ȊłƪƭŀŘŠ ǊƘŜƻƭƻƎƛŜ ŀ ǎǘǊǳƪǘǳǊłƭƴƝ ŀƴŀƭȇȊȅ 
ό¢9aΣ ¦{!·{ύ ƛŘŜƴǘƛŦƛƪƻǾłƴȅ Ƨŀƪƻ ǇƻƭȅƳŜǊƴƝƳƛ ǌŜǘŠȊŎƛ ǾłȊŀƴŞ ƴŀƴƻőłǎǘƛŎƻǾŞ ƪƭŀǎǘǊȅ ŀ ŘǾŀ ǘȅǇȅ 
agreƎłǘǻΣ ƧŜŘŜƴ ǘŜǊƳƻŘȅƴŀƳƛŎƪŞƘƻ ŀ ŘǊǳƘȇ ƪƛƴŜǘƛŎƪŞƘƻ ǇǻǾƻŘǳΦ WŜŘƴƻǘƭƛǾŞ ŘǊǳƘȅ ŀƎǊŜƎłǘǻ ǎŜ 
ǾȅȊƴŀőǳƧƝ ƻŘƭƛǑƴȇƳƛ ƪƛƴŜǘƛƪŀƳƛ ǾȊƴƛƪǳ ŀ ǊƻȊŘƝƭƴȇƳƛ ǾƭŀǎǘƴƻǎǘƳƛ Ƨŀƪ ƳŜȊƛ ǎŜōƻǳΣ ǘŀƪ Ǿ ǇƻǊƻǾƴłƴƝ 
ǎ ŘƛǎǇŜǊƎƻǾŀƴȇƳƛ ƴŀƴƻőłǎǘƛŎŜƳƛΦ tƻȊƻǊƻǾŀƴŞ ǘȅǇȅ ŘƛǎǇŜǊȊŜ ƴŀƴƻőłǎǘƛŎ ōȅƭȅ ƪǾŀƴǘƛǘŀǘƛǾƴŠ 
ǇƻǎƻǳȊŜƴȅ ǇƻŘƭŜ ǎǾȇŎƘ ǊƘŜƻƭƻƎƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ōŠƘŜƳ ǊƻȊǘƻƪƻǾŞ ǇǌƝǇǊŀǾȅΣ ǇƻŘƭŜ ƪǘŜǊȇŎƘ ōȅƭŀ 
ǾȅƘƻŘƴƻŎŜƴŀ ƳƝǊŀ ŀŘǎƻǊǇŎŜ ǇƻƭȅƳŜǊǳ ƴŀ ǇƻǾǊŎƘ ƴŀƴƻőłǎǘƛŎ ŀ ŀǘǊŀƪŎŜ ǾŜ ǾȅǇǳȊŜƴŞƳ ƻōƧŜƳǳΦ 
±ȇǎƭŜŘƪȅ ōȅƭȅ ǇƻǊƻǾƴłƴȅ ǎ ǘŜƻǊƛƝ twL{aΦ 5ǻƭŜȌƛǘƻǎǘ ǳǎǇƻǌłŘłƴƝ ƴŀƴƻőłǎǘƛŎ ōȅƭŀ ŘŜƳƻƴǎǘǊƻǾłƴŀ 
ƴŀ ǇƻǊƻǾƴłƴƝ ǘŜǇƭƻǘ ǎƪŜƭƴȇŎƘ ǇǌŜŎƘƻŘǻ ǊǻȊƴȇŎƘ ǎǘǊǳƪǘǳǊ Ǉǌƛ ǎǘŜƧƴŞƳ ŎƘŜƳƛŎƪŞƳ ǎƭƻȌŜƴƝΦ 

Y[N2h±# {[h±! 
tƻƭȅƳŜǊƴƝ nanokompozitΣ ƴŀƴƻőłǎǘƛŎŜΣ ǎǘǊǳƪǘǳǊŀΣ ǇǊƻǎǘƻǊƻǾŞ ǳǎǇƻǌłŘłƴƝΣ ŘƛǎǇŜǊȊŜΣ ŀƎǊŜƎłǘΣ 

klastr, ŀǘǊŀƪŎŜ ǾŜ ǾȅǇǳȊŜƴŞƳ ƻōƧŜƳǳΣ ŀŘsorpce, ŀŎƛŘƻōŀȊƛŎƪł ƛƴǘŜǊŀƪŎŜΣ ǊƻȊǘƻƪƻǾŞ ƳƝŎƘłƴƝΣ 
rheologie, ƻǎŎƛƭŀőƴƝ ǎƳȅƪ ǎ vysokou amplitudou (LAOS), ǘǊŀƴǎƳƛǎƴƝ ŜƭŜƪǘǊƻƴƻǾł ƳƛƪǊƻǎƪƻǇƛŜ 
(TEM), rŜƴǘƎŜƴƻǾȇ ǊƻȊǇǘȅƭ Ǿ ǳƭǘǊŀ-ƳŀƭȇŎƘ ǵƘƭŜŎƘ ό¦{!·{ύΣ ǇƻƭȅǎǘȅǊŜƴŜ όt{ύΣ ǇƻƭȅόƳŜǘƘȅƭ 
ƳŜǘƘŀƪǊȅƭłǘύ όtaa!ύΣ ǎƛƭƛƪŀΣ ǇƻƭȅƘŜŘǊłƭƴƝ ƻƭƛƎƻƳŜǊƴƝ ǎƛƭǎŜǎǉǳƛƻȄŀƴ όth{{ύ 
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2. Introduction 

Synthetic and natural polymers and composites are being increasingly utilized in fields ranging 
from aerospace to tissue engineering. A considerable scientific effort has recently focused on 
the enhancement of thermomechanical1ς5, optical6ς10, electromagnetic1,11ς14, and barrier 
properties3,15ς17 of polymers by adding nanoparticles (NPs). The resulting material is usually 
referred to as a polymer nanocomposite (PNC), i.e., a composite with polymer matrix and one 
or more nano-structured components (Ṃ 100 nm). The essential advantage of nanofillers is 
their large surface area which amplifies the surface effects which is responsible for the 
property enhancement. Wide range of properties could be modified by the introduction of 
relatively small amount of nanoparticles into a polymer matrix, and, thus PNCs can achieve 
properties comparable or even superior to conventional composites at extraordinary low filler 
loadings.  

Polymer nanocomposites represent a promising and progressive field which could meet the 
recent challenges of the material development. Despite the unceasing progress in the 

development of conventional materials such as metals and ceramics, many scientists believe 
that the future of material engineering lies in novel bottom-up platforms for additive 
manufacturing. Besides their eco-friendliness and the capability to fabricate materials with 
advanced physico-chemical properties, these techniques can keep the processing relatively 
simple and highly customizable by adding end-use specific functions while minimizing the 
number of the required components. The only principal limitation of the bottom-up methods 
is the size of the primary building block which is used to build up larger objects. The elementary 
building blocks of PNCs are represented by polymer matrix and nanoparticles. If assembled in 
a specific geometrical manner, it allows for a synergistic gain in properties. Since any given 
property requires a specific NP organization, no single length scale NP spatial organization can 
optimize all macroscopic properties simultaneously. Hierarchical systems, on the other hand, 
could be adjusted to optimize processes and properties which originate at various length 
scales as it is often observed in natural materials like wood,18,19 bone20ς22 or nacre,21,23 which 

combine properties that are typically contradictory in artificial materials, such as a high 

stiffness and a high toughness. The tiny size of nanoparticles enables a fine tuning of the 
structure in several hierarchical levels when the assemblies become the building blocks of the 
next step. This way, the material is precisely built up from the nano- to the macro-scale with 
a complex structure over the whole length scale. However, despite the near perfection of the 
natural processes, the industrial application longs for a technique that would fabricate parts 

quicker than by the rate of a growing tree. 

The spatial organization adjustment at the nano-scale has to solve the following limitations: 
(i) there is limited to no ability to manipulate nanoobjects directly and exclusively, (ii) mutual 
positions available to nanoobjects are severely constrained by thermodynamic potentials, and 

(iii) some thermodynamically stable structures could be kinetically inaccessible due to the 
presence of energetic wells and barriers unless an adequate preparation protocol is adopted. 
Hence, the NP spatial organization in an amorphous polymer results from a complicated 

interplay between the thermodynamically controlled NP organization in the liquid phase, 
mixing kinetics in the liquid nanocomposite and the kinetics of the liquid nanocomposite 
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vitrification. While significant progress has recently been made in the development of theories 

for predicting the equilibrium structure of the PNCs, there is a strong need to address the 
effects of processing and kinetic entrapment on the development of their structure. 

In liquid polymer, NPs can assemble in three limiting structures ς NP agglomerates, chain 
bound NP clusters or individually dispersed NPs24. !ǘ ǘƘƛǎ ǇƻƛƴǘΣ ǘƘŜ ƳŜŀƴƛƴƎ ƻŦ άŀƎƎǊŜƎŀǘŜέ 
ŀƴŘ άŀƎƎƭƻƳŜǊŀǘŜέ ǎƘƻǳƭŘ ōŜ ŎƭŀǊƛŦƛŜŘ ǎƛƴŎŜ ŀ ǿƛŘŜǎǇǊŜŀŘ ŎƻƴŦǳǎƛƻƴ ŜȄƛǎǘǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ 
authors and fields preferring various nomenclatures. The terms are often freely interchanged 
and the only mutual agreement is that both are related to assemblies of primary particles25. 
This work considers convenient to distinguish between these two terms; therefore, aggregate 
will be used for an arrangement of rigidly adjoining particles while agglomerate will mark a 
much looser and weaker assemblage, such as a flocculate. The distinguishing criteria is 
whether the particles can or cannot undergo a spontaneous rearrangement due to the 
thermal motion. NPs in aggregate interact directly with each other and the NP-NP attraction 
prevails all the interfacial interactions in the system. In the case of the chain bound clusters, 

particles are separated by polymer chains which mediate the NP-NP interaction while a single 
άbridgingέ ŎƘŀƛƴ ŀŘǎƻǊōǎ on multiple particles. Therefore, NP clusters behave as internally 
structured inclusions. Dispersion of individual NPs maximizes the NP-chain interfacial area per 
unit volume which results in the greatest extent of polymer affected by the particles. Segments 
of adsorbing chains are immobilized on the particle surface and frustrate the packing in their 
vicinity which is reflected in macroscopic deformation response. However, the course of the 
NP spatial organization through the transition between the equilibrium PNC liquid and the 
solid-state bulk material has not been fully understood yet. Answering the related questions 
might also boost other fields not typically considered as nanocomposites, e.g. additives and 
stabilizers for plastics. Meanwhile, the incomplete theoretical understanding did not stop 
PNCs to enter the worldwide market. Besides car tires which utilize carbon black reinforced 
rubber for decades, the range of nanocomposite components in automotive has been growing 
ever since its first application as step assists in 200226. 

The thesis reports on solution blending preparation protocols and the outcoming NP spatial 

organizations in a glass forming polymer. The structure control was achieved by changing the 
processing conditions, yielding either dispersed, agglomerated or clustered NPs which were 
fixed by the rapid solvent evaporation and remained kinetically stable through the consequent 
excessive thermal processing. The qualitative differences between the structural types 
manifested by their properties and formation kinetics were emphasized. Two types of 
aggregates were recognized, one of a kinetical and one of a thermodynamic origin, both 

dissimilar to what was identified as the chain bound clusters which supposedly emerged from 
a solvent mediated analogue of bridging predicted by the PRISM theory of Schweizer et al24. 
The structural information of the submicro-shaped PNC features was combined with their 

rheological behavior to provide novel experimental evidence on the NP ordering in model PNC 
systems.  
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3. State of the art 

3.1. Structuring phenomena in polymer nanocomposites 

The field of particle dispersion in polymer nanocomposites can benefit from some well-
established concepts of colloidal chemistry such as colloidal hard and soft spheres, DLVO 
theory, etc. Colloidal particles generally tend to stick closely together due to the attractive van 
der Waals forces unless their dispersion is stabilized by other forces. When considering 
nanoparticles, theoretical models should incorporate the NP atomic-scale surface patchiness 
to encompass the distribution of interaction potential between the nanoparticle surface and 
neighboring bodies27. However, the complex situation is often simplified by the 12-6 power 
law also known as the Lennard-Jones potential28. In the case of charged particles, the Coulomb 
repulsion can act as the stabilizing force as described by the DLVO theory. Moreover, 
hydrophilic repulsion and hydrophobic attraction may arise next to the electrostatic double 
layer and van der Waals interactions as additional forces between the hydrophobic and 

hydrophilic surfaces. This case is, however, beyond the scope of the DLVO model29. Steric 
repulsion is another stabilization effect and will be discussed in greater detail further in the 
text since it is particularly relevant to the PNCs. Other interactions can be induced in PNCs if 
the system is subjected to an external electric, magnetic or shear force field. 

Particles can be either randomly dispersed in space or arranged in a regular pattern. Higher 
maximum concentration could be achieved in the latter case than in the former30. For 
monodisperse spheres in close packing, the theoretical maximum is ~ 0.74 but higher values 
can be achieved for polydisperse or non-spherical particles. If dense packing of particles is 
favored, polyhedral specks incline to maximize their face-to-face contact, non-spherical 
smoothly shaped particles prefer contact at sites with lower principal curvature and non-
centrosymmetric particles can exploit their rotational degrees of freedom31. In a polymer 
matrix, NPs can occupy one of the three basic spatial organizations ς aggregated, clustered 
and dispersed NPs. Particles in aggregates lie in (near) contact with each other and the whole 

aggregate resembles one large particle. Despite the aggregated particles do not fuse together 
to yield a new particle with reduced surface like in the case of coalescence, some surface sites 
may be blocked28 and the effective surface area ς the surface available for interaction with 
polymer chains ς is reduced.  

Clusters are built up from particles bridged by adsorbed polymer chains, which mediate the 
interparticle interactions. They also seem to act as one independent entity but, unlike 
aggregates, clusters are principally two-level hierarchical systems where the higher level is 

represented by stiff inclusions in polymer matrix while the lower level encompasses both the 
NPs and the polymer chains. Finally, good dispersion of individual particles ensures that the 
whole NP surface is exposed to the polymer and the amount of affected matrix is maximized. 

Consequently, good dispersion usually exhibits the most pronounced change in properties32ς

34 and is particularly favored in fundamental studies and optical applications. The structural 
impact on PNC material properties is described in the following chapter. Despite the enormous 

effort and the huge amount of published papers32,33,35ς53, a reliable prediction of 
experimentally prepared dispersion states has not yet been fully achieved and the άtrial-errorέ 
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approach still dominates many of the studies on the NP spatial organization in PNCs. It is not 

unanimously agreed which physical parameters govern the formation and properties of self-
assembled nanoparticle-polymer structures. 

3.1.1. Self-assembly in polymer nanocomposites 

The bottom-up structure could be either derived simply due to favorable conditions, the so-
called self-assembly (SA), or it could be aided with external forces, such as a shear or a 
magnetic field, which is commonly referred to as the directed-assembly or the force-assembly 
(FA). Self-assembly is a spontaneous process controlled by thermodynamic balance of 
enthalpy and entropy, and, if metastable structures are favored, by kinetics of the NP 
arrangement. There is only a limited number of fundamental structural organizations available 
for self-assembled PNCs. The control over the final morphology is achieved by shifting the 
thermodynamic equilibrium or altering the kinetic route of preparation. In contrast, external 
fields induce additional driving forces which might eventually become the dominant factor 

and take control over the assembly process, resulting in defined nano- and micro-structures. 

3.1.1.1. Steric stabilization and enthalpy of adsorption 

Steric stabilization is induced by polymer chains attached to NP surface, either by the covalent 
bond or by the less permanent physical interaction, since the polymer shells repel each other 
on approach due to the gradually increasing entropic penalty of distorting chains. The effect 
is more pronounced for dense and rigid chains or charged shells, which are less favorable to 
entwine each other. The progress in SA of grafted NPs was reviewed in depth by Kumar, et 
al.54 and only the highlights are recalled in this work. The long-range repulsion imposed by 
polymer grafts balances the short-range attraction of particle cores and allows for new 
structures to be formed. If grafts have the same chemical composition as matrix, all changes 
are driven by entropy and aggregates only occur when the molecular weight of the matrix 
exceeds that of the grafts55. Akcora, et al.56 presented a phase diagram of uniformly grafted 

particles obtained by a Monte Carlo simulation (Fig. 1). Spherical aggregates of ungrafted 
particles are followed by sheets, strings and dispersed state as the length and/or the density 
of the grafts increases. The prediction is in perfect qualitative agreement with their 
experimental observations on polystyrene grafted silica nanoparticles embedded in 
polystyrene matrix56 (Fig. 1). 

If the polymer chains are not permanently attached to the particle surface by covalent bond, 
the enthalpy of chain adsorption onto the particle needs to be considered. The mechanism of 

polymer adsorption was investigated by Housmans, et al.57 for polystyrene and silica in 
toluene and it apparently depends on the extent of the surface coverage of the particles. The 
approaching chains initially adsorb with high number of segments per chain and occupy flat 

conformations (trains) while the polymer layer grows linearly with time. Later, the incoming 
chains has to diffuse through the adsorbed layer and the growth switches to logarithmic 
regime once the diffusion slows down enough to become the dominant kinetic-controlling  
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Fig. 1: Phase diagram of grafted particles based on a Monte Carlo simulation of uniformly 

grafted particles and experimental observations on grafted particles in polymer matrix. The 

dimensionless simulation data was recalculated to match the particle size from the 

experiment. The dashed lines serve only as guidelines for eyes. The data was acquired from 

the reference 56. 

factor. The kinetics conforms to the equation of an Arrhenius-like thermally-activated process, 
which activation energy equal to φφ ρρ ƪWϊƳƻƭς1 is comparable to that of other non-
cooperative rearrangements in polystyrene. Polymer chains with purely-repulsive interaction 
to the filler were predicted by a MD simulation to occupy a perpendicular orientation to the 

surface while attractive interaction promotes tangent orientation at bond, segment and chain 
length scales58. 

The coil dimension of an adsorbed chain can shrink, expand or retain its original size relative 
to the chains in bulk59,60 and a theory on substantial conformational changes upon chain 
adsorption onto NP surface was proposed45. NMR experiments for silica-polyethylene glycol 

(PEG) nanocomposite revealed that the adsorbed polymer consists of segments with three 
degrees of mobility61. Closest to the NP surface, 1ς2 segments in the direct contact form a 
rigid glassy layer which fraction is independent of the molecular weight and, for a given NP 

size, it scales accordingly with the particle concentration. Mobile segments distant more than 
one radius of gyration from the surface are, on the other hand, are not influenced by NPs and 
relax alike to the chains in the bulk polymer. Finally, there is a fraction of segments, 

presumably tails and loops in proximity to NP surface61, which are partially constrained, and 
their relaxation times take values intermediate to the two previous cases. 
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Patra and Singh applied a coarse-grain MD simulation to investigate the dispersion of 

monodisperse NPs assemblies in polymer melt55. Their phase diagram (Fig. 2A) shows a 
transition from the dispersed state to spherical aggregates similar to the one predicted for 
grafted particles by Akcora56 (Fig. 1), except of the variables were the NP-polymer segment 
strength of attraction and the polymer molecular weight. 

 

Fig. 2: (A) Phase diagram based on a coarse-grained molecular dynamics simulation of NPs in polymer 

melt. Reprinted with a permission from the ref. 55. Copyright 2013 AIP Publishing. (B) Particle-particle 

potential of mean force dependence on the interparticle distance relative to the polymer segment 

diameter according to the PRISM theory for representative examples of I. contact aggregation, II. 

bridging, III. dispersed state (steric stabilization), IV. telebridging. Reprinted with a permission from 

the ref. 24. Copyright 2006 American Chemical Society. 

Mackay, et al.45 appointed the governing role to a sole parameter represented by the particle 
radius to polymer gyration radius ratio. They proposed a qualitative model that good 

dispersion is obtained only when the particle radius is smaller than the polymer radius of 
gyration (Fig. 3). Hooper and Schweizer24,62ς64 applied the microscopic polymer reference 
interaction site model (PRISM) to predict the dispersion and the interparticle potential of 
mean force (PMF) for hard spheres in adsorbing homopolymer melt (Fig. 2B). They 
investigated several variables including the particleςmonomer size ratio, degree of 
polymerization, interaction strength and spatial range of NP-polymer attraction and the direct 
particleςparticle van der Waals attraction. Furthermore, they extended their original two-

particle model62,63 into many-body simulation in real space24,64 to account for the filler volume 
fraction. Contrary to Mackay, et al.45, Hooper and Schweizer claimed only a moderate 
dependence of the structure on the particle-polymer size ratio attributing the major role to 

the strength of attraction between the NPs and the polymer. 

Their model predicts an unfavorable chain adsorption onto particles at low polymer-NP 

interfacial energy and a contact aggregation induced by the consequent entropically-driven 

depletion attraction between the particles as the polymer chains keep off the NP surface. The  
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Fig. 3: Phase diagram of polymer nanocomposites. Solid symbols represent the phase separated 

systems while open symbols stand for the miscible ones. The cases with agglomeration detected by 

SANS but without large-scale phase separation are marked by open circles with a cross. Squares 

denote C60/PS nanocomposites, circles PS NPs/PS matrix nanocomposites, and triangles the dendritic 

PE/PS system. The filler content was 2 wt.% for all the presented data. Reprinted with a permission 

from the ref. 45. Copyright 2006 Science. 

amplitude of the depletion force is proportional to the particle size and results in strong 
attraction even in the case of particles as small as 10 nm62. When the particle-chain interaction 
strengthens, the prospect of the polymer adsorption onto the particle increases and results 
into the dispersed sterically-stabilized state24. The situation is somewhat similar to the steric 
stabilization of grafted particles; however, it has to be stressed out that the role of enthalpy 
differs substantially. The enthalpic gain of the polymer adsorption gradually rises in 
importance upon the increasing polymer-NP interfacial strength until it eventually takes over 

and dominates the system while the dispersed structure is obtained. Hence, the transition 
from the dispersed to the aggregated state at low interfacial energies was identified as an 
enthalpically-driven phase separation. 

For even stronger particle-chain attraction, a polymer induced NP bridging state emerges as a 
consequence of strongly adsorbed polymer layers onto the NPs. The corresponding enthalpic 

gain of the adsorption overwhelms the entropic loss of the chain conformational change 
connected with the polymer adsorption and the steric repulsion diminishes. Once already 
distorted, segments of this chain will preferentially adsorb onto another particle rather than a 

chain which has not paid the entropic penalty, yet. As a result, particles become bridged by 
polymer chains into clusters. In the clusters, the average interparticle separation of the 
nearest neighbors corresponds to one monomer diameter24. Therefore, the phase separation 

at strong NP-chain interaction is enthalpically dominated. Finally, telebridging is similar to 
bridging but occurs at longer interparticle distances when the spatial reach of the polymer-

particle interaction favors presence of multiple layers of adsorbed chains between the bridged 
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particles24. Some of the modelled PMF contains multiple energy wells (Fig. 2B) which suggests 

that, for certain combination of parameters, the kinetic entrapment might give rise to 
thermodynamically metastable structures. For instance, Wang, et al.65 studied adsorption of 
PEO onto silica NPs in water by dynamic light scattering (DLS) and isothermal titration 
calorimetry (ITC). They observed that the NPs tended to form pairs if the polymer was being 
dissolved in suspension of NPs ƛƴ ǇǳǊŜ ǎƻƭǾŜƴǘ όάNPs firstέύ ǿƘƛƭŜ ŀŘŘƛƴƎ ǘƘŜ btǎ ƛƴǘƻ t9h 
ǎƻƭǳǘƛƻƴ όάpolymer firstέύ ƭŜŘ ǘƻ ǘƘŜ ŘƛǎǇŜǊǎƛƻƴ ƻŦ ƛƴŘƛǾƛŘǳŀƭ btǎΦ 

Hooper and Schweizer transformed their results into phase diagrams constructed for various 
cases of the above-mentioned parameters. The NP-chain interaction strength ʁpc and the 
particle volume fraction were the structural variables. A representative example is displayed 
in Fig. 4A showing that the miscibility region at medium NP-chain attraction narrows with 
increasing particle volume fraction. This is caused by rearrangement of the collective particle 
packing at the increased filler volume fraction, though these changes are rather quantitative 
than qualitative64. The miscibility region is also shrunk by the direct interparticle van der Waals 

attraction, particle shape asymmetry or longer polymer chains24. In all cases, the restricted 
miscibility promotes bridging while the phase separation at low interfacial attraction is less 
sensitive to the variation in structural parameters. The thermodynamic temperature T comes 
in play through the relative kBT units of the thermal energy in the form of the pʁc/kBT ratio, 
where kB is the Boltzmann constant. Hence, the nanocomposite melt could be understood as 
a solution of NPs in a polymer melt with an entropically-driven lower critical temperature of 
phase separation and an enthalpically-driven upper critical temperature of phase separation24. 

 

Fig. 4: Morphology diagrams of NPs in polymer matrix predicted by (A) PRISM theory (representative 

example). Reprinted with a permission from the ref. 64. Copyright 2007 American Chemical Society. 

(B) molecular dynamics simulation. Reprinted with a permission from the ref. 27. Copyright 2003 AIP 

Publishing. 

The PRISM theory was successfully adopted by Zukoski, et al. to determine NP-polymer 
interaction strength by correlating experimental structure factors obtained from scattering 
measurements to the theoretical prediction51,53,61,66ς71. The PRISM theory fitted well to their 

experimental observations in the limit of low molecular weight polymers (Mw < 1000 for silica 
in polyethylene glycol) but fails for higher molecular weight polymers. The authors suggested 
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that it is caused by segments of the adsorbed chains not reaching equilibrium with the bulk 

polymer and proposed hypothesis that the NP organization states can eventually be reached 
after sufficiently long time. However, this hypothesis was not proved by successive 
experiments61. 

Douglas and Starr performed a molecular dynamics simulation of the nanoparticle 
clustering27,72 and proposed that the effect of polymer on nanoparticles can be represented 
simply with a long-range weak repulsion. According to their model, NPs phase separated in 
the absence of polymer, while in its presence, the NPs underwent a reversible self-assembly 
to form clusters at low temperature. At higher temperatures, the NPs remained dispersed 
except for high particle concentrations (Fig. 5A). The scaling of the critical cluster transition 
temperature T* with the particle density ́ , i.e., the number of particles per unit volume, 
adapts reasonably well to a thermally activated process (Fig. 5B), according to the equation 

” ὃϽÅØÐ
"
ᶻ , where A, E, and kB is a pre-exponential factor, enthalpy of NP association 

and the Boltzmann constant, respectively. By comparing the simulation (Fig. 4B) to the model 

of Hooper and Schweizer24,62ς64 (Fig. 4A), one can conclude that the phase diagrams from both 
studies agree qualitatively on the phase separation at low interaction strength while the 
reversible self-assembly predicted by Douglas and Starr is of entropic nature. 

 

Fig. 5: (A) Critical cluster transition temperature dependence on the nanoparticle density (B) Fraction 

of nanoparticles as a function of temperature. All temperatures are provided as relative unitless 

values. Reprinted with a permission from the ref. 72. Copyright 2008 AIP Publishing. 

3.1.1.2. Nanoparticle dispersion control 

Currently, there are several techniques for PNC fabrication but all struggle to ensure the 
desired dispersion of the nanofiller in the polymer matrix. The formation of the NP 

arrangement is typically carried out in a liquid phase since the related processes are kinetically 
hindered in the solid state, keeping the internal structure relatively stable over extended 
periods of time. Melt and solution blending are preferred and most common for thermoplastic 

PNCs. Other techniques cover in-situ chemical reactions such as polymerization14,73,74, particle 
synthesis75,76 or combination of both77. These approaches also benefit from the low viscosity 

of the dispersing medium and the related effects. However, nanoparticles can alter the 
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polymerization kinetics, making it somewhat troublesome to determine the properties of the 

neat matrix, to which are the properties of PNCs always related. Particles with multiple 
reactive chemical moieties directly enter the polymerization reaction similarly to conventional 
cross-linkers (increased Tg and stiffness)78ς80 while inert particles act as heterogeneous 
catalysers. Therefore, one can conclude that these systems do not suit the needs of the 
fundamental investigation, though many applications might find them convenient. Other, 
more exotic techniques, have been developed for special applications such as the production 
of carbon-nanocomposite silk by feeding silk worms with carbon nanoparticles81 or filling a 
nanostructured crab shell82 and wood template83 with synthetic polymer matrix. 

In general, it is difficult to obtain a good dispersion when nanoparticle powder is added to 
polymer melt84ς90. Nanoparticles are commonly aggregated in dry state and they often do not 
fully disperse even under extreme shear forces. Solution blending, on the other hand, allows 
for nanoparticle predispersion and colloidal-like solvation and stabilization effects to take 
place. Solvent also dilutes all interactions including the interparticle attraction51, low viscosity 

compared to melts enhances the formation kinetics, and the solvent composition could be 
used as a convenient tuning parameter50. NP-polymer assemblies occur in polymer 
nanocomposite solutions if the btΩǎ ŀŦŦƛƴƛǘȅ ǘƻ ǇƻƭȅƳŜǊ ƛǎ ǎǳǇŜǊƛƻǊ ǘƻ the affinity between the 
NPs and the solvent91. Solution blending, however, brings on a major drawback represented 
by the need to remove the solvent after the desired dispersion state is achieved. Evaporation 
rate enters the structuring phenomenon as a kinetic factor, since the post-processing of 
solution-casted solid-state samples does not critically impact the dispersion initially obtained 
after the drying50. The solvation stabilization by electrostatic repulsion diminishes upon the 
solvent removal and is replaced by the kinetic stabilization due to the increasing viscosity and 
restricted NP diffusion; therefore, a slow evaporation rate promotes aggregation50,92. 

Jouault, et al.47,48 reported unexpectedly low structural variation between a strongly 
interacting PMMA matrix and weakly interacting PS matrix in nanosilica-based composites. 
They ascribed the decisive role for morphogenesis to the choice of solvent and the shear field 

applied during the mixing step. In further research, Jouault, et al.50 provided experimental 

evidence for the spatial distribution of PNCs controlled by altering the effective interaction 
strength through the choice of solvent. Solvent molecules can either favor the polymer-
depletion attraction and induce aggregation, or they can enhance the polymer adsorption and, 
thus, the interparticle steric repulsion resulting in a good dispersion (Fig. 6). In the latter case, 
the adsorbed layer thickness was determined by dynamic light scattering (DLS) to be close to 
the radius of gyration RG of the neat polymer. Zhao et al.36 proposed the relative interaction 

strength between the particle-solvent, and the particle-polymer as the key forces which drive 
the formation of the bound polymer layer. It has to be noted that in the presence of solvent, 
the interaction sites on both the NP and the polymer are presumably occupied by adsorbed 

solvent molecules, which have to desorb prior the polymer-NP adsorption to free the active 
sites. The energy of the ceasing polymer-solvent and NP-solvent interactions has to subtracted 
from the newly formed NP-polymer and solvent-solvent interaction energies to yield the total 

energetical difference of the NP-polymer adsorption in nanocomposite solution. 
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Fig. 6: Schematic interpretation of particle-polymer state in (blue) methylethylketone and (red) 

pyridine for 40ς50 nm bare silica in poly(2-vinylpyridine) (P2VP). Hydrodynamic diameter Dh as a 

ŦǳƴŎǘƛƻƴ ƻŦ tн±t ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŦƻǊ мпΦт ƪƎϊƳƻƭς1 όŘŀǎƘŜŘ ƭƛƴŜǎύ ŀƴŘ олн ƪƎϊƳƻƭς1 (solid lines) P2VP. 

Black lines indicate the value of nanoparticle diameter increased by 2RG. Reprinted with a permission 

from the ref. 50. Copyright 2014 American Chemical Society. 

A polymer layer adsorbed on a nanoparticle may be desorbed by modification of the solvent 
composition with a co-solvent, the so-called displacer, which affinity to the particle exceeds 
that of the polymer93. The work of adhesion calculated from the critical concentration of the 
co-solvent required for the total polymer desorption does not necessarily reaches the same 
order as that for monomers/segments since segments experience different number of specific 
interactions per unit area. In order to investigate solvation effects, Zukoski, et al.51 tested 
silica-PEG nanocomposite in water and ethanol at ɸ ŀƴŘ ƴƻƴ-ɸ temperatures and concluded, 
that the NP dispersion is not explicitly related to the solvent quality regarding the polymer 

ɸ state. Clearly, the role of solvent in NP assembly goes beyond its solvation impact on the 
dissolved polymer and is likely directly involved in the NP assembly. 

Another strategy to tailor the dispersion state is to tune the interface interaction strength 
through nanoparticle surface modification33,43,69,94ς96. Native silica surface is amphoteric, but 
interacts preferentially with the basic moieties of the adsorbent through its acidic hydroxyl 

groups, because they can achieve optimal orientation to the incoming adsorbent93. Zukoski, 
et al.69 silanized silica NPs to replace the surface hydroxyls with isobutyl groups, rendering the 
NPs more hydrophobic. They expected to reduce the amount of hydrogen bonding between 

the NPs and the polymer, and, thus, the interaction strength with the extent of surface 
treatment. However, the interaction strength was not assessed directly but estimated by 
comparing the experimental structure factors to the PRISM simulations. These correlated 

structure factors revealed that the apparent interaction strength indeed decreased initially 

with the increasing extent of silanization but later recovered as the silanization progressed. 
They concluded that there has to be an additional parameter not captured by the PRISM 
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model. However, experiments using a range of solvents revealed that the specific interactions, 

such as polar forces and hydrogen bonding, did not account for more than half of the adhesion 
work93. The largest contribution was from ǘƘŜ ŘƛǎǇŜǊǎƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴ ŀǊƛǎƛƴƎ ŦǊƻƳ ǘƘŜ [ƻƴŘƻƴΩǎ 
part of van der Waals forces. Therefore, other factors beyond the hydrogen bonding shall be 
considered when evaluating the NP-polymer interaction strength. 

3.1.2. Force-assembled polymer nanocomposites 

Fabrication of complex structures can take advantage of an external force field to assist the 
arrangement of NPs in a manner, which would not be obtained by simple self-assembly. 
Tailored assemblies can improve the mechanical properties, conductivity and thermal 
expansion of PNCs or tune other functional properties of the composite. The force-assembly 
(also referred to as directed assembly) approaches create highly anisotropic structures with 
regular NP spacing, controlled orientation and dimension tunable over wide length scales. 

3.1.2.1. Shear force directed assembly 

Shear is the easiest realized external force field which affects the particle arrangement. A melt-
blending processing technique is a simple example. Both polymers and coagulated or 
flocculated particles show non-linear features under shear coupled with internal structural 
changes. However, the role of the shear on structuring the PNCs is often rather a kinetic aid 
to the self-assembly than a genuine shear-induced force assembly. The external agitation 
assists the diffusional process to reach the thermodynamic equilibrium state. This effect is 
particularly pronounced in viscous polymer melts. Two size-dependent diffusivity modes have 
been predicted for a nanoparticle in weakly interacting entangled polymer melts. The first 
considers that NPs smaller than polymer entanglement mesh size are subjected to the local 
Rouse dynamics of the chains. The second assumes that the diffusion of larger NPs is slowed 
down by chain entanglements and fails to conform the Stokes-Einstein equation97.  

Unlike simple liquids dominated by the short-range forces, the viscoelasticity of polymer melts 
and concentrated solutions is governed by the long-range interactions with long relaxation 
times arising from the soft-sphere-like contacts between the deformed polymer chains98. 
These contacts could only withstand relatively small deformations and they disrupt readily 
under loading. The distortion of polymeric chains under deformation is followed by their 
relaxation99 and structural transformations result from the complex interplay of the formation 
and the destruction of the structural domains. The rates of both processes are exponential 

system-specific functions of the shear stress and their ratio determines the structuring ability 
of the system. Superior formation rate promotes shear thickening which corresponds with 
enhanced internal interactions and the creation of new structural features. Dominant 

destruction rate, on the other hand, fosters disruption of the structures and improves the 
dispersion100,101. Computer simulations suggest that the shearing favors dispersion of NPs due 
to the presence of the additional force which disrupts the aggregated particles27,102,103. In melt-

blended PNCs, a combination of an excessive shearing by a twin-screw extruder and a 

favorable chemical composition is typically required in order to improve the NP dispersion. 
Nevertheless, a genuine dispersion of individual NPs in entangled polymer matrices seems to 
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be accessible only in some systems and at relatively low filler loadings43,84ς90. As an additional 

effect, shearing induces orientation of dilute non-spherical particles with rotational symmetry 
by minimizing their rotational energy under the shear. This effect is blocked at semi-
concentrated regime by mutual hydrodynamic interactions and sheared particles maintain a 
random distribution of orientations104. However, high aspect ratio particles without a 
rotational symmetry preserve a chaotic unoriented motion even under shearing104. 

3.1.2.2. Magnetic field force assembly 

An external magnetic field induces magnetization in a magnetically responsive species, e.g. 
Co, Fe, Ni, Fe3O4 or Fe2O3 particles and their ferro- or magnetofluids, which are the most 
commonly reported substances in such experiments. The magnetic force is proportional to the 
magnetic moment induced by the external field, hence, the ability to control the intensity of 
the magnetic field provides an opportunity to fine tune the ordering of NPs. Magnetic fields 
of moderate strength in the range of several mT commonly suffice to force the assembly of 

NPs but can vary from system to system depending on viscosity of medium, particle shape and 
energy of the thermal motion105. These fields can easily be generated by standard 
electromagnets (in AC, DC or pulse regime) or permanent magnets. 

A single magnetically responsive particle tends to align its magnetic moment with the 
orientation of the external magnetic field. Orientation of non-magnetic particles requires 
attachment of magnetically active species on their surface to render them magnetically 
responsive106ς108 or by dispersing them in magnetized ferrofluids where non-magnetic 
particles act as magnetic holes, and thus develop a magnetic moment resulting from the 
ferrofluid imbalance109,110. In the presence of multiple particles, dipole-dipole interactions give 
rise to either interparticle attraction or repulsion depending on the mutual position of the 
particles and the orientation of their magnetic moments111 (Fig. 7A). For illustration, if 
magnetic moments of two monodisperse spherical particles are aligned in the same direction 
due to an external magnetic field, the interaction turns from repulsive to attractive when the 

angle between the center-center position vector and the magnetic moment vector becomes 
ƭŜǎǎ ǘƘŀƴ рпϲ 112. In non-uniform fields, particle is a subjected to magnetic force which acts in 
the direction of the magnetic gradient and results into a magnetophoretic flow ς a 
translational and/or rotational motion which is modified by the resistance of the surrounding 
environment113. The gradient could be utilized as a control parameter of magnetic assembly. 
Ghosh, et al.114 prepared filaments of magnetic nanoparticles on a substrate through 

magnetophoresis by applying a small gradient of magnetic field while a large gradient caused 
a formation of a uniform coating. 

Some magnetic particles can spontaneously self-assemble due to their dipole-dipole 
interactions even without the aid of an external magnetic field. However, a magnetic field can 

enhance the extent of assembly and modify the resulting morphology115. Magnetic force 
assembly of nanoparticles in liquid polymer matrix is an approach capable to fabricate 
structures116ς120 with prescribed orientation, tailoring mechanical121ς124 and functional 

properties such as optical109,125, electrical126 or magnetic117,127. 
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Fig. 7: (A) Magnetic field distribution around a superparamagnetic particle with a dipole moment in 

the same direction as the external magnetic field. The repulsive (B) and attractive (C) dipoleςdipole 

forces in different particle configurations drive the formation of chains along the magnetic field (D). 

(E) Magnetic field distribution around a nonmagnetic particle with a dipole moment in the opposite 

direction of the external magnetic field. (F) The interparticle dipoleςdipole interaction is either 

repulsive or attractive, depending on the particle configuration. Reprinted with a permission from the 

ref. 111. Copyright 2013 Elsevier. 

Various analytical methods have been employed to study the kinetics of the magnetic force 
assembly, which is much quicker than self-assembly in polymer melt but still a relatively slow 
kinetically controlled process117,118,128. The most straight-forward of these techniques is a 
direct microscopic observation of the growing structures118,128ς132 but the results are limited 
by the resolution of the microscope used. Post synthesis analysis could also prove helpful, if 
system solidification time and the time of the field application are known117. Some researchers 

applied small-angle light scattering133ς135, X-ray scattering124 or magnetorheology119,130,136ς139 
which measures kinetics through the rheological changes accompanying the magnetic 
assembly process. However, despite the vast number of available studies, there is no 
experimentally verified theory which would unite all the controlling parameters, time and 
structural relationships, able to predict the morphology solely from the input parameters. 

Besides the magnetic force, the initial particle packing and the interparticle distances are other 
variables which play a role in the structure of the resulting NP assemblies. Carefull  choice of 

these driving parameters combined with the van der Waals forces determines a subtle balance 
of attractive and repulsive forces within the system (Fig. 8) which gives rise to the formation 
of fine 1D, 2D or 3D super-lattice structures128. The most commonly reported outcome of NP 

magnetic assembly is a formation of one dimensional particle arrays ς strings130,140ς149 (Fig. 
9A). The driving force responsible for the orientation is the interparticle attraction while 
repulsive interactions keep particles in single strings separated from the surrounding arrays. 

(Fig. 7BςE) The orientation of strings is guided by the direction of the external field while their 
width depends strongly on the quality of dispersion in the initial colloidal solution150. One- or 
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few-particle wide arrays are formed only if a perfect dispersion precedes the magnetic 

assembly step109,125,151. In contrary, particle aggregates originate from an imperfect dispersion 
states replacing single particles as the individual assembly building blocks during the magnetic 
manipulation. In fact, these 1D structures are in most cases rather elongated aggregates with 
a controlled orientation than genuine single-particle wide strings in most of the reported 
cases. 

 

Fig. 8. Schematic illustration of magnetically induced phase transition between colloidal fluids, 1D 

chain-like, 2D sheet-like and 3D structures. Reprinted with a permission from the ref. 112. Copyright 

2013 Elsevier. 

The balance of 1D structures is easily disrupted, e.g. at higher particle concentration or at 
elevated magnetic field strength, and turns the arrays into higher-dimensional 
ensembles73,112,152. The repulsive forces which stabilize one-dimensional strings are overcome 
by attractive forces between neighboring arrays which shift closer to each other and merge 

into a single 2D structure (Fig. 9B) with regular ordering due to the dipolar interactions153. 
However, the 2D patterns seem to be a quite rare transitional state111 and their desintegration 
continues to yield 3D structures (Fig. 9B) by stacking the 2D planes in a single super-lattice, 
which still respects the dipolar interparticle interactions154ς156. 

Hynninen and Djisktra157 calculated a phase diagram of dipolar hard and soft spheres which 
matched well the experimental observation of Yethiraj and Blaaderen158 and revealed a 
formation of bulk HCP, BCT and BCO lattices under the external magnetic field. A shape 
anisotropy may give a rise to more complicated structures as will be demonstrated in the 
following examples. A lattice can convert from FCC to triclinic when magnetically assembled 
Fe2O3 nanospheres are replaced with ellipsoids154. Panda, et al.129 observed that introduction 
of H-shaped particles causes 1D strings of magnetically assembled rods to show an increased 
tendency of chain widening and branching. Tang, et al.115 assembled maghemite (Fe3O4) 
nanocrystals of an elongated rice-like shape iƴǘƻ άǿŀƭƴǳǘέ ǎǘǊǳŎǘǳǊŜǎ ƛƴ ŀōǎŜƴŎŜ ƻŦ ŀƴ ŜȄǘŜǊƴŀƭ 
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Fig. 9: Experimental examples of magnetically assembled (A) 1D strings. Reprinted with a permission 

from the ref. 112. Copyright 2013 Elsevier. (B) 2D sheets. Reprinted with a permission from the ref. 73. 

Copyright 2013 American Chemical Society. (C) 3D structures. Reprinted with a permission from the 

ref. 115. Copyright 2015 Elsevier. 

magnetic field. These walnuts could be organized by an external magnetic field (0.2ς0.3 T) into 

the hexagonal packing and form cylinders; however, a stronger magnetic field (> 0.4 T) disrupts 
the original walnuts and yields 1D strings of primary particles. 

Crystalline particles often exhibit complex shapes due to their crystalline structure. Their 
magnetic properties differ between various crystallographic axes and some planes, the so-
called easy axes, might be magnetized more easily than others ς the hard axes. A 
magnetization of a crystalline particle along the preferred crystallographic planes is referred 
to as a magnetocrystalline anisotropy159,160 and it determines the position of the particle 
magnetic poles161. If such anisotropic particle is free to rotate within its medium, it aligns its 
easy axis parallel with the external magnetic field129. For example, cubic Fe3O4 particles 
preferentially align in the [111] direction161. 

When the stabilizing factor of an external magnetic field is removed, the stability of 
magnetically assembled structures depends on the viscosity of the medium and the particle 

remanent magnetization. These two variables determine whether the strength of the 
interparticle dipolar magnetic forces suffices to prevent the structure from a collapse by 
diffusion and thermal motion. The ensembles are disordered easily in the case of 
(super)paramagnetism or low remanent magnetization while it may require elevated 
temperatures and/or prolonged time to disrupt arrays where the remanent magnetization is 

high116,162,163. The necessity to maintain an external magnetic field in order to prevent the 
structural changes led to several designs how to stabilize the arrays, for example a stabilization 
via a chemical reaction on the surface of particles which interconnects the particles by reaction 

products (e.g. oxides, sulfides, etc.)144,147, a stabilization via an interconnection of particles by 
polymer layer110,116,125,151,164 or a solidification (a liquid-to-solid transition) performed as a 
polymerization or a solvent evaporation117,121ς124,165. 
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3.1.2.3. Electric field force assembly 

Though electric assembly techniques of particles are intensively studied by colloidal 
science166ς168, publications on their application in the field of polymer nanocomposites remain 
scarce. In principle, the electric assembly is similar to its magnetic counterpart with the only 
difference being the type of the applied field. However, the essence of these two fields differ 
ς an electric field is a source field while a magnetic field is a vortex field. Additionally, an 
assembly by a magnetic force requires particles to bear a non-zero magnetic moment while 
an electric moment can be induced even in non-polar molecules when their electron shells are 
distorted, and they become polarized. In the case of conductive particles, such as carbon 
nanotubes, metallic particles, etc., the response to an electric field is dominated by the surface 
charge which gives rise to an electrophoretic force169. A dielectrophoretic force originates 
from the mismatch of complex dielectric permittivity between the matrix and the NPs. 
Therefore, unlike a shear field, electric forces can cause an active migration of nanoparticles 
in the direction lateral to the field orientation and intrinsically change the structure of an 
assembly13. Hence, structural organization of an electric assembly is achieved by the combined 

contribution of polarization, dipole-dipole moments, electrophoresis, dielectrophoresis and 
the Coulombic attraction13,170. 

The parameters of an electric field have a direct impact on the NP assembly. A typical field 
ǎǘǊŜƴƎǘƘ ƛƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎǘǳŘƛŜǎ ƭƛŜǎ ŀǊƻǳƴŘ ǘŜƴǎ ƻŦ ±ϊƳƳς1. An increasing intensity of an 
electric field enhances the particle orientation of the equilibrium state up to a saturation limit 
when all the particles become oriented171. A further strengthening of the electric field 
quickens the kinetics and decreases the time to equilibrium but causes no additional change 
to the structural ordering (within the range of the investigated field strengths171). The reason 
is that the torque induced by the an electric force is opposed by a viscous drag while the 
alignment of particles is being distorted by the Brownian motion14,74. Accordingly, long carbon 
nanotubes (CNT) were reported to orient more easily in an electric field than short ones due 
to their larger dipole moments172. 

Colloidal particles in a liquid medium typically show a complex frequency dependence on the 
electric polarizability168; however, the effect can practically diminish when particles are 
immersed in a viscous medium171,173. In general, the use of an AC electric field avoids the 
electroosmosis and the electrochemical effects induced by a DC166. Hence, AC fields seem to 
produce more uniform structures174. An example can be found in the work of Nihara, et al. 
who reported an electric field-type control of the PNC structure170,175,176. Furthermore, they 

fabricated linear bridge-like assemblies of boron nitride nanosheets in polysiloxane by 
choosing an electrode with periodically varied intensity of an electric field near its surface175. 
Park, et al.13 reported that at very low frequencies, a dielectrophoretic force aligning carbon 

nanotubes (CNTs) is weaker than the combination of the Brownian motion and the 
electrophoretic force, which prevents and/or disrupts the nanoparticle alignment. Above 1 Hz, 
the effect of electrophoresis is reduced and the dielectrophoretic force becomes the dominant 

factor, saturating above 100 Hz. However, a further increase in the frequency seems to disrupt 

the nanoparticle alignment. As expected, oriented nanoparticles exhibit a lower concentration 
threshold of the percolation than randomly dispersed ones13,74. 
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3.2. Properties of polymer nanocomposites 

3.2.1. Thermomechanical properties 

In general, introduction of nanoparticles into a polymer matrix results in a nontrivial alteration 
of its thermomechanical behavior177ς182. NPs modify the chain dynamics and the molecular 
packing of the matrix on various time and length scales; moreover, anisotropic composite 
structures such as magnetically assembled 1D strings are coupled with strong a anisotropy of 
mechanical properties in both micro-121,122,183 and nanocomposites123,124 and typically exhibit 
a significant enhancement of the stiffness and strength in the direction parallel to the NP 
alignment. However, science has yet to fill numerous gaps in the fundamental description of 
the interconnection between the nanostructure and the macroscopic mechanical response of 
hierarchical NP assemblies. A part which is particularly poorly understood is the transition 
between the nano- and microscale models. 

Stiff inorganic particles induce various effects on the stiffness, toughness and yield properties 
of polymers, which are, in the case of PNCs, strongly dependent on the spatial organization of 
NPs. Regarding the stiffness, micro-composites benefit from the well-known reinforcing 
mechanisms of the volume replacement and stress transfer. The former is a consequence of a 
partial substitution of the soft matrix by rigid particles and the latter refers to a situation when 
the loading stress is being transferred from the matrix to the reinforcing phase of a non-
spherical shape due to the elastic modulus difference between the soft matrix and the rigid 
reinforcement. However, experimental results of Jouault, et al.47ς49 on silica/PS nanospheres 
above the percolation threshold (about 7.5 vol. % of silica) failed to meet the prediction of the 
simple volume replacement model by Guth-Smallwood though the same model provided a 
reasonable fit for microsilica/PMMA samples (Fig. 10A)48. Jancar and Recman184 demonstrated 
that a particle size reduction from the micro- to the nanoscale leads to a pronounced 
enhancement of thermomechanical properties which could not be explained by any 
conventional microcomposite model (Fig. 11). It suggests that an additional, specific surface 

area dependent reinforcing mechanism exists in PNCs. Its contribution is negligible above a 
certain critical particle size, which is commonly agreed to be approximately 50ς100 nm185 
while becoming dominant below this threshold size. This value corresponds to a threshold 
length scale at which nanoscale heterogeneities smear out and become negligible55. Above 
this limit, conventional fillers typically act as a reinforcement whereas smaller particles can 

either reinforce or plasticize polymer matrix regarding to their chemical nature186. In contrast 
with volume replacement and the stress transfer mechanism, experimental data suggests that 

the shape of NPs plays only a minor direct role on the mechanical reinforcement of polymers, 
because the nanoparticle dimensions lie far below the critical stress-transfer length, and the 
dominant role is ascribed to the filler specific surface area187, except of unidirectionally aligned 

fibrous or platelet shaped NPs. 

The first recognition of the nano-reinforcement is traced back to Payne and his experiments 
on rubbers filled with carbon black177,178. A dynamic analysis on these samples revealed a drop 

of the elastic modulus in the rubber phase when subjected to an oscillatory loading with an 
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Fig. 10: (A) Comparison of relative plateau moduli of nanocomposites Nissan-St (5.9 nm)/PS (192 

ƪƎϊƳƻƭς1Σ ŀƴŘ нул ƪƎϊƳƻƭς1) and Nissan-St (5.9 nm)/PMMA (120 ƪƎϊƳƻƭς1Σ ŀƴŘ орл ƪƎϊƳƻƭς1) with 

theoretical volume replacement based prediction of Guth-Smallwood model. Reprinted with a 

permission from the ref. 48. Copyright 2012 Elsevier. (B) Interparticle distance to particle diameter 

ratio dependence on filler volume fraction according to 1000 monodisperse spherical particles with 

(blue) random distribution and (red) cubic lattice packing. Reprinted with a permission from the ref. 

188. Copyright 2012 Elsevier. 

 

Fig. 11: Dependence of the matrix modulus ὓᶻ Ã

Æ
 ƻƴ ǘƘŜ ƭƻƎŀǊƛǘƘƳ ƻŦ ǘƘŜ ǎǇŜŎƛŬŎ ƛƴǘŜǊŦŀŎŜ ŀǊŜŀ 

(Sf) (A) above Tg using the Guth model and (B) below Tg using the Kerner-Nielsen model. Reprinted 

with a permission from the ref. 184. Copyright 2010 Elsevier. 

increasing strain which was not native to unfilled rubbers. This feature of strain softening, 
which is now known as the Payne effect, was substantially weakened in the successive runs of 
a strain sweep measurement but it eventually recovered given sufficient time after the 

straining. Payne attributed the effect to a breakdown of the filler structure within the samples, 
but his suggestion was contradicted by additional evidence. Cassagnau88 found the Payne 
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effect even in EVAc/silica samples below the percolation threshold which violates the network 

breakdown theory and he proposed a chain disentanglement as the driving mechanism of the 
Payne effect. The same study also reports the Payne effect in systems with unentangled low 
molecular weight matrices. Hence, Cassagnau suggested that the disentanglement and the 
structure breakdown are two alternative mechanisms responsible for the Payne effect. Kalfus 
and Jancar187 studied shifts in the onset and the intensity of the Payne effect on 
PVAc/hydroxyapatite and observed that it is more pronounced for low molecular weight 
matrices and at higher temperatures. Based on their modulus recovery experiments, they 
concluded that the immobilized layer around NPs is partially perturbed after large-strain 
oscillations which causes the Payne effect. 

One of the suggested models assumed the presence of bridging chains between NPs and/or 
clusters with highly retarded conformations (i.e. extremely stretched chains). However, no 
direct evidence of such stretched chains was found in a SANS study189,190. On the other hand, 
a theory that considers the nano-reinforcement effect as a consequence of the altered chain 

dynamics and segmental packing near the particle surface is supported by vast number of 
experiments. The following example was chosen for illustration. The average interparticle 
separation of randomly packed monodisperse rigid spheres equals to their diameter at the 
ǇŀǊǘƛŎƭŜ ŎƻƴǘŜƴǘ Ғ нΦс ǾƻƭΦ ҈30, i.e., ǊŀƴŘƻƳƭȅ ŘƛǎǘǊƛōǳǘŜŘ м ˃Ƴ ǎǇƘŜǊŜǎ ƭƛŜ in average м ˃Ƴ 
apart while 10 nm spheres are separated only by 10 nm at this loading (Fig. 10B). In the former 
case, the separation distance is three orders of magnitude larger than the average radius of 
gyration, which allows only a small part of the matrix chains to interact with the NP surface 
while the majority remains unaffected in the bulk. Small enough particles (Ṃ 10 nm), on the 
other hand, are separated by narrow distances, which means that all the chains are located in 
the proximity of at least one particle, effectively erasing the bulk matrix properties. If the 
interaction between the NPs and the polymer is highly repulsive, the chain dynamics 
accelerates and, in contrary, decelerates in the case of attractive particles32, which form an 
immobilized layer of adsorbed chain segments around their surface. Hence, the segmental 
immobilization originates from these interactions as an additional mechanical reinforcement 

largely responsible for the observed non-classical stiffening. The immobilization is only 

relevant to mobile chains; therefore, the large reinforcing effect is typically observed above 
the glass transition temperature as will be discussed in detail further in the text. The 
reinforcing effect is particularly strong when a continuous NP network is created at higher 

particle volume fractions188. It has been suggested by various authors47ς49,191 that the 
formation of percolated NP network improves stiffness by deforming this percolated structure 
responding with the particle-particle interactions under the loading. Hence, nanoparticle 

percolation expectedly stands for a second nano-reinforcing mechanism within the polymer 
nanocomposites. 

! άmodified matrixέ ŎƻƴŎŜǇǘ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ōŀǎŜŘ ƻƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎǳƭǘǎ55,185,187,192ς195 to 
address the altered chain dynamics and chain packing in the vicinity of NPs. The model 
ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ƳƻŘƛŦƛŜŘ ƳŀǘǊƛȄ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ƛƳƳƻōƛƭƛȊŜŘ άglassyέ ŎƘŀƛƴǎ ŎƻŜȄƛǎǘǎ ƛƴ the 

nanocomposite with the bulk unmodified matrix as schematically illustrated in Fig. 12. When 

the chain immobilization is taken into account, the modulus recovery times of hydroxyapatite 
filled poly(vinyl acetate) could be explained by the reptation dynamics, as was demonstrated 
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by Kalfus and Jancar193. In principle, the modulus recovery times are constrained by two 

limiting cases, the lower one represented by the reptation of neat matrix and the upper one 
by the fully immobilized matrix, which is reached when the nanofiller specific surface area 
rises to approximately 42 m2/g. At the percolation threshold, the recovery time dependence 
on NP volume fraction exhibits an abrupt increase towards the upper theoretical limit, which 
correspond with the expected stiffening effect of the percolated structures. 

 

Fig. 12: Simplified scheme of a single nanoparticle surrounded by immobilized segmental layer and 

frustrated-packing ƛƴǘŜǊǇƘŀǎŜ άlayerέ with thickness of approximately RG embedded in a glassy 

matrix. Reprinted with a permission from the ref. 193. Copyright 2007 John Wiley and Sons. 

Akcora, et al.196 derived equations for the bulk (K) and the shear (G) moduli of PNCs based on 

their model system represented by nanosilica filled polyethylene. In order to obtain a good fit 
of the experimental results, they introduced a new parameter ,h which represents the 
modified matrix ratio: 

 ‌
ά

•
 (1) 

where ˒  stands for the filler volume fraction and m2 represents the relative amount of the 
modified matrix out of the total matrix amount m given by the equation ά ά ά  where 

m1 is the relative amount of the unmodified bulk matrix. The combined volume of 
nanoparticles and modified matrix forms up the nanocomposite inclusions which volume 
content is • • ά •ρ ‌. The effective nanocomposite moduli are then given by 

the following equations: 
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and 
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The subscripts ΨmΩ and ΨfΩ mark the values related to the matrix and the filler, respectively. 
Finally, the parameters Qm, Qf, Rm, Rf are calculated from the equations: 
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 (7) 

where the subscript i is to be replaced either by ΨmΩ or ΨfΩ to refer to the matrix or the filler, 
respectively. The main drawback of their model is its inability to predict the modified matrix 
ratio h  which has to be fitted from experimental values. However, the reference to their work 
is included since the attempts to a quantitative description of nanocomposite mechanical 
properties with regard to their internal structural organization remain scarce. 

A segmental immobilization is usually coupled with an increase of the glass transition 
temperature Tg while the opposite applies for repulsive interactions. The immobilization 
mechanism also explains why the tremendous reinforcing effect of NPs is typically found 
above Tg as manifested by a strong increase of plateau modulus, reptation time and stiffness47ς

49, while the impact of NPs on mechanical properties at a low filler content bellow the glass 

transition temperature is generally modest (examples shown in Fig. 13) and any significant 
increase of the mechanical strength is usually attributed to the stress transfer197 or a 
physicochemical cross-linking 33. However, Jancar, et al.188,198 observed an improvement of 

mechanical properties (elastic modulus, yield, strain softening and strain hardening response) 
of nanosilica filled PMMA at Tg ς 80 K, far below the glass transition temperature, which was 
relatively low compared to the increase above Tg but unexpectedly high regarding the 
continuum mechanics models188. A kinetic analysis of yield, strain softening, and strain 

hardening showed that the activation energies of these processes increase with the specific 
interface area. The authors suggested that an elevated amount of energy is required to 
activate the adequate segmental rearrangements related with the plastic flow and the strain 

hardening in the presence of NPs. In agreement with the immobilization theory, the h-process 
related to the entire backbone of the PMMA chain was more influenced by the presence of 
the rigid particles than the ̡ -process, which presumably concerns only several segments. 
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Fig. 13: Storage modulus as a function of temperature for PMMA based nanocomposites filled with 

commercially available silica (A) Nissan-St and (B) Ludox TM-40. Reprinted with a permission from the 

ref. 48. Copyright 2012 Elsevier. 

However, some experimental data disturbs the simplicity of the segmental immobilization 
theory. For instance, it is not trivially obvious why PS should show a stronger reinforcing effect 
by nanosilica than PMMA47ς49, since silica interacts strongly with PMMA through the hydrogen 
bonding while only weak dipole-dipole interactions occur in PS. A possible explanation might 
be found in the suggestion by Tannenbaum, et al.199,200 who proposed that there are two 
possible options of the chain adsorption onto rigid attractive particles. Weakly binding 
polymers prefer the formation of loops with a longer effective range, in which most of the 
segments reside out of the NP surface. On the other hand, strongly binding polymers form 
άǘǊŀƛƴǎέ ǿƛǘƘ ŀ ǎƘƻǊǘ ǎǇŀǘƛŀƭ ǊŜŀŎƘ ƛƴ ǿƘƛŎƘ ǎŜƎƳŜƴǘǎ ŀǊŜ ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ bt 
surface. Both cases are incorporated in the schematic illustration in the Fig. 12. Hence, strongly 
interacting chains show a shorter spatial impact on the surrounding chains despite being 

strongly adsorbed on the NP surface. According to this concept, an adsorption mode should 

be considered as an additional parameter regarding the PNCs macroscopic properties. 

The mechanical strength of PNCs compared to the neat polymer could only be retained or 
enhanced in the absence of supercritical flaws while the presence of another component may 

reduce the flaw-sensitivity201. It could be also boosted indirectly by a crystalline-phase 
transition of semi-crystalline polymers if the crystalline modification with a higher elongation 

to break is promoted by the presence of nanoparticles1. A strong adhesion of polymer onto a 
particle on the other hand restricts the matrix debonding and causes a brittle fracture coupled 
with a declined elongation to break201. Nanoparticles cause up to a several-fold increase of 

fracture toughness through microcracking, pinning, deflection and branching of the crack, 
rupture and pull-out of the NPs and it is further improved by a particle alignment for cracks 
growing transverse to the alignment direction14. The role of geometry extends to the particle 

shape-dependency since 1D nanofibers promote intrinsic toughness attributed to the void 

growth mechanism while 2D nanoplatelets are more effective in increasing the extrinsic 
toughness due to the pull-out and crack bridging74. 






























































































































