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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 
the qualitative differences between “poorly dispersed” NP arrays which, by combination of 
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 
Polymerní nanokompozity (PNCs) mají slibnou budoucnost jako lehké funkční materiály 
zpracovatelné aditivními výrobními technologiemi. Jejich rychlému rozšíření však brání silná 
závislost jejich užitných vlastností na prostorovém uspořádání nanočástic (NP).  Schopnost 
řídit disperzi nanočástic je tak klíčovým předpokladem pro jejich uplatnění ve funkčních 
kompozitech. Tato práce zkoumá přípravu polymerních nanokompozitů v modelové 
sklotvorné polymerní matrici roztokovou metodou, technikou schopnou vytvářet prostorové 
uspořádání nanočástic řízené strukturními a kinetickými parametry přípravného procesu. 
Prezentované výsledky popisují rozdíly mezi změnami rheologického chování roztoku 
polystyrenu při oscilačním smyku s vysokou amplitudou (LAOS) vyvolanými nanočásticemi. 
Výsledky vedou k závěru, že vysoce-afinní OP-POSS nanočástice při nízkých koncentracích 
dobře interagují s PS a tvoří tuhé agregáty, zatímco nízko-afinní OM-POSS nanočástice za 
těchto podmínek neovlivňují deformační chování polymerních řetězců. Dále byla pozornost 
zaměřena na vliv použitého rozpouštědla na uspořádání nanočástic v SiO2/PMMA a SiO2/PS 
nanokompozitech, který je v literatuře prezentován jako parametr řídící prostorové 

uspořádání nanočástic v pevném stavu. Důraz byl kladen na kvalitativní rozdíly mezi „špatně 
dispergovanými“ shluky nanočástic, které byly na základě rheologie a strukturální analýzy 
(TEM, USAXS) identifikovány jako polymerními řetězci vázané nanočásticové klastry a dva typy 
agregátů, jeden termodynamického a druhý kinetického původu. Jednotlivé druhy agregátů se 
vyznačují odlišnými kinetikami vzniku a rozdílnými vlastnostmi jak mezi sebou, tak v porovnání 
s dispergovanými nanočásticemi. Pozorované typy disperze nanočástic byly kvantitativně 
posouzeny podle svých rheologických vlastností během roztokové přípravy, podle kterých byla 
vyhodnocena míra adsorpce polymeru na povrch nanočástic a atrakce ve vypuzeném objemu. 
Výsledky byly porovnány s teorií PRISM. Důležitost uspořádání nanočástic byla demonstrována 
na porovnání teplot skelných přechodů různých struktur při stejném chemickém složení. 
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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 thermomechanical1–5, optical6–10, electromagnetic1,11–14, and barrier 
properties3,15–17 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 (≲ 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 bone20–22 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 – NP agglomerates, chain 
bound NP clusters or individually dispersed NPs24. At this point, the meaning of “aggregate” 
and “agglomerate” should be clarified since a widespread confusion exists with different 
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 
“bridging” chain adsorbs 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 – 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 – the surface available for interaction with 
polymer chains – 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 properties32–

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 papers32,33,35–53, a reliable prediction of 
experimentally prepared dispersion states has not yet been fully achieved and the “trial-error” 



13 

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 (66 ± 11) kJ·mol–1 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, 1–2 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 Schweizer24,62–64 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 particle–monomer size ratio, degree of 
polymerization, interaction strength and spatial range of NP-polymer attraction and the direct 
particle–particle 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 in pure solvent (“NPs first”) while adding the NPs into PEO 
solution (“polymer first”) led to the dispersion of individual NPs. 

Hooper and Schweizer transformed their results into phase diagrams constructed for various 
cases of the above-mentioned parameters. The NP-chain interaction strength εpc 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 εpc/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 prediction51,53,61,66–71. 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 ρ, i.e., the number of particles per unit volume, 
adapts reasonably well to a thermally activated process (Fig. 5B), according to the equation 

𝜌 = 𝐴 ∙ exp (
−𝐸

𝑘B𝑇∗), 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 Schweizer24,62–64 (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)78–80 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 melt84–90. 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 NP’s affinity to polymer is superior to 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 40–50 nm bare silica in poly(2-vinylpyridine) (P2VP). Hydrodynamic diameter Dh as a 

function of P2VP concentration for 14.7 kg·mol–1 (dashed lines) and 302 kg·mol–1 (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 Θ and non-Θ temperatures and concluded, 
that the NP dispersion is not explicitly related to the solvent quality regarding the polymer 

Θ 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 modification33,43,69,94–96. 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 the dispersive interaction arising from the London’s 
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 loadings43,84–90. 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 
responsive106–108 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 
less than 54° 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 – 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 
structures116–120 with prescribed orientation, tailoring mechanical121–124 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) dipole–dipole 

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 dipole–dipole 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 structures118,128–132 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 scattering133–135, X-ray scattering124 or magnetorheology119,130,136–139 
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 – strings130,140–149 (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. 7B–E) 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 interactions154–156. 

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 into “walnut” structures in absence of an external 
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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 (0.2–0.3 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 – 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 evaporation117,121–124,165. 
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3.1.2.3. Electric field force assembly 

Though electric assembly techniques of particles are intensively studied by colloidal 
science166–168, 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 
– 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 
strength in experimental studies lies around tens of V·mm–1. 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 behavior177–182. 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.47–49 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 50–100 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 

kg·mol–1, and 280 kg·mol–1) and Nissan-St (5.9 nm)/PMMA (120 kg·mol–1, and 350 kg·mol–1) 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 𝑀𝑚
∗ =

𝐸c

𝑓(𝑣f)
 on the logarithm of the specific interface area 

(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 
particle content ≈ 2.6 vol. %30, i.e., randomly distributed 1 μm spheres lie in average 1 μm 
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 (≲ 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 authors47–49,191 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. 

A “modified matrix” concept was developed based on experimental results55,185,187,192–195 to 
address the altered chain dynamics and chain packing in the vicinity of NPs. The model 
assumes that the modified matrix consisting of immobilized “glassy” chains coexists in 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 interphase “layer” 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 α, which represents the 
modified matrix ratio: 

 𝛼 =
𝑚2

𝜑
 (1) 

where φ 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 𝑚 = 𝑚1 + 𝑚2 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 𝜑′ = 𝜑 + 𝑚2 = 𝜑(1 + 𝛼). The effective nanocomposite moduli are then given by 

the following equations: 

 
𝐾 = 𝐾m +

𝜑′(𝐾f−𝐾𝑚)

1 + (1 − 𝜑′)𝑅m(𝐾f − 𝐾m) + 𝑅
 (2) 
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and 

 
𝐺 = 𝐺m +

𝜑′(𝐺f−𝐺m)

1 + (1 − 𝜑′)𝑄m(𝐺𝑓 − 𝐺m) + 𝑄
 (3) 

where 

 𝑅 =
𝛼

1 + 𝑅f(𝐾m − 𝐾f)
 (4) 

 𝑄 =
𝛼

1 + 𝑄f(𝐺m − 𝐺f)
 (5) 

The subscripts ‘m’ and ‘f’ mark the values related to the matrix and the filler, respectively. 
Finally, the parameters Qm, Qf, Rm, Rf are calculated from the equations: 

𝑅𝑖 =
3

3𝐾𝑖 + 4𝐺𝑖
 (6) 

𝑄𝑖 =
6(𝐾𝑖 + 2𝐺𝑖)

5𝐺𝑖(3𝐾𝑖 + 4𝐺𝑖)
 (7) 

where the subscript i is to be replaced either by ‘m’ or ‘f’ to refer to the matrix or the filler, 
respectively. The main drawback of their model is its inability to predict the modified matrix 
ratio α 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 stiffness47–

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 – 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 α-process 
related to the entire backbone of the PMMA chain was more influenced by the presence of 
the rigid particles than the β-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 PMMA47–49, 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 
“trains” with a short spatial reach in which segments are preferentially located on the NP 
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. 
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3.2.2. Rheological properties 

3.2.2.1. Steady-flow rheology 

Nanocomposite melts and solutions are viewed as colloidal-size particles immersed in a liquid 
continuum. This concept is especially durable in the case of low molecular weight chains 
exhibiting Newtonian flow behavior and containing well-dispersed nanoparticles. Strongly 
interacting chains form an adsorbed layer around NPs while weakly interacting ones tend to 
slip from the NP surface and can cause a depletion attraction. As a result, the effective 
hydrodynamic volume of NPs is altered from that expected for bare hard spheres of the same 
size. Kim and Zukoski53 addressed these changes by introducing an additional scaling factor k 
into the well-established Einstein-Stokes equation: 

 𝜂𝑟 = 1 + 2.5 𝑘𝜑 + 𝐻𝜑2 + ⋯, (8) 

where ηr and φ stands for relative viscosity and particle volume fraction respectively. The value 

of 2.5 is the so-called Einstein’s coefficient derived from the analytic solution of a flow around 
an isolated hard sphere. H, also sometimes marked as B1, is the second virial coefficient, also 
known as the Huggins coefficient, which reflects the interparticle interactions104. The value of 
2.5k equals intrinsic viscosity [η] and could be readily assessed experimentally. Kim and 
Zukoski53 reported values of k ranging from large positive for NPs encapsulated in strongly 
adsorbed polymer layers to large negative for NPs smaller than polymer radius of gyration RG 
in entangled polymers53. Negative intrinsic viscosity contradicts the continuum rheological 
models since particles distort the flow of the surrounding liquid and increase the amount of 
the energy distorted upon flow which is reflected in the increased viscosity202. However, 
molecular dynamics simulations revealed that the NP diffusion coefficient reaches a steady 
value upon increasing the molecular weight of polymer medium despite it should be gradually 
slowed down due to the raising bulk viscosity203. It should be noted that the equation (8) was 
based on experiments with fairly oligomeric chains (about 8 segments long) and does not 
consider other factors such as the rotation of particles which also impacts the value of the 

intrinsic viscosity202 Small NPs of the size equal or smaller than the polymer tube diameter or 
the entanglement mesh-length were indeed reported to diffuse through the entangled 
polymer faster than predicted by the continuum Stokes-Einstein equation204,205. 

Zukoski, et al.71 compared experimental structure factors of a strongly interacting system 

(silica/polyethylene oxide) obtained from scattering measurements to the PRISM model and 
concluded that low molecular weight PEO keeps the silica NPs dispersed while high molecular 
weight PEO flocculates the NPs into a bridged state. Rheological measurements revealed a 

hard-sphere-like behavior (H ≅ 5.9)71 of spheres enlarged by (2.82 ± 0.08) ∙ 𝑅𝐺
66,70. The 

linear dependence of the NP effective hydrodynamic diameter on the polymer radius of 
gyration RG is preserved even when the molecular weight exceeds the critical entanglement 

value Mc. Altogether, the experimental evidence suggests a presence of a polymer layer 
adsorbed on the NP surface in a thickness proportional to the random coil radius of gyration 
(~ 1.4 RG). However, the scattering experiments did not correlate with the hard-sphere like 

behavior detected by rheology and, instead, yielded a constant effective size 𝐷NP + 20 nm70 
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which suggests that polymer segments were affected further beyond the reach of the 

adsorbed layer up to ~ 10 nm from the particle’s surface. Interestingly, this value is identical 
to the expected range of the hydrophobic interaction29. Wang, et al.65 also studied the silica-
PEO system and they observed that in a dilute aqueous solution at pH ≅ 9.6, the thickness of 
the adsorbed PEO layer measured by dynamic light scattering was nearly equal to the size of 
sole PEO coils in the same medium, i.e., more extended than in a PEO melt. Despite the silica 
NPs were only 12 nm in diameter, about three times smaller than that used by Zukoski, et al., 
the results were comparable for 20 000 g·mol–1 and 200 000 g·mol–1 PEO suggesting that the 
NP-chain relative size plays a minor role in this case.  

Four critical NP volume fractions were recognized in the silica/PEO system66. The first 
corresponds to the situation when NP separation drops below ca 6 RG and bulk chains get 
constrained between two layers adsorbed on two neighboring particles. The layers eventually 
start to interact with each other at ca 3.6 RG and cause a rapid increase of the low-frequency 
modulus. It will be discussed below that low frequencies are related to the reptation motion 

and presumably, the entanglement dynamics of the adsorbed polymers is altered. However, 
this effect was observed even for chains below the critical entanglement molecular weight. 
Further on, a colloidal glass transition takes over when the interparticle separation drops 
below approximately 2.9 RG – coinciding with the volume fraction of the colloidal hard-spheres 
glass transition (φ = 0.58). Finally, sufficiently high molecular weight matrix (Mw > 2000) leads 
to a fluid-to-brittle transition at the constant molecular-weight-independent volume fraction 
of 0.317. 

In a weakly interacting system (silica/polytetrahydrofuran) with NPs in the near mutual 
contact, fluid-like properties are preserved up to high particle volume fractions until a gel is 
eventually formed71. A weak adsorption accelerates the segment mobility near the NPs69 and 
causes segments to slip off the surface while the intrinsic viscosity falls below the Einstein’s 
value of [η] = 2.571. A medium interaction strength (silica/polyethylene oxide dimethyl ether) 
gives birth to a complicated attraction-repulsion balance of the enthalpic and the entropic 

forces. Gelation, i.e., percolation of the inner 3D network accompanied by transition from 

liquid-like to solid-like behavior, occurs above 20 % of NPs and hints at the long-range 
repulsive behavior accompanied with an enhanced structuring at low particle loadings. The 
elevated intrinsic viscosity suggests presence of an adsorbed polymer layer but, unlike in PEO, 
this increase as well as the nanocomposite structure factor is independent of the polymer 
molecular weight. The theoretical explanation of this behavior still remains a scientific 
challenge71. 

3.2.2.2.  Rheology under Oscillation 

Viscoelastic properties of complex fluids are also investigated with rheological oscillatory 

measurements. When carried out at relatively small-amplitude oscillatory deformations, the 
elastic storage (G’) and the viscous loss (G”) moduli are independent of the strain amplitude 
and fall within the linear-viscoelasticity regime. Such experiments are referred to as the small-

amplitude oscillatory shear (SAOS) tests. The non-linear viscoelasticity regime is entered when 
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the diffusion is no longer capable to recover the disrupted structures under the large-

amplitude oscillatory shear (LAOS). 

It has been long established that the zero-shear elastic modulus G0 of particle gels scales with 
the volume fraction φ according to the power law206 

 𝐺0 ∝ 𝜑𝑚, (9) 

where the exponent m is believed to depend on the interparticle interactions207 and its 
experimental value was reported to vary between 3.2–7.288,207–210. Furthermore, it is expected 
that the exponent can also incorporate the influence of the filler structure. Piau, et al.211 
investigated silica fractal aggregates and proposed that the power law exponent m is equal to 

5

(3−𝐷)
 where D is the fractal dimension of the structures. According to this equation, the 

datasets for the different types of silica collapse into a single master-curve. However, the 
situation becomes more complex when extended to the time (frequency) related behavior. 
During oscillatory tests, neat polymer melt response is governed by the reptation dynamics at 

low frequencies and shifts towards the Rouse dynamics at higher frequencies. The former is 
characterized by a quadratic dependence of the storage modulus and a linear dependence of 
the loss modulus on the frequency, while both moduli scale with the square root of the 
frequency in the latter case179. Robertson, et al. reported that there is yet another process 
with even longer relaxation times than the reorientation of an entangled chain – 
approximately 1.5times longer relaxation time which was attributed to the re-entanglement 
kinetics of chain molecules disentangled upon shearing212. Data by multiple 
authors179,181,207,213–215 suggests that the reptation dynamics is, unlike the Rouse dynamics, 
affected by nanoparticles and retarded (Fig. 14A). High loadings of nanoparticles may cause a 
nonterminal behavior and introduce a low-frequency plateau in the frequency dependence of 
the storage modulus181. In addition, layered silicate nanocomposites were reported to violate 
the empirical Cox-Merz equation54 established for polymer melts and solutions216: 

 𝜂(�̇�) = 𝜂*(𝜔), (10) 

for the value of the shear rate �̇� equal to the angular frequency ω. The symbol η stands for the 
steady shear viscosity and η* denotes the complex viscosity which relates the oscillatory shear 
rate �̇� to the shear stress τ. 

Kabanemi, et al.217 proposed a reptation-based model to address the dynamics and the 

rheology of linear entangled polymers constrained by rigid nanoparticles according to which 
the effective reptation time is controlled by the polymer molecular weight, nanoparticle size, 
interaction-site density on the nanoparticle surface, monomer-nanoparticle energetic 

interaction and nanoparticle volume fraction. It predicts that the effective reptation time τd,eff 
of a chain in the presence of a nanoparticle scales as: 

 𝜏d,eff ∝ 𝜏d(𝜑ad𝑁 + 1)2, (11) 

where τd stands for the effective reptation time of a polymer chain in the bulk, φad is the 

fraction of attached monomers per chain and N is the number of monomers per chain. As 
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Fig. 14: (A) Influence of carbon nanotube (CNT) and clay NPs on low-frequency storage modulus of 

polyethylene vinyl acetate (EVA). Reprinted with a permission from the ref. 179. Copyright 2014 

Springer. (B) Systems with various dependence of nonlinear-linear viscoelastic ratio (NLR) on particle 

content – multiwall carbon nanotubes, layered silicate and precipitated calcium carbonate in 

polycaprolactone (PCL), borax in polyvinyl acetate (PVA). Reprinted with a permission from the ref. 

181. Copyright 2013 AIP Publishing. 

discussed above, the nanoparticle spatial organization is closely tied with the polymer 
adsorption onto nanoparticles and it is therefore reasonable to expect that different 
dispersion states would feature a different fraction of attached monomers per chain and, 
consequently, different effective reptation times. 

It is assumed that LAOS experiments provide more reliable information relevant to the inner 
structure than SAOS, since some differently structured materials show the same extent of 
deformation under small strain while varying in their non-linear response218. Several methods 
have been developed to reduce the LAOS experimental data, among them a shape analysis of 
the stress-strain (Lissajous) curves and the Fourier-transform analysis. It has been found that 

only the odd harmonics form the response and presence of the even harmonics is caused by 
measurement artefacts, such as a secondary flow or a wall-slip of the sample from the 
geometry181. The storage and loss moduli lose their physical meaning in the Fourier-transform 
rheology, instead, these terms are commonly used to refer to the first harmonics. The next 
strongest signal is related to the third harmonic which is often presented as the intensity ratio 
normalized by the first harmonic I3/1

101. 

At large amplitudes, the shearing cycle represents rather a set of successive processes than a 
single mechanism governing the viscoelasticity. A sample is strained first and eventually yields 

at high strain. A flow follows and the structure is then rejuvenated at the end of the cycle219. 
The rheological response averaged over the whole cycle could be approximated as interplay 
between creation and destruction of structural domains which are both exponential functions 

of the shear stress. There are four basic classes of the viscoelastic behavior under LAOS100,101. 
The type I (shear thinning) is the most common one in polymer melts and solutions. It 

originates from the flow orientation similarly to shear thinning under the steady flow. 
Contrary, samples with strong interaction between some structural elements exhibit the type 
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II (shear hardening) response which is believed to be associated with a shear-induced 

formation of complex microstructures. When formation and destruction rates are balanced, 
the increasing strain amplitude results into a local maximum either of the loss modulus (type 
III, weak strain overshoot) or both the loss and the storage moduli (type IV, strong strain 
overshoot). The former is typically exhibited by soft glasses while the latter was observed for 
instance in associative polymer solutions. The type IV behavior is presumably driven by the 
interaction strength weaker than in the type II but superior to the type III. 

Hyun, et al. combined both the LAOS and the SAOS measurements and introduced a nonlinear-
linear viscoelastic ratio (NLR) as a relative comparison of contributions from the nonlinear and 
the linear changes induced by particles (or another component) to the viscoelasticity of the 
matrix181. NLR takes value of 1 if the linear and the nonlinear properties scale in the same 
manner with the increasing particle loading. When the influence on the nonlinear response 
exceeds that on the linear one, NLR takes value greater than 1, and, in the contrary situation, 
NLR is less than unity. Examples of real systems are shown in Fig. 14B for all three cases. The 

main drawback of the NLR parameter is that, despite its capability to qualitatively distinguish 
between different microstructures, it misses a clear link to the inner structure of the material 
and has to be correlated with additional information and measurements. Dramatic changes in 
the viscoelastic properties of PNC occurs near the percolation threshold180 which represents 
an alternative to the polymer gelation179. Strong NP networks contribute less to the non-
linearity than to the linearity (NLR < 1) while opposite applies to dispersed particles 
(NLR > 1)181. The critical strain which disrupts percolated carbon nanotubes in 
polycaprolactone melt also caused the saturation of the third harmonics I3/1, a behavior 
qualitatively different for both the pure melt and the low-strain response181. 

3.2.3. Electrical properties 

A range of electromagnetic properties was successfully tuned by the addition of nanoparticles, 
e.g. electric conductivity/resistivity1,13,172,174, dielectric constant and permittivity1,12, DC 

electric breakdown strength1 or piezoresistive sensing172. Examples of some interesting 

features which spring from the structural organization follow. 

The electrical conductivity of a polymer nanocomposite greatly improves upon the percolation 
of electrically conductive nanoparticles forming conductive channels across the whole sample. 
In the case of anisotropic NPs, the percolation threshold decreases with the particle 
alignment13. Hence, the conductivity could be boosted by the particle orientation at a low filler 

content while only a minor improvement was achieved at a concentration where randomly 
distributed NPs are already percolated172. This way, the electric conductivity in the alignment 
direction was successfully tuned across 6 orders of magnitude and the material was 

transformed from insulator to a metallic conductor by the electric field induced 
alignment13,174. Remarkably, the electrical conductivity in the lateral direction increased by 
two orders of magnitude due to the dielectrophoretic migration and lateral crosslinks and 

coarsening13. 
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In contrary, the resistivity of a polymer nanocomposite could be enhanced by addition of 

insulating NPs (e.g. surface modified magnesium oxide)1. If well dispersed, these particles can 
polarize and create potential wells which trap charge carriers and reduce the overall 
conductivity and, at the same time, they improve the DC electric breakdown strength (by 15 
% in ref. 1) by suppressing the space-charge accumulation. When aggregated though, they act 
as defects and weak points in the bulk of the material which entrap the charge carriers, 
accumulate charge and reduce both the electric resistivity and the DC electric breakdown 
strength1. The dielectric permittivity increased slightly regardless the structure, depending on 
the NP concentration. However, all these changes are far less dramatic then the above-
mentioned conductivity enhancement, taking place in the range of only several tens of 
percent. 

Li, et al.12 developed silica coated nanosilver core-shell particles to fabricate a high dielectric 
constant and low dielectric loss nanocomposite capacitor material. The structure is clearly 
beneficial to the application since the silica coating effectively prevents the contact between 

the silver cores and restricts the tunneling currents while allowing for a high NP packing and 
maximizing the charge accumulation. Overall performance is controlled by the silica layer 
thickness, but a similar effect is achieved by small ceramic NPs, which fill in the voids between 
the core-shell NPs and keep them at distance. 

3.2.4. Magnetic properties 

The magnetic behavior of a polymer nanocomposite is largely inherited from the magnetic 
character and the volume content of the particles with distinct magnetic properties and 
controlled by the particle orientation and spatial arrangement115,117,127,162,220,221. A 
homogeneous dispersion of magnetic particles is usually sufficient to enhance the overall 
magnetic properties and render the whole nanocomposite magnetically responsive though 
ensembles with anisotropic structure commonly provide stronger magnetic response and 
yield higher remanent magnetization as well as saturation magnetization in the direction of 

the particle orientation due to the (partial) alignment of particles’ easy magnetization 

axes116,117,126,127,222. Correspondingly, the saturation magnetization was reported to vary in the 
order 1D chains (in the alignment direction) > disordered NPs > 3D array115. Furthermore, 
nanoparticle arrays aligned in a regular pattern are subjected to the well-known structure-
related phenomena of ferromagnetism and antiferromagnetism which affect the magnetic 
properties analogically to common magnetic materials115,116,156. 

The introduction of magnetism into a composite directly impacts other macroscopic 
properties of the material. The interparticle magnetic forces induced by the particle 
magnetization oppose any external mechanical loading and increase the tensile modulus and 

strength, viscosity and shear modulus of magneto-responsive solids223,224, fluids and soft 
gels225,226, correspondingly. Balance between the elastic and the magnetic forces was 
successfully turned into a smart design of the so-called magnetic origami227–229, where linear 

or planar precursors with patterned magnetic dipoles spontaneously fold into the 

predetermined 3D shapes (Fig. 15). Such approach combines the benefit of a relatively simple 
2D processing with the advanced properties of 3D structures which would be difficult to 
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fabricate by conventional means. In principle, the origami technique is not restricted to 

magnetic materials and other tailorable forces such as capillary force230 may be utilized but 
the magnetic origami is easily realized and controlled by the magnetic nanoparticle doping 
while it yields stable structures thanks to the dipole-dipole interactions. 

 

Fig. 15: Magnetic origami – anisotropic actuation under (A) uniform horizontal magnetic field for the 

cross attached by its center with chains of magnetic particles oriented (left) parallel and (right) 

perpendicular to the field, (B) magnetic field gradient from a permanent magnet that selectively lifts 

arms with parallel but not perpendicular chains while the cross is being rotated. (C) Schematic view of 

magnetic NP dipoles orientation relative to chain direction in the presence and absence of a field 

gradient generated by a permanent magnet. Reprinted with a permission from the ref. 227. Copyright 

2015 Royal Society of Chemistry. 

3.2.5. Optical properties 

Most common optical applications (mirrors, lenses, etc.) require transparent materials with 
low dispersion of light. To suit that need, optical homogeneity is highly desirable. This 
condition could be met even for a structurally heterogeneous material in the case of matching 
refractive indices of its components/heterogeneities. At the nanoscale, below the critical 
scattering size, a precise match of the refractive indices is somewhat less critical as was proven 

experimentally by preparing exotic transparent materials from crab shell82 and wood83 by 

filling their nano-porous structure with an acrylic polymer. Consequently, an aggregation of 
NPs is usually unfavorable in optical nanocomposites requiring good optical clarity and 

minimized scattering. The demand for a good optical performance puts constraints on 
simultaneous enhancement of the optical and other structure-related properties where 
clusters and percolated networks would be beneficial but even this limit was successfully 
overcome by a function specific structural design, for instance a double-percolating network 
was developed to fabricate an electrically conductive and optically transparent 

nanocomposite108. 

The refractive index (RI), a basic optical parameter of functional materials, scales linearly with 
NP content in simple polymer nanocomposites231 due to the volume replacement 
mechanism232. High refractive index nanocomposites with RI adjustable by concentration 

could be fabricated by the introduction of high-RI NPs such as titanium oxide231. In a general 

case, however, the linearity of the refractive index dependence on the concentration could be 
distorted by various effects such as the plasmon resonance233. In a more complex design, a 
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nanocomposite was fabricated to exhibit negative refractive index value in the MIR spectrum6. 

This extraordinary feature originates from metal nanoparticles coated with a high-RI dielectric 
layer, which are immersed in a low-RI polymer matrix due to the size governed overlap 
between the electric and the magnetic dipoles resonance. 

Photonics is another field, which can benefit from the remarkable properties of polymer 
nanocomposites109–111,151,154. The diffraction wavelength of a single spherical particle with a 
magnetic moment depends on the magnetic field tilting angle125; moreover, the diffraction 
wavelength is tuned by the periodicity of the photonic structure151. A single-ink printing 
technique with a high color depth is being developed based on the structural control over the 
orientation and/or periodicity of nanoparticles fixed in a polymer matrix109,110 (Fig. 16). 

 

Fig. 16: Colloidal nanocrystal clusters dispersion as a material for single-ink structural high color-

depth printing (A) Digital photos evidencing diffraction color change in response to a varying 

magnetic field strength. (B) Reflectance spectra of the same sample in varying magnetic field 

strength. Reprinted with a permission from the ref. 109. Copyright 2012 American Chemical Society. 

3.2.6. Barrier properties 

A barrier property represents a general term for a performance related with transport 

processes through the material. For instance, some inorganic nanoparticles enhance the 
thermal stability of PNCs by forming a protective ceramic layer upon heating after the initial 
ablation of surrounding polymer matrix, which reduces the heat flux and slows down the 

thermal degradation of the material79,84,85,234,235. This additional stability is evidenced as a shift 
of the main degradation step on TGA curves towards higher temperatures. However, it shall 
be noted that the protective mechanism is kinetic, and the performance depends on 

parameters such as mechanical stability of the protective layer. The formation could also vary 
a lot between an oxidative and a non-oxidative atmosphere. Hence, reports on an increased 
degradation temperature of PNCs has to be proceeded with care.  
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The probably most intensively researched applications based on barrier properties are 

probably separation membranes for various gases and liquids15–17,236–239. The conventional 
size-controlled polymer membranes are not able to couple a high permeability with a high 
selectivity and the improvement of one parameter is tied with the decrease of the other. NPs 
can either enhance3,17,236,239,240 or suppress3,15,238 the membrane permeability regarding the 
filler type and its specific interaction with the matrix and permeating molecules. The specific 
performance can be readily tuned by a NP surface treatment3. Decreased permeability results 
from presence of impermeable phase15 while unselective enhancement of permeation 
originates from particle porosity17 and/or relaxation of the polymer and altered chain packing 
near the nanoparticle surface3,15. A good selectivity is achieved by a strong adhesion of NPs to 
the matrix since a poor adhesion facilitates the formation of unselective voids at the interface 
and promotes a diffusion of a wide range of species241. 

An example of a structurally driven property control was reported by Gupta, et al.16 who 
adjusted the water uptake and, consequently, the proton conductivity by an addition of 

hydrophilic NPs of various functionality into sulfonated poly(ether ether ketone) membranes 
for a fuel cell application. The highest conductivity was achieved in samples with well-
dispersed NPs while more hydrophilic particles yielded a lesser enhancement of the water 
uptake, contrary to the expectation, because their hydrophilicity caused them to collapse into 
aggregates and expose a lower portion of their surface to water (Fig. 17). A good dispersion is 
seemingly preferential for the enhanced permeation in order to maximize the surface area. 
Clusters, on the other hand, may create long diffusive pathways for small molecules such as 
permanent gases (hydrogen, nitrogen, etc.) while permeation of larger species is far less 
affected due to the size exclusion effect; hence, the selectivity to large molecules is 
promoted240. This so-called reverse selectivity is well known from the application in reverse 
membranes. 

 

Fig. 17: Schematic view of fuel cell membrane microstructure with amount of water uptake and, 

consequently, proton conductivity controlled by structure. Reprinted with a permission from the ref. 

16. Copyright 2013 Elsevier. 
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4. Aims of thesis 

This Thesis aims at advancing fundamental understanding of the role of preparation protocol 
on the structure and properties of polymer nanocomposites. In particular, it focuses on 
investigation of the principle variables governing nanoparticle spatial organization in model 
PNCs prepared by solution blending. Effects of both kinetic and thermodynamic variables, e.g., 
particle size and shape, polymer molecular weight, particle-polymer interaction strength, 
temperature, shear stress and strain are investigated over a range of NP and polymer 
concentrations. Attempt is made to analyze the experimental rheological and 
thermomechanical data using structural information and existing microscopic models.  
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5. Methods 

A general-purpose polystyrene Krasten 154 (PS, Synthos Kralupy, Czechia, Mw = 280 000) was 
utilized as a matrix for initial tests along with octaphenyl-polyhedral oligomeric silsesquioxane 
(OP-POSS, Hybrid Plastics, Inc., USA) and octamethyl-polyhedral oligomeric silsesquioxane 
(OM-POSS, Hybrid Plastics, Inc., USA) nanoparticles. Commercial grade 
polymethylmethacrylate (PMMA) Plexiglas 8N (Evonik Industries AG, Germany) with 
Mn = 50 kg·mol–1, Mw/Mn = 1.9, and Tg = 113 °C (DSC, 10 K·min–1) was used as a matrix.  
According to NMR analysis provided by the supplier (Evonik, Germany), the PMMA contains 
5–7 % of isotactic, 50–52 % of syndiotactic, and 41–52 % of atactic phase, all apparently 
randomly distributed along each chain. Colloidal bare silica nanoparticles dispersed in 
isopropanol with the diameter of 20±4 nm IPA-ST (Nissan Chemicals, Japan) were used as the 
nanofiller. Toluene in p.a. purity grade was supplied by Lach-ner (Lach-Ner, s.r.o., Czechia). All 
chemicals were used as obtained with no further purification. OP-POSS/PS composite with 
POSS concentrations 0.1, 1.0 and 10 wt.% were prepared from the OP-POSS/PS master-batch 

by solution blending in toluene. The nanocomposite solutions were dispersed with ultrasonic 
probe Bandelin Sonopuls (Bandelin electronic GmbH & Co KG, Germany) while stirred with a 
magnetic stirrer followed by vacuum drying at 140 °C, at ca 10–20 kPa. The NP concentrations 
were controlled gravimetrically during the preparation and verified employing TGA Q500 
thermogravimetric instrument (TA Instruments, Inc., USA) on solid state samples. Rheological 
behavior was investigated employing AR G2 rheometer (TA Instruments, Inc., USA) with the 
cone-plate geometry (40 mm diameter, 2° cone) using samples prepared by dissolution of 
previously obtained nanocomposites in toluene. A PNC-solvent ratio 1:2.5 g/ml (approx. 30 
vol. %) was used. Each ample was dispersed for 5 minutes in ultrasonic bath Kraintek K5 
(Kraintek Czech, s.r.o., Czechia) one hour prior to the measurement. The tests were performed 
in the oscillatory regime by varying the applied strain from 0.01 to 5 000 % at frequency 1 Hz 
and temperature 25.0 °C. The results were averaged from two measurements where each data 
point was obtained as an average of five shearing cycles. A solvent trap was placed around the 
geometry to prevent solvent evaporation during the measurement. 

Colloidal bare silica nanoparticles dispersed in isopropanol with diameter of 20±4 nm were 
supplied by Nissan Chemicals (Japan) under the commercial names IPA-ST. Colloidal nanosilica 
was ultrasonicated by an ultrasonic tip (Bandelin Sonopuls, Germany). Firstly, resonance 
frequency was found and then, ultrasonication was performed (ton = 0.1 s). Notably, the 
starting point for the PNC samples in PMMA was well-dispersed particles in isopropanol. Since 

isopropanol is weakly acidic (pKA = 16.5) and miscible with all the solvents used in this research 
and its concentration in the samples was small, its role in the resulting NP spatial organization 
was neglected. Then, the desired amount of dispersed nanoparticles was added to polymer 

solution with the concentration of 66.7 mg of polymer per one milliliter of solvent (about 
5.3 vol. %) corresponding to the semi-dilute solution regime. Nanoparticle loading ranged 
from 0.5 to 10 vol.%. Various solvents were used as the preparation protocol variable: THF, 

acetone, ethyl acetate, acetone-toluene 1:1 mixture (volumetric ratio), and toluene. All 
solvents were acquired from Lach-ner (Lach-Ner, s.r.o., Czechia) in p.a. purity grade. Polymer 

nanocomposite solutions were rigorously mixed at 1200 RPM by a magnetic stirrer for 1 hour. 
Subsequently, the mixture was rapidly vitrified in a pre-heated chamber at 140 °C and kept 
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there for 24 hours. Grinded samples were further dried for 6 days in a vacuum oven at 140 °C 

and ca 10–20 kPa to ensure a complete removal of solvent residues. Drying efficiency was 
checked by thermogravimetric analysis. Dried samples were further grinded and compression 
molded into 1 mm thick sheets at 190 °C in a hot press (Fontijne Pressess, Netherlands) at 
closing pressure of 300 kN. The pressure was not relieved until the samples were cooled down 
to laboratory temperature at a cooling rate of approximately 30 K·min–1. 

Polymer coil size was determined utilizing DynaPro NanoStar dynamic light scattering device 
(WYATT, USA) in isopropanol and all the solvents used for sample preparation at various 
temperatures at concentration of 10 mg·ml–1 (about 0.84 vol.%) which corresponds to the 
dilute regime. NP spatial organization and morphology of the PNCs was determined by 
transmission electron microscopy (TEM, Morgagni 268D 100 kV, FEI, Czech Republic) of 
ultratomed slides with uniform thickness of approximately 50 nm and by ultra-small-angle X-
ray scattering (USAXS, Smartlab diffractometer, Rigaku, Japan) employing the copper rotating 
anode, 2 × 220 germanium monochromator and 2 × 220 germanium USAXS analyzer. USAXS 

patterns were analyzed by Guinier and Porod law. USAXS provides an average form and 
structure information of nanoparticles arrangement in polymer matrix. 

TEM provides a direct view of silica nanoparticles arrangement in polymer matrix. The image 
analysis of TEM micrographs were performed to obtain the distribution function of 
interparticle separations. Images were chosen to contain minimum of 150 NPs. At first, the NP 
positions were recorded manually from the TEM images, since the automated particle 
recognition function failed to recognize single particles within the assemblies due to the 
insufficient contrast of the neighboring NPs’ edges. Due to the approximately 50 nm thickness 
of the ultramicrotome sections, the electron beam interacts with several NPs on its path 
through the sample and blurs the particle edges as the 3D structure is being projected into the 
2D plane. Particles located above each other will overlap in the TEM snapshot. Therefore, large 
aggregates are often smeared into objects of an indistinct inner organization. A closer 
inspection of these objects depends strongly on operator’s intuition, which translates into a 

reduced accuracy of the analysis. In addition, one has to keep in mind that the interparticle 

separations seen in TEM images are undervalued since they are only 2D projections of the real 
distances. To extend the statistical population and improve the repeatability, the lengthy 
operator-dependent manual analysis of the TEM micrographs was replaced by an automated 
computer-aided image analysis using smaller magnification (44 000×). Since the automated 
particle recognition function of the ImageJ software failed to recognize single nanoparticles in 
tight ensembles, the automated TEM image analysis treated clusters and aggregates as the 

elementary structural units where applicable. The element diameter was calculated by 
approximating the fitted element area to a circle.  

Interparticle separations were computed as Euclidean distances of the centers for each pair of 
the NPs. It gives rise to 0.5 ∙ (n − 1)2 correlations where n is the number of NPs. The 

probability distribution of finding two NPs at a certain interparticle separation was calculated 
by dividing all the experimentally recorded values into 200 uniformly spaced discrete intervals 

approximately 4–5 nm wide. The experimentally assessed distribution of interparticle 
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separation was compared to the probability ℙ of finding two randomly selected points in a 

square in a separation D equal or less than a threshold value d given by: 

 
ℙ(𝐷 ≤ 𝑑) = ∬ 𝑓(𝑥)𝑓(𝑦)d𝑥d𝑦

 

{𝑥2+𝑦2≤𝑑2}

, (12) 

where x and y denotes the absolute value of the difference between the x and y-coordinates 
of the points respectively242. For 𝑥 ∈  (0, 𝑎), the function fx is given by: 

 
𝑓(𝑥) =

2

𝑎2
(𝑎 − 𝑥),  0 < 𝑥 < 𝑎, (13) 

where a stands for the length of the square’s side. The function fy is defined the same way for 
𝑦 ∈  (0, 𝑎). After the first integration, the probability function takes the form: 

 
ℙ(𝐷 ≤ 𝑑) = ∫ (𝑎 − 𝑦)√𝑑2 − 𝑦2 (2𝑎 − √𝑑2 − 𝑦2) d𝑦

𝑑

0

. (14) 

The outer integration was performed using a numerical method based on the Gaussian 
quadrature in GNU Octave software243. A cut-off value of a, in the range of 700–800 nm, was 

selected for each image to provide a reasonable fit to the experimental data. This reflects the 
fact that the NPs near the image edges were not taken into account if they were part of a 
structure which larger portion supposedly lying beyond the image’s edge. The apparent inter-
element distance was determined as the mode, i.e., the most frequently occurring value, 
which was established from the maximum of the distribution function of the 5 nearest 
neighbors of each element. The number of neighbors was selected according to the 
coordination number in a 3D space which is, according to a simple cubic lattice model, equal 
to 4.68244. 

Rheological measurements were executed using Ares-G2 rheometer (TA Instruments, Inc., 
USA) in continuous flow mode with concentric cylinder geometry. The pure polymer solutions 
exhibited Newtonian behavior at the concentration of interest, which corresponds to the 

initial mixing step of PNC preparation. Hence, all the presented results were collected at a 
single strain rate of 20 s–1 and relativized to viscosities of pure polymer solutions without NPs. 
The differences in the absolute viscosities of the nanocomposite solutions (1.7–2.9 mPa·s) 
were marginal compared to the substantial change of viscosity during the solvent evaporation 
which took place over 10 orders of magnitude (melt viscosity of pure matrix was 4.7·107 Pa·s 
at 140 °C). The diluting effect of isopropanol added with NPs was recognized as insignificant 
(< 5 % viscosity change for the highest NP concentration) and neglected except the samples in 
ethyl acetate where the effect was stronger and required a correction for the addition of pure 
isopropanol without NPs. Samples were stored in sealed glass bottles and measured one day 
after preparation unless stated otherwise. To minimize solvent evaporation, the procedure 
time was kept short (< 10 minutes) and the tests were carried out at 25.0 °C. The same 
instrument was used to record the viscosity of pure polymer solutions at various 
temperatures, which was required as an input variable for DLS measurements. Glass transition 

temperature was determined from the maximum of loss modulus from the dynamic 
mechanical analysis using the RSA-G2 device (TA Instruments, Inc., USA) with a single 
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cantilever geometry. Rectangular specimens of the typical size 30 × 5 × 1 mm3 were cut from 

the molded sheets and their thermo-mechanical history was erased by preheating to 140 °C 
for 30 minutes. Temperature sweeps were carried out immediately after preheating at 
deformation amplitude of 0.05 % and frequency of 1 Hz in the range from 140 to 90 °C with 1 
°C step. 

A series of PNCs was prepared from colloidal silica in ethyl methyl ketone (MEK-ST, supplied 
by Nissan Chemicals, Japan) and polystyrene (Sigma Aldrich, Germany), Mw = 192 kg·mol–1, in 
tetrahydrofuran (THF), N,N-dimethylacetamide (DMAc), and cyclohexanone (all supplied by 
Lach-ner, Czechia, in p.a. purity grade) to test the results obtained for the PMMA based PNCs. 
The NP structural organization was investigated by scanning transmission electron microscopy 
(STEM) Lyra3 (Tescan, Czechia) and the rheological data was recorded by the same instrument 
and method as the PMMA samples. Worth noting, the samples in DMAc and cyclohexanone 
required a correction for the addition of pure ethyl methyl ketone due to their higher absolute 
viscosities (10.0 and 27.9 mPa·s, respectively). 
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6. Results and discussion 

6.1.  POSS/PS model nanocomposites 

The silsesquioxanes were originally chosen as model NPs due to their size, shape and 
functionality resembling the surface-treated silica. It offers some advantages over silica, most 
outstandingly the particles are strictly monodisperse and possess a spatially defined 
functionality while the choice of the functional groups they bear represents a convenient and 
a relatively easy-to-control tuning parameter of the particle-polymer interaction strength. The 
affinity of the OP-POSS and OM-POSS particles to polystyrene was estimated according to the 
chemical composition and verified by a group-contribution calculation of the so-called 
distance factor Ra based on the Hansen solubility parameters: 

 (Ra)2 = 4(𝛿D1 − 𝛿D2)2 + (𝛿P1 − 𝛿P2)2 + (𝛿H1 − 𝛿H2)2 (15) 

where δD, δP, and δH are the dispersive, polar and hydrogen bonding contributions to the total 

solubility parameter δ, respectively, also referred to as the partial solubility parameters, 
defined by the equation: 

 𝛿2 = 𝛿D
2 + 𝛿P

2 + 𝛿H
2 (16) 

The values of POSS-core contribution estimated by Guenther, et al.245 were applied to access 
the partial solubility parameters of OM-POSS and OP-POSS listed in the Table 1. It was 
concluded that OM-POSS and OP-POSS represent nanoparticles with low- and high-affinity to 
PS, respectively. 

Table 1: Partial solubility parameters calculated for OM-POSS and OP-POSS. 

 δD 

(J ∙ cm𝟑)𝟎.𝟓 

δP 

(J ∙ cm𝟑)𝟎.𝟓 

δH 

(J ∙ cm𝟑)𝟎.𝟓 

Ra (PS) 

(J ∙ cm𝟑)𝟎.𝟓 

Ra (toluene) 

(J ∙ cm𝟑)𝟎.𝟓 

OM-POSS 14 6 9 15.2 11.5 
OP-POSS 21 4 7 3.1 8.4 
Toluene246 18.0 1.4 2.0 8.3 - 
PS246 21.3 5.8 4.3 - 8.3 

Viscoelastic behavior with a dominant viscous contribution and the loss modulus 
approximately 1–2 orders of magnitude larger than the storage modulus was found for the 
polystyrene solution (Fig. 18A). It showed a type III non-linear behavior (weak strain 

overshoot) with a drop of both storage and loss moduli to near-zero values at approximately 
100 % strain amplitude. The accompanying large increase of loss factor tan δ indicated that 
the loss in elasticity was faster than the loss in viscosity. 

The storage and the loss moduli of the POSS/PS nanocomposite solutions were relativized by 

the corresponding values of the neat polystyrene solution to access the relative contribution 
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Fig. 18: Impact of OM-POSS and OP-POSS NPs on viscoelastic behavior of polystyrene solution in 

toluene, (A) Storage (G’) and loss (G“) moduli and (B) relative storage (G’red) and relative loss (G”red) 

moduli dependence on shear-strain amplitude. (I.) low, (II.) intermediate and (III.) high strain 

amplitude regions. 

of the NPs (Fig. 18B). Three regimes of rheological response were identified with varying strain 

amplitude at small (< 10 %), middle (10–100 %) and high-strain amplitudes (> 100 %). The 
relative loss modulus (G"rel) was increased by up to 10–20 % compared to the neat polymer 
solution nearly independently of the NP type. The relative storage modulus (G’rel), on the other 
hand, manifested nontrivial changes in the elastic contribution to the shear deformation 
induced by NPs. The data-points for OM-POSS and OP-POSS coincided at small and high strain 
amplitudes, where the relative storage moduli took values of approximately 80-90 %. This 
effect was clearly independent of NP-polymer specific interaction. However, at middle strain 
amplitudes, the strongly interacting OP-POSS particles showed a relative storage modulus of 
about 118 % while the weakly interacting OM-POSS particles had no significant effect on the 
elastic contribution. The impact was so pronounced that it shifted the overall rheological 
response to the type IV (strong overshoot) behavior for the OP-POSS nanocomposite solution. 

The type III and IV non-linear behavior, i.e., the weak and strong overshoot, respectively, are 
both governed by balance of formation and destruction processes in the sheared sample101. 
Hence, the results suggest that within the middle-strain amplitude deformation regime, the 
OP-POSS NPs enhanced the structure formation tendency and, supposedly, formed stiffened 
clusters, which increased both the structure formation rate and the relative storage modulus. 
The OP-POSS/PS nanocomposite solution in toluene fulfills the condition of NP-polymer 
affinity exceeding that the NP and solvent (Table 1), which is expected for the assembly of 
chains with NPs to occur. Presumably, the presence of clusters restricted the chain orientation 
occurring under shear flow, which shifted the border between the middle and the high strain 
amplitude deformation regime to higher strain-amplitudes (~ 400 % for OP-POSS compared to 
~ 100 % for OM-POSS nanocomposite solution). The clusters eventually felt apart at high strain 
amplitudes and the difference between OP-POSS and OM-POSS NPs vanished. One has to keep 
in mind that the viscoelastic behavior of these samples was dominated by the viscous 

contribution; thus, the change in relative storage modulus was overwhelmed by the much 
higher relative loss modulus. 
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Varying the OP-POSS concentration led to significant changes in the viscoelastic behavior. 

Addition of 0.1 % OP-POSS caused a more pronounced gain in the elasticity (up to 65 %) at 
middle strain amplitudes, as described by the relative storage modulus (Fig. 19A). The gain 
experienced at small strain amplitudes was likely an artefact due to weak signal. The relative 
loss modulus was close to the unity except for middle strain amplitudes, where it was elevated 
by up to 12 %. When compared to the 1 % OP-POSS/PS nanocomposite solution, the low 
particle content seems to be much more effective in varying the viscoelastic response. The 
relative loss modulus (Fig. 19A) as well as the relative storage modulus were nearly constant 
at 10 % OP-POSS, suggesting that at such high concentration, OP-POSS remained uninvolved 
in cluster formation within the whole studied strain amplitude range. Supposedly, it was 
addressed to the poor dispersion and the presence of large aggregates, which were 
manifested by turbidity and loss of transparency in the solid state. The low moduli values were 
attributed to the preparation protocol as the overall composite mass was kept constant and 
the amount of polystyrene matrix was 10 % inferior to the pure polystyrene solution. 

 

Fig. 19: Impact of OP-POSS and OM-POSS on viscoelasticity of polystyrene solution in toluene, (A) 

Relative storage (G'red) and relative loss (G"red) moduli dependence on shear strain amplitude for 

varying OP-POSS content, (B) Loss factor dependence on shear-strain amplitude. 

Another supportive clue for the previous conclusions was provided by the loss factor (Fig. 19B). 
Decreased values at 0.1 % OP-POSS content at low and middle strain amplitudes evidenced 
the enhanced elastic properties; however, they did not drop below the value of 15, 
manifesting the overwhelming dominance of the viscous contribution. Contrary, the elasticity 

enhancement for the 1 % OP-POSS content was observed only at middle strain amplitudes and 
it was less pronounced than in the previous case, possibly due to the simultaneous viscosity 
enhancement. Enhanced viscous behavior prevailed at low and high strain amplitudes. Finally, 

10 % OP-POSS enhanced the viscous contribution over the whole investigated range of strain 
amplitudes. 

Despite the promising initial results, the drawbacks of POSS/PS model system proved to 
outweigh its benefits. Up to now, the particle size was not mentioned. Dynamic light scattering 

measurements of OP-POSS ultrasonically dispersed in toluene revealed a size-distribution in 
which the smallest identified value was 2.4 nm. That represents approximately two times the 
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POSS-unit diameter; however, it is possible that small amount of single stand-alone particles 

went undetected since the scattering intensity scales with the 6th power of the radius and the 
instrument touches its limit in the range of several nanometers. Anyway, the particle mean-
size was established to roughly (20 ± 7) nm and clearly manifests the presence of particle 
assemblages. According to a simple geometrical comparison, such particles contain roughly 
hundreds to thousands elementary units. These super-particles still fall within the nanoscale 
range and; therefore, it is not clear whether they should be treated within the reviewed 
framework rather as primary (undividable) building blocks or as objects composed of 
elementary particles which could be redistributed during the preparation process. 
Characterization techniques fall short in aiding to solve this question due to their experimental 
limitations247 and the very small dimension of a single POSS nanoparticle. To avoid these 
difficulties, the further experiments were carried out on another system, i.e., on colloidal silica 
NPs in PMMA and PS. 

6.2.  Silica/PMMA nanocomposites 

As evidenced by the measurements, the silica pre-dispersed in isopropanol remained 
individually dispersed when added to THF, acetone and ethyl acetate and only small fraction 
of NPs (~2 mass %) formed aggregates (dmean = 230.8 nm) in acetone-toluene 1:1. Toluene did 
not stabilize the NP dispersion though, and a large-scale aggregation and a phase separation 
occurred. 

NP dispersion state in polymer liquid arises from the balance of the solvent–NP, NP–NP, 
solvent-polymer and NP-polymer interactions and the kinetic conditions of the preparation 
protocol (shear rate, time of solvent evaporation, viscosity, etc.). By varying the solvent 
strength, three different nanoparticle organizations were prepared in the silica/PMMA 
containing a constant NP loading of 1 vol. % (Fig. 20). They were identified as aggregates (Fig. 
20A, E), individually dispersed NPs (Fig. 20B–C), and chain bound clusters (Fig. 20D). Mackay 
et al.45 proposed hypothesis to quantitatively analyze the state of the NP dispersion in polymer 

liquids attributed the key role in determining the outcoming NP spatial arrangement to the 

ratio between the NP radius (RNP) and the polymer radius of gyration (RG). Using different 
solvents, the RNP/RG ratio varies for the given combination of polymer and NP due to the RG 
varying with the quality of the solvent. To test this hypothesis, the average PMMA coil 
diameter measured by dynamic light scattering (DLS) was approximately 10.5 nm for all the 
solvents used in this study at the temperature range covering the blending step of the 
preparation protocol. The size variation lying within the experimental error was negligible. The 

coil diameter was always smaller than the NP diameter of 20±4 nm. According to the 
hypothesis of Mackay et al.45, RNP larger than the RG should result in a poor NP dispersion and, 
a NP agglomeration should occur. This prediction contradicts the experimental observations 

presented in this work. However, Mackay et al.45 investigated PNCs consisting of fullerenes in 
polyolefin or tightly cross-linked polystyrene nanoparticles in linear polystyrene matrix, i.e. 
systems with almost “no specific interfacial interactions”. Minimizing or eliminating the role 

of the adsorption enthalpy undoubtedly leads to the dominance of the entropic factors which 

in turn relate to the size248. Previous studies has already suggested the importance of the 
interaction balance between the components, i.e. particle-polymer-solvent, on the NP spatial 
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organization27,50,63 but the current experimental results clearly show that adsorbing PNC 

solutions do not conform to the simple prediction based on the NP-polymer coil relative size. 

 

Fig. 20: TEM images (magnification 44 000×) of 1 vol. % nanosilica/PMMA nanocomposites with 

various structure prepared from (A) THF, (B) acetone, (C) ethyl acetate, (D) acetone-toluene 1:1 

mixture, and (E) toluene. (F) USAXS dependence of the intensity I on the length of the scattering 

vector q extracted from USAXS data for PNC samples with NP loading of 1 vol. %. The black lines 

represent fits for dispersed and clustered nanostructures. 

The observed systematic changes in NP spatial organization were related to the solvent 
properties. Interestingly, the spatial organization states followed the same order as was 

predicted by Schweizer63 for NPs immersed in adsorbing polymer melt, i.e., aggregated-
dispersed-clustered. It shall be noted that the processing before the structure evaluation 
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involved a prolonged annealing (6 days at 140 °C) which did not erase the specific NP 

organizations. While annealing was previously reported to enhance a NP dispersion in the case 
of a favorable NP-polymer interaction, there are substantial differences in the extent of the 
improvement that could be achieved. The most profound changes were reported for grafted 
NPs40,56,249 while the presence of small contact aggregates held together by the Van der Waals 
interactions is not effectively eliminated by annealing50. Hence, if NP agglomerates are initially 
formed, they could not be easily broken by annealing, despite their repositioning may slightly 
improve the overall dispersion. 

Individually dispersed particles were observed in TEM images of PNC samples prepared from 
acetone (Fig. 20B) and ethyl acetate (Fig. 20C). The USAXS analysis of the PNC prepared from 
acetone confirmed the spatial organization consisting of individual particles dispersed in the 
matrix due to the flat low q region and the smoothly decreasing intermediate q region (Fig. 
20F). Both methods yielded an average element diameter about 20 nm which matches well 
with the size of an individual NP. 

Chain bound clusters (Fig. 20D) were formed using the 1:1 acetone-toluene mixture solvent. 
Three populations of cluster sizes were found alongside less frequent single particles. The 
smallest clusters contained 2 to 3 particles (the least frequent occurrence), the intermediate 
clusters contained 5 to 9 NPs, and the large clusters consisted of 16 to 26 particles (the most 
frequent occurrence). Theoretical models27 suggest a gradual increase of the cluster size with 
time assuming that individual particles form small clusters consisting of two to three 
nanoparticles and once formed, these elementary clusters connect to build up larger clusters. 
An evidence of gradual cluster formation was indeed observed as will be discussed later. The 
USAXS results showed a complex behavior in the low and the intermediate q regions (Fig. 20F), 
indicating the presence of two scattering populations which confirms that the PNC contained 
internally structured inclusions – clusters with size of ~45 nm and primary building blocks with 
size of 20 nm. 

Finally, preparing the PNC utilizing THF (Fig. 20A) or toluene (Fig. 20E) resulted in aggregates 

of NPs in a close contact with the average aggregate size of approximately 400 and 500 nm, 
respectively. In THF, a fraction of NPs remained individually dispersed alongside the 
aggregates, but it will be referred to this NP organization type as “aggregated” for simplicity 

and to highlight the presence of the large NP ensembles. The USAXS profiles of PNC prepared 
from toluene also revealed a presence of big and small populations of multi-NP agglomerates 

of a size larger than 100 nm. However, the origin of the aggregation in THF and toluene shares 
little in common and derives from two very different processes as will be described below. 

TEM micrographs were subjected to image analysis to provide additional information on the 
NP arrangement. The results of manual image analysis for 1 and 5 vol. % of silica in PMMA 

prepared from acetone and acetone-toluene 1:1 are presented in the Fig. 21. The pair 
correlation function of NP separation was computed by normalizing the experimental data to 
the random distribution probability (Fig. 21C). Clearly, the solution blending in acetone favors 
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Fig. 21: Structural analysis of silica in PMMA P8N, (A) TEM image at magnification 110 000×, (B) 

Probability distribution of interparticle distances in the TEM image and (C) pair correlation function of 

interparticle distances based on manual image analysis; (I) 1 vol. % silica, acetone, (II) 5 vol. % silica, 

acetone, (III) 1 vol. % silica, acetone-toluene 1:1, (IV) 5 vol. % silica, acetone-toluene 1:1. 

dispersion since the experimental probability distribution of the interparticle distances in the 
Fig. 21 I.B conforms well to the random distribution except for very low separations. The 

discrepancy clearly suggests presence of small NP ensembles. However, it was beyond the 
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Fig. 22: Structural analysis of silica/PMMA PNCs. (A) TEM image at magnification 44 000×, (B) 

Distribution of interelement distances, (C) NP pair correlation function; samples prepared from 
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(I–IV) acetone with 0.5, 1, 5, and 10 vol. % NPs, respectively, (V–VI) ethyl acetate with 1, and 5 vol. % 

NPs, respectively, (VII–X) acetone-toluene 1:1 mixture with 0.5, 1, 5, and 10 vol. % NPs, respectively. 
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limit of the instrumentation to determine whether these are chain bridged, or aggregated NPs 

and the decisive evidence needs to be searched elsewhere. The partial replacement of acetone 
by toluene as the solvent in the processing step introduces NP association (Fig. 21 III.A, IV.A). 
The interparticle separation distribution function reveals that the NP ensembles are on 
average 48.3 nm large and about 120–150 nm apart from each other. These results fairly agree 
with the findings of the automated image analysis which provides credibility to the automated 
evaluation process (Fig. 22). The ratio of the interelement distance (Fig. 23A) to the element 
diameter (Fig. 23B) conformed well to the random distribution30 for all the evaluated samples 
within the whole investigated concentration range (Fig. 23C). It validates the idea that 
aggregates/clusters shall be regarded as sovereign entities randomly dispersed in the polymer 
matrix and that a balance was established between their size and the separation distance, 
likely during the annealing phase of the processing. 

 

Fig. 23: Dependence of (A) element diameter according to the TEM and the USAXS, (B) interelement 

distance of 5 nearest neighbors determined from the automated image analysis of the TEM 

snapshots, and (C) interelement distance of 5 nearest neighbors divided by element diameter on NP 

volume fraction in solid state PNCs prepared from acetone, acetone-toluene 1:1 mixture, ethyl 

acetate and THF. Values for random distribution taken from the ref. 30 (D) Glass transition 

temperature as a function of NP volume fraction for various NP structures. 
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The distance parameter Ra (eq. 15) of PMMA/acetone and PMMA/acetone-toluene 1:1 

mixture takes values of 6.30 and 6.69, respectively246 or, for another set of solubility 
parameters, 250, equals to 5.50 and 5.35, respectively. In both cases, the overall interactions 
are nearly similar, which agrees with the expectation that the final NP dispersion is not directly 
tied to the quality of the solvent respective to the polymer theta condition51. However, polar 
contribution is more favored in acetone while the dispersion contribution prevails in acetone-
toluene 1:1 mixture. Obviously, the tremendous structuring impact of the solvent must be 
caused by another mechanism. We propose that it is the solvent interaction with NPs which 
governs the resulting NP spatial organization. The solubility parameter concept was originally 
developed in organic chemistry, and, thus, values for silica NPs are not readily available in 
literature. Therefore, we present procedure to estimate the value of the solubility parameters 
for silica. As described above, polymer is desorbed from silica surface upon addition of a co-
solvent – displacer - at the critical volume fraction φc. Partial solubility parameters, δpart., of 
the solvent-mixture is calculated as the average of both components weighed by the 
respective volume fractions: 

 𝛿part.,mix = 𝜑𝑐𝛿part.,d + (1 − 𝜑c)𝛿part.,s, (17) 

where the subscripts ‘mix’, ‘d’ and ‘s’ regard to the mixture, displacer and solvent, 
respectively. At the critical displacer volume fraction, it is expected that the silica affinity to 
polymer equals its affinity to the medium (solvent-displacer mixture), therefore: 

 Ra(silica/polymer)
2 = Ra(silica/medium)

2 , (18) 

 4(𝛿D,S − 𝛿D,p)
2

+ (𝛿P,S − 𝛿P,p)
2

+ (𝛿H,S − 𝛿H,p)
2

= 4(𝛿D,S − 𝛿D,mix)
2

+ (𝛿P,S − 𝛿P,mix)
2

+ (𝛿H,S − 𝛿H,mix)
2

, 
(19) 

where the subscripts ‘S’ and ‘p’ refers to silica and polymer respectively. Expanded and 
rearranged, the equation yields: 

 𝐴 ∙ 𝛿D,S + 𝐵 ∙ 𝛿P,S + 𝐶 ∙ 𝛿H,S = 𝐷,  (20) 

 𝐴 = 8(𝛿D,p − 𝛿D,mix);  𝐵 = 2(𝛿P,p − 𝛿P,mix);  𝐶 = 2(𝛿H,p − 𝛿H,mix), (21) 

 𝐷 = 4𝛿D,p
2 − 4𝛿D,mix

2 + 𝛿P,p
2 − 𝛿P,mix

2 + 𝛿H,p
2 − 𝛿H,mix

2  (22) 

which is a three-variable linear equation and could be solved for three independent sets of 
parameters A, B, C and D. The silica dispersive (δD,S), polar (δP,S) and hydrogen bonding (δH,S) 
partial solubility parameters were calculated for each combination of 3 displacers of PMMA in 

carbon tetrachloride out of 6 available93 and yielded values of (18.8 ± 1.0) (J ∙ cm−3)0.5, 
(5.7 ± 0.8) (J ∙ cm−3)0.5 and (6.3 ± 0.8) (J ∙ cm−3)0.5, respectively (Table 2). Since the 
solubility parameter was originally defined as the square root of the cohesion energy 

density246, the cohesion energy of silica could be calculated by multiplying the solubility 
parameter (Eq. 16) with the silica molar volume (24 cm3·mol–1 for β-quartz at 848 K251) to yield 
the value of 11.6 kJ·mol–1. The estimate is much lower than the cohesion energy of quartz 

(6.52 eV ≊ 629.0 kJ·mol–1 for the α-modification252) but the adsorption related processes on 

the nanosilica surface are not prone to change the silica molecular structure; hence, a much 
weaker interaction lessened by the crystallization energy is expected compared to bulk quartz. 
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Moreover, the calculated value of the silica cohesion energy lies on the same scale as the 

PMMA-silica interaction strength (16.7 kJ·mol–1), as shown below. This renders both the 
observed NP aggregation as well as the expected PMMA adsorption energetically feasible 
regarding the solvent choice and fortifies the correctness of the calculation. The results also 
support the expectation of the dominant dispersive factor with a strong polar and hydrogen 
bonding, which was previously observed for silica93. However, use of some displacers led to 
apparently incorrect results and had to be omitted. 

Table 2: The input data and the results of the silica partial solubility parameters computation, the 

letters (S) and (D) mark the solvent and the displacer, respectively. The solubility parameters of the 

solvent, the displacers and PMMA were taken from the ref. 246 unless otherwise stated. 

 δD 

(J·cm–3)0.5 

δP 

(J·cm–3)0.5 

δH 

(J·cm–3)0.5 

φc
93 

(–) 

Carbon Tetrachloride (S) 17.8 0 0.6 – 
Acetone (D) 15.5 10.4 7.0 0.39 
Acetonitrile (D) 15.3 18.0 6.1 0.32 
Dioxane (D) 19.0 1.8 7.4 0.39 
Ethyl Acetate (D) 15.8 5.3 7.2 0.85 
Pyridine (D) 19.0 8.8 5.9 0.26 
Tetrahydrofuran (D) 16.8 5.7 8.0 0.53 
PMMA 18.6 10.5 7.5 – 
PMMA250 18.1 10.5 5.1 – 
Silica 18.8 ± 1.0 5.7 ± 0.8 6.3 ± 0.8 – 

In fact, the interfacial interactions of silica NPs in PMMA solution are dominated by the acid–
base interactions between acidic silanol groups on silica and basic groups of PMMA and 
solvents253–257. The addition enthalpies were calculated according to the semi-empirical 

equation originally proposed by Drago, et al.258 and later extended by Fowkes, et al.253–257 for 
polymers: 

 −∆𝐻 = 𝐸A𝐸B + 𝐶A𝐶B (23) 

where the parameters E and C denote the susceptibility of the acid (A) and the base (B) to 
undergo the electrostatic interaction and form covalent bonds, respectively. Fowkes, et al.253–

257 found that a strong competition for the acidic moieties on the filler surface exists between 

a basic solvent and a basic polymer such as PMMA, while an acidic solvent would compete 
with acidic filler surface for basic functional groups of the polymer25. The E and C values used 
for the calculation of the addition enthalpies are listed in the Table 3. 
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Table 3: Overview of the E and C values according to the Drago’s concept for silica and various 

bases257,258 and calculated addition enthalpies –ΔHadd onto silica for the listed bases. *Values 

obtained as the average of the data for benzene and p-xylene. **Value obtained as the 

average of the data for acetone and toluene. 

Acid Ca Ea  

silica 1.08 4.36  

Bases Cb Eb 
ΔHadd on silica 

(kcal·mol–1) 

PMMA 0.96 0.68 –4.0 
THF 4.27 0.978 –8.9 
DMF (N,N-dimethylformamide) 2.48 1.23 –8.0 

acetone 2.33 0.987 –6.8 
ethyl acetate 1.74 0.975 –6.1 
benzene 0.71 0.486 –2.9 
p-xylene 1.78 0.416 –3.7 
toluene 1.24* 0.45* –3.3 
acetone-toluene 1:1 – – –5.1** 

The calculated enthalpies of the donor–acceptor interactions for the model PNCs are shown 
in the Fig. 24A. The highest value of the negative addition enthalpy –ΔHadd in this study is found 
between THF and silanol groups on the silica surface (8.9 kcal·mol–1 ≊ 37.1 kJ·mol–1), which is 
significantly stronger than the attraction between PMMA and silica (4.0 kcal·mol–1 ≊ 
16.7 kJ·mol–1). In combination with the large excess of the solvent over the polymer, it 
suggests that the adsorption onto silica is dominated by THF and a strong solvation shell is 
formed around NPs which, in turn, repels polymer chains from the vicinity of the NPs and 

causes NP aggregation due to the depletion attraction. The negative addition enthalpy of silica 
to acetone (6.8 kcal·mol–1 ≊ 28.5 kJ·mol–1) and ethyl-acetate (6.1 kcal·mol–1 ≊ 25.6 kJ·mol–1) 
is smaller than to THF but still exceeds that of the silica-PMMA couple. Since solvent molecules 

are the enthalpically favored adsorbate, the stabilization responsible for the experimentally 
observed dispersion of individual NPs is likely contributed by a colloidal-like solvation effect 
besides the previously suggested45 polymer-NP attraction induced repulsion of the adsorbed 
polymer shells. However, despite the NPs were preserved isolated in the ethyl acetate (Fig. 
22 V-A), slight distortion from the random distribution (Fig. 22 V-B, C) manifests an emerging 

loss of particle stability which eventually prevails at weaker NP-solvent interaction strength or 
at higher particle loading (see below). Unlike in the previous studies using an extremely slow 
solvent removal50, the dispersion of isolated NPs obtained in the current experiments is 

maintained through a relatively fast solvent evaporation at 140 °C upon the PNC solidification. 
Gradually removing acetone or ethyl acetate from the liquid PNC to the point where NPs are 

expected to start the contact agglomeration, neighboring polymer chains enhance their  
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Fig. 24: (A) Bar diagram of the donor-acceptor addition enthalpies –ΔHadd of silanol groups of SiO2 

nanoparticles with PMMA and various solvents. The dependence of (B) the relative viscosity and (C) 

the effective hydrodynamic volume coefficient on the nanoparticle concentration in 5.3 vol. % solution 

of PMMA in various solvents with a clearly distinguishable behavior with regard to the NP spatial 

organization. The inset in (B) compares viscosities of the phases separated from the indicated sample 

by decantation. (D) Variation of the effective hydrodynamic volume with the negative addition 

enthalpy –ΔHadd of solvent onto silica for 1 vol. % silica (respective to dry PMMA) in 5.3 vol. % PMMA 

solution in various solvents. Symbols indicate the solid-state NP dispersion while colors match the 

solvents in A–C. 

chances in the competition with solvent molecules for the adsorption onto the NP surface. 
Viscosity of the liquid PNC progressively increases what significantly slows down the NP 
diffusion and, thus, reduces their ability to agglomerate. This explains the previously reported 

experimental results50 stating that a fast solvent evaporation often improves NP dispersion. 

The strength of the interaction between the 1:1 acetone-toluene mixture and silica 
(5.1 kcal·mol–1 ≊ 21.2 kJ·mol–1) prevented the contact agglomeration; however, it was not 
sufficient to stabilize the dispersion of individual NPs. Since the PMMA-silica attraction is only 

slightly weaker than that between silica and the solvent mixture, PMMA chains may locally 

replace the solvent and adsorb onto the NP surface. This balanced competition between the 
polymer and solvent adsorption is proposed as the mechanism by which the chain bound NP 
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clusters are formed (Fig. 20D). The low negative enthalpy of addition between toluene and 

silica (3.3 kcal·mol–1 ≊ 13.8 kJ·mol–1) is reflected by the inability of the solvent to stabilize the 
dispersed NPs by solvation what leads to the contact agglomeration. The strength of the 
attraction between PMMA and silica is greater than that for the toluene-silica interaction 
(3.3 kcal·mol–1 ≊ 13.8 kJ·mol–1) which suggests that the polymer adsorption onto the NP 
surface takes place as a competitive process to the contact aggregation since the weak 
toluene-silica interaction is incapable to stabilize the predispersed NPs. The competition is 
manifested by the presence of two populations of ensembles in the TEM images (Fig. 20E). 

The currently presented conclusions correlate well with the previous experimental findings 
which reported a worsened dispersion or “clusters” of silica/PMMA PNC blended in N,N-
dimethylformamide (DMF)40,249. The –ΔHadd of the DMF-silica couple (8.0 kcal·mol–1 ≊ 
33.4 kJ·mol–1) is weaker than for THF-silica (8.9 kcal·mol–1 ≊ 37.1 kJ·mol–1) but stronger than 
for acetone-silica (6.8 kcal·mol–1 ≊ 28.5 kJ·mol–1) and a somewhat compromised NP dispersion 
could be expected. Speculatively, the trend outlined by the current conclusions also matches 

the good dispersion observed for poly(2-vinylpyridine) (P2VP)/silica blended in methyl ethyl 
ketone (MEK) and the aggregates formed from pyridine50 since the latter solvent exhibits a 
very high –ΔHadd of the adsorption onto silica (12.0 kcal·mol–1 ≊ 50.2 kJ·mol–1), whereas the 
addition enthalpy of MEK could be expected similar to that of acetone (exact values not 
available). However, the lacking E and C values for P2VP, which cannot be easily estimated 
since polymers could not be simply approximated by their monomer units257, prevents an 
exact assessment of this behavior. 

While not capable to directly determine the final structure, rheological data (Fig. 24B) provides 
valuable supplementary information that sheds new light to the structuring phenomena. In 
the simplest form, the relative viscosity ηr of a dilute suspension of monodisperse spheres is 
predicted by the Einstein’s formula and is only relevant to the particle hydrodynamic volume, 
i.e., the effective volume of hydrodynamic constraints experienced by the flow due to the 
presence of the particles. The hydrodynamic volume typically accounts for the combined 

volume of bare particles φ and various solvation effects. If those two contributions are 

separated, the latter is usually merged with the Einstein’s constant and referred to as the 
intrinsic viscosity or it could be described as the effective hydrodynamic volume coefficient k 
(Fig. 24C), defined as the ratio of the intrinsic viscosity and the Einstein’s value of 2.5 (Eq. 8). 
The effective volume could be comprehended as the volume required to address the actual 
viscosity regarding the volume fraction of bare particles in the constraints of the Einstein’s 
equation where the value of 1 relates to systems obeying the Einstein’s formula whereas 

smaller and larger values pertain to the sub- and super-Einstein behavior, respectively. All 
three cases are eligible and strongly correlated to the structure of polymer nanocomposite 
fluid53. 

A systematic S-shaped decrease of the effective hydrodynamic volume coefficient with the 

increasing –ΔHadd of the solvent adsorption onto the silica was observed (Fig. 24D). The data 
reflects a shift from the favorable polymer adsorption at large positive k in weakly interacting 

solvents such as toluene or acetone-toluene 1:1 mixture to the prevalent depletion attraction 
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Fig. 25: (A) A slow formation kinetics of chain-bound NP clusters in 5.3 vol. % PMMA solution in 

acetone-toluene 1:1 mixture. Each point represents an independent sample. (B) A more rapid 

formation of kinetical and thermodynamic aggregates in 5.3 vol. % PMMA solution in toluene and 

THF, respectively. The former is accompanied by a rapid gain in the relative viscosity due to the 

evolved structures whereas the latter is manifested by a less pronounced decrease of the viscosity due 

to the depletion attraction which partially diminishes as the aggregation proceeds. Each line 

represents an average of two independent measurements in which predispersed NPs were added 

directly into the rheometer geometry. The logarithmic scale is employed to better visualize the 

comparison of both processes. 

at large negative k in high-affine acetone and THF. Notably, no systematic trend between the 
value of k or the final NP dispersion and the dielectric properties nor zeta potentials of THF 
(εr = 7.58, ζ = –7.54 mV), acetone (εr = 20.7, ζ = –32.9 mV), ethyl acetate (εr = 6.02, ζ = 
–7.45 mV), and toluene (εr = 2.38, ζ = –5.01 mV) was observed. Clearly, the agglomeration in 
THF and toluene are two unalike processes of dissimilar origin since the interaction strengths 
of both solvents with silica stand on the opposite sides of the range investigated in this work. 

The kinetics of both processes was recorded by adding predispersed NPs directly into the 
rheometer geometry (Fig. 25B). In THF, the initial drop in the relative viscosity partially 
smeared out over the time what reflects the declining depletion attraction as the effective 

surface area of the NPs decreased with the proceeding aggregation. Simultaneously, the 
aggregation also prolonged the mean separation distance that further promoted the stability 
of the remaining NPs. The combined presence of aggregates and individual NPs suggests a 
nucleation mechanism of the aggregate growth in THF where the process is kinetically limited 

by the number of the available nuclei which attract single NPs from their vicinity until a certain 
critical size is reached or, speculatively, the aggregation tendency is exhausted. The slight 
increase of the relative viscosity is highly unlikely attributed to the solvent evaporation since 

it was not present in blank samples, i.e., polymer solution without NPs. In toluene, the 
agglomeration took place rapidly, practically instantly. The observed change was completed 
in about the same time (~2 s) as was required for mixing the predispersed NPs into the polymer 

solution with a pipette which means that the process is presumably kinetically controlled by 

the rate of NP addition. The following decay of the viscosity was caused by a sedimentation of 
large agglomerates which rendered them unavailing to the concentric cylinder geometry. A 
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fully sedimented sample was decanted and the phases were tested separately but no presence 

of NPs was found in the supernatant by thermogravimetric analysis while its viscosity was 
slightly reduced compared to the pure polymer solution (Fig. 24B inset), suggesting that the 
NPs separated into a viscous particle-rich phase thick with polymer. The high recorded 
viscosity of unseparated samples is in fact an intermediate value of these two phases and as 
such was inadequate to be addressed by the simple approach based on the Einstein’s formula. 
The phase separation correlates well with the deteriorated homogeneity of the NP distribution 
observed in the TEM images. 

Acetone-toluene 1:1 mixture has the second weakest interaction with silica out of the 
investigated solvents but unlike the rapid contact agglomeration in toluene, the relative 
viscosity of the cluster forming nanocomposite solutions gradually rose with time (Fig. 25A). 
The relative increment exceeded the prediction of the Einstein’s equation nearly ten times 
after one day (Fig. 24B–C). Considering an even spacing of the additional hydrodynamic 
volume around each particle, the NPs in clusters would have to be enlarged by about 19–22 

nm in the diameter to ascribe the excess viscosity. Despite this approach being over simplistic, 
it draws a conclusion that the average thickness of the adsorbed layer is approximately 1 RG 
which correlates reasonably well with the literature reports66,70,259. 

Rheological measurements also indicated that the solvation stabilization in acetone where a 
weak depletion attraction was detected smoothly shifts into the adsorption of polymer layers 
in ethyl acetate and acetone-toluene 1:1. An interpolation between the former two solvents 
reveals that the ideal Einstein’s behavior would be reached at –ΔHadd around  
–6.2 kcal·mol–1 ≊ –25.9 kJ·mol–1, 2.2 kcal·mol–1 ≊ 9.2 kJ·mol–1 below the addition enthalpy of 
PMMA-silica (–4.0 kcal·mol–1 ≊ –16.7 kJ·mol–1). For comparison, the difference of the silica 
cohesion energy (–11.6 kJ·mol–1, see above) and the PMMA-silica addition enthalpy takes the 
value of 5.1 kJ·mol–1. Given the fact that the entropic penalty upon adsorption on a 
nanoparticle diminishes with increasing chain length of the adsorbate244,260, it is reasonable to 
expect that the full desorption of a polymer by a much smaller solvent molecule requires the 

latter to show an enthalpic gain superior to that of the polymer to outweigh the higher 

entropic penalty. Following this idea, one could attribute the value of 9.2 kJ·mol–1 to the 
entropic gain as solvent is swapped with PMMA as the adsorbate on nanosilica. Despite the 
polymer chain itself experience an unfavorable adsorption entropy24,244,261, the overall 
entropic situation is beneficial to the polymer adsorption from solution. This conclusion 
correlates with the experimental findings of Hamieh262 who reported the specific entropy of 
adsorption of PMMA-SiO2 from various solvents to lie in the range 0–62 J·K–1·mol–1 ≊ 0–

18.5 kJ·mol–1 @ 25 °C, among which toluene and THF take the value of 4 and 60 J·K–1·mol–1, 
respectively. Remarkably, the currently estimated value of 9.2 kJ·mol–1 is found near the 
middle of the range. However, the strong dependence of the adsorption entropy on solvent262 

prevents any further generalization of the results. 

The influence of the nanoparticle loading on the spatial organization of the PNC was 
investigated in the range from 0.5 to 10 vol. % of NPs (Fig. 22, Fig. 26). The results show that 

the dispersion of isolated NPs in the samples prepared from acetone is only achieved at low 
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Fig. 26: TEM images of (A) isolated NPs and small aggregates in PNC samples prepared from acetone 

with NP loadings of 5 vol. %, (B) chain bound NP clusters prepared from acetone-toluene 1:1 mixture 

with NP loadings of 5 vol. %; and (C) aggregates prepared from toluene with NP loadings of 5 vol. %. 

(D) USAXS dependence of intensity I on the length of the scattering vector q extracted from USAXS 

data for PNC sample with NP loading 5 vol. %. 

loadings (0.5 and 1 vol. %) while the concentrations above 2.5 vol. % cause the silica 

nanoparticles to aggregate. Similarly, the detected element size indicates that the stability of 
individual NPs was lost in ethyl acetate at 5 vol. % NP content. It might be a consequence of 
the shortened separation length between the NPs which promotes the short-range Van der 

Waals interaction which always oppose a good dispersion. The aggregate size was relatively 
small (about 26–34 nm) and grew gradually with increasing concentration as was determined 
by the image analysis of the TEM snapshots and fitting the USAXS data (Fig. 23A). 

Simultaneously, the depletion attraction in acetone samples smeared out as the small 
aggregates emerged and the viscosity further followed the ideal Einstein behavior (Fig. 24C). 

Likewise, the depletion attraction weakened with increasing NP concentration in THF though 
it was not completely erased, and neither was the aggregation. We hypothesize that the role 
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of the elementary structural unit is passed from the primary NPs onto the small ensembles 

and the situation becomes akin to a good dispersion of larger particles of the equivalent size. 
Clusters were observed in all samples of acetone-toluene series and the cluster size was 
preserved approximately constant at 43 nm throughout the whole investigated concentration 
range (Fig. 23A). Rheological data also indicates a consistent structure of acetone-toluene 
series within the investigated concentration range as the effective hydrodynamic parameter 
was preserved practically constant (Fig. 24C). Both populations of agglomerates present in 
samples of the toluene series grow with increasing silica content. The rapid agglomeration and 
the phase separation are more profound but principally unchanged at the higher NP 
concentration (Fig. 25B). Seemingly, the additional silica NPs are redistributed into both 
populations in a constant number ratio which cause the increase in the number of small 
agglomerates to appear more pronounced. However, a precise analysis of the TEM images 
was prevented by the strongly heterogeneous character of the samples caused by the phase 
separation while analysis of the USAXS data was constrained by the complex scattering pattern 
which did not converge to any standard fitting model. 

In an attempt to compare the current experimental data with the PRISM theory by 
Schweizer24, the addition enthalpy –Hadd (Fig. 24D) was converted into interaction strength 
(Fig. 27A). An adsorption of a dissolved polymer onto a NP requires that the active sites of 
both the polymer and the NP surface are freed of the solvent molecules that previously 
occupied them. Hence, the combined NP-solvent and solvent-polymer interaction opposes the 
polymer adsorption onto the NP surface while the freed solvent molecules reestablish a 
mutual interaction. Therefore, the interaction strength was calculated by subtracting the 
polymer-solvent enthalpy of mixing obtained from the Hansen’s solubility parameters: 

𝛥𝐻mix = 𝑅𝑇𝜒 =
𝑉m

4
(Ra)2 (24) 

where χ, Vm and Ra denote the Flory-Huggins interaction parameter, molar volume and 
Hansen’s distance parameter (eq. 15), respectively; and the solvent-silica addition enthalpy 

from the sum of the PMMA-silica addition enthalpy and solvent cohesion (evaporation) 
enthalpy ΔHevap.. Unlike the PRISM theory deducted for polymer melts, the current 
experimental system is fairly diluted what mitigates the internal interactions51 and reduces 
the number of entanglement per chain263; hence, the calculated value was multiplied by the 
polymer volume ratio (𝜑𝑃 = 0.053) to incorporate the dilution effect and receive the overall 
interaction strength: 

 휀 = −𝛥𝐻 · 𝜑p = −𝜑p(𝛥𝐻add., p-NP + 𝛥𝐻evap., s − 𝛥𝐻add., s-NP − 𝛥𝐻mix, p-s) (25) 

where the subscripts ‘p’ and ‘s’ mark polymer and solvent, respectively. Remarkably, this 
rather complex computation combined with the experimental data for the non-aggregated 
samples collapses into a perfect line with the coefficient of determination 𝑅2 = 0.9999 (Fig. 

27A). An interpolation of the acetone and ethyl acetate data showed that the ideal Einstein's 
behavior would be reached at –27.0 kJ·mol–1. 
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Fig. 27: (A) Variation of the effective hydrodynamic volume with the interaction strength ε (Eq. 25) 

between solvent and silica at 1 vol. % NP content (respective to dry PMMA) in 5.3 vol. % PMMA 

solution in various solvents. (B) Phase diagram of PMMA-silica nanocomposites. Current experiments 

(points) are compared with the prediction of the PRISM theory (lines) presented in the ref. 24. Symbols 

indicate the solid-state NP dispersion while colors mark matching solvents in A and B. 

The results, presented in the Table 4 along with the input parameters, were transformed into 
a phase diagram (Fig. 27B) predicted by the PRISM theory24 for polymer chains of 𝑁 = 100 
mers, decay length of the interaction 𝛼 = 0.5 and variable NP-mer size ratio D/d. The number 
average molecular weight of the PMMA used in the experiments was 50 kg·mol–1 which means 
that an average chain contains ~500 methyl methacrylate units. Provided the length of a C–C 
bond being 0.154 nm, the D/d would take the value of ~65. If, however, a Kuhn’s segment 
would be considered as the basic chain unit, an average chain would contain ~100 units 
(Kuhn’s length of PMMA equals lK = 1.53 nm264) and the D/d ratio would drop to ~13, both 
being values in the range investigated by the reported simulation. Keeping in mind the 
unclarity how well the simulation parameters match the current experimental system, a very 

good correlation was found between the model and the experimental structures at weak 
interaction strengths (depletion-driven phase separation). The chain-bound clusters lie deep 
in the miscible window though, but that could further shrink with an increasing D/d ratio or a 

decreasing decay length α 24. Speculatively, the entropically driven depletion aggregation 
treats the Kuhn’s segment as the primary chain unit as it is a better representative of the chain 
dynamics while the enthalpically driven formation of polymer-bound clusters seems to 

conform better to monomer being the elementary chain unit, possibly due to the adsorption 
taking place on the scale of individual atoms and functional groups. However, one cannot omit 
the fact that the presence of solvent transforms the entropic contribution from unfavorable 

to favorable, as discussed above, which was not considered in the original PRISM theory. 

Finally, the glass transition temperature (Tg) was chosen as an exemplary bulk property of PNC 

to demonstrate the importance of NP spatial organization (Fig. 24D). Addition of NPs led to 
elevated Tg compared to pure PMMA in all cases regardless the NP structure. According to the 

expectations, the highest increase of Tg (~6 °C) was recorded for individually dispersed NPs 
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Table 4: Overview of addition enthalpy onto silica ΔHadd, cohesion (evaporation) enthalpy ΔHevap., 

mixing enthalpy obtained from the HSP solubility parameters ΔHmix, undiluted interaction enthalpy of 

PMMA-silica ΔH, and diluted interaction strength ε = –ΔH·φP for PMMA and various solvents. 

 ΔHadd 

(kJ·mol–1) 

ΔHevap. 

(kJ·mol–1) 

ΔHmix 

(kJ·mol–1) 

ΔH 

(kJ·mol–1) 

ε = –ΔH·φP 

(kJ·mol–1) 

ε = –ΔH·φP 

(kB·T) 

THF –37.1 –32.0 0.78 –12.38 0.65 0.26 
acetone –28.5 –33.7 0.56 –22.61 1.19 0.48 
ethyl 
acetate 

–25.6 –35.9 1.29 –28.42 1.49 0.60 

acetone-
toluene 1:1 

–21.2 –35.6 0.67 –32.02 1.68 0.68 

toluene –13.8 –38.0 2.46 –43.67 2.30 0.93 
PMMA –16.7 – – – – – 

(prepared from acetone or ethyl-acetate) which provided largest NP surface area available for 
polymer adsorption. The increase of Tg scaled only very weakly with NP volume fraction in 
these samples which means that the majority of polymer chains were already affected by 
addition of small portion of dispersed NPs. If the mean separation length of NP elements drops 
below approximately 4 times the polymer coil diameter, i.e., about 40 nm in this case, each 
chain is statistically either adjacent to a NP or neighboring with a such chain. Adsorption on 
NP surface alters the chain dynamics which in turn influences the dynamics of an intertangled 
neighbor. This possibly explains the nearly identical values of Tg for samples with individually 
dispersed NPs with the samples prepared from THF – though large aggregates were present; 
the remaining NPs were evenly dispersed through the matrix at mean interparticle distance 
comparable to the samples of acetone and ethyl acetate series (Fig. 23B) and probably 
contributed to most of the observed increase in Tg. Contrary, clusters of acetone-toluene 1:1 

series showed systematically rising Tg with increasing NP volume fraction which manifested 

the constrained NP surface area available for polymer adsorption and extended mean 
separation length between clusters. The heterogeneous character of samples prepared from 
toluene, uneven distribution of NPs throughout the matrix due to phase separation and 

effective NP surface area lessened by aggregation reduced the impact of NPs on the polymer 
matrix and caused the samples of toluene series to exhibit the lowest Tg out of all the 
investigated PNCs. 

6.3. Silica/PS nanocomposites 

A set of silica/PS samples was prepared (Fig. 28) to elaborate on the general applicability of 
the results obtained with silica/PMMA nanocomposites. The silica NPs predispersed in ethyl 
methyl ketone remained individually dispersed when added to THF, N,N-dimethylacetamide 

(DMAc) and cyclohexanone. 1 vol.% of silica NPs maintained a clustered spatial organization 

in DMAc (dmean = 33.8 nm) and cyclohexanone (dmean = 36.5 nm) while depletion aggregation 
occurred in THF (dmean = 1804.6 nm), but, unlike in PMMA nanocomposites, no evidence of 



68 

individual NPs alongside the large aggregates was found in the samples prepared from THF 

(Fig. 28 III). A rather vague correlation of the interelement distance of the 5 nearest neighbors 
to the element diameter ratio was found between the experimental structures and a random 
dispersion (Fig. 29A); however, the steep slope at the low NP loading limit renders the function 
very sensitive to the precise particle content and, thus, prone to be dominated by the local NP 
concentration fluctuation. 

 

 

 

Fig. 28: Structural analysis of silica in PS 192k, (A) STEM image, (B) Probability distribution of 

interelement distances in the STEM image, (C) Pair correlation function; (I) THF/1 vol. % silica, (II) 

DMAc/1 vol. % silica, (III) cyclohexanone/1 vol. % silica. 

The addition enthalpies onto silica were calculated according to the Drago’s concept from the 
eq. 23 (Fig. 29B, Table 5). The missing values for cyclohexanone were substituted by acetone 

as the chemically closest substance with available data and the value for PS was approximated 
from styrene (substituted by toluene) multiplied by the polymer/monomer ratio for 
PMMA/MMA (substituted by methyl acetate) considering that the effectivity of the polymer 

interactions relative to its monomer is similar for PS and PMMA and stems from the steric 

inaccessibility of the functional groups attached to the polymer backbone.  The depletion 
aggregation and clustering caused analogical discrepancy between the recorded viscosity (Fig. 



69 

29C) and the theoretical prediction of the Einstein’s model (Fig. 29D) as their PMMA 

counterparts. At the first glance, the dissimilarity of the experimental structures, clearly 
proved by both the electron microscopy (Fig. 28) and the rheological data (Fig. 29C–D), might 
look confusing given the close values of the addition enthalpies on silica for THF 
(–8.9 kcal·mol–1 ≊ –37.1 kJ·mol–1) and DMAc (–8.5 kcal·mol–1 ≊ –35.7 kJ·mol–1); however, the 
interaction strength calculated according to the eq. 25 revealed the unalike character of the 
PS-silica interaction in these two solvents (Table 6) and both the depletion aggregation and 
clustering occurred in similar range as in the PMMA samples (Fig. 29E). It is worth noting that 
the silica/PMMA in ethyl acetate, system with the closest interaction strength to the clustered 
silica/PS in DMAc and cyclohexanone, showed a dispersion of individual NPs at 1 vol. % with a 
distorted distribution, possibly due to attractive interparticle interaction (Fig. 22 V), and a 
possible clustering at 5 vol. % (Fig. 22 VI). The phase diagram in the Fig. 29F suggests that the 
PS further narrows the miscible window, which would be expected for a longer polymer chain 
with a shorter Kuhn’s length (1.0 nm for PS265 compared to 1.53 nm for PMMA) defined by N 
≈ 280, and D/d ≈ 20. 

Table 5: Overview of the E and C values according to the Drago’s concept for silica and various 

bases257,258 and calculated addition enthalpies –ΔHadd onto silica for the listed bases. *Values for PS 

estimated from the data for toluene and PMMA/methyl acetate ratio. **Missing values substituted by 

acetone as the chemically closest substance with available data. 

Acid Ca Ea  

silica 1.08 4.36  

Bases Cb Eb 
ΔHadd on silica 

(kcal·mol–1) 

PS* 0.74 0.34 –2.3 
THF 4.27 0.978 –8.9 

DMAc (N,N-dimethylacetamide) 2.58 1.32 –8.5 
cyclohexanone** 2.33 0.987 –6.8 

Table 6: Overview of addition enthalpy onto silica ΔHadd, cohesion (evaporation) enthalpy ΔHevap., 

mixing enthalpy obtained from the HSP solubility parameters ΔHmix, undiluted interaction enthalpy of 

PS-silica ΔH, and diluted interaction strength ε = –ΔH·φP for PS and various solvents. 

 ΔHadd 

(kJ·mol–1) 

ΔHevap. 

(kJ·mol–1) 

ΔHmix 

(kJ·mol–1) 

ΔH 

(kJ·mol–1) 

ε = –ΔH·φP 

(kJ·mol–1) 

ε = –ΔH·φP 

(kB·T) 

THF –37.1 –32.0 1.94 –6.36 0.33 0.14 
DMAc –35.7 –48.2 3.45 –25.50 1.34 0.54 

cyclohexanone –28.4 –43.1 1.47 –25.66 1.35 0.54 

PS –9.5 – – – – – 
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Fig. 29: (A) Dependence of interelement distance of 5 nearest neighbors divided by element diameter 

on NP volume fraction in solid state PS-based PNCs prepared from THF, DMAc, and cyclohexanone 

compared to PMMA PNCs. (B) Bar diagram of the donor-acceptor addition enthalpies –ΔHadd of silanol 

groups of SiO2 nanoparticles with PS and various solvents. The dependence of (C) the relative viscosity 

and (D) the effective hydrodynamic volume coefficient on the nanoparticle concentration in 5.3 vol. % 

solution of PS in various solvents with a clearly distinguishable behavior regarding the NP spatial 

organization. (E) Comparison of the effective hydrodynamic volume variation with the interaction 
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strength ε (Eq. 25) between solvent and silica at 1 vol. % NP content (respective to dry polymer) for 

PMMA and PS 5.3 vol. % solution in various solvents. Symbols indicate the solid-state NP dispersion 

while colors match the solvents in A–D. (F) Phase diagram of PMMA-silica (open symbols) and PS-

silica (solid symbols) nanocomposites. Current experiments (points) are compared with the prediction 

of the PRISM theory (lines) presented in the ref. 24. Symbols indicate the solid-state NP dispersion 

while colors mark matching 

solvents in A–E. 
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7. Conclusions  

Nonlinear oscillatory shear test of POSS/PS nanocomposite solutions in toluene revealed 
dominant viscous contribution and presence of three regimes of viscoelastic response with 
varying shear strain amplitude within the investigated range. The pure PS solution exhibited 
the type III (weak overshoot) LAOS behavior, which is a common phenomenon for soft glassy 
materials under nonlinear oscillatory shear test, but it was shifted to the type IV (strong 
overshoot) LAOS behavior by the addition of strongly interacting OP-POSS NPs. The overshoot 
is caused by the balance of formation and destruction processes and the transition from the 
weak (type III) to the strong (type IV) type of overshoot was linked to enhanced structure 
formation rate due to the introduction of new attractive interactions (NP-polymer). It was 
suggested that NPs and chains form stiffened clusters at middle shear strain amplitudes. 
However, the role is strongly concentration confined, probably due to the NP propensity to 
aggregate at higher loadings, and only limited amount of OP-POSS NPs can be involved in the 
cluster formation. 

NP structuring phenomena in polymer matrix was studied on silica/PMMA model system and 
the general applicability of the conclusions was tested on silica/PS samples. The adopted 
solution blending method was recognized as a suitable technique of polymer nanocomposite 
(PNC) preparation capable of simple nanoparticle (NP) dispersion tuning by the selection of 
solvent. A promising potential for further applications was promoted by preserving the NP 
spatial organization through the excessive thermal processing. Qualitative differences 
between various NP spatial organizations (individually dispersed NPs, polymer bound clusters 
and aggregates) were investigated with emphasis on the impact of NP dispersion on PNC 
properties which were demonstrated by direct comparison of glass transition temperatures 
for various NP arrangements. Deeper investigation into the structural impact on relaxation 
and mechanical properties may represent a goal for the further research. Combined results of 
TEM image analysis, USAXS and rheology provided a complex image of physico-chemical 
principles controlling the structuring phenomena of nanoparticles in polymer solutions and 

brought a comprehensive understanding of the composition-preparation protocol-solid state 

structure relationship. 

Experimental evidence suggesting that the NP dispersion state is inherited from the solution-
blending step of the PNC preparation and stems from the complex interplay of solvent-solvent, 
solvent-polymer, solvent-particle, polymer-particle, and particle-particle attractions was 
provided. The processing solvent was quantitatively linked to the amount of polymer 
adsorption and depletion attraction through a systematic increase of the effective 

hydrodynamic volume coefficient k with the increasing polymer-silica interaction strength 
which in turn depended strongly on the solvent’s physico-chemical properties. A major 
contribution was attributed to the basic properties of the solvent molecule competing with 

the basic functional groups of polymer segments for the acidic active sites on the silica surface. 
The data reflects a shift from a favorable polymer adsorption at large positive k in weakly 
interacting solvents such as toluene or acetone-toluene 1:1 for PMMA and DMAc or 

cyclohexanone for PS mixture to a prevalent depletion attraction at large negative k in high-
affine acetone or THF. An ideal Einstein behavior of the silica/PMMA nanocomposite solution 
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was predicted by interpolation between acetone and ethyl acetate to occur in a solvent in 

which the PMMA would experience an interaction strength to silica of –27.0 kJ·mol–1. The 
experimental results correlated rather well with the prediction of the PRISM theory when 
dilution of the interaction strength was considered, since the theory was originally developed 
for adsorbing nanocomposite melts. A very narrow miscibility window was observed though, 
and it even closed at higher particle concentration. These results could potentially serve as the 
basis for prediction of the outcoming NP dispersion in adsorbing solution blended PNCs which 
could find an application in the design of advanced polymer nanocomposites with enhanced 
functional properties. 
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