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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 thermomechanical, optical, electromagnetic, and barrier properties 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,1,2 bone3–5 or nacre,4,6 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 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 NPs7. 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 particles8. This work considers 
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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 20029. 

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 al7. 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. 

3. State of the art 

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 bodies10. However, the 

complex situation is often simplified by the 12-6 power law also known as the Lennard-Jones 

potential11. 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 model12. 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 former13. For monodisperse 

spheres in close packing, the theoretical maximum is ~ 0.74 but higher values can be achieved for 
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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 freedom14. 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 blocked11 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 properties15–17 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 

papers15,16,18–36, a reliable prediction of experimentally prepared dispersion states has not yet been 

fully achieved and the “trial-error” 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. Self-assembled polymer nanocomposites 

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. 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 coil dimension of an adsorbed chain can shrink, expand or retain its original size relative to 

the chains in bulk37,38 and a theory on substantial conformational changes upon chain adsorption 

onto NP surface was proposed28. NMR experiments for silica-polyethylene glycol (PEG) 

nanocomposite revealed that the adsorbed polymer consists of segments with three degrees of 

mobility39. 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 

surface39, which are partially constrained, and their relaxation times take values intermediate to the 

two previous cases. 

Mackay, et al.28 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. 1A). Hooper and 

Schweizer7,40–42 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. 1B). 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 
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surface. The 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 nm40. When the particle-chain interaction 

strengthens, the prospect of the polymer adsorption onto the particle increases and results into the 

dispersed sterically-stabilized state7. 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. 

 

Fig. 1: (A) 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. 28. Copyright 

2006 Science. (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. 7. Copyright 2006 American Chemical Society. 

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 

diameter7. 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 particles7. Some of the modelled PMF contains multiple energy wells 

(Fig. 1B) which suggests that, for certain combination of parameters, the kinetic entrapment might 

give rise to thermodynamically metastable structures. 

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 
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fraction were the structural variables. A representative example is displayed in Fig. 2A showing that 

the miscibility region at medium NP-chain attraction narrows with increasing particle volume 

fraction42. 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 prediction34,36,39,43–48. 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. 

 

Fig. 2: Morphology diagrams of NPs in polymer matrix predicted by (A) PRISM theory (representative 

example). Reprinted with a permission from the ref. 42. Copyright 2007 American Chemical Society. (B) 

molecular dynamics simulation. Reprinted with a permission from the ref. 10. Copyright 2003 AIP 

Publishing. 

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. In general, it is difficult to obtain 

a good dispersion when nanoparticle powder is added to polymer melt55–61. 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 attraction34, low viscosity compared to melts enhances the formation kinetics, and the 

solvent composition could be used as a convenient tuning parameter33. 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 solvent62. 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 drying33. 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 aggregation33,63. 

Jouault, et al.33 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. Zhao et al.19 

proposed the relative interaction strength between the particle-solvent, and the particle-polymer as 
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the key forces which drive the formation of the bound polymer layer. In order to investigate solvation 

effects, Zukoski, et al.34 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. 

3.2. Rheological properties of polymer nanocomposites 

3.2.1. 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 Zukoski36 addressed these 

changes by introducing an additional scaling factor k into the well-established Einstein-Stokes 

equation: 

 
𝜂𝑟 = 1 + 2.5 𝑘𝜑 + 𝐻𝜑2 + ⋯ (1) 

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 interactions64. The value of 2.5k equals 

intrinsic viscosity [η] and could be readily assessed experimentally. Kim and Zukoski36 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 polymers36. 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 viscosity65. 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 viscosity66. It should be 

noted that the equation (1) 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 viscosity65 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 equation67,68. 

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 

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.  Colloidal bare silica nanoparticles dispersed in isopropanol with the diameter of 20±4 nm 

IPA-ST (Nissan Chemicals, Japan) were used as the nanofiller 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 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 
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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 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}

, (2) 

where x and y denotes the absolute value of the difference between the x and y-coordinates of the 

points respectively69. For x ∈  (0, a), the function fx is given by: 

 
f(x) =

2

a2
(a − x),  0 < x < a, (3) 

where a stands for the length of the square’s side. The function fy is defined the same way for y ∈
 (0, a). The outer integration was performed using a numerical method based on the Gaussian 

quadrature in GNU Octave software70. 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 4.6871. 

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 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 
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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). 

6. Results and discussion 

6.1. Silica in poly(methyl methacrylate) 

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. 

3). They were identified as aggregates (Fig. 3A, E), individually dispersed NPs (Fig. 3B–C), and 

chain bound clusters (Fig. 3D). Mackay et al.28 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  

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.28, 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.28 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 size72. Previous studies has 

already suggested the importance of the interaction balance between the components, i.e. particle-

polymer-solvent, on the NP spatial organization10,33,41 but the current results show that adsorbing 

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

Individually dispersed particles were observed in TEM images of PNC samples prepared from 

acetone (Fig. 3B) and ethyl acetate (Fig. 3C). The USAXS analysis of the acetone-prepared PNC 

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. 3F). Both methods 

yielded an average element diameter about 20 nm which matches well with the size of an individual 

NP. 

13



 

 

Fig. 3: TEM images (magnification 44 000×) of 1 vol. % PMMA/nanosilica 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. 

Chain bound clusters (Fig. 3D) 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 

models10 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 
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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. 3F), 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. 3A) or toluene (Fig. 3E) 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. Clearly, the solution blending in acetone favors dispersion since the experimental 

probability distribution of the interparticle distances 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 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. 

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. The ratio of the interelement distance (Fig. 4A) to the element diameter (Fig. 4B) conformed 

well to the random distribution13 for all the evaluated samples within the whole investigated 

concentration range. 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. 

The distance parameter Ra (eq. 5) of PMMA/acetone and PMMA/acetone-toluene 1:1 mixture takes 

values of 6.30 and 6.69, respectively73 or, for another set of solubility parameters, 74, 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 condition34. 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, (4) 

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 , (5) 
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 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

, 
(6) 

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,  (7) 

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

 D = 4δD,p
2 − 4δD,mix

2 + δP,p
2 − δP,mix

2 + δH,p
2 − δH,mix

2  (9) 

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 available75 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 

 

 

Fig. 4: 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. 13 (D) Glass transition temperature as a function of NP volume 

fraction for various NP structures. 

 

16



 

defined as the square root of the cohesion energy density73, the cohesion energy of silica could be 

calculated by multiplying the solubility parameter (Eq. 6) with the silica molar volume (24 cm3·mol–

1 for β-quartz at 848 K76) 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-modification77) 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. 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 silica75. However, use of some displacers led to apparently incorrect results 

and had to be omitted. 

Table 1: 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. 73 unless otherwise stated. 

 δD 

(J·cm–3)0.5 

δP 

(J·cm–3)0.5 

δH 

(J·cm–3)0.5 

φc
75 

(–) 

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 – 

PMMA74 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 solvents78–

82. The addition enthalpies were calculated according to the semi-empirical equation originally 

proposed by Drago, et al.83 and later extended by Fowkes, et al.78–82 for polymers: 

 −∆𝐻 = 𝐸A𝐸B + 𝐶A𝐶B (10) 

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.78–82 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 calculated enthalpies of the donor–acceptor interactions for the model PNCs are shown in 

the Fig. 5A. 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 
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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 suggested28 polymer-

NP attraction induced repulsion of the adsorbed polymer shells. However, despite the NPs were 

preserved isolated in the ethyl acetate, slight distortion from the random distribution 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 removal33, 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 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 results33 

stating that a fast solvent evaporation often improves NP dispersion. 

 

Fig. 5: (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. 
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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 clusters are formed (Fig. 

3D). 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. 3E). 

While not capable to directly determine the final structure, rheological data (Fig. 5B) 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. 5C), defined as the ratio of the intrinsic viscosity 

and the Einstein’s value of 2.5 (Eq. 1). 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 fluid36. 

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. 5D). 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 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 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. 6B). 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 
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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 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. 5B 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. 

 

Fig. 6: (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. 

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. 6A). The relative increment 

exceeded the prediction of the Einstein’s equation nearly ten times after one day (Fig. 5B–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 reports43,47,84. 

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 adsorbate71,85, it is reasonable to expect that the full desorption of a polymer by a much smaller 
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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 entropy7,71,86, the overall 

entropic situation is beneficial to the polymer adsorption from solution. This conclusion correlates 

with the experimental findings of Hamieh87 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 solvent87 prevents any further generalization of the 

results. 

In an attempt to compare the current experimental data with the PRISM theory by Schweizer7, 

the addition enthalpy –Hadd (Fig. 5D) was converted into interaction strength (Fig. 8E). 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 (11) 

where χ, Vm and Ra denote the Flory-Huggins interaction parameter, molar volume and Hansen’s 

distance parameter (eq. 5), 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 interactions34 and reduces the number of entanglement per chain88; 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: 

 
𝜀 = −𝛥𝐻 · 𝜑p = −𝜑p(𝛥𝐻add., p-NP + 𝛥𝐻evap., s − 𝛥𝐻add., s-NP − 𝛥𝐻mix, p-s) (12) 

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. 8E). 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. 

The results, presented in the Table 4 along with the input parameters, were transformed into a 

phase diagram (Fig. 8F) predicted by the PRISM theory7 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 nm89) 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 7. Speculatively, the entropically driven depletion 

21



 

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. 

Table 2: 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 – – – – – 

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

demonstrate the importance of NP spatial organization (Fig. 5D). 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 (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. 

4B) 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. (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 
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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. 

4B) 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. 

6.2. Silica in polystyrene 

A set of PS/silica samples was prepared (Fig. 7) to elaborate on the general applicability of the results 

obtained with PMMA/silica 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 individual NPs alongside the 

large aggregates was found in the samples prepared from THF (Fig. 7 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. 8A); 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. 7: STEM images of silica in PS 192k, (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. 

10 (Fig. 8B, 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. 8C) and the theoretical prediction of the Einstein’s 

model (Fig. 8D) as their PMMA counterparts. At the first glance, the dissimilarity of the  
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Fig. 8: (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 strength ε (Eq. 12) 

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. 7. Symbols indicate the solid-state NP dispersion while colors mark matching solvents in A–E. 

experimental structures, clearly proved by both the electron microscopy (Fig. 7) and the rheological 

data (Fig. 8C–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); 
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however, the interaction strength calculated according to the eq. 12 revealed the unalike character 

of the PS-silica interaction in these two solvents (Table 3) and both the depletion aggregation and 

clustering occurred in similar range as in the PMMA samples (Fig. 8E). It is worth noting that the 

PMMA/silica in ethyl acetate, system with the closest interaction strength to the clustered PS/silica 

in DMAc and cyclohexanone, showed a dispersion of individual NPs at 1 vol. % with a distorted 

distribution, possibly due to attractive interparticle interaction, and a possible clustering at 5 vol. %. 

The phase diagram in the Fig. 8F 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 PS90 

compared to 1.53 nm for PMMA) defined by N ≈ 280, and D/d ≈ 20.  

 

Table 3: 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 

(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 – – – – – 

7. Conclusions  

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 
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high-affine acetone or THF. An ideal Einstein behavior of the silica/PMMA nanocomposite solution 

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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10. 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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