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ABSTRACT

Polymer nanocomposites (PNCs) hold a great promise as fuiginewvéight 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 contited nangparticle dispersion in the process

of PNCs preparation is a crucial prerequisite for utilizing their potential in functional
compositesThis worknvestigatesolution blending oPNCs ila model glass forming polymer
matrix, a bulk processing techniquef a tailored NP spatial organization controlled by
structural and kinetic variables of the preparation protoddie presated resultsdescribe the
differences between nanoparticle induced changes thie rheological behavior ofa
polystyrene solution undelarge amplitude oscillation shear (LAOS). Hiffimity ORPOSS
NPs seem to interact witthe PS at lowiller loadings and form stiffened aggregates, whereas
low-affinity OM-POSS NPs remained rather uninvoluethe polymer deformatiorat these
conditions. Furthermore, annterest was focused otine impact ofthe blendingsolvent on the
NPspatialarrangemenin silicaPMMA andsilicalPShanccompositeswhichhas alreadyeen
suggestedasthe controllingparameter of the soliestate structure An emphas was put on
tKS ljdzZt f AGFGADS RAFTFSNBYyOSa o0SG6SSy aLR22NI @
rheological assessment and structural analysis (TEM, USAXS)derified as chain bound
clusters andwo types ofaggregatesone ofthermodynamicand the other ofakinetic origin
which are characterized by substantially distinct formation kinetics and mismatched
properties comparedo individually dispersed NRand each otherThe currently observed
types of NP dispersion were quantitatively linke&ih their rheological properties during the
solution blending step and the amount of polymer adsorption and depletion attraciibe
results were compared to the PRISM thedfinally the importance of NP spatial organization
was demonstrated on theomparison of glass transition temperatures various structures

at constant chemical composition.
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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 thermomechanica?, opticaf<l%, electromagneti®!%!4, and barrier
properties %17 of polymers byaddingnanoparticles (NPs). The resulting material is usually
referred to as a polymer nanocomposite (PNC), aeomposite with polymer matrix and one

or more nano-structured components\| 100 nm).The essential advantage of nanofillers is
their large surface areavhich amplifies thesurface effects whichs responsible for the
property enhancementWide range of properties could be modified the introduction of
relatively smallamount of nanoparticles intaa polymer matrix and, thus PNCs caachieve
properties comparable or even superior to conventional composites at extraordinarfyliEw
loadings.

Polymer nanocomposites represent a promising and progressicewhichcould meet the
recent challenges of the material developmemespite 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 novebttom-up platforms for additive
manufacturing Besides theiecofriendlinessand the capability to fabricate materials with
advancedphysicechemicalproperties these techniques can keep the processing relatively
simple and highly customizable by adglienduse specifidunctions while minimizing the
number ofthe required componentsThe only principal limitation of thbottom-up methods

is the size of the primary building block which is used to build up larger objéet®lementary
building blocks bPNCsrerepresented by polymer matrix ammthngparticles If assembled in

a specific geometrical manner,atlows for a synergistic gain in propedi Since any given
property requires a specific NP organization, no single length scale NP spatiaatigarcan
optimize all macroscopic properties simultaneouslierarchicalsystems on the other hand,
could be adjustedd optimize processes and properties which originate at various length
scales as it is often observedriatural materials like woad®*°bone?®?? or nacre?!-?*which
combine properties that are typically contradictory in artificial materials, such as a high
stiffness and a high toughnesthe tiny sizeof nanoparticles enables a fine tunirg the
structure in several hierarchical levelbien the assembliebecomethe building blocks of the
next step. This way, the material is precisely tayil from thenano- to the macro-scale with

a complex structure over the whole length scdlewever, egspitethe near perfectionof the
natural processedhe industrial application longs fa techniquethat would fabricate parts
quicker than by the rate of a growing tree.

Thespatial organizatiomdjustment at the nano-scalehas to solve the followingrtitations:

() there is limited to no ability to manipulate nanoobjects directly and exclusivelynyidal
positionsavailable tananoobjectsaare severely constrained iyermodynamic potentials, and
(iif) some thermodynamically stable structures could kinetically inaccessible due tthe
presence of energetic wells and barriers unlassiddequate preparation protocol is adagd.
Hence, he NP spatial organizatiom an amorphous polymeresults from a complicated
interplay between the thermodynamicgllcontrolled NP organization in the liquid phase,
mixing kinetics in the liquid nanocomposite and the kineticghef liquid nanocomposite
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vitrification. While significant progress has recently been made in the development of theories
for predictingthe equilibrium structure of the PNCs, there is a strong need to address the
effects of processing and kinetic entrapment on thevelopment of th& structure.

In liquid polymer, NPs can assemble in thfieeiting structures¢ NP agglomerates, chain
bound NP alsters or individually dispersed NBd & (KA a LRAYyOGZ GKS YS
YR &l 33f2YSNIGS¢ &aK2dzZ R 6S Of I NAFASR &aAy
authors and fields preferring various nomenclatures. The terms are @iéety interchanged

and the only mutual agreement is that both are related to assemblies of primary patticles
This work considers convenient to distinguish between these two terms; therefore, aggregate
will be used for an arrangement of rigidly adjoining paesclvhile 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 directlytiveach other and the NRIP 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 th&lRhteractiorwhile a single
doridgingg  OK I A yon m&tiplg peaitiéles Therefore, NP clusters behave as internally
structured inclusions. Dispersion of individual NPs maximizes tkehBiR interfacial area per

unit volume which results in the greatest extenfoaflymeraffectedby the particls. Segmets

of adsorbing chains are immobilized tire particle surface and frustrate thgackingin their

vicinity which is reflected in macroscopic deformation respoht@vever,the course of the

NP spatial organization through the transition between the equiilm PNC liquid and the
solid-state bulk material has not been fully understood y&hsweringthe relatedquestions

might also boost other fields not typically considered as nanocomposites, e.g. additives and
stabilizers for plastics. Meanwhile, theconplete 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 nanocompaosite components in automotive has been growing
ever since its first applicatn as step assists in 2062

Thethesis reports orsolution blending preparatioprotocolsand the outcoming NBpatial
organizatiosin a glass fornmg polymer. The structure control was achieved by changing the
processing conditiongieldingeither dispersed, agglomerated or clustersidPswhich were
fixed bythe rapid solvent evaporation and remained kinetically stable through the consequent
excessie thermal processingThe qualitative differences between the structural types
manifested by their properties and formation kinetiegere emphasizedTwo types of
aggregates were recognized, one akinetical and one of thermodynamic origin, both
dissmilar to what wasidentified asthe chain bound clusters which supposedly emerged from
a solvent mediated analogue of bridging predicted by the PRISM theory of Schweiz&r et al
The structural information othe submicreshaped PNC featuresas combined with their
rheological behaviaio providenovel experimental evidence dhe NP ordering in model PNC
systens.
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3. State of the art

3.1.Structuringphenomena irpolymernanocomposites

The field of particle dispersia in polymer nanocomposites can benefit from some well
establishedconceptsof colloidal chemistrysuch as colloidal hard and soft spheres, DLVO
theory, etc.Colloidal particles generally tend to stidkselytogether due tathe attractive van

der Waals drces unlesgheir dispersion isstabilizedby other forces When considering
nanoparticles, theoretical models should incorporate the NP atesoade surface patchiness
to encompass the distribution of interaction potential between the nanoparticle sertaw
neighboring bodie¥. However, he complexsituation is often simplified bthe 12-6 power

law also kown as the LennardonegotentiaP®. Inthe case of charged particlethe Coulomb
repulsion can act ashe stabilizing forceas describedby 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 betwbenhydrophobic and
hydrophilic surfacesThis case idjowever,beyond the scope othe DLVOmodeP®. Steric
repulsion is anothestabilization effecand will be discussed igreaterdetail further in the
text since it igparticularly relevant tahe PNCs. Otheinteractionscanbe induced in PNCi§

the system is subjected tan externalelectric, magnetic or shedorce field.

Particles can be either randomly dispersed in spacer@ngedin a regular pattern. Higher
maximum concentration could be achieved in the latter case tirarthe formerf®. For
monodisperse spheres in close packing, the tletioal maximum is-0.74 but higher values
can be achievedor polydisperseor nonspherical particleslf dense packing of particles is
favored, polyhedral specks incline to maximize their fecéace contact, norspherical
smoothly shaped patrticles prexf contact at sites with lower principal curvature and non
centrosymmetric particles can exploit their rotational degrees of freetlom a polymer
matrix, NPs can occupy one of the three basic spatial organizatiaggregated, cistered
and dispersed NPs. Particles in aggreghéeis (near) contact with each other amide whole
aggregate resembles one large partidespite the aggregated particles do not fuse together
to yield a new particle with reduced surface likehe case of coalescence, some surface sites
may be blockd?® and the effective surface areg the surface available for interaction with
polymer chaing isreduced

Clustersare builtup from particlesbridged byadsorbedpolymer chainswhich mediate the
interparticle interactions.They also seem to act as one independent entity but, unlike
aggregatesclusters are principally twdevel hierarchical systeswhere the higher level is
represented by stiff inclusions in polymer matrix while the lower level encompasgbghe
NPs andhe polymer chainsFinally, good dispersion afdividualparticles ensures thahe
whole NP surface is exposedtte polymer and the amount adiffectedmatrix is maximized.
Consequently, good dispersion usually exhithissmost pronounced change properties®
34 and is particularly feored in fundamental studies and optical applicatiomke structural
impact onPNC material properties is described in the following chaftespite the enormous
effort and the huge amount of published papers?333%53 a reliable prediction of
experimentally prepared dispersion states has yettbeen fullyachievedandthe dtrial-erroré
12



approach still dominates many of ttstudies on the NP spatial organization in PNTs not
unanimauslyagreed which physical parameters govéne formation and properties of self
assembled nangarticle-polymerstructures.

3.1.1.Selfassemby inpolymer nanocomposites

Thebottom-up structure could be either derived simptijue to favorable conditionghe soe
called selfassembly(SA), or it could be aided with external forces, suchaahear ora
magnetic field, which is commonly referred totas directedassemblyor the forceassembly
(FA). Seltassemblyis a spontaneous process controlled by thermodynatmétance of
enthalpy andentropy, and, if metastable structures are favored, by kinetics of the NP
arrangementThere ionlya limited number ofundamentalstructural organizations available
for selfassembled PNC3he control over the final morpholodgy achieved by shifting the
thermodynamic equilibrium or altering the kinetic route of preparation. In contraxsternal
fields induce additional driving forsevhich might eventually become the dominant factor
and take control over the assembly procegsulting in definechano- and micro-structures.

3.1.1.1. Steric stabilization and enthalpy of adsorption

Steric stabilization is induced by polymer chains attached to NP surface, eittierdvalent
bond or bythe less permanent physical interaction, since praedymer shells repel each other

on approach due tohe gradually increasing entropic penalty of distorting chains. The effect
is more pronounced for dense and rigid chains or charged sh#ilsh are less favorable to
entwine each other. The progress $A of grafted NPs was reviewed in depth by Kumar, et
al®>* and only thehighlights are realledin this work. The longrange repulsion imposed by
polymer grafts balancethe shortrange 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 wtteamolecular weight othe matrix
exceeds that bthe grafts’®. Akcora, et at® presented gohasediagram of uniformly grafted
particles obtained by a Monte Carlo simulatidfg1). Soherical aggregates of ungrafted
particles are followed by sheets, strings and dispersed stateealength and/orthe density

of the grafts increases. Eh prediction is in perfect qualitative agreement with their
experimental observations on polystyrene grafted silica nanoparticles embedded in
polystyrene matrif® (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 considéred.mechanism of
polymer adsorption was investigated by Housmans, €t &hr polystyrene and silica in
toluene and it apparently depends on tle&tent of thesurface 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 ambed layer and the growth switches to logarithmic
regime once the diffusion slows down enough to become the dominant khgetitrolling

13
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Fig.1: Phase diagram of grafted particles basedailonte Carlo simulation of uniformly
grafted particles and experimental observations on grafted particles in polymer niaigx.
dimensionless simulation data was recalculated to makaparticle sizdrom the
experiment The dshed lines serve only as guidelines for elles.cta wasacquired from
the references6.

factor. The kinetics conforms to the equation of an Arrhedikis thermallyactivated process
which activation energyequal to @ @ p p1 Wi s¥ig domparable to that of other nen
cooperative rearrangements in polystyrene. Polyraeairs with purelyrepulsiveinteraction

to the filler were predicted bya MD simulation to occupy a perpendicular orientation to the
surface while attractive interaction promotes tangent orientation ahd, segment and chain
length scale¥®.

The oil dimension of an adsorbed chain can shrigkpandor retain its originakizerelative

to the chains in bul®%° and a theory on substantial conformational changes upon chain
adsorptiononto NP surfacevas proposetf. NMR experimentsor silicapolyethylene glycol
(PEG) nanocomposite revealed that the adsorbed polymer consists of segments with three
degreesof mobility?L. Closest to the NP surfaceg2lsegments irthe direct contact form a
rigid glassy layer which fraction is independehftlee molecular weight andfor a given NP
size, itscales accordingly witime particle concentration. Mobilsegmentdistant more than
one radius of gyratiofrom the surface are, on the other hanake notinfluenced by NPs and
relax alike to the chains in the bulk polymeFinally, there is a fraction of segments,
presumably tails and loops in proximity to NErfacé!, which are partiallconstrained,and
their relaxation times take values intermediate tcettwo previous cases.
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Patra and Singh applied a coag®in MD simulation to investigatethe dispersion of
monodisperse NPassemblies in polymer méh Their phasediagram Fig. 2A) shows a
transition fromthe dispersed state to spherical aggregates similar to the one predicted for
grafted particlesby Akcora® (Fig.1), exceptof the varables were theNPpolymer segment
strength of attraction andhe polymer molecular weight.
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Fig.2: (A)Phasediagram based oa coarsegrained molecular dynamics simulation of NPs in polymer
melt. Reprintedvith a permission fronthe ref.55. Copyright 2013 IR Pubikhing.(B) Particle-particle
potential of mean force dependence the interparticle distance relative tthe polymer segment
diameter according tthe PRISM theory for representative examplek obntact aggregationil.
bridging,lll. dispersed statgsteric stabilization)lV. telebridging.Reprintedwith a permission from
the ref.24. Copyright 2006 American Chemical Society.

Mackay, et af® appointed the governing role to a sole parameter representethieyparticle
radius to polymer gyration radius ratio. They proposedgaalitative modelthat good
dispersion is obtained only whethe particle radus is smaller than th@olymer radius of
gyration Fig. 3). Hooper and Schweiz&r%%%4 applied the microscopic polymer reference
interaction site malel (PRISM) teredict the dispersion and the interparticle potential of
mean force (PMFYor hard spheres in adsorbing homopolymer mekRig, 2B). They
investigated several variables including the partiod®nomer size ratio, degree of
polymerization, interaction strength and spatial range of¢iymer attraction and the direct
particlecparticle van der Waals attraction. Furthermore, they extended their original two
particle modet?©3into manybody simulation in real spaé&®*to account for the filler volume
fraction. Contrary to Mackay, et &, Hooper and Schweizer claimed only a moderate
dependence of the structure on the partigmlymer size ratio attribubhg the major role to
the strength of attraction between the NPs and thdyoer.

Their model predicts an unfavorable chain adsorption onto particles at low polinRer
interfacial energy and a contact aggregation induced by the consequent entropicain
depletion attraction between the particles as the polymer chains keéthefNP surface. The
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Fig.3: Phase diagram of polymer nanocomposites. Solid symbols repthsgitase separated
systems while open symbols standtfog miscibleones The ases with agglomeration detected by
SANS but withodarge-scale phase separation are marked by open circles with a cross. Squares
denote G/PS nanocomposites, circles PS NPs/PS matrix nanocomposites, and ttienddeslritic
PE/PS systerithe filer content was 2 wt.% for athe presentedlata. Reprinedwith a permission
from the ref.45. Copyright 2006 Science.

amplitude of the depletion force is proportional to the particle size and resultstriong
attractioneven inthe case of particles as small as 10%rVhenthe particle-chain interaction
strengthensthe prospect ofthe polymer adsorption ontdhe particle increases and results
into the dispersed stericalbgtabilized staté*. The situation is somewhatmilarto the steric
stabilization of grafted particles; howevet,has to bestres®d out that the role of enthalpy
differs substantlly. The ethalpic gain ofthe polymer adsorption gradually rises in
importance uporthe increasing polymeNP interfacial strengthintil it eventually takes over
and dominates the system whille dispersed structure is obtained. Hence, the transition
from the dispersed tothe aggregated state at low interfacial energies was identified as an
enthalpicallydriven phase separation.

For even stronger particlehainattraction, a polymer induced NBridging state emerges as a
consequence astrongly adsorbegbolymer layers ontdhe NPs. The corresponding enthalpic
gain ofthe adsorption overwhelmghe entropic loss ofthe chain conformational change
connected with the polymer adsorption arttle steric repulsion diminishes. Once already
distorted, segments othis chain will preferentially adsodnto another particle rather than a
chain which has not paid the entropic penalggt. As a resultparticlesbecomebridged by
polymer chains into clusterdn the clusters, the averagaterparticle separationof the
nearest neighborsorresponds to one monomer diametér Therefore, the phase separation
at strong NRchain interaction is emtalpicallydominated. Finallytelebridgingis similar to
bridging butoccursat longerinterparticle distances wherhe spatial reach othe polymer
particle interactiorfavors presence of multiple layers of adsorbed chains between the bridged
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particleg*. Some of the modelled PMF contains multiple energy V€its2B) which suggests

that, for certain combination of parametershe kinetic entrapment might give rise to
thermodynamicallymetastablestructures.For instanceWang, et aP® studied adsorption of

PEO onto silica NPs in water by dynamic light scattering (DLS) and isothermaintitrat
calorimetry (ITC). They observed that the NPs tended to form pairs if the polyméreives

dissohed in suspensiorof NPsA y  LJdzNB NEsZifstdS ydiK A0taS I RRAy 3 (KS
a2t dzipdlymegf firgkcd f SR (G2 (GKS RAALISNBAZ2Y 2F AYRADAF

Hooper and Schweizer transformed their results into phase diagrams constructed for various
cases of the aboveentioned parametersThe NRchain interaction strengtt¥,c and the
particle volume fractiorwere the structural variables\ representative example is displayed
in Fig.4A showingthat the miscibility region at medium Nfhain attraction narrows with
increasing parti@ volume fractionThisis caused by rearrangement tife collective particle
packing athe increased filler volume fraction, though teechanges are rather quantitative
than qualitativé®. The miscibility region is also shrunk by the diiaterparticle van der Waals
attraction, particleshapeasymmetry or longer polymer chaftsIn all cases, the restricted
miscibility promotes bridging while the phase separation at low interfacial attrads less
sensitive to thevariation instructural parametersThe hermodynamic temperaturd comes

in play through the relativégT units of the thermal energy in the form of theJksT ratio,
wherekg is the Boltzmann constant. Hence, the nanocomigosielt could be understood as
a solutionof NPs in a polymer meltith an entropicallydriven lower critical temperature of
phase separation anahenthalpicallydriven upper critical temperature of phase separafibn
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Fig.4: Morphology diagrams of NPs in polymer matrix predicte@®)yYRISM theory (representative

example). Reprinted with a permission from th& 64. Copyright 2007 American Chemical Society.

(B)molecular dynamics simulation. Reprinted with a permission from th@te€opyright 2003 AIP
Publishing.

The PRISM theory was successfully adopted by Zukoski, et @ktéomine NRpolymer

interaction strength bycorrelaing experimental structue factors obtained from scattering

measurenents tothe theoretical predictio! 5361671 The PRISM theory fitd well to their

experimental observations in the limit of low molecular weight polymbftg € 1000for silica

in polyethylene glycol) but fis for higher molecular weight polymer3heauthors suggested
17



that it is caused bgegments othe adsorbed chainsot reaching equilibrium wittthe bulk
polymerand proposedhypothesisthat the NP organization statesneventuallybe reached
after sufficiently long time. However, this hypothesis was not proved by successive
experiments?.

Douglas andStarr performed a molecular dynamics simulation of the nanoparticle
clustering’-"?and proposed that the effect of polymer on nanopartictesy berepresented
simplywith a longrange weak repulsiorAccording to their modelNPs phase separatenh

the absence of polymemhile in its presencehe NPs underwent a reversible s@isembly

to form clusters at low temperature. At higher temperatures, the NPs remained dispersed
except forhigh particle concentrations(Fig.5A). The scaling of the critical cluster transition
temperature T* with the particle density’, i.e, the number of particles per unit volume,
adapts reasonably well to thermally activatedorocess Fig.5B), according to the equation

" 0@ B— ,whereA, E andksis a preexponential factor, enthalpy dfiPassociation

and the Boltzmann constajrtespectively. By comparing the simulatidfig.4B) to the model
of Hooper and SchweizZ&62%4 (Fig.4A), one carconclude that the phase diagrams from both
studies agree qualitatively on the phase separation at low interaction strengthile the
reversible selassemly predicted by Douglas and Starr is of entropic nature.
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Fig.5: (A)Critical cluster transition temperature dependencetmmnanoparticle densityB) Fraction
of nanoparticles as a function of temperature. All temperatures apgiged as relative unitless
values. Reprintedvith a permission fronthe ref.72. Copyright 2008 AIP Publishing.

3.1.1.2. Nanoparticle dispersion control

Currently, here are severatechniques forPNC fabricatiorbut all struggle toensurethe
desired dispersionof the nanofiller in the polymer matrix. The formatiorof the NP
arrangements typically carried out ialiquid phase since the related processes are kinetically
hindered inthe solid state keeping the internal structure relatively stable over extended
periods of timeMelt and solutiorblending are preferred and most common for thermoplastic
PNCsOther techniques coven-situ chemical reactions such as polymerizatibf$’4 particle
synthesig>’6or combination of botf’. Theseapproaches also benefit fromhe low viscosty

of the dispersingmedium andthe related effects However,nanoparticlescan alter the

18



polymerization kinetics, making it somewhat troublesomal&terminethe properties of the
neat matrix, to which are the properties of PNCs always relaatticles with mulple
reactive chemical moieties directly enter the polymerization reacsiomilarlyto conventional
crosslinkers (increasedly and stiffnessf®° while inert particles act as heterogeneous
catalyers. Therefore,one can conclude that these systems do not suit the needshsf
fundamentalinvestigation though many applications might find them convenient. Other
more exotic techniqueshave been developed for special applications suctha@production

of carbornanocompmsite silk by feeding silk worms with carbon nanopartiies filling a
nanostructured crab shéfland woodtemplate®3 with synthetic polymer matrix.

In general, it is difficult to obtain a good dispersion when nantiglar powder is added to
polymer mel4®°. Nanoparticles are commonly aggregated in dry state and they often do not
fully disperseeven under extreme shear forces. Solution blending, on the other hand, allows
for nanoparticle predispersion and colloidide solvation and stabilization effects take
place Dlventalsodilutes all interactions including the interparticle attract®nlow viscosity
compared to melts enhancabe formation kinetics, and the solvent composition could be
used as a convenient tuning paramef®r NRpolymer assemblies occur in polymer
nanocompositesolutiors iftheb t Q&  FFA Y A (& { Zhe affhify Bevweddther & & dzLJ
NPs anahe solvenf!. Solution blending, however, brings on a major drawbaekresented

by the need to remove the duent after the desired dispersion state is achieviedaporation

rate enters the structuring phenomenon as a kinetic fac&ince the postprocessingof
solution-casted soliestate samplesdoes not critically impact the dispersion initially obtained
after the drying®®. The ®lvation stabilization bylectrostatic repulsion diminishes updhe
solvent removal and is replaced the kinetic stabilization due tthe increasing viscosity and
restricted NPdiffusion; therefore a slow evaporation rate promotes aggregati§fi>

Jouault, et af’“8 reported unexpectedly low taictural variation between a strongly
interacting PMMA matrix and weakly interacting PS matrix in nanosiisad composites.
They ascribed the decisive rdt& morphogenesiso the choice of solvent and the shear field
applied during the mixing stepn lfurther research, Jouault, et &.provided experimental
evidencefor the spatial distribution of PNCs controlled by altering the effective interaction
strength through the choice of solvenSolvent molecules can either favor the polymer
depletion attraction and induce aggregation, or they can enhance the polymer adsorption and,
thus, the interparticle steric repulsion resuigin a good dispersiori-{g.6). In the latter case,

the adsorbed layer thickness was determined by dynamic light scattering (DLS) to be close to
the radiusof gyrationRs of the neat polymer. Zhao et &.proposed the relative interaction
strength between the particlsolvent, and the partickpolymer as the key forsawhich drive

the formation of the bound polymer layer. It h&s be notedthat in the presence of solvent,

the interaction sites on both th&lPand the polymer arg@resumablyoccupied by adsorbed
solvent moleculeswhich have to desorb prior the polymeéXP adsorption to free the active
sites. The energy of the ceasing polyrelvent andNR-solvent interactions has to subtracted
from the newly formed N#polymer and solvensolvent interaction energies tgield the total
energetical difference of the Npolymer adsorption imanocompositesolution.
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A polymerlayer adsorbed on a nanoparticle may be desorbed by modification of the solvent
composition witha cosolvent the socalled displacenvhich affinity to the particle exceeds
that of the polyme?3. The work of adhesion calculated from the icat concentration of the
co-solventrequired for the total polymer desorption does not necessamgichesthe same

order asthat for monomers/segments sinegments experiencdifferent number of specific
interactions per unit arealn order to investigte solvation effects, Zukoski, etaltested
silicaPEGhanocomposite in water and ethanol @t | Y Rp tefmpeyatures and concluded

that the NP dispersion is naxplicitlyrelated to the solvent quality regarding the polymer

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

Another strategy to tailor the dispersion state is to tune the interface interaction strength
through nanoparticle surface modificatidif6°94%, Native silica surface is amphoteric, but
interacts preferentially wi the basic moieties of the adsorbent through its acidic hydroxyl
groups, because they can achieve optimal orientation to the incoming adsdhgnkoski,

et al®silanized silica NPs to replace thafacehydroxyls with isobutyl groups, rendegthe

NPs more hydrophobic. Theyxmected to reduce the amount of hydrogen bonding between
the NPs and the polymer, anthus, the interaction strengthwith the extent of surface
treatment. However, he interaction strength was not assessed directly but estimated by
comparing the experimdal structure factors to the PRISM simulations. Jéeorrelated
structure factors revealedhat the apparent interactionstrength indeeddecreasednitially

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, experimentssinga range of solvents revealed that the specific interactions,

such as polar forces and hydrogen bonding, did not account for more thaoftlaéf adhesion

work?®, Thelargest contributiorwasfromi KS RA A LISNBA DS Ay UGSNI OGA2Yy
part of van der Waals forces. Therefore, other factors beyond the hydrogen bonding shall be
considered when evaluating tiéRpolymerinteraction strength.

3.1.2.Forceassembdd polymer nanocomposites

Fabrication of complex structures can take advantage of an external force field to assist the
arrangementof NPs in a mannemwhich would not be obtained by simpkelfassembly
Tailored assemes can improve the mechanicglroperties, conductivity and thermal
expansionof PNCs or tune other functional properties of the composite. The fassembly

(also referred to as directed assembly) approaches create hagtibptropicstructures with
regular NPspacing, controlled orientation and dimension tunable over wide length scales.

3.1.2.1. Shearforce directedassembly

Shear is theasiest realizedxternal force field which affects the partiderangement A melt
blending processing technique & simple example Both polymers and coagulated or
flocculated particles show neimear features under shear coupled with internal structural
changesHowever, the role of the shear on structurittte PNCs is often rather a kinetic aid
to the seltassembly than genuine sheainduced force assembly. The external agitation
assists the diffusional process to reach the thermodynamic equilibrium .stdtis effect is
particularly pronouncedh viscous polymer melts. Two sidependent diffusivity modes have
been predcted for a nanoparticle in weakly interacting entangled polymer mdlke first
considersthat NPssmallerthan polymer entanglement mesh size are subjected to the local
Rouse dynamics of the chainkhe second assumes thae diffusion of larger NPs stowed
down by chain entanglements and fails to conform the Stdkiestein equatiofY.

Unlike simple liquids dominated by the sho#nge forces, the viscoelasticity of polymer melts
and concentrated solutions is governed by the leagge interactions with long relaxation
times arising from the sofépherelike contacts between the deformed polymer chd&fhs
These contacts could only withstand relatively small deformations and they disrupt readily
under loading. The igtortion of polymeric chains under deformation is followed by their
relaxatiorf® and structural transformationsesultfrom the complexinterplay of the formation

and the destruction of the structuralomains The raées of both processes amxponential
systemspecific functions of the shear stress and their ratio determines the structabrigy

of the system. Superior formation rate promotes shear thickening which corresponds with
enhanced internal interactions dnthe creation of new structural featuresDominant
destruction rate on the other handfosters disruption of the structures and improves the
dispersion®-101 Computer snulationssuggesthat the shearing favors dispersion of NPs due
to the presence of the additional force whidisrupts the aggregated particfés°2:193 |n melt
blended PNCs, a combination of an excessive shearing by ssdvaw extruder and a
favorable chemical composition is typically required in ordemtprovethe NP dispersion
Nevertheless, a genuine dispersionindividualNPs in entangled polymer matrices seems to
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be accessible only in some systems and at relativelyil@wloading438%°, As an additional
effect, shearing induces orientation of dilute nepherical particles with rotational symmetry
by minimizng their rotational energy under the shear. This effect is blocked at semi
concentrated regime bynutual hydrodynamic interactions and sheared particles maintain a
random distribution of orientation®% However, ligh aspect ratio parties without a
rotational symmetrypreserve a chaotic unoriented motion even under shedfthg

3.1.2.2. Magneticfield forceassembly

An external magetic field induces magnetization in a magnetically responsive species, e.g.
Co, Fe, Ni, E&; or Fe(s particles and their ferroor magnetofluids which are the most
commonly reported substanc@ssuch experiments. The magnetic force is proportionah
magnetic moment induced by the external fieltlence, 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 severall commonly sufficdo force the assembly of
NPs butan vary fromsystem to systendependingon viscosity of medium, particle shape and
energy of the thermal motiol®. These iklds can easily k@ generated by standard
electromagnets (in AC, DCprlseregime) or permanent magne.

A single magnetically responsive particle tends to align its magnetic moment with the
orientation of the external magnetic field. Orientation of nroragnetic particlegequires
attachment of magnetically active species on their surface to render them magnetically
responsivé®®1% or by dispersing them in magnetized ferrofluids where moagnetic
particles act as magnetic holes, and thus develop a magnetic moreentting from the
ferrofluid imbalancé®11? In the presence of multiple particles, dipalgole interactions give

rise to either interparticle attraction or repulsion depending on timeitual position of the
particles and the orientation of their magnetic momehts(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 betwen the centercenter position vector and the magnetic moment vector becomes

f Saa R Inylonpnifoom fields, particle is subjected to magnetic force which acts in
the direction of the magnetic gradient and results into a magnetophoretic fipwa
translatioral and/or rotational motion which isodified by the resistance of the surrounding
environment®3, The gradient could be utilized as a control parameter of magnetic assembly
Ghosh, et at!* prepared filaments of magnetic nanoparticles on a substrate through
magnetophoresis by applying a small gradient of magnetic field while a large gradient caused
a formatian of a uniform coating.

Some magnetic particles can spontaneously -asffemble due to their dipoldipole
interactions even without the aid of an external magnetic fieldwever, a magnetic field can
enhance theextent of assemby and modifythe resultirg morphology*®. Magnetic force
assembly of nanoparticles in liquid polymer matrix is an approach capable to fabricate
structurest6120 with prescribed orientation,tailoring mechanical<'?* and functional
properties such as opticAP125 electrical?® or magnetié!’1?7
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Various analytical methods have been employed to study the kinetics of the magnetic force
assembly, Wwich is much quicker than sedEsemblyn polymer meltbut still a relatively slow
kinetically controlled proced%’ 18128 The most straighforward of thesetechniques is a
direct microscopic observation of the growistjuctures'®12&132 phyt the results are limited

by the resolution of the microscopesed Postsynthesis analysicould also prove helpfuf
system solidification time and the time of the field applicataseknown!'’. Someresearchers
applied smatangle light scatterintf*135, Xray scattering®* or magnetorheologt®130.136139

which measures kinetics through the rheological changes accompanying the magnetic
assembly process. Howevedgespite the vast number of available studies, there is no
experimentally verified theory which would unite all tleentrolling parameters, time and
structural relationshipsableto predict themorphologysolely from the input parameters.

Besideghe magnéic force, the initial particle packing and the interparticle distances are other
variables which play a rola the structure of theresultingNP assemblie€arefull choice of
these driving parameters combined with the van der Waals forces determsdstie balance

of attractive and repulsive forces within the systelig(8) which gives rise to the formation

of fine 1D, 2D or 3D supdattice structured?®. The most commonly reported outcome of NP
magnetic assembly is a formation of one dimensional particle argastsngs3014¢14° (Fig.

9A). The driving force responsible ftire orientation is the interparticle attraction while
repulsive interactions keep particles in single strings separated from the surrounding arrays.
(Fig.7BcE) The orientation of strings is guided by the dirattoéthe external field while their
width dependsstronglyon the quality of dispersion in the initial colloidal solutiefh One or
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few-particle wide arrays are formed only if a perfect dispersion precedes the magnetic
assembly stefy®125151In mntrary, particle aggregates originate from an imperfect dispersion
states replamgsingle particless theindividualassemblybuilding blocks during the magnetic
manipulation. In fact, these 1D structures are in most cases rather elongated aggregates with
a controlled orientation than genuine singtarticle wide strings in most of the reported
cases.

Increasing concentration

I _
- e \ - . ‘ -
Colloidal fluid 1D chains 2D structures 3D crystals
I —

Enhancing magnetic field

Fig.8. Schematic illustration of magnetically induced phase transition between colloidal fluids, 1D
chairtlike, 2D sheelike and 3D structures. Reprinted with a permission from thel #&f. Copyright
2013 Elsevier.

The balance of 1D structusds easily disrupted, e.g. at higher particle concentration or at
elevated magnetic field strength, and turns the arrays into higherensional
ensemble$>112.152 The repulsive forces which stabilize edimensional strings are overcome
by attractive forces between neighboring arrays which shift closer to each other angemer
into a single 2D structureF{g.9B) with regular ordering due to the dipolar interactidfis
However, the 2D pattes seem to be a quite rare transitional stéfeand ther desntegration
continues to yield 3Btructures Fig.9B) by stacking the 2D planes in a single suigitice,
which still respects the dipolar interparticle interactidf§'°e,

Hynninen and Djisktfa’ calculated a phase diagram of dipolar hard and soft spheres which
matched well the experimental observation of Yethiraj and BlaadéPesand revealed a
formation of bulk HCP, @I and BCO lattices undire external magnetic field. A shape
anisotropy may give a rise to more complicated structures as will be demonstirattxad
following examplesA lattice can convert from FCC to triclinic when magnetically assembled
FeOs nanospheres are replaced with ellipsoitf4 Panda, et al?° observed that introduction

of Hshaped patrticles causdD strings of magnetically assembled rods to show an increased
tendency of chain widening and branching. Tang, €f*ahssembled maghemite (K@)
nanocrystals of an elongated ridige shapey 10 2 G ¢ t ydzi ¢ & (0 NHzO G dzNB &
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Fig.9: Experimental examples of magnetically assemi#ed.D string. Reprintedvith a permission
fromthe ref.112 Copyright 203 Elsevier(B) 2D sheets. Reprintesiith a permission fronthe ref.73.
Gopyright 2.3 American Chemical Socief¢Z)3D structures. Reprinteslith a permission fronthe
ref. 115 Copyright 205 Elsevie.

magnetic field. These walnuts could be organized by an external magnetic fiejd.8012 into
the hexagonal packing and form cylinders; however, a stronger magnetic field (> Ordipisdis
the original walnuts and yields 1D strings of primary pasicl

Crystalline particles often exhibit complex shapes due to their crystafitructure Their
magnetic properties differ between various crystallographic axes and some planes,-the so
called easy axes might be magnetized more easily than othegsthe had axes. A
magnetization of a crystalline particle along the preferred crystallographic planes is referred
to as a magnetocrystalline anisotrd$'¢® and it determines the position of thearticle
magneticpoles®®. If such anisotropic particle is free to rotate within its medium, it aligns its
easy axis parallel with the external magnetic fléldFor example cubic FeOx particles
preferentially dign in the [111] directiotf™.

When the stabilizing faot 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 dipolarmagnetic 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 prolaged time to disrupt arrays where the remanent magnetization is
hight16.162.163 The necessity to maintain an external magnetic field in order to prevent the
structural chages 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, et¢#)!4 a stabilization via an interconnection of particles by
polymer layet0.116.125151.164r g solidification (a liquido-solid transition) performed as a
polymerization or a solvent evaporatibif12£124.165
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3.1.2.3. Electricfield forceassembly

Though electric assembly techniques of particles are intensively studied by colloidal
sciencé®%168 publications on their application in the field of polymer nanocomposites remain
scarce. In principle, the electric assemisigimilarto 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
assemblyby a magnetic force requires particles to bear a 4zeno magnetic moment while

an electric moment can be induced even in faolar molecules when their electron shells are
distorted, and they become polarized. In the case of conductive particles, sucdrlamn
nanotubes, metallic particles, etc., the response to an electric field is dominated by the surface
charge which gives rise to an electrophoretic féf€eA dielectroploretic 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 orientationra intrinsically change the structure of an
assembly?. Hence, structuradrganization of an electric assembly is achieved by the combined
contribution of polarization, dipolelipole moments, electrophoresis, dielectrophoresis and
the Coulombic attractiot?¥*7°

The parameters of an electric field have a direct impact onNRasembly. A typical field
AUNBY3IGK Ay SELSNRYSyYyGl t <LaAndz&rdadSng intersiy af at NP dzy |
electric field enhances the particle orientation of the equilibrium state up to a saturation limit

when all the particles become oriented. 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 strentfhsThe 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 mottdf Accordingly, longarbon

nanotubes (CNT) were reported to orient more easily in an electric field than short ones due

to their larger dipole momentg?.

Colloidal particles in a liquid medium typically show a complex frequency dependence on the
electric polarizabilitf® however, tle effect can practically diminish when particles are
immersed in a viscous medidfh'’3 In general, the use of an AC electric field avoids the
electroosmosis and the electrochemical effects induced by'&@°Didence AC fields seem to
produce more uniform structuré$’. An example can bfound in the work of Nihara, et al.
who reported an electric fieklype control of the PNC structut®17517¢ Furthermore, they
fabricated linear bridgdike assemblies of boron nitride nanosheets in polysiloxane by
choosing an electrode with periodically varied intensity of an electric field near its stifface
Park, et al3 reported that at very low frequecies, a dielectrophoretic force aligning carbon
nanotubes (CNTs) is weaker than the combination of the Brownian motion and the
electrophoretic forcewhich prevensand/or disrupsthe nanoparticle alignment. AboveHz,

the effect of electrophoresis i€#duced and the dielectrophoretic force becomes the dominant
factor, saturating above 100 Hz. However, a further increase in the frequency sedissifut

the nanoparticle alignmenfAs expectedoriented nanoparticles exhibit a lower concentration
threshdd of the percolation than randomly dispersed ofe4.
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3.2 Properties of polymer nanocomposites

3.2.1. Thermomechanical properties

In general, introductio of nanoparticlesnto apolymer matrix results ianontrivial alteration

of its thermomechanical behaviéf“'®2. NPsmodify the chain dynamics anthe molecular
packing ofthe matrix on various time and length scalespmover, anisotropic composite
structures such as magnetically assembled 1D stanggoupled with stron@ anisotropy of
mechanical properties in both micfg!1?2183and nanocomposités®1?4and typically exhibit

a significant enhancement ahe stiffness and strength ithe direction parallel tothe NP
alignment.However, science has yet to fillmerous gaps ithe fundamental description of

the interconnection betweernhe nanostructure andhe macroscopic mechanical response of
hierarchical NP assemblies. A part which is particularly poorly understood is the transition
betweenthe nano- andmicroale models.

Stiff inorganigarticles induce various effects on the stiffness, toughness and yield properties
of polymerswhichare, in the case of PNCstrongly dependent on the spatial organization of
NPs.Regarding the stiffness, micanmposites beafit from the weltknown 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 beingansferred from the matrix tahe reinforcing phase of a nen
spherical shape due to the elastic modudiferencebetween the soft matrix and the rigid
reinforcement. However, xperimental results of Jouault, et &*° 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 Gtmallwood though the same model providad
reasonable fit for microsilicRMMA samplesFig.10AY®. Jancar and Recm&fhdemonstrated

that a particle size reduction from the micréo the nanoscale leads to a pronounced
enhancement of thermomechanical properties which could not be explained by any
conventional microcomposite modefFig.11). It suggests thaan additiona] specific surface
area dependent reinforcing mechanisewists in PNCs. Its contributids negligible above a
certain critical particle size, which is commonly agreed to be approxim&@ey00nm?!8>
while becoming dominant below this threshold siZdas value corresponds to a threshold
length scale at which nanoscale heterogeneities smear out and become negtigitileve

this limit, conventional fillers typically act as a reinforcement whereas smaller particles can
either reinforce or plasticize polymer matrix regarding to their chemical n&ffine contrast

with volume replacemenand the stress transfer mechanism, experimental data suggests that
the shape of NPs plays only a minor direct role on the mechanicébreement of polymers,
because the nanoparticle dimensions lie far below the critical stressfer length, and the
dominant role is ascribed to the filler specific surface &tea&xcept of unidirectionally aligned
fibrous or platelet shaped NPs.

The first recognition of the naneinforcement is traced back toalyne and his experiments
on rubbers filled with carbon blatk 178 A dynamic analysis on these samples revealed a drop
of the elastic modlus 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 NiS$#5.9 nm)/PS (192
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theoretical volume replacement based prediction of Githallwood modelReprintedvith a
permission fronhe ref.48. Copyright 2012 ElseviéB)Interparticle distance to particle diameter
ratio dependence on filler volume fraction according to 1000 monodisppleical particles with
(blue) random distribution and (red) cubic lattice packRegprintedwith a permission fronthe ref.

188. Copyright 2012 Elsevier.
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increasing strain which was not native to unfilled rubbers. This feature of strain saften

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 filleastare within the samples,
but his suggestion was contradicted by additional evidence. Cass&dgoand the Payne
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effect even in EAc/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 unentamgled lo
molecular weight matriceHence, Cassagnau suggested that the disentanglement and the
structure breakdown are two alternative mechanisms responsible for the Payne effect. Kalfus
and Jancd®’ studied shifts in the onset and the intensity of the Payne effect on
PVAc/hydroxyapatite and observed that it is more pronoesh 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 #rgestrain
oscillations which causes the Payne effect.

One ofthe suggested modslassumedhe presence of bridging chains between NPs and/or
clusters with highly retarded conformations (i.e. extremely stretched chakfsyever, no
directevidence of sucBtretched chainsvas foundin a SANS stud§?*%© On the other hand,

a theory that considers the naA@inforcement effect as a consequence of the altered chain
dynamics and segmental packing near the particle surface is sugupbst vast number of
experiments. The following example was chosen for illustratiive average interparticle
separation of randomly packeshonodisperserigid spheres equal® their diameter at the

LI NI A Of S O2 y3 Bey Nl R 21Yafced CRAT & N 0 dziadeiRgew >Y & LJK
apart while 10 nm spheres are separataty by 10 nm at this loadind-{g.10B). In the former
case, the separation distancetigee orders of magnitudéarger thanthe averageradius 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 partidfes0d(nm), on the

other hand, are separated by narrow disteswhich means that all the chairselocated in

the proximity of at least one patrticle, effectively erasing the bulk mairoperties If the
interaction between the NPs and the polymer is highly repulsive, the chain dynamics
accelerates andn cortrary, decelerates in the case of attractive partiéfesvhich form an
immobilized layer of adsorbed chain segments around their surface. Hence, the segmental
immobilization originates from these interactions as an additional mechhreggforcement
largely responsible for the observedbn-classical stiffeningThe immobilization is only
relevant to mobile chaingherefore, thelargereinforcing effect is typically observed above
the glass transition temperature as will be discusseddetail further in the text.The
reinforcing effect is particularly strong when a continuduiB network is created at higher
particle volume fraction$® It has been suggested by various authi6f81°! that the
formation of percolatedNPnetwork improves stiffnessby deforming thipercolatedstructure
responding withthe particleparticle interactions under the loading. Hence, nanoparticle
percolation expectedly stands for a second naemforcing mechanism within the polymer
nanocomposites.

I madified matrié  O2y OSLII 61 & RSOSt 2 LISRSHIBEBRo2Yy SEL
address the altered chain dynamics and chain packing in the vicinity of NPs. The model
 88adzySa GKIFIG GKS Y2RATASR glessyi NOEI Oy th@ 28 & Ny & (
nanocomposite with the bulk unmodified matrix as schematically illustratdegri2. When

the chain immobilization is taken into account, the modulus recovery times of hydroxyapatite

filled poly(vinyl aceta#) could be explained by the reptation dynamics, as was demonstrated
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by Kalfus and Janddf. In principle, the modulus recoverymes 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 #fy. At the percadtion threshold, the recovery time dependence

on NP volume fraction exhibits an abrupt increase towards the upper theoretical Wwiiith
correspond with the expected stiffening effect of the percolated structures.
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Fig.12: Simpliied scheme o& single nanopatrticle surrounded by immobilized segmental layer and
frustrated-packingh y i S NJayiek witiSthiakness of approximatelysRmbedded in a glassy
matrix. Reprinted witha permission from the refl93. Copyright 2007 John Wiley and Sons.

Akcora, et al*® derived equations fothe bulk (K) andthe shear ) 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 parameterwhich representsthe
modified matrix ratio:

a

. @
where . stands forthe filler volume fraction andn; representsthe relative amount ofthe
modified matrix out othe total matrix amountm given bythe equationa & a where

my is the relative amount of the unmodified bulk matrix. The combined volume of
nanoparticles and modified matrix forms upe nanocomposite inclusions which volume
content ise e q * p | .The effective nanocomposite moduli are then given by
the following equations:
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The subscriptséhQand ¥Omark the values related tahe matrix andthe filler, respectively.
Finally, the parameter®m, @, Rn, R are calculated fronthe equations

. (6)

Y &% 1o ©)
. ouv ¢O
v vOoyv TO )

where the subscript is to be replaced either byhCor 4¥Cto refer to the matrix or the filler,
respectively. The main drawback of their modelssimability to predict the modified matrix
ratio" which has to be fitted from experimental valué¢fowever, the reference to their work

is included since the attempts to a quantitative description of hanocomposite mechanical
properties with regard to thie internal structural organization remain scarce.

A sgmental immobilization is usually coupled wiém increase ofthe glass transition
temperature Tg while the opposite applies for repulsive interactions. The immobilization
mechanism also explains whiget tremendous reinforcing effect of NPs is typically found
aboveTyas manifested bgstrong increase of plateau modulus, reptation time and stiffA€ss
49, whilethe impact of NPs on mechanical propertiesadbw filler content bellowthe glass
transition temperature is generally modest (examples showRign13) and any significant
increase ofthe mechanical strength is usually attributed tbe stress transfe¥®’” or a
physicochemical crodsking 3. However, Jancar, et &1%observed an improvement of
mechanical properties (elastic modulyseld, strain softening and strain hardening response)
of nanosilica filled PMMA &y ¢ 80 K, far below the glass transition temperature, which was
relatively low compared to the increase aboVg but unexpectedly high regardinthe
continuum mechanics odels® A knetic analysis of yield, strain softening, and strain
hardening showed thathe activation energies of these processes increase Wiehspecific
interface area. The authors suggedtéhat an elevated amount of energy is required to
activate the adequate segmental rearrangements related with the plastic flow thedstrain
hardening irthe presence of NP$n agreement with the immobilization theory, theprocess
related to the entie backbone of the PMMA chain was more influenced by the presence of
the rigid particlegshanthei -process, which presumabtpncernsonly several segments.
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Fig.13: Storage modulus as a function of temperature for PMMA basedawanposites filled with
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ref. 48. Copyright 2012 Elsevier.

However, some experimental data disturbs the simplicity of the segmental immobilization
theory. For instance, it is not trivially obviousyMAS should show a stronger reinforcing effect

by nanosilica than PMMA*9, since silica interacts strongly with PMMA through the hydrogen
bonding while only weak dipoldipole interactions occur in PS. A possible explanation might
be found in the suggestion by Tannenbaum, et®3#°°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 surda®©n the other hand, strongly binding polymers form
GUONIAyaégd gAGK | aK2NI &Ll dAlrft NBFOK Ay @gKAO
surface. Both cases are incorporated in the schematic illustration iRith&2. 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 regagdihe PNCs macroscopic properties.

The nmechanical strengtlof PNCs compared to the neat polynmasuld only be retained or
enhancedn the absence of supercritical flaws while the presence of another component may
reduce the flawsensitivity%%. It could be also boosted indirectly by a crystalpiase
transition of semicrystallinepolymers if the crystalline modification with a higher elongation
to break is promoted by the presence of nanoparti¢les strong adhesion of polymer onto a
particle on the other hand restricts the matrix debondangd causes a brittle fracture coupled
with a declined elongation to bre&k. Nanoparticles cause up to a sevefald increase of
fracture toughnesghrough microcracking, pinning, deflection and branching of the crack,
rupture and pulout of the NPs and it is further improved by a particle alignment for cracks
growing transverse tthe alignment directiof. The role of geometry extends to the particle
shapedependency since 1D nanofibers promote intrinsic toughness attributed to the void
growth mechanism while 2D nanopldé¢s are more effective in increasing the extrinsic
toughness due to the puthut and crack bridgind.
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