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Abstract  

The incorporation of silica nanoparticles (Si-NPs) into the polymer matrix is a growing area of interest 

research to produce high-performance polymer nanocomposites (NCs) across a wide range of 

nanotechnology applications. This improvement is due to the Si-NPs capability to self-assembly 

giving rise to specific well-organized structures with both short- and long-range order across a 

hierarchy of spatial scales, determined by both NP-NP and NP-matrix interactions, involving a careful 

balance among attractive driving forces, repulsive forces, and directional forces.  

Respect to this, the aim of the present paper is to systematically review the use of Si-NPs in polymer 

NCs and on the role of NPs self-assembly in determining the final material properties.  
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Firstly, we explored the synthesis and modification of both isotropic and anisotropic Si-NPs in 

relation with use in NC materials, focusing on NPs dispersion and distribution, as well as on the 

functionalization strategies of Si-NPs. Besides Si-NPs functionalization with conventional small 

organic molecules, a large section is devoted to an emerging class of functionalized Si-NPs with 

macromolecules, namely silica hairy NPs (Si-HNPs), able to give rise a a rich variety of complex 

assemblies and materials with new structures and functionalities. Successively, NCs materials 

containing Si-NPs and Si-HNPs have been explored in terms of synthetic preparation and properties. 

The self-organization of Si-NPs and Si-HNPs in polymer matrices has been reported and its effect on 

the functional materials properties have been evaluated with a critical point of view on the results, 

limits, and future perspectives.  

Our review can be considered a tutorial work, aiming at providing useful insights to researchers in 

the field of nanotechnology and nanoscience, taking into consideration the fundamental role of NPs 

self-assembly processes in determining the functional material properties. 

 

Keywords: silica, nanocomposites, self-assembly nanoparticles 
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1. Introduction 

The process of self-organization or self-assembly universally occurs in non-equilibrium systems 

belonging to living matter, geochemical environments, materials science and industry. In materials 

science, self-assembly is the association process of individual building block units of a given material 

of any size (from small molecules to particles) into highly ordered structures, ranging from angstroms 

to centimetres with different sizes and shapes [1]. In self-assembly processes, the interactions between 

the building blocks are non-covalent but mainly based on hydrophobic, electrostatic, van der Waals 

forces, hydrogen bonding, π-π aromatic stacking and metal coordination. Despite their weakness (2–

250 kJ/mol), these interactions give rise to stable organized structures, determining the shape, size, 

and functionality. 

Nanoparticles (NPs) self-assembly plays an important role across a wide range of nanotechnology 

applications [2–4]. NPs are able to interact with each other giving rise to specific well-organized 

structures with both short- and long-range order across a hierarchy of spatial scales. This organization 

takes place in materials consisting exclusively of NPs or, alternatively, materials in which the NPs 

are dispersed within a polymeric medium [5,6]. In the latter case, when inorganic nanoscale building 

blocks are dispersed within polymers, the spontaneous assembly of NPs into highly organised 

structures is determined by both NP-NP and NP-matrix interactions, involving a careful balance 

among attractive driving forces, repulsive forces, and directional forces. Overall, the preparation of 

the nanocomposite (NC) materials by specifically localizing and orienting the NPs appears highly 

promising, paving the way to novel families of materials offering extraordinary property 

improvements. In fact, although the complete filler dispersion in a polymeric matrix is challenging to 

maximize the interfacial area[7], on the other hand, it is well clarified that the creation of a filler 

network, i.e. fractal organizations of filler NPs in a polymer matrix, is fundamental to obtain critical 

properties. This requires the modification of the NPs surface chemistry in order to control their 

interactions both with themselves and, at the interface with the polymer, allowing to obtain desired 

properties or applications. 
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Among NPs, silica NPs (Si-NPs) have been extensively used in materials applications due to their 

low cost of fabrication, availability, and ability to modify their surface properties [8]. The preparation, 

characterization, properties, and applications of polymer/silica NCs have become a quickly 

expanding research field, as testified by several books and review articles appeared in the last decades 

[9]. Besides, the impact of Si-NPs on materials properties has been increasingly associated with their 

capability to originate interesting and organized structures by means of self-assembly processes [10]. 

Since this subject has not yet been systematically reviewed, the purpose of this review is to give a 

rationale for the use of Si-NPs in polymer NCs and on the role of NPs self-assembly in determining 

the final material properties.  

This review article is organized as follows. Section 2 reports the synthesis and modification of both 

isotropic and anisotropic Si-NPs, focusing on their use in NC materials. In fact, the possibility of 

designing advanced hybrid materials based on NPs requires the development of new protocols for 

both particle synthesis and surface-functionalization. In this contest, an overview on NPs dispersion 

and distribution, as well as on the functionalization strategies of Si-NPs with conventional small 

organic molecules, such as silanes, are herein presented. Section 3 is devoted to Si-NPs 

functionalization with macromolecules, which gives rise to an emerging class of functionalized Si-

NPs, the so-called hairy NPs (HNPs), paving the way for the development of a rich variety of complex 

assemblies and materials with new structures and functionalities. NCs materials containing Si-NPs 

are described in Section 4, while the self-organization of Si-NPs and Si-HNPs in polymer matrices 

and their effect on the functional materials properties are the subjects of Section 5. Finally, Section 6 

consists of summaries and perspectives of Si-NPs based materials. 

 

2. Silica Nanoparticles: synthetic strategies and chemical properties  

2.1 Synthesis of spherical Si-NPs with defined morphology and surface properties 

Silicon oxide, also known as silica, refers to a vast number of chemical species having SiO2 as 

chemical formula or SiO2 ·nH2O, if hydrated, which are the most abundant materials of earth’s crust. 
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Silica is composed of tetrahedral units [SiO4]4-, where a silicon ion is at the unit centre and the four 

oxygen atoms are at the corners of a regular tetrahedron. The solid material is constituted of a network 

of [SiO4]4- tetrahedral units linked by Si-O-Si bonds [11]. Depending on the distribution of tetrahedral 

units, two different forms of silica can be detected: crystalline and amorphous. 

In nature, SiO2 mainly exists in the crystalline form, with smaller surface area and health-damaging 

problems. Furthermore, mineral silicas, despite being widely available in nature, are difficult to 

process and highly contaminated by several metal ions [12]. Therefore, for scientific and industrial 

applications, amorphous silica produced by chemical synthesis is largely preferred.  

The most common synthetic approaches for silica can be divided into two main classes, defined by 

the phase of the silica precursor: gaseous or liquid. 

Amongst the gaseous synthetic approaches, arc discharge methods have been abandoned due to their 

extremely high-energy requirement, whereas fumed silica is still employed in many technological 

applications. Pyrogenic or fumed silica is produced through a chemical vapour condensation (CVC) 

method, which consists of the vaporization and polymerization of silicon tetrachloride, SiCl4, in a 

hydrogen and oxygen flame at temperature between 1100 and 1800 °C (Eq. 1) [13]. 

2𝐻2(𝑔)   +    𝑂2(𝑔)   +   𝑆𝑖𝐶𝑙4(𝑔)   
>1000 °𝐶
→        𝑆𝑖𝑂2(𝑠)   +   4𝐻𝐶𝑙(𝑔) (Eq. 1) 

The product consists of non-porous silica primary particles with a diameter between 5 and 50 nm that, 

due to the high temperature required, form aggregates of anhydrous mesoporous silica with high 

specific surface area (50-400 m2/g) and low concentration of surface silanols. The advantage of this 

approach is that SiCl4 is a toxic by-product of the polysilicon industry, hence it is cheap and available, 

but the high energy required makes this synthetic method expensive [12]. 

For this reason, due to the current attention toward energy and environmental impact, the research 

activity has shifted its focus on liquid silica synthetic methods. The most common silica employed in 

industrial application is precipitated silica. SiO2 is produced by the neutralization of an aqueous 
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solution of sodium silicate with sulfuric acid (Eq. 2) to generate silicic acid in a high concentration 

that induces silica polymerization and precipitation [14].  

𝑁𝑎2𝑂 ∙  2.6 𝑆𝑖𝑂2   +    𝐻2𝑆𝑂4    →     2.6 𝑆𝑖𝑂2   +    𝑁𝑎2𝑆𝑂4   +    𝐻2𝑂  (Eq. 2) 

 

By modulating the reaction parameters, such as temperature, reactant concentration and medium, the 

size of nano-silica can be controlled, whereas the shape remains spherical. Precipitated silica 

possesses specific surface area in the range of 30-800 m2/g and primary particles with diameters 

between 5 nm and 100 nm, but their high aggregation increases the dimension up to microns. More 

important, precipitated silica presents a large number of silanols, which are fundamental for the 

chemical surface modification of the NPs. Despite precipitated silica includes large quantities of 

sulphate and alkaline earth ions as impurities, this synthetic process uses highly available silica 

precursors and guarantees low environmental impact [12,15]. 

The Stöber process [16] is the most popular and versatile approach for the synthesis of colloidal Si-

NPs because it provides better control over their properties, in particular size, surface chemistry and 

shape. The molecular precursors involved are silicon alkoxides with general formula Si(OR)4, where 

R is generally methyl (tetramethylorthosilicate, TMOS) or ethyl (tetraethylorthosilicate, TEOS). The 

reaction occurs in the presence of ammonia as catalyst and a mixture of ethanol and water as solvent 

[16]. The Stöber method proceeds with a combination of hydrolysis and condensation reactions of 

the alkoxysilane. The hydrolysis step causes the conversion of alkoxy groups into silanol groups via 

the nucleophilic attack of water. The second step, the condensation, consists in the polymerization of 

Si-OH and Si-OR groups to create siloxane bridges (Si-O-Si), typical of the silica structure (Eq.s 3-

5) [17]. 

Si(OR)4   +   xH2O  
hydrolysis
→         Si(OR)4−x(OH)x   +   xROH 

(OR)3Si − OH +  HO − Si(OR)3   
water condensation
→                (OR)3 Si − O − Si(OR)3  +  H2O 

(OR)3Si − OR +  HO − Si(OR)3  
alcohol condensation
→                 (OR)3 Si − O − Si(OR)3  +  ROH 

(Eq. 3) 

(Eq. 4) 

(Eq. 5) 
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By controlling the experimental conditions, such as the chemical structures of both alcohols and 

precursors, the relative concentrations of the reagents, the reaction temperature and the feed rate of 

reactants, highly monodispersed silica nanospheres with sizes ranging from 5 to 2000 nm have been 

produced [18]. On the other hand, the higher cost of alkoxysilane reactants, compared to sodium 

silicate, and the requirement of basic conditions and organic solvents make this method not suitable 

for large-scale production of silica.  

 

2.2 Synthesis of shape-controlled anisotropic Si-NPs 

The preparation of anisotropic Si-NPs is not an easy task because the commonly applied synthesis 

methods for silica provide spherical or slightly irregular particles. The electrospinning process is a 

relatively simple, inexpensive, and scalable strategy for obtaining shape-controlled nanomaterials. 

By applying this method, a solution of the precursor, generally TEOS, is mixed with an alcoholic 

solution of polyvinylpyrrolidone (PVP) and loaded into a capillary connected to a high-voltage 

source. The deposition of silica on the target of the device provides the material in the form of 

nanofibers [19] or nanowires (Figure 1) [20]. As an alternative, nano-silica can be produced with the 

chemical vapour deposition (CVD) technique. The process requires the condensation of a precursor, 

generally TEOS, SiH4 or SiCl4, from the gas phase on a heated substrate, in a vacuum chamber. On 

the support, the reaction or the thermal decomposition of the precursor induces Si-NPs formation; the 

reaction can be initiated by thermally heating the substrate or applying a plasma [21]. This technique 

was used for the production of uniform and pure Si-NPs, such as nanowires [22] or nanosprings [23], 

but the required high temperature (-1000 °C for thermal heating, 300-700 °C for plasma) and low 

pressure implies (from 2-3 Torr to less than 10-8 Torr) a high energy cost. 

The most versatile strategy to produce shape-controlled Si-NPs consists in the synthesis of silica 

nanoparticles on anisotropic structures and the following removal of the template, solely by 

calcination and acid or base etching, allows to obtain the replica.  
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A good method to perform templated assembly involves the use of a hard template, namely a pre-

synthesised anisotropic NP. By a sol-gel procedure, the template can be coated with silica to produce 

hollow or core-shell nanostructures, producing different silica structures, such as nanoshells, 

nanotubes, nanocubes, and nanorods, by using gold nanorods [24], CaCO3 [25], Cu2O (Figure 1c) 

[26] or Ni-hydrazine [27] as hard templates. 

 

 

Figure 1. Different types of anisotropic Si-NPs: a) SEM images of silica nanowires obtained by 

electrospinning of a TEOS solution mixed with a PVP solution in ethanol: distance collector-syringe 

5.5 cm, feeding rate 0.04 ml/h (I) or 0.02 ml/h (II, III) and voltage 10 kV (I) or 8 kV (II, III) [20]; b) 

TEM images of silica nanorod synthesised by a mixture of TEOS/MPTMS in the presence of CTAB 

micelles [28]; c) TEM images of Cu2O@SiO2 core-shell particles (I) and SiO2 hollow nanocubes after 

acidic etching of the core (II) [26]; d) SEM images of different shaped silica obtained with a 

biomimetic process using linear PEI chains: star-shaped (I, II), sponge shaped (III, IV) and leaf-

shaped (V, VI). In the inset, magnification images of a-f with scale bare 100 nm [29]. Reprinted with 

permission from [20], [26], [28] and [29]. 

 

To obtain anisotropic NPs, a hollow anisotropic nanostructure was also employed as a mould into 

which silica is produced. However, due to the difficult access to hollow NPs, this approach is less 
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common than coating. Few examples are available in literature, where the employment of carbon 

nanotubes [28] or porous anodic aluminium oxide [29] as templates for silica anisotropic NPs is 

reported.  

The same strategy could be also applied to soft templates, namely emulsions and micelles. Emulsions 

are stable dispersions containing two immiscible phases, generally oil and water, which form domains 

usually stabilized by surfactants. As the formation of SiO2 occurs at the interface of the two phases, 

this strategy can be used to produce both hollow and solid Si-NPs. Kuijk et al. [30] produced silica 

nanorods using a nanoemulsion of water in pentanol stabilized with sodium citrate and PVP as a 

template. 

Micelles are self-assembled specific supramolecular structures made up of amphiphilic molecules, 

such as surfactants, that form when the surfactants concentration in solution exceeds the critical 

micelle concentration. These structures can be applied to synthesise spherical NPs, but their shape 

can also be modulated by the compositions and blocks of surfactant and by the solution conditions 

including concentration, pH values, temperature, addition of additives and ionic strength [31]. In this 

context, Du et al. [32] proposed the synthesis of silica anisotropic NPs by condensation of TEOS and 

3-mercaptopropyltrimethoxysilane (MPTMS) in an aqueous solution, using 

cetyltrimethylammonium bromide (CTAB) as surfactant. By modulating the TEOS:MPTMS molar 

ratio, Scotti et al. were able to produce both nanospheres and nanorods/nanowires (Figure 1b) with 

the same procedure [33].   

Comparing these two strategies, the use of a hard template provides better control over Si-NPs shape, 

as well as uniform morphology and dimension, whereas soft template properties are sensitive to the 

reaction parameters. On the other hand, soft templates are easily produced and eliminated; hence, the 

process is suitable to be scaled up. Hard templates are more expensive because they are difficult to 

produce and their elimination is more complicated, hence the process is more time-consuming [31]. 

A promising strategy to produce silica structures in mild conditions is the biomimetic sol-gel 

synthesis, which is inspired by the mechanism applied by certain biological organisms, such as 
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diatoms and sponges. These organisms can synthesize silica rapidly, controlling its structure and 

morphology using water as solvent, at neutral pH and ambient temperature. To achieve these 

advantages, biological organisms use silica-inducing and silica-coprecipitating molecules, such as 

long-chain polyamines, specialised proteins (silaffins or silicateins) and saccharides [34,35]. 

Different synthetic equivalents of these molecules were introduced but, despite their extreme 

versatility, in vitro silication has not achieved an optimal control over structural and dimensional 

properties. Up to now, biomimetic strategies allowed only the synthesis of macro-structured silica 

with nanometric features. As an example, Jin et al. [36] employed linear polyethyleneimine chains (a 

polyamine) with different architectures to direct silica growth towards star, sponge and leaf -shape 

structures. As reported in the insets of Figure 1d, all the different structures possess elements in the 

nanoscale range of dimensions.  

 

2.3 Aggregation, dispersion, and distribution of Si-NPs  

The surface chemistry and morphology of silica are crucial issues for polymer NCs because they 

define the adhesion, adsorption and chemical properties of silica at the NP/polymer interface and, 

hence, the materials performance. The surface of silica is strongly characterized by the presence of 

free hydroxyl groups, called silanols, that originate due to the saturation of the tetrahedral 

configuration of silicon atoms [37]. These reactive groups provide the sites for physical adsorption, 

easily chemically react with multiple substituents, and are crucial for determining the surface 

properties of silica, as well as their behaviour when added to a polymer matrix. 

Silanol groups have been identified  and classified [38] as follows (Figure 2): a) isolated silanols 

(single silanol groups), b) geminal silanols, c) silanetriol (existence not yet demonstrated but 

postulated), d) vicinal silanols (silanols close enough to form hydrogen bonds).  
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Figure 2. Schematic representation of the types of silanol groups present on the surface of silica.  

 

The concentration and distribution of silanol groups can be controlled through the synthetic method 

by changing particles specific surface area, size, porosity, crystallinity and shape [39,40]. In addition, 

the number of silanol groups changes considerably when silica is thermally treated, indeed, the curing 

temperature controls the hydration and the hydroxylation degree of the surface [41]. In this context, 

it is demonstrated that colloidal silica possesses a higher silanols density compared to fumed 

silica,[42,43] since the latter is synthesized at high temperatures. Furthermore, due to an incomplete 

hydrolysis of the tetra-alkoxy precursor, Stӧber silica surface bears some alkoxy groups, whose 

number is strictly dependent on the alcohol/water ratio [44].  

The presence of a high number of silanol groups on silica surface involves the formation of many 

hydrogen bonds among the particles. The higher the silanols density and the surface energy, the 

stronger their interactions and the worse their dispersion. For this reason, Si-NPs are commonly found 

not as nano-sized primary particles but mainly as aggregates and agglomerates (Figure 3). 

Agglomerates form as a collection of bounded particles and/or aggregates kept together by Van der 

Waals forces or physical entanglement. Instead, in the presence of hydrogen bonds or even strong 

covalent bonds, primary particles form aggregates [45,46].  
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Figure 3. Representation of the formation of agglomerates and aggregates starting from primary silica 

particles.  

 

Aggregates and agglomerates differ in the stability of their interactions: agglomerates can be easily 

broken down due to the weaker interactions between particles, on the contrary, aggregates are robust 

and indivisible [47]. In addition, due to the presence of silanol groups, silica is a highly hydrophilic 

material; therefore, the material is incompatible with hydrophobic polymers [40].  

To control Si-NPs dispersion and aggregation and, hence, improve their distribution in polymer 

matrices, NPs can be treated with physical and chemical methods. Among physical methods, the high-

energy ball milling process and the ultrasonic treatment can be applied. Despite these high-energy 

processes are useful to break agglomerates, the interactions between aggregates are too strong to 

break them with conventional mixing facilities [48]. 

A more efficient strategy is to provide Si-NPs with a steric barrier, functionalizing its surface with 

organic molecules. This compatibilizer layer has a double function: on one hand, it promotes the 

dispersion of Si-NP in the material, preventing aggregation phenomena; on the other hand, it 

improves silica affinity with the polymer matrix, giving rise to chemical interactions between NPs 

and the polymer matrix. 

A common strategy of Si-NPs surface functionalization is based on physical interactions: interactions 

such as hydrogen bonding or electrostatic interactions have been exploited to anchor surfactants [49] 

or macromolecules [50] on Si-NPs, even though the weakness of the bond involved, make the surface 

coating easily detachable from the NPs. For this reason, chemical surface modification involving 
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covalent bonds is more effective. In this context, organofunctional silane coupling agents, whose 

general structure is R-(CH2)n-SiX3 (where X represents the hydrolysable groups, typically chloro, 

methoxy or ethoxy groups and R is the non-hydrolysable organofunctional group) are the most 

efficient modifier agents [51]. The R group is fundamental to introduce new functionalities on Si-

NPs surface; some relevant examples are reported in Table 1The chemical modification of Si-NPs 

occurs via the hydrolysis of silane X groups and their subsequent condensation with silanol groups 

present on the surface of Si-NPs surface, forming new siloxane bonds (Scheme 1). 

 

. 

The chemical modification of Si-NPs occurs via the hydrolysis of silane X groups and their 

subsequent condensation with silanol groups present on the surface of Si-NPs surface, forming new 

siloxane bonds (Scheme 1). 

 

Table 1. Typical coupling agents used for silica surface modification. 

Name (abbreviation) Chemical structure Refs 

3-aminopropyltriethoxysilane (APTES) 

 

[52–55] 

3-mercaptopropyltriethoxysilane (MPTES) 

 

[56–59] 

Vinyltriethoxysilane (VTS) 

 

[60–63] 

Methacryloxypropyltrimethoxysilane (MPTMS) 

 

[64–67] 
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3-glycidyloxypropyltrimethoxysilane (GPTMS) 

 

[68–71] 

Methyltrichlorosilane (MTS) 

 

[72–75] 

 

 

 

Scheme 1. Hydrolysis of an organosilane molecule and the following condensation with surface 

silanol groups. 

 

Si-NPs functionalization is generally conducted with a post-synthetic grafting method, where the NPs 

synthesis and the organosilane functionalization are executed in consecutive steps. This process does 

not alter the size and size distribution of NPs and is usually carried out in nonaqueous systems to 

guarantee the direct grafting of organosilane on the silica surface. On the other hand, despite aqueous 

solvent causes uncontrollable hydrolysis and condensation reactions, it is a more favourable method 

for large-scale production [76]. As an alternative, the one-pot synthesis method requires the 

combination of a tetraalkoxysilane and a trialkoxysilane for the direct synthesis of functionalized Si-

NPs [77]. This co-condensation strategy reduces both the time and the energy required by the post-

modification approach and, above all, prevents the self-condensation of the alkoxysilane modifiers 

because these molecules are completely incorporated in the silica structure, both on the surface and 

in the core. Therefore, the one-pot approach guarantees a more homogeneous and quantitative 

incorporation of organosilane, preventing the aggregation phenomena of the NPs [78,79].   
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3. Macromolecules functionalized Si-NPs: the Hairy NPs 

The functionalization of Si-NPs with small organic molecules allows their dispersion within organic 

matrices and introduces additional functionalities to favor the chemical interaction between Si-NPs 

and matrices. However, in recent years bonding end-tethered polymer chains to NPs surface has been 

considered with increasing attention because of the possibility to originate a wide range of new hybrid 

materials with broad applications in fields including sensors, information storage devices, medical 

diagnostic and catalysis, depending on the combination of NPs and the polymer brush. These hybrid 

particles, called Hairy NPs (HNPs), defined by Fernandes et al. [80] provide higher affinity between 

the inorganic particle and the organic component in polymer NC compared with NPs functionalized 

with smaller molecules, drastically improving the interfacial interactions between the NC phases.  

Depending on the polymer chain length and chemical composition, it is possible to distinguish 

different types of HNPs (Figure 4). In the homopolymer condition, where the polymer chemistry is 

the same, monomodal, bimodal or disperse brushes can be obtained. Specifically, the first are NPs 

grafted with polymer chains of the same molecular weight, the second ones involve densely grafted 

short brush and sparsely grafted long brush and the last ones consist of polymer chains of various 

lengths. On the other side, mixed brushes HNPs are obtained when two polymers with different 

chemical composition are grafted on NPs.  

 

 

Figure 4. Schematic representation of HNPs with monomodal, bimodal, disperse and mixed bimodal 

brushes (from left to right). 
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The earliest examples of functionalization of inorganic particles with organic macromolecules date 

back to the 1950s, when polymers were used as stabilizing agents for colloidal dispersions. Originally, 

polymers were used as steric stabilizers by exploiting physisorption. The idea of grafting polymers 

onto particles by forming chemical bonds was only developed in the 1980s [81].  

 

3.1 Synthesis of Si-HNPs 

The three main approaches reported for the HNPs synthesis are: i) the one-pot or templated method, 

ii) the grafting-to and iii) grafting-from approaches (Figure 5). 

 

 

Figure 5. Synthetic strategies for the synthesis of HNPs. Reprinted with permission from [80]. 

 

The one-pot method, also defined as “grafting-through”, involves the anchoring of polymers with the 

simultaneous synthesis of the NPs core, generally with the Stöber synthesis. Even if this method 

allows to achieve high NPs dispersion, preventing the aggregation issues, however, this approach can 

only be applied to polymers that are soluble in the same solvent where Si-NPs synthesis takes place, 
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i.e. hydrophilic brushes such as polyethylene glycol (PEG). In this context, Zhang et al. [82] exploited 

a silane-terminated PEG chain that self-organizes in the aqueous reaction mixture in the presence of 

CTAB so that, after the formation of silica core, modified PEG chains remain anchored forming the 

polymer shell. A similar procedure is described by Akbari et al. [83], who used TEOS, ammonia and 

silane-terminated PEG, in the absence of surfactants.  

The “grafting-to” approach involves the anchoring of a pre-formed polymer onto the surface of silica. 

By using adequately end-functionalized polymers, it is possible to directly anchor a polymer chain 

onto the NPs surface. As an example, Si-NPs can be grafted with polymers by exploiting the reaction 

of surface silanols with succinic anhydride-modified chains, as reported by Tai et al. [84] 

Alternatively, organosilanes can be used to introduce reactive functional groups on Si-NPs surface, 

which can further react with polymer chains. In this context, the use of “click” chemistry, such as 

alkyne-azide [85,86], was applied by Wu et al. [87] to synthesize mixed-grafted Si-NPs, 

functionalized with both polystyrene (PS) and poly(4-vinylpyridine). As an alternative, 

Kotsuchibashi et al. [88] applied the metal-free thiol-ene “click” chemistry to anchor thiol-terminated 

poly(2-(diethylamino)ethyl methacrylate and poly(N-isopropylacrylamide) to vinyl-modified Si-

NPs. In addition, a combination of “click” chemistry with RAFT/ATRP has also been reported in the 

literature [89–91]. As an alternative, the amino groups on the surface of SiO2 NPs modified with 

APTES can react with succinic anhydride-functionalized polymers. For example, Yuan et al. [92] 

followed this route for the synthesis of SiO2 HNPs with polypropylene shells, Wei et al. [93] for PS 

and Tripaldi et al. [94] for polybutadiene (PB, Scheme 2). 

 

Scheme 2. Synthetic strategy for the synthesis of Si-HNPs with PB shell. Adapted from [94]. 
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The “grafting-from” approach involves the growth of the polymer chains from a solution of the 

monomer, starting from chemical initiators anchored onto the surface of the particles. The polymer 

is synthesized through a class of chemical methods known as controlled radical polymerization 

(CRP), among which Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-

Fragmentation Chain Transfer (RAFT) polymerization are the most popular [95]. Thanks to the 

mechanism involved, CRP provide better control over molecular weight and dispersity of the polymer 

chains [95–97]. Overall, “grafting-from” synthesis of HNPs is preferred in those applications where 

very high grafting densities (i.e., number of chains per NPs surface area) are desirable, since these 

approaches can produce HNPs with up to 1.2 chains/nm2 [98]. In addition, “grafting-from” allows 

the direct synthesis of block co-polymer shells with specific composition, and NPs with bimodal 

brushes, i.e. different polymers anchored onto the same NP core [99,100]. However, due to the much 

easier synthetic conditions, characterization and lack of contaminants of the polymer shell, “grafting-

to” approaches are preferred when lower grafting densities are required. 

 

3.2 Properties and characteristics of Si-HNPs 

Among the properties of HNPs, the most significant one is the polymer grafting density, σ, previously 

defined as the number of polymer chains per unit of surface area (Eq. 6). 

𝜎 =
𝑐ℎ𝑎𝑖𝑛𝑠

𝑛𝑚2
 (Eq. 6) 

This parameter affects the conformation of grafted polymer chains along with NPs size, degree of 

polymerization of the polymer shell, as well as the solvent or matrix in which the HNPs are dispersed. 

The study of the polymer shell conformation is crucial because it affects both the behaviour and 

properties of HNPs, especially when embedded in polymers. Several studies have been dedicated to 

understand and model the conformation of polymer chains tethered to NP cores.  

The first theoretical model of the conformation of polymer brushes, developed by De Gennes and 

Alexander in the 1970s [101,102], predicted that the conformation of a grafted polymer chain and 
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hence the thickness h of the grafted polymer layer onto a flat surface depend on the parameters “σ” 

of the polymer. When the radius of gyration Rg of the grafted chains is smaller than the average 

distance between grafting points, the molecules are stretched, and their length is proportional to N, 

which is the degree of polymerization of the polymer chains [101]. This conformation is known as 

the concentrated polymer brush (CPB), or simply “brush” regime.  

Conversely, when grafting points are placed at a sufficient distance from each other, polymer chains 

form random coils onto the grafted surface, creating the so-called dilute polymer brush (DPB) or 

“mushroom” regime. In this case, the thickness of the polymer layer scales like N3/5. 

Daoud and Cotton [103] extended this model to star polymers, consisting of a spherical polymer core 

with radius r0 with f polymer chains of monomer length l grafted around it. By assuming that i) the 

degree of polymerization of the polymer chains, N, is uniform; ii) polymers are immersed in a good 

solvent and iii) the curvature effects (differently from polymers grafted onto a flat surface), the 

polymer conformation is also a function of the distance from the core. By dividing the polymer 

branches into spherical areas, Daoud and Cotton distinguished two different regions in the star 

polymer regime: the unswollen region, close to the star polymer core, where the polymer is more 

concentrated, and the swollen region, far from the core, where the polymer is more diluted.  

Star polymers are similar to HNPs because they are both constituted by polymer chains grafted to a 

spherical core. Ohno et al. [104] and Dukes et al. [105] extended this theoretical framework to the 

case of HNPs,  studying the effect of N and σ on the chain conformation. In particular, they introduced 

the reduced grafting density σ* (Eq. 7). 

𝜎∗ =  𝜎 ∙ 𝑙2 (Eq. 7) 

Based on these two parameters, their results are summarized in Table 2. Briefly, three possible 

regimes were identified for polymer chains grafted onto NPs: the “mushroom” regime (Figure 6a), 

the semi-dilute polymer brush or SDPB regime (Figure 6b) and the concentrated polymer brush or 

CPB regime ((Figure 6c), each of which shows a different dependence on grafting density and 

polymerization degree. 
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Since the HNPs surface is curved, the polymer chains are more densely packed close to the surface 

of the core. For this reason, Ohno et al. [104] determined the presence of a critical radius rc that marks 

the transition between the CPB regime (closer to the core) and SDPB regime in HNPs (Eq. 8): 

𝑟𝑐 = 𝑟0𝜎
∗1/2𝜈∗ −1 (Eq. 8) 

where 𝜈* is a steric parameter, and r0 is the radius of the HNP core. 

 

 

Figure 6. Schematic representation of a) mushroom regime, b) semi-dilute polymer brush and c) 

concentrated polymer brush for HNPs. Adapted from [105]. 

 

Table 2. Conformation of polymer brushes and scaling of the polymer shell thickness (h) as a function 

of polymerization degree N and reduced grafting density (σ*) for flat and spherical surfaces. 

Curvature Conformation Scaling of h with N, σ* 

flat/spherical Mushroom N 3/5 

flat SDPB N 1σ* 1/3 

flat CPB N 1σ* 1/2 

spherical SDPB (N σ* 1/3)3/5 

spherical CPB (N σ* 1/2)x, 3/5 < x < 1 

 

Generally, sparsely grafted HNPs will exhibit “mushroom”-type conformation of polymer chains. 

Because of steric effects, HNPs synthesized by “grafting-to” will be generally in the mushroom 
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regime, while HNPs synthesized by “grafting-from” will exhibit SDPB or CPB conformations. A 

good way to easily estimate the polymer shell regime of HNPs based on grafting density and radius 

of gyration Rg of the polymer shell was proposed by Brittain et al [106], introducing the reduced 

tethered density Σ, defined as follows (Eq. 9): 

Σ = 𝜎 𝜋 𝑅𝑔
2 (Eq. 9) 

Then, based on the average results from several studies, they identified three possible regimes 

depending on the value of Σ: mushroom regime at Σ < 1, mushroom-to-brush transition regime at 1 

< Σ < 5, and brush regime at Σ > 5. It is important to point out that the Rg of the polymer depends on 

the solvent, and thus solvent effects can impact the polymer conformation in HNPs. 

 

4. Si-NPs and Si-HNPs in NC materials  

The introduction of Si-NPs into polymer matrices is a common strategy to produce materials with 

improved functional properties and specific technological applications [107,108] (Figure 7).  

  

Figure 7. Preparation of polymer NCs with bare, silanized and polymer grafted Si-NPs for different 

technological applications. TEM micrographs are adapted from [94]. 
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Briefly, the preparation of NCs containing Si-NPs includes: i) blending, i.e. the mixing of pre-

synthetized Si-NPs into the polymer (which is deeply described in the present review); ii) sol−gel 

process, that involves the in situ synthesis of particles in the presence of a preformed organic polymer 

or simultaneously during the monomer polymerization; iii) in situ polymerization, that consists of the 

dispersion of pre-synthetized Si-NPs in the monomer(s) first, followed by the polymerization [9]. 

Different types of polymer matrices can be used, such as thermoplastics, thermosets and elastomers.  

Firstly, the main advantage of polymer NCs over conventional composites is the presence of huge 

interfacial area between the inorganic nanofiller and the organic matrix, because of the nanoscale size 

of filler particles, providing a very high surface-to-volume ratio. This phenomenon is commonly 

referred to as the “nano-effect” and produces enhanced mechanical and physical properties. 

Therefore, polymer NCs not only combine the properties of Si-NPs (e.g. rigidity and thermal stability) 

and organic polymers (e.g. flexibility, dielectric, ductility and processability). Moreover, the synergic 

interaction between the two components provides the material with new and improved physical-

chemical, thermal and mechanical features. Actually, these new features originate from the interfacial 

interaction between filler, which provides an extremely high surface area, and polymer that is 

maximized in NCs. As consequence, it is mandatory: i) to improve the NPs-polymer interactions, ii) 

to balance of NPs-NPs and NPs-polymer interactions and iii) to control the NC morphology 

considering the dispersion and distribution of Si-NPs into the polymer matrix [109–111].  

In fact, Si- NPs distribution and dispersion within the polymer matrix should be accurately tailored 

to obtain high-performance NCs. Excessive agglomeration, leading to phase separation, strongly 

reduces the effect of the filler in the NCs by limiting the interfacial area between the two components.  

In this context, it is crucial to keep in mind the distinction between filler dispersion and filler 

distribution, illustrated in Figure 8.  
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Figure 8. Schematic illustration of filler dispersion and distribution in polymer NCs: a) Poor 

dispersion, poor distribution; b) good dispersion, poor distribution; c) poor dispersion, good 

distribution and d) good dispersion, good distribution. 

 

While good dispersion indicates that individual filler NPs are separated from each other instead of 

forming aggregates or clusters, distribution refers to the homogeneous presence of filler in the whole 

polymer matrix [112]. 

A trade-off between dispersion and distribution has to be achieved to tailor the properties of the NC 

materials. In fact, a good dispersion is always desirable to produce homogeneous properties in the 

final macroscopic material. On the other hand, the presence of NP-NP and NP-polymer interactions 

and their balance determines NPs spatial distribution and organization, which affect the macroscale 

properties of the hybrid materials. Recently, the improved properties of the NCs have been attributed 

to the ability of NPs to self-assemble into alternative structures like sheets, vesicles, percolating 

clusters and so on, which will be discussed more in-depth in the next section. 

 

5. Si-NPs and Si-HNPs self-assembly in NCs materials  

5.1 An overview of the self-assembling process  

Self-assembly is the process by which disordered building blocks, such as atoms, molecules or NPs, 

spontaneously organise into a macroscopic structure with a higher level of structural complexity 

[113]. 
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By self-assembling these building blocks, it is possible to obtain novel organizations, having new 

collective properties completely different from those of a single NP. In this way, a great variety of 

structures on multiple length scales can be formed, provided that a complete control of the 

morphologies and surface properties of the building block is achieved. 

The first study which introduced the term self-assembly [114] dates back to 1983, when Nuzzo and 

Allara, described the formation of a closed-packed monolayer of gold surfaces grafted with alkyl 

disulfides as a “self-assembled monolayer”. However, already in 1935, Langmuir and Blodgett [115] 

evidenced the formation of a close-packed arrangement of amphiphilic molecules on liquid and solid 

surfaces, while in 1946 Bigelow [116] observed that long-chain alkylamines on the surface of 

platinum form a densely packed monolayer. Many examples of self-assembly processes are also 

present in nature [117], but only later they were recognized for what they were. Biological self-

assembly exploits different lock-and-key, steric constraints hierarchical forces to drive specifically 

the species organization in viruses or globular proteins. It could be argued that the investigation of 

the self-assembly processes of non-living species could represent a way to understand more deeply 

also the living systems. 

Self-assembly can be primarily classified in static and dynamic self-assembly processes. Static self-

assembly, also called equilibrium self-assembly, usually requires an energetic input and leads to the 

minimization of the system free energy, thus reaching a thermodynamic local or global equilibrium. 

This is the case of lipid double layers formation and protein folding [118]. 

However, kinetic constraints can also be present, hindering the equilibrium state reaching or, on the 

contrary, obstructing the system’s return to the equilibrium state (non-equilibrium self-assembly) 

[119]. This is particularly relevant for polymer NCs preparation, where non-equilibrium structures 

can be achieved, due to the strong interparticle interactions, slow mobility and relaxation of the NPs 

in the polymer matrix [120]. 

Even if self-assembly is defined as a spontaneous process, the building blocks distribution can be 

directly controlled by an external influence (e.g. magnetic or electric fields, irradiation), obtaining a 
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system which resides on an energetic minimum caused by a continuous influx of energy. This is the 

case of dynamic self-assembly. However, once the external input of energy stops, the minimum 

disappears, and the system disassembles. Examples of dynamic self-assemblies are also present in 

living cells where the interruption of the energy input leads to their death. 

In addition to these two main kinds of self-assembly, templated self-assembly has also been identified 

when the interactions among the components lead to a specific organization with regular features in 

their environment [118]. This is the case of the crystal nucleation control by patterning the 

monolayers on which the crystallization occurs. 

Some authors distinguish also the organization process derived by a selective functionalization of the 

building block as a directed self-assembly [121]. 

In recent years, many different synthetic and functionalization methods have been developed for the 

preparation of a variety of building blocks, engineering their structure and symmetry for a desired 

organization. NPs of different dimension, shape (rods, wires, rings, ellipsoids, cubes, triangular 

prisms), composition (core-shell) and surface chemistry have been prepared, thus setting the basis for 

different studies on their respective self-organization capabilities and resulting collective mechanical, 

electronic, optical, and magnetic properties. 

In the NPs self-assembly process rationalization, a combination of attractive and repulsive driving 

forces must be considered depending on the NPs morphologies, interparticle interactions and external 

environment [122]. 

 

5.2 Si-NPs organizations in Polymer Matrices  

Along with the previously illustrated assisted self-assemblies, polymers have been also identified as 

useful directing agents in the NPs self-assemblies. In this case, it is necessary to consider that kinetics 

has a critical role in expanding the possibility to obtain non-equilibrium structures, due to the 

relatively low mobility, slow relaxation and strong interparticle interactions of NPs in polymer 

matrices [120]. Furthermore, the NPs addition leads to an entropic penalty due to the stretching and 
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compressing of polymer chains resulting in some cases in the microphase separation of NPs in the 

polymer matrices. 

In this context, the focus is on the control of the NPs dispersion and relative organizations in the 

polymer matrix, which directly affect the properties of polymer NCs. In detail, the material 

performances are determined by two interfacial interactions: the NPs interparticle interactions and 

the NPs-polymers interactions, which differently affect the final macroscopic properties [123]. All 

these parameters are strictly related to the NPs dispersion state, which can be controlled through the 

energetic interactions or by entropic factors. However, the combination of van der Waals attraction 

forces, excluded volume interactions and depletion attraction forces experienced by the polymer 

matrix commonly leads to irreversible NPs aggregations. It is therefore necessary to act on these 

attractive forces by controlling the NP surface functionalization, morphology and the polymer NC 

preparation method, with subsequent treatments (annealing, sonication). 

A general rule concerning the dispersion of NPs in polymer matrices was developed by Mackay et 

al. [7] who stated that the NPs segregate when the NP radius (RNP) is bigger than the polymer radius 

of gyration (Rg), regardless of the polymer and filler chemistry. On the contrary, if RNP is smaller than 

Rg the NPs disperse in the polymer matrix. This is because the increase in molecular contacts leads 

to an enthalpy gain, even if the process is entropically unfavourable. 

In some applications, polymer NCs characterized by a connected network of particles (percolative 

network) are required. In this case, a partial aggregation of the particles is required and is better 

achievable at lower loadings with anisotropic NPs. 

It is also necessary to consider that, depending on the employed NC preparation method (e.g., melt-

mixing, solvent casting, extrusion, rapid precipitation, compression moulding and so on), the final 

NPs dispersion can be altered completely. In solvent-casted NCs, for example, the solvent and the 

evaporation rate play a fundamental role in governing NPs and polymer interactions.  

In this context, Kumar and co-workers [124] investigated the changes in spherical Si-NPs 

organizations in a poly(2-vinyl pyridine) (P2VP) matrix by changing the solvent from methyl ethyl 

Jo
urn

al 
Pre-

pro
of



27 

 

ketone (MEK) to pyridine (Figure 9a). By dispersing silica in MEK, a bound layer of the polymer on 

the silica surface forms and thus prevents particles agglomeration. However, at larger P2VP 

concentrations, NPs start to aggregate due to their bridging. On the contrary, when silica is dispersed 

in pyridine, a better solvent for the P2VP, a bound layer does not form and the NPs dispersion is 

governed by a balance between NPs electrostatic repulsions, polymer induced depletion attractions 

and kinetic slowdown of diffusion (depending on the polymer molecular weight). 

More recently, similar studies were conducted by Lepcio and colleagues [125] on a system consisting 

of colloidal bare Si-NPs in a polymethylmethacrylate (PMMA) matrix. By combining TEM and ultra 

small-angle X-ray scattering (USAXS) analysis, three different NPs organizations were observed 

depending on the solvent involved during the polymer NC preparation (Figure 9b). The results show: 

i) individual particles dispersed in the matrix when acetone and ethyl acetate are applied for the 

polymer NC preparation; ii) Si-NPs aggregates with average sizes of approximately 400 and 500 nm 

using THF or toluene; iii) an intermediate distribution, consisting of three different populations of 

cluster sizes, with the 1:1 acetone-toluene mixture. By calculating the interaction enthalpies between 

Si-NPs and solvents, the authors were able to ascribe the Si-NPs organization to differences in terms 

of the amount of polymer adsorption and depletion attraction. In a subsequent study [126], the 

Authors found a significant influence of the NPs organization on relaxation and mechanical properties 

attributed to the presence of immobilized polymer segments in the vicinity of the NP surface and 

frustration of connected and intertangled chains. A unique reinforcing mechanism of chain bound 

clusters related to their internal structure was revealed. 

Another description of Si-NPs behaviour in a polymer matrix is provided by Bouty et al. [127], who 

investigated the distribution of LUDOX Si-NPs in styrene-butadiene rubber (SBR) by solvent casting 

with dimethylacetamide. In this context, the NPs distribution inside the polymer matrix was studied 

by SAXS and TEM analysis, showing the aggregation of silica and the formation of clusters 

independently from the nature and the quantity of additives: octylytiethoxysilane (OCTEO) and 

bis(triethoxysilyl)propyltetrasulfide (TESPT). At increasing volume fractions of silica, a transition 
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from individual clusters to a continuous network was observed (10 vol% of silica). In particular, at 

higher filler contents, the cluster size decreases from 170 to 115 nm, coherently with the formation 

of a filler network (Figure 9c). Authors concluded that NPs form individual clusters at low loading 

that can connect to form a continuous network at high silica loading and, under stretching, the NP 

acts as an additional cross-linked junction preventing the chain relaxations that are deformed at a 

larger amplitude than the pure polymer. 

By large-scale molecular dynamics simulations Cheng et al. [128] demonstrated that also the 

evaporation process can dramatically affect the NPs assembly. Generally, NPs tend to accumulate 

near the film surface due to fast evaporation. However, in the case of immiscible NP/polymer 

systems, if fast evaporation is employed, a polymer layer forms on the surface and prevents the NPs 

diffusion. 

 

 

Figure 9. a) TEM images of 50 nm bare Si-NPs in a 14.7K P2VP matrix (10 wt%) prepared by solvent 

casting with MEK (I) and pyridine (II) [124]. b) TEM images of Si-NPs in PMMA matrix (1 vol%) 

prepared with acetone (I), 1:1 acetone-toluene mixture (II) and toluene (III). Dependence of intensity 

I vs the scattering vector length q obtained from USAXS data for teach solvent; the black lines 
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represent the trans for dispersed and clustered structures (IV) [125]. c) Radially averaged 

autocorrelation function C(r) vs the distance r for polymer NC including 10 vol% of Si-NPs with 

OCTEO (red) and 1 vol% Si-NPs with TESPT (blue); in both cases, the amount of additive is equal 

to 1 TEOS groups/nm2 of SiO2 [127]. Adapted from [124], [125] and [127]. 

 

The behavior of anisotropic Si-NPs in SBR NCs was investigated by Scotti et al. [33]. They studied 

the self-assembly of spherical and anisotropic Si-NPs with various aspect ratios, synthesized by a sol-

gel method using TEOS and (3-mercaptopropyl) trimethoxysilane (MPTMS), in the presence of 

CTAB as a structure-directing agent. The influence of the particle morphology on the filler 

reinforcing effect was investigated, taking into consideration that the filler reinforcement effect in 

polymer NCs strongly depends on the rubber network, the hydrodynamic effect and the filler-rubber 

and filler-filler interactions. Scotti et al. demonstrated that, at increasing aspect ratio values, a stronger 

reinforcement of the rubber occurs. TEM analysis revealed that this improvement is associated with 

the self-organization of Si-NPs in ordered domains that guarantees a larger filler/polymer interface 

(Figure 10). 

 

Figure 10. Silica rod-like particles with the highest aspect ratio provided stronger reinforcement of 

the rubber. Reprinted with permission from [33] 

 

5.3 Si-HNPs organizations in Polymer Matrices  

When Si-HNPs are embedded in a polymer matrix, their organization and spatial orientation are 

controlled by different factors. Considering a system in which HNPs are dispersed in a homopolymer 
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matrix, it is clear that the NP core is not compatible with the polymeric matrix, whereas the 

interactions between the polymer brush and the matrix are enthalpically favoured. 

However, HNPs self-assembly can be influenced by the conformational entropic penalty arising from 

the compression and extension of polymer brushes. As a result, HNPs in polymer matrices can arrange 

in a variety of superstructures by changing the polymer brush conformation. 

As reported in Figure 11, by increasing graft polymer coverage (), it is possible to progressively go 

from spherical clusters to thick sheets, thin sheets, strings and finally well-dispersed particles. The 

same arrangements are independent on the type of polymer employed for the polymer NCs 

fabrication. Akcora and co-workers [129] performed experiments changing the polymer matrix 

molecular weight, evidencing an additional different trend. 
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Figure 11. TEM micrographs of polymer NCs composed of PS-grafted Si-HNPs in a homopolymer 

matrix at different grafting densities (σ) and grafted polymer molecular weight (Mg). Adapted from 

[130]. 

 

Starting from this work, different studies [120,130,131] have focused on the investigation of the 

structural parameters influencing the assembled structures formed by HNPs in homopolymer 

matrices. To summarize all the available data regarding the HNPs assemblies, Kumar et al. [130] 

derived a graph (Figure 12) which allows to predict the NPs dispersion. The collected data regarded 

HNPs of similar size (diameter between 7 to 18 nm) at relatively low loadings (ca. 5 vol%) in a 

polymer matrix.  
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Figure 12. Morphology diagram based on all data available in literature. The graph plots σּ √N vs 1/α 

where, σ is the grafting density, α=P/N, N and P being the degree of polymerization of the grafted 

chains and matrix, respectively. Reprinted with permission from [120]. 

 

As reported in Figure 12, at high grafting densities (𝜎 ּ √𝑁 > 2), HNPs core-core attractions are 

negligible while grafted polymer chains stretch out forming a brush [131,132]. Therefore, the HNPs 

dispersion characteristics depend mainly on the polymer entropic effects: if the matrix chains have a 

lower molecular weight than the grafted brush (α > 0.2), the free chains are able to penetrate and wet 

the brush, maximizing the translational entropy. Therefore, an attractive interaction between the two 

polymers arises and particles are completely dispersed. On the contrary, at increasing matrix 

molecular weight (α < 0.2), the entropic penalty for the matrix to penetrate the grafted polymer brush 

increases and HNPs agglomeration and phase separation occurs. This phenomenon is also called 

autophobic dewetting [133] and consists of the depletion of the attraction between HNPs. This effect 

decreases with increasing surface curvature because smaller NPs suffer from less entropic penalty 

than larger ones or rod-like NPs [120,132,134,135]. 

At low grafting densities, the deformation of the polymer brush exposes the NPs surface. The 

consequent enthalpy increase drives the aggregation of the HNPs, which is instead limited by the 

steric repulsion between neighbouring polymer brushes. Thanks to the balance between extremely 

short-ranged interparticle attractions and the entropic penalty associated with the distortion of the 

polymer brush as NPs approach each other, HNPs organize in anisotropic structures inside the 

polymer matrix [130,136]. Hence, by varying the polymer brush features, it could be possible to 

control the interparticle attractions and the HNPs assembly, creating materials with tuneable 

properties. For example, Akora et al. [129] measured the linear and nonlinear rheology of NC based 

on 14-nm-diameter spherical silica particles grafted with PS chains embedded in PS matrix to 

delineate the practical usefulness of particle self-assembly. They demonstrated that the use of HNPs 

favours the creation of polymeric materials with significant reinforcement and at the same time 
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without no stress drop-off at increasing strain (Figure 13): the gel-like structures that are formed 

owing to attractive core–core contacts at reduced polymer grafting on HNPs apparently do not give 

large stress overshoots. 

All these studies [129,137,138] were performed by dispersing Si-NPs grafted with PS chains in PS 

matrices of different molecular weights. However, it has been demonstrated that the same 

arrangements are independent on the type of polymer employed for the polymer NCs fabrication; 

indeed, similar results have been observed by Akcora et al. [139] with PMMA composites and by 

Green et al. [140] with poly(dimethylsiloxane) (PDMS) grafted Si-HNPs dispersed in PDMS. In this 

study, rheology experiments showed that the composites display solid-like behaviour only when the 

particles are aggregated and the presence of percolating particle clusters in the agglomerated samples 

allows for stress propagation through the system. Authors conclude that mechanical reinforcement in 

polymer NCs is purely based on the NPs, surmising that mechanical reinforcement is caused by the 

bridging of particles by the grafted polymer layers on Si-NPs and not due to the formation of “glassy” 

polymer layers on the NPs. 

 

 

Figure 13. Shear stress vs strain of NC with matrix M=42 kg mol-1 (black) and 142 kg mol-1 (red) and 

of pure homopolymers. Each particle, on average, has 37 chains grafted to it, where each grafted 
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chain was of molecular mass of 106 kg mol-1. The blue symbols are for a matrix with 142 kg mol-1 

but for particles that have six chains grafted to them, with each of them of 158 kg mol-1. The left axis 

is for the M=142 kg mol-1 and the right axis is for the 42 kg mol-1 matrix. The open symbols are for 

the homo-polymer and the filled symbols are for the NC. Reprinted with permission from [129]. 

 

More recent literature further confirms the reliability of this model for different homo-polymeric 

systems and the theory based on the work by Kumar et al. [130] In particular both Boonevide et al. 

[141] and Dhara et al. [142] observed self-assembly phenomena of polyisoprene (PI) grafted Si-HNPs 

when dispersed in PI matrix; in both cases, all polymeric components are synthesized with a RAFT 

polymerization. By varying σ and 1/α, for loading comprised between 5-15 wt%, TEM and SAXS 

analyses provide evidence of different structural organization, going from a well dispersed to sheets-

forming conditions, in agreement with the plot provided by Kumar et al. [130] (Figure 14). Also in 

the case of PI-grafted silica [142], a specific HNP morphology was achieved at intermediate graft 

densities, consisting of a percolating particle network, with a significant reinforcement of the system, 

at a lower NP percolation loading threshold relative to other morphologies. 
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Figure 14. a) TEM images of PI grafted Si-HNPs in PI matrix, with N and σ equal to 104 kDa at 0.15 

ch/nm2 (A1), 20 kDa at 0.15 ch/nm2(A2), 35 kDa at 0.035 ch/nm2 (A3) and 38 kDa at 0.25 ch/nm2 

(A4). b) Representation in the morphology diagram of the various systems studied. Adapted with 

permission from [130] and [141].   

 

Organization in anisotropic morphologies, specifically string-like structures and small clusters, was 

also observed by Bornani et al. [143] with polyethylene (PE) grafted Si-NPs, namely PE-g-SiO2 NPs 

dispersed in a commercial high-density PE (HDPE), producing the so-called PE-g-SiO2 NPs/PE NCs. 

In addition, this article highlights the role played by the dispersity of the matrix molecular weight and 

Si-NPs core size. These authors demonstrated that the usage of a commercial version of PI and PE 

and, hence, polymer matrices with a higher dispersity index, is associated to discrepancies in the filler 

organization, compared to the predictions based on the morphology plot (Figure 15).  In addition, this 

study highlights how organized structures can serve as a tool to control nucleation and crystal growth 

in industrially relevant semicrystalline polymers. 
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Figure 15. a) Overcrowding parameter X of the predicted organizations of PE grafted Si-HNPs in a 

commercial 152 kDa PE matrix vs 1/; b) TEM micrographs showing the organization of different 

graft MWs of PE-g-SiO2 NPs in a commercial 152 kDa PE matrix; c) Summary of the grafting 

characteristics and the predicted and observed morphology of PE-g-SiO2 NPs/PE NCs. Adapted with 

permission from [143]. 

 

The previously mentioned processes are temperature dependent as self-assembly is governed by a 

balance of entropic and enthalpic factors. Precisely, the temperature does influence not only the size 

of the aggregates but also their morphology [144]. On the contrary, the solvent employed doesn’t 

play a crucial role in the particles arrangement, as long as it is favourable to the grafted chains [141]. 

However, in a system where the chemistry of the matrix and of the grafted chains are completely 

different, the enthalpic interactions become more dominant over the entropic ones and the Kumar 

diagram is not followed anymore [141]. A similar result has been found for thin films because the 

HNPs usually move to the air/film interface where they assemble in a variety of bidimensional 

superstructures, analogous to the bulk ones [130]. 
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It must be noted that the formation of anisotropic arrangements is hindered for both homopolymer 

dispersed and bimodal grafted silica HNPs. These types of Si-HNPs are reported to be well-dispersed 

in a broad range of polymer matrix lengths, due to the sensible reduction in the core-core attraction 

forces guaranteed by the short grafted chains and the improved wettability of long chains 

[99,131,145,146]. On the other side, a fine control over core-core interactions is offered by mixed 

polymer brushes, which consist of bimodal HNPs with two chemically different polymers. In this 

context, Zhao et al. [100] compared the self-assembly properties of monomodal PS Si-HNPs and 

mixed bimodal with sparse grafted PS long chain and highly grafted P2VP short chain, dispersed in 

PS matrices by solvent-casting. Despite the presence of two different polymer lengths, mixed bimodal 

HNPs maintain the self-assembly properties because the core-core interactions are not strongly 

shielded compared to homopolymer bimodal HNPs. Indeed, this type of functionalization provides 

self-assembly with new morphologies: clumps with strings and thick strings with vesicles. Due to the 

higher dispersibility of bimodal polymer grafted HNPs in polymer matrices, Zhao et al. observed that 

the well-dispersed region and the phase separation are similar to the monomodal HNPs, but the region 

where anisotropic structures are formed is reduced (Figure 16). Composites prepared with these 

bimodal brush-grafted NPs showed improved mechanical and thermal properties when compared to 

monomodal-grafted nanoparticles, due to the improved NPs dispersion. 

 

Figure 16. a) TEM micrographs of bimodal PS-P2VP grafted silica HNPs in PS matrices (5 wt%) at 

different PS grafting densities (σPS) and PS matrices molecular weight (Mm). b) comparison of the 
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dispersion state of bimodal PS-P2VP (blue) and monomodal PS (red) silica HNPs (core diameter: 14 

±4 nm) in PS matrices. Adapted with permission from [100]. 

 

Similar results were provided by Tang et al. [147] regarding mixed Si-HNPs (67 nm) grafted with PS 

(22.2 KDa, σ=0.31 ch/nm2) and poly(tert-butylacrylate) (PtBA, 23.4 kDa, σ=0.54 ch/nm2) dispersed 

in PtBA or poly(cyclohexyl methacrylate) (PCHMA) matrices with different molecular weights by 

solvent-casting technique. Indeed, in both matrices, they experimentally observed the formation of 

anisotropic structures such as worm-like domains, strings or small flocculates (Figure 17). 

 

 

Figure 17. TEM images of mixed PtBA-PS grafted Si-NPs forming a) clusters in the 23 KDa PtBA 

matrix, b) strings in the 65 kDa PtBA matrix and c) worm-like structures in the 70 kDa PCHMA 

matrix. All the polymer NCs contain 1.5 wt% of silica HNPs. Reprinted with permission from [147]. 

 

6. Conclusion and Perspective  

This review describes the use of Si-NPs and Si-HNPs in polymer matrices to significantly improve 

the properties of the final NC materials, which can be related to the self-organization behaviour of 

NPs. This self-assembly behaviour arises from a balance of attractive and repulsive interactions and 

may be controlled by tuning the surface chemistry of the NPs.  

Firstly, the main preparation methods of spherical and anisotropic Si-NPs have been reported and 

discussed in connection with the chemical and morphological properties of particles, which strongly 
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affect the dispersion, distribution, and self-assembling processes. Successively, the review analyzed 

the Si-NPs functionalization reactions with both small molecules, such as silane coupling agents, and 

with macromolecules, producing the so-called Si-HNPs. The organization of both anisotropic Si-NPs 

and Si-HNPs in polymer NCs has been discussed by analyzing the recent studies reported by 

significant numbers of researchers. Many Authors report scientific evidence of the organizational 

capability of Si-NPs and especially Si-HNPs in different polymeric matrices and highlight the positive 

impact of self-organized particles on improved materials properties.  

The reported outcomes support the suitability of the strategy based on Si-NPs self-assembly as an 

effective approach for developing advanced functional polymer NCs. However, the relationship 

between NPs spatial distribution and macroscopic properties remains not completely understood. 

Further work will be needed to solve this issue and lead to a quantum leap in the property 

improvements and to the wider application of these materials. 
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