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Abstract:

 This article reviews the recent advances and challenges in the preparation of polymer/inorganic hybrid nanoparticles. We mainly focus on synthetic strategies, basing our classification on whether the inorganic and the polymer components have been formed in situ or ex situ, of the hybrid material. Accordingly, four types of strategies are identified and described, referring to recent examples: (i) ex situ formation of the components and subsequent attachment or integration, either by covalent or noncovalent bonding; (ii) in situ polymerization in the presence of ex situ formed inorganic nanoparticles; (iii) in situ precipitation of the inorganic components on or in polymer structures; and (iv) strategies in which both polymer and inorganic component are simultaneously formed in situ.
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1. Introduction

Although the term “organic/inorganic hybrid nanomaterial” has become incredibly popular in the last few decades, the combination of organic and inorganic matter at the nanoscopic scale is not new. Indeed, nature has been fabricating hybrid materials since the origins of life. Bone, nacre, and corals are just a few representative examples of how the interaction of biogenic molecules with inorganic components is able to deliver hybrid biomaterials with a sophistication that is very difficult to replicate by humans. Herein, we aim to review recent synthetic advances in a specific area of organic–inorganic hybrid materials: the preparation of polymer/inorganic hybrid nanoparticles. We will refer exclusively to hybrid particles—and very specifically to those in the submicron and nanoscopic range—containing polymers as the organic component, leaving aside hybrid nanoparticles in which the organic component is made of smaller molecules.

Polymer/inorganic hybrid nanoparticles find their application in very diverse areas, including coatings, catalysis, optics, optoelectronics, and biomedical applications. In very general terms, the polymer component typically has structural functions and may tune the mechanical features and processability of the final materials, whereas the inorganic component can introduce specific functionalities (catalytic activity, luminescence, magnetism, etc.) and/or reinforce the mechanical and thermal properties of the polymer. The final properties of the hybrid nanoparticles are very often not a simple addition of the properties of the independent component, but a unique result from synergetic effects.

We have structured our article on the basis of the synthetic strategy used in producing hybrid nanoparticles, being aware that any classification has a certain degree of arbitrarity and subjectivity. Our criterion has been whether the inorganic and the polymer components are formed in situ or ex situ of the hybrid nanoparticles. Some authors consider “hybrid materials” only those in which the components are formed in situ (e.g., the inorganic component is formed in situ by sol–gel methods), while the combination of ex situ formed materials are referred to as “composite materials”. This classification is certainly legitimate and is based on the definition of “hybrid material” given in the IUPAC Gold Book [1]: “Material composed of an intimate mixture of inorganic components, organic components, or both types of component. Note: The components usually interpenetrate on scales of less than 1 μm.” However, in the case of nanoparticles, the interpenetration occurs always “on scales of less than 1 μm” and the difference between “nanocomposite particle” and “hybrid nanoparticle” may be relatively diffuse. Therefore, we have decided to use “hybrid nanoparticle” in a general way, even though some works reported here could also be, strictly speaking, considered as a “nanocomposite”.

We distinguish four groups of possible strategies in the formation of polymer/inorganic hybrid nanoparticles:


	(1)

	Strategies in which the formation of both polymer and inorganic components takes place ex situ, and the hybrid nanoparticle is formed by their combination. Two cases can be differentiated: (i) those in which polymer chains are attached to inorganic particles; and (ii) those in which polymer nanoparticles and inorganic nanoparticles are combined together. In both cases, either with polymer chains or with particles, the attachment of the components can be noncovalent or covalent. (see Section 3)



	(2)

	Strategies in which the inorganic component (typically inorganic nanoparticles) is formed ex situ and, afterwards, the polymerization of the organic component takes places in its presence. ( see Section 4)



	(3)

	Strategies in which the polymer or the polymer particles are formed ex situ and the precipitation/crystallization of the inorganic component takes place in situ. (see Section 5)



	(4)

	Strategies in which both the polymer and the inorganic components are simultaneously formed in situ, during hybrid nanoparticle formation. (see Section 6)





These synthetic pathways, schematically depicted in Figure 1, are described in detail within the article. At the end, we will also briefly refer to the assembly of nanoparticles, which has become a trending topic.

Figure 1. Different synthetic strategies in the formation of polymer/inorganic hybrid particles.
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2. Literature on Organic/Inorganic Hybrid Particles and Related Topics

The topic of hybrid nanoparticles is extensive and it would be impossible to exhaustively discuss all works to date. Our objective is, therefore, more modest: we aim to highlight examples that, under our point of view, are representative of the different preparation strategies of polymer/inorganic hybrid nanoparticles. Several books, feature articles, and reviews on specific issues related with the synthesis and applications of hybrid nanoparticles have been published in recent years. To prevent repetition, we address the reader to those references, where appropriate. Some of the most recent overview publications in the topic are listed in Table 1. Many of the works of this table do not refer exclusively to hybrid nanoparticles, but contain relevant sections related to the topic. Most of these publications either have a general scope or are very specific (e.g., on concrete applications), and a comprehensive overview focusing exclusively on recent advances the preparation of polymer/inorganic hybrid nanoparticle has been missing. The present review tries to fill this gap, serving as an introduction for undergraduate and graduate students.


Table 1. Overview publication on specific issues related with the synthesis and applications of hybrid nanoparticles.



	
Year

	
Authors

	
Reference

	
Main aspect highlighted






	
2001

	
F. Caruso

	
[2]

	
Functionalization of particle surfaces (mainly layer-by-layer)




	






	
2004

	
F. Caruso (ed.)

	
[3]

	
Colloidal particles (book)




	
Shi et al.

	
[4]

	
Layer-by-layer technique for nanostructured materials




	






	
2007

	
Ballauff and Lu

	
[5]

	
Thermosensitive core–shell microgel particles (also hybrid particles)




	
Lattuada and Hatton

	
[6]

	
Janus magnetic nanoparticles




	






	
2009

	
Karg and Hellweg

	
[7]

	
Poly(NIPAM) microgels and nanoparticle microgel hybrids




	
Landfester

	
[8]

	
Polymer and hybrid nanoparticles by miniemulsion polymerization




	






	
2010

	
Agrawal et al.

	
[9]

	
Colloid-based composite particles




	
Landfester and Weiss

	
[10]

	
Encapsulation in nanoparticles by miniemulsion polymerization




	
Sperling and Parak

	
[11]

	
Functionalization and bioconjugation of inorganic nanoparticles




	
Than and Green

	
[12]

	
Functionalization of nanoparticles for biomedical applications




	






	
2011

	
Hu et al.

	
[13]

	
Organic–inorganic nanocomposites by miniemulsion polymerization




	
Musyanovych and Landfester

	
[14]

	
Core–shell particles




	
Neoh and Kang

	
[15]

	
Polymer-functionalized inorganic nanoparticles for biomedical applications




	






	
2012

	
Chapel and Berret

	
[16]

	
Electrostatic assembly of nanoparticles and polyelectrolytes




	
Dong et al.

	
[17]

	
Soft vesicles as templates for inorganic materials




	
Muñoz-Espí et al.

	
[18]

	
Miniemulsion for inorganic synthesis




	
Sailor and Park

	
[19]

	
Hybrid nanoparticles for detection and treatment of cancer




	






	
2013

	
Froimowicz et al.

	
[20]

	
General overview of surface-functionalized nanoparticles




	
He et al.

	
[21]

	
Asymmetric metal(oxide) hybrid nanoparticles




	
Muñoz-Espí et al.

	
[22]

	
Use of colloidal systems for crystallization




	






	
2014

	
Rangelov and Pispas

	
[23]

	
Polymer and polymer-hybrid nanoparticles (book)











3. Preparation of Hybrid Polymer/Inorganic Nanoparticles from ex Situ Produced Components


3.1. Attachment of Polymer Chains to Inorganic Nanoparticles

Organic molecules have been used extensively to modify inorganic nanoparticles, whether as small ligands to tailor the surface properties of inorganic nanoparticles or as longer polymeric chains that aid in the formation of new polymer/inorganic hybrid materials. The attachment of polymers to inorganic nanoparticles can either by physical (noncovalent) or by covalent means, and the resulting hybrid material has unique properties depending on the synthetic route.


3.1.1. Noncovalent Attachment

Polymeric coatings on inorganic nanoparticles can be prepared by taking advantage of the electrostatic interactions that occur between a charged polymer (polyelectrolytes and ionomers) and the charged surface of an inorganic particle. A good review on deposition of polymer chains onto nanoparticles has been written by Chapel and Berret [16]. Figure 2 shows the three main methods highlighted by these authors in using electrostatic interactions of polymers and nanoparticles in forming coatings and, thus, hybrid nanoparticles: (i) direct addition; (ii) desalting; and (iii) layer-by-layer. The direct addition consists of the mixing of both components together to form aggregates of the two oppositely charged species. In a desalting process, both the inorganic particles and the polymers are dispersed within a media and are stabilized from interacting by the presence of salt ions. The removal of the salt allows for a more ordered aggregation to begin, because the desalting rate can be controlled. Finally, the layer-by-layer (LbL) deposition allows the formation of highly controlled coatings, which can yield attractive hierarchical morphologies, but through a quite time-consuming process.

Figure 2. Summary of the three methods to form thin layers of physically attached polymeric chains to inorganic particles by taking advantage of charge. Reprinted with permission from [16]. Copyright 2012, Elsevier.
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The LbL technique implies the addition of one charged species into a concentrated suspension of the oppositely charged species. The process is repeated two or more times, thus forming a controlled number of oppositely charged layers on the particle surface. Weakly attached species are washed away after each layer deposition, which is time consuming. In recent years, automation of this process has led to an increased processing rate [24,25].

LbL techniques in the formation of functional hybrid particles for use in drug delivery applications have being recently attracting a lot of attention. Tong et al. [26] have reviewed the use of LbL deposition in nanoparticles for biomedical applications. The versatility of the method has enabled the design and preparation of shell structures with a variety of compositions and functionalities on the surface of multiple inorganic particles, including ZnO nanorod-based hybrid nanomaterials prepared at room temperature with cores made of ZnO/CeO2, ZnO/CdS, and ZnO/Ag [27].

The formation of hybrid nanocapsules is also possible by applying the LbL approach. Hollow silica and silica/polymer spheres were formed by deposition of silica nanoparticles and polymer onto colloidal templates. The wall thickness of the capsules can be controlled by varying the number of nanoparticle and polymer deposition cycles. By changing the morphology and size of the colloid template, the capsule structure can also be varied [28]. Nakamura et al. [29] prepared Fe3O4/Pd/polyelectrolyte hybrid capsules by this technique (Figure 3). LbL assembly of polyelectrolytes onto melamine/formaldehyde particles was followed by the adsorption of palladium catalysts onto the poly(allylamine hydrochloride)-terminated surface. Afterwards, Fe3O4 nanoparticles were deposited on the top of the structure. Fe3O4/polyelectrolyte hybrid capsules can be particularly interesting for medical applications.

Figure 3. Formation of Fe3O4/Pd/polyelectrolyte hybrid capsules by layer-by-layer deposition. Reprinted with permission from from [29]. Copyright 2010, Elsevier.



[image: Materials 07 04057f3 1024]





The formation of polymeric layers onto particles is a well-established technique now and it is expected that its use will continue to be explored with great interest, because the morphology and the thickness of the layers can be easily controlled by using commercially available materials without need of any demanding chemical reaction. LbL deposition may also be used to deposit inorganic materials formed in situ onto preformed polymer particles, which will be discussed in Section 5.2.



3.1.2. Covalent Attachment

Single layer coatings of covalently attached polymeric chains to particles surfaces fall under the category of the so-called ‘polymer brushes’, which have been well studied and reviewed [30–32]. Polymer brushes have three regimes: Gaussian random coils, a mushroom regime, and the polymer brush structure, which are dependent on the increasing grafting density of the polymer coating to the inorganic particle [33]. The polymeric chains may be attached in two ways: either by “grafting to” or by “grafting from” approaches, which involve coupling techniques and surface-initialized polymerization, respectively. “Grafting from” methods have commonly focused on living polymerization or atom transfer radical polymerization, of which the works and reviews of Matyjaszewski’s group are representative [34–36]. Although “grafting to” and “grafting from” methods are typically explained together, as they relate both to polymer brushes, under our classification “grafting from” strategies belong to the in situ polymerization strategies and will be discussed in that section.

Coupling techniques—or “grafting to”—methods often require the addition of functional groups to the surface of inorganic nanoparticles, allowing then for conventional chemical reactions to graft polymers to the modified inorganic particles. In a recent publication, Froimowicz et al. [20] have reviewed post-functionalization strategies of existing nanoparticles. Among the different possibilities, “click chemistry” is useful in attaching chains to the surface of particles, as it can be carried out with high efficiency under relatively mild conditions [37]. A representative example of the ease of click chemistry as a means of attaining polymer brushes on inorganic particles was shown by Tchoul et al. [38], who used titania nanoparticles as a core with polystyrene grafted onto the surface. The titania surface was prepared by phosphonate coupling and subsequent “click chemistry” to attach the polystyrene chains to the surface of the modified particles. Additionally, “click chemistry” based on thiol-ene reactions have been used to modify nanocellulose crystals for compatiblizing into the matrix of composites materials [39]. More recently, “click reactions” along with in situ polymerization techniques, such as controlled radical polymerization, have been used together to form highly tailorable materials [40].

Figure 4 presents an overview of the most common reactions used for coupling.

Figure 4. Main strategies for covalent post-functionalization of nanoparticles. Reproduced with permission from [20], partially based on Erathodiyil and Ying [40]. Copyright 2013, Eureka Science Ltd.
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Among the different possibilities, “click chemistry” is useful in attaching chains to the surface of particles, as it can be carried out with high efficiency under relatively mild conditions [41]. A representative example of the ease of click chemistry as a means of attaining polymer brushes on inorganic particles was shown by Tchoul et al. [37], who used titania nanoparticles as a core with polystyrene grafted onto the surface. The titania surface was prepared by phosphonate coupling and subsequent “click chemistry” to attach the polystyrene chains to the surface of the modified particles. Additionally, “click chemistry” based on thiol-ene reactions have been used to modify nanocellulose crystals for compatiblizing into the matrix of composites materials [38]. More recently, “click reactions” along with in situ polymerization techniques, such as controlled radical polymerization, have been used together to form highly tailorable materials [39].




3.2. Hierarchical Hybrid Nanoparticles by Combination of Ex-Situ Formed Nanoparticles

In this section, we present the preparation of hybrid particles by interaction of preformed inorganic and polymer nanoparticles. This synthetic approach has only been lightly explored during the last years, but is gaining interest, because it allows the formation of nanomaterials with complex shapes and great morphological control. Like in the previous section, the various methods can be classified into two groups, depending on whether they involve noncovalent or covalent bonding. In the first case, the surface of both types of particles has to be modified with oppositely charged groups in order to have electrostatic interactions that lead to a homogeneous distribution of the inorganic nanoparticles on the polymer surface. In the second case, the nanoparticles are functionalized with complementary groups so that are able to react and bind.


3.2.1. Noncovalent Attachment

An additional way to achieve the interaction between two materials of completely different natures is to modify their surfaces and then use the so-called “heterocoagulation” technique, schematically depicted in Figure 5. The heterocoagulation implies the interaction and aggregation of particles of different nature to form a hybrid product. Wagner et al. [42] reported raspberry-like particles obtained by heterocoagulation of binary mixtures of oppositely charged colloids. The authors used an organic core of cross-linked polystyrene particles functionalized at the surface with amino groups and three types of inorganic particles, namely anionic silica, gold precipitated in the presence of trisodium citrate dihydrate, and maghemite precipitated in the presence of poly(acrylic acid) and diethylene glycol. The process is simple: the polystyrene particles were added dropwise to a suspension of inorganic nanoparticles. The uniform distribution of inorganic particles on the surface of polystyrene spheres is explained by having the adsorbed inorganic nanoparticles located within the electrostatic double layer of the large polymeric particles, acting as multivalent counter-ions.

Figure 5. Heterocoagulation of oppositely charged colloids.
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The same method was applied by Kanahara et al. [43] with citrate-coated gold nanoparticles on amino-terminated polystyrene and amino-terminated 1,2-polybutadiene (PB-NH2). Interestingly, while polystyrene-based hybrids show the inorganic functionalization clearly on the surface, with addition of PB-NH2 it is possible to control the penetration depth, which increases with low molecular weight of PH-NH2 and smaller diameter of the Au nanoparticles.

An alternative method to obtain hybrid particles was shown by Jiang et al. [44]. In their approach, silica nanoparticles were half-embedded in wax droplets. In an emulsion of molten wax and water, untreated hydrophilic fused silica particles adsorbed to the oil–water interface at an elevated temperature at which the wax was molten. After the particles had been fully adsorbed, the temperature was lowered to solidify the wax phase and embed the particles. This template can be useful for further partial functionalization of the silica particles to obtain so-called Janus morphologies (i.e., asymmetric particles with two distinct parts). The use of a solidified oil phase offers the advantage of freezing the particles into fixed positions during the chemical modification step, avoiding the possibility that adsorbed particles wobble or rotate at the liquid–liquid interface.



3.2.2. Covalent Attachment

Analogous to Section 3.1.2, the attachment between polymeric and inorganic nanoparticles can also be achieved by covalent bonding, which is more stable than electrostatic interactions. The chemical strategies reported in Among the different possibilities, “click chemistry” is useful in attaching chains to the surface of particles, as it can be carried out with high efficiency under relatively mild conditions [37]. A representative example of the ease of click chemistry as a means of attaining polymer brushes on inorganic particles was shown by Tchoul et al. [38], who used titania nanoparticles as a core with polystyrene grafted onto the surface. The titania surface was prepared by phosphonate coupling and subsequent “click chemistry” to attach the polystyrene chains to the surface of the modified particles. Additionally, “click chemistry” based on thiol-ene reactions have been used to modify nanocellulose crystals for compatiblizing into the matrix of composites materials [39]. More recently, “click reactions” along with in situ polymerization techniques, such as controlled radical polymerization, have been used together to form highly tailorable materials [40].

Figure 4 can also be applied here. However, the examples reported in literature are not as numerous as in the case of covalent attachment of polymer chains to inorganic nanoparticles, which is popular in bioconjugation strategies in biology [11]. An elegant example was reported by Agrawal et al. [45], who covalently attached amino-functionalized CdTe nanocrystals of about 3.2 nm to carboxylic-terminated poly(N-isopropyl acrylamide) (PNIPAM) microgel nanoparticles by amide coupling with a carbodiimide. In another example, alkyne–azide “click chemistry” was used to couple azide-modified gold nanoparticles to acetylene-functionalized polymer nanoparticles [46]. The authors demonstrated that the attachment of the gold particles was only successful when the coupling reaction was carried out in the presence of a copper, a catalyst for the aklyne-azide reaction.




3.3. Entrapment of Inorganic Nanoparticles by Nanostructures Formed by Polymers

More complex organic superstructures can be used to form hybrid systems containing nanoparticles in a specific region. The use of dendrimers gives the polymer matrix a degree of control that is not possible with typical in situ polymerization or cross-linking techniques for encapsulation. Surface-modified quantum dots were shown to be placed in a specific region of a matrix composed of amphiphilic dendrimers. Interesting vesicle–shell or core–shell structures occurred due to phase separation of the dendrimers and the placement of the quantum dots depended on whether the quantum dots were modified with hydrophobic or hydrophilic components [47].

The modification of the inorganic particle surface is useful in controlling the location of inorganic particles in block-copolymer particles, as seen in Figure 6. By either using gold nanoparticles as-received or by modifying the surface with a hydrophobic ligand (dodecanethiol), it was possible to selectively place the nanoparticles into either polystyrene or poly(acrylic acid) blocks of a polysytrene-block-poly(acrylic acid) copolymer particle [48]. In addition to selecting appropriate surface modifications of inorganic particles, the tailoring of the compatibility between the inorganic component and the polymer matrix can be achieved by tuning the polymer composition and formulation. Hybrid particles were formed by encapsulating gold nanoparticles in a polystyrene particle. Addition of the block copolymer polystyrene-block-poly(4-vinylpyridine) and the small molecule 3-n-pentadecylphenol aided in increasing the gold loading in the hybrid nanoparticles up to values as high as 84 vol% [49].

Figure 6. Using inorganic particle surface modification to control the placement of gold nanoparticles in a polysytrene-block-poly(acrylic acid) copolymer. Reprinted with permission from [48]. Copyright 2013, American Chemical Society.
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Hybrid nanoparticles are often used for biomedical applications, such as drug delivery. Peptide-based hydrogel particles were cross-linked to encapsulate Au nanoparticles [50]. Gold can act here as a contrast agent for medical testing, while the biocompatible hydrogel network has a significant potential for additional bioactive properties. The release of drugs as a result of the swellability of the peptides was also demonstrated for such particles.




4. Hybrid Particle Formation by Polymerization in the Presence of Ex Situ Formed Inorganic Nanoparticles

Key in the formation of polymer/inorganic hybrids is the tailoring between the thermodynamics of the inorganic particles and the polymer matrix, so that the inorganic component is well wetted by the polymer chains and prevented from aggregating. By finely tuning the thermodynamic properties of the inorganic particles to match that of the polymer matrix, via particle size and surface functionality, it is possible to achieve select control over particle location within homopolymers, block copolymers, etc. [51]. Small changes in the compatibilizing agent can control the location of inorganic particles, either within the polymer particle matrix, at the interface of the polymer, or even both. The “grafting from” methods, shortly referred to in Section 3.2.2. are one of the possibilities for the in situ formation of polymer chains on the surface of inorganic nanoparticles. In the following section, however, we will rather focus on the formation of polymer particles in the presence of inorganic nanoparticles, mainly by applying heterophase methods.


4.1. Encapsulation of Inorganic Nanoparticles

A relatively conventional method in the production of hybrid polymer/inorganic particles has been the entrapping or incorporation of preformed inorganic nanoparticles during the polymerization of a polymer network. Such entrapping or encapsulation allows for inorganic particles to be either physically trapped within the matrix or covalently bound to the polymers. During many of these processes, the polymer chains grow as a network around the inorganic particles, making them structurally different from inorganic particles with polymer brushes, described earlier. When inorganic particles act as a cross-linking agent, they may significantly enhance the mechanical properties of the hybrid system [52]. It should be pointed out that for certain properties, the addition of the polymer layers may have an effect on the intrinsic properties of the functional inorganic particles. For example, the magnetic properties of nickel/polyacrylamide prepared by inverse miniemulsion technique were slightly diminished from those of pure nickel nanoparticles, mostly due to the presence of the polymer [53].

Unlike brush formation, incorporation of particles by emulsion processes is often a facile method and may be very useful in attaining hybrid particles for many commercial applications. Emulsions are formed by the stabilization of two immiscible liquids by means of an amphiphilic surfactant molecule. Typically, a considerable amount of surfactant molecules, which possess a lyophilic part and a hydrophilic part, are necessary to stabilize the dispersed phase from its thermodynamically incompatible continuous phase. When compared to conventional emulsions (also referred to as macroemulsions) and microemulsions, the surfactant concentration in miniemulsions is significantly lower [8]. If there is too little surfactant, coalescence will change the size of the droplets, but if the concentration is too high, then micelles can form and lead to micellar nucleation. The surfactant, although necessary, is often undesirable in the final hybrid material, as it may affect the final properties. Thus, when incorporating inorganic particles by emulsion and miniemulsion processes, it is important to take into account the surfactant concentration [54,55].

It has been shown that during the formation of hybrid particles by miniemulsion polymerization, a chemical modification of the inorganic particles is preferable to physical modification in order to produce stable, well dispersed inorganic particles within the polymer matrix [55]. As mentioned above, the type and extent of modification of the inorganic particles can also have a drastic effect on the location of the inorganic particles within the polymer matrix. Hydrophobically modified silica particles were encapsulated by polymerization of methyl methacrylate [55–57]. Bourgeat-Lami et al. [56] showed that it is possible to gain some control over the location of the silica particles within a poly(methyl methacrylate) nanoparticle by changing the surface modification with γ‐methacryloxypropyltrimethoxysilane (MPS) and by introducing n-butyl acrylate as a comonomer to the methyl methacrylate droplet at varying concentrations. It was seen, however, that aggregation occurred within pure n-butyl acrylate monomer droplets or when the silica particles preferred to go to the oil–water interface, probably due to an incomplete hydrophobization of the inorganic surface. It is, therefore, important to characterize the surface properties and the extent of particle modification to control the compatibilization of the inorganic particle surface with the polymer matrix.

Prior to polymerization, it is often a challenge to break up monomer droplets containing inorganic nanoparticles. The increased viscosity and abrasiveness of the droplets has to be dealt with in order to avoid damage to the shear force generating equipment. Agglomerates of the droplets hinder deformation and break-up, which leads to large, nonspherical droplets. A process to produce small droplets with high inorganic particle concentrations without producing abrasive particles was developed by adjusting the surfactant concentration. Secondary nucleation was avoided and a final product with a high homogeneity could be achieved (Figure 7) [57].

Figure 7. Morphology of hybrid particles with 40 wt% silica and good size distribution. Panels (a) and (b) show TEM images at different magnifications. Reprinted with permission from [57]. Copyright 2013, Elsevier.
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Miniemulsion polymerization in the presence of hydrophobized inorganic nanoparticles has also been used in the preparation of magnetic nanoparticles. By using this technique, Ramírez and Landfester [58] reported the encapsulation of oleic-capped magnetite in polystyrene particles. Similar magnetic nanoparticles made of poly(l-lactic acid) have also been reported by Urban et al. [59], but in this case the polymer had been formed ex-situ and the particles were produced by solvent evaporation in miniemulsion.



4.2. Inorganic Particles as Seeds for Complex Hybrid Morphologies

An interesting example was reported by Ravaine et al. [60,61], who were able to obtain different numbers of polystyrene nodules associated to one silica particle, accomplishing a good control of morphology. Silica nanoparticles were prepared with the Stöber process and coated with polymerizable groups from which the growth of polystyrene grains started. The ability to have a controlled number of polymeric particles on the silica surface is the most significant feature of this method. The number of polymer nodules was constant, so that different morphologies can be obtained by varying the amount of silica (Figure 8). When the ratio between silica particles and the polymer nodules was 1, a snowman-like morphology was obtained, with only one polystyrene nodule growing per silica particle. By increasing the ratio to 2, the number of nodules per silica particles was also two. At a ratio of 6, a daisy-like shape was reached. An excess of polystyrene particles gave raspberry-like morphologies.

Figure 8. Morphology control over polystyrene growth on silica nanoparticles: (a) polystyrene/silica ratio equal to 1; (b) polystyrene/silica ratio equal to 2; (c) polystyrene/silica ratio equal to 6; (d) polystyrene in excess respect to silica. (Self-drawn scheme based on the strategy reported in [60,61].)
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By using a similar strategy, polymer/laponite composite latexes have been prepared [62]. Laponite is a synthetic clay in the form of platelets that in water forms a homogeneous gel. Each laponite platelet, functionalized with an initiator, acted as a seed for the emulsion polymerization of poly(styrene-co-butyl acrylate). The final hybrid structures presented a layer of clay with a honeycomb-like network covering the nanoparticles. The superficial distribution of the inorganic fraction was reported to enhance the thermal stability, slowing down the transmission of heat and facilitating film formation.

Quiang et al. [63] applied the same synthetic concept to attach, in a one-step process, polystyrene nanoparticles produced by miniemulsion polymerization to silica nanoparticles functionalized with n-octadecyltrimethoxysilane. The hybrid nanoparticles showed a mushroom-cap-like shape for the polymer, resulting in a peculiar Janus morphology. Another interesting example of mushroom-like morphology was reported by Feyen et al. [64], who used Fe3O4 nanoparticles for the growth of poly(styrene-co-divinylbenzene). Polymeric spheres with one magnetic nanoparticle located on the surface were obtained. A second step could be performed with the controlled growth of SiO2, which built up until completely embedding the iron oxide particle.



4.3. Pickering Emulsions

Pickering emulsions, named after Spencer Pickering [65], represent an important method in forming hybrid particles without an extensive use of surfactant molecules. By controlling the thermodynamic properties of the inorganic and organic phases, it is possible to stabilize droplets and particles by means of inorganic particles placed at the interface [66]. Schrade et al. [66] have reviewed this specific topic in a recent publication, so we will only highlight here a few representative and interesting examples.

Silica nanoparticles have been used very often in Pickering systems, for instance in the polymerization of poly(methyl methacrylate). Silica particles have been shown to control the final size of the polymer particles [67], similarly to the control of size exerted by surfactants in emulsion systems. Polystyrene hybrid particles with high titania content were prepared by Pickering emulsion polymerization [68]. A titania hydrosol modified by an anionic monomer, sodium styrene sulfonate, was used as both a Pickering agent and photocatalyst. Polystyrene/titania hybrid particles with well-defined core–shell structure were obtained by photocatalytic polymerization. The resulting hybrid particles had a titania content of up to about 20 wt%.

Multiple phase separation events can lead to interesting final structures in hybrid particles. Poly(N-isopropylacrylamide)/poly(methyl methacrylate)/silica hybrid capsules were prepared by inverse Pickering emulsion polymerization. The capsule wall contained two layers—a solid particle monolayer and a polymer layer—and the wall thickness could be controlled by adjusting the methyl methacrylate concentrations in the continuous oil phase. Temperature-responsive properties were observed, which are suitable for controlled release [69].

By using surface modification as a way to control the location of inorganic particles, the same inorganic particles can be placed both within the core polymer matrix and at the surface. A one step synthesis of Fe3O4-based hybrid materials with Fe3O4 present at, on, and within the polymer particle could be produced by modifying the inorganic particles with a functionalizing agent [70]. Fe3O4 nanoparticles modified with cetyltrimethylammonium bromide acted as a Pickering agent, while Fe3O4 coated with oleic acid stayed primarily within the monomer droplets. Styrene monomer was then polymerized into polystyrene particles, freezing the oleic acid magnetite in place. The inner particles gave magnetic separability to the hybrid materials, while the interfacial inorganic particles gave catalytic properties. Pickering emulsions with two types of quantum dots were stabilized by silica nanoparticles labeled with fluorescein. Quantum dots were encapsulated during the polymerization process. The hybrid particles showed dual excitation properties [71].

An intriguing subsection of Pickering emulsions is the use of Janus nanoparticles as the Pickering agent. During his Nobel Prize talk, Pierre-Gilles de Gennes [72] coined the term “Janus grains” to describe asymmetric particles, giving rise to what has come to be called “Janus particles”. Janus particles may be composed of polymers and inorganic particles of different elements, and may display two-fold isotropic properties of any desire composition, polarity, color, etc. Interesting morphologies can occur, including spherical, cylindrical, disc-like, snowman-, hamburger-, and raspberry-like structures.

Janus nanoparticles can be used as stabilizers in emulsion polymerization along with a surfactant, present on the surface of the inorganic particle, to enhance stabilization of the Pickering emulsion. The Pickering effect was combined with amphiphilicity by using the Janus character of hybrid particles [73]. The adsorption energy at the interface is expected to be significantly higher than that for standard particles, so that Janus particles may suppress undesired aggregation and coalescence more efficiently and for longer times. The increased stabilizing effect, proved through experiments by using Janus particles as a Pickering agent, suggests the ease in which this system may be carried over to hybrid particles.




5. In Situ Formation of the Inorganic Component in the Presence of Preformed Polymers and Polymer Particles

In the works presented so far, the inorganic component has been always formed ex situ and then combined, in one way or another, with the polymer or polymer particles. Strategies following this principle have the advantage of controlling the size and morphology of the inorganic nanoparticles. However, different reaction steps are required, often involving a change of solvent. The re-suspension of the inorganic nanoparticles after preparation in the solvent in which the formation of the hybrid nanoparticle occurs may not be trivial, and the aggregation and segregation become problems to overcome. Therefore, the in situ formation of the inorganic component may be in many cases an alternative to be taken into account, not only in terms of practicality but, more importantly, because it provides morphologies and size scales that would not be available by any other strategy.

The formation of inorganic materials in the presence of polymer and polymer particles, can mainly be distinguished into two possibilities: (i) those cases in which polymers act as structuring agents or “soft templates” for the inorganic precipitation/crystallization; and (ii) the formation of the inorganic component on the surface of polymer particles, either by deposition on “bare” particles without any functionalization or on particles functionalized with oligomeric or polymeric chains.


5.1. Polymers as Structuring Agents and “Soft Templates”

In the simplest situation, hydrophilic polymers in solution can act as additive and controlling agents in the precipitation of inorganic materials from aqueous media [74–77], so that they become incorporated in an inorganic matrix during the growth, which results in a polymer/inorganic hybrid. This case is commonly referred as “polymer-assisted” or “polymer-controlled crystallization” [78–80]. Sometimes the polymer chains can also act as structuring agents and orient the attachment of the formed mineral nanoparticles to bigger and highly ordered structures, forming so-called “mesocrystals” [81,82]. Biominerals in nature tend to be very good examples of mesocrystals. Nevertheless, the hybrid materials resulting from strategies of polymer-controlled crystallization are typically in the micrometric scale and, thus, beyond the scope of this article.

In a more “sophisticated” situation, polymers are able to assemble in solution (homophase) and in heterophase systems to form a variety of structures: micelles, micellar aggregates, vesicles, stabilized droplets, etc. These confined geometries can be used as scaffolds or soft templates for the precipitation and crystallization of inorganic matter and, in general, become occluded into the structure during the formation of the inorganic material. The crystalline properties of both inorganic and organic materials under confinement have been shown to be different from those in the bulk [83,84].

The use of colloidal polymer templates has been recently reviewed by our group (Section 4 in [22]). Here, we will only briefly indicate the three possible cases involving the confinement of sol–gel processes and crystallization to the regions delimited by the templating polymers:


	(1)

	Confinement in micelles, vesicles, and complex micelles. By using micellar structures formed by polymers, different research groups have reported the formation of hollow particles of different materials, such as Cu2O in the presence of poly(ethylene glycol) [85] or M1−xFe2+xO4 (M = Fe, Co, Mn) in the presence of Pluronic polymers (poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) triblock copolymers) [86]. The use of polymer vesicles in inorganic particle formation has been recently review by Hao et al. [17].



	(2)

	Confinement in emulsion droplets. The use of emulsion droplets, stabilized by the presence of surfactants—sometimes amphiphilic copolymers—is certainly not the most common way to prepare hybrid particles, but rather to prepare inorganic nanoparticles [18]. The presence of remaining surfactant in the final materials is often an undesired feature that may limit the properties of the inorganic component. However, it is a fact that the inorganic nanoparticles prepared by emulsion methods are not truly inorganic, but “organic–inorganic hybrids”. Far from being always a drawback, in some cases the hybrid character may be advantageous, for example in applications in which hydrophobic particles dispersed in an organic medium are required. The presence of an incorporated polymer may contribute positively to the dispersability and the colloidal stability.



	(3)

	Microgel particles as soft scaffolds. Antonietti et al. [87] were probably the first to show the application of microgel particles as nanoreactors for the in situ synthesis of noble metal nanoparticles, which lead to the formation of hybrid materials. Kumacheva’s research group also used microgel particles in the preparation of metal nanoparticles and CdS [88]. The field has expanded in recent years and a variety of hybrid particles of different compositions have been formed [89–92].







5.2. Inorganic Precipitation on the Surface of Polymer Particles

Almost a quarter of a century ago, the group of Egon Matijević published two seminal works on the deposition of in situ formed Y(OH)CO3 [93] and zirconium compounds (Zr2O2(OH)2CO3, Zr2(OH)6SO4) [94] on the surface of cationic and anionic polystyrene latex colloids in the submicrometric scale. The authors explained the process through a heterocoagulation of the forming inorganic nanoparticles (see Figure 5 in Section 3.2.1) to the polymer surface and a subsequent growth, so that the resulting hybrid particles presented a core–shell morphology. A few years later, Tamai and Yasuda [95] reported the formation of hydroxyapatite on the surface of similar polystyrene latexes. In their case, however, the styrene was copolymerized with acrylic acid, resulting in a functionalization of the particle surface with carboxylic groups, which are able to bind to Ca2+ ions. The formation of hybrid particles by precipitation of an inorganic component on the surface of latex particles has been a very recurrent strategy, and the advances since these initial works have been considerable.

Using the negative charges from the surfactant used in the latex preparation, different research groups have reported the formation of metallic nanoparticles (such as Ag or Au) [96] and metal oxides [97]. A more common approach, however, is to functionalize the latex surface with polyelectrolytes. This functionalization can be either noncovalent, using the layer-by-layer (LbL) technique, or covalent, by a copolymerization with a functional monomer or by grafting of polyeletrolytic chains. A representative list of the most significant publications in recent years dealing with the formation of inorganic materials on the surface of polymer particles is given in Table 2. It has to be noted that very often the deposition of inorganic materials on polymer spheres is not used to prepare hybrid particles but rather to obtain inorganic hollow structures, after removal of the polymer core by dissolution or calcination. Nevertheless, initially the particles are “hybrid” and could be also used as such.


Table 2. Representative works on the formation of polymer/inorganic hybrid particles by in situ precipitation of inorganic materials on the surface of colloid polymer particles.



	
Inorganic material

	
Polymer support [a]

	
Precipitation solvent

	
Approximate size of hybrid particles/nm

	
Reference






	
Ag

	
poly(S/NIPAM)

	
water

	
~120 (core)

	
[98]




	






	
Au

	
poly(S/AEMH)

	
water

	
80–90 (core)

	
[99,100]




	






	
Au, Ag

	
PS+PEI

	
water

	
>400

	
[101]




	
PS

	
ethanol/acetone

	
~710

	
[96]




	






	
Au–Pt

	
poly(S/NIPAM)

	
water

	
200 (core)

	
[102]




	
poly(S/AEMH)

	
80–90 (core)

	
[103]




	






	
Ca5(PO4)3(OH)

	
poly(S/AA)

	
water

	
>360

	
[95]




	
poly(S/AA)

	
100–350

	
[104]




	
poly(S/AAEMA)

	
>640

	
[105]




	
poly(S/VPA) or poly(S/VBPA)

	
~200–300

	
[106]




	
poly(S/R–PO3H2)

	
180–270

	
[107]




	
poly(S/R–PO3H2)

	
100–250

	
[107]




	






	
CdS

	
poly(S/R–PO3H2)

	
water

	
140–180

	
[108]




	






	
CeO2

	
poly(S/R–PO3H2) or poly(S/R–PO4H2)

	
water

	
140–200

	
[109]




	






	
Co(OH)3

	
PS

	
water

	
>600 nm

	
[110]




	






	
Fe2O3

	
poly(S/R–PO3H2) or poly(S/R–PO4H2)

	
water, 2-propanol

	
140–200

	
[109]




	






	
Fe3O4

	
Sulfate-stabilized PS

	
water/ethylene glycol

	
~220

	
[97]




	
Poly(S/RPO3H2) or poly(S/RPO4H2)

	
water

	
140–200

	
[109]




	






	
Fe(OH)3

	
PS

	
water

	
>600 nm

	
[110]




	






	
In(OH)3

	
Poly(S/AAEMA)

	
2-propanol

	
700–750

	
[111]




	






	
LiNbO3

	
PS/PDADMAC/PSS

	
ethanol, 2-propanol

	
640

	
[112]




	






	
Pd

	
P(S/MPTAC)

	
water

	
<100 (core)

	
[113]




	






	
Pt

	
P(S/MPTAC)

	
water

	
<100 core

	
[114]




	
P(S/AEMH)

	
100 core

	
[103]




	






	
Ta2O5

	
poly(S/AAEMA)

	
ethanol

	
550–850

	
[115]




	






	
TiO2

	
PS/PDADMAC/PSS

	
water

	
640

	
[116]




	
PS (sulfonated)

	
ethanol/water

	
100–500

	
[117]




	
poly(S/AAEMA)

	
ethanol, 70 °c

	
~600–700

	
[118]




	
PS (SDS-stabilized + –COOH groups)

	
ethanol/H2O

	
120

	
[119]




	
Poly(S/SS)

	
ethanol

	
~160

	
[120]




	






	
Y(OH)CO3

	
PS (cationic-anionic)

	
water

	
170–360

	
[93]




	






	
ZnO

	
Poly(S/AAEMA)

	
2-propanol

	
300–700

	
[121]




	
poly(S/R–PO3H2) or poly(S/R–PO4H2)

	
methanol, 2-propanol or ethanol

	
140–200

	
[109]




	






	
ZnO/TiO2

	
poly(S/AAEMA)

	
2-propanol/ethanol

	
~600–700

	
[122]




	






	
Zr2O2(OH)2CO3, Zr2(OH)6SO4

	
PS (cationic/anionic)

	
water (+formamide)

	
190–260

	
[94]




	






	
ZnS

	
P(S/AAEMA) and PS/PGEMA)

	
water

	
~350–600

	
[123]






[a] AAEMA: acetoacetoxyethylmethacrylate; AEMH: 2-aminoethyl methacrylate hydrochloride; MPTAC: (2-methylpropenoyloxyethyl) trimethylammonium chloride; NIPAM: N-isopropylacrylamide; PDADMAC: poly(diallyl dimethyl ammonium chloride); PEI: poly(ethylene imine); PGEMA: poly(ethyleneglycol) methacrylate; PS: polystyrene; PSS: poly(styrene sulfonate); VBPA: vinylbenzylphosphonic acid; VPA: vinylphosphonic acid; S: styrene; SS: styrene sodium sulfonate.




The LbL technique, already discussed in Section 3.1.1, has been typically used for relatively large microspheres but a few examples of in situ precipitation of inorganic materials on the surface of submicrometer particles has also been reported. Oppositely charged polyelectrolytes, such as poly(styrene sulfonate) and poly(alkylammonium chloride), are sequentially deposited on polymer particles and afterwards metal salts are loaded. The precipitation/crystallization process takes places by addition of a precipitating agent (e.g., a reducing agent or a base). By this method, different inorganic materials have been precipitated on the surface of polymer (mostly polystyrene) particles, including gold [101], TiO2 [116], and LibNbO3 [112].

Unfortunately, the addition of precipitating agents required for an in situ formation reaction may in some cases destabilize the polyelectrolyte layers formed by the LbL method. This could be—at least in part—avoided by covalent attachment of the polyelectrolytes to the core polymer sphere. In addition, the use of covalent-functionalization pathways allows for the preparation of typically smaller particles, from a few hundreds of nanometers up to less than 100 nm in the lower range. Once more, a significant part of the work conducted with covalently functionalized nanoparticles involves noble metal particles, obtained by reducing metal salts.

In the origins of such experiments, taking into account that polymer brushes may not be easily observed by electron microscopy, the in situ precipitation of tiny noble metal particles on the surface of “hairy” latex particles was used as a method to prove that the attachment of the “hairs” (i.e., the polyelectrolytic chains) had been successful. However, it was rapidly realized that the resulting polymer/inorganic hybrid materials could be also very useful for practical applications, such as catalysis. In this context, Ballauff’s research group has been one of the most successful and prolific in the production of polymer/metal hybrid particles [98,99,103,113,114]. Combining the use of microgels as scaffolds mentioned before, microgel brushes has also been attached to polystyrene particles and used for the precipitation of noble metals [102,124].

Another possibility for covalent functionalization of polymer particles is the copolymerization with a functional comonomer (e.g., acrylic acid copolymerized with styrene). Nanoparticles prepared by this way have been used as supports for the precipitation of calcium phosphates, several metal oxides, and metal sulfides (see references in Table 2).

In general, emulsion and miniemulsion methods used to prepare functional polymer particles involve the use of surfactants, which may affect the binding of metal ions and, thus, the precipitation process. A very elegant way to avoid the effect of additional surfactants has been the use of so-called surfmers (surfactant + monomer), surface active monomers able to act simultaneously as a surfactant and as a functionalizing monomer. The use of phosphonate and phosphate surfmers has been recently reported to be a successful strategy to obtain particles that are afterwards used as supports for the controlled precipitation of hydroxyapatite [107] and different metal oxides (CeO2, α-Fe2O3, Fe3O4, ZnO) [109].

The preparation of multifunctional materials is possible by combination of in situ crystallization on the surface with the encapsulation of the inorganic components in the polymer core, described in Section 4.1. By using this method, Fischer et al. [108] reported in a recent work the synthesis of bifunctional nanoparticles containing an optically active material (CdS) on the surface and a magnetic functionality resulting from the encapsulated magnetite. The preparation of such hybrid multifunctional particles is schematically represented in Figure 9. In this work, cadmium sulfide/Fe3O4/polymer multifunctional hybrid nanoparticles were prepared by crystallizing cadmium sulfide in a controlled manner on the surface of phosphonate-functionalized polystyrene particles, which contained a magnetic core. A pre-emulsion containing styrene and a phosphonate-functionalized surface-active monomer were mixed with a second pre-emulsion containing magnetite nanoparticles capped with oleic acid. Cadmium sulfide was precipitated from the phosphonate groups on the surface of the polymer particles. The resulting hybrid particles show a “raspberry-like” structure, with superparamagnetic behavior and quantum dot fluorescence.

Figure 9. Mechanism of metal chalcogenide formation at the surface of phosphonate functionalized latex particles with magnetic iron oxide core. Reprinted with permission from [108]. Copyright 2013, American Chemical Society.
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6. Strategies for the Formation of Hybrid Nanoparticles by Simultaneous Polymerization and Inorganic Nanoparticle Precipitation

In Sections 4 and 5, we have presented strategies in which either the polymer or the inorganic component of the hybrid nanoparticle is formed in situ. In principle, the simultaneous formation of both components would also be imaginable. However, this “one-pot” preparation is complex, because the conditions for polymerization and precipitation of inorganic materials are mostly very different. The examples of “all in situ” strategies are indeed almost nonexistent so far.

One of the few cases was presented by Fukui and Fujimoto [125], who reported the formation of calcium carbonate in parallel to the polymerization of 2-hydroxyethyl methacrylate (HEMA) in water-in-oil systems. It is know that CaCO3 presents different thermodynamically unstable polymorphs that can be stabilized by addition of additives [126]. In their work, Fukui and Fujimoto [125] monitored the formation of these unstable crystals and their transition over time (and with annealing) to more stable polymorphs by “freezing” the evolution of CaCO3. CaCO3 was formed from precursor droplets containing Ca(NO3)2 and Na2CO3, which were first separately formed into droplets by emulsification in the presence of HEMA, followed by mixing of the two pre-emulsions by a final emulsion. The evolution of CaCO3 crystals was observed by initiating the polymerization of HEMA via addition of an initiator after a certain amount of time, as seen in Figure 10. Interesting rod-like morphologies and the formation of amorphous calcium carbonate could be achieved [125].

Figure 10. (a) Nanodroplets containing Ca2+/HEMA were added to nanodroplets containing CO32− and then mixed to start nucleation of CaCO3. Crystal growth was tunable by incubation with HEMA as a monomer and subsequent polymerization would give rise to nano-CaCO3-encapsulated hybrid nanoparticles with a variety of crystal shapes and structures; (b) preparation of a hybrid nanofilm via the spin-coating of a suspension of the hybrid nanoparticles. Reproduced with permission from [125]. Copyright 2012, the Royal Society of Chemistry.
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In another example, hybrid capsules containing precipitated metal salts were formed in situ by the addition of toluene diisocyanate and a precipitating agent. The resulting poly(urethane–urea) capsule structures trapped the inorganic crystals in the aqueous disperse phase [127].



7. Assembly of Hybrid Nanoparticles

The assembly of nanoparticles into organized structures is important in the design of next generation materials that can form hierarchical structures. In the examples of Section 3.2, assemblies of nanoparticles of different natures had been shown to lead to hybrid structures. The arrangement of nanoparticles can also be used as a preparation strategy to obtain hybrid nanoparticles. In this sense, Yu et al. [128] described a versatile strategy for engineering binary and ternary hybrid particles through a combination of etching and deposition processes based on colloidal lithography (Figure 11). Utilizing chemical or plasmonic etching procedures, polystyrene particles were attached to a gold layer, etched to reduce their diameter in a controlled way and gold patches were generated underneath the colloidal template, where the attachment on the microspheres was successfully optimized by thermal treatment. The hybrid particles composing metals and polymers were tunable in size, composition, and morphology.

Figure 11. Hybrid polystyrene/gold nanoparticles prepared by: (a) adhesion of the particles on Au layer; (b) size reduction by plasma etching; (c) release from substrate. Self-drawn scheme based on the strategy reported in [128].
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However, hybrid nanoparticles on their own can also be assembled into complex structures. Self-assembly is often a main benefit of adding a polymeric layer around inorganic nanoparticles and has been shown in polymeric colloids for years. In addition, self-assembly of hybrid particles can be taken advantage of to attain unique arrays in which the properties of the inorganic material may be utilized either while still coated, or after removal of the organic phase [129]. Decoration of nanoparticles with linker molecules and polymers is crucial to the formation of complex self-assembled structures, and linkers such as DNA have been shown to form highly controllable structures due to one-to-one matching selectivity in forming a double stranded helix [130]. Kumacheva’s research group has made a significant contribution in understanding how controlled assembly of colloids takes place and finds parallels with macromolecular chemistry [131].

Recently, Bannwarth et al. [132] had prepared magnetite particles coated with polystyrene by using the miniemulsion technique. These particles were then passed through a magnet in a temperature controlled pump continuously until chains were acquired. By changing the temperature of the bath, the particles could be fused together to form permanent chains that are entangled with one another or completely fused into fibers. Depending on the content of iron oxide the type of 1D assembly could be tuned to be alternating “zigzag” like patterns to linear fibers.

Clearly, there are many different ways for organizing hybrid particles. The “holy grail” would be a selective organization by having “patchy particles” organize themselves into 3D hierarchical structures based on easily tunable parameters such as temperature [133,134].



8. Conclusion and Outlook

Polymer/inorganic hybrid nanoparticles are found in many technological fields, ranging from coatings and catalysis to highly demanding applications, such as optoelectronics and biomedicine. Hybrid nanoparticles are able to combine the features of the integrated components to provide novel materials with enhanced and unique properties. In this review, we have described and exemplified four different synthetic routes for the preparation of polymer/inorganic particles on the nanometric scale, basing our classification on whether the components are formed in situ or ex situ and on whether the attachment takes place by covalent bonding or by physical means.

Noncovalent approaches, such as heterocoagulation or layer-by-layer deposition are very well-established and have been shown to be very successful in the preparation of highly controlled morphologies. However, the conditions required for certain applications may lead to a destabilization of noncovalent attachments. The covalent binding of polymers and inorganic nanoparticles is a convenient alternative. A lot of effort has been paid to the coupling of polymer chains to inorganic nanoparticles, especially in the context of the so-called bioconjugation for biomedical applications. On the contrary, very few works have been reported on the hierarchical attachment of nanoparticles of different natures. This is certainly a field to be further explored in the upcoming years and opens very interesting possibilities for the preparation of novel materials by assembly of functionalized nanoparticles.

In the case of polymerization in the presence of surface-modified inorganic nanoparticles, one of the key aspects still not understood is the relationship between the functionalization of the particles and the final structure of the hybrids. A better understanding will help in obtaining novel structures, such as Janus and patchy particles, which have become a trend in recent years.

Methods involving in situ precipitation have the simplicity and the range of size possibilities as big advantages, but the control of the final morphologies is hard and remains a challenge. In addition, the preparation of such systems takes place under relatively mild conditions, which limits significantly the chemical compositions and inorganic phases that can be achieved. Further research should be undertaken to investigate methods under “non-mild” conditions (higher temperature and pressure).

The preparation of hybrid nanoparticles by “all in situ” methods (i.e., by simultaneous polymerization and formation of the inorganic component) remains an unexplored field to be taken into consideration, not only in terms of the convenience of “one-pot” synthesis, but also because it should allow an interpenetration of the polymeric and inorganic component at a size scale that is not possible to be obtained by other methods.
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