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Abstract:

 Nanoparticles can self-assemble into highly ordered two- and three-dimensional superlattices. For many practical applications these assemblies need to be integrated into polymeric matrices to provide stability and function. By appropriate co-assembly of nanoparticles and polymers it has become possible to tailor the nanoparticle superlattice structure via the length and stiffness of the polymer chains. The present article outlines and discusses established routes to nanoparticle-polymer superlattices. Recent progress has been remarkable so that the integration into functional devices has become the next challenge.
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1. Introduction

Nanoparticles can self-assemble into ordered superlattices leading to the formation of two-dimensional highly ordered monolayers [1] or three-dimensional microcrystals (Figure 1) [2,3]. For many applications the use of bare nanoparticle assemblies is, however, unsuitable. Although free-standing nanoparticle monolayers over dimensions of micrometers have been shown to be stable [4], the stability generally needs to be considerably improved. To provide stability and function, it would be highly desirable to integrate nanoparticle superlattices into polymeric matrices [5]. By appropriate assembly of nanoparticles and polymers, it should additionally be possible to tailor the superlattice structure by the length and stiffness of the polymer chains. Although distance control for nanoparticles with attached low molecular weight ligands is to some degree possible [6], polymers would make a far broader range of distances accessible.

Figure 1. (a) TEM image of a two-dimensional array of gold nanoparticles [1] and (b) SEM-image of a three-dimensional, highly ordered FePt nanoparticle microcrystal [3]. From Ref. [1] and [3].
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The preparation of such ordered nanoparticle-polymer assemblies, however, represents a considerable challenge. The three most important issues are


	to incorporate nanoparticles of sufficient quality and regularity,


	to provide compatibility with the polymer matrix,


	and to establish a superlattice of high q uality.






2. Routes to Polymer-Nanoparticle Superlattices

To solve, overcome or circumvent these issues, different routes to polymer nanocomposites have been devised, which are summarized in Figure 2.

Figure 2. Various routes to nanoparticle superlattices. The two major routes involve the use of preformed nanoparticles that are subsequently integrated into a polymer matrix (1) or the use of polymer microdomains to synthesize nanoparticles from precursors within the polymer matrix (2). Both routes are designed to finally lead to the controlled assembly of nanoparticle-polymer superlattices. The numbers indicate the corresponding figures in the manuscript.
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Two major routes may be distinguished:


	(1)

	The incorporation of preformed nanoparticles into polymeric matrices.





This route has the advantage that the best synthesis routes to high quality nanoparticles can be employed. Since methods such as hot-injection techniques have become available, the preparation of nanoparticles with narrow size distribution and high crystallinity has become straightforward, even on larger scales. These synthetic procedures allow one to prepare nanoparticles with different chemical compositions (metals, chalcogenides) and properties (catalytic, conducting, semi-conducting, fluorescent, magnetic). A major difficulty when incorporating these nanoparticles into homopolymer and block copolymer matrices is the incompatibility of the nanoparticles with the polymer matrix. In mixtures with polymers, the nanoparticles will generally aggregate into large clusters, which often deteriorate the properties of the nanoparticles and the nanocomposite. They prohibit the formation of ordered nanoparticle lattices, even if the size distribution of the primary nanoparticles or the block copolymer microdomains is sufficiently narrow.


	(2)

	The use of precursors to synthesize nanoparticles within polymer microdomains





The advantage of this method is that low molecular weight precursors can readily be solubilized into polymer microdomains, which can self-assemble into ordered lattices. The structure of these superlattices can be well tailored via the lengths of the polymer blocks. A major issue is how to control the size of the nanoparticles during growth in the polymer matrix. Also for this route, there is the issue of the incompatibility of synthesized nanoparticles with the polymer matrix [7,8].

For both approaches (1) and (2), the problem of incompatibility with the polymer matrix needs to be overcome. This is a major challenge that currently limits the success of nanocomposites in general. For the preformed nanoparticles (route 1) compatibility can be achieved thermodynamically by proper compatibilization of the nanoparticle surface which is possible by coating with appropriate compatibilizers (stearic acid, copolymers, etc.) before mixing with the polymer matrix. When nanoparticles are synthesized from polymer-miscible precursors inside the polymer matrix (route 2), they are usually kinetically entrapped. For any kinetic entrapment without thermodynamic compatibilization, long term stability is an issue. Eventually, the nanoparticles will phase separate, which leads to agglomeration in homopolymer matrices or relocalization and aggregation of the nanoparticles to the interface of the block copolymer microdomains, where their surface energy is minimized.



3. Nanoparticle Arrays from Precursors

The kinetic entrapment of nanoparticles by reaction of polymer-compatible precursors inside block copolymer microdomains is a strategy that simultaneously takes advantage of the capability of block copolymers to assemble into well-ordered superlattices while providing compatibility during, and possibly after, the entrapment of the nanoparticles. The synthesis of nanoparticles within polymer microdomains has been termed the “microreactor” concept, because the chemical reaction from the precursor to the nanoparticle takes place within the microdomains, which themselves can also confine the size of the formed nanoparticles. For this, the microdomains are loaded with a suitable precursor, which can be chemically transformed into the desired nanoparticles either by addition of further reagents or simply by heating. Miscibility or compatibility of precursor and polymer can be provided by the use of secondary interactions (H-bond, coordinative, acid-base) which can be mediated by functional groups in the matrix polymer. Acid-base interactions with precursors such as gold acid (HAuCl4) with basic groups such as polyvinylpyridines, or coordinative interactions between transition metal complexes with amine-groups in polymers, or just the miscibility of hydrophobic precursors in hydrophobic polymers enable to load sufficient precursor material into the polymeric matrix. The precursors are then converted into the nanoparticles by redox-reactions or acid-base reactions [9-11]. Since the addition of reagents into polymeric matrices involves slow diffusion processes, often gaseous reagents or simply decomposition by heating are used. The microreactor domains can either be block copolymer micelles that are dispersed in solvents, which can later be assembled into superlattices, or they can be microdomains within ordered block copolymer phases (see Figure 2).

The direct integration into preformed block copolymer lattices has been first explored by the group of Cohen, where precursors have been loaded into spherical, cylindrical or lamellar microdomains of block copolymers [12,13]. After reaction into the desired nanoparticles, the nanoparticles were shown to be selectively located in the original microdomains, but not in the matrix. However, no nanoparticle superlattices could be established because the nanoparticle growth is difficult to control leading to a large number of small, polydisperse nanoparticles. This is similarly the case for the synthesis of nanoparticles inside block copolymer micelles.

The number and size of the nanoparticles depends on the relative rates of nucleation and growth. The time for the formation of a critical nucleus depends on the precursor concentration and the interfacial energy of the nucleus in the polymer matrix. The growth of the critical nucleus in polymeric matrices is diffusion limited by the transport of precursor molecules through the polymer matrix. If the critical nucleation time, i.e., the time for the formation for the first critical nucleus, is much smaller than the diffusion time to transverse the microdomain, then throughout the microdomain nuclei are formed, resulting in a large number of small nanoparticles per microdomain (see Figure 3).

Figure 3. Block copolymer micelles filled with precursor (a), micelles with many gold nanoparticles after fast reduction (b), and preformed CdS nanoparticles solubilized into block copolymer microdomains (c). From Refs. [14] and [19].



[image: Polymers 03 00662f3 1024]





Although by variation of reaction conditions the mean diameter of the nanoparticles within the polymer microdomain can be varied within a certain range by using different amounts of precursor, the polydispersity is generally large. While this approach is not useful for the preparation of nanoparticle superlattices, it is, however, suitable for the preparation of catalytically active nanoparticles, where it is the high specific surface area, the small size of the nanoparticles together with the stabilization in the polymer microdomain that provides high efficiency and the possibility for catalyst recycling in catalytic reactions [15].

The volume fraction of nanoparticles that can be generated within a microdomain is usually limited by the solubility of precursors. If the amount of nanoparticles in the microdomains is sufficiently large, nanoparticles can be made to fuse inside the polymer microdomains. This can be achieved by chemical vapor deposition of metals onto microphase separated block copolymer films [16]. Since growth is limited by the microdomain size, this can lead to the formation of wires as shown in Figure 4.

Figure 4. Nanoparticles (a) and after phase separation (b), and after growth and fusion (c) in block copolymer superlattices. The large volume fraction of nanoparticles allows the fusion into nanowires. From Ref. [16].
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In the best case that the critical nucleation time is much larger than the diffusion time, only one nucleus is formed, which then grows until all precursor material within the micellar core has been taken up. If during this time no further nucleus is formed, only one nanoparticle per microdomain is generated. To achieve this goal, i.e., to grow nanoparticle single crystals within a microdomain, requires optimization of precursor concentration, precursor mobility (by addition of solvents or variation of temperature) and interfacial energy (by the presence of stabilizing ligands). Although difficult, this has been achieved for gold nanoparticles in polyvinylpyridine-microdomains of polystyrene-polyvinylpyridine block copolymers (see Figure 5) on surfaces and in bulk. It was shown that a control of the nanoparticle size and distance was independently possible via the amount of precursor in the micellar core and the block length of the block copolymers forming the micelles.

Figure 5. SEM-images (a, b) of a monolayer of gold-nanoparticles obtained by precursor reduction in block copolymer micelles. The distance between the nanoparticles can be controlled via the polymer block length. From Ref. [11].
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For sol/gel-reactions where the gel is homogeneously formed within the microdomain, proper conditions for the formation of one gel particle per microdomain are easier to find. This extends the use of this concept to prepare nanoparticles of a large class of inorganic oxides such as silica, titania and vanadia via sol/gel-routes (see Figure 6).

Figure 6. SEM-image of silica nanoparticles obtained from a sol/gel synthesis in micellar cores. From Ref. [17].
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4. Nanoparticle Arrays from Preformed Nanoparticles

The direct integration of preformed nanoparticles into polymeric microdomains offers the advantage of using high quality nanoparticles. These nanoparticles can be selectively loaded into microdomains of ordered block copolymers [18,19]. For the formation of regular superlattices the challenge is to load exactly one nanoparticle per microdomain, which is only possible by optimizing loading conditions (see Figure 3(c)). To avoid this problem, preformed nanoparticles can be directly coated with polymer chains, which make them structurally similar to block copolymer micelles, where the nanoparticle represents the micellar core. These could then be similarly assembled into superlattices. In thin films, preformed nanoparticles and block copolymers can exhibit interesting co-assembly behavior, where domain size and orientation can be tailored [20].

For preformed nanoparticles to be miscible with the polymer matrix, the nanoparticle surface has to be compatibilized. Compatibility of nanoparticles with polymers is often achieved by coating the nanoparticles with low molecular weight hydrophobic molecules that have end groups that bind to the nanoparticle surface. Frequent examples are stearic acid that is used for oxidic (basic) nanoparticle surfaces such as ZnO or CaCO3. Also reactions of oxidic nanoparticles with silylation reagents have been used, e.g., for the compatibilization of silica nanoparticles in polymer membranes [21]. If possible, the nanoparticles are covered with a layer of a matrix-miscible polymer, ideally with the matrix polymer itself.

Generally, simple coating of the nanoparticle surface with a compatibilizing layer is still insufficient to provide complete miscibility, because of the loss of conformational entropy of the matrix polymers close to the nanoparticle surface [22]. Due to the large specific surface area of nanoparticles, this purely entropic effect alone leads to immiscibility and aggregation, a phenomenon that in colloidal solutions is known as depletion flocculation. In order to provide sufficient conformational freedom for the matrix polymers close to the nanoparticles, the polymer layer covering the nanoparticles should have a low segment density at its periphery to provide sufficient conformational freedom for the matrix polymers. This type of layer structure is ideally realized in spherical polymer brushes [23].

This requires the polymers to be bound to the surface of the nanoparticle with only one chain-end. This is chemically possible by grafting-to or grafting from techniques, where the grafting-from technique offers the advantage of high surface coverage at the cost of more synthetic effort. This has been realized for silica-polystyrene nanoparticles [24]. A more versatile method uses polymer chains containing a ligand end-group that binds to the nanoparticle surface. The attachment of brush-like polymer layers onto nanoparticles has recently been demonstrated for polyethylene glycol and polystyrene by using a ligand exchange procedure [25]. The attachment of polymer chains leads to an increased separation of nanoparticles as shown in Figure 7.

Figure 7. TEM-images of bare nanoparticles covered with low molecular weight ligand (oleic acid) (a) and polystyrene coated nanoparticles (b). The distance between the nanoparticles can be controlled via the polymer chain length. From Ref. [25].
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The attachment of a brush-like polymer layer provides complete miscibility of nanoparticles and polymer matrix over the entire range of nanoparticle volume fractions without aggregation [26]. The route is successful for many chemically different nanoparticles such as metals, oxides or selenides, with a variety of different nanoparticle properties (magnetic, catalytic, semiconducting). It so far provides a very versatile way to two- and three-dimensional nanoparticle superlattices in polymeric matrices. Figure 8 shows this for the two-dimensional case of a magnetite nanoparticle monolayer in a polystyrene matrix, and for the three-dimensional case of a CdSe-superlattice in polystyrene. In both cases, the distance between the nanoparticles can be controlled via the length of the attached polymer chains.

Figure 8. SEM-image of a highly ordered two-dimensional magnetite/polystyrene monolayer (a) and SAXS-curves of ordered three-dimensional CdSe/polystyrene nanocomposites (b); where the distance between the nanoparticles was controlled via the chain length of the polystyrene chains. From Ref. [26].
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5. DNA-Nanoparticle Arrays

A sophisticated method to tailor nanoparticle self-assembly into superlattices is based on the work of Mirkin [27] and Alivisatos [28] who recognized the potential to control nanoparticle assembly via the attachment of DNA-strands. While this method is mainly limited to gold nanoparticles, where a stable attachment to the DNA-strands is achieved via a DNA-SH-Au link, it illustrates the potential and the quality of nanoparticle superlattices that can be assembled with polymers. Figure 9 shows examples for the two-dimensional case of a gold nanoparticle/DNA monolayer and the three-dimensional assembly of gold nanoparticle/DNA, where the distance between the nanoparticles is controlled via the number of DNA base pairs. By selective assembly of gold nanoparticles on specific sites on the DNA-strands, more complex “nanogrids” can be assembled [29,30].

Figure 9. TEM-image of highly ordered two-dimensional gold/DNA monolayers [31] (a) and SAXS-curves of ordered three-dimensional gold/DNA nanocomposites (b); where the distance between the nanoparticles was controlled via the number of base pairs of the DNA-chain [32]. From Refs. [31] and [32].
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6. Conclusion and Outlook

Extensive research on the assembly of nanoparticle/polymer composites has shown that the assembly of nanoparticles into superlattices in polymeric matrices is a particularly demanding challenge. It was found that the most critical issue was to prepare and conjugate nanoparticles of sufficient quality with a polymer layer that provided good miscibility with the polymer matrix. Various routes to solve this issue have been developed, of which at least two, the micellar precursor route, and the attached polymer brush route, have successfully led to the formation of nanoparticle superlattices in polymer matrices. These routes enable control of the interparticle distance via the length of the attached polymer chain on the 2–50 nm length scale. This is a feature that allows one to address critical design concepts in magnetic storage and hybrid solar cell applications, where the interparticle distance has to be carefully adapted to the length scale of magnetic dipolar interactions or the excition diffusion length. The possibility to translate structure into function is thus a currently exciting research area where progress will have profound influences for the use of polymer nanocomposites in functional devices.

Current challenges include assembling nanoparticles in a regular fashion at particular positions in two-phase nanostructures. This could be within the interface to provide electronic excitation and charge separation for the use in hybrid solar cells (Figure 10(a)), or the inclusion of two or more chemically different nanoparticles for directed energy transfer in light harvesting assemblies, the emission of white light in organic light emitting diodes, or the development of multiple contrast agents for medical diagnostics (Figure 10(b)).

Figure 10. Regular assembly of nanoparticle in the interface of a two-phase device (a) or assembly of two different nanoparticles in two-phase systems for dual or coupled functions (b).
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