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Abstract: Control over the structure of metals at the mesoscale (2–50 nm) is crucial for
emerging applications such as energy conversion, sensing, and information processing. The
self-assembly of nanoparticles with block copolymers provides a natural entry point to ma-
terials of this length scale. The field’s historical development, relevant physical models, and
recent results are presented.
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INTRODUCTION

The environmental and economic consequences of fossil fuel combustion [1] have galvanized the search
for materials that can harvest, store, and release renewable energy [2]. Mesoporous materials [3] will
play a central role in alternative energy conversion and storage strategies, owing to the fact that the
2–50-nm length scale often provides the best balance between material stability and performance.
While many industrial applications rely on materials with disordered mesostructures [4], the use of self-
assembly to synthesize ordered mesoporous materials provides an opportunity to improve performance
by enabling access to unique structural and compositional parameters. Therefore, the study of self-as-
sembled, ordered mesoporous materials will continue to be of central importance in advancing alter-
native energy technologies.

One can see how the exceptional properties of mesoporous materials for energy applications also
make them valuable in many other areas. For example, the high surface areas that make mesoporous
materials excellent candidates for battery [5], solar cell [6], and fuel cell electrodes [7] also make them
suitable for heterogeneous catalysis [8]. Similarly, their high porosity—useful for the storage of chem-
ical fuels [9]—suggests excellent prospects for stationary phases for chromatography [10] and highly
selective membranes [11]. And the tunable functionality of mesoporous materials enables applications
in sensing [12].

While there are now several routes for preparing ordered mesoporous materials, this review high-
lights those based on nanoparticle-block copolymer self-assembly. There are reviews of ordered meso-
porous oxides [13–20] and non-oxides [21,22], but the emerging class of ordered mesoporous metals,
especially those self-assembled from block copolymers, have not been featured previously owing to
their recent discovery. This review begins with a historical look at surfactant-based self-assembly of
mesoporous materials. Next, the critical advances—in both theory and experiment—that enabled the
development of mesoporous materials are presented. Finally, recent advances in ordered mesoporous
metals are highlighted.
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HISTORICAL DEVELOPMENT

The first known examples of synthetic nanoparticle-polymer hybrids and mesoporous materials were
prepared 17 000 years ago by Paleolithic artists [23]. In many caves, organic binders and oils were
ground with colored minerals to make pigments for cave wall decoration. Analysis of these pigments
by transmission electron microscopy (TEM) shows the presence of nanoparticles that resulted from the
grinding process [24]. In some caves, the minerals were mesoporous—yellow goethite (FeOOH) was
intentionally heated to produce red hematite (Fe2O3); the structural transformation caused mesopores
to form [23].

Nature has been mixing nanoparticles with polymers for much longer: the intricate structure of
diatoms arises from the co-assembly of 10–100-nm silica particles with a variety of peptides [25–27].
The strength and toughness of many biological materials, such as bone, arise from a complex interplay
between inorganic nanoparticles and biological polymers [25]. Despite such precedent, industrial inter-
est in nanoparticle-polymer hybrids began as late as 1850, when tires were toughened by the addition
of inorganic nanoparticles [28]. Academic interest in nanoparticle-polymer hybrids emerged in the
1990s when researchers became aware of the ways in which nanoparticle-polymer hybrids could ad-
vantageously enhance mechanical properties [29,30].

In the early 1990s, researchers at MIT first began to produce block copolymer-nanoparticle hy-
brids [31–33]. They used the bcc spheres phase of a block copolymer to act as a nanoreactor in which
the growth of inorganic nanoparticles was confined to each sphere. One block of the copolymer had
functional groups capable of binding organometallic molecules. By reacting the organometallic mole-
cules with that block and subsequently heating the material or infusing H2S, metal [33] or metal sulfide
[32] nanoparticles were synthesized and confined within a single block copolymer domain. It is impor-
tant to note, however, that the quantity of nanoparticles synthesized in these systems was limited by the
number of functional groups within each sphere, resulting in a low volume fraction of the nanoparticles
in the block copolymer. An alternative approach was introduced in 1996 when researchers in France re-
ported the self-assembly of polymer-coated nanoparticles with a block copolymer, demonstrating the
controlled placement of nanoparticles in an ordered mesostructure at low nanoparticle loadings [34].

At the same time that the fields of nanocomposites and block copolymer self-assembly were de-
veloping, researchers at Mobil with expertise in zeolite synthesis discovered a new class of hybrid ma-
terials based on the co-assembly of low-molecular-weight cationic surfactants and an aluminosilica sol
[35]. These materials, termed MCM (mobile composition of matter) by their inventors, were formed
when the sol-gel process was used to make aluminosilica in the presence of a liquid-crystalline array of
surfactants. Depending on the liquid-crystal structure, hexagonal, cubic, and lamellar structures were
produced and calcination of these materials removed the organic components, leaving aluminosilicates
with highly ordered mesopores (pore diameters were in the range from 2 to 10 nm). Using a similar
concept, the Stucky group extended this templating process to anionic surfactants [36] and the
Pinnavaia group applied the idea to nonionic surfactants (termed MSU-X and HMS, for Michigan State
University and hexagonal mesoporous silica) [37,38]. In the Pinnavaia group’s work, they used
pluronic-type poly(ethylene oxide-block-propylene oxide-block-ethylene oxide) surfactants with mo-
lecular weights as high as 3000 g/mol. This work suggested the possibility that even larger non-ionic
surfactants, i.e., block copolymers, might be capable of self-assembling structures with high loadings
of nanoparticles.

In 1997 and 1998, several groups reported a new class of materials that combined elements from
the foregoing research. In December 1997, the Wiesner group reported on the sol-gel process of a mix-
ture of two metal alkoxides with a block copolymer. Using concepts developed in the field of polymer
science, they structure-directed aluminosilicates into morphologies with lattice dimensions in the tens
of nanometers [39]. In January 1998, the Stucky group reported the synthesis of well-ordered silica-
block copolymer hybrids and demonstrated that calcination of these generated silica with well-defined
pores, referred to as SBA [40]. Finally, in March 1998, the Antonietti group demonstrated the synthe-
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sis of disordered silica-block copolymer hybrids and their porous analogs [41], although a TEM micro-
graph of these disordered hybrid materials was published in a 1997 review [42].

With respect to preceding work, several novel features were reported. Unlike the early work of
nanoparticle-block copolymer hybrids in which the nanoparticles composed a small volume fraction of
the total material (the dilute nanoparticle regime), these hybrids incorporated nanoparticles at much
higher loadings (the dense nanoparticle regime [43]). Indeed, the overall volume fraction of the
nanoparticles in these materials ranged from approximately 20 to 80 %. The fact that these hybrids had
much higher nanoparticle loadings allowed them to be calcined and retain their original mesostructure,
much like the work of the MCM materials. Another major distinction between the MCM materials and
the block copolymer hybrids is the length scale of the periodic structure. While small molecule surfac-
tants are typically as large as a few nanometers in size, the characteristic scale of block copolymers typ-
ically ranges from five to several hundred nanometers—although larger sizes have been explored. This
allows hybrid materials with much larger periodicities and pore sizes to be developed. This is crucial
for many applications such as fuel cells in which the 1–10-nm pore size characteristic of small mole-
cule surfactant-assembled materials hinders pore accessibility.

DEVELOPMENT OF PHYSICAL MODELS

The physics of nanoparticle-block copolymer self-assembly rests on a foundation laid during earlier
studies of block copolymer self-assembly. In this section, we present a description of block copolymer
thermodynamics and then investigate the ways in which nanoparticles influence the self-assembly
process.

In the melt, diblock copolymers exhibit tremendous structural diversity [44–46]. Figure 1 shows
typical phases of a diblock copolymer for different relative volume fractions of the A and B blocks. It
is important to note that the individual chains and their respective morphologies are not drawn to the
same scale—in fact, approximately 10–100 blue blocks are needed to self-assemble into a single blue
sphere in the leftmost structure.

Qualitatively, the structures that form can be rationalized as a competition between interfacial en-
ergy (an enthalpic contribution) and chain stretching (an entropic contribution). In these systems, the
A–B interface is energetically unfavorable, since it is only at the interface that the chemically dissimi-
lar A and B blocks interact. To minimize surface energy, the system tends to adopt morphologies that
minimize the interfacial surface area. If surface energy were the only parameter governing the self-as-
sembly, each chain would extend perpendicularly from the interface as a linear rigid rod, as this would
minimize the A–B interactions while maximizing A–A and B–B interactions. Clearly, the second con-
sideration—chain stretching—plays an important role in leading to the diversity of morphologies that
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Fig. 1 Equilibrium block copolymer phases at a temperature above the melting temperature of either block. From
left to right, the structures are bcc spheres, hexagonal, gyroid, and lamellar. The approximate chain length (volume
fraction) corresponding to each phase is depicted beneath each structure [46].



are typically observed. When stretched linearly, a chain is necessarily limited to a single conformation.
Instead, if the chain is coiled, more conformations can be accessed, which maximizes entropy and low-
ers system energy [47]. Therefore, for a given A–B volume fraction and temperature, the equilibrium
morphology represents the best compromise between surface energy and chain stretching.

A quasi-enthalpic component of phase separation is readily described by the Flory–Huggins in-
teraction parameter [44], χAB

(1)

Here, z is the number of nearest neighbors per lattice site in the polymer (in some sense, this is the num-
ber of neighboring monomers that a given monomer interacts with), kBT is the thermal energy, and εAB,
εAA, and εBB, are the interaction energies per monomer between A and B, A and A, and B and B, re-
spectively (negative ε indicates favorable interactions, positive is unfavorable). Thus, positive χAB in-
dicates a net repulsion between A and B blocks and a negative χAB indicates net attraction. The larger
the magnitude of χAB, the stronger the attraction or repulsion. Because χAB ~ T–1, the parameter in-
corporates an entropic component (hence, the description as a quasi-enthalpic parameter) and has a de-
creasing contribution to the free energy with increasing temperature. χAB is scaled per lattice site; to
determine the repulsion per chain, χAB is multiplied by N, the number of lattice sites (i.e., monomers)
per chain. If χABN is larger than ~12.5, phase separation occurs as drawn in Fig. 1.

The nanoparticle-block copolymer parameter space is far larger than that of block copolymers
alone; in an effort to address this complexity, numerous theoretical simulations have been performed
using simplified models. Balazs introduced the concept of a Flory–Huggins interaction parameter for
nanoparticle-block copolymer interactions, χAP and χBP (P = particle) [48]. This allowed many of the
nuances of the nanoparticle-polymer interaction—such as the complex interplay of chemical forces, lig-
and sterics, and nanoparticle surface heterogeneities—to be consolidated into two computationally
manageable parameters.

In initial simulations, Balazs showed that nanoparticles could be directed into the A-block of the
polymer by making χBP sufficiently positive and χAP = 0 (Fig. 2A). Nanoparticle placement within the
A-block could be further tailored by varying nanoparticle size (Fig. 2B). At the largest diameters ex-
amined, nanoparticles localized at the center of the A-block domain while smaller particles were dis-
tributed more homogeneously. As the volume fraction of these large nanoparticles is increased, the
nanoparticles shift from mixing mesoscopically (Fig. 2C) to separating macroscopically (Fig. 2D).
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Fig. 2 Results from Balazs’ simulations. (A,B) Nanoparticles (blue circles) were directed into the A-block domain
(blue chains) by properly selecting χAP and χBP. A homogeneous distribution of nanoparticles in the domain was
achieved for small nanoparticles (A) while larger nanoparticles localized at the center of the domain (B). (C,D)
Snapshots of simulations where large nanoparticles are homogeneously distributed in the A-block at low loadings
(C) but macrophase separate at higher loadings (D). Nanoparticles are black squares; the A-block is gray, and the
B-block is not shown (white regions). Adapted from [48] (A,B) and reprinted with permission from [49] (C,D),
copyright 2000 American Chemical Society.



Thomas and Bockstaller described this macrophase separation as resulting from a combination of
enthalpic and entropic effects [50]. They argued that a polymer domain locally widens to accommodate
a nanoparticle. This variation in width of the domain implies that the A–B interface has a higher area
with respect to a polymer domain without that nanoparticle. This increased area incurs unfavorable en-
thalpic interactions as a result of a larger number of unfavorable A–B contacts. The change in domain
width also induces unfavorable chain conformations as the chains stretch to uniformly fill space.
Because both of these effects scale with increasing particle size, macrophase separation is favored in
systems with large particles where these unfavorable interactions are not sufficiently compensated by
favorable polymer–nanoparticle interactions.

The foregoing work demonstrated the importance in controlling nanoparticle-block copolymer in-
teractions by selecting polymers of the desired chemistry, while also showing that nanoparticle size
must be carefully controlled in order to obtain control over the morphology. To explore these implica-
tions in an experimental system in the regime of high nanoparticle loadings, we modified the alumi-
nosilica-block copolymer approach first reported in 1997 to explore the influence of nanoparticle size
in self-assembly [51]. We modified the process to produce silica-type nanoparticles of four sizes
(Fig. 3A). Each set of nanoparticles was added to a small or large poly(isoprene-block-ethyleneoxide)
(PI-b-PEO) polymer (13 or 28 kg/mol, ~15 wt % PEO). A lamellar morphology (Fig. 3H) was expected
to form based on the polymer:nanoparticle ratio.

When the three smallest sets of nanoparticles were added to the small polymer, a lamellar
mesostructure formed (Fig. 3B). Surprisingly, when the largest nanoparticles were added to the small
polymer, an onion-like structure self-assembled (Fig. 3C). The core of each onion consists of silica
nanoparticles; a lamellar structure self-assembles around the core (Fig. 3I). Finally, when the large
nanoparticles were added to a large PI-b-PEO copolymer, a lamellar morphology formed again
(Fig. 3D).

The onion morphology can be understood by considering Fig. 3I. When the nanoparticle diame-
ter approaches the size of the PEO chains, nanoparticle dispersibility in the PEO decreases. This arises
because large nanoparticles occupy an impenetrable region of space, limiting the polymer’s conforma-
tions. To increase entropy, the largest nanoparticles are expelled from the PEO, resulting in onion
mesostructures. This observation is consistent with Balazs’ simulations [49] as well as experiments in
the regime of low nanoparticle loading by Thomas and Bockstaller [50].

This approach enables the design of compositionally heterogeneous structures by tailoring
nanoparticle size distributions to segregate particles into precisely controlled locations (Fig 3J). As a
proof of principle, large gold-silica core-shell nanoparticles (Fig. 3E) were directed exclusively into the
onion cores (Fig. 3F,G). These results reveal the power of working with appropriately designed
nanoparticle size distributions for controlled nanoparticle placement in segregated mesostructures.
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METAL NANOPARTICLES WITH HIGH SOLUBILITY

The preceding examples demonstrate how nanoparticle properties—as manifested by the
Flory–Huggins interaction parameter and nanoparticle diameter—influence nanoparticle placement in
block copolymer mesophases. In extending these concepts to the design of mesostructured metals, ad-
ditional design criteria unique to metals must be addressed. First, the high surface energy of metals lim-
its the ways in which metal nanoparticles can be mixed with block copolymers. Metal nanoparticles
must be coated with ligand to allow the nanoparticles to self-assemble in close proximity without irre-
versibly aggregating. Second, the ligand must impart high solubility and dispersibility to the nanopar-
ticles. If the solubility is low, the nanoparticles will macroscopically precipitate, precluding the forma-
tion of mesophases with high nanoparticle loadings.

Initial strategies for dispersing ligand-stabilized nanoparticles in block copolymers employed lig-
ands with alkyl substituents [52,53]. While this provides a simple route to nanoparticle synthesis,
alkane-based nanoparticles have insufficient solubility to achieve high loadings. Later routes relied
upon polymeric ligands [54], which impart much higher solubility because of their greater organic con-
tent. The lower metal content in these systems may limit the prospects for conversion to a mesoporous
material, because the removal of large quantities of organics may lead to mesostructural collapse. This
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Fig. 3 (A) Size distributions of four nanoparticle syntheses (sols 1–4), from atomic force microscopy (AFM) height
measurements. Orange lines plot the root mean square end-to-end distance of the PEO chain (solid = small
polymer, dashed = large polymer). (B–G) Bright-field TEM images. (B) A lamellar structure produced by mixing
sols 1, 2, or 3 with the small polymer. (C) An onion morphology resulting from sol 4 and the small polymer. (D)
A lamellar morphology resulting from sol 4 and the large polymer. (E) Gold-silica core-shell nanoparticles. (F,G)
Isolation of gold nanoparticles exclusively in onion core. Arrows indicate nanoparticle location. (H–J) Illustrations
of size-dependent self-assembly. PEO and nanoparticles are blue, PI is green, gold is black. Adopted from [51].



implies that nanoparticles with small ligands that still impart high solubility and dispersibility are cru-
cial to the design of mesophases with high nanoparticle loadings.

To address these challenges, we explored many ligand designs and found that solubility was best
enhanced by binding a thiol-containing ionic liquid to the nanoparticles (Fig. 4A, bromide anion).
Characterization of the nanoparticles by TEM (Fig. 4B, platinum; 4D, gold) demonstrated that well-de-
fined particles had formed. These nanoparticles already exhibited solubility that was an order of mag-
nitude higher than similar nanoparticles with alkanethiol ligands. To further increase solubility, the bro-
mide anion was exchanged for a sulfonate anion (Fig. 4A), which led to metal nanoparticles (Fig. 4C,
platinum) that were miscible with some solvents. Remarkably, in the absence of a solvent, nanoparticles
flowed as a liquid (Fig. 4E). Differential scanning calorimetry (DSC, Fig. 4F) confirmed that the
nanoparticles melted below room temperature.

By designing ligands for metal nanoparticles that combined ionic and steric stabilization, the
groundwork was laid for the co-assembly of high loadings of metal nanoparticles with block copoly-
mers.

METAL NANOPARTICLE-BLOCK COPOLYMER SELF-ASSEMBLY

With an improved understanding of nanoparticle solubility, we sought to design ligands that would pro-
vide a negative Flory–Huggins interaction parameter between the nanoparticles and just one block of
the block copolymer. Our goal was to have nanoparticle-polymer mixing driven by favorable enthalpic
interactions, such as ionic interactions, hydrogen bonding, and dipole–dipole interactions. Indeed, the
initial experimental work on metal oxide-block copolymer self-assembly suggested that synthesis of or-
dered mesophases with high loadings of inorganic nanoparticles was contingent upon favorable en-
thalpic interactions between nanoparticles and polymer [13,39,40].
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Fig. 4 (A) Design of ligand and nanoparticles (Pt, Au, Pd, Rh). TEM images of platinum particles with bromide
anion (B) and sulfonate anion (C) and gold particles with bromide anion (D). (E) Photographs of nanoparticles
flowing down a glass slope after 0, 2, and 8 min. Grid paper has 5 mm markings. (F) DSC traces of the potassium
salt of the sulfonate anion (black) and platinum nanoparticles with the sulfonate anion (red). Adopted from [55].



After designing several iterations of ligands, we found that N,N-di-2-propoxyethyl-N-3-mercapto-
propyl-N-methylammonium chloride (Fig. 5A) was hydrophilic enough to exploit favorable enthalpic
interactions with a hydrophilic block while still exhibiting sufficient solubility in the organic solvents
that dissolved an amphiphilic block copolymer, poly(isoprene-block-dimethylaminoethylmethacrylate),
PI-b-PDMAEMA (Fig. 5C) [56].

Dissolution of PI-b-PDMAEMA and the as-made nanoparticles (Fig. 5B) in a methanol-chloro-
form solution followed by solvent evaporation and annealing only led to a macrophase separated mate-
rial. This was surprising, considering the high nanoparticle solubility and dispersibility, small metal di-
ameter (1.8 nm), and hydrophilic ligand design. Close examination of the PDMAEMA and the ligand,
however, showed that interactions would be limited to dipole–dipole and van der Waals interactions,
which may not provide sufficient enthalpic driving force to achieve high nanoparticle loadings. To en-
hance this interaction, we developed an aging procedure in which the nanoparticles were boiled in
water, leading to the removal of a small proportion of ligands from the nanoparticles. We hypothesized
that by removing ligand, the opportunity for the PDMAEMA’s amine to chemisorb onto the platinum
surface would make the nanoparticle-PDMAEMA Flory–Huggins interaction parameter more negative.

Self-assembly of the aged nanoparticles with two PI-b-PDMAEMA block copolymers followed
by annealing led to ordered lamellar (CCM-Pt-4) and inverse hexagonal (CCM-Pt-6) mesostructures
(Figs. 5D, 6A, and 6B for views of the inverse hexagonal mesostructure). Examining the mesostructure
at higher magnification (Fig. 6B) revealed individual platinum nanoparticles within the hydrophilic do-
mains of the mesostructure. These results suggested that similar to oxide structures, metal nanoparticle-
block copolymer morphologies can be tailored by adjusting nanoparticle volume fraction and block
copolymer molecular weight.

To remove organics, the hybrid was pyrolized under nitrogen, yielding a mesoporous platinum-
carbon nanocomposite (Figs. 5E, 6C, and 6D). TEM showed that order was retained and that the walls
were composed of carbon and crystalline platinum. Physisorption revealed a 17-nm average pore di-
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Fig. 5 Ligand (A) and nanoparticles (B) are co-assembled with PI-b-PDMAEMA (C) to produce an ordered,
mesostructured metal nanoparticle-block copolymer hybrid (D). Pyrolysis of the hybrid yields an ordered
mesoporous metal-carbon composite (E) and oxidation of carbon yields an ordered mesoporous metal (F).
Reproduced with permission from [56].



ameter, consistent with TEM measurements. If heated in air instead of nitrogen, carbon was removed
but the mesostructure collapsed. This suggests that carbon is needed to maintain order, consistent with
our recent report on metal oxide crystallization [57]. The mesoporous platinum-carbon nanocomposites
have remarkable electrical conductivity. We measured a conductivity of 400 S/cm, the highest value yet
reported for mesoporous block-copolymer-derived materials.

An argon-oxygen plasma or nitric-sulfuric acid etch removed carbon at low temperatures. TEM
reveals that order is retained and that the carbon is absent (Figs. 5F and 6E). Raman spectroscopy and
energy-dispersive spectrometry (EDS) confirm carbon removal. The mesoporous platinum showed cur-
rent densities for hydrogen oxidation similar to a flat platinum surface, which demonstrates the excel-
lent diffusion of hydrogen and protons through the mesopores.

OUTLOOK

Ordered porous metals represent a rapidly developing, rich topic in nanoscience and nanotechnology
with tremendous potential for impact on future energy technologies. Already, the importance of meso-
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Fig. 6 Bright-field TEM images. (A) Low-magnification view of an inverse hexagonal hybrid. (B) High-
magnification view of the same hybrid. Inset: single-particle electron diffraction. (C) An ordered mesoporous Pt–C
nanocomposite made by pyrolysis of the hybrid. Inset: electron diffraction. (D) High-resolution TEM of the same
nanocomposite showing Pt lattice fringes. (E) Ordered mesoporous platinum. Adopted from [56].



porous metals is demonstrated by their widespread industrial use as heterogeneous catalysts, such as
Raney nickel [58]. With the new ability to rationally design the architecture of mesoporous metals for
specific applications, a more efficient use of precious metals may be achieved.

An alternate route to self-assembled mesoporous metals has emerged in the last few years. First
introduced by Attard and further explored by Kuroda, metal salts have been reduced in the presence of
small molecule surfactants [59–61] and, more recently, block copolymers [62]. This provides a rapid
route to the formation of mesoporous metals, but this approach is limited to metals that can be electro-
deposited from aqueous solution. A further limitation is that the rich phase behavior of block copoly-
mer self-assembly has so far been inaccessible to these electrodeposited metals.

In contrast, the self-assembly of nanoparticles with block copolymers may enable the formation
of a broader range of elements, alloys, or even intermetallics. Because nanoparticle-block copolymer
self-assembly depends largely on the ability to design ligand-stabilized nanoparticles, this synthetic ap-
proach may be extended to the broad range of metal nanoparticle compositions and shapes that have al-
ready been synthesized. This approach may further enable mixtures of distinct metal nanoparticles to
be combined into a single mesoporous material. Such ordered mesoporous metals made from
nanoscopic particles of distinct compositions may have a range of unique electrical, optical, and cat-
alytic properties and therefore exhibit great promise for future energy applications.
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