Zuschriften

Angewandte

Chemie

Deutsche Ausgabe:
DOI: 10.1002/ange.201901913
Internationale Ausgabe: DOI: 10.1002/anie.201901913

Nanostructures

Controlled Assembly of Block Copolymer Coated Nanoparticles in 2D
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Abstract: The defined assembly of nanoparticles (NPs) in
polymer matrices is an important prerequisite for nextgeneration functional materials. A promising approach to
control NP positions in polymer matrices at the nanometer
scale is the use of block copolymers. It allows the selective
deposition of NPs in nanodomains, but the final defined and
ordered positioning of the NPs within the domains has not
been possible. This can now be achieved by coating NPs with
block copolymers. The self-assembly of block copolymercoated NPs directly leads to ordered microdomains containing
ordered NP arrays with exactly one NP per unit cell. By
variation of the grafting density, the inter-nanoparticle distance
can be controlled from direct NP surface contact to surface
separations of several nanometers, determined by the thickness
of the polymer shell. The method can be applied to a wide
variety of block copolymers and NPs and is thus suitable for
a broad range of applications.

The defined assembly of functional nanoparticles in polymer

matrices is highly desirable for the development of nextgeneration electrical, optical, memory, and energy conversion
devices.[1] Currently, the lack of a precise control of nanoparticle positions, distances, and ordering in polymeric
matrices is a severe barrier for many nanotechnology
applications as these parameters sensibly determine mechanical, dielectric, magnetic, and plasmonic coupling as well as
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energy transfer in the active polymer matrices of the
corresponding devices.
A versatile method to control nanoparticle locations and
arrangements at the nanometer scale is the use of block
copolymers.[2] For AB diblock copolymers, nanoparticles can
be selectively integrated into the A or B domains, or into the
A/B interface.[3] Early studies aiming at a domain selective
integration involved either the synthesis of nanoparticles
from precursors solubilized in the respective block copolymer
domains, or used pre-synthesized nanoparticles.[4] Later
improved methods employed nanoparticles which were surface compatibilized with the targeted polymer domain.
However, the controlled and stable incorporation of
inorganic nanoparticles into polymer matrices remains difficult, because nanoparticles are thermodynamically immiscible with polymers. This is due to 1) unfavorable nanoparticle/
polymer enthalpic interactions, and 2) a considerable loss of
conformational entropy when polymer chains are located
close to the nanoparticle surface.[5] The enthalpic interactions
can be minimized by nanoparticle surface compatibilization
with either polymer-compatible small molecules[6] or with
polymers of the same type as the targeted block copolymer
domain. As the conformational entropy of block copolymer
chains is already reduced owing to their confinement at the
domain interface, additional entropy losses owing to nanodomain incorporation immediately lead to problems of
macrophase separation already at small volume fractions of
nanoparticles.[7]
By using small molecules with attractive interactions such
as hydrogen bonding[8] and ionic interactions,[9] which partially compensate entropy losses by negative enthalpic contributions, nanoparticle loadings of up to 40 wt % could be
achieved. Coating the nanoparticles with a layer of the
corresponding matrix polymer not only minimizes enthalpic
interactions, but also significantly reduces the loss of conformational entropy of the polymer chains. With this method,
even full thermodynamic miscibility of nanoparticles and
polymers can be realized, such that highest loadings with the
formation of ordered nanoparticle arrays can be achieved.[10]
The best method to localize nanoparticles in block
copolymer domains would thus be the direct coating of the
nanoparticles with the respective block copolymers. The
attachment of block copolymers to nanoparticles has already
been used for the fabrication of nanoparticles for biomedical
applications.[11] However, the self-assembly of block copolymer coated nanoparticles into ordered arrays has, to the best
of our knowledge, not yet been attempted or investigated.
Herein we show that the direct self-assembly of block
copolymer coated nanoparticles, as opposed to homopolymer
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Figure 1. TEM images of the block copolymers dried from solution and
stained with OsO4 ; A) PI117-PS80 (16 300 g mol@1), B) PI226-PS126
(28 500 g mol@1), C) PI368-PS225 (48 500 g mol@1). All block copolymers
show stripe-like morphologies.
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thesized from their respective metal oleates. For the synthesis
of the monodisperse Cu2ZnSnS4 (CZTS) nanoparticles we
used a heat-up method.[19] The block copolymer molecular
weights, compositions as well as the diameters of the nanoparticles are given in Table 1. For the synthesis of the block
copolymer coated nanoparticles we used a recently developed
ligand exchange method that allows the block copolymer
grafting density to be controlled over a wide range via the
concentration of polymeric ligand during ligand exchange.[15]
The grafting density was determined by thermogravimetric
analysis and is given in Table 1. Details of the synthesis and
characterization of the nanoparticles and block copolymers
are given in the Supporting Information.
For the present study we focused on two-dimensional
assembly to obtain first insights into the coupled nanoparticle
block copolymer self-assembly behavior. We used evaporation-induced self-assembly (EISA) to prepare monolayers in
a reproducible and controlled way. To avoid any influence of
solvent selectivity we chose cyclohexane and toluene as
neutral solvents, where the block copolymer coated nanoparticle were dissolved at a concentration of 0.6 mg mL@1
prior to assembly on carbon-coated copper grids. Figure 1
shows that the neat block copolymers assemble into stripe
domains as expected from the block length ratio and the
published phase behavior.[14] The PI and PS domain sizes are
in a range of 10 to 20 nm, which is comparable to the size
range of the investigated nanoparticles.
As a first example we investigated the self-assembly of
block copolymer coated 7 nm PbS-nanoparticles as a function
of the molecular weight of the block copolymer. The observed
nanocomposite morphologies are shown in Figure 2. We
observe that the incorporation of nanoparticles significantly
increases the degree of order of the block copolymer nanocomposites compared to the neat block copolymers (see
Figure 1). As shown in Figure 2 A, for the smallest block
copolymers the nanoparticles are arranged on a hexagonal
lattice. The PS domains form a spherical shell around the
nanoparticles and are fully separated from adjacent PSdomains by the PI matrix. This single nanoparticle per block
copolymer domain structure has so far been very difficult to
achieve otherwise[13] and shows the unique control of this
method.

coated ones, leads to thermodynamically stable, highly loaded
2D nanocomposites. It leads to the incorporation of exactly
one nanoparticle per unit domain, and allows precise control
of the inter-particle distance, which is of interest for sensing,
electronic, catalytic, and lithographic applications.[12, 13] Furthermore, the direct coupling of nanoparticle and block
copolymer self-assembly leads to new morphologies that have
not been reported and are otherwise difficult to access.
For a systematic study we investigated the self-assembly of
block copolymer coated nanoparticles prepared from a series
of three diblock copolymers that form lamellar phases in their
neat state (Figure 1). From this we expected to obtain insights
into the interplay of nanoparticle surface curvature and block
copolymer interfacial curvature on the self-assembled morphology. We chose poly(styrene-b-isoprene) (PS-PI) block
copolymers because their phase behavior has been wellestablished.[14] The block copolymers were synthesized by
sequential living anionic polymerization to achieve a narrow
molecular weight distribution and to functionalize the chain
ends of the polystyrene blocks with coordinating end groups
for stable attachment to the nanoparticle surfaces. For this,
the living polystyrene chain ends were reacted with ethylene
oxide to obtain PI-PS-OH block
[a]
copolymers containing terminal Table 1: List of block copolymer coated nanoparticles investigated herein.
Nanoparticle
MW of block
Grafting
OH groups. These were subse- Label
diameter
copolymer
density (TGA)
quently activated with carbonyl
[nm]
[g mol@1]
[nm@2]
diimidazole and reacted with an
excess of pentaethylene hexamine PbS7.2@PEHA-PS80-PI117_0.85
7.2 : 0.9
16 300
0.85
5.5 : 0.5
25 750
0.16
(PEHA), which acts as a multi- Fe2O3;5.5@PEHA-PS126-PI184_0.16
5.5 : 0.5
25 750
0.7
dendate ligand for a variety of Fe2O3;5.5@PEHA-PS126-PI184_0.7
ZnO3.9@PEHA-PS126-PI184_0.79
3.9 : 0.7
25 750
0.79
chemically different nanoparticles.
CZTS @PEHA-PS -PI _1.2
13.7 : 2.5
28 500
not determined
PEHA shows strong coordinative Fe O 13.7@PEHA-PS126-PI226_0.77theo
6.7 : 0.5
28 500
0.77
2 3;6.7
126
226
binding, but still possesses sufficient PbS4.9@PEHA-PS126-PI226_0.54
4.9 : 0.7
28 500
0.54
surface mobility to reach high graft- PbS7.2@PEHA-PS126-PI226_1.14
7.2 : 0.9
28 500
1.14
7.5 : 1.1
48 500
0.25
ing densities.[15] Monodisperse lead- PbS7.5@PEHA-PS225-PI368_0.25
(II)sulfide (PbS),[16] zinc oxide [a] The lower index on the type of nanoparticles indicates the nanoparticle diameter in nanometers, the
(ZnO),[17]
and
iron
oxide lower indices at the polymer block symbols denote the degrees of polymerization, and the last index
(Fe2O3)[18] nanoparticles were syn- denotes the grafting density in nm@2.
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Figure 2. TEM images of PbS nanoparticles with a diameter of about
7 nm coated with PI-PS-PEHA block copolymer of different molecular
weights. With increasing block copolymer molecular weight we observe
a transition from single nanoparticles within spherical domains over
single nanoparticles in strip-like domains to linear nanoparticle arrays
in stripe-like domains.

Figure 2 B shows that for larger block copolymers the 2D
lamellar morphology is retained. We observe ordered stripe
domains where the nanoparticles arrange into linear arrays
with regular periodic arrangement and well-defined internanoparticle distance. So far, to our knowledge, this is the first
report of this kind of nanostructure. It offers the unique
possibility to precisely control distance-dependent interparticle interactions in well-defined, ordered linear arrays.
Figure 2 C shows the possibility to also realize direct
surface contact of adjacent nanoparticle in linear arrays when
the block copolymer grafting density is sufficiently low. Direct
contact of nanoparticles requires sufficient surface mobility of
the ligands to decrease the ligand density at the contact area
and to increase the ligand density outside, which stabilizes
linear nanoparticle arrays.[20] This shows the potential of the
method to also realize direct nanoparticle contact enabling
direct directed charge, heat or energy transfer.
The formation of stripe and spherical domains can by
rationalized by considering the loss of conformational
entropy caused by the domain confinement of the polymercoated nanoparticles. First, to homogeneously fill the volume
of a stripe domain, the polymer blocks attached to the
nanoparticle surface in the center of the domain need to
extend over an end-to-end distance D/2 to connect to the
interface, where D is the thickness of the domain (see
Figure 3 A). In relation to the shortest distance a between
nanoparticle surface and stripe interface, the polymer chains
are extended by a factor a = D/(2a) = 1/(1@d/D), which is
proportional to the deformation energy of the polymer chain.
Therefore, for larger block copolymers forming larger
domains (d ! D) there is negligible chain extension, whereas
for smaller block copolymers with smaller domains the
extension is considerable, leading to destabilization of stripe
domains and the formation of spherical domains as observed
in Figure 2.
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Figure 3. The localization of a nanoparticle in a stripe-like block
copolymer domain to estimate the geometrical (A) and grafting density
effects (B) on the degree of chain extension. The lower panel illustrates
the sequence from surface-contact nanoparticle stripe domains (C) via
polymer-separated nanoparticle stripe domains (D), Y-branched nanoparticle arrays with locally three-fold rotational symmetry (E) to
hexagonally packed nanoparticle arrays (F) upon increasing grafting
density s.

Second, we observe a profound influence of the grafting
density. Using a blob model as developed for star polymers,[21]
we can estimate the size of the outer blob x, which needs to be
of the order of D/2 for a chain to connect to the polymer
interface. The ratio b = D/(2x) is then proportional to the
corresponding chain extension. Since x = Dx0/d and because
the inner blob size x0 is related to the grafting density s as
x02 = 1/s, the factor b is given by b = s1/2d/2. Therefore for
higher grafting densities and larger nanoparticles there is
a preference for the formation of spherical domains, which is
in good agreement with the observations in Figure 2 and 4.
Stripe domains with periodic linear nanoparticle arrays are
favored for smaller nanoparticles with intermediate grafting
densities, whereas for larger nanoparticles and higher grafting
densities transitions to more spherically symmetric nanoparticle arrangements are expected as shown in Figure 3 C–F.
As we observed a profound influence of the block
copolymer grafting density on the self-assembled morphology
in the first experiments, we investigated its effects over
a wider range of grafting densities. Figure 4 A shows that for
low grafting densities nanoparticles are in direct contact,
forming chains and branched chain networks within the block
copolymer domains. An increased grafting density leads to
non-branched linear chains of surface contacted nanoparticles, with some regions where nanoparticles are already
slightly separated (Figure 4 B). Further increasing the grafting
density leads to the previously observed linear arrays of
regularly separated nanoparticle as shown in Figure 4 C. Still
higher grafting densities considerably increase the nanoparticle separation with a transition from linear to Ybranched PS domains such that locally nanoparticles start to
arrange in five- or six-membered rings, which is a morphology
that has also never been reported before.

T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

8631

Zuschriften

Figure 4. A)–D) TEM images of a series of different types of nanoparticle arrays that can be realized by variation of grafting density and
nanoparticle/polymer size ratio. The arrays in (C) and (D) have been
realized for the first time and represent the ideal case of exactly one
nanoparticle per unit cell. E),F) 3D reconstruction of (D) by means of
tomography. E) shows a side view and F) a slightly tilted top view to
prove a two-dimensional arrangement.

This transition is related to a tendency to form more
spherically symmetric arrangements around nanoparticles
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with increasing grafting density. Linear chain nanoparticle
arrangements have a locally 2-fold rotational symmetry,
which increases to a 3-fold rotational symmetry in case of
the Y-branched arrangements as observed in Figure 4 D. This
is supported from a detailed analysis of the bond-orientational order as outlined in the Supporting Information. The
bond orientational order for the linear array has a clear
maximum at a value of 2 (Supporting Information, Figure S2),
whereas for the Y-branched arrangement the maximum is
clearly at a value of 3 (Supporting Information, Figure S1).
We have performed STEM tomography (Figure 4 E,F) to
confirm that the arrangement shown in Figure 4 D is twodimensional. The corresponding perfect lattice would be
a honeycomb lattice. With further increasing grafting density
we would expect the formation of a 6-fold symmetric
arrangement as in Figure 2 A. With increasing rotational
symmetry the PS-blocks become more localized around the
nanoparticles which reduces the connectivity to adjacent
nanoparticle domains. Thus, for the 3-fold rotational symmetry there are still connections to adjacent nanoparticles,
whereas for the 6-fold rotational symmetry the PS-domains
are completely separated and singly dispersed in a PI-matrix.
The transition from locally 2-fold by 3-fold to 6-fold rotational
symmetry in 2D is topologically similar to the transition from
lamellar via gyroid to a hexagonal cylindrical arrangement in
3D bulk block copolymers.
To demonstrate the broad applicability of our approach,
we not only showed the self-assembly into ordered nanoparticle block copolymer arrays for semiconducting PbSnanoparticles (Figures 2, 4) and magnetic Fe2O3-nanoparticles (Figure 4), but also for semiconducting ZnO- and
Cu2ZnSnS4-nanoparticles for a range of sizes, shapes, and
polydispersities, which is shown in the Supporting Information.
We could demonstrate that the coating of nanoparticles
with block copolymers is a general and versatile method to
prepare well-defined 2D nanoparticle assemblies. The experiments together with a geometrical model show that the
nanoparticle/domain size ratio and the grafting density are
the two most important factors that control the type of block
copolymer domain structure and the inter-particle distance.
Linear nanoparticle arrays and superlattices with 2-fold,
a newly discovered 3-fold, and 6-fold rotational symmetry can
be formed for a variety of semi-conducting (PbS, ZnO,
Cu2ZnSnS4) and magnetic (Fe2O3) nanoparticles. The method
opens the way to the controlled preparation of well-defined
complex nanoparticle arrays in polymer matrices with precisely one nanoparticle per unit domain, and a domainselective localization such that ordered binary or ternary
nanoparticle arrays can be achieved as would be necessary for
example, for scintillation materials.

Experimental Section

All TEM samples for the assembly were prepared from a toluene
(or cyclohexane) solution. The TEM grid was immersed in 8 mL of
solution and after drying stained with OsO4.
The nanoparticle and the polymer syntheses are depicted in the
Supporting Information.
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