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Domains

Vanessa B. Leffler, Sascha Ehlert, Beate Forster, Martin Dulle and Stephan Forster*

Abstract: The defined assembly of nanoparticles in polymer
matrices is an important precondition for next-generation
functional materials. Here we demonstrate that a defined three-
dimensional nanoparticle assembly within the unit cells can be
realized by directly linking the nanoparticles to block copoly-
mers. We show that for a range of nearly symmetric to
unsymmetric block copolymers there are only two formed
structures, a hexagonal lattice of P6/mmm-symmetry, where the
nanoparticles are located in 1D-arrays within the cylindrical
domains, and a cubic lattice of Im3m-symmetry, where the
nanoparticles are located in the octahedral voids of a BCC-
lattice, corresponding to the structure of ferrite steel. We
observe the block length ratio and thus the interfacial curvature
to be the most important parameter determining the lattice type.
This is rationalized in terms of minimal chain extension such
that domain topologies with large positive curvature are highly
preferred. Already volume fractions of only one percent are
sufficient to destabilize a lamellar structure and favor the
formation of highly curved interfaces. The study thus demon-
strates how nanoparticles can be located on well-defined
positions in three-dimensional unit cells of block copolymer
nanocomposites. This opens the way to functional 3D-nano-
composites where the nanoparticles need to be located on
defined matrix positions.

Introduction
The defined assembly of functional nanoparticles in

polymer matrices is highly desirable for the development of
next-generation nano materials-based devices.!!! Currently,
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the lack of a precise control of nanoparticle position, distance
and order in polymeric matrices is a severe barrier for many
next-generation materials as these parameters essentially
determine mechanical, dielectric, magnetic or plasmonic
coupling as well as energy transfer in the active matrices of
the corresponding devices.

A versatile method to control nanoparticle location and
assembly at the nanometer scale is the use of block copoly-
mers.*”! For AB-diblock copolymers it is possible to selec-
tively deposit nanoparticles into the A- or B-domains, or into
the A/B-interface.®”! Early studies aiming at a domain
selective integration involved the synthesis of nanoparticles
from precursors solubilized in the respective block copolymer
domains, or used pre-synthesized nanoparticles.'"'? Later
improved methods employed nanoparticles which were sur-
face compatibilized with the targeted polymer domain.'>!*l
Surface compatibilization has recently been extended from
linear to diblock copolymers, which opened a route to block
copolymer nanocomposites, where the nanoparticles can be
localized in the center of selected block copolymer domains.
This has been demonstrated for polymer-coated Au-nano-
particles in thin films of bottle brush copolymers,*! for block
copolymer-coated iron oxide nanoparticles in micellar mono-
layers, ¥ as well as for CuS nanoplatelets in PS-P4VP™! and
two-dimensional assemblies.?"!

For almost all applications of nanocomposites the 3D-
assembled structure is most relevant. Yet, the ordered and
stoichiometric localization of nanoparticles within 3D-block
copolymer domains is still a challenge without the guidance of
planar substrates or interfaces. Furthermore, it can have
considerable complexity, as the incorporation of nanoparti-
cles in diblock copolymers can lead to ternary phase systems
with a structural variability comparable to ABC triblock
copolymers.?!!

In the present study we aimed for a controlled localization
of nanoparticles in three dimensional domains of diblock
copolymers. We focused on the interesting case where the
nanoparticles are localized in the continuous domains which
is relevant for all applications relying on nanoparticle
coupling or nanoparticle-mediated mechanical or transport
properties. As a model system we chose nanocomposites
consisting of iron oxide nanoparticles and poly(styrene-b-
isoprene) diblock copolymers, where both the nanoparticles
and the block copolymers can be synthesized with narrow size
distribution on large scales.

For all investigated block lengths, nanoparticle diameters
and grafting densities we remarkably found that only two
phases, a hexagonal phase with P6/mmm-symmetry, and
a cubic phase with Im3m-symmetry were formed. In the cubic
phase the nanoparticles are localized in the octahedral voids
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of a BCC-lattice, a structure which corresponds to the atomic
Fe/C-arrangement of ferrite steel.

Results and Discussion

For diblock copolymers the domain morphology is mainly
determined by the domain volume fraction f For our study we
selected four different PS-PI block copolymers that included
a lamellae-forming nearly symmetric diblock copolymer
(HO-PS,,5-Pl g, fps = 0.48), a lamellae-forming slightly asym-
metric diblock copolymer (HO-PS;;;-Pl;3, fps=0.62) with
a larger PS-fraction, and a more asymmetric diblock copoly-
mer (HO-PS,,4-PI,,, fps=0.76) forming a hexagonal phase
with PI-cylinders in a PS-matrix. The indices PS,-Pl,, indicate
the degrees of polymerization. These block copolymers all
contain a terminal OH-group at the PS-block, which is
functionalized with an amine to bind to the surface of the
nanoparticles. To exclude block sequence specific effects, we
also investigated the reverse case, a lamellae-forming diblock
copolymer (PS;,;-PL,;-OH, fps=0.44) where the block co-
polymers attach to the nanoparticle surface via the PI-blocks.
The volume fractions fpg of the neat block copolymers were
calculated from the bulk densities and degrees of polymer-
ization of the block copolymers as determined by SEC and
'"H-NMR (Figures S15-S18) and for the nanocomposites
using thermogravimetry to determine the nanoparticle weight
fraction.

For the preparation of the nanocomposites we used iron
oxide nanoparticles, which can be synthesized with narrow
size distribution in high yields.”” Iron oxide nanoparticles
with diameters between 4.6 and 8.0 nm were used for the
investigation. The block copolymers were attached to the
nanoparticle surface via strongly binding pentaethylene
hexamine (PEHA) multidentate anchor groups. The block
copolymers then form a stable and dense spherical polymer
brush around the nanoparticle with either the PS-blocks or
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the PI-blocks as the inner layer. The attachment of the block
copolymers was performed using a ligand exchange proce-
dure.™ Tt allows to vary the grafting density of the block
copolymers on the surface of the nanoparticles in a range
from ¢=0.16-1.20 chainsnm™? by variation of the block
copolymer concentration during the ligand exchange. The
block copolymer-grafted nanoparticles were carefully puri-
fied from oleic acid and unbound block copolymer ligands by
selective precipitation steps as described in detail in ref. [23].
For each of the four diblock copolymers we prepared sets of
nanocomposites with systematically varying grafting density
and different nanoparticle diameters. Table 1 provides an
overview of all block copolymers and nanocomposites inves-
tigated in the present study.

The ordered morphologies of the neat diblock copolymers
were characterized by small-angle X-ray scattering (SAXS)
(Figure S1, see Supporting Information). The scattering
curves all show a pronounced first maximum followed by
a number of higher-order reflections. PI;;-PS,;;-OH, Pl g-
PS5-OH and PL,;-PS,,;-OH form lamellar phases (LAM),
whereas PI,,-PS,,;-OH forms a hexagonally packed cylinder
morphology (HEX). The suppression of the even reflections
observed for Pl,g-PS,,-OH and PL,(,-PS,,;-OH indicate that
the diblock copolymers form almost perfectly symmetric
lamellar domains.

In the following we describe the ordered morphologies
formed by the nanocomposites derived from the four diblock
copolymers. Whether the PS-blocks or the PI-blocks were
attached to the nanoparticles is indicated by the sample
identifiers, where Fe,O;@PS-PI indicates attachment to the
PS-blocks and Fe,O;@PI-PS indicates attachment to the PI-
blocks. All nanocomposites were prepared by casting sol-
utions of the block copolymer coated nanoparticles from
chloroform as a non-selective solvent. A specially designed
casting cell allows to delay the casting process to last over two
weeks to provide sufficient time and polymer chain mobility
to form ordered nanoparticle morphologies. The samples

Tabelle 1: Structural parameters of the block copolymers and nanocomposites. The indices n, m in PS,-Pl,, indicate the degrees of polymerization, Dy,
is the diameter of the iron oxide nanoparticles, o is the grafting density in polymer chains per nm? fo,, fos, fup are the volume fractions of PI, PS, and
nanoparticles, respectively, a are the unit cell dimensions, and Dg,,, the microdomain dimensions (lamellae, cylinder) derived from SAXS

measurements. The volume fractions were calculated from the weight fractions using the bulk density of PS (0ps=1.06 gcm™), PI (05 =0.91 gcm™)

and Fe,0; (0p=5.3 gcm™).

An dte

Dyp [nm] o [nm?] fo fos Sae Phase Asaxs [NM] Dyom [nM]
PS,56-Pligs 0.52 0.48 - LAM 21.9 11.4
5.5 0.16 0.46 0.42 0.12 P6/mmm
5.5 0.36 0.50 0.45 0.06 P6/mmm
4.6 1.20 0.52 0.47 0.01 P6/mmm 27.0
PS,71-Ply33 0.38 0.62 - LAM 20.3 6.2
4.6 0.25 0.36 0.58 0.06 P6/mmm
4.6 0.53 0.37 0.60 0.03 P6/mmm
4.6 0.76 0.37 0.61 0.02 P6/mmm 26.3
5.5 1.20 0.37 0.61 0.03 P6/mmm
PS,45-Plyo; 0.24 0.76 HEX 22.9 10.0
8.0 0.60 0.23 0.74 0.03 Im3m 320
8.0 0.80 0.23 0.74 0.03 Im3m 33.2
4.6 1.01 0.24 0.75 0.01 Im3m 313
PS,,5-Plyy; 0.56 0.44 LAM 18.3 9.9
8.0 0.29 0.51 0.41 0.08 P6/mmm 313
5.5 1.20 0.55 0.43 0.02 P6/mmm
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were subsequently annealed at 110°C to remove traces of
remaining solvent. The structures of the nanocomposites were
characterized by SAXS as well as by electron microscopy on
solvent-cast thin films (TEM) and ultrathin sections of bulk
nanocomposites (STEM).

Formation of a Hexagonal P6/mmm Structure

We will first discuss the morphologies formed by the
slightly asymmetric lamellae-forming PS,;;-PI,3; diblock co-
polymer. For the respective Fe,O;@PS,,;-PI,3; nanocompo-
sites four different grafting densities covering a range from
0=0.25-12nm ! with two different nanoparticle diameters
(Dyp=4.6, 55nm) were prepared. Figure la shows the
measured SAXS-curves for the nanocomposites with grafting
densities increasing from o=0.25, 0.53 to 0.76 nm . The
scattering curves show a pronounced first order peak at g
~0.3nm !, followed by several higher order peaks. The
nanocomposite with the highest grafting density of o=
0.76 nm~ shows the highest order such that reflections up
to 9" order can be detected. The damped higher-order peaks
in the intermediate g-range 0.4-0.9 nm™' envelope a weak g-
dependence which is close to ¢ ' as indicated by the straight
line in Figure 1a. Such a g-dependence is characteristic for
cylindrical structures or linear particle arrays. For ¢ >
1.5 nm™" we observe the Porod-region with the characteristic
g *-scaling and the first form factor oscillation of the spherical
nanoparticles. For spherical particles the position of the first
minimum of the formfactor oscillation is given by g R =4.493,
such that from the position of the minima at ¢=1.6 and
2.0 nm ™' nanoparticle radii of R=2.7 and 2.3 nm (Dyp=2R =
5.5 and 4.6 nm) can be calculated, in good agreement with the
values derived from TEM and compiled in Table 1. The
scattering curve at the lowest grafting density shows an
increased intensity at the onset of the Porod-regime at g
~1.3nm ! indicating nanoparticle multiplet formation sim-
ilar as reported in 2D for low grafting densities.””!

J
(100)

Fe20;@PS174-Plysg

— (210), (201)

Intensity / a.u.

q/nm
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For the nanocomposite with the highest grafting density of
0=0.76 nm? the ratios for the positions of the 9 observed
reflections is 1:1.73(/3):2:2.45(,/6):2.65(,/7):3:3.16(,/10):
3.46(,/12):3.61(1/13). This agrees with the set of the first 9
reflections (hkl)=(100), (110/001), (200/101), (111), (210/
201), (300), (211), (220/301/002), (102) of a 3D-hexagonal
lattice of space group P6/mmm having a ratio of unit cell
dimensions of a=27.0nm and c=a/2. For this lattice the
reflection positions are given by
Qg = 27 <% (R + hk + k) + ? 2 For comparison, a hexag-
onally packed array of cylinders would result in a set of
reflections with positions 1:1.73(1/3):2:2.65(,/7):3:3.46(,/12)
corresponding to the (hk) = (10), (11), (20), (21), (30) and (22)
reflection. Thus, the observed 4™ (111), 7" (211) and 9™ (102)
reflection indicate the presence of a 3D hexagonal lattice. We
will see below, that also all other nanocomposites prepared
from symmetric or nearly symmetric block copolymers show
the same structure.

An increasing order with increasing grafting density o is
generally observed for all nanocomposites in the present
study. Higher grafting densities mediate stronger repulsive
interactions between the nanoparticles such that they become
localized on their lattice positions. The first order peak
positions are shifted to lower g for lower grafting densities.
This is on first instance counter intuitive, since lower grafting
densities correspond to larger nanoparticle volume fractions.
For a homogeneous distribution of nanoparticles this would
lead to smaller inter-particle distances, leading to peak shifts
to higher g-values. In the present case the nanoparticles form
a linear array within cylindrical domains. It is already known
from 2D-studies"*? that lower ligand grafting densities
reduce the distance between the nanoparticles. This is
accompanied by a redistribution of ligand polymers from
the inter particle region to the peripheral region of the
cylindrical domains, which increases the inter cylinder dis-
tance. As the first order peak position is directly related to the
inter cylinder distance, a concomitant shift to lower g-values is

b)

Fe,03@PS26-Pligs

—{110), (001)

o =1.2nm?

Intensity / a.u.

o =0.36nm™

o =0.16nm™
] P6/mmm

T

1
q/nm"’

Figure 1. 1D-SAXS curves of the nanocomposites Fe,O;@PS;,1-Ply33 (a) and Fe,O;@PS;,6-Plyg4 (b). Peaks are indexed as (hkl). For the
nanocomposites the highest order is observed for the highest grafting densities where the first 9 reflections can be indexed on a hexagonal P6/

mmm lattice.
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observed. In line with this explanation based on the existence
of cylindrical domains, for the Im3m-lattice the low-g shift of
the first order peak at lower grafting densities is not observed
(see Figure 4). For very low grafting densities the interparticle
distance can become very small, facilitating multiplet for-
mation, which leads to the increased intensity at ¢~ 1.3 nm™
as describe above.

To further investigate the location of the nanoparticles in
the block copolymer domains, we performed electron mi-
croscopy. Generally, bulk-polymer sample preparation for
electron microscopy requires microtoming to obtain ultrathin
sections. In the case of polymer nanocomposites, ultramicro-
toming can affect the nanoparticle distribution in the polymer
domains due to the large difference in the hardness of
nanoparticles and polymers. Therefore, we also prepared thin
layers of the nanocomposites by solution casting on TEM-
grids followed by subsequent annealing for comparison.

In Figure 2b we show a STEM-micrograph of the ultra-
thin section of the nanocomposite sample recorded at
a voltage of 30kV using a scanning electron microscope
SEM. Low-voltage imaging in a SEM utilizes the much higher
contrast between nanoparticles and block copolymers com-
pared to high-voltage transmission electron microscopes and
gives a much better overview of the sample, because of the
easy adjustable field of view. While very thin ultrathin
sections have average thicknesses of ~50 nm and because
the nanoparticles have diameters of only ~5 nm, even for the
thinnest sections we image projections over many nano-

- T -
P e e s 0 00
P e e e 0 e 0
(I B I I
I B R I
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particle layers and unit cells. Still, ordered domains can be
identified such as shown in Figure 2b, where nanoparticles
are arranged in parallel linear arrays. The distance between
the arrays is d =13 nm, which well corresponds to the [110]-
projection of the P6/mmm lattice with a=27 nm~2d as
determined from SAXS.

Next, we consider the symmetric lamellae-forming di-
block copolymer PS,,-PI;g, with a PS-volume fraction of fps =
0.48. For this block copolymer a series of Fe,O;@PS,,5-P1;g4-
nanocomposites with varying grafting densities from ¢ =0.16,
0.36 and 1.20 nm~ were prepared. As seen in Figure 1b, for
the Fe,0;@PS,5-Pl;g, nanocomposites we observe very
similar scattering curves as for the Fe,O;@PS,;;-PI,5; nano-
composites. The highest order is again observed for the
highest grafting density, where the first-order peak is clearly
resolved together with damped higher-order reflections. The
presence of the (210)/(021)-peaks is a strong indication for the
formation of the P6/mmme-lattice, albeit the peak widths are
larger compared to the Fe,O;@PS,;;-PI, 5, nanocomposites. At
intermediate g-values we again observe a ¢ '-envelope
characteristic for cylindrical structures or linear nanoparticle
arrays. The well-observable form factor minima are located at
g=1.6and 1.9 nm™', corresponding to radii of R =2.8 nm and
23nm (d=5.5 and 4.6 nm) in agreement with the values
determined by TEM (see Table 1). Also here for the lowest
grafting density a slight upturn is observed at ¢ =1.05 nm ™!
indicating the formation of nanoparticle multiplets.

23828282
IZEEEEE R
EEEEE
I EEREERE;
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t3232132
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232823
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Figure 2. a) TEM-image of a monolayer of Fe,O;@PS,-Plys, showing the localization of the nanoparticles in PS cylindrical domains. b) STEM
image of ultrathin section of a bulk Fe,O;@PS,-Pl;;3 nanocomposite showing the arrangement of the nanoparticles in the parallel assembled
cylindrical microdomains. Also shown are calculations of the [100]-projection (a) and the [210]-projection (b) of nanoparticle arrays based on the
P6/mmm unit cell with a=2c and a statistical mean deviations from the lattice points of 0 =2.5 nm. Also shown are sets of unit cells visualizing

the orientation for each particular projection.
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Figure 2a shows a TEM-micrograph of a solution-cast
Fe,0,@PS,-PI g,-nanocomposite monolayer. The PI do-
mains were stained by OsO, and appear grey between the
white PS domains and the black iron oxide nanoparticles. We
clearly observe that the nanoparticles are located in the PS-
domains and that the internanoparticle distance dyp=
13.6nm again is half the intercylinder distance d.,, in
agreement with the ¢ =a/2 relation derived form the Bragg-
peak positions in the measured SAXS-curves for the P6/
mmme-lattice. We can conclude that for symmetric and
unsymmetric lamellae-forming diblock copolymers irrespec-
tive of the block lengths, the nanoparticle diameter or the
grafting density we observe the same hexagonal morphology,
which for the highest ordered nanocomposites can be
determined to have a P6/mmme-structure.

From the simulations of the STEM-images (Figure 2) and
from model fits of the scattering curves (Figure S7) we
determined the mean square displacement of the nano-
particles from their ideal lattice position to be 0 =2.5-3 nm,
which is slightly smaller than the diameter of the nano-
particles. This is a reasonable positional fidelity for many
applications. Yet, we observe that the relative spatial distri-
bution appears to be non-Gaussian, and rather evenly spread
around the ideal lattice point. This gives rise to the rather
unusual random distribution of the nanoparticles around their
lattice points as observed by STEM, and to the observation of
many higher order reflections, even if the peak widths are
rather broad.

Figure 3a shows the proposed structure for the nano-
composites Fe,O;@PS,;;-PI,3; and Fe,O;@PS,-Pl g,. It con-
sists of hexagonally arranged cylindrical domains, within
which the nanoparticles are ordered in linear arrays. The
nanoparticle distance dyp is half the distance between the
cylinders d.,,, which is equal to the lateral dimension a of the
unit cell. The arrangement of the nanoparticles within the unit
cells keeps the mmm-symmetry and is thus compatible with

b)

Figure 3. a) Representation of the P6/mmm lattice with the nano-
particles (blue) arranged in a linear array within the PS-cylinders (red)
in the Pl-matrix (green). The structure represent a relative cylinder
radius R.,/a=0.37 and a relative nanoparticle radius of Ry,/a=0.12 to
agree with the relative sizes and the volume fractions of the nano-
composite Fe,O;@PS,;;-Pl;35. b) Representation of the Im3m lattice
with the nanoparticles (blue) arranged in the octahedral voids of

a BCC lattice consisting of Pl-spheres (green) in a PS-matrix (red). The
structure represents a relative Pl sphere radius of R,,,/a=0.30 and

a relative nanoparticle radius of Ryp/a=0.11 to agree with the relative
sizes and the volume fractions of the nanocomposite Fe,0;@ PS4
Phioa.
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the P6/mmm space group and the corresponding reflections
observed in SAXS. In the Supporting Information we show in
detail (Figures S8, S9) that all polymer domain sizes in both
unit cells shown in Figure 3 are consistent with the mean-
square end-to-end distance of the polymer blocks.

Formation of a Cubic Im3m Void Structure

Next, we consider the block copolymer PI,,-PS,,s with the
highest PS-volume fraction of fps=0.76. The neat block
copolymer forms a morphology with Pl-cylinders that are
hexagonally arranged in a continuous PS-matrix. We pre-
pared a series of Fe,O;@PS, 5Pl j,-nanocomposites with
grafting densities ranging from o= 0.6, 0.8 to 1.0 nm %

The measured scattering curves are shown in Figure 4a
for the grafting densities 0= 0.6, 0.8 and 1.01 nm 2. Also for
this system we observe a strong first-order peak together with
a set of higher-order reflections. In the intermediate g-region,
the higher-order reflections are enveloped by a ¢’-depend-
ence indicated by the dashed line, which is characteristic for
the Guinier-regime of spherical objects. The position of the
formfactor minimum is at ¢ =1.15 and 1.9 nm™', correspond-
ing to nanoparticle radii of R=4.0 and 2.3 nm (diameters of
8.0 and 4.6 nm), in agreement with values derived from TEM
and collected in Table 1. For the sample with the highest
grafting density the ratio of the reflection positions is
1:1.41(2):1.73(1/3):2:2.24(,/5):2.45(,/6):2.64(1/7):2.82(1/8)
well corresponding to the set of the first eight (hkl) = (110),
(200), (211), (220), (310), (222), (321), (400) reflections of the
BCC-lattice with space group Im3m. The peak positions for
this space group are given by g, = = (h* + k> + k*)"/* with
the unit cell size of a=31.3 nm. Higher grafting densities
mediate stronger repulsive interactions between the nano-
particles such that they become localized on their lattice
positions. This particularly applies to the nanoparticles in the
octahedral voids of the Im3m-lattice. We observe that the
lower grafting densities lead to lower degree of order with
a smaller number of reflections.

Figure 4b shows the measured 2D-SAXS-pattern for an
oriented section of the Fe,O;@PS,-PI,j,-nanocomposites.
Oriented regions of several hundred micrometers are ob-
served close to the sample surface, where during slow solvent
evaporation uniform lattice orientations are induced by the
presence of the substrate surfaces. On the meridian we can
resolve the set of (101)- and (202)-reflections, together with
the off-meridian (200) and (310) reflections. The observed
peak positions are in agreement with the Im3m-diffraction
pattern assuming the X-ray beam to be parallel to the [100]-
direction. This is shown by the calculated 2D-pattern
displayed in the insert in Figure 2b. The vertical peak
broadening of the off-meridian reflections is due to an
orientational distribution around the [100]-direction.

To determine the position of the nanoparticles in the
BCC-lattice we performed STEM at low acceleration vol-
tages an ultrathin sections, as well as TEM on solvent-cast
monolayers. Figure 5a) shows a TEM-image of a monolayer
featuring a square arrangement of nanoparticles of alternat-
ing dark and grey intensity. This pattern agrees well with the
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Figure 4. a) 1D-SAXS curves of the nanocomposites Fe,O;@ PS,45-Pl ;. Peaks are indexed as (hkl). For the nanocomposites the highest order is
observed for the highest grafting densities where the first 8 reflections on a cubic Im3m lattice can be detected. b) shows the measured 2D-SAXS-
pattern of an oriented section of Fe,O;@PS,4-Plyq,, together with a 2D-image calculated assuming the X-ray beam to be parallel to the [100]-

direction of the Im3m crystal lattice (insert).

Figure 5. a) TEM-image of monolayers showing the arrangement of
the nanoparticles in the cubic microdomains of Fe,O;@PS,4-Plyq,
nanocomposite. b), ), d) STEM-images at 20 kV showing arrange-
ments of nanoparticles in ultrathin sections of the nanocomposites in
[110] b), [111] ¢), and an oblique [x10] direction d). Simulated images
based on a BCC lattice with the nanoparticles located within the
octahedral voids are shown, together with the unit cell to visualize the
corresponding orientation. The statistical mean deviations from the
lattice points is =3.0 nm. The red circles indicate the positions of
the Pl-spheres. White rectangles indicate characteristic projections in
the electron microscopy images.
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simulated pattern for the [100]-projection of the BCC-lattice
with the nanoparticles occupying the octahedral voids. The
indicated unit cell size of a = d,y, =31 nm well agrees with the
value of 31.3 nm determined by SAXS. The structure of the
unit cell is shown in Figure 3b with its respective orientation
in Figure Sa. The Pl-spheres in the PS-matrix are located at
the (0,0,0)- and (1/2,1/2,1/2)-positions of the unit cell. The
low-voltage STEM-image of an ultrathin section in Figure 5b
shows crossed linear arrays of nanoparticles enclosing white
rectangular areas corresponding to the positions of the PI-
spheres, which are indicated by red circles. This pattern is
characteristic for a projection of a thin section oriented in
[110]-direction. The long distance between the centers of the
white areas is d;y,, =33 nm, and the short distance is d,;,=
23 nm, which is d%z 24 nm in agreement with the BCC-
lattice. The respective orientation of the unit cell is indicated
in Figure 5b. Figure 5c shows a STEM-image of an ultrathin
section featuring linear nanoparticle arrays encircling hexag-
onally arranged white domains characteristic for a thin
section oriented in [111] direction. The mean distance
between the white domains is d;,,=20.8 nm which is
d‘—\/%“ ~ 20 nm in agreement with the BCC lattice. The corre-
sponding to the orientation of the unit cell shown in Fig-
ure 5c. Finally, the STEM-image of an ultrathin section in
Figure 5d shows parallel linear arrays of nanoparticles
characteristic for oblique orientation close to the [x10]-
orientation with x~?2. The interline distances is d =18 nm,
which agrees well with d,,/2 = 18.5 nm. For all STEM-images
in Figure 5 we performed the simulations with a mean
deviation of 0 =3 nm from the ideal lattice point to take into
account the positional disorder of the nanoparticles.
Notably, we observe this Im3m-structure with the nano-
particles occupying the octahedral voids of a BCC-lattice
(BCC,q) for all grafting densities and for the two different
nanoparticle diameters investigated. Interestingly, the ob-
served location of the nanoparticles in the octahedral voids
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corresponds to the structure of ferrite steel, where the carbon
atoms are located in the octahedral voids of the iron BCC-
lattice. The octahedral voids are located in the center of the 6
faces of the BCC unit cell and in the center of all 12 edges of
the unit cell. Thus there are 6 octahedral voids per unit cell.
There are also tetrahedral voids located on the center of the
faces of the BCC unit cell. Simulations shown in the
Supporting Information (Figures S11-S13) demonstrate, that
the corresponding projections do not agree with the observed
STEM images.

Finally, we investigated the PI,;-PS;,;-diblock copolymer,
where the PI-blocks were bound to the nanoparticle surface.
The pure block copolymers is nearly symmetric with a PS
volume fraction of fps=0.44 forming a lamellar phase.
Fe,O;@PL,,-PS,,; nanocomposites with two different grafting
densities were prepared with 0=0.29 and 1.2nm™ 2 The
measured scattering curves are shown in Figure S5 in the
Supporting Information. Also for Fe,O;@PL,,-PS,,; at the
highest grafting densities we observe scattering curves
characterized by a pronounced first reflection and a set of
damped higher-order reflections. Again, there is a ¢~'-enve-
lope at intermediate ¢, and a formfactor oscillations. The
positions of the formfactor minima at ¢g=1.1 and 1.6 nm™!
correspond to R=4.0nm and 2.8 nm (diameter 8.0 and
5.5 nm) in agreement with the values in Table 1. The higher-
order reflections are broadened, but are compatible with the
hexagonal peak positions for the P6/mmme-structure observed
for the other nanocomposites. This demonstrates, that also in
the inverse case the nanoparticles induce hexagonal domain
structures with large interfacial curvature, even for nearly
symmetric block copolymers. In the case of Fe,O;@P1,;-PS,;
the nanoparticles are located in the PI-cylinders, which are
embedded in a PS-matrix. This can also well be observed from
the TEM-images, where the nanoparticles are embedded in
the stained PI-domains (Figure S6 in Supporting Informa-
tion).

Superlattice Topology and Interfacial Curvature

Generally, the incorporation of nanoparticles in diblock
copolymers domains will increase their volume fraction which
can lead to changes in the domain morphology. In our case,
the incorporation of nanoparticles into the PS-domains of the
lamellae-forming PS-PI-diblock copolymers would be ex-
pected to lead a PS-matrix phase embedding PI-cylindrical or
spherical domains. In our study the opposite is observed, that
is, the Fe,0;@PS5-Plg, and Fe,0;@PI,;-PS,3; nanocompo-
sites both form a PI- matrix phase containing PS-cylindrical
domains with embedded nanoparticles. The same is true for
Fe,0;@PL,,-PS,,;, where Pl-cylinders with embedded nano-
particles are formed, although the neat block copolymer
forms a lamellar phase and the addition of PI-embedded
nanoparticles should have led to the formation of PS-
cylinders in a PI-matrix. These changes in the morphologies
are observed for nanoparticle particle volume fractions as low
as f=0.01.

Thus, for the nanocomposites we observe a very strong
tendency to form ordered assemblies with large positive

© 2021 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

interfacial curvature. This facilitates the accommodation of
the local spherical geometry of the polymer brush surround-
ing the nanoparticles. Therefore the nanoparticles are local-
ized within the cylinders of the P6/mmm-lattice or within the
octahedral voids of the /m3m-lattice. Remarkably, we observe
only these two lattices for the set of diblock copolymers over
volume fractions of fps=0.44-0.76, for grafting density over
arange from 0 =0.16-1.5 and for three different nanoparticle
diameters. We find that a variation of the grafting density only
affects the degree of order, not the lattice type.

To rationalize the occurrence of these two lattice-types we
compare our results on bulk 3D-nanocomposites with recent
results on 2D nanocomposite monolayers.””’ For the 2D-
system there is a transition from I-stripe domains with linear
arrangements of nanoparticles to honeycomb domains with
Y-connected linear arrangements of nanoparticles on a planar
surface. The stripe — honeycomb transition parallels the P6/
mmm — BCC,, transition observed in the present study
(Figure 6a,c), which involves a transition from I-stripe
domains with linear arrangements of nanoparticles to X-
connected arrangements of nanoparticles in the octahedral
voids on the planar surface of the unit cell when viewed from
the [100]-direction. In 2D this sequence is driven by
minimizing the polymer chain extension resulting from
connecting the nanoparticle surface to the domain interface
as indicated in Figure 6b. The degree of extension depends on
the grafting density o and the nanoparticle/domain size ratio
d/D such that higher grafting densities and higher ratios d/D
favor the transition from I- to Y-nanoparticle arrangements as
in the stripe — honeycomb transition.

As outlined above, we observe for 3D assemblies that the
interfacial curvature C is the most important factor determin-
ing the lattice type. We therefore adapt the model established
for 2D-systems on polymer chain stretching as a function of
grafting density and size ratio d/D to 3D-systems as a function
of interfacial curvature.” Figure Sb shows that a polymer
chain is extended by a factor a,, = D/(2a) to connect the

a 2D b
e o
o o . :0:.
o o
> o,d/D
: 3D d

0000
0000
!
00
00
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>
>

Figure 6. Scheme of a) the linear array — honeycomb lattice transition
observed in 2D and the c) P6/mmm — BCC,q transition observed in
3D. The honeycomb lattice features Y-connected nanoparticles in

a planar surface. The BCC,4 lattice features X-connected nanoparticles
on the planar surface of the BCC unit cell. b) and d) specify the
geometrical parameters that determine the stretching of the polymer
chains to connect the nanoparticle surface to the interface.
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nanoparticle surface to the domain interface. As shown in
Figure 6d, for a strongly curved interface with a curvature
C=1/R and a curvature radius of R =2D the extension factor
is given by an.=1/(Ca). An increasing curvature C will
therefore reduce the maximum chain extension. Therefore,
lamellar with planar interfaces having C =0 or interfaces with
locally negative curvature C <0 will be highly unfavorable,
whereas interfaces with large positive curvature like for
cylindrical interfaces in P6/mmm or spherical interfaces in
BCC will be strongly preferred. A more detailed description
requires the use of recently developed atomistic, course-
grained and field-based simulation techniques that proved to
be successful in the prediction of polymer nanocomposite
morphologies.”>*!

Conclusion

We demonstrate the stoichiometric three-dimensional
localization of nanoparticles within the domains of diblock
copolymer nanocomposites. We further show that for a range
of nearly symmetric to asymmetric block copolymers there
are only two formed structures, (i) a hexagonal lattice of P6/
mmm-symmetry, where the nanoparticles are located in 1D-
arrays within cylindrical domains, and (ii) a cubic lattice of
Im3m-symmetry, where the nanoparticles are located in the
octahedral voids of a BCC-lattice. This nanoparticle super-
lattice corresponds to the lattice of carbon atoms in ferrite
steel. We generally find that increasing the grafting density
increases the degree of order. We observe the block length
ratio and thus the interfacial curvature to be the most
important parameter determining the lattice type. This is
rationalized in terms of minimal chain extension such that
domain topologies with large positive curvature are highly
preferred. Already volume fractions of only one percent are
sufficient to destabilize lamellar structure and favor the
formation of highly curved interfaces.

The study thus demonstrates how nanoparticles can be
located on well-defined positions in three dimensions within
the domains of block copolymer nanocomposites. This opens
the way for to functional 3D-nanocomposites where the
nanoparticles need to be located on defined positions, where
in addition macroscopic domain orientation is possible.
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