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The self-assembling behaviour of 2.6 nm thin PbCOz nanoplatelets with discorectangular shape and
uniform width and thickness occurring after their formation in nonionic water-in-oil microemulsions has
been investigated using synchrotron small angle X-ray scattering (SAXS) and (scanning) transmission
electron microscopy ((S)TEM). The presence of attractive depletion forces originating from the
ubiquitous microemulsion droplets triggers a new type of superstructure at low particle concentration.
Instead of the universally observed formation of face-to-face assembled lamellar mesostructures, the
nanosheets self-organise into extended ribbon structures, whereby each on top lying sheet is displaced
by a constant shift in the length and width directions leading to a so far unprecedented staggered
zigzag-type stack assembly with restricted height. This type of stacking gives rise to a complex
interference pattern in the isotropic small angle scattering of the stacked ribbon assemblies (SRAs) in
reverse micellar solution. Different to the, for lamellar-structured nanosheets typical, diffraction peaks at
multiples of the wave vector corresponding to one particular repeat distance, the scattering peaks
measured in this study are asymmetric, displaying a shoulder on their low wave vector side. The
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factor for stacking plates into three dimensions. High-angle annular dark-field (HAADF)-STEM tilt series
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and wires to two-dimensional (2D) plates and sheets),"* but also
due to their rising potential as building blocks in the modular

1 Introduction

(cc)

Anisometric inorganic nanoparticles with a well-defined shape
have gained increasing interest in recent years not only due to
the possibility to modulate the physical and chemical properties
of nanomaterials by controlling their dimensionality (i.e., from
zero-dimensional (0D) spheres to one-dimensional (1D) rods
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assembly of nanostructured materials (nanocrystal superstruc-
tures) and their intrinsic ability to form mineral liquid crystals
(MLCs). Current research in this area is focused on directing
spontaneous organisation of matter into ordered arrangements
and thus to develop new materials by designing and/or engi-
neering their building blocks.*” A remaining challenge lies in
predicting structure from constituent building blocks and to
understand how self-assembling processes are governed by the
shape (and topology) of the individual particles and the forces
acting between them.*®

Biaxial (or board-like) particles display due to their dual
nature a self-assembling behaviour in between rod-like (r) and
plate-like (p) ordering. Hard rods and plates, ie., particles
having no interactions other than their inability to occupy the
same region in space, can on pure entropic grounds sponta-
neously align and order into layers and columns at intermediate
packing densities, provided that the structures formed increase
the configurational space available to the particles.’” Due to the
deviation from a cylindrical shape, biaxial hard particles exhibit
a richer phase behaviour (mesophase polymorphism) than
uniaxial rods and plates,"* when the appropriate conditions in
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shape, polydispersity and/or (directed) interparticle forces are
met. Theoretical studies predict that with increasing packing
density biaxial nematic (Ng, with orientational order along three
directors) and smectic (Smg, with in-layer orientational order)
liquid crystalline (LC) phases form when the two aspect ratios of
the particles, i.e., the length-to-width ratio (k,) and the width-to-
thickness ratio (), become equal (x; = «k,), while common
uniaxial phases are stable for «; > (N(dJ and Smg)) and k; < K,
(N$® and Sm{)).""* The existence regions and phase sequence
of the different mesophases are found to depend on particle
geometry (e.g., rectangular, discorectangular or ellipsoidal
cross-sectional shape),’* biaxial shape anisometry'>** and
particle polydispersity.”® The Ny phase has been found to be
stable for x, = 2.5 and widens up with increasing «,. For k, = 5
the Smg phase and for x, = 10 the Ny phase splits additionally
up into sm{ and Sm{® and N{ and N{P) regions, respectively.”§
Size polydispersity renders generally the establishment of long-
distance positional ordering unfavourable, thus stabilising the
Ni phase with respect to smectic phases, but induces in this
case also the formation of the Ny phase if «, is slightly larger
than «,."” Experimentally, the Ng-phase has so far only been
found for board-like goethite particles at k; = k, = 3.1 at size
polydispersities >20%.'® The addition of small co-solutes (e.g.,
nonadsorbing polymers or micelles) to a stable particle
dispersion gives rise to entropic short-range depletion attrac-
tions'*® and allows such tuning of the effective attraction
between the particles by the depletant density. Since the
depletant entropy is maximized if the total volume available to
the depletant is maximal, favouring thereby states that increase
the overlap between the depletion regions of the particles,
depletion forces become directional for anisometric parti-
cles.*”? In the case of board-like particles the depletants induce
attraction perpendicular to the largest faces favouring plate-like
ordering.** As biaxial phases form at the crossover between rod-
and plate-like behaviour, the N phase can become stable with
increasing depletion density for boards with «; > k,. Increasing
depletant density reduces the stability of the LC phases result-
ing in a direct isotropic-solid transition.

Besides delamination from materials with layered struc-
tures,? colloidal synthesis routes for thin free-standing nano-
sheets have increasingly been developed over the last five years
due to the rising potential that 2D crystals offer (e.g., as multiple
quantum well structures for semiconductor materials). These
include routes that make use of subtle energy differences
among the possible facets to facilitate growth along only one
specific facet,” soft template methods* and oriented attach-
ment of smaller nanocrystals.>?® So far only 1D assembly of the
sheets into lamellar stacks has been observed, whereby SAXS
has mainly been used to determine the spacing between the
constituting nanosheets.?>?>*>>%7

§ The Sm{ (Sm{ respectively) phase is a biaxial smectic phase that consists of
particles arranged in layers with their long (short) particles axes perpendicular
to the layers and with the secondary particles axes oriented in the layer planes.
N and N{’ denote biaxial nematic phases with rod- and plate-like ordering,
respectively.”
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Here, we employ nonionic water-in-oil (w/o) microemulsions
at low water content to synthesize well-defined lead carbonate
nanosheets of biaxial shape that are characterised by a narrow
width and thickness distribution and x; and «, values of about
2.7 and 5.5, respectively. At low particle concentrations we
observe for the first time a transition of the self-assembling
behaviour of the sheets from the commonly observed one-
dimensional (1D) lamellar mesostructures to a novel type of
superstructure, ie., extended stacked ribbon assemblies of
restricted height. The new structure is analysed by SAXS
experiments with synchrotron radiation performed at the X33
beam line at the Doris III storage ring (DESY, Germany) and
electron tomographic tilt series using high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) as imaging technique. Modelling the SAXS data using a
Kratky-Porod type structure factor® for stacking platelets that
we expand into three-dimensions, we demonstrate that the
obtained SRAs consist of face-to-face stacked sheets, whereby
consecutive sheets are displaced by a constant shift in the width
and length directions of the sheets. This leads to a well-defined
staggered zigzag-type stack assembly and thus to ribbons that
show extended growth in the length direction of the sheets
while their height (stacking direction) is nearly constant.

2 Methods

Nanoparticles preparation

PbCO; nanosheets were synthesized by mixing two water-in-oil
microemulsions containing either 0.3 M Pb(NO3), or 0.3 M
NaHCO; as aqueous phase at 306 K. The microemulsions were
made of appropriate amounts of Igepal CO-520 (ethoxylated
nonylphenol with on average 5 ethylene oxide groups, Sigma-
Aldrich), aqueous phase and cyclohexane (p.a., Merck) to yield a
water-to-surfactant ratio (W/S) of 0.2 at concentrations of 13.6%
and 6.8% Igepal in cyclohexane. Salts were purchased at their
highest commercially available grade and water was purified
using a Millipore purification unit (Milli-Q). The reaction was
started by combining both microemulsions at 306 K and kept
under stirring. For observation by TEM, samples were periodi-
cally taken from the reacting microemulsion. One drop of the
collected particle-containing microemulsion was placed on a
TEM-grid, which was then dried in an oven at 333 K. For
inspection by SAXS, water was removed after 2 h from the
reacting microemulsion by azeotropic distillation. Cyclohexane
was added to regain the original volume. The particle suspen-
sion was vigorously shaken to ensure homogeneity prior to the
SAXS measurements.

Transmission electron microscopy

TEM-images were acquired from dried particle dispersions on
carbon or silicon oxide coated copper grids with a Philips
CM200 transmission electron microscope operating at 200 kv,
equipped with a LaBg cathode as electron source and an SIS
Morada 11 megapixel side mounted CCD camera (Olympus Soft
Imaging Solutions).

This journal is © The Royal Society of Chemistry 2014
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HAADF-STEM tilt series

To reduce organic contamination in the TEM, dried up surfac-
tant was removed from the TEM-grids by rinsing the grids with a
few drops of n-hexane followed by plasma cleaning. Tomo-
graphic tilt series were recorded with a 200 kV FEI Tecnai F20
TEM using a Fischione high-angle annular dark-field (HAADF)
detector for Z-contrast imaging in STEM mode. The HAADF-
STEM signal was collected using a small camera length of 70
mm corresponding to a minimum scattering angle of 87 mrad.
Acquisition of the tilt series was performed with a Gatan 916
single-tilt tomography holder allowing a maximum tilt angle of
80°. For automated data collection of the tilt series the Gatan 3D
tomography-acquisition software was employed, correcting for
specimen movement and focus change after tilting. Data post
processing, e.g., tomographic alignment of the tilt series and
subsequent 3D reconstruction using WBP (weighted back-
projection) and SIRT (simultaneous iterative reconstruction
technique) as reconstruction algorithms were carried out within
the Gatan software package. The reconstructions allowed,
however, the 3D visualization of the individual nanosheets but
did not give detailed metric information on the stacks. One
reason for this limitation is that the surfactant molecules that
reside between the sheets are not stable under the electron
beam and cause thus a non-constant background that cannot
easily be subtracted. Additionally the complex nanoscale
stacking of the sheets is difficult to resolve within a formed SRA.
Therefore, the open source 3D rendering software Blender
(Blender Foundation, The Netherlands, http://
www.blender.org) was used to explore the origin of the experi-
mentally observed contrast features in the tilt series by model-
ling two stacks consisting of 10 semi-transparent sheets using
the parameters from the SAXS-refinement given in Table 1.
Semi-transparency was applied to mimic the interference
patterns originating from the experimental HAADF thickness
contrast.

Small angle X-ray scattering

The SAXS measurements were performed at the European
Molecular Biology Laboratory (EMBL) X33 beam line at the
Doris III storage ring (Deutsches Elektronen Synchrotron
(DESY), Hamburg, Germany). The samples were filled into a 100
ul thermostated flat in-air cell with mica windows. The data
were recorded at room temperature using a 1M Pilatus detector
(DECTRIS) at a sample-to-detector distance of 2.7 m and a
wavelength of 0.15 nm, covering a range of momentum transfer
of 0.07 = g = 6 nm ™' (g = 4msin(f)/A is the modulus of the
scattering vector, 26 is the scattering angle and A is the wave-
length). After normalisation to the intensity of the transmitted
beam the collected data were radially averaged.” For both
particle dispersion and reverse micellar solution, the scattering
of the solvent was subtracted prior to data analysis.

Modelling of the small angle X-ray scattering intensities

Least-squares fitting of the model-curve to the observed SAXS
data was performed with a self-written Fortran90 program,

This journal is © The Royal Society of Chemistry 2014
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employing the Levenberg-Marquardt routines MRQMIN and
MRQCOF.**** Broadening of the peaks due to smearing by the
instrumental resolution function has not been taken into
account, since it was found to be smaller than the broadening
caused by the experimental uncertainties.

Background scattering

The background scattering intensity I4(q) can be expressed by a
power law of the form I 4(q) = A/g”, which describes the scat-
tering contribution from probably larger SRAs on swollen mica-
windows of the sample cell.

Average structure factor

The average or effective structure factor*” depicted in Fig. 5D is
defined by

[' |/ F*(g)S(g)dgdu 1
Jl Jm Flgdgdu Y

0 Jo

Suv(q) ="

3 Results and discussion
3.1 Formation of stacked ribbon assemblies (SRAs)

In this study a nonionic water-in-oil microemulsion has been
employed as reaction medium for the formation of the dis-
corectangular nanosheets and their self-assembly into the
stacked ribbon structures. Microemulsions are thermodynam-
ically stable mixtures of water (or aqueous phase), oil and
surfactant(s). They consist of nanosized water and/or oil
domains that are separated by a surfactant monolayer and
display, upon varying composition and temperature, a rich
phase behaviour, whereby spherical and cylindrical droplets as
well as bicontinuous structures form. In the case of w/o
microemulsions, that have widely been used to synthesize
inorganic nanoparticles, exchange of matter (e.g., ions or water-
soluble species) between the water pools takes place when the
droplets collide, allowing in principle control of nucleation and
growth processes of the solid phase being formed.**~*® Adjusting
the conditions of the microemulsion can - even for the same
precursor salt system - facilitate, in addition to changes in
particle size, also different particle morphologies and crystal
structures.***”

For the synthesis of the PbCO; nanosheets, we used an
aqueous phase - Igepal CO-520 - cyclohexane system. The
microemulsions were prepared with 13.6% Igepal (a nonionic
surfactant of the ethoxylated arylether type with nonylphenol as
hydrophobic moiety and on average 5 ethylene oxide groups) in
cyclohexane at a low content of aqueous phase (water-to-
surfactant ratio (W/S) of 0.2), see Methods for the details of the
preparation. A nonionic surfactant has been chosen to reduce
the influence of salt added to the aqueous phase on the phase
behaviour and microstructure of the formed microemulsions
(see (ESIt)) and to minimize specific interactions between the
surfactant molecules and certain (charged) particle faces that

Soft Matter, 2014, 10, 9511-9522 | 9513
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Fig.1 TEM bright-field micrographs of PbCOs stacked ribbon assemblies, formed in nonionic w/o microemulsions stabilised by 13.6% Igepal at
W/S = 0.2, at different formation times as displayed in the upper right corners. The onset of the SRA formation is shown in (B) and (F), whereas
larger SRAs can be seen in (A) and (G) for an overview and in (E) for more detailed information. (C) Digital small angle diffractogram of (E). The
different reflexes correspond to multiples of the distance between two neighbouring ribbons in the SRA. (D) Detail of three neighbouring ribbons
viewed from their short side. A schematic drawing of the SRAs is given in Fig. 4. The scale bars correspond, if not stated otherwise, to 200 nm.

could lead to a blocking of given growth directions as in the case
of ionic surfactants. The microemulsion system with water as
aqueous phase contains repelling spherical droplets with a
radius of 3.8 nm and a size polydispersity of 18%.?® The water
pool radius of 1 nm is quite small, but the pools contain still
50% of bulk-like water. The size and properties of the water
droplets do in this case not significantly change due to the
addition of the salts utilised for the synthesis of the lead
carbonate nanosheets (see ESIf for additional SAXS experi-
ments). The parental microemulsions (i.e., otherwise identical
microemulsions that contain either lead or carbonate ions in
their interior water pools) encompass for the applied concen-
tration of 0.3 M precursor salt in the aqueous phase thus on
average 3 ions in 4 microemulsion droplets. This shows that the
formation of the PbCO; nuclei is governed by the exchange
kinetics between colliding droplets.*® The preparation condi-
tions were selected such that uniform lathlike nanosheets form
after mixing the two parental microemulsions that self-
assemble into the novel type of stacked ribbons assemblies
(SRAs) instead of 1D lamellar mesostructures. The resultant
final volume fraction of the PbCO; sheets is with 0.013%
(0.106% weight fraction) very low. Since the major part of the
microemulsion droplets stays intact during the nanosheet
formation (see ESIt), they act as depletants and evoke attractive
forces between the sheets. The calculated contact energy" for
the depletion attraction lies at —14 kgT. The high value is thus
responsible for the self-aggregation of the nanosheets at the low

9514 | Soft Matter, 2014, 10, 9511-9522

particle concentration employed. Additionally performed
dynamic light scattering measurements and optical light
microscopy on the SRA-containing microemulsions in the
liquid state confirm the formation of larger self-assembled
structures within the microemulsions. These are presented in
the ESI (see Fig. S1C and S1Dt).

Fig. 1 shows bright-field TEM-images of the SRAs at different
formation time and magnification. Most of the discorectangular
sheets are building up within the first 30 min of the reaction.
Individual and as such non-stacked singly lying nanosheets can
be seen on the right side of Fig. 1E and G. They are quite regular
in shape and display a width of 44 & 2 nm and a length of 121 +
14 nm. Their thickness that can only be judged if the sheets
stand on one of their side faces (see, e.g., Fig. 1B and D), is very
uniform and is of the order of 2-3 nm. Once the sheets have
gained in size and number they start from about 30 min
onwards to assemble face-to-face into - so far - unprecedented
long straight ribbons that display a restricted height. The
smaller assemblies observed at 30 min (Fig. 1B) and 1 h (Fig. 1F)
reveal that while extended growth of the individual ribbons
carries on in the length direction of the sheets, concomitant
side-by-side arrangements of the ribbons takes place. During
the assembling process the ribbon height, which corresponds
to the stacking direction, stays nearly constant. The uniform
thickness of the sheets and the regular stacking in the height
direction can be seen in Fig. 1D, which displays three neigh-
bouring ribbons from the short side of the sheets. A detailed

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (S)TEM-micrographs showing PbCO3z nanosheet assemblies of different type formed in nonionic w/o microemulsions stabilised by 6.8%
Igepal at W/S = 0.2. The formation time is 2 h except for (C), which has been taken at 1 h. (A—C) Lamella-structured depletion stacks: HAADF-
STEM overview (dark-field) (A), detail of a vertical one-dimensional stack consisting of more than 100 sheets (B) and a smaller exfoliating stack (C).
The thin sheets bend and/or twist towards their ends revealing not only the side but also the planar view of the sheets. (D) Single stacked ribbon of
the SRA type. The scale bars correspond to 100 nm.

view of an outgrown SRA at 2 h (Fig. 1E) that faces the platelet
stacks from the top, unravels the origin of the extended ribbon
growth. Each on top lying sheet in the stack is displaced by a
constant shift in the length direction. At the upper end of the

increased contrast due to thickness multiplication. The small
angle diffraction pattern obtained by Fourier transformation
(FFT) of the same SRA micrograph demonstrates (with 7 reflexes
on each side) the high regularity of the side-by-side arrange-

SRA the contours of the individual sheets are seen. Each
consecutive sheet can be identified by its rounded edges and the

ment of the ribbons. Overview images of outgrown SRAs display
the distinct band structure and the cooperative bending of the
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Fig. 3 Radially averaged small angle X-ray scattering curve of the PbCOs3 stacked ribbon assemblies (SRAs) in reverse micellar solution. (A)
Measured SAXS curve (open diamonds) on double logarithmic scale, together with the fit to the data (red line). The additional curves reflect the
partial scattering intensities contributing to the overall scattering: SRAs (blue line), reverse micelles (orange line), and a non-constant background
displaying a ~q > dependence (grey dash-dotted line). The scattering is dominated by the two face-to-face correlation peaks of the SRAs, which
are asymmetric and display a shoulder on their low g-side. (B) Corresponding isotropic 2D scattering pattern displaying two sharp rings at
intermediate and high g (the selected region is adjusted in colour for better visualization of the outer ring). (C) Scattering curve (open diamonds)
and fit (orange line) of a reverse micellar solution of 13.6% Igepal in cyclohexane. (D and E) Enlargement of the first and second order peak regions
on linear scale after subtraction of scattering contributions from reverse micelles and background.
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SRA stack

X-Y-plane

Fig. 4 Schematic drawing of the nanosheets and their staggered
zigzag-type stacking in forming the SRAs, introducing the symbols
used in the SAXS section. The lower sketch on the right reveals the zig-
zag staggering in the X-Y plane.

ribbons on larger scales (Fig. 1A and G). The commonly
observed (cooperative) bending of the ribbons is a hint for the
existence of an additionally occurring shift of the stacking
sheets in their width direction. The structure of the resultant
SRAs is described in detail in the next section.

In order to find out whether it is possible to influence the
type of platelet stacking, we also performed the same reaction at
a surfactant concentration of 6.8% and thus at about half the
droplet and particle concentrations. Under these conditions
identical nanosheets are formed, but most of the sheets align
face-to-face in the common way into 1D lamellar stacks as
shown in Fig. 2A and B. In this case the stacking direction is also
the growth direction, which lies perpendicular to the platelet
face (lateral dimensions). This requires a higher number of
sheets than for the SRAs to extend by the same distance. In
addition to the 1D mesostructures a small number of single
ribbons of the SRA type are found (Fig. 2D) that extend over
more than 1 um in length while consisting of less than 50
sheets. The highly regular SRAs occupy less space, hinting
presumably at the formation of nuclei of a (new) solid meso-
phase in solution. The surfactant molecules themselves will
probably not play a key role for the type of new platelet ordering,
since they exceed the number of ions by a factor of 40.

3.2 Small angle X-ray scattering from SRA suspensions

In order to analyse the scattering behaviour of the stacked
ribbon assemblies we first need a model that describes the
characteristics of the assemblies within the size range covered
by the small angle X-ray measurements performed. Fig. 3
displays the measured small angle scattering intensities from a
suspension of the SRAs in reverse micellar solution after
removing water from the w/o microemulsion, used as precipi-
tation medium, by azeotropic distillation. The covered scat-
tering vector-range from 0.07 =< ¢ < 6 nm™ " (g = 47 sin(6)/A is
the modulus of the scattering vector, 26 is the scattering angle
and A is the wavelength) facilitates probing a size range between
1 and 90 nm and enables obtaining information on the
dimensions of the constituting nanosheets and their arrange-
ment within the SRAs. The two-dimensional scattering pattern
shown in Fig. 3B is isotropic indicating a random distribution
of the SRAs in solution and displays two sharp rings at inter-
mediate and high ¢. The radially averaged scattering curve in
Fig. 3A reveals a prominent first order structure factor peak at q
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= 0.768 nm ' and an approximately 20 times smaller second
peak at ¢ = 1.569 nm™'. The peaks evidence in principle the
stacking behaviour of the sheets and can thus be attributed to
face-to-face interparticle correlations. The inter-sheet separa-
tion (d;) of 8.18 nm estimated from the peak position g,y using
d. = 2T/qmax coincides with the spacing between neighbouring
sheets found sparingly on the TEM bright-field images, when
the sheets are viewed along the surface normal to the a-c and
b-c side planes (see Fig. 4 for the model). Only a marginal
number of assembled ribbons have fallen on the grid in such a
way that it is possible to look through the space between the
standing sheets (lamellae) either perpendicular (see Fig. 1D) or
parallel to their long side.

The exceptional, and to our knowledge unprecedented,
asymmetric shape of the peaks, with the peaks displaying a
shoulder on their low g side, indicates that the sheets do not
form a one-dimensional or columnar stack. From the TEM-
images we know that we are not dealing with a common
assembly of parallel aligned platelets along one axis as in the
case of the generally observed lamellar depletion stacks (see
Fig. 2A and B). The SRA ribbons form because each on-top lying
sheet is stepwise displaced by a clearly visible shift along the
long axis of the sheet (x-direction, Fig. 1E). The fact that -
especially in multi-ribbon assemblies - the formed ribbons tend
to bend commonly over length scales of a few hundred nano-
metres (see Fig. 1A and G) is a hint for an additional, but
smaller, shift per sheet along the short sheet axis (y-direction)
forming a staggered zigzag-type of assembly (see Fig. 4). At low ¢
(0.08 = g = 0.2 nm™ '), no additional correlation peaks are
visible that would make it necessary to take interactions
between neighbouring ribbons within one SRA into account.

To model the small angle scattering intensities I(q) we need
to address the different contributions leading to the observed
total scattering. In the present case I(q) = Isra(q) + Irm(q) + Ing(q),
whereby the three terms describe the scattering from the
stacked ribbons, the reverse micelles and a non-constant
background, respectively. The latter, which becomes significant
with decreasing g, can be expressed by a power law and is
explained in more detail in Methods, whereas the reverse
micellar scattering becomes dominant with increasing g (see
Fig. 3A). Removal of the solubilised water from the SRA-con-
taining microemulsion prior to the SAXS measurements has
been performed to stop ongoing reaction processes and to
mainly reduce the dominant scattering contribution from the
microemulsion droplets without changing the characteristics of
the SRAs (see Fig. S1E in the ESIt). Due to the transformation of
the microemulsion droplets to reverse micellar surfactant
aggregates, their scattering contribution is lowered in intensity
by one order of magnitude and shifted to higher scattering
vectors, allowing thus to uncover the underlying characteristic
features of the SRAs (see Fig. S1B in the ESIf). Since the
concentration of the Igepal reverse micelles in the SRA-con-
taining micellar solution is, due to the preparation, not accu-
rately known, it is not possible to subtract a measured
scattering curve of Igepal reverse micelles with same concen-
tration (binary system) from the scattering curve of the SRA
suspension prior to the data analysis. We, therefore, measured a
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reverse micellar solution of 13.6% Igepal in cyclohexane to
determine the size and size distribution of the reverse
micelles independently (Fig. 3C) and used their values
as fixed parameters to fit the total scattering intensity. The
scattering from the reverse micelles is described by

Irm(q) - SOm X J
0

form factor for a sphere® with radius r and P,,(7) is the distri-
bution function describing the radial polydispersity by a log-
normal size distribution. Sy, is the scaling factor for the
contribution of the reverse micelles to the total scattering
intensity. The refined values for the size and size distribution
are given in Table 1. The small value for the reverse micellar
radius of 0.63 & 0.01 nm can be explained by the fact that the X-
rays see, due to the similar electron density of the nonylphenol
surfactant tail and the organic solvent (cyclohexane), only the
ethylene oxide head group moiety and that the reverse micellar
aggregates are less defined in the absence of water,* which is
also revealed by their relatively large polydispersity of 0.40.

©

Fim®(q)Pin (r)dr, where F.,(q) is the particle

Table1l Structure parameters from the SAXS refinement of the PbCOs3
SRAs in reverse micellar solution®

Scattering contribution ~ Parameter Refined value
Stacked sheets (SRAS) Length a (nm) 118 £ 2
Width b (nm) 43.52 + 0.25
Thickness ¢ (nm) 2.62 + 0.01
Shift in length X, (nm) 18.02 + 0.4
Shift in width Y, (nm) 5.20 + 0.03
Inter-sheet space Z; (nm) 5.19 + 0.01
Uncertainty o, (nm) 48+ 1
Uncertainty ¢, (nm) 0.62 + 0.08
Uncertainty o, (nm) 0.11 + 0.07
Number of sheets/stack N 15.0 £ 0.2
Scaling factor Sos (x10%) 8.84 + 0.11
Reverse micelles Radius 1y, (nm) 0.63 + 0.01
Polydispersity o,y 0.40 £+ 0.01
Scaling factor Som 18.77 £ 0.05
Background Power law exp. p 3.36 £ 0.4
Power law const. A 4.33 £ 04

“ The fit has a crystallographic R-value of R = 1.9%, errors correspond to
e.s.d.s.

The scattering function for the stacked ribbon assemblies
averaged over all orientations is

/2 ¢l
Feale) = Sis %~ | | Pla)S(gduds @)
where Sys is a scaling factor for the scattering contribution of
the SRAs. The particle form factor F(q) for rectangular-shaped
platelets** with dimensions a, b, ¢ (see Fig. 4) that is employed
here instead of a discorectangular platelet to keep the equations
as simple as possible, is given by

sin(g,a/2) sin(g,b/2) sin(g-c/2)
g-a/2 qyb/2 q:¢/2

F(q) x (abc), (3)
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where g, = q cos(®)(1-u*)"?, g, = g sin(®)(1—«*)""?, and ¢, = qu
are the Cartesian components of the g-vector in spherical
coordinates with u = cos(). To show that the shape of the
platelets has no significant influence on the form factor, F*(q) is
plotted in Fig. S2 for discorectangular and rectangular shaped
plates in the ESL{ The scattering contribution arising from
interplatelet interference within a one-dimensional stack is
generally described by a short range structure factor S(gq) of the
Kratky-Porod type.*® For the specific arrangement of the SRAs,
the originally one-dimensional Kratky-Porod structure factor
needs to be evaluated for three dimensions, which finally leads
to the expression

S(g)=1+ % Z_(N — k)cos(kQ)exp (— §£2> , (4)

where N is the number of sheets in the stack,

Q =g X + g, Y] + lg-(c + Z)| and £ = g%, + ¢,70,” + ¢.°0.”
(5)

The quantities X,, Y;, and (c + Z;) are the average components
of the translation-vector in the respective directions, and,
correspondingly, the oy, 7,, and o, represent the uncertainties
or Gaussian standard deviations of the vector components. The
derivation of the SRA structure factor is given in detail in
Section 3 of the ESL.{ In order to minimize the complexity of eqn
(2)-(5), we take due to their high electron density only the
scattering from the PbCO; sheets into account. The uncer-
tainties oy, 0y, 0, include the polydispersities of the sheet
dimensions in length (a), width (b) and thickness (c). Variation
in the number of nanosheets per stack, which has been inves-
tigated for short stacks with N < 10 (typically 3-5),"* is not
included, since this would require an additional integration in
an already complex equation system.

The nonlinear least squares fit of the total scattering inten-
sities is shown in Fig. 3A and the results of the refinement are
summarized in Table 1. The comparison with the additionally
displayed partial scattering intensities of the three contribu-
tions clearly shows that the characteristic features of the
measured scattering curve, i.e., the two correlation peaks, stem
from the scattering of the platelet stacks. At high g the scat-
tering from the reverse micelles dominates the scattering curve.
The shape of the observed structure factor peaks, which could
both be well modelled (see Fig. 3D and E), indicates a complex
interference pattern that needs to be further investigated. The
refined values for the SRAs show that the found width (b(SAXS)
= 43.52 £ 0.25 nm) and length (a(SAXS) = 118 + 2 nm) of the
PbCO; nanosheets are in good agreement with those obtained
from the TEM bright-field micrographs (b(TEM) = 44 + 2 nm
and q(TEM) = 121 + 14 nm). As could already be seen from the
TEM-images the sheets are rather thin having a thickness of ¢ =
2.62 £ 0.01 nm, with ¢ corresponding to only a small number of
unit cell adequates (probably 3-5). The repeat distance (¢ + Z, =
7.81 + 0.01 nm) is with an uncertainty ¢, = 0.11 £+ 0.07 nm, and
thus below 2%, the most defined entity of the SRAs. The value is
slightly smaller than the d-spacing (d, = 8.18 nm) that one
would obtain from the peak position g, of the first peak for a
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Fig. 5 Calculated scattering intensities for the four different types of stacking that elucidate the origin of the asymmetric shape observed for the
correlation peaks of the SRAs. (A) Scattering intensity /(q) of the stacks and form factor F2(q) of the nanosheets. (B—C) Enlargements of the peak
regions. (D) Averaged structure factor S,(q) for the abc-stack showing extinction of the 3™ and 5™ order peak due to destructive interference
with the form factor. (E) and (F) Orientation averaged structure factor Sq,(q) with the uncertainties o, set to zero (E) and with the refined o,

given in Table 1 (F).

one-dimensional stack. The interstitial space Z; is with 5.19 +
0.01 nm about twice as large as the sheet thickness and does not
seem to change significantly with drying. Its value suggests that
the space is filled with adsorbed surfactant molecules that form
a bilayer with interdigitated hydrocarbon tails, as observed for
alkylated ethyleneoxide surfactants on silica*® or mica* (the
length per ethylene oxide monomer amounts to 3.5 A for an
extended zigzag chain*). For Igepal stabilised w/o micro-
emulsions we found a value of 1.8 £+ 0.2 nm for the hydrophilic
head group shell thickness and a hydrophobic surfactant tail
length of 0.91 £ 0.01 nm.*® Taking the adsorbed surfactant layer
into account, one obtains a value of k, = 5.5 for the effective
width-to-thickness ratio of the nanosheets. The shifts X; and Y,
correspond with 18.0 £ 0.4 nm and 5.20 + 0.03 nm to 15% and
12% of the sheet length and width, respectively. The shift Y; in
b-direction is quite defined with an uncertainty o, of 0.62 4- 0.08
nm but not visible in the bright-field images without tilting.
The shift X; in a-direction is clearly visible but difficult to
determine from the TEM-images, since it can be observed only
at both ends of a ribbon. Towards the middle of a ribbon
assembly, starting edges of a new stack overlap in the staggered
configuration with ending edges of the former making it
impossible to accurately assign the boundaries of one sheet in a
ribbon (see Fig. 1E). With increasing number of sheets on top of
each other, the difference in contrast fades further. The value
determined by TEM with X,(TEM) = 19 &+ 6 nm agrees with the
one found by SAXS X,(SAXS) = 18.0 £ 0.4 nm. The rather large
value of ¢, = 48 nm for the uncertainty in the shift along the a-
direction arises from the fact that the length polydispersity of
the particles is relatively large (see eqn (S14) in the ESIt). The
refined value for the number of sheets per stack is N = 15, but
one should keep in mind that we did not consider a distribution
in N, which would lead to a smaller average value of N, = 11
plates per stacking unit (see eqn (520) in the ESIT). From the
TEM-images, we know that the ribbons reach the maximum
height of less than 15 sheets. Estimations of N employing grey

9518 | Soft Matter, 2014, 10, 9511-9522

scale differences in STEM atomic number (Z)-contrast images
reveal a lower limit of 8-10 and an upper limit of 12-15. This
indicates that we see in the SAXS experiment the staggered
assembly units that, therefore, form already in solution. These
units build up to a few hundred nanometre long ribbons by end-
to-end assembly of the stacked units, whereby the forming
ribbons also assemble side-by-side (see Fig. 1).

In order to elucidate how the asymmetric shape of the
observed structure factor peaks and thus the complex interfer-
ence pattern evolves, we calculated the structure factor averaged

2 /2 1
over all orientations Soa(q):EJ JS(q)dud¢ and the
0 0

resulting scattering intensities I(q) for the different types of
stacking possibilities for the sheets using the refined parame-
ters given in Table 1. In Fig. 5 the scattering behaviour of (i) a 1D
stack in z-direction without any offsets of the nanosheets in the
x or y directions (c-stack), (ii) a bc-stack with an extra
displacement along the short platelet axis in y-direction, and
(iii) an ac-stack with an extra shift along the long platelet axis in
x-direction are compared with that of (iv) the staggered zigzag-
type abce-stack of the SRAs with both displacements in x and y
directions. As can be seen in Fig. 5A-C, the shape and position
of the inter-sheet correlation peaks is determined by the way the
sheets stack. The experimentally observed asymmetric peak
shape, with a shoulder on the low g-side, is except for the abc-
stack of the SRAs observed for the be-stacking only, manifesting
that the shoulder emanates from a displacement in y-direction.
The origin of the different scattering behaviour can be better
explored by looking at the orientation averaged structure factor
Soa(q) calculated with the uncertainties o, , set to zero (Fig. 5E).
This implies that all shifts (X;, ¥; and Z;) do not show a distri-
bution and that the nanosheets themselves are (practically)
monodisperse. The calculated peaks in S,,(q) are then not
smeared out due to polydispersity. In this case the c-stack
displays a regularly decaying saw-tooth pattern typical for a one-

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Selected HAADF-STEM images from an electron tomographic
tilt series performed on an almost horizontal lying SRA built up of four
side-by-side assembled ribbons together with simulated stacks ((B),
(E), (H), (K), and (N) abc-stack; (C), (F), (I), (L), and (O) ac-stack) for
comparison. The STEM-images were recorded at tilt angles of (A)
—65°, (D) —20°, (G) +25° (J) +45° and (M) +65°. See also Movies S3-S5
in the ESIt for 3D animations of the complete tilt series.

dimensional stack, with the peaks at multiples of the g-value
corresponding to the repeat distance for ¢ + Z, = 7.81 nm. The
ac-stack pattern is made up by the interference between peaks

This journal is © The Royal Society of Chemistry 2014
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that stem from repeat distances corresponding to the shifts in x-
direction, X;, and to ¢ + Z,. Since X, presents with 18 nm the
largest observed repeat distance, the first peak appears already
at about 0.35 nm ™" and the second peak corresponding to X,/2
interferes with the ¢ + Z; peak. For the bc-stack the peak corre-
sponding to a repeat distance of Y; = 5.2 nm shows up at higher
g-values than the ¢ + Z peak. The abc-stack pattern is then the
result of the interference that stems from peaks of all three
repeat distances. Fig. 5F displays S,a(g) with the refined o, ,
(see Table 1). Due to the large value of the uncertainty in the x-
direction (o, = 48 nm), the peaks originating from the X, repeat
distance are smeared out such that the curves for the ac and c-
stacks and those of the abc and the be-stacks differ significantly
only at low g. For the be-stack the peaks corresponding to the ¢ +
Z, repeat distance become as for the abc-stack the most
dominant.

In Fig. 5A the form factor for the platelets is also displayed.
The first minimum in F*(g) at ¢ = 2.4 nm™" corresponds to a
nanosheet thickness of 2.62 nm. At intermediate g (0.2 =g =1
nm ") the form factor curve shows a ¢ > power law decay
characteristic for plate-like objects. At low g (<0.03 nm™") the
Guinier-region for the sheet length is reached. The I(g) curves
show that the influence of the form factor at g < 0.5 nm ™' is
significant only in the case of the c-stack. At large g the first
minimum in the form factor coincides with the third order peak
of the structure factor ((¢ + Z,)/3 = 7.81/3 nm = 2.6 nm) causing
destructive interference. The extinction of every third structure
factor peak can be better seen by plotting the averaged structure
factor S,,(g) (Fig. 5D) that is weighted with the form factor (see

eqn (1)).

3.3 Scanning transmission electron microscopic tilt series of
dried SRAs

In order to retrieve complementary three-dimensional (3D)
information of the nanostructured PbCO; stacked ribbon
assemblies we acquired tomographic tilt series on dried SRA
samples using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) as imaging
technique. Due to nearly Rutherford scattering conditions
HAADF-STEM imaging yields Z-contrast images, where the
intensity is proportional to the projected sample thickness and
approximately to the square of the atomic number (Z~"7).%%
The latter gives in case of the SRAs rise to a higher contrast
between the nanosheets, their surrounding surfactant mole-
cules and the underlying carbon background of the coated
TEM-grid.

Even though a large number of individual SRAs can be
viewed on the grid, only very few are deposited such that one of
the stack axes (i.e. the x- and y-directions (see Fig. 4)) is parallel
to the tilt axis of the single-tilt tomography holder. Selected
HAADF-STEM micrographs of a tilt series performed on an SRA
built up by four side-by-side assembled ribbons are displayed
on the left side of Fig. 6. In this series, the tilt axis does not lie
exactly parallel to the ribbon or band structure, but allows the
sheets to be viewed as they rotate along their long axis. The
series (see Movie S3 in the ESIf) has been acquired over an
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Fig. 7 Selected HAADF-STEM images from an electron tomographic tilt series performed on an almost vertical lying SRA built up of three side-
by-side assembled ribbons together with simulated stacks (upper insets ac-stack; lower insets abc-stack) for comparison. The STEM-images
were recorded at tilt angles of (A) —70°, (B) —62.5°, (C) —42.5° (D) —15° and (E) +20°. See also Movies S6—-S8 in the ESI{ for 3D animations of the

complete tilt series.

angular range of —66° to +66° with a minimum and maximum
tilt increment of 1.8° and 4° at the high and low angles,
respectively. Depending on the tilt angle not all images show a
clear band structure as can be seen in Fig. 6] and M, revealing
more complex interference patterns (Fig. 6D and G). Attempts to
retrieve 3D information of the SRAs from the tilt series using
state of the art reconstruction techniques (e.g., weighted back-
projection (WBP) or simultaneous iterative reconstruction
technique (SIRT))**** enabled a 3D visualization of the indi-
vidual PbCO; nanosheets, but did not provide detailed metric
information of their stacking behaviour (see Methods). To gain
insight into the different structures observed and to confirm the
SAXS model developed, we, therefore, used the refined param-
eters given in Table 1 to construct two parallel assembled SRA
building units consisting of ten semi-transparent sheets each
and simulated their tilting behaviour (see Methods). For
comparison with the acquired STEM-images, in which the SRAs
already lie under a certain angle on the TEM-grid, we need a
linchpin to define a common angle. The micrograph in Fig. 64,
which has been taken at a tilt angle of —65°, reveals sheets that
are standing on their long (a—c) side with the electron beam
passing through their full width. Here we define the angle that
enables a view through the gaps between neighbouring lamellae
as —90°, leading thus to an offset of the experimentally obtained
tilt angle of —25°. One should, however, keep in mind that the
short sheet axis may not be completely parallel to the incoming
beam and that the ribbons do not lie exactly parallel to the tilt
axis. Therefore, the comparison with the simulated tilting
behaviour is only qualitative and the angles in Fig. 6 should not
be taken as absolute.

Fig. 6 displays on the right the predicted tilting behaviour of
the SRAs, whereby the upper stack in each panel is produced
taking all three shifts (abc-stack) into account (Fig. 6B, E, H, K
and N) and the lower stack is constructed without the sideward
shift (no Y, shift, ac-stack, Fig. 6C, F, I, L and O). The images
show that the observed interference patterns can be qualita-
tively explained considering the interference between two
neighbouring ribbons. With the tilt axis parallel to the ribbons
the difference between the two types of stacking becomes most

9520 | Soft Matter, 2014, 10, 9511-9522

pronounced at the angle under which the band structure
becomes observable and the perspective projection and/or real
displacement in the b-direction diminishes. At —90° the
ribbons are viewed from their long (a—c) side (Fig. 6A). The four
consecutive bands cover a space of about 200 nm thus making it
difficult to find an angle under which they collapse into one
band. However, the fact that it is possible to see through the
lamellae indicates already that the single sheets are interlocked
and that the sideward displacement in the staggered SRA
configuration proceeds at the same height to the neighbouring
ribbon in the row. In the simulation (Fig. 6B and C) the stack is
viewed from a finite angle leading to a perspective distortion
and thus an apparent varied spacing between the sheets in the
stack. Tilting into the direction, which enables viewing the
individual nanosheets from the a-b side, induces interferences
due to the existening electron transparency of the nanosheets.
This leads, depending on the tilt angle, to the emergence of a
third interjacent layer consisting of circular discs or segments
of a circle, which can be seen in Fig. 6D and E at —45° and
Fig. 6G and H at 0°, respectively. The interferences occurring
also give the impression of two dogleg stairs with the front
ribbon going down from left to right, while the back ribbon
climbs up (see, e.g., Fig. 6E and H). The displacement per sheet
in b-direction (Y,-shift) is best visible at 20° (Fig. 6] and K). For
the ac-stack the band structure can be visualized at an angle of
0° (Fig. 6I), whereas the zigzag staggered SRA (abc) stack
requires rotation by another 40° (Fig. 6M and N). The similarity
between the STEM-images and the simulated abc-stack patterns
corroborates the existence of the Y-shift and thus the 3D
nanostructure of the SRAs retrieved from the SAXS experiment.

In addition Fig. 7 reveals a tilt series of three side-by-side
assembled ribbons with the tilt axis almost perpendicular to the
band structure. The series (see Movie S6 in the ESIT) has been
acquired from —65° to 65° with a tilt increment of 2.5°. The
upper insets depict the simulated ac-stacks (without shift in b-
direction) and the lower the abc-stacks. As for the SRAs in Fig. 6
we use the angle under which the sheets are viewed as
standing in this case on their short (b-c) side as linchpin,
leading thus to an offset of —20°. Without considering the Y-

This journal is © The Royal Society of Chemistry 2014
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shift the sheets and ribbons contract due to the projection
only in length upon going from 0° to —82.5° (upper insets in
Fig. 7B-E) until they are seen from their edges (Fig. 7A). For
the abc-stack the reduction in the ribbon length is less
pronounced (lower insets in Fig. 7). Instead the offset of the
sheets in b-direction becomes evident, leading to the stag-
gered band structure and the appearance of interference
patterns between the ribbons that have already been
observed in Fig. 6. The reader is encouraged to view the 3D
animations over the full angular range for both tomographic
tilt series, i.e. STEM-images as well as the simulated SRAs,
online (Movies S3-S8 in the ESIt) for better visualization.

4 Conclusions

In this work we show that biaxial discorectangular-shaped
nanosheets can in the presence of attractive depletion forces
assemble into a novel superstructure consisting of extended
ribbons, whereby the central building unit is a three-
dimensional stack in which each consecutive sheet is dis-
placed by a constant shift in the width and length directions
of the constituting platelets thus yielding a restricted band
height. The formation of the highly ordered, staggered
zigzag-type assemblies is achieved due to the low width- and
thickness polydispersities (<5%) of the sheets. Besides the
dimensions also the shifts for the displacements in these
directions are well-defined, whereas both the increased
polydispersity in length and the larger uncertainty in the
shift along the long sheet axis do not constrain the organi-
sation within the SRAs. The individual nanosheets are thus
not placed on a regular lattice and, as a result of their face-to
face alignment, are not free to rotate around their trans-
lational position (nonrotator phase).® Theoretical studies on
the self-assembling behaviour of biaxial (hard) particles have
to our knowledge so far not taken anisotropy in the poly-
dispersity into account (see, e.g., ref. 12 and 15), which will
probably play a key role in the formation of the observed
SRAs. We, therefore, hope that this study might foster
investigations on possible sources of new types of ordering. A
question that still remains of interest to us is to gain insight
whether the formation of our SRA superstructures can be
explained by the shape of the particles alone or whether, e.g.,
additionally building-up dipoles*® are necessary for obtain-
ing the staggered zigzag structure of the SRAs.

The superstructure of the SRAs leads to complex, and so
far unprecedented, interference patterns when characterised
by small angle X-ray scattering and electron tomographic tilt
series. Expanding the Kratky-Porod structure factor for
stacking plates into three dimensions, we demonstrate that
the asymmetric shape of the two observed face-to-face
correlation peaks originates from the interference stemming
from the peaks of all three repeat distances, whereby the
peaks are smeared out by the uncertainties in the corre-
sponding shifts. Using the refined parameters from the SAXS
measurements allows qualitative modelling of the STEM
tilt series.

This journal is © The Royal Society of Chemistry 2014
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