
Article

Mapping the three-dimensional structure of faceted
gold mesocrystals using coherent X-ray diffraction
imaging

Graphical abstract

Highlights

• Mesocrystals assembled by Au nano-octahedra under

different conditions are examined

• Coherent X-ray diffraction reveals the 3D structure of self-

assembled mesocrystals

• Each faceted mesocrystal is found to have nearly defect-free

lattice structures

Authors

Gerard N. Hinsley, Kuan Hoon Ngoi,

Sebastian Sturm, ...,

Knut Müller-Caspary, Elena V. Sturm,

Ivan A. Vartanyants

Correspondence

sturm.elena@lmu.de (E.V.S.),

ivan.vartaniants@desy.de (I.A.V.)

In brief

Understanding the structure-property

relationship of self-assembled

superstructures requires non-destructive

3D structural analysis, which can then

facilitate the development of

mesocrystals with collective and

emergent properties. Hinsley et al.

employ coherent X-ray diffractive

imaging to resolve the positions and

orientations of the constituent gold

octahedral nanoparticles in multiple self-

assembled mesocrystals as well as

defects within the mesocrystal lattice

structure.

Hinsley et al., 2026, Newton 2, 100269

February 2, 2026 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.newton.2025.100269 ll



Article

Mapping the three-dimensional structure
of faceted gold mesocrystals using coherent X-ray
diffraction imaging

Gerard N. Hinsley,1 Kuan Hoon Ngoi,1 Sebastian Sturm,2 Rustam Rysov,1,5 Felizitas Kirner,3,6 Dmitry Lapkin,1,7

Shweta Singh,1 Dameli Assalauova,1,8 Michael Sprung,1 Thomas Wiek,4 Thomas Gemming,4 Axel Lubk,4

Knut Müller-Caspary,2 Elena V. Sturm,3,* and Ivan A. Vartanyants1,9,*
1Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany
2Department of Chemistry and Center for NanoScience, LudwigMaximilian University of Munich (LMU), Butenandtstrasse 11, 81377Munich,

Germany
3Department of Earth and Environmental Sciences and Center for NanoScience, Ludwig Maximilian University of Munich (LMU),

Theresienstrasse 41C, 80333 Munich, Germany
4Leibniz Institute for Solid State and Materials Research, Helmholtzstrasse 20, 01069 Dresden, Germany
5Present address: European XFEL GmbH, Holzkoppel 4, 22869 Schenefeld, Germany
6Present address: Corden Pharma Switzerland LLC, Eichenweg 1, 4410 Liestal, Switzerland
7Present address: Institut für Angewandte Physik, Universität Tübingen, Auf der Morgenstelle 10, 72076 Tübingen, Germany
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SUMMARY

Elucidating the structure-property relationship of mesocrystals requires understanding the mutual arrange-

ment of the nanoparticles within their assembly. This, therefore, requires characterization techniques

capable of non-destructively distinguishing the shape, position, and orientation of the individual constituent

nanoparticles in three dimensions. This detailed structural analysis is achieved here by using coherent X-ray

ACCESSIBLE OVERVIEW Just as atoms are the building blocks for an atomic lattice in a crystal, nanopar-

ticles may similarly act as building blocks to form a lattice in larger structures termed ‘‘colloidal crystals.’’

Mesocrystals are a sub-type of colloidal crystal for which the nanoparticle building blocks are arranged

with a high degree of translational and orientational order. Due to the highly ordered structure, mesocrystals

can exhibit emergent properties such as localized surface plasmon (LSP), making them intriguing in several

applications, including surface-enhanced Raman scattering, optical waveguides, and photocatalysis. The

coupling strength of LSP and the resonance energy of the coupledmodes are highly dependent on the struc-

ture, which itself is highly dependent on the initial growth conditions, including choice of nanoparticle build-

ing block. Therefore, to understand the structure-property relationship, it is imperative that non-destructive

techniques are used to characterize in three dimensions the final self-assembled structures. In this article, we

synthesized three mesocrystals under different growth conditions; then, using coherent X-ray diffraction, we

characterized their 3D structural arrangement.We determined that the specific crystallization conditions pro-

ducemesocrystals with a nearly defect-free lattice structure, where higher strain is observed toward the sur-

face and within the vicinity of cracks. These results demonstrate the potential of coherent X-ray diffraction

analyses as a non-destructive tool to perform a detailed structural analysis of mesocrystalline structures,

thereby unraveling the complex structure-property relationship of self-assembled nanoparticle assemblies.

The increased coherent flux of diffraction-limited sources can aid future studies, allowing bigger mesocrys-

tals to be measured with a higher spatial resolution as well as improving the ability to perform investigations

into the structure-property relationships under external stimuli. Such studies will allow the resolving of com-

plex structural features of self-assembled nanoparticle assemblies, enabling the precise tailoring of their

properties.

Newton 2, 100269, February 2, 2026 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS



diffraction imaging (CXDI) complementedwith angular X-ray cross-correlation analysis (AXCCA) and electron

microscopy. Three mesocrystals are examined, each assembled from different-sized gold octahedral nano-

particles and functionalized with ω-thiol-terminated polystyrene (PS-SH) of different molecular weights.

AXCCA provides information regarding the ensemble-averaged mesocrystal lattice structure, such as the

symmetry, unit cell parameters, and the presence of orientational disorder. CXDI complementarily enables

the precise identification of the shape and positions of individual nanoparticles as well as revealing any struc-

tural defects. Our results show that each mesocrystal has a nearly perfect lattice structure with minimal

defects and exhibits an increased strain toward the surface.

INTRODUCTION

Just as atoms are the building blocks for an atomic lattice in a

crystal, nanoparticles may similarly act as building blocks to

form a lattice in a colloidal crystal.1,2 The structure of such

self-assembled lattices with a high degree of translational and

orientational order (so-called mesocrystals3,4) is generally deter-

mined by the effective shape and composition of the nanopar-

ticle building blocks and the balance between interparticle and

particle-medium forces.5–8Unlike space-filling anisotropic nano-

particles, octahedral building blocks (when stabilized by different

types of ligands) exhibit a wide variety of crystalline and liquid-

crystalline structures with different orientational and translational

orders.9–12

The Minkowski lattice is the densest packing array for regular

hard octahedra with mutual alignment (packing density 18/19).13

Nevertheless, the effective shape of real octahedral nanopar-

ticles (from here on referred to as nano-octahedra) could signif-

icantly deviate from an ideal octahedron due to the truncation of

edges and vertices and surface functionalization by organic

capping molecules. Changes in ligand conformation, as well as

specific ligand-ligand and ligand-solvent interactions, could

additionally significantly influence the assembly process and

final structure of the mesocrystal.6,8,11,14–17 Therefore, it is chal-

lenging to predict the final structure of assembled materials un-

der specific experimental conditions.

In our previous work, we systematically studied the dual effect

of gold nano-octahedral size and chain length of ω-thiol-termi-

nated polystyrene (PS-SH) capping molecules on the self-as-

sembly and growth of colloidal crystals (e.g., mesocrystals) and

their resulting crystal structure.15Thesemesocrystalswere found

to exhibit a rhombic-dodecahedral shape and, by performing

angular X-ray cross-correlation analysis (AXCCA),18–20 were

determined to have a body-centered cubic (bcc) mesocrystal lat-

tice.15 In this mesocrystal lattice, gold nano-octahedra are pre-

dominantly arranged in a tip-to-tip configuration with some de-

gree of angular disorder. This type of particle arrangement was

recently categorized as a tip-on-tip configuration, in contrast to

a tip-to-tip one, and is more favorable, as it enables more

effective packing.21 It has also been demonstrated that, in the

case of tip-on-tip two-dimensional (2D) assemblies of gold nano-

bipyramids stabilized by pentaethylenehexamine-terminated

polystyrene (PS-PEHA) ligands, surface-enhanced Raman scat-

tering (SERS) signals show the highest enhancement factor.21

Nevertheless, it is still unclear how this configuration is achieved

and translated in three-dimensional (3D) assemblies (e.g.,

mesocrystals).

To solve this structural conundrum, in this study we apply

coherent X-ray diffraction imaging (CXDI), which enables the

reconstruction of the 3D structure of mesocrystals in real space

with nanoscale spatial resolution. CXDI achieves this by using

phase retrieval algorithms to recover the missing phase informa-

tion when recording oversampled diffraction intensities, which

then, through a Fourier relationship, provide information on the

original object structure.22–26 This allows for mapping structural

distortions and different types of defects in the structure.27–29

Previously, using this method, we were able to image and

resolve the structure of a 3D self-assembled gold mesocrystal

prismatic grain (cut out by using a focused ion beam [FIB] milling

procedure on a faceted mesocrystal) composed of 60 nm nano-

cubes stabilized by cetylpyridinium chloride molecules.30 It was,

however, difficult to discriminate between defects caused by

mesocrystal growth and defects caused by post-growth activ-

ities (including drying and FIB-cut preparation). To avoid these

issues, in this study, we used as-grown rhombic-dodecahe-

dral-shaped mesocrystals of a few micrometers in size built up

from PS-SH-stabilized gold nano-octahedra. Furthermore, by

varying the lengths of the PS-SH polymer chain, the distance be-

tween the nano-octahedra within the mesocrystals can be suc-

cessfully tuned, which in turn impacts the accuracy with which

we can distinguish the positions and shapes of individual

nanoparticles.

Obtaining structural information in 3D is essential for under-

standing the structure-property relationship of nanoparticle as-

semblies, since interparticle distance, geometry, and short-

range order of nanoparticles significantly influence the coupling

strength of localized surface plasmons (LSPs) and resonance

energy of the coupled modes. These unique optical properties

of noble-metal nanoparticle assemblies (single and multi-

component) are intriguing not only for fundamental research

but also for several applications, for example, SERS, optical

waveguides, photocatalysis, etc.5,16,21,31–34 Therefore, a

detailed structural characterization of assembled materials in

real space is essential to identify the crucial parameters affecting

their efficiency and performance and to optimize materials

design.

RESULTS AND DISCUSSION

Sample preparation and data collection

We studied three different mesocrystal samples self-assembled

from PS-SH-functionalized gold nano-octahedra using a gas-

phase diffusion growth approach, as shown in Figure 1A. Further

details about the sample preparation procedures can be found in
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Lapkin et al.15 We designate the three mesocrystals that we

examine here as S1, S2, and S3, which respectively correspond

to the sample types of O3, O4, and O5 as described in Lapkin

et al.,15 for which the combinations of edge length, ledge, and

polymer chain length used are presented in Table 1. The meso-

crystals examined here are from the same batch, but differ from

those examined in Lapkin et al.,15 as they are smaller in size, al-

lowing them to be suitable for analysis by CXDI. All faceted as-

grown mesocrystals have diameters between 1 and 1.5 μm

and were mounted onto tungsten needles and fixed with

SEMGLU glue (Kleindiek Nanotechnik) by means of a Zeiss

1540XB CrossBeam FIB scanning electron microscope

(Figures 1B–1D).

CXDI measurements were performed at the Coherence Appli-

cations beamline P10 at PETRA III (DESY, Hamburg, Germany),

and Figure S1 depicts the experimental setup and geometrical

parameters used. Each mesocrystal was positioned in the inci-

dent focused X-ray beam and rotated around the vertical axis,

where an EIGER X 4M detector placed 5 m downstream

measured the scattered intensity. One dataset for a mesocrystal

consists of the collection of diffraction patterns over an angular

Figure 1. Synthesis methodology and anal-

ysis of the studied Au mesocrystals

(A) A sketched setup depicting the gas-phase

diffusion approach used for the nano-octahedra

self-assembly. The system consists of a closed

vial containing the antisolvent (solution of ethanol

and toluene in a 1:1 volume ratio) and a smaller vial

containing the nano-octahedra dispersion in

toluene (inset, left: exemplary transmission elec-

tron microscopy [TEM] image). Over time, the

antisolvent leads to the destabilization of nano-

octahedra, self-assembly to mesocrystals (inset,

right: exemplary scanning electron microscopy

[SEM] image), and discoloration of the dispersion.

(B–D) SEM images that were obtained of the re-

sulting mesocrystals, which had been picked up

and glued to a tungsten tip. From left to right,

these samples are labeled as S1 (B), S2 (C), and S3

(D). The scale bar in (D) also applies to the SEM

images of (B) and (C).

(E–G) Exemplary TEM images of the gold nano-

octahedra used for mesocrystal self-assembly

(scale bar corresponds to 50 nm), for S1, S2, and

S3, respectively.

range of 180◦ in increments of 0.5◦; further
details on the experiment are found in the

methods. Five datasets were collected in

total—two from S1, two from S2, and one

from S3. A summary of the experimental

parameters specific for each dataset

collected is displayed in Table S1.

These angular sets of diffraction pat-

terns were then interpolated into 3D

diffraction patterns for each sample,

and sliced planes of the 3D reciprocal

space intensities are shown in

Figures 2A, 2C, and 2E, and Figures 2B,

2D, and 2F show the respective radial profiles of the scattered in-

tensity as a function of the magnitude of the momentum transfer

vector q. The interpolated 3D diffraction patterns were used for

subsequent analysis using AXCCA and as the input into the

CXDI iterative-phase retrieval process35 to recover the original

mesocrystal structure.

Ensemble lattice information from angular X-ray cross-

correlation analysis

We employed AXCCA to analyze the angular correlations of the

intensity distribution in 3D reciprocal space. The cross-correla-

tion function (CCF), C(q;Δ), was generated from pairs of scat-

tered intensities at momentum transfer values q with relative

angles Δ (see methods for the definition of C(q;Δ)). The calcula-

tions of C(q;Δ), covering a q range from 0.100 to 0.550 nm-1,

were stacked into a 2D correlation map, as shown in

Figures 3A–3C. A bcc lattice model (a = b = c, α = β = γ = 90◦)
was then used to refine the unit cell parameter a based on the

correlation peaks in the maps. Detailed analysis procedures

can be found in the supplemental information, as well as in Lap-

kin et al.15,36 The correlated positions calculated from the model
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lattice (marked by red circles in Figures 3A–3C) show good

agreement with the peak positions in the map. Additionally,

the Williamson-Hall method37 (see details in the supplemental

information) further complements the analysis by providing the

standard deviation of the unit cell parameter Δa and the unit

cell angular distortion Δφ. The structural parameters obtained

in the AXCCA and Williamson-Hall methods are summarized in

Table 1.

By considering the cubic symmetry of thebcc unit cell, the near-

est-neighbor distancewithin themesocrystal (dnn =

̅̅̅

3
√

a= 2) esti-

mated the effective size of particles cappedwith a polymer shell to

be 56.0 ± 1.0, 48.0 ± 0.9, and 38.6 ± 0.3 nm for samples S1, S2,

and S3, respectively. The difference between dnn and the facet-

to-facet distance (df−f =

̅̅̅̅̅̅̅̅

2=3
√

ledge) is consistent with the

presence of the polymer layer between facets of adjacent Au

nano-octahedra (Table 1).

The octahedral form factor exhibits anisotropic X-ray scat-

tering along the atomic lattice axes <111>AL and normal to

each of the octahedron {111} facets, facilitating the examina-

tion of nano-octahedra orientation within a mesocrystal by

comparing the experimental and simulated form factor scat-

tering intensities in their respective sliced reciprocal planes

(see details in the supplemental information). This analysis indi-

cates the presence of orientational disorder among the nano-

octahedra, which would otherwise result in a perfect tip-to-tip

assembly (see Figures S11–S13)). As discussed in Lapkin

et al.,15 a perfect tip-to-tip assembly is a topologically unfavor-

able structure for this system. In this study, the standard devi-

ation of nano-octahedra orientation (δφ) for all samples was

estimated to be approximately 15◦, aligning with previous find-

ings in Lapkin et al.,15 which can be described as a tip-on-tip

configuration with some degree of angular disorder.21 A visual-

ization of a tip-on-tip configuration is displayed in Figure 3D,

where the atomic lattice axes [hkl]AL of the nano-octahedra

are shown to not directly align with the axes of the mesocrystal

lattice [hkl]ML.

Reconstructing 3D structures by coherent X-ray

diffraction imaging

Three-dimensional CXDI reconstructions of the examinedmeso-

crystals and representative slices of the reconstructed amplitude

normal to the [100], [010], and [001] mesocrystal lattice crystallo-

graphic directions are shown in Figure 4. For samples S1 and S2,

wewere able to reconstruct not only themesocrystal but also the

supporting tungsten tip to which the mesocrystal was attached,

letting us relate the positioning of the tip to any induced structural

defects. Details of the reconstruction parameters can be found in

the methods. For samples S1 and S2, the reconstructions of the

dataset with the highest spatial resolution are shown in Figure 4.

We determined the resolution of the reconstruction by the phase

retrieval transfer function (PRTF),36 with results provided in the

methods and supplemental information. Reconstructions of the

extra datasets are also supplied in the supplemental information.

An isosurface of the reconstructed amplitude (Figures 4A, 4C,

and 4E) reveals a slightly deformed rhombic-dodecahedral

shape for all bccmesocrystals andmatches the shape observed

in the scanning electron microscopy (SEM) images shown in

Figures 1B–1D. In the case of the S3 sample, an extra particle

growth is also visible on the surface. Previous studies have

also shown that self-assemblies of nanoparticles stabilized by

organic ligands with a bcc superstructure tend to grow in the

form of a rhombic dodecahedron.38,39 The rhombic dodecahe-

dron is a thermodynamic equilibrium shape of atomic crystals

(e.g., metals) with bcc structure and, therefore, has a minimum

surface energy in comparison to other crystallographic forms.40

Nevertheless, in real crystallization conditions, the shape of bcc

metallic crystals very rarely resembles a rhombic dodecahedron.

This is due to the deviation from equilibrium of crystal growth

conditions and specific interactions of medium species with

the facets of growing crystals, which could significantly modify

their surface energy. Therefore, the fact that the presented bcc

mesocrystals show a rhombic-dodecahedral shape indicates

that the selected crystallization conditions allow for obtaining

Table 1. Structural parameters of the nano-octahedra and mesocrystal lattices

Parameter

Sample

S1 S2 S3

Molecular weight of PS-SH, Mw (kg mol−1) 43 22 22

Nano-octahedra edge length, ledge (nm) 58.4 ± 1.8 46.3 ± 1.4 36.7 ± 1.1

Tip-to-tip distance, dt-t (nm) 79.5 ± 2.5 63.8 ± 2.3 51.5 ± 1.9

Facet-to-facet distance, df-f (nm) 47.7 ± 1.5 37.8 ± 1.1 30.0 ± 0.9

Unit cell parameter, a (nm) 64.7 ± 1.2 55.4 ± 1.0 44.5 ± 0.4

First Bragg peak q value (nm−1) 0.137 ± 0.003 0.161 ± 0.003 0.200 ± 0.002

Unit cell angular distortion, Δφ (◦) 0.9 ± 0.3 1.4 ± 0.7 1.0 ± 0.4

Nearest-neighbor distance, dnn (nm) 56.0 ± 1.0 48.0 ± 0.9 38.6 ± 0.3

Difference between dnn and df-f (nm) 8.3 ± 2.5 10.3 ± 2.0 8.6 ± 1.2

A summary of the structural parameters for the S1, S2, and S3 samples obtained through TEM, AXCCA, and the Williamson-Hall method, as well as the

molecular weight (Mw) values of PS-SH used to stabilize the Au nano-octahedra are provided. TEMmeasurements as described in Lapkin et al.15 pro-

vide the average edge length ledge of the nano-octahedra and were used to estimate the tip-to-tip distance (dt-t =
̅̅̅

2
√

ledge) and facet-to-facet distance

(df-f =
̅̅̅̅̅̅̅̅

2=3
√

ledge). The unit cell parameter a of the bccmesocrystal lattice was refined from the AXCCA results, and the error values represent standard

deviations (Δa) obtained from the Williamson-Hall method. The first Bragg peak corresponds to the reciprocal lattice vector length g110 of the refined

unit cell. The unit cell angular distortions Δφ and their respective error values were determined from theWilliamson-Hall method. The nearest-neighbor

distance (dnn =
̅̅̅

3
√

a/2) was calculated from the unit cell parameter a.
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mesocrystals with a morphology close to the thermodynamic

equilibrium shape of crystals with ideal bcc structure.41,42

The 2D cuts, shown in Figures 4B, 4D, and 4F, allow for visu-

alization of the internal structural arrangement of the nano-octa-

hedra. Here, the slices of the mesocrystals were selected such

that they are incident with the waist of the nano-octahedra to

highlight their size, and so different point defects within the mes-

ocrystal lattice can be readily identified. The obtained CXDI

reconstruction quality is sufficient not only to identify the loca-

tions of nano-octahedra as well as defects within the mesocrys-

tal lattice, but due to the larger particle size for S1, we are also

able to distinguish the individual shape and orientation of

some nano-octahedra. By examining the magnified image in

Figure 4B, we observe some orientational disorder between

adjacent octahedra, and as such we can visually confirm the

tip-on-tip structural configuration suggested in the previous sec-

tion (Figure 3D). The spatial resolution is insufficient in the current

study to allow the same visual observation to bemade for S2 and

S3. Similar cuts for the extra particle growth inS3 are presented in

Figure S23. This particle has a high degree of structural disorder

and as such, also due to insufficient resolution, it is difficult to

identify mesocrystal lattice structure.

Structural analysis of mesocrystals

The position of each nano-octahedra within the mesocrystal lat-

tices of S1, S2, and S3 (shown in three directions in Figures S14–

S22, A and E) was identified using a ‘‘blob detection’’ algorithm

(see methods) and further refined manually, where mesocrystals

S1 and S3 were each found to consist of around 10,000 nano-

octahedra, while sample S2 consists of only ca. 3,600 nano-

octahedra. The extracted positions of all of the nano-octahedra

for the entirety of the mesocrystal structures are displayed as 3D

scatterplots in Figures S14–S22, B, as well as for a central slice

(100 nm thickness) through each mesocrystal in Figures 5A, 5D,

and 5G and S14–S22, F. Assuming that AXCCA is giving one the

ensemble average structure, we can calculate the full displace-

ment field (see methods). The corresponding displacement field

is shown in Figures 5B, 5E, and 5H (central slice 100 nm, five

times increased) and Figures S14–S22, C and G (three times

increased). These results demonstrate that, in general, there

are stronger distortions of the mesocrystal lattice toward the

mesocrystal surface and in close vicinity of cracks, which are

believed to have been introduced by the tip of the tungsten nee-

dle during sample pickup.

Except for the cracks near the tungsten tip and defects near

the surface, the mesocrystals have a nearly perfect lattice struc-

ture with only very small deviations, which is, apart from very few

point defects, virtually defect free. This can also be confirmed by

the dilatation (i.e., the sum of diagonal elements [trace] of the

strain tensor), which was derived from the Cauchy strain tensor43

and calculated in 3D over the entirety of the mesocrystals. This is

visualized in Figures S14–S22, D, for the whole of the structures,

as well as for a single central slice in Figures 5C, 5F, and 5I and

S14–S22, H. While the magnitude of dilatation inside the meso-

crystals is relatively low, they exhibit growing (predominantly

compressive) strain toward the mesocrystal surface. 3D visuali-

zation of the reconstructions (both phase and amplitude), as

well as the structural analysis (nanoparticle positions, displace-

ments, and dilatation), are shown in Videos S1–S11 for sample

S1, Videos S12–S22 for sample S2, and Videos S23–S33 for

sample S3.

Furthermore, we examined the distribution of the nano-octa-

hedral positions for eachmesocrystal by calculating the pair-dis-

tribution function (PDF), for which the results are shown in

Figure 6. At small distances r, the PDF values obtained using

the experimental data match reasonably well with that using

the ideal model mesocrystal lattice using the unit cell parameters

obtained by AXCCA. At larger r, the PDF tends to smooth out and

no longer matches the ideal AXCCA lattice, which is expected

due to the structural distortions present in the crystal.

The insets in each of Figures 6A, B, and C show a magnified

image of the first few PDF peaks. At the positions where we

expect to see the first two peaks corresponding to the nearest-

neighbor distance, dnn, as well as the unit cell parameter, a, we

instead see a single broad peak with a shoulder on the right-

hand side. This is more pronounced for the S2 sample shown

in Figure 6B. The shape of this peak was fitted using two

Gaussian functions to estimate the average distances to neigh-

boring particles, where the standard deviation of the fits also pro-

vides an upper-bound estimate for the accuracy with which we

can identify nano-octahedral positions, as the spread is also

affected by mesocrystal lattice distortions. Plots showing the

fits for these two peaks are included in the insets, where the fit

corresponding to the nearest-neighbor distance peak, dnn, is

shown in magenta, while the fit for the unit cell parameter

peak, a, is shown in blue. The obtained peak positions and stan-

dard deviations for each sample are dPDF
nn = 57.0 ± 4.6 nm and

aPDF = 65.8 ± 5.6 nm (S1, Figure 6A), dPDF
nn = 48.8 ± 2.8 nm

and aPDF = 56.4 ± 3.6 nm (S2, Figure 6B), and finally dPDF
nn =

39.5 ± 4.1 nm and aPDF = 45.6 ± 4.2 nm (S3, Figure 6C). These

values match quite closely to values obtained by AXCCA dis-

played in Table 1, indicating accurate fitting of the data. Extra

magnified plots of the PDF are presented in Figure S24 in the

supplemental information, which include the overall fit to the re-

constructed data as well as the expected peak positions in the

ideal AXCCA cell.

Conclusion

This work has demonstrated how the use of coherent X-ray

diffraction techniques, AXCCA and CXDI, combined with SEM

Figure 2. Examination of the 3D reciprocal space

(A, C, and E) Sliced reciprocal planes of the 3D intensities through the origin for samples S1 (A), S2 (C), andS3 (E) showing the planes (from top to bottom) normal to

the mesocrystal lattice axis [001]ML, normal to the mesocrystal lattice axis [010]ML, and normal to the mesocrystal lattice axis [100]ML. The index of each Bragg

peak is indicated. The white regions in the images are unmeasured as they correspond to gaps in the detector or are beyond the detector pixel array.

(B, D, and F) Radial intensity profiles of the scattered intensity are shown on a logarithmic scale as a function of the magnitude of the momentum transfer vector

q for samples S1 (B), S2 (D), andS3 (F). The dashed lines show the diffraction positions of the Bragg peaks. The intensity of the family of Bragg peaks in the order of

{200} in S1 and {310} in all samples is diminished due to their proximity to the minima of the form factor.
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and improved sample preparation and handling methods

can elucidate the detailed structural properties of mesocrystal-

line structures and their constituent nanoparticles. This

complementary analysis was performed on three mesocrystals,

each synthesized with gold nano-octahedra of different edge

lengths and functionalized by PS-SH with different molecular

weights.

By analyzing the ensemble-averaged mesocrystal lattice

structure by AXCCA, it was determined that, for each mesocrys-

tal, the nano-octahedra assemble into a bcc lattice in a tip-on-tip

structural arrangement, consistent with previous studies on

these mesocrystals.

CXDI reconstructions were then performed on the same data-

sets, providing real-space 3D images of themesocrystals, allow-

ing for the position of each nano-octahedron to be resolvedwhile

also providing insights into defects within the structure. In the

case of the S1 sample, the shapes of the nano-octahedra were

also resolved, which confirmed the tip-on-tip structural arrange-

ment. It was found that, under these growth conditions, the mes-

ocrystals grow in the form of a rhombic dodecahedron, where,

excluding some point defects and cracks near the attachment

of the tungsten tip, each mesocrystal self-assembled into a

structure with a nearly defect-free mesocrystal lattice structure.

From 3D displacement fields and strain tensors, calculated by

knowing the positions of individual nano-octahedra, each meso-

crystal is shown to exhibit stronger lattice distortions closer to

the surface of the mesocrystal and in the vicinity of cracks.

These results imply that the crystallization conditions usedallow

one toobtain facetedmesocrystalswith anearlydefect-free lattice

structure. It was shown recently that a high degree of mesocrystal

lattice order and a tip-on-tip configuration of nanocrystals are

highly beneficial for potential applications of plasmonic active

materials.21,33 Further studies of potential applications of

mesocrystals could significantly benefit from exploring the

Figure 3. Angular X-ray cross-correlation analysis maps of the mesocrystal lattice structure

(A–C) Two-dimensional correlation maps were generated for samples S1 (A), S2 (B), and S3 (C) over a q range of 0.100–0.550 nm-1, with a step size of 0.001 nm-1.

The horizontal axis shows the relative angle Δ, the left vertical axis corresponds to the magnitude of the momentum transfer vector q, and the right vertical axis

indicates the diffraction peak positions. The color bar represents the correlation values of C(q;Δ) displayed in the maps. The theoretical positions corresponding

to the refined bcc lattice were computed and are indicated in red circles.

(D) The nano-octahedra assembled within a bcc unit cell, displaying the presence of orientational disorder corresponding to a tip-on-tip configuration.
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KBr, and ascorbic acid. Subsequent replacement of CPC ligands

with polystyrenemacromolecules was carried out by transferring

the nanoparticles from an aqueous solution to toluene. After-

ward, the self-assembly of nanoparticles into mesocrystals

was conducted using a gas-phase diffusion technique, as shown

schematically in Figure 1A. The toluene nanoparticle dispersion

was gradually destabilized by the slow diffusion of the antisol-

vent (a 1:1 volume mixture of ethanol and toluene). The growth

of the mesocrystals took ca. 2–3 weeks.15

Synchrotron X-ray experiment

Monochromatic X-rays of 12.65 keV were focused using com-

pound refractive lenses (CRLs) down to 2.6 × 2.8 μm2 (H × V)

at the sample position, covering the mesocrystal. Each sam-

ple was fixed on an air-bearing stage, allowing rotation of

the sample around the vertical axis. To limit radiation damage

of the surfactant stabilizing the nano-octahedra, which could

induce particle coalescence and destroy the mesocrystal lat-

tice ordering, the samples were cooled using a liquid nitrogen

cryostream to about 100 K. An EIGER X 4M detector was

placed about 5 m downstream of the samples and far-field

diffraction patterns were collected over an angular range of

180◦ in increments of 0.5◦, with an exposure time between 3

and 5 s per projection. A beamstop was used to block the

central beam and consisted of a tungsten cylinder glued on

an Si wafer with dimensions 3 mm × 3 mm × 100 μm

Figure 5. Structural insights of the mesocrystal structures

Structural analysis of samples S1, S2, and S3, shown in the [100] direction of the bcc mesocrystal lattice for only the central (100) slice (thickness 100 nm) of the

mesocrystal. (A, D, and G) Scatterplot of individual nano-octahedra positions. (B, E, and H) 3D vector plot of the displacement field (vector scale five times

increased). (C, F, and I) Volume rendering of the mesocrystal lattice dilatation. Scale bar of 1,000 nm is indicated and applies to all images.
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where~I(q1) and~I(q2) are the scaled intensities corresponding to

the momentum transfer vectors q1 and q2, with |q1| = |q2| = q;

〈...〉, and Δ is the relative angle between the vectors. The aver-

aging 〈...〉 was performed over all scattered intensities at magni-

tude q, and δ(x) denotes the Kronecker delta function. The scat-

tered intensities were scaled to their mean intensity at magnitude

q as follows:

~I(q) = I(q) - 〈I(q)〉
〈I(q)〉 : (Equation 2)

The CCFs were calculated in the q range from 0.100 to 0.550

nm-1 with a step size of 0.001 nm−1 and stacked along the verti-

cal axis of q to obtain a 2D correlation map with relative angles Δ

as its horizontal axis (shown in Figures 3A–3C).

Phase retrieval

The PyNX package49was used to perform the iterative algorithm

process, which consisted of a sequence of 1,000 hybrid input-

output (HIO)35,50 + 2,000 relaxed averaged alternating reflections

(RAARs)51 + 2,000 error reduction (ER) iterations.35,52 Modulus

and support constraints were applied every iteration, with an

initial support supplied to the reconstruction. Pixels within the

mask were allowed to fluctuate and were not constrained. Partial

coherence correction through the Lucy-Richardson deconvolu-

tion,53 as implemented in PyNX, was used. The shrinkwrap algo-

rithm54 was applied every 30 iterations, where the threshold

value ranged between 0.08 and 0.12 of the maximum amplitude

value. For each sample, an initial reconstruction was performed,

where the starting support was the autocorrelation function of

the 3D diffraction intensity. The support from this reconstruction

was then used as the starting guess for 20 further reconstruc-

tions in order to reduce the prevalence of twin image solutions.

From this set of reconstructions, the best five, as judged by

the lowest free log likelihood, were then used to perform amodal

decomposition where the mode with the highest weighting rep-

resents the final object. After modal decomposition, the weight-

ing of the first mode was taken as the final result and was 88%,

89%, and 89% for samples S1, S2, and S3, respectively.
55 The

voxel size in the reconstructions was 5.7 × 5.7 × 5.7 nm. The

quality of each reconstructed result was determined by

PRTF,56 where a criterion value of 1/e was used to estimate

the resolution (see the supplemental information). The resolution

of the reconstructions in Figure 4 determined by the PRTF were

17 nm for S1, 28 nm for S2, and 26 nm for S3, all of which were

below the ledge of the nano-octahedra. Results for all reconstruc-

tions are shown in the supplemental information.

Nanoparticle detection and structural analysis of

mesocrystal lattices

The positions of the individual nano-octahedra within each mes-

ocrystal were first detected using a blob detection algorithm on

varying intensity threshold levels after varying low-pass filters

while considering reasonable size constraints. The so-obtained

sets of estimated 3D positions of nano-octahedra afterward

were refined manually by comparing slices through the meso-

crystal in all three dimensions. These sets of nano-octahedral

positions were then matched against an ideal reference of the

averaged mesocrystal lattice determined by AXCCA. The ob-

tained displacement field for nano-octahedral positions ulti-

mately yielded the full strain tensor of the mesocrystal lattice.

The dilatation was calculated by taking the trace of the strain

tensor.

Further details regarding the methods can be found in the

supplemental information.
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