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ABSTRACT: Block copolymers are recognized as a valuable <« o
platform for creating nanostructured materials. Morphologies
formed by block copolymer self-assembly can be transferred into
a wide range of inorganic materials, enabling applications
including energy storage and metamaterials. However, imaging
of the underlying, often complex, nanostructures in large volumes
has remained a challenge, limiting progress in materials develop-
ment. Taking advantage of recent advances in X-ray nano-
tomography, we noninvasively imaged exceptionally large volumes
of nanostructured hybrid materials at high resolution, revealing a
single-diamond morphology in a triblock terpolymer—gold
composite network. This morphology, which is ubiquitous in
nature, has so far remained elusive in block copolymer-derived materials, despite its potential to create materials with large
photonic bandgaps. The discovery was made possible by the precise analysis of distortions in a large volume of the self-
assembled diamond network, which are difficult to unambiguously assess using traditional characterization tools. We
anticipate that high-resolution X-ray nanotomography, which allows imaging of much larger sample volumes than electron-
based tomography, will become a powerful tool for the quantitative analysis of complex nanostructures and that structures
such as the triblock terpolymer-directed single diamond will enable the generation of advanced multicomponent composites
with hitherto unknown property profiles.
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INTRODUCTION

X-ray tomography allows nondestructive 3D imaging of large
sample volumes due to the large penetration depth of X-rays.

continuous pathways in all three spatial directions are
) T . . 13
important for applications involving transport of electrons

or ions,"* while their distinct morphologies produce meta-

Originally used mainly for biological samples,"” it is now being
extended to materials science, including lithium-ion batteries™*
with recent improvements in resolution now allowing nano-
scale imaging.s’6 X-ray nanotomography,””” particularly that
based on X-ray ptychography, has recently enabled 3D imaging
of nanostructures in integrated circuits'’ and nanoparticle
arrays.'' Despite the enormous utility of this emerging
technique for the characterization of nanostructured materials,
its application to self-assembled nanostructures'” remains
largely underrepresented. One area where X-ray nanotomog-
raphy can be particularly useful is in the study of nano-
structured materials generated by the self-assembly of block
copolymers, especially those with 3D network structures. Their
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materials with emerging properties'”'® whose performance is
closely linked to structural details of the underlying network."”

However, the identification of networks formed by the self-
assembly of block copolymers remains challenging. Unlike
their natural counterparts, for example in butterflies,"® they
often exhibit symmetry-breaking distortions'® that are difficult
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Figure 1. Replication of a self-assembled polymer network and its volumetric reconstruction. (a) Chemical structure of polyisoprene-block-
polystyrene-block-poly(glycidyl methacrylate) (PI-b-PS-b-PGMA, ISG), where PI is shown in blue, PS in red, and PGMA in green. (b)
Scheme of sample preparation. From an ISG terpolymer film prepared by solvent vapor annealing, the PI phase is selectively removed to
form a voided film, which is backfilled with gold by electrodeposition. PI is shown in blue, PS in red, PGMA in green, and gold in yellow. (c)
3D reconstruction of the gold network determined by PXCT and exemplary cross-section. (d) Comparisons between cross-sections
extracted from the reconstructed volume obtained by PXCT (left) and cross-sections of the single diamond (SD) according to the level-set
model in eq 1 (right). The Miller indices of the SD level-set are written as {hkl). (e) Entire reconstructed volume containing three grains
(yellow, green, and blue), separated by grain boundaries (pink). Full analysis of these grain boundaries (see also Karpov et al.”*) revealed a
pair of topological defects (black circles). Across the different grains and grain boundaries, cross-sections were extracted along the black
dashed lines, intersecting at one of the topological defects. (f) Cross-section across yellow and blue grains separated by a defect (pink). The
strut patterns agree with selected SD level sets (eq 1; shown as insets) but change their orientation and compress when moving toward the
defect. (g) Cross-section across the yellow, green, and blue grains and their respective boundaries, revealing that the strut pattern rotates
and deforms as the domains approach a grain boundary and defects. Scale bars: 100 nm in panel d, 1 gm in panel e, and 500 nm in panels f
and g.

to assess using conventional characterization techniques such
as X-ray scattering.”” The situation is exacerbated by the
transition from diblock copolymer to triblock terpolymer-
derived materials, as reported herein, which exhibit even more
complex phase behavior, including multiple network struc-
tures.”' Here we show that X-ray nanotomography allows the
unambiguous assignment of a rarely observed network
structure in self-assembled synthetic materials and visualizes

its structural changes over mesoscopic distances in a multigrain
sample.

RESULTS AND DISCUSSION

The experimental system consists of the previously unreported
polyisoprene-b-polystyrene-b-poly(glycidyl methacrylate) (PI-
b-PS-b-PGMA, 1SG) triblock terpolymer, the chemical
structure of which is shown in Figure la. ISG was synthesized
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Figure 2. Experimental and simulated orthoslices. (a) Representative subvolume extracted from within the yellow grain of the tomogram,
away from any grain boundary, with orthogonal slices shown on the left and the corresponding cross-sections with color-matched frames
shown on the right. Scale bars: 200 nm. (b) Cross-sections of an SD level set computed from eq 1, matching the experimental cross-sections
of panel a. The angles between the computed slices are a,, = 92°, &, = 107°, and @, = 97°, indicating that the experimental network is
distorted compared to the ideal SD in the level set model. The green outlined cross-section, corresponding to a substrate-parallel

orientation, is close to the (110) plane of the SD.

by sequential anionic polymerization according to established
procedures”””* described in the Methods. The asymmetric
composition of the ISG terpolymer, with volume fractions of
fr1 = 029, fps = 0.52, and fpgma = 0.19, allows curved
interfaces between the phases formed by the different blocks,
characteristic of 3D network structures, while its molar mass of
67.4 kg/mol is sufficiently high to induce self-assembly.”’
Large grains of 3D block copolymer networks are typically
formed by slow solvent casting, often over several days.'”*> A
similar protocol was used here to produce a well-ordered
nanostructured network in an ISG terpolymer film by
controlled swelling in the vapor of the organic solvent
tetrahydrofuran (THF), followed by slow drying over a period
of 44 h. The dried film was voided by selective removal of the
PI phase. The resulting nanoporous polymer template was
then backfilled with gold by electrodeposition to replicate the
network structure created by the PI phase®® and enhance X-ray
contrast (Figure 1b; details of the sample preparation are given
in Methods). The structural agreement between the polymer
film and the Au replica was confirmed by X-ray scattering
(Supporting Information Figure SI).

For the unambiguous morphological assignment of 3D
network structures, tomographic imaging and 3D reconstruc-
tion of the structure are essential. Established 3D imaging
using TEM tomography typically produces volumes of 10s to
100s of unit cells, allowing quantitative structural analysis,””*"
while more recent FIB-SEM tomography extends this to 1000s
of unit cells.'"””” The ptychographic X-ray computed
tomography (PXCT)”'”'" reported here allows imaging of
about 70000 unit cells of a 3D network structure (as detailed
below) with an estimated half-pitch resolution of approx-
imately 11 nm, i.e., substantially larger sample volumes than
with any previous technique. From a cylindrical pillar sample
with a diameter of 8 ym, the 3D gold network within a PS

polymer matrix was reconstructed with a voxel size of 6.04 nm,
resulting in the tomogram shown in Figure 1lc,e. The PXCT
experiment and the pillar sample preparation are described in
detail in Methods.

Morphological analysis of the network is greatly facilitated
by the ability to extract a virtually unlimited number of cross
sections from the tomogram, which can be compared with
cross sections calculated from model structures. Several
distinctive patterns were observed in the cross sections
extracted from the reconstructed volume of the 3D gold
network at various orientations. Despite some angular
distortion, a matching plane was found in the single-diamond
(SD) network for each of these cross sections (Figures 1d and
S$2). The quality and number of matching cross sections found
between the experimental and calculated data allow confident
assignment of the network to the SD. For the calculation of the
planes in an ideal SD—a triply periodic minimal surface with
space group Fd3m (Q**")—its isosurface was approximated by
the following level-set equation:

cos(Z) sin(X + Y) + sin(Z) cos(X — Y) < ¢t (1)

where t = 2.4(f — 0.5) is a parameter related to the fill fraction
f of the solid network phase. A volumetric SD is then defined
by filling the channels bounded by one side of the isosurface
(the other side being the matrix) while its skeleton is the
network passing through the middle of each strut.

For the ISG terpolymer network, this means that a PS matrix
separates SDs of PI and PGMA, forming what is known as an
alternating diamond “D. Figure 1b (BCP film) shows an ISG
AD, plotted from the level-set equation (eq 1) with fp; = 0.29,
frs =0.52, and fpgua = 0.19. In general, the *D is characterized
by the same Fd3m space group (Q**) as the SD, whereas the
double diamond (DD), for which both networks are made of
the same material, is described by the Pn3m space group
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Figure 3. Unit cell distortion. (a) Conventional unit cell within a translucent volume rendering of the reconstructed network, with the
substrate-normal facing up as indicated by the orange arrow. (b) Conventional unit cell extracted from the tomogram along with the
determined unit cell parameters (a, b, ¢, &, f3, ¥). The stripe patterns seen on the unit cell surface are characteristic of the {100} family of
planes. The plane with the blue outline is parallel to the sample normal. (c) Conventional unit cell in a translucent volume rendering of the
DSD with the [110] direction pointing upward, which corresponds to the orientation of the experimental data. (d) DSD unit cell resulting
from the affine transformation of a cubic unit cell according to eq 2. (e) Conventional cubic unit cell in a translucent volume rendering of an
SD with the [110] direction pointing upward. (f) Conventional cubic unit cell of an SD level set plotted from eq 1 with a fill fraction f = 0.4.

(Q***). This distinction is crucial for self-assembled structures:
since the two networks are made of different materials, only an
AD can serve as a template for an SD that can be accessed by
the described gold replication protocol (see Figure 1b, Au
backfilled film).

After data segmentation and rendering, a reconstructed
network of three distinct grains separated by boundaries is
observed (Figure le). Cross-sectional images of the entire
volume reveal spatial heterogeneities in the network within the
grains as one approaches a boundary (Figure 1f,g). Away from
grain boundaries, the network structure agrees well with the
SD level-sets. However, approaching a grain boundary

26506

increases apparent strain, resulting in compression and bending
of the strut network. To analyze these spatially heterogeneous
deformations, we first examine the network away from grain
boundaries in this manuscript, while the analysis of network
deformations near grain boundaries is addressed in a
companion paper.””

In a more refined and quantitative analysis, three pairwise
orthogonal slices were extracted from inside a grain, away from
any grain boundary (yellow grain in Figure le). These slices
consisted of one parallel and two perpendicular to the
substrate (Figure 2a) and were matched to pairwise
(approximately) orthogonal cross sections of a level-set
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Figure 4. Skeletal analysis of the ptychography data. (a) Subvolume (V =~ (145 nm)?) of the ptychography data set with a single node
highlighted in yellow. (b) Extracted single node. (c) Skeleton of a subvolume of the ptychography data set color-coded with the strut length.
The short blue struts having a common upward direction are likely caused by shrinkage as the film dries. (d) Definitions of strut length L,
bond angle 0, coordination number CN, and dihedral angle @. (e) Examples of 3-connected and 4-connected struts in a model DSD. (f) Two
equivalent subvolumes extracted from the experimental data set (dark blue) and the model DSD (light blue). (g) Comparison of top- and
side-view skeletons of subvolumes (V = 430 X 430 X 260 nm®) extracted from the experimental data set (dark blue) and the model DSD
(light blue). (h) Strut length (left) and coordination number distributions (right) computed for a model DSD with a resolution of 1 nm and

a minimum strut length of 18 nm (see Figure S8 for details).

generated SD (Figure 2b). This simultaneous agreement
between experimental and simulated slices in all three spatial
directions not only proves the morphological assignment of an
SD, but also allows the orientation of the network to be
determined and its distortion to be quantified. Based on the
matching orthogonal slices, a substrate normal of the SD of i =
(0.71, 0.70, 0.03) was determined, approximating a (110) out-
of-plane orientation, i.e. a substrate-parallel orientation of the
(110) planes. The two micrometre-wide grains reconstructed
from the micropillar sample (yellow and green grains in Figure
le) both show a uniform orientation of their (110) planes
across the thickness of the extracted sample (Figure S3). We
imagine that such uniformity in the orientation of the sample is
valuable, for example, in the interaction with light.

Following previous arguments,”” we rationalize the observed
orientation of the lattice underlying the self-assembled ISG
terpolymer network by comparing the composition of the
(110) and other distinct planes of the “D morphology (Figure
S4). The composition of the 110 planes differs from the other
planes in that (i) it has the largest variation in the volume
fraction of the matrix phase, and (ii) it has the overall highest
value of the maximum volume fraction of the matrix phase
(74%), which represents a significant deviation from its bulk
volume average of 52% (=fps). This maximum is reached when

the other two phases (PI and PGMA) form centered
rectangular lattices shifted by half a unit cell (Figure S4a).
Preferred lattice orientations are commonly observed for other
cubic morphologies in self-assembled block copolymer films.
The double gyroid and the alternating gyroid, for example,
favor a substrate-parallel orientation of their (211)*° and
(110)*" planes, respectively. Analogous to the alternating
diamond studied here, these are the planes with the greatest
compositional variation. Preferred orientations also extend to
noncubic morphologies, such as block copolymer lamellae and
cylinders, which typically orient in the plane of the film.****
While this behavior is commonly attributed to the preferential
wetting of one of the blocks at the film interfaces, the
orientation of a block copolymer morphology also depends on
the annealing kinetics and the solvent used.”*

Based on the assignment of the orientation, the {100} family
of planes was located in the reconstructed volume to extract
the experimental conventional unit cell (Figure 3). This gives
unit cell parameters of 75, 108, and 49 nm, and angles between
the [100], [010], and [001] directions of & = 89°, # = 90°, and
y = 117°, approximating a monoclinic unit cell. Its evident
angular deformation is most pronounced between the two
planes separated by y. Note that the replication process did not
result in any observable structural changes based on SAXS data
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(Figure S1). Furthermore, the structure of the micropillar
sample remained stable under X-ray exposure throughout the
PXCT measurement (Figure S11). Instead, the observed
deformation aligns with the vertical shrinkage commonly
observed in films of self-assembled morphologies during drying
(Figure 3a). Shrinkage during solvent processing has
previously been shown to induce significant lattice distortions
in cubic gyroids.35’36 Since the unit cell obtained here also
differs from a cubic unit cell (Figure 3f), a deformed single
diamond (DSD) was generated by modifying the SD level-set
model to match the experimental unit cell parameters. This
was achieved by scaling and shearing an SD with all lattice
parameters equal to about 71 nm, which corresponds to a
volume-conserving 3D affine transformation represented by
the following matrix:

S, —0.5095S, 0

T=OSy 0

0 -0.0185, S, (2)

where S, & 0.94, S, & 1.53, and S, & 0.72 are the scaling
factors. The resulting DSD is shown in Figure 3¢,d and is in
excellent agreement with the experimentally determined unit
cell shown in Figure 3a,b. The model, therefore, suggests that
the observed monoclinic distortion of the unit cell can be
described by affine transformations of an ideal cubic SD.

The exceptionally large volume of the full reconstructed
network with approximately 70,000 unit cells combined with
the small voxel size of 6.04 nm provides an excellent
opportunity for statistically meaningful structural analysis
down to individual network nodes. This includes the network
structure both within a single grain and close to a grain
boundary (yellow grain in Figure le), which is discussed in a
separate research article.”> A subvolume of the full
reconstructed data and a representative 4-fold connected
node are shown in Figure 4a,b. Skeletonizing such a 3D data
set, i.e. replacing volumetric struts connecting two vertices with
their medial axis, generates a ball-and-stick model from which
structural parameters such as the strut length L, bond angle 6,
dihedral angle ¢ and coordination number CN can be
extracted (Figure 4d,e). For the experimental data set and
the computed DSD, the investigated volumes are V ~ 1.0 X 1.5
X 0.3 um?®, containing approximately 10,000 nodes. The DSD
model agrees well with the experimental data set, both
qualitatively (Figure 4fg) and in the associated quantitative
structural analysis (Figure S7).

Given this good agreement, the structural parameters were
assessed using the skeleton of a high-resolution DSD model
(voxel size 1 nm), which enables a refined structural analysis.
The skeleton of this DSD model exhibits a trimodal
distribution of strut lengths, centered around 5, 25, and 40
nm (Figure 4h). The skeleton of the experimental data (Figure
4c) features similarly short (blue) struts in the direction
approximately orthogonal to the substrate. However, a closer
analysis of the skeletonization (Figures 4e and S6) reveals that
these struts result from resolution-dependent skeletonization
artifacts and are therefore artificial, unlike the bridging struts
observed in double gyroid samples using a high-resolution
TEM tilt-series.”” Note also that the voxel size should ideally
be at most one tenth of the size of the smallest feature in a
sample in order to obtain a faithful volumetric reconstruc-
tion.> Imposing a minimal strut length of 18 nm removes

these unphysical struts by merging two closely neighboring
nodes into one, which yields a perfect 4-fold connectivity
(Figures 4h and S8) characteristic of the diamond structure
(Figure SSa,c). Although individual struts are not perfectly
aligned with the shrinkage direction in the corrected network,
shorter struts are mostly in planes perpendicular to the
substrate, while longer struts are primarily in the film plane
(not shown). The distribution of bond angles shows one peak
centered around € = 80° and three additional peaks between
120—140° (N = 30.000), while the distribution of the dihedral
angles displays main peaks at approximately { + 180°, 0°} (N
~ 25.000) (Figure S8). Given the unit cell distortion described
above, which results from shrinkage of the terpolymer film
during drying, these values differ from the values expected for a
level-set cubic SD shown in Figure S5 (CN = 4; 6 = 109.5% ¢
= +60° =+180°). The experimental structure is, however,
closely related to an SD (see Figure SSab), in particular
retaining its 4-fold connectivity.

While the SD is commonly observed in the exoskeletons of
beetles and weevils,”” it has only recentl}r been achieved
synthetically, for example in liquid crystals and colloids.*'
Our observation of an alternating diamond (consisting of two
shifted SDs) in a terpolymer may also be surprising. Indeed,
from a thermodynamic standpoint, its formation is predicted
only over a very limited region in phase space.*” The scarcity
of self-assembled BCP diamonds, especially the alternating
diamond observed here, is associated with their higher free
energy compared to gyroid networks. This is because three-
connected gyroid nodes exert less entropically penalized
stretching on the 4polymer chains than the four-connected
diamond nodes.””** This unfavorable chain stretching in
copolymers can be relieved if the nodes are sufficiently filled
with other molecules.*” Following this idea, block copolymer
diamonds were stabilized, for example, by adding homopol-
yrner,46 small molecules,”” or by blending copolymers of
different chain lengths.***’ While in the present study solvent
molecules were added to the ISG terpolymer during
processing, the final structure is dry. The diamond produced
therefore consists only of terpolymer. Skeletal analysis of the
high-resolution tomogram revealed a distortion of the diamond
network and its nodes. However, the effect of such elongated
nodes on the overall free energy of the diamond and the degree
of chain stretching remains unclear. Alternatively, the diamond
may have been stabilized in the presence of the solvent, and
then kinetically trapped in the dry film, as previously seen in
other network structures.”> These open questions could be
addressed using computational approaches such as self-
consistent field theory (SCFT), tailored for studying the
unknown ISG terpolymers and their interactions with the
solvent.

CONCLUSIONS

Our observations have been made possible by recent advances
in X-ray nanotomography, which now allows for high-
resolution imaging of large sample volumes. Analysis of up
to 70,000 unit cells in a self-assembled triblock terpolymer
network with sub-15 nm half-pitch resolution enabled
identification of the elusive single-diamond morphology.
Such high-resolution, real-space 3D structural information
not only allows the unambiguous assignment of complex
network morphologies, but also allows quantification of
relevant structural distortions. This capability extends to
detecting spatially heterogeneous deformations, which often
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complicate structural analysis based solely on scattering
experiments (as shown in Figure S12). Along with the study
of mesoscale defects and grain boundaries,”” this constitutes an
emerging area in soft matter crystal analysis.'” In future
studies, the noninvasive nature of X-ray nanotomography may
further allow such detailed structural information to be directly
coupled with subsequent material property investigations. This,
in turn, may provide opportunities to establish structure—
property relationships at increased levels of structural detail.
This is particularly relevant for nanostructured multicompo-
nent materials such as the polymer—metal composites studied
here, where structural details are expected to have substantial
effects, e.g,, on photonic/plasmonic material properties.'”

METHODS

Triblock Terpolymer Synthesis. Standard Schlenk line techni-
ques were used throughout the synthesis of the polyisoprene-block-
polystyrene-block-poly(glycidyl methacrylate) (PI-b-PS-b-PGMA,
ISG) triblock terpolymer. Diphenylethylene-end-capped PI-b-PS
(IS-DPE) was synthesized from isoprene (99%, Sigma-Aldrich),
styrene (>99%, Sigma-Aldrich) and 1,1-diphenylethylene (Sigma-
Aldrich) by sequential anionic polymerization’”>° using sec-
butyllithium (Sigma-Aldrich) in benzene. The solvent was exchanged
to tetrahydrofuran (THF) containing S equiv. lithium chloride with
respect to the sec-butyllithium by cryogenic-assisted vacuum
distillation (anhydrous, inhibitor-free, 99%, Sigma-Aldrich). Glycidyl
methacrylate (>95%, TCI America) monomer was vacuum distilled
over calcium hydride and filtered through active alumina (Fisher
Scientific) in an inert atmosphere glovebox, then vacuum distilled
again over calcium hydride.’’ In both distillation processes, the first
and the last fractions of the distillate were removed. Glycidyl
methacrylate monomer was slowly added to IS-DPE in THF at —78
°C and allowed to react for 2 h. The polymer was then quenched with
degassed methanol (Macron Chemicals), immediately precipitated in
methanol, and then dried under reduced pressure for 48 h. The total
molar mass of the ISG terpolymer was 67.4 kg/mol, as determined by
a combination of gel permeation chromatography of the PI block
(GPC, Figure S9) and proton nuclear magnetic resonance spectros-
copy of the final ISG terpolymer ("H NMR, Figure S10). The
polydispersity index of the final ISG terpolymer determined by GPC
was 1.08 and its block volume fractions determined by 'H NMR were
for = 029, fps = 0.52, and fpgya = 0.19 (Figure S10).

Preparation of Polymer Films. The ISG terpolymer film was
prepared using fluorine-doped tin oxide (FTO)-coated glass as
substrate. Prior to film processing, the FTO-coated glass was etched
in Piranha solution and subsequently functionalized by immersion in a
4.3 mM solution of octyltrichlorosilane (Sigma-Aldrich) in anhydrous
cyclohexane (Sigma-Aldrich) for 12 s. The polymer film on an FTO-
coated glass substrate was prepared by spin-coating a 10 wt % solution
of ISG terpolymer in anhydrous anisole (Sigma-Aldrich) for 60 s at
1200 rpm with an acceleration of 500 rpm/s. Using oxygen plasma
cleaned (Diener MRC 100, 100 W, 2 min) silicon substrates, the
above protocol resulted in approximately 600 nm thick ISG
terpolymer films as determined by thin-film interferometry (not
shown).

Solvent Vapor Annealing (SVA). The ISG terpolymer film was
annealed in a sealed polyether ether ketone (PEEK) chamber. Two
gas lines were connected to the chamber inlet: one pure nitrogen line
and one nitrogen line that passed through a solvent reservoir before
entering the chamber to enrich the nitrogen carrier gas with solvent
vapor. Gas flow in these lines was controlled by digital mass flow
controllers (MKS Type MF1) with a maximal flow of 100 sccm.
Adjusting the flow through the nitrogen and solvent vapor lines allows
control of the concentration and the composition of the solvent vapor
environment in the chamber. A manual mass flow controller
connected to the exhaust line was used to adjust the pressure inside
the chamber. THF (Sigma-Aldrich) was used as a solvent.

The temperature in the annealing chamber was held constant at
21.3 °C, controlled by a Peltier element mounted on a copper plate
that in turn served to mount the sample. The temperature of the water
bath (ThermoFisher ARCTIC SC150-A10B Refrigerated Circulator)
containing the solvent reservoir was fixed at ~#23.0 °C. The ambient
relative humidity was between 59 and 64% during the SVA
experiments. The temperature of the room was controlled to ~23.7
°C.

The ISG terpolymer film was annealed in THF vapor to a
maximum swelling ratio of @ & 2.1 before being subjected to
controlled drying over a period of 44 h. The swelling ratio ¢,
calibrated by measurements of ISG terpolymer films on silicon
substrates (not shown), is a dimensionless measure of the relative film
thickness and is defined as ¢ = t/t; where t is the thickness of the
swollen film and ¢, is the initial thickness of the film after spin coating.

Templated Electrodeposition of Gold. To create gold replicas
of the terpolymer gyroids, the PI block of ISG terpolymer films was
degraded by exposure to UV light (Fisher Scientific, 4 = 254 nm, 15
W, 11 cm distance between the UV lamp and the sample) for 15 min,
and subsequently removed by immersion of the terpolymer film in
ethanol for 30 min. The resulting voided network in the terpolymer
films was replicated into gold by electrodeposition using a three-
electrode cell with Ag/AgCl with KCl (Metrohm) as the reference
electrode, a Pt electrode tip (Metrohm) as the counter electrode, and
the FTO-coated glass substrate as the working electrode. A cyclic
voltammetry scan between —0.4 V and —1.15 V at a rate of 0.05 V/s
was used to nucleate gold crystals, while deposition was performed at
a constant potential of —0.756 V to subsequently fill the terpolymer
template with gold. Electroplating was performed using an AutoLab
PGSTAT302N potentiostat (Metrohm) with an Au plating solution
(matt ECF 60, Metalor) modified by the addition of 0.5% v/v of a
brightener consisting of a 66.7 mM aqueous solution of As,O;
(Sigma-Aldrich). KOH was used to adjust the pH to approximately
14.

Small-Angle X-ray Scattering (SAXS). Transmission SAXS
measurements were performed at beamline 122 of the Diamond Light
Source using an X-ray energy of 12.4 keV and a sample-to-detector
distance (SDD) of 9.8 m, which was determined by calibration to a
silver behenate (AgBe) standard. Scattering patterns were captured on
a Pilatus P3—2 M detector (Dectris) with a 10 s exposure time and
reduced using the open-source software package DAWN.>>

Grazing-incidence SAXS (GISAXS) measurements were carried
out at the Advanced Photon Source, sector 8 ID-E, at Argonne
National Lab.”® The X-ray energy used was 10.915 keV and the SDD
was calibrated to be 2.165 m using an AgBe standard. Two-
dimensional scattering images were collected at an angle of incidence
of @; = 0.14° on a PILATUS 1 M detector (Dectris) and reduced
using Nika,** a software package for IGOR Pro 6 (WaveMetrics).

Micropillar Sample Preparation with Focused lon Beams.
To perform tomographic measurements, single-diamond micropillar
samples were extracted from the gold-filled polymer template (Figure
1b). The micropillar was shaped by FIB (Focused Ion Beam)
processing using a Carl Zeiss Microscopy NVision40 FIB-SEM with
Ga ion source. First, a layer of carbon 1.5 ym thick was deposited on
the surface of the gold-filled polymer film in the FIB sample chamber,
in order to prevent damage to the single-diamond layer by the ion
beam. Next, a 30 kV/13 nA Ga* beam excavated a square area of the
protection layer and underlying layers to 12 um depth to begin
defining a pillar-shape. The final shape and diameter (approximately 8
um) of the pillar-shaped samples measured in the study was refined
by a 30 kV/3 nA Ga" beam, used to excavate to the final 15 ym depth
to minimize the possibility of beam damage to the pillar.

After FIB milling, each pillar sample was picked up by a Kleindiek
NanoControl NC40 micromanipulator system integrated with the
NVision40 FIB/SEM. The micromanipulator was fixed to the top of
the pillar’s carbon protection layer by depositing 0.3 ym thick carbon
patch and the bottom of the pillar was cut from the glass substrate by
a 30 kV/150 pA Ga' beam. Then the ?illar was picked up and fixed
close to the tip of a custom OMNY pin>> (see separate publication for
details®*) by further carbon deposition around its base.

https://doi.org/10.1021/acsnano.3¢10669
ACS Nano 2024, 18, 26503-26513


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10669/suppl_file/nn3c10669_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10669/suppl_file/nn3c10669_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10669/suppl_file/nn3c10669_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10669/suppl_file/nn3c10669_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Ptychographic X-ray Computed Tomography (PXCT).
Instrumentation and Data Acquisition. PXCT measurements were
performed at the cSAXS beamline of the Swiss Light Source at the
Paul Scherrer Institute in Villigen, Switzerland. In X-ray ptychog-
raphy, the sample is spatially scanned across a coherent, confined
beam, in such a way that neighboring illuminated areas on the sample
partially overlap.® At each scan position, coherent far-field diffraction
patterns are recorded in a transmission geometry. Iterative phase
retrieval algorithms are then used to reconstruct the image of the
sample with quantitative phase and absorption contrast.** In
ptychography, the spatial resolution is not limited by the size of the
illumination or the step size of the scan, but by the angular extent of
the scattering at which the diffraction patterns can be measured with a
sufficient signal-to-noise ratio. In practice, however, mechanical
vibrations can limit the resolution, and positioning error motions
can cause distortions in the reconstructed image. To suppress such
vibrations, we used the flexible tOMography Nano Imaging (IOMNI)
end-station' >’ (see also separate publication®). This instrument
features accurate sample positioning with respect to the beam-
defining optics using external laser interferometry combined with
sample rotation capabilities for tomography.®® This setup ensured
distortion-free acquisition of projections of the sample at 2400 equally
spaced angular positions ranging from 0 to 180 deg. The total data
acquisition time was approximately 35 h, including the overhead time
due to stage movement in between acquisitions. We estimate that the
total dose deposited on the sample during this measurement was
approximately 1.0 X 10" Gy.

For the PXCT measurements, coherent X-rays with a photon
energy of 6.2 keV were focused through a Fresnel zone plate (FZP) of
170 pm diameter and 60 nm outermost zone width, in combination
with a central stop and an order-sorting aperture, to define a coherent
illumination on the sample with a flux of 3.3 X 10° photons/s. The
FZP had locally displaced zones specifically de51gned to produce an
optimal nonuniform illumination for ptychography.>® The sample was
placed at about 0.5 mm downstream of the focus, where the beam had
a size of about 2 um. For the ptychographic scans, we used a
combined motlon between the sample and the FZP, as described
elsewhere,’” to minimize the scanning time. Ptychographic scans were
performed following the positions of a Fermat spiral pattern®' with an
average step size of 0.5 ym, covering a field of view of 12.5 X 3.7 um®.
At each scan position, diffraction patterns were recorded with an
acquisition time of 0.1 s usmg an in-vacuum 1.5 M Eiger detector®
with a pixel size of 75 X 75 um® The detector was placed at a distance
of 2.264 m from the sample inside an evacuated flight tube to reduce
air absorption and scattering background. The ptychographic
projections were acquired in a nonsequentlal angular order according
to a binary decomposition scheme.®® In this way, 8 subtomograms,
each with 8 times the angular spacing, were acquired consecutively in
such a way that the combination of all of them resulted in a uniform
angular space. In this way, the stability of the sample could be assessed
during acquisition (see Figure S11). The dose D imparted on the
sample was estimated as D = p/pN,EN,, * where y is the linear
attenuation coefficient, p is the mass density of the sample material,
N, is the flux density incident on the sample in photons per unit area,
E is the photon energy, and N, is the number of pr0)ectxons For the
linear attenuation coefficient we used the value for Au.”"

Ptychographic and Tomographic Reconstruction. Ptychographic
reconstructions were performed using the Ptycho Schelves package
developed by the X-ray Coherent Scattering group at the Paul
Scherrer Institute.® For the reconstructions, we selected 1000 X 1000
detector pixels, resulting in a reconstructed pixel size of 6.04 nm. For
each 2D projection, we used 500 iterations of a least-squares
maximum-likelihood algorithm with compact set approach.’” All
phase images acquired at different angles were reglstered with subpixel
accuracy using methods developed by the same group.®**” In addition
to registration, these methods allowed an assessment of the sample
stability during acquisition, confirming that the high dose delivered to
the sample did not cause any significant change in its structure at the
achieved resolution (see Figure S11). After registration, tomographic
reconstruction was performed by filter back projection using a Ram
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Lak filter with a frequency cutoff of 1. A Fourier shell correlation
analysis’® of the resulting 3D data set estimated a half-pitch resolution
(i.e., half the distance between two resolved features) of
approximately 7 nm, while line profile analysis provided a more
conservative half-pitch resolution estimate of approximately 11 nm, as
detailed elsewhere.”

3D Reconstruction and Analysis. Image stacks were processed
using Fiji’' and FEI Avizo for Materials Science 2020.2 software for
basic image processing, 3D reconstruction and statistical analysis. A
median filter was applied to despeckle and smooth the images.
Segmentation was performed in Fiji using the trainable Weka 3D
segmentation plug-in.”> Skeletonization was then performed in Avizo
using an algorithm based on distance mapping and thinning. The strut
length distribution and average coordination number (CN) were
computed using Avizo’s built-in features. Bond and dihedral angles
were computed in Matlab v.2021b from the positions of all connected
nodes derived from the skeleton.
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