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Atomic-scale observation by aberration-corrected scan-
ning transmission electron microscopy (STEM) is essential for
characterizing supramolecular assemblies with nonperiodic structures.
Identifying the relative spatial arrangement in a mixture of molecular
species in an assembly is crucial for understanding chemical reaction
systems occurring in the assembly. Herein, we report the first direct
observation of supramolecular assemblies comprising anionic clay
mineral nanosheets and two types of cationic porphyrin complexes
with Pt and Pd atom markers by annular dark-field STEM, enabling the
simultaneous imaging of well-mixed spatial molecular distributions. The
results expand the possibility of applying electron microscopy to self-
assembly structures constructed via weak supramolecular interactions on
relatively thick nanosheet materials and on one- to few-atom-thick graphene analogues, which will provide important guidelines for
future material design.
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tomic-scale observation by aberration-corrected (scan- Cationic Organic Molecule

ning) transmission electron microscopy ((S)TEM) is
essential for the characterization of nanomaterials with
nonperiodic structures, such as supramolecular assemblies
comprising organic molecules and inorganic substrates.'
Understanding the behavior of molecules in nonperiodic
supramolecular assemblies at the molecular scale, such as
intermolecular distance, orientation, and molecular structural
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changes, is essential for a deeper understanding and control of o 08l { o
the functions of materials. Beyond the averaged structural st e 2 Te:::ee;ral
information generally obtained by spectroscopic, crystallo- et
graphic, and nuclear magnetic resonance (NMR) techni-
ques,7_” the direct imaging of individual molecules in Figure 1. Schematic of a supramolecular assembly based on multiple
supramolecular assemblies provides important guidelines for electrostatic interactions between the anionic clay mineral nanosheet
designing nanomaterials. and two types of cationic metalloporphyrins (left) and cross-sectional

Recently, we successfully demonstrated the first annular i@age of the uni.t strgcture of the monolayer clay mineral nanosheet
dark-field (ADF) STEM observation of an assembly of organic (right, montmorillonite).
molecules on monolayer montmorillonite-type clay mineral
nanosheets anchored via multiple electrostatic interactions
using Pt-coordinated porphyrin complexes, where the Pt atom
worked as a marker.'” Montmorillonite, a typical clay mineral, June 22, 2022 o
is layered aluminosilicate with atomically flat surfaces and high July 28, 2022 ¥
surface charge densities in which Mg** is isomorphically August 1, 2022 '

substituted with AP* in the octahedral layer (Figure 1, right August 3, 2022
panel), which generates a Coulombic field to form stable
complexes with cationic molecules.”” ' The key factor for the
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stable observation of individual organic molecules in a
supramolecular assembly is the strong fixation of molecules
via multiple electrostatic interactions, which allows for the
determination of the relative spatial arrangement of the
molecules. Because the ADF-STEM contrast is proportional
to the 1.4th—2nd power of the atomic number (Z-contrast),"”
various molecules should be simultaneously identifiable using a
series of markers with different atomic numbers. The assembly
of various molecules is a decisive idea in designing
intermolecular chemical reactions, on-surface organic syn-
thesis, and photochemical energy or electron trans-
fors./S1011,14

Therefore, identifying the relative arrangement of heteroge-
neous molecules in an assembly is crucial for a detailed
understanding of the functions and chemical reactions
occurring in the assembly (see the common distribution
models in Figure S1 in the Supporting Information).””'>"¢
Herein, we demonstrate the first direct observation of a well-
mixed spatial molecular distribution of two types of porphyrin
complexes with Pt and Pd atom markers on relatively thick
monolayer clay mineral nanosheet strongly anchored via
multiple electrostatic interactions.

Figure 1 illustrates the structure of the Pt+PdTMPyP-clay
mineral nanosheet assembly. It was prepared by mixing the
aqueous dispersion of clay mineral nanosheets and two types of
tetrakis(1-methylpyridinium-4-yl) porphyrins coordinated with
Pt (PtTMPyP) and Pd (PdTMPyP) in a ratio of 1:1 (mol/
mol), denoted as Pt+PdTMPyP. Both Pt- and Pd-porphyrin
complexes have four cationic substituents in their structures
and thus form stable complexes with clay mineral nanosheets
via multiple electrostatic interactions. The monomeric
adsorption of Pt+PdTMPyP on the clay mineral nanosheets
was confirmed by the absorption spectra of Pt+PdTMPyP-,
PtTMPyP-, and PATMPyP-clay (Figure 2). The concentration
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Figure 2. Absorption spectra of Pt+PdTMPyP (black), PtTMPyP
(red), and PATMPyP (blue) on clay mineral nanosheet and the sum
of the spectra of PtTMPyP and PATMPyP (green). Dye loading of
PtTMPyP and PATMPyP was 45% CEC of clay.

of molecules on the clay mineral nanosheets was expressed as
the loading level vs cation exchange capacity (CEC) of the
clay, which is the ratio between the amount of cation charge of
the molecule and the CEC of the clay mineral nanosheet. The
saturated concentration of monomeric adsorption of both
PtTMPyP-clay and PATMPyP-clay was determined to be 90%
(Figure S2). The absorption spectrum of the mixed sample (Pt
+PdTMPyP-clay) can be fitted by the sum of the individual
absorption spectra of PtTMPyP-clay and PdTMPyP-clay
(Figure 2), indicating that both molecules adsorb monomeri-
cally on the clay mineral nanosheet, even in the mixed sample.
Further, the constant spectral features of the 45 and 90%
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samples indicate monomeric adsorption even under dense 90%
conditions (Figure S3). ADF-STEM observations were
conducted on a sample with a saturated molecular concen-
tration of 90%, which had a uniform density. Note that the
maximum absorption wavelength shifted to a longer wave-
length upon adsorption on the clay mineral nanosheet (Figures
S2 and S3) because of the planarization of the methylpyr-
idinium substituent with respect to the porphyrin core, as
reported elsewhere.®

Before the ADF-STEM measurements, a multislice ADF-
STEM image simulation was performed to evaluate the
difference in ADF-STEM contrast between Pt and Pd markers
on clay mineral nanosheets. An atomic model of Pt
+PdTMPyP-clay (Figure 3a) was constructed to ensure that
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Figure 3. (a) Atomic models of PtTMPyP and PdTMPyP on a
monolayer clay mineral nanosheet, (b) corresponding simulated
ADF-STEM image, and (c) intensity profile of the yellow boxed
region in (b). Scale bar = 1 nm. Hydrogen atoms in clay mineral
nanosheets are omitted for clarity.

the nitrogen atoms of the methylpyridinium substitutes of the
molecule and the oxygen atoms on the surface of the clay
mineral nanosheets were in the closest proximity considering
their van der Waals radii. The dihedral angle between the
porphyrin core and methylpyridinium substituents was set to
42°, as described in our previous study.'” ADF imaging is
considered an incoherent imaging, wherein the ADF-detected
emission intensities from scattered electrons can be quantita-
tively analyzed as the integral of the intensities scattered by
each atom. When the inner semiangle of the ADF detector is
sufficiently large, scattering by the nuclear potential becomes
dominant and the effect of coherent scattering can be almost
ignored. Therefore, the thermal diffusion scattering (i.e.,
Rutherford scattering) becomes dominant, and the ADF signal
is then progortional to the 1.4th—2nd power of the atomic
number Z."* Under this assumption, which is applicable to the
current work (see the experimental details and calculation
conditions in the Supporting Information), the simulated
ADF-STEM image of Pt+PdTMPyP-clay in Figure 3b shows
that both Pt and Pd markers can be visualized on clay mineral
nanosheets with distinct differences in their intensities (see the
same simulation image without annotations in Figure $4). The
intensity profile of the yellow boxed region in Figure 3b
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Figure 4. Experimental ADF-STEM images of (a) pristine clay mineral nanosheet at low magnification and (b) PtTMPyP-, (c) PATMPyP-, and
(d) Pt+PdTMPyP-clay at dye loadings of 90% vs CEC of clay. (e) Distribution of Pt and Pd markers in (d) indicated by red and blue circles,
respectively. (f—h) Enlarged images of the white boxed region in (e) obtained by repeated scanning from the first to the third scan. (i)
Corresponding intensity profiles of the yellow boxed regions in (f) of first (solid), second (dashed), and third (dotted line) scans. Scale bar = 50

nm for (a), 2 nm for (b—e), and 1 nm for (f—h).

indicates the intensity ratio between the Pt and Pd markers is
approximately 2 (Figure 3c). Thus, Pt and Pd atom markers
can be intuitively identified by the difference in the ADF-
STEM contrast.

Figure 4 shows the results of the ADF-STEM observations at
the acceleration voltage of 80 kV for the PtTMPyP-,
PdTMPyP-, and Pt+PdTMPyP-clay assemblies (see the details
of imaging parameters in experimental section in the
Supporting Information). The ADF conditions were set for
the following reasons: (1) the crystal structure of the clay
mineral nanosheet remained intact during several repeated
scannings; (2) the periodical contrast of the clay mineral
nanosheet and bright contrast of metal atoms were stably
observable without significant streaking. As shown in the low-
magnification image of the pristine clay mineral nanosheet in
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Figure 4a, the sample was deposited horizontally on the pores
of the lacy carbon film. The monolayer region was determined
by the difference in contrast. High-magnification ADF-STEM
images of PtTMPyP- and PATMPyP-clay (Figure 4b,c) show
apparent bright spots corresponding to Pt and Pd markers and
periodic contrast of the clay mineral nanosheet (also see Figure
S5a)."” The bright spots were not found to segregate to the
edges, interior, or interlayers of the clay mineral nanosheet,
indicating that the molecules were uniformly adsorbed and
were well-dispersed on the nanosheet surface. The Zn-
coordinated counterpart showed no apparent bright spots,
and the contrast was similar to that of the pristine clay mineral
nanosheet (Figure SS5b). Therefore, an element with an atomic
number smaller than Zn (Z = 30) is not suitable as an ADF-
STEM marker on relatively thick clay mineral nanosheets.
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Although various elements, even those with small atomic
numbers such as Cu (Z = 29),"® have been reported to be used
as markers in ADF observations for one- or few-atom-thick
materials such as graphene'®™** and monolayer MoS,,** clay
mineral nanosheets with a relatively complex unit layer
structure limit low-contrast observations.

The experimental ADF-STEM image of the Pt
+PdTMPyP90%-clay assemblies in Figure 4d shows bright
spots with two different levels of intensity, which are
considered to be Pt and Pd markers, respectively. The intensity
histogram of bright spots in Pt+PdTMPyP-clay in Figure S6a
exhibits a bimodal distribution, where the two peaks are
considered to be Pt and Pd atoms, and their counts are
approximately the same. According to the classification
obtained from the histogram, the well-mixed distributions of
PtTMPyP (red) and PATMPyP (blue) were visualized at the
atomic scale for the first time, as shown in Figure 4e. A Pt/Pd
ratio of approximately 1:1 was observed in every region of the
image, for example, 6 X 6 nm’ including ~15 molecules,
indicating that the two types of molecules were in a well-mixed
distribution without phase separation. While dyes generally
tend to exhibit a segregation structure on solid surfaces, a
uniform spatial distribution was observed owing to the strong
host—guest interaction caused by multiple electrostatic
interaction.'>'® In addition, the approximation of the dye
structure (Pt- and Pd-TMPyP) might contribute to the
realization of a uniform structure.

The number density of molecules calculated under the
preparation condition at a loading level of 90% vs CEC of clay
(42.4 molecules per 100 nm*) matched well with that of the
bright spots obtained from the ADF image (42.0 molecules per
100 nm?). Further, the intensity histograms of the bright spots
obtained from the ADF-STEM images of PtTMPyP (Figure
S6b) and PATMPyP (Figure S6c) show unimodal distribu-
tions. The intensity distribution can originate from the blurring
of bright spots by molecular vibration, drifting of the specimen,
and overlap with the contrast of clay mineral nanosheets.
Although the bimodal distribution in the intensity histogram of
Pt+PdTMPyP-clay (Figure S6a) partly overlap, the atomic
species can be characterized accurately by separating the
contrast of the clay mineral nanosheets using the intensity
profile of the local region, as follows.

Figure 4f—h shows the sequential ADF-STEM images of the
white-boxed region in Figure 4e from the first to the third
scans. Note that the shift of the entire sample to the upper
right is due to the stage drift. The stable observation of markers
without any aggregation, migration, or dropout was demon-
strated during the repeated scans by taking advantage of the
strong fixation by multiple electrostatic interactions. > Also, a
cleavage of the C—H bonds and subsequent cross-linking
between adjacent molecules can lead to pseudostability of the
heavy metal markers. We have already confirmed that there
was a low possibility of cross-linking at least between the
molecules using low-density molecular assembly of 20% vs
CEC of clay to ensure a higher proportion of completely
isolated PtTMPyP molecules, which also showed no
aggregation, migration, or dropout of the bright spots.'” It is
rarely reported in most systems observed using STEM owing
to the relatively weak interactions between the guest molecules
and the host, such as graphene.'”*” Figure 4ij shows
representative intensity profiles of each combination of bright
spots indicated by the yellow boxed region in Figure 4f. The
intensities of Pt and Pd were determined by subtracting the
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contrast of the clay mineral nanosheet to be 7.8 X 10* and 3.7
X 10* in Figure 4i, respectively, and 7.0 X 10* and 3.9 X 10* in
Figure 4j, respectively. Similar to the intensity profile of the
simulation shown in Figure 3c, the intensity ratio between Pt
(brighter spots) and Pd (slightly darker spots) was
approximately 2. Note that the contrast between the brighter
and darker spots shows no apparent changes during repeated
scans, indicating that the obtained contrast was caused by the
atomic number of the marker and not by pseudoeffects such as
blinking due to molecular motions. Therefore, the combination
of metal atom markers of Pt (Z = 78) and Pd (Z = 46) with
sufficiently different atomic numbers and ADF contrast enables
the simultaneous imaging of spatial molecular distributions by
ADF-STEM.

In conclusion, we succeeded in the first direct imaging of a
well-mixed spatial distribution of two different types of
molecules on monolayer nanosheet surfaces. The methodology
presented here provides potential access to considerable local
information at atomic scales, including other spatial molecular
distributions and orientations. We believe that direct imaging
by electron microscopy is a promising technique for the
structural analysis of nonperiodic molecular assemblies
constructed via weak supramolecular interactions even on
relatively thick nanosheet materials and on one- to a few-atom-
thick graphene analogues, thereby providing fundamental
guidelines for future material design in supramolecular
chemistry.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00043.

Experimental section, spectroscopic data of porphyrin-
clay complexes, ADF-STEM images of Pt-, Pd-, and Zn-
clay complexes, simulated ADF-STEM image of Pt+Pd-
clay complex, and intensity profiles (PDF)
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