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ABSTRACT: Recent developments in electron microscopy and novel techniques for the precise
control of low-dimensional substrate materials have led to the emergence of direct imaging of
organic molecules. However, supramolecular assemblies constructed via non-covalent interactions
are structurally unstable under electron bean irradiation. This study focused on a supramolecular
assembly of well-isolated organic molecules based on multivalent electrostatic interactions, where
anionically charged clay mineral nanosheets were used as a host material. Direct imaging of the
single organic molecules and supramolecular assemblies on the monolayer clay mineral
nanosheets was achieved via annular dark field scanning transmission electron microscopy using
heavy metal atom markers. The versatility of multivalent electrostatic interactions for the stable

fixation of organic molecules during electron microscopic imaging was demonstrated. This



strategy can be applied to a wide range of supramolecular systems comprising various guest

molecules and host materials, thereby broadening the scope of atomic-scale imaging.

INTRODUCTION

Improved electron microscopic equipment and techniques for the precise control of low-
dimensional nanomaterials' have led to advancements in the direct observation of single organic
molecules and their supramolecular assemblies. Electron microscopy, including aberration
corrected transmission electron microscopy (TEM) and scanning TEM (STEM), is the only
atomic-scale imaging technique that allows for direct observation of the local structure of

® Instead, conventional

individual molecules with high spatio-temporal resolution.™
characterization methods for organic materials, such as optical spectroscopy and X-ray techniques,

provide statistically averaged data based on a large number of molecules.

The isolation of organic molecules has been a key aspect of stable TEM and STEM
research during the last two decades, where the much smaller secondary electron scattering cross-
sections of these molecules result in less damage.””” Electron beam damage is an issue particularly
for the study of beam sensitive organic molecules and their assemblies and are typically suppressed
using low acceleration voltages or low electron-dose conditions.®>!! Macroscopic supporting
materials are required for fixation and isolation of the target molecules during stable TEM and
STEM observation, as they prevent dropout, migration, and aggregation. The supporting material
and target molecule should be distinguishable with a large contrast, where nanocarbon materials
(e.g., graphene, carbon nanotubes, and fullerene) are the most commonly used supporting substrate.
Several methods have been developed for the fixation of molecules to nanocarbon substrates,

including encapsulation into graphene layers, carbon nanotubes, or fullerene, direct attachment via



covalent bonding, and weak adsorption via non-covalent interactions (e.g., van der Waals or -
interactions).>%!>"!* High-resolution TEM (HRTEM) can be used to visualize an entire molecular
framework,>’ while high-angle annular dark field (ADF) STEM captures heavy metal atom
markers (e.g., Pt,"* Cu,' Ru,'® and W'®) coordinated within the molecule. These heavy metal atom
markers exhibit bright contrast in ADF-STEM, which allows for visualization of single molecules
on a host material with a more complex structure than graphene analogs with a single atom
thickness. Organic molecules in supramolecular assemblies based on non-covalent interactions
exhibit a flexible and non-periodic structure that is easily affected by the dropout, migration, or
aggregation of the molecules under electron beam irradiation. Thus, TEM and STEM analysis of

these organic molecules remains a challenge.

The use of anionic charged clay mineral nanosheets as a host material for a supramolecular
assembly of well-isolated organic molecules has been investigated to prevent aggregation via
multivalent electrostatic interactions.!” These clay mineral nanosheets are a 2D nanomaterial with
a thickness of ca. 1 nm, and can be obtained by exfoliating clay minerals, which is a layered
aluminosilicate. There are many types of clay minerals, where the smectite group (e.g., saponite
and montmorillonite) is widely used owing to its unique characteristics, including moderate
anionic charge density, exfoliation to individual nanosheets (or stacking thereof) in aqueous
solutions, and optical transparency of smaller exfoliated particles in visible light.!”>* The general
chemical formula of smectite is [(Sis-xAlx)(Mge-yAly)O20(0H)4]*(x-y)Y", where Y represents the
balancing cations that compensate for the anionic charge (Figure 1). A completely exfoliated clay

mineral (i.e., monolayer) can thus be defined as a family of 2D nanosheets.

Stable atomic-scale imaging of monolayer clay mineral nanosheets via ADF-STEM was

recently reported for the first time by the current authors.?!*? The present study aimed to directly



image single organic molecules and supramolecular assemblies on monolayer clay mineral
nanosheets using heavy metal atom markers. Electrostatic interactions are a weak non-covalent
interaction, and enabled strong fixation of each organic molecule on the ionic 2D nanosheet
supports. The local information obtained via electron microscopy using the proposed approach
was complemented with averaged information from spectroscopic analysis to correlate the
structural characteristics and properties or functionalities of individual molecular species during

characterization.
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Figure 1. Schematic illustrations of a supramolecular assembly based on multivalent electrostatic
interactions between the anionic clay mineral nanosheet and cationic organic molecule (PtTMPyP)

(left), and the unit structure of the monolayer clay mineral nanosheet (montmorillonite) (right).

EXPERIMENTAL SECTION

Specimen preparation. Montmorillonite is a typical anionic clay mineral and was acquired from
Kunimine Industries (Kunipia F). The chemical structure of montmorillonite corresponded to the

formula Nao.es(Al3.34Mgo.e6)SisO20(0H)s with a cation exchange capacity (CEC) of 1.19 meq g .



The montmorillonite was purified by preparing a raw clay dispersion (300 mL, 10 g L) in
centrifuge bottles, which was centrifuged at a rotation speed of 7000 rpm for 15 min. The
supernatant was collected, poured into a container with 1500 mL ethanol, and mixed for 1 h at
70 °C. The resulting colloidal solution was filtered through a polytetrafluoroethylene (PTFE)
membrane with a pore size of 0.1 um (Millipore). The solids were collected and dried under
vacuum in a rotary pump overnight. The dried solids were dispersed in ultrapure water and stored
overnight for complete exfoliation into nanosheets. Pt(Il) tetrakis(1-methylpyridinium-4-yl)
porphyrin chloride (PtTMPyP; Frontier Scientific) was dissolved in ultrapure water. The water
content of the clay and PtTMPyP was determined via thermogravimetry and differential thermal
analysis (TG-DTA) using a thermogravimetry analyzer (TGA, Shimadzu DTG60H) before

preparing the aqueous solutions.

Characterization. The PtTMPyP-clay assemblies were prepared by mixing the aqueous solutions
of clay and PtTMPyP. The saturated concentration for monomer adsorption was determined based
on the ultraviolet-visible (UV-vis) adsorption spectra on a series of samples with known loading
levels of PtTMPyP vs. CEC of clay ranging from 10% to 160 (UV-1800; SHIMADZU). The
STEM/TEM specimens were prepared by drop-casting the water dispersion of PtTMPyP-clay on
a perforated carbon-coated Cu grid. STEM analysis was conducted using a JEM-ARM200F
(JEOL) equipped with spherical aberration correctors at an acceleration voltage of 80 kV and
camera length of 100 mm. The probe size was set to 8C with a condenser lens aperture of 30 pm
(CL2) in size. The convergence semi-angle of the incident probe was 13.8 mrad, and the inner and
outer detection semi-angles of the ADF detector were 54 and 220 mrad, respectively. Fourier

transform was performed using the DigitalMicrograph (Gatan).



RESULTS AND DISCUSSION

Monomeric adsorption of cationic molecules on anionic clay mineral nanosheet via
multivalent electrostatic interactions. The monomeric adsorption of PtTMPyP on the clay
mineral nanosheets was confirmed using absorption spectroscopy, where the absorption spectra of
the PtTMPyP aqueous solution (free molecules) and PtTMPyP-clay assembly dispersions are
given in Figure 2a. The concentration of molecules on the clay mineral nanosheets was expressed
as the loading level vs. the cation exchange capacity (CEC) of the clay, which is the ratio between
the amount of cation charges of the molecule and the CEC of the clay mineral nanosheet.
Specifically, a loading level of 100% vs. CEC of the clay indicated that the number of cationic
sites in the guest adsorbed on the clay surface was the same as the number of anionic sites on the
clay surface. The maximum absorption wavelengths of the Soret band were 401 nm for the free
molecules and 422 nm for the molecules adsorbed on the sheet. This shift to the longer wavelengths
upon adsorption on the sheet was attributed to planarization of the methylpyridinium substituents
with respect to the porphyrin core.?? The Lambert-Beer plot of the absorbance at 401 and 422 nm
against the loading level exhibited linearity at concentrations below 90%, indicating monomeric
adsorption on the clay mineral nanosheet (Figure 2b). At concentrations above 90%, the spectra
can be expressed based spectral fitting of two components for free PtTMPyP (Amax =401 nm) and
adsorbed PtTMPyP on clay (Amax = 422). Therefore, the excess PtTMPyP was in the bulk solution
and did not undergo further deposition or aggregation on the clay mineral nanosheets. Accordingly,
ADF-STEM samples were prepared at a saturated adsorption concentration of 90%

(PtTMPyP90%-clay) as the optimal condition.
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Figure 2. Spectral characterization of PtTMPyP-clay dispersion in water. (a) Absorption spectra
of PtTMPyP-clay assemblies at various molecule loading levels up to 160% vs. CEC of clay in
aqueous solution, where the maximum absorption wavelength of PtTMPyP in water (free) and
adsorbed on clay mineral nanosheet (with clay) are 401 (red) and 422 nm (blue), respectively. (b)

Lambert-Beer plots obtained from the absorption spectra at 401 (red) and 422 nm (blue).



ADF-STEM observation of PtTMPyP-clay mineral nanosheet assemblies. ADF—-STEM
images of the PtTMPyP90%-clay assemblies were acquired at low and medium magnification
corresponding to the pixel size of 0.25x0.25 and 0.04x0.04 nm? per pixel, respectively (Figure 3).
The monolayer region was determined from the contrast difference in the low magnification
observations (Figure 3a),* while uniform distribution of the Pt markers on the entire nanosheet
surface was observed at medium magnification, where no segregation to the edge or interior of the
sheets occurred (Figures 3b and c). The contrast and the number of Pt atoms increased as the
number of layers was increased from one (1L) to three (3L). In addition to the bright contrast of
the Pt atoms, the clay mineral nanosheets were observed stably and exhibited the characteristic
periodic hexagonal contrast pattern of pristine clay mineral nanosheets.?!*> These observations
demonstrated that Pt atoms are a valid marker for ADF—-STEM imaging of guest molecules
assembled on a clay mineral nanosheet, as well as on simpler substrates such as graphene.'*~'> The
Fourier transform (Figure 3d) corresponding to the medium magnification ADF-STEM image of
the monolayer region (Figure 3c) revealed that the in-plane distance was similar to previously
reported values for the (7k0) facet of montmorillonite.> This was confirmed in all observations,
indicating that the crystal structure of the nanosheets remained intact after monomeric adsorption

of PtTMPyP on the clay nanosheet substrates via multivalent electrostatic interaction.



Figure 3. ADF—STEM images of PtTMPyP90%-clay at various magnifications. (a) Layer number
from one (1L) to three (3L) was determined at low magnification (1024x1024 pixels, 0.25x0.25
nm?/pixel, 20 us/pixel). (b, ¢) Uniform dispersion of the Pt marker on monolayer clay mineral
nanosheet of the green and orange regions at medium magnification (1024x1024 pixels, 0.04x0.04

nm?/pixel, 20 ps/pixel). (d) Corresponding Fourier transform of the green area in inverted color.

ADF—-STEM images of PtTMPyP90%-clay were acquired at pixel time of 10, 15, and 20
us at high magnification (1024x1024 pixels, 0.013x0.013 nm?/pixel). Only the images acquired
during the first scan have been discussed further to avoid including artifacts caused by the
degradation of the clay mineral nanosheets by repeated scanning. The image focus was optimized
in an additional region near the target region. The first scans in different fields of view are given
in Figures 4a to c. The Pt atom markers were observed stably, and no aggregation, migration, or

dropout occurred, even at the atomic scale. A pixel time longer than 15 us was optimal for



distinguishing the periodical contrast of the clay mineral nanosheet and bright contrast of Pt atoms

without significant streaking.

The local loading level of PtTMPyP-clay was determined by dividing the area of the
monolayer region by the number of Pt atoms in each field of view, as denoted in Figures 4a to ¢
and Figure S1. The average loading level over the 16 fields of view was 87.5 + 4.8%, which was
in good agreement with the optimal preparation ratio of 90% determined by absorption
spectroscopy (Figure 2). The occupied areas and corresponding ADF-STEM images are given in
Table S1 and Figure S1. To the best of our knowledge, this is the first successful atomic-scale
observation of a molecular assembly constructed via weak non-covalent interactions, where the

observations corresponded well with the averaged spectroscopic data.

The direct observations were used to determine the individual intermolecular distances and
relative conformations, which is not possible in conventional spectroscopic analyses. The
histogram of the nearest-neighbor distance of each bright spot (i.e., the intermolecular distance of
PtTMPyP) was shown in Figure S2a. The average intermolecular distance on the ADF-STEM
projection of Figure 3¢ was 0.90 nm, which is much shorter than the diameter of the PtTMPyP
molecule of 1.26 nm and the intermolecular distance of 1.65 nm assuming a uniform arrangement
of the bright spots on the projection (Figure S2b and c¢). The diameter of PtTMPyP was determined
as 1.26 nm using the semi-empirical molecular orbital method, where the cross-sectional area of
the molecule was assumed to be circular.?® Note that the existence of aggregation cannot be
determined from only the intermolecular distance since three-dimensional information (i.e., 3D
structure through the sheet) is compressed into 2D image on the ADF-STEM projection. The three-
dimensional relative configuration of the molecules was, therefore, sorted into three groups by

considering the number of neighboring bright spots as well as the intermolecular distance (Figure
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4d). Circles with a diameter of 1.26 nm were superimposed onto the center of the Pt atoms in the
ADF—STEM image of PtTMPyP90%-clay acquired at a pixel time of 20 ps, where the circles were
shaded blue, yellow or red depending on the state of the molecule (Figure 4d). The blue circles
indicated a completely isolated molecule, where the distance from the nearest Pt marker was larger
than 1.26 nm. The yellow circles indicated that the molecules were isolated as monomers when
observed from the front and back through the clay mineral nanosheet, but the distance from the
nearest Pt marker was less than 1.26 nm. Most of the Pt markers were assigned to this group. The
red circles indicated Pt markers that could not be interpreted as monomers, as they occurred in a
region in which three molecules overlapped. This migration was attributed to electron beam
irradiation, and untangling did not occur during further scanning. The subsequent ADF-STEM
images of PtTMPyP90%-clay are given in Figure S3. No obvious changes in the number and
relative conformation of the Pt markers was observed during four times of repeated scanning, while
the clay mineral nanosheets were gradually damaged with each scan. Note that dozens scans
disrupted the relative conformation of the isolated Pt markers as the clay mineral nanosheet
decomposed, but no significant desorption or aggregation of the markers was observed (Figure
S4). The Pt markers exhibited excellent stability during ADF—STEM analysis compared to
specimens prepared via simple physisorption. Specimens based on conventional substrates
typically exhibit a low barrier for migration that allows for significant molecular motions on a
shorter time scale than image capture.*?”? Furthermore, Pt atoms physisorbed on clay mineral
nanosheets, which were prepared by sputtering deposition, showed less stability during
ADF-STEM observation (Figure S5). These unexpected results suggest strong fixation of

PtTMPyP molecules via multivalent electrostatic interactions during the observation.
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Figure 4. ADF-STEM images of PtTMPyP90%-clay acquired at high magnification at various
pixel times. Images were acquired during the first scan in different fields of view, where pixel
times included (a) 10, (b) 15, and (c) 20 us (1024x1024 pixels, 0.013x0.013 nm?/pixel). The
percentages in each panel given the local loading level (area of the monolayer region divided by
the number of Pt atoms). (d) Image acquired at a pixel time of 20 ps with the diameter of the
PtTMPyP molecules (1.26 nm) superimposed onto the center of the Pt marker atoms. Scale bars =

2 nm.
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It should be noted that hydrogen atoms are easily knocked on by electron beam irradiation,
leading to cleavage of the C-H bonds and subsequent cross-linking between adjacent molecules
during TEM and STEM analysis of molecular assemblies.®!* This cross-linking can lead to
pseudo-stability of the heavy metal markers. Therefore, we confirmed that there was a low
possibility of cross-linking at least between the molecules, since the completely independent
molecules remained stable during several scans using specimens with a lower molecular density
of 20% vs. CEC of clay to ensure a higher proportion of completely isolated PtTMPyP molecules
(Figure 5). The overlaid circles shaded in the same manner as Figure 4d. However, the effect of
molecular residues and the possibility of cross-linking between molecules and sheets cannot be

discussed from this experiment, and thus further investigation is needed in this regard

Figure 5. Stability of Pt markers during sequential ADF-STEM scanning. Sequential
ADF—-STEM images of PtTMPyP20%-clay continuously acquired during the (a) first, (b) second,
and (c) third scans (1024x1024 pixels, x15M, 0.013x0.013 nm?/pixel, 20 ps/pixel), where the Pt
markers were classified as either completely isolated (blue) or isolated by the clay mineral
nanosheet (yellow) based on the diameter of PtTMPyP (1.26 nm). Dwell time of the image was

20.9 s. Scale bars = 2 nm.
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Estimation of Coulombic attraction energy for multivlent electrostatic interaction. The
fixation of the molecules via multivalent electrostatic interactions in this system was evaluated

based on the Coulombic attraction energy (V) as follows:
1
V=a- (1)

_ 1
4Tmeey

q192N, (const) ()

where 7 is the point-charge distance, € is the relative permittivity, €o is the permittivity of free space,
¢ is the amount of charge, and N4 is the Avogadro constant. Determining the relative permittivity
of the medium between the molecules and clay mineral nanosheets was challenging. Instead, an ¢
value of 1 was used during the calculations because moisture was mostly removed from the system
during vacuum drying at 65 °C, and previously reported ¢ values of atomically thin two-
dimensional materials are close to 1.*2 Assuming that a PtTMPyP molecule adsorbs on a
monolayer clay mineral nanosheet, the Coulombic attraction energy (Va; n=1, 2, 3, or 4) between
the four cationic charges of methylpyridinium substituents in PtTMPyP and the nearest four
anionic charges of the clay surface were calculated. The Coulombic attraction energy of

multivalent electrostatic interactions (Vmer) was determined as follows:
Vuer = VitV V3 + 1,
—g(E2+ i1l 4 1
=a(stotot)=oXna ()

The variable anion-cation distance () was determined based on several assumptions. The CEC
(1.19 meq g') and specific surface area (780 m? g!) of clay gives a surface anion charge density

of 0.943 ¢ nm 2. Thus, assuming a hexagonal array, the distance between the anion charges in the
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plane direction was 1.11 nm. The intramolecular distance between the cationic charges of
PtTMPyP was calculated as 1.05 nm.>* Further, assuming that the anion and cation charges were
localized at the octahedral layer of the clay mineral nanosheet and at the nitrogen atom of the
methylpyridinium substituent in PtTMPyP, the z height between the cation and anion charges was
7.4 A. The z height of PtTMPyP on the clay mineral nanosheets was based on a dihedral angle
between the porphyrin core and methylpyridinium substituents of 43°, which was chosen based on
a previous report on structural minimization of metal-free TMPyP adsorbed on clay mineral
nanosheets.>* Consequently, the maximum and minimum Coulombic attraction energy per
molecule under vacuum (STEM atmosphere) was calculated as 173 and 154 kcal mol™! via the
least-square method for variable . The arrangements of PtTMPyP on clay mineral nanosheets
corresponding to the maximum and minimum total Coulombic attraction energy are shown in
Figure 6. Further, the anion-cation distance and Coulombic attraction energy between each of the
four cation charges in a molecule and the nearest anion charge in the clay mineral nanosheets are
given in Table S2. The high charge density of the clay mineral nanosheet sled to minimal location
dependence of Vmer (ca. 20 kcal in the above calculations). Thus, the molecules at all locations on
the nanosheet are under a uniform influence of the Coulombic interactions. The order of magnitude
of the maximum and minimum total Coulombic attraction energies was comparable to the
dissociation energy of covalent bonds such as C—C and C=C bonds (83.65 and 146.03 kcal mol !,
respectively). This was much larger than the dissociation energy of n—n or CH—n non-covalent
interactions in graphemic materials (11.95 kcal mol ')*® or the maximum adsorption energy of Pt
atoms on graphene is ca. 33 kcal mol™! by DFT calculations.** The stable observation of molecular

assemblies during ADF-STEM analysis was thus attributed to strong fixation via multivalent

electrostatic interactions. This estimation is based on many assumptions. For example, repulsion
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between neighboring molecules was ignored because the repulsive forces parallel to the xy-plane
with the surrounding molecules cancel one another under very dense conditions, as was the case

in 90% CEC adsorption.

The strong multivalent interaction and the dense charge of the nanosheets allowed the
strong fixation of the adsorbed molecules at the initial location of adsorption, thereby preventing
rearrangement on the surface. This result is in good agreement with a previous report that multi-
cationic molecules strongly adsorb on the clay mineral nanosheet surface, and do not desorb in an
aqueous dispersion.?’>> The local adsorption density of the PtTMPyP20%-clay specimen varied
widely from 0% to 55.5% due to mixing of the clay and molecule dispersions (Figure S6).>> This

phenomenon also led to the deviation of intermolecular distance in PtTMPyP90%-clay (Figure 4).

(a) Maximum Vg (b) Minimum Vg
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Figure 6. Schematic arrangement of PtTMPyP on clay mineral nanosheet. Arrangements at the (a)
maximum and (b) minimum total Coulombic attraction energy of multivalent electrostatic
interaction (Vwmer), where the average distance between the anion charges is 1.11 nm and the

intramolecular distance between the cation charges of PtTMPyP is 1.05 nm.
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CONCLUSION

In conclusion, strong fixation of organic molecules via multivalent electrostatic
interactions enabled stable imaging of individual organic molecules in a supramolecular assembly
on two-dimensional clay mineral nanosheets via electron microscopy. This approach facilitated
visualization of the conformation of the individual molecules and assembly. Stable TEM and
STEM imaging of organic molecules and supramolecular structures constructed via non- covalent
interactions are crucial in the advancement of electron microscopic techniques. Common
graphene-support based systems have limitations due to the small energy required to stabilize
target molecules, but this strategy can be applied to a wide range of supramolecular systems
consisting of various guest molecules and host materials. This approach is expected to widen the

scope of atomic-scale imaging of organic molecules and assemblies.
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