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CHEMISTRY

Metal atom-guided conformational analysis of single
polynuclear coordination molecules

Kenji Takada'!, Mari Morita'¥, Takane Imaoka'?*, Junko Kakinuma',

Ken Albrecht'?*5, Kimihisa Yamamoto'%*

Microscopic observation of single molecules is a rapidly expanding field in chemistry and differs from conventional
characterization techniques that require a large number of molecules. One of such form of single-molecule
microscopy is high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), which is
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especially suitable for coordination compounds because of its atomic number-dependent contrast. However,
to date, single-molecule observations using HAADF-STEM has limited to simple planar molecules. In the present
study, we demonstrate a direct structural investigation of nonplanar dendronized polynuclear Ir complexes with
subnanometer resolution using Ir as an atomic label. Decreasing the electron dose to the dendrimer complexes
is critical for the single-molecule observation. A comparison with simulated STEM images of conformational
isomers is performed to determine the most plausible conformation. Our results enlarge the potential of electron
microscopic observation to realize structural analysis of coordination macromolecules, which has been impossible

with conventional methods.

INTRODUCTION

Polynuclear coordination complexes have been studied intensively
for decades because of their distinctive chemical and physical fea-
tures and broad range of applications in material science (I-14). The
key properties of metallo-macromolecules depend on their molecu-
lar structures, including both the local structures around metals and
global orientation of peripheral ligand backbones. Hence, under-
standing relationships between structures and properties of metallo-
macromolecules is essential for design of functional polynuclear
coordination complexes. Despite their importance, structural anal-
ysis methods for polynuclear metal complexes are insufficient and
still under development. The main difficulty arises from the limita-
tions of conventional characterization techniques commonly used
for small mononuclear coordination compounds. Apart from crys-
talline metal-organic framework families, it is generally difficult to
obtain single crystals of polynuclear macromolecules with a suitable
size for x-ray crystallography or electron diffractometry. Nuclear
magnetic resonance (NMR) spectroscopy suffers from severe peak
broadening and overlapping, with further complications in cases
where paramagnetic metal ions are included. Fragmentation by dis-
sociation of weak coordination bonds is a severe problem in mass
spectrometry. As a result, metal atom arrangements in noncrystal-
line or amorphous coordination compounds have not been clarified, and
research on this field is undeveloped. There is a strong demand for
new analytical methods to determine the steric conformations of co-
ordination macromolecules, which cannot be investigated by con-
ventional analytical techniques.
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Recently, microscopic observations have gained much attention
for characterizing single molecules (15-24). Such microscopy can
directly visualize real-time molecular structures with atomic resolu-
tion, providing not only structural but also dynamic information.
In particular, atomically resolved high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) can
address the difficulty of characterizing coordination compounds
with atomic resolution. The brightness of atom in HAADF-STEM
images is theoretically almost quadratic of its atomic number (so-
called Z contrast), which enables distinction of metal atoms from
light organic backbone (25-27). Thus, HAADF-STEM allows direct
determination of the metal atom positions and the numbers of
overlapping atoms with their high contrast (28, 29), which is impos-
sible with conventional bright-field TEM observations. Positions of
heavy metal atoms in coordination polymers definitely depend on
the conformation of macromolecular backbone. In consequence,
HAADE-STEM observation helps structural analysis of coordina-
tion compounds despite that it cannot directly resolve light ele-
ments such as C, N, and O. However, single-molecule observations
of coordination compounds have still been limited to simple coor-
dination complexes with low nuclearity less than 10 and planar or
linear structures (30-32). Conventional staining method with OsO4
or RuOj used for organic polymers is not suitable to atomic-resolution
conformational analysis, owing to randomly occurred metal atom
addition. Other atomic-resolution scanning probe microscopy
techniques are neither useful for conformational analysis of nonpla-
nar macromolecules. To the best of our knowledge, there has been
no report on investigating polynuclear coordination molecules with
complicated steric configurations to date.

Here, we describe the first conformational determination of poly-
nuclear complexes with complicated steric structures, i.e., metallo-
dendrimers, on the basis of HAADF-STEM images. Metallodendrimers
have highly branched backbone, so that their precise conformational
analysis related to their backbone and spatial arrangements of metal
atoms have never been achieved in a single-molecule level. We have
challenged the conformational analysis of invisible dendritic organic
backbones using site-specifically metallated dendrimers. To make
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the most of Z contrast in HAADF-STEM observations, we selected
iridium (Z = 77) as a guide for conformational analysis. Our single-
molecule structural investigation method via metal atom-guided
HAADEF-STEM image analysis successfully determined the confor-
mations of a series of incremental polynuclear iridium complexes
with dendritic phenylazomethine (DPA) ligands (fig. S1). The rigid
backbone and stoichiometric coordination of DPAs are ideal for this
model study (33, 34). To achieve our goal, we performed rigid fixa-
tion of metal atoms to phenylazomethine moieties via cyclometalla-
tion reaction. Although the metallodendrimers were not stable under
electron beam irradiation, we found that HAADF-STEM images
obtained under low-damage conditions with a single scan reflected
the original conformation of an individual complex molecule. Metal
atoms in the complexes functioned as labels to determine their po-
sitions in the HAADF-STEM images, enabling the elucidation of the
steric structure suitable for the HAADF-STEM images. This con-
formational analysis method is applicable to other coordination
polymers/oligomers in principle, whereas further developments are
necessary in practice. Therefore, our method will provide opportu-
nities for conformation analysis of amorphous or noncrystalline
coordination macromolecules at the single-molecule level guided
by metal atom arrangement.

RESULTS

Cyclometallation of phenyazomethine with iridium(lil)

We started the synthesis of a stable Ir complex with a phenylazomethine
ligand using N,1,1-triphenylmethanimine (tpmi) as a model com-
pound. We found that cyclometallation via carboxylate-assisted ortho
C—H bond activation (35) efficiently gave the cycloiridated com-
plex Cp*IrCl(tpmi) (Fig. 1A). The reaction of tpmi with [Cp*IrCl,],
(Cp*: Cs(CH3)s, pentamethylcyclopentadienyl) and sodium acetate
in CHCl3/CH3;OH afforded the half-sandwich-type cycloiridated
complex in good yield. The "H-NMR spectrum of the reaction
mixture indicated that the reaction occurs almost quantitatively.
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Fig. 1. Preparation and characterization of the mononuclear cycloiridated
complex Cp*IrCl(tpmi). (A) Synthetic scheme for Cp*IrCl(tpmi). (B) MALDI-TOF-MS
of Cp*IrCl(tpmi). (C) Single-crystal structure of Cp*IrCl(tpmi) with thermal ellipsoids
at the 50% probability level. Yellow, Ir; green, Cl; blue, N; gray, C. MeOH, CH;OH; eq.,
equivalents; r.t., room temperature; m/z, mass/charge ratio.
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Cp*IrCl(tpmi) was fully characterized with conventional NMR
spectroscopy, high-resolution mass spectrometry, and single-crystal
x-ray structural analysis. The positive mode matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry (MALDI-
TOF-MS) in Fig. 1B features two peaks for the complex: the main
peak for the radical cation of Cp*IrCl(tpmi) (marked with a star)
and the subpeak for the chloride-dissociated cation, without fragments
of dissociated phenylazomethine ligand. A single-crystal structural
analysis of Cp*IrCl(tpmi) confirmed the formation of Ir—C(Ph) bond
(Fig. 1C). The Ir—C(Ph) bond length was 2.049(8) A, which is sim-
ilar to those for previously reported cycloiridated phenylimines
(36, 37). The other bond lengths and angles are also reasonable for
cycloiridated complexes. A space filling model with van der Waals
radii shows that the bulky Cp* ring covers the Ir atom with interfer-
ence from rotation of the phenyl group, causing peak broadening in
the "H-NMR spectrum. Details of the synthesis and characteriza-
tion are reported in the Supplementary Materials.

Complexation of DPAs with iridium

Fixation of iridium(III) in DPAs was achieved via carboxylate-
assisted C—H bond activation (Fig. 2A). DPAs comprising 11 to
17 azomethine units were used, including newly synthesized dis-
symmetric dendrimers with 11, 13, 16, and 17 azomethines. These
dissymmetric DPAs were synthesized by stepwise dehydration of
1,3,5-tris(4-aminophenyl)benzene with phenylazomethine dendrons
(fig. S1, B and C). Addition of DPAs to a [Cp*IrCl;]; and sodium
acetate mixture in tetrahydrofuran/CH3;OH efficiently afforded the
corresponding iridium-decorated dendrimers (Cp*IrCl),@nDPAs
(n=11to 17; Fig. 2B). Reaction conditions such as stoichiometry of
the Ir precursor, solvent polarity, and reaction time were modified
from the model reaction for the mononuclear complex. The reaction
was monitored by MALDI-TOF-MS, which indicated that the reaction
was complete within 2 or 3 days. The positive-mode MALDI-TOF-
MS of (Cp*IrCl),@nDPAs features two main peaks, corresponding
to the radical cation form and the Cl™-dissociated form. This means
that the dissociation of Ir atoms from the dendrimer during mass
spectrometry was negligible and that the determination of the num-
ber of Ir atoms bound to the dendrimer could be possible. The mass
spectra indicated that the Ir species occupied all imine sites involving
cycloiridation (Fig. 2C), indicating that DPAs have inner space
enough to accommodate Cp*IrCl moieties. Metallodendrimers con-
taining more iridium ions than imine sites were never detected.
Therefore, the nuclarity of the Ir complexes was controllable by the
number of the imine sites. The polynuclear iridium complexes were
stable under ambient conditions for at least 4 months, such that the
usual purification processes (e.g., extraction, column chromatogra-
phy, and reprecipitation) were available to remove excess iridium
precursors used in the reaction, affording the polynuclear complex-
es in good yields (60 to 70%). We note that the conventional char-
acterization techniques were inadequate for the iridium complexes;
usual "H-NMR spectra of the metallodendrimers were difficult to
interpret because of severe broadening and overlapping of the sig-
nals (fig. $3), and single crystals of the iridated dendrimers were not
obtained nor were those of the corresponding dendrimer ligands.

Atomic-resolution HAADF-STEM observation of Ir complexes
To check the atomicity of the Ir-containing dendrimers, we per-
formed HAADEF-STEM observations. HAADF-STEM is a powerful
analytical method for the observation of heavy metal-containing
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Fig. 2. Preparation and characterization of dendromized polynuclear Ir complexes (Cp*IrCl),@nDPA. (A) Synthetic scheme for (Cp*IrCl),@nDPA, represented by
12DPA. (B) lllustration of (Cp*IrCl),@nDPAs. (C) MALDI-TOF-MS of (Cp*IrCl),@nDPAs. (D) Low-magnification HAADF-STEM image of (Cp*IrCl);,@12DPA on GNP. Individual
complexes are marked with red circles. Scale bar, 5 nm. (E to K) Atom counting with atomic-resolution HAADF-STEM images of (Cp*IrCl),@nDPA. Scale bars, 2 nm.

compounds owing to the Z contrast. Various materials including
nanostructured carbons and metal oxides can be used as a support
for (Cp*IrCl),@nDPAs. For example, (Cp*IrCl),@nDPAs were ad-
sorbed on graphene nanopowder (GNP) support by mixing a solu-
tion of the metallodendrimers and a suspension of GNP. Polar and
poor solvents such as acetone and acetonitrile were suitable for
immobilization of (Cp*IrCl),@nDPAs on the carbon support,
whose surface is hydrophobic. To avoid dense immobilization of
(Cp*IrCl),@nDPA on the surface, we set the mass loading of iridium
below 0.1 weight % (wt %). (Cp*IrCl),@nDPAs on GNP were col-
lected by filtration of the reaction mixture. The MALDI-TOE-MS
spectrum of the colorless filtrate did not indicate the presence of
Ir complexes, which implies almost quantitative adsorption of
(Cp*IrCl),@nDPAs (fig. S4A). On the other hand, redispersion
of the (Cp*IrCl),,@12DPA-supporting GNP in chloroform pro-
moted desorption of (Cp*IrCl);,@12DPA from the surface, as seen
in the MALDI-TOF-MS spectrum of the filtrate (fig. S4B) without
dissociation of Ir from the dendrimers. Thus, (Cp*IrCl),@nDPAs
were stable on the carbon support under ambient conditions.
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HAADEF-STEM images of (Cp*IrCl),@nDPAs dispersed on GNP
demonstrated the precisely controlled atomicity of iridium. Figure 2D
shows a HAADF-STEM image of (Cp*IrCl);,@12DPA on GNP. In
the image, each bright spot represents an iridium atom, and other
light elements composing the complexes (e.g., C, H, and N) are
hardly observable because of the low contrast on the GNP support.
Other light elements such as S and Cl were present as contaminants
on the GNPs and are observed as blurs or slightly bright spots. The
positions of (Cp*IrCl);,@12DPA are marked with red circles, show-
ing that the metallodendrimers were well dispersed on the support.
Low-magnification HAADF-STEM images of other (Cp*IrCl),@
nDPAs are shown in fig. S4C. These complexes were also well dis-
persed on the GNP surface.

The atomic-resolution HAADF-STEM images of (Cp*IrCl),@
nDPAs are shown in Fig. 2 (E to K). The number of bright spots
directly reflects the number of iridium atoms in (Cp*IrCl),@nDPAs.
In the images, iridium atoms are dispersed within a few square
nanometers, and their numbers are equal to those of the imine sites
of DPAs. Thus, the ensemble of iridium atoms corresponds to an
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individual polynuclear complex. These atomic-resolution observa-
tions require a certain time to adjust the focus. Thus, the atomic-
resolution observation described here leads to the decomposition of
(Cp*IrCl),@nDPAs by electron beam irradiation despite the low
accelerating voltage of 80 kV. Ensembles of Ir atoms are also ob-
servable on other supports such as ketjenblack and magnesium ox-
ide nanopowder, highlighting the individual Ir complexes (fig. S5).
Some of the Ir complexes partially lost Ir atoms during focus adjust-
ment, leading to fewer Ir atoms in the observed images.

Metal atom-guided conformational analysis of polynuclear
Ir complexes

For conformational elucidation of single (Cp*IrCl),@nDPA mole-
cules, HAADF-STEM observations with reduced damage to the
molecules were performed. As mentioned, STEM observations us-
ing the low acceleration voltage of 80 kV were still insufficient to
prevent the decomposition of the Ir complexes. Further reducing
the electron dose and exposure time was expected to keep the com-
plex for a certain time, thus enabling conformational analysis using
the positions of metal atoms as structure labels. To achieve the con-
formational analysis of (Cp*IrCl),@nDPAs on GNP, we performed
atomic-resolution HAADF-STEM observations of the complexes
under damage-reducing conditions. The beam current was reduced
from 26 to 7 pA. The exposure time per pixel was set to 8 us, and
observations were performed at low magnification to reduce the ex-
posure time for each molecule. In addition, a single scan of an area
was used to obtain the image after adjusting the focus for a neigh-
boring area (Fig. 3A). These conditions reduced the energy that the
complexes accepted from the electron beam. Figure 3B shows a
HAADEF-STEM image of (Cp*IrCl);,@12DPA obtained under these
low-damage conditions. Although the image is less clear than the
images taken under the usual conditions (Fig. 2D), it is enough to
determine the positions of Ir atoms. Compared to the image ob-
tained under the usual conditions, the Ir atoms are distributed over
a narrow area, implying reduced damage to the molecules. Using
the same conditions, HAADF-STEM images of (Cp*IrCl),@nDPAs
were collected (fig. S6). Although HAADF-STEM can distinguish
overlapping of heavy metal atoms by contrast in images, STEM im-
ages without overlapping Ir atoms were better for conformational
analysis. Thus, STEM images of individual molecules in fig. S6 were
then subjected to conformational analysis.

A

Electron beam

Move to neighboring area

Focusing

Observation

Conformational analysis of Ir complexes was performed with
the aid of simulated STEM images drawn by a BioNet elbis software,
which can simulate both TEM and STEM images of single mole-
cules. A schematic illustration of the conformational analysis pro-
cess is shown in Fig. 4. To identify the molecular structure using the
experimental STEM images, we generated conformational isomers
of (Cp*IrCl),@nDPA at first. These conformational isomers have
simplified structures with the replacement of Cp* with Cp (Cp:
CsHs, cyclopentadienyl). This replacement has no substantial influ-
ence on the STEM simulation because of the low contrast of C and
H, but the less sterically hindered structure enables a wider confor-
mational scope. The conformational isomers were produced from a
semiempirically optimized structure by randomly rotating C—N
single bonds except for those of the most peripheral imines, because
their rotation had little influence on the positions of Ir atoms. For
example, (Cp*IrCl);;@12DPA is a second-generation metalloden-
drimer, comprising four inner-layer imines and eight outer-layer
imines. The rotation of four C—N single bonds in the inner-layer
imines is more dominant in the STEM simulation, because their
rotation causes a large displacement of 0.8 nm in the outer-layer Ir
atoms. On the other hand, the rotation of the outer layer imine sites
causes a small displacement of about 0.2 nm to the outer-layer Ir
and no displacement to the inner-layer Ir (fig. S7). The dihedral an-
gles of the rotatable C—N single bonds were randomly selected from
—180° to 180°. Considering that small differences in the dihedral
angles did not substantially influence the simulated image, 20 to 30
conformers were enough to search plausible structure in this sim-
plified method. The produced conformers included sterically hin-
dered structures, which were excluded. Ten to 15 isomers satisfied
the steric demand at this stage. The allowed structures were subjected
to TEM simulations where only iridium atoms were considered, to
find the most plausible orientation for each conformer. The removal
of the other elements gave simulated TEM images similar to simu-
lated STEM images with lower calculation costs and times. The
matching program based on a Radon transform implemented in the
software provided a suitable candidate for the conformers and their
orientation. The structure of the candidate conformers was again
refined by modifying bond lengths, angles, and dihedral angles
around all C—N single bonds. Last, Cp ligands were transformed
back to Cp*, and the rotation of Cp* rings, methyl groups, and
phenylene groups of the dendrimer backbone was adjusted to

Fig. 3. Low-damage HAADF-STEM observation of the polynuclear Ir complexes. (A) Schematic illustration of low-damage HAADF-STEM observation. (B) HAADF-
STEM image of (Cp*IrCl);,@12DPA on GNP obtained with the low-damage method. Inset: Magnified with atomic resolution. Scale bar, 2 nm.
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Fig. 4. Schematic illustration of atom-guided structural elucidation of (Cp*IrCl),@nDPA. Structural analysis method for (Cp*IrCl);,@12DPA was shown as an exam-
ple. The clarified structure and corresponding simulated STEM images were demonstrated at the bottom. Scale bar, 2 nm for both experimental and simulated images.

reduce steric repulsion with the bulky Cp* group. The double-step
conformation analysis enables the discovery of the most plausible
conformers from relatively small numbers of conformer candidates.
We note that, in this study, both the rigid molecular structure of
DPA by n-conjugation and the number of Ir atoms from 11 to 17
contribute to the reduction of calculation cost and enables confor-
mation analysis with the simplified method. The obtained structure
was subjected to single-point energy calculation at the semiempiri-
cal pm6 level of theory to check the steric validity.

The analysis of HAADF-STEM images could reproduce the con-
formations of (Cp*IrCl);;@12DPA. As shown in the bottom of
Fig. 4, the experimental HAADF-STEM image was well fitted by the
simulated image. To evaluate the validity of the obtained structure,
we introduced the mean difference between the positions of the

Takada et al., Sci. Adv. 2021; 7 : eabd9887 6 August 2021

observed and simulated Ir atoms, annotated as Ad (defined by Eq. 1
in Materials and Methods). For (Cp*IrCl),;,@12DPA, Ad value was
0.25 £ 0.13 nm. This value is comparable to the diameter of an irid-
ium atom (0.27 nm) (38) and the displacement caused by C—N
bond free rotation (0.2 nm). Thus, we conclude that the conforma-
tion of the polynuclear complex was well determined. Owing to the
steric demand by highly hindered structure of (Cp*IrCl);,@12DPA,
the reproduced structure seemed the most plausible conformation
for the complex. Errors can be attributed to the dynamic motion of
the molecules, such as partial rotation of single bonds and bend-
ing of the molecule, and sample drift during the acquisition of
the images.

All polynuclear Ir complexes were sterically resolved by our
method. Figure 5 summarizes the structural fitting results for Ir
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Fig. 5. Metal atom-guided conformational analysis via HAADF-STEM observations. Atomically resolved HAADF-STEM images (top left), simulated HAADF-STEM im-
ages of (Cp*IrCl),@nDPAs [n=11, 13,14,15, 16, and 17 for (A), (B), (C), (D), (E), and (F), respectively] on GNP obtained with the low-damage method (bottom left), and
conformation and orientation of the Ir complexes corresponding to the simulated images (right). Scale bars, 2 nm.

complexes. The experimental HAADF-STEM images are shown on
the top left, and the simulated images are at the bottom left. On the
right side, the molecular structures of (Cp*IrCl),@nDPAs were shown
with the conformation and orientation for the STEM simulation.
Advalues for (Cp*IrCl),@nDPAsare 0.35+0.18 (n=11),0.25+0.13
(n =12), 0.24 + 0.18 (n = 13), 0.25 + 0.12 (n = 14), 0.27 £ 0.17
(n=15),0.40 £ 0.20 (n = 16),and 0.23 £ 0.16 (n = 17). The 12-, 13-, 14-,
15-, and 17-nuclear complexes showed good agreement between
the experimental and simulated images, while there were the moderate
Ad values for 11- and 16-nuclear complexes. Although the simulated
and experimental images are not perfectly identical, the errors of ca.
0.2 to 0.3 nm are reasonable for HAADF-STEM observation of coor-
dination compounds (30, 31). Because of the adsorption on the support,
the bond angles and distances were not those for theoretically pre-
dicted stable structures in vacuum, which is typical for surface con-
fined species. For all complexes, single-point energy calculations at
semiempirical pm6 level were completed without any error stemming
from steric problems. Thus, the reproduced structures of the iridium

Takada et al., Sci. Adv. 2021; 7 : eabd9887 6 August 2021

complexes are sterically possible. The detailed structures of the com-
plexes with the space-filling models based on van der Waals radii are
shown in fig. S8. These models demonstrate densely packed struc-
tures for the Ir complexes. In these structures, we could see that some
terminal of dendron was located nearby the core moiety, the so-called
back-folding. This phenomenon was not observed by the previous re-
ports of DPAs on the basis of gel-permeation chromatography anal-
ysis (39) and first observed by the analysis in the single-molecule
level. For example, in the case of (Cp*IrCl);;@17DPA, the distance
between a core C atom and one terminal C atom was 6.6 A, which was
shorter than the distance between the core C atom and the inner Ir
atom (7.0 A). The bulky Cp* groups in the metallodendrimers are
attributable to the back-folding by the hydrophobic interactions of
dendrons. Because of the back-folding, the rotation of phenyl groups
and conformational transformation via C—N single bonds were
limited by steric hindrance between the dendrons, especially those
nearest to the core of the metallodendrimers. This steric locking
and high steric hindrance makes NMR measurement difficult.
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DISCUSSION

In summary, we have established an unprecedented conformational
analysis method for single polynuclear coordination mocromolecules
guided by metal atoms with atomic-resolution HAADF-STEM observa-
tions at room temperature. The heavy metal atoms function as atomic
labels, guiding assignment of steric conformations of organic back-
bones in polynuclear complexes. Conformational analysis of a se-
ries of polynuclear Ir complexes with DPA ligands demonstrated
the utility of this method to produce snapshots of polynuclear coor-
dination compounds. Our study here is a pioneering example to
investigate steric structures of noncrystalline polynuclear coordina-
tion compounds by atomic-resolution microscopy. In principle,
STEM simulations for all conformers and orientations and quanti-
tative investigation of degree of matching between simulated and
experimental images can find the most plausible conformation for
any coordination compounds except enantiomers. Development of
better observation methods for obtaining clear images enough to
carry out conformational analysis in depth and more efficient analytic
algorithms to reconstruct molecular structures from experimental
images will enhance usefulness of our conformational analysis
method. For further study, metal atom-guided conformational
analysis of a multinuclear metallopeptide with more flexible structure
is under way. We believe that our discovery will lead to the further
development for conformational elucidation of polynuclear coordi-
nation compounds by atomically resolved electron microscopy.

MATERIALS AND METHODS

Materials

12DPA, 14DPA, and 15DPA were synthesized according to previ-
ously reported procedures (39-41). The preparation of other nDPAs
is described in the Supplementary Materials. [Cp*IrCl,], and sodi-
um acetate were purchased from Kanto Chemical Co. Ltd. and used
without further purification. All the anhydrous solvents were pur-
chased from Kanto Chemical Co. Ltd. GNP (1.6-nm thickness) was
purchased from Alliance Biosystems Inc. Ketjenblack EC600]D was
obtained from Lion Specialty Chemicals Co. Ltd. MgO nanopowder
was purchased from Sigma-Aldrich Co. LLC.

Apparatus

MALDI-TOF-MS spectra were collected using Shimadzu AXIMA
CFR-plus and Bruker microflex-YI mass spectrometers. Dithranol and
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB, Tokyo Chemical Industry Co. Ltd.) were used as matrices.
HAADEF-STEM images were obtained with a JEOL ARM200F elec-
tron microscope at 80 kV. The Ir complexes immobilized on GNP
were suspended in MeOH and then dropped onto carbon microg-
rid—-decorated Cu grids (Nisshin EM Co. Ltd.). The decorated TEM
grids were dried and stored under vacuum. STEM simulations were
performed using BioNet elbis software (BioNet Laboratory Inc.).
An amorphous carbon layer was embedded below the Ir to repro-
duce the observed STEM images.

Preparation of (Cp*IrCl);,@12DPAs

Under an Ar atmosphere, 12DPA (2 mg/ml in THF/MeOH = 1/1)
was added to a THF/MeOH suspension of [Cp*IrCl,], and NaOAc
(1.0 and 2.5 equivalent to total imine sites, respectively). The mix-
ture was stirred until reaction completion, followed by the removal
of the solvent under reduced pressure. The residue was dissolved in

Takada et al., Sci. Adv. 2021; 7 : eabd9887 6 August 2021

CHCI3, and insoluble by-products were removed by filtration. The
crude product was purified by silica gel column chromatography
(eluent, CHCl3) and reprecipitation from CHCl3/MeOH. The other
(Cp*IrCl),@nDPAs were prepared by the same procedure using the
appropriate nDPA.

Immobilization of Ir complexes on supports

GNP was suspended in acetone (0.5 mg/ml) by ultrasonication for
3 hours. To the suspension, an acetone solution of (Cp*IrCl),@nDPA
(0.2 uM) was added until the Ir loading reached 0.1 wt %, and the
mixture was further sonicated to 1 hour. (Cp*IrCl),@nDPA on
GNP was collected by filtration and dried under vacuum. The
obtained black powder was used for STEM observation. Immo-
bilization on ketjenblack was performed by the same method, while
toluene was used instead of acetone for immobilization on MgO
nanopowder.

Modeling of Ir complexes

The model structures of the Ir complexes were created by the fol-
lowing steps. First, simplified model structures, where Cp* groups
were replaced with Cp groups, were created using the GaussView 6
package, and structural optimization was the performed by the
semiempirical pmé6 calculation method (42) using the Gaussian 16
package (43). The dihedral angles of rotatable C—N single bonds
except for the most peripheral imine sites were randomly changed
to create conformational isomers. After the exclusion of sterically
prohibited structures, TEM image simulation for the complexes
where only Ir atoms were considered was performed. Plausible con-
formers were selected by comparison of the observed STEM image
and the simulated TEM images via a one-dimensional matching
program in the BioNet elbis software. The plausible structures were
further refined by manual adjusting bond angles, dihedral angles,
and bond lengths to reduce the mean difference between observed
and simulated positions of Ir atoms. Last, the hydrogens in the Cp
rings were replaced with CHj; groups to convert them into Cp* rings,
and steric repulsion was reduced by rotating Cp* rings, free-rotating
Ph groups, and C—N single bonds. The simulated STEM images were
evaluated on the basis of the mean difference between the positions
of observed and simulated Ir atoms, Ad, defined as follows

Ad = %Z\j(xak - xsk)2 + (yok _ysk)z (1)

where x,x and y, are the observed coordinates of Ir atoms, xy and
ysk are the simulated coordinates of Ir atoms, and # is the number of
Ir atoms. For both observed and simulated images, the origin is lo-
cated at the center of gravity of the iridium atoms.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabd9887/DC1
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