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ABSTRACT: Ligand-protected gold nanoclusters have attracted attention as building blocks for functional materials. In this
study, we have demonstrated the programmed assembly of the icosahedral Ir@Au,» nanoclusters into a dimer, a linear trimer, linear
oligomers, or a triangular trimer via the reaction between the IrAu;, with predefined binding sites and bi- or tri-dentate isocyanide

linkers. The formation of the intended structures was
confirmed by high-angle annular dark-field scanning
transmission electron microscopy using a newly developed
sampling protocol. Statistical analysis of the inter-particle
distances provided quantitative structure models consistent
with the theoretically predicted structures. The linear
oligomers exhibited a new absorption peak at ~480 nm.
Theoretical calculations indicated that the electron transfers
from the IrAu;> moiety to the linker ligand or another IrAu;,
moiety involve the absorption. This study demonstrates that
programmed assemblies of Au nanoclusters will provide an
opportunity to elucidate how novel collective properties arise
through assembly.
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Atomically-precise gold nanoclusters (AuNCs) modified
with organic ligands have attracted increasing attention as
promising building blocks for functional materials due to their
size-specific and tunable properties.' Recently, many efforts
have been made to assemble the AuNCs into controlled
structures to tune their collective properties.®™* One approach
is to self-assemble atomically-precise AuNCs into an ordered,
three-dimensional lattice via supramolecular and electrostatic
interactions.'*'7 Park’s group successfully synthesized the
Auys-based  coordination frameworks and found an
enhancement of the photoluminescence quantum yield
depending on the packing mode.!” These studies have raised the
fundamental question of how the collective properties of the
assemblies evolve as a function of the number of constituent
AuNCs. Assembled structures of countable numbers of AuNCs
have been synthesized by ligand exchange with multidentate
linker ligands or by coupling reactions on the ligand layer.'$>*
However, it is challenging to assemble atomically-precise
AuNCs in a programmed manner with respect to the number,
spacing, and symmetry of the constituents.

A promising method for programmed assembly of the NCs
is the use of chemically-modified NCs with well-defined
exposed sites. The number of exposed sites on the NCs defines
the number of directly connected NCs, while the spacing and
symmetry of the NCs can be designed by the structure of the
linker ligand. The building units in this study are
[IrAu»(dppe)s(PA)** (1%) and [IrAuix(dppe)s]** (“17), which
were produced by desorption of the PA ligand(s) from
[IrAui(dppe)s(PA)]" (1; dppe = (Ph),PC,H4P(Ph),, PA =
PhC=C) (Scheme 1).% Note that "1 has two exposed sites (*)
on the opposite sides of the icosahedral Ir@Au,, core. We did
not use the corresponding pure AuNCs, [Au;s(dppe)s(PA)]*
and [Auy;(dppe)s]*”, because they could not be synthesized as
efficiently as the IrAu;> NCs.?> We then attempted to synthesize
the dimer and linear trimer of the IrAu;» NCs using 4,4"-p-
terphenyldiisocyanide (L1) as a linker, according to Schemes
la and 1b, respectively. The successful formation of the dimer
and trimer was confirmed by electrospray ionization mass
spectrometry (ESI-MS) and '"H NMR spectroscopy. However,
transmission electron microscopy (TEM) observation!820-23.26-
32 of the dimer and trimer assemblies with the desired structures



failed because the densely aggregated TEM images prevented
us from assigning which NCs belonged to the same assembly.
Therefore, it remains a technical challenge to visualize the
assembled structures of NCs to confirm that the desired
structure is being generated quantitatively.
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Scheme 1. Synthetic schemes of the ligand-bridged IrAui;
assemblies. Color code for the atoms: yellow, Au; dark blue, Ir;
light blue, Pd; orange, P; gray, C. Abbreviations used are
summarized in Table S1.
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In this work, we synthesized the dimer, linear trimer, and
linear oligomers of IrAu;; NCs using diisocyanide L1 (Schemes
la—l1c) and the triangular trimer wusing 1,3,5-
tris(isocyanophenyl)benzene (L2) (Scheme 1d). We then
attempted to visualize the assembled structures by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) by developing a new preparation method of
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Figure 1. ESI mass spectra of (a) dimer 2, (b) linear trimer 3, and
(c) triangular trimer 3T. The m/z values of the main peaks are
summarized in Table S2.

TEM samples: the assembled structures could be sparsely
dispersed on the carbon grid by drying the sample solution
containing polystyrene (PS) on it. In addition, statistical
analysis of the nearest neighbor distance (NND) of IrAu,; units
confirmed the formation of the expected assembled structures.
UV-Vis spectroscopy and density functional theory (DFT)
calculations revealed that the assembled dimer and trimer
exhibit photo-induced electron transfer from IrAuy, to L1 and
to IrAu,,, respectively, in addition to the local excitation within
the IrAu;; unit.

The assemblies of IrAu;» were synthesized from 1" and *1°
by the methods summarized in Scheme 1. The dimer 2 and the
linear trimer 3 with the structures of 1"-L1-1" and 1-L1-"1"~
L1-1%, respectively, were prepared by the reported method.> A
new triangular trimer 3T with the structure of (1%);-L2 was
synthesized by mixing 1" with 0.3 equivalents of L2. In the ESI
mass spectra, the peaks of the expected dimers or trimers and
the adducts with the counteranion BF,~ were observed as main
products (Figure 1). In the '"H NMR spectra, the signals of dppe,
PA, and L1 or L2 were observed in the aromatic region (Figure
Sla). The '"H NMR spectra of 2 and 3 were consistent with
those reported.” The proton signals of the dppe and PA ligands
of 3T were similar to those of 2. In addition, the three signals
from L2, one singlet and two doublets, appeared at ~8 ppm. The
peak area ratios of the signals from L2 to those from dppe and
PA were consistent with the expected structure, indicating that
the expected triangular trimer was obtained (Figure S1b).

The structures of the IrAu;, assemblies were observed by
the HAADF-STEM. We first prepared the TEM samples by the
conventional method of dropping the DCM solution of the
sample onto the TEM grid with carbon support, followed by
spontaneous drying. Figure S2 shows a typical TEM image of
2 prepared in this way. Highly dense white dots, corresponding
to the IrAuy,, were observed in certain areas, as is often the case
for various nanoparticle systems,® preventing us from
concluding that 2 is selectively formed. These clustered images
suggest that the interaction between 2 is stronger than that
between 2 and the carbon support. Therefore, we added PS
(average M,~50 kDa) to the sample solution in hopes of
suppressing the clustering of 2 by trapping them individually in
the nano-sized voids formed in the PS films.>* Figure 2a shows
the representative HAADF-STEM image of 2 obtained by
using the DCM solution of PS (PS/cluster = 5000/1 (w/w)) as
the solvent. The IrAuj, units of 2 are well dispersed with
reasonable density. The TEM samples of 1 and 3T were also
prepared using the DCM solution of PS, while those of 3 were
prepared using the DCM/MeCN (50/1 (v/v)) mixed solution of
PS due to the low solubility of 3 in DCM. As circled in Figure
2a, a visual guide, the TEM observation supports the efficient
formation of dimers in 2, linear trimers in 3, and triangular
trimers in 3T.

To further solidify the evidence for programmed assembly
of NCs based on the obtained TEM images, the distributions of
the first and second nearest neighbor distances (NND,; and
NND,, respectively) of the IrAu;, units were statistically
analyzed. As shown in Figure 2b, the NND; and NND;, for a
given particle py are defined as the distances to the first and
second nearest neighbor particles (p; and pz, respectively). In
the following, the analysis method is explained using 1 as an
example. First, we identified the position of the core centers in
the TEM image (Figure S3). Then, the NND, and NND, values
were determined for all the particles seen in Figure S3 and are
shown in the histogram (Figures 2c, 2d). Finally, the histograms
of NND, and NND, were compared with the probability density
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Figure 2. (a) Representative STEM images of 1, 2, 3, and 3T. Scale bars are 20 nm. (b) Schematic illustration of the NND concept. (c)
NND; and (d) NND; distributions of each sample. The black curves in (c) and (d) are the calculated NND; and NND, distributions in the
randomly dispersed model, respectively. The red curves in (c) and the blue curves in (d) represent the best-fit Gaussian curves. The fitting
ranges were 0—4 nm, except for 3, which was 0-5.5 nm. The vertical dotted lines in (c) and (d) indicate the distance between the core in

the oligomers expected by DFT calculation.

functions fi(r) and fo(r) theoretically predicted for randomly
dispersed particles:*
fi(@) = 2mpre~mer 6h)
fo(r) = 2n2pPriemer @
where r and p are the interparticle distance and the particle
density, respectively. The p value for 1 (Figure S3) was 0.0109
nm? (449 particles in a 206 nm square). Both the experimental
NND,; and NND; distributions agreed with the theoretically
calculated fi(r) and fo(r) (Figures 2c, 2d). Therefore, we
concluded that the individual particles of 1 are randomly
distributed within the PS network formed on the TEM grid.
Encouraged by this successful application of the statistical
analysis, we extended the analysis to the images of the IrAu,,
assemblies. Figure 2c shows the experimental NND, histogram
of 2, which has a peak in the 2.0-2.5 nm bin, while the NND,
histogram in Figure 2d has a broad distribution. The
experimental NND; histogram for 2 does not agree with the
fi(r) function which is predicted for randomly dispersed
particles by using p = 0.0067 nm > (143 particles in a 146 nm
square, Figure S4). This discrepancy indicates that each particle
is located at an average distance of 2.4+0.4 nm. The NND; and
NND:; distributions of 3 and 3T were obtained from the images
in Figures S5 and S6, respectively. The NND; and NND,
histograms of 3 and 3T (Figures 2c, 2d) differ significantly
reflecting the different arrangement of the three IrAu;, units.
The NND, histogram of 3 has a single peak at an average
distance of 2.3+0.6 nm (Figure 2c), while the NND, histogram
has two peaks at average distances of 2.7+0.3 and 4.3+0.6 nm
(Figure 2d). In contrast, the NND; and NND; histograms for 3T
have single peaks at an average distances of 1.9+0.4 nm (Figure
2¢) and 2.3+0.4 nm (Figure 2d), respectively.

To rationalize the results shown in Figures 2¢ and 2d, the
DEFT calculation was performed using the model structures 2-
m, 3-m, and 3T-m, by simplifying the dppe ligand with the
dmpe ligand ((Me),PC,HsP(Me),). The optimized structures of
2-m, 3-m, and 3T-m obtained at the level of B3LYP/Lanl.2DZ
(Au, Ir) and 6-31G(d) (others) levels are shown in Figure S7.
As expected, the IrAu, units are assembled by L1 and L2
ligands through the Au-CN coordination bonds. Close
inspection revealed that the phenyl rings in L1 and L2 are not
coplanar due to steric repulsion between the hydrogens of the
phenyl rings, resulting in the disruption of the m-electron
conjugation between them. According to the optimized
structure of 2-m, the center-to-center distance between the two
IrAu,, units was 2.6 nm (Figure S7a). Thus, the TEM results
and the average NND; value of 2.4+0.4 nm for 2 quantitatively
support that the L1 ligand binds two IrAui, units. The slightly
shorter experimental NND; distance than the calculated NND;
value is probably due to the tilted configuration of the L1 ligand
in 2 with respect to the electron beam. The optimized structure
of 3-m predicts that three IrAu,, units are linearly aligned at
equivalent distances of 2.6 nm (Figure S7b). Thus, the average
NND; and NND, values of 2.3+0.6 and 2.7+0.3 nm,
respectively, are assigned to the first- and second-nearest-
neighbor distances from the central core of 3. Meanwhile, the
average NND; value of 4.3+0.6 nm is assigned to the distance
between the two terminal cores of 3. The optimized structure of
3T-m predicts that three IrAu;; units are triangularly aligned at
a distance of 2.3 nm (Figure S7c¢). This structure explains the
average NND; and NND; values of 1.9+0.4 and 2.3+0.4 nm for
3T. In conclusion, the NND analysis and DFT calculations
support the successful assembly of the IrAu;, units in a
programmed manner as shown in Scheme 1. We further



investigated the chemical identity of individual particles in the
assembly using energy dispersive X-ray spectroscopy (EDS).
As shown in a STEM-EDS elemental mapping of 2 (Figure S8),
both Ir and Au signals were detected at the position of
individual IrAu,, particles. Quantitative analysis estimated the
atomic ratio of Auw/lr to be 12.243.6, supporting the
composition of the IrAu,, units.

We then attempted to prepare and observe the linear
oligomers longer than 3. The oligomers of the IrAu,; units were
prepared by mixing 1" with 0.9 eq. of L1. Figure 3a shows the
typical ESI mass spectrum of the as-prepared linear oligomers
dissolved in MeCN. Instead of the expected oligomers with
exposed and/or L1-terminated ends, such as ("1"-L1), -1,
L1-("1"-L1),.+—1", and L1-("1"-L1),, the most dominant
species observed were Cl-("1"-L1),.—1"-Cl and L1-("1"-
L1),.1—1"-Cl with n = 2-10 (Figure S9). This indicates that the
oligomers’ exposed ends are highly reactive, even toward Cl-
containing impurities present in the mass spectrometer. The
longest oligomer detected by ESI-MS was the decamer Cl—
(‘1"-L1)o—"1"—Cl adducted with nine BF;~ counteranions. The
representative HAADF-STEM image of the oligomers is
shown in Figure 3b: the TEM sample was prepared by using the
DCM/MeCN (50/1) mixed solution of PS as a solvent. As
expected, linear oligomers ranging from the dimer to the
hexamer are observed. For example, a closer look at the
hexamer (Figure 3c) shows that the interparticle distances were
in the range of 2.3-2.7 nm, which is close to that of the
theoretically optimized structures of 2-m and 3-m (Figures S7a,
S7b). The bent structure indicates that the linear oligomers
exhibit a certain degree of structural flexibility.

The electronic structures of the assemblies were studied
theoretically using the DFT-optimized structures 2-m (Figure
S7a) and 3-m (Figure S7b). The energy levels and shapes of the
Kohn-Sham orbitals for 2-m and 3-m obtained in the CAM-
B3LYP/LanL2DZ (Au, Ir) and 6-31G(d) (others) levels are
shown in Figures 4a and 4b, respectively. Starting with 2-m,
the occupied orbitals are localized on one of the
[IrAu>(dmpe)s(PA);]** (1-m”) units and doubly degenerate
(Figure 4a), so in the following we focus only on the nature of
the highest occupied molecular orbital (HOMO), HOMO-2 and
HOMO-4. The HOMO and HOMO-2 are constructed by
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Figure 3. (a) ESI mass spectrum of linear oligomers of "1”. The
numbers in the circles and squares indicate the n values for Cl-
(‘'1"-L1),.1—-"1"-Cl and L1-("1"-L1),..—"1"-Cl, respectively.
Detailed assignment is given in Figure S9. (b) Typical HAADF-
STEM image of linear oligomers of “1%. The scale bar is 20 nm.
(c) Enlarged HAADF-STEM image of the hexamer. The scale
bar is 5 nm.

bonding and anti-bonding interactions between the m orbital of
the terminal PA ligand and the 1P superatomic orbital of the 1-
m’" unit, respectively (Figure 4a).”> HOMO-4 is constructed by
the bonding interaction between the 7 orbitals of L1 and the 1D
superatomic orbitals of the 1-m" units, which can be better
understood by representing them with the isovalue of 0.001
(Figure S12). In contrast, the contribution of the m orbital of L1
becomes evident in the unoccupied orbitals (Figure 4a): the
lowest unoccupied molecular orbital (LUMO) is composed of
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Figure 4. Energy diagram and representative KS orbitals (isovalue = 0.008) of (a) 2-m and (b) 3-m.
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Figure 5. UV-vis absorption spectra of (a) 17, 2, 3, and linear oligomers of 1" and (b) 1*, 1"-L1, L1-"1"-L1, and linear oligomers of “1"
in MeCN. Each spectrum was normalized to the most intense peak. Simulated UV-vis absorption spectra of (c¢) 2-m and (d) 3-m. The
natural transition orbitals (isovalue = 0.008) of the representative transitions were displayed as insets.

the © orbital of L1 and the 5d orbitals of the Ir atoms, while the
LUMO+1 is composed of the  orbital of the L1 ligand and the
1D orbital of the 1-m” unit. Next, the HOMO to HOMO-27 of
3-m are mainly localized to one of the terminal 1-m" units,
while HOMO-28 and HOMO-29 are mainly localized to the
central [IrAu>(dmpe)s]** (*1-m”) unit (Figure 4b). In contrast,
the LUMO to LUMO+10 are mainly contributed by the central
*1-m” unit, while the LUMO+11 and LUMO+12 consist of &
(L1) and 5d (Ir) orbitals. In summary, the introduction of the
*1-m" unit into 2-m significantly changes the energy ordering
of the unoccupied MOs.

The evolution of the optical properties of the linear
assemblies as a function of the number of IrAu;, units was
investigated by comparing the UV-vis absorption spectra of 17,
2, 3, and linear oligomers of “1° (Figure 5a). The molar
absorption coefficients (emax) of 17, 2, and 3 at 304, 310, and
309 nm were 1.5x10°, 2.9x10°, and 4.6x10° M 'em™,
respectively (Figure S10), indicating that the emax value of the
linear assembly increases linearly with the number of the IrAu,,
units. The spectral profiles were then compared after
normalization to the most intense peak. A new peak appeared
at ~480 nm for 2 and became more pronounced with the number
of the IrAu,, units (Figure 5a). To determine whether this new
peak was related to the difference between the PA and L1
ligands on the IrAu;, units, the compounds L1-"1"-L1 and 1"~
L1 were synthesized as references (Figure S11). The absorption
spectra of L1-"1"-L1 and 1"-L1 are compared with that of 1"
in Figure 5b after normalization at 310 nm. The absorbance at
480 nm increased in the order of 1" < 1"-L1 < L1-"1"-L1,
suggesting that the ligation of L1 is responsible for the peak at
480 nm. However, the absorbance at 480 nm of the oligomers
without PA ligands is significantly greater than that of L1-"1"-
L1. This indicates that the number of the assembled IrAu;; units
also contributes to the appearance of the 480 nm peak.

Finally, the absorption spectra of 2-m and 3-m were
theoretically simulated by TD-CAM-B3LYP/LanL.2DZ (Au,

Ir) and 6-31G(d) (others) to help assign the experimental
spectra. The results are summarized in Figure 5c and d. First,
the simulated spectrum of 2-m (Figure 5c) qualitatively
reproduces the spectral features of 2 (Figure 5a, red) although
the lowest energy peak is slightly blue-shifted. The main
contributors to the lowest energy band at ~415 nm are three
transitions i—iii, whose assignments are given in Table S3. In
the following, the optical transition is discussed based on the
results of the natural transition orbital (NTO) analysis®*® rather
than using the canonical orbitals to capture the essence of the
transition. As shown in Figure 5c, the transitions i and ii are
mainly assigned to local excitation within the 1-m" unit, while
the lowest energy transition iii can be considered as an electron
transfer from 1-m" to L1. These results suggest that transition
iii is responsible for the appearance of the new absorption band
at 480 nm for 2 (Figure 5a, red). Next, the simulated spectrum
of 3-m also shows the lowest energy band at ~415 nm (Figure
5d), like 2-m (Figure 5c). This negligible shift in the peak
position reproduces the experimental results (Figure 5a, blue).
The main contributors to the lowest energy band are four
transitions iv—vii, whose assignments are summarized in Table
S4. The most intense transition iv is a localized excitation
within the central “1-m" unit, while transitions v and vi
correspond to the localized excitation within the terminal 1-m*
unit with a slight contribution from the electron transfer from
the terminal 1-m" to the central “1-m” (Figure 5d). The lowest
energy transition vii is considered mainly as an electron transfer
from the terminal 1-m” unit to the central *1-m” unit (Table S4).
In summary, the absorption peak at 480 nm for 3 contains the
contribution of electron transfer from the terminal 1-m" units to
the central *1-m" unit. Further enhancement of the absorbance
at 480 nm for the longer linear assemblies of 1" (Figure 5a,
green) suggests a greater involvement of the inter-cluster
electron transfer.

In summary, we have achieved the programmed assembly
of the icosahedral Ir@Au,» nanoclusters into a dimer, a linear



trimer, linear oligomers, or a triangular trimer via the reaction
between the IrAu;, units with predefined binding sites and
multidentate isocyanide linkers. A newly developed protocol
for the EM sample preparation allowed us to confirm the
formation of the programmed assembled structures as the major
species. In addition, statistical analysis of the nearest neighbor
distances between the IrAui, units provided quantitative
structure models that were consistent with the DFT-optimized
structures. Optical absorption spectroscopy of the linear
assemblies revealed a new peak at 480 nm in the dimer, which
becomes more pronounced in the trimer. TD-DFT calculations
revealed that the peak growth is due to the electron transfer
from the IrAu;; unit to the linker ligand in the dimer and to
another IrAui, unit in the trimer. Bottom-up, programmed
assembly of pre-defined Au nanoclusters will provide us with
an opportunity to elucidate how novel collective properties of
Au nanoclusters arise through assembly.
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