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Shape-controlled synthesis of nanomaterials has be-
come an important issue to synthetic material scientists
because new physical and chemical properties can be
obtained through the evolution of unprecedented shapes.'
Diverse methods for shape control of nanomaterials have
been developed on the basis of the template method,>
growth of intrinsic anisotropic crystals,> use of shape
directing catalysts,* and oriented attachment mechanism,’
as well as the low-temperature, kinetically controlled
growth of nanomaterials.®

Recently, the Xia and Yang groups demonstrated the
growth of gold nanowires in amine solution at low
temperature (even at room temperature), which is an
interesting example of kinetically controlled synthesis.’
The cubic phase of the resultant nanowires indicates that
the low-temperature growth has the potential to produce
unprecedented nanomaterials. Interestingly, the rela-
tively weak Au—Au aurophilic interaction® in solution
played a key role in the assembly of precursors and the
resultant shape evolution.

Similar to the aurophilic interaction, a weak metal—
metal interaction between the group 9 metals with an
oxidation state of +1 was observed by Gray and co-
workers, which has been attributed to a molecular orbital
symmetry interaction of the filled o-metal—metal bonding
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Figure 1. Molecular orbital symmetry interaction between d®-metal
complexes.

and o*-antibonding orbitals with the empty p. o and o*
orbitals (Figure 1).” This interaction stabilized the filled
orbitals and destabilized the empty orbitals. Despite
its relative weakness, the resultant interaction is strong
enough to induce the assembly of complexes, even in
solution.” Very recently, our research group disclosed the
Rh(I)=Rh(I) interaction of square planar Rh(CO),ClI-
(amine) complexes to form molecular wires.'® In the
present study, we report the preparation of unprece-
dented ultrathin (1.3 nm thickness) rhodium nanoplates
at 50 °C via metal—metal interaction between Rh(I)
precursors.

The shape-controlled synthesis of rhodium nanoparti-
cles has been extensively studied because it is a very
important metallic catalyst for diverse organic transfor-
mations.'" However, the shape-controlled synthesis of
rhodium nanomaterials has focused on the isotropic
structure due to rhodium’s face-centered cubic (fcc)
structure. As far as we are aware, no report has been
published on anisotropic rhodium nanomaterials such as
2D nanoplates.

In the typical synthetic procedure for rhodium nano-
plates, rhodium carbonyl chloride dimer, [Rh(CO),Cl],
(39 mg, 0.10 mmol) was dissolved in oleylamine (10 mL)
at room temperature. The resultant solution was heated
at 50 °C for 10 days without stirring. In contrast, when the
solution was stirred, no nanomaterials were obtained. As
the reaction proceeded, black precipitates were formed on
the wall of the vial. The mother liquid was decanted and
the precipitates on the wall of the vial were collected and
washed with methanol several times. When the reaction
temperature was above 70 °C, a significant amount of
isotropic nanomaterials was mixed. At room tempera-
ture, no nanomaterials were formed. The resultant pre-
cipitates were dispersed in methylene chloride. Figure 2a
and Figure S1 in the Supporting Information showed the
typical transmission electron microscopy (TEM) image of
the top view of nanoplates (vide infra).
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Figure 2. (a) TEM image of the top view of the prepared nanoplates,
(b) shape distribution diagram by investigating 750 plates.
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Figure 3. Powder X-ray diffraction patterns of (a) metallic rhodium in
literature, (b) the as-prepared nanoplates, and (c) the heat-treated sample
at 400 °C. (d) Illustration of the shape evolution of ultrathin nanoplates.

Interestingly, the top view of plates varied from triangle
to qudrangle (trapezoid, rhombus). The distribution
of these shapes was statistically analyzed by counting
750 plates (Figure 2b). The triangular nanoplates were
observed as major shape. Interestingly, all the observed
shapes have 60 or 120° angles and square shape was not
detected. This observation can be a clue for understand-
ing the crystal plane of plates (vide infra). The powder
X-ray diffraction (XRPD) studies of the as prepared
materials showed no valuable information due to the
ultrathin thickness of plates (Figure 3a,b). However,
when the isolated nanomaterials were heated at 400 °C
under argon for 12 h, two distinct peaks were observed,
which were indexed as metallic rhodium (JCPDS #
01—1214) (Figure 3c). Unfortunately, X-ray photoelec-
tron spectroscopy (XPS) of the as-prepared samples
showed no reliable rhodium peaks due to the ultrathin
thickness of materials and the coating of organic materials
on surface of nanoplates (Figure S5 in the Supporting
Information). Energy-dispersive X-ray spectroscopy
(EDS) of the as prepared samples showed a trace amount
of chlorine (4 atomic% chlorine to rhodium), which sup-
ports the theory that the major materials are not rhodium
chloride species. Electron diffraction (ED) pattern of as
prepared nanoplates matched well with that of metallic
rhodium (see Figure S2 in the Supporting Information).

The evolution of the observed shapes can be rationalized
by understanding the crystal structure of the nanomaterials.
The top plane of nanoplates is (111) plane of metallic
rhodium based on high resolution-TEM study (vide infra)
and triangular and qudraangular shapes having 60 and
120° angles can be generated as illustrated in Figure 3d.

Recently, diverse metallic nanoplates, including Au and
Ag, with an fcc phase have been prepared. However, the
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Figure 4. (a) TEM image, (b,c) HRTEM images, and (d) thickness
distribution diagram of the obtained rhodium nanoplates.

thickness of these nanoplates was relatively thick in the
range of 5—100 nm.'? By slowly evaporating the hexane
solvent of sample solution, the side view of the packed
nanoplates were observed in TEM investigation (Figure 4).

As shown in panels a and d in Figure 4, the prepared
rhodium nanoplates in this study were ultrathin with an
average thickness of only 1.3 £ 0.2 nm (counting 176 plates).
The prepared nanoplates exhibited a self-assembled packing
structure in range of tens of micrometers (see Figure S3 in
the Supporting Information).

The side view of nanoplates was further analyzed by
high resolution-TEM. (Figure 4b,c) The average distance
of parallel crystal planes to the plates was 0.222 nm, which
was assigned to the distance of the (111) crystal plate
(0.220 nm, JCPDS # 01—1214). The distance of the
vertical crystal planes to plates was 0.233 nm, which
was assigned to the 1/3 (422) crystal plane (the known
distance between the 1/3 (422) crystal plane, 0.234 nm,
JCPDS # 01—1214). Actually, all known Ag, Au, and Pd
nanoplates with fcc phase have the same structure.'?

It is quite noteworthy that the rhodium nanoplates were
prepared at unusually low temperature, 50 °C. To investi-
gate the formation process of nanoplates, we studied the
precursor solution by UV—visible (UV/vis) absorption
spectroscopy. The color of the precursor solution was
dramatically changed from reddish yellow to black depend-
ing on the concentration (Figure 5). In 1975, the metal—
metal interaction between the Rh(I) complexes was char-
acterized via UV/vis spectroscopy by Gray.” The proof of
the metal—metal interaction in solution was a sudden
observation of the new strong and broad absorption bands
across the visible-light range with a maximum absorption at
568 nm. The appearance of these bands was quite dependent
on the complex concentration.

In this study, similar behavior was observed in the
UV/vis spectra of the precursor solution (also, see the
detail characterization of metal—metal interaction of
Rh(CO),Cl(amine) complexes in ref 10). As shown in
Figure 5b, a new broad shoulder band started to appear at
500 nm in the 5 mM solution. The intensity was increased
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Figure 5. Concentration-dependent UV —visible spectroscopy and
photographs of oleylamine solution of (a) RhCl; and (b) [Rh(CO),Cl],.

with increasing solution concentration. The solution was
clearly homogeneous but very dark in the 10 mM solu-
tion. In the UV/vis spectrum, a very strong and broad
absorption band appeared across the visible-light range.
In this study, the synthesis of rhodium nanoplates was
conducted with a 10 mM solution of precursor. The color
change was quite reversible and the dilution of 10 mM
solution to 2 mM resulted in the disappearance of
the absorption peak at 585 nm. Through reaction of
[Rh(CO),Cl], with equivalent of oleylamine, the resultant
complex, Rh(CO),Cl(oleylamine) was isolated and char-
acterized by 'H, '*C NMR and elemental analysis. Similar
with Rh(CO),Cl(alkylamine),'® the compound showed the
reversible concentration dependent color change in solu-
tion and assembly behavior in solid state through the
metal—metal interaction.

Although the other rhodium precursors were screened,
the formation of rhodium nanoplates was only observed
by using [Rh(CO),Cl],. In the case of [Rh(COD)CI],,
{Rh[P(OPh);],Cl}, and RhCl;, the color of 10 or 20 mM
solutions in oleylamine was reddish-yellow and the new
peak in range of 500 to 700 nm was not observed
(Figure 5a). It is noteworthy that Rh(COD)Cl(amine)
and Rh[P(OPh);],Cl(amine) did not show the metal—
metal interaction due to the steric effect of ligands.'”
Also, it has been well-known that the molecular orbital
symmetry interaction has been observed in d®*—d® or
d'—d'? systems. In this context, Rh(III) having d° elec-
tron configuration showed no metal—metal interaction in
solution. Even after 10 days at 50 °C, the original color of
the solution of these precursors was maintained and no
nanomaterials were observed in TEM studies.

According to IR studies on 10 mM oleylamine solution
of [Rh(CO),Cl],, CO ligands in this complex were gradu-
ally deligated in oleylamine solution during the nanoplate
forming process. The amine-induced reduction process in
the synthesis of zero-valence nanomaterials has been well-
documented.'® The excess amine gradually reduced the
Rh (I) via electron transfer to form cationic radical,
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Figure 6. Suggested growth mechanism of rhodium nanoplates.

which abstracted the Cl from the precursors. Considering
observations above, the speculated growth mechanism
was described as shown in Figure 6. On the basis of the
chain structure of Rh(CO),Cl(methylamine),'® the coor-
dinated oleylamines would be located up and down of 1D
chains. The chains interact each other via van der Waals
interaction between alkyl groups to form lamellar struc-
ture. Finally, the gradual deligation and reduction of
Rh(I) to zero-valence Rh would form the 2D plates with
shape evolution to triangle or quadrangle.

Considering the suggested formation mechanism in
Figure 6, two-dimensional shape evolution would be quite
dependent on the van der Waals interaction between the
coordinated oleylamines. This hypothesis was supported by
the following observations. When the length of alkylchains
was gradually reduced to dodecyl, octyl, and butyl, the rela-
tive number of the observed 2D plates to 1D rods was signi-
ficantly reduced (Figure S4 in the Supporting Information).

In conclusion, the unprecedented ultrathin rhodium nano-
plates were successfully prepared via kinetically controlled
growth at low temperature. The metal—metal interaction
between the rhodium precursors in the solution was
observed via UV/vis spectroscopy, which induced the as-
sembly of precursors and the anisotropic shape evolution of
rhodium. This approach can be extended to other square
planar transition complexes having d® electronic con-
figuration. Also, we believe that these ultrathin rhodium
plates can be easily adhered on solid support for catalytic
applications.
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