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ABSTRACT: A bulk material comprising stacked nano-
sheets of nickel bis(dithiolene) complexes is investigated.
The average oxidation number is —3/4 for each complex
unit in the as-prepared sample; oxidation or reduction
respectively can change this to 0 or —1. Refined electrical
conductivity measurement, involving a single microflake
sample being subjected to the van der Pauw method under
scanning electron microscopy control, reveals a con-
ductivity of 1.6 X 10* S cm ™', which is remarkably high for
a coordination polymeric material. Conductivity is also
noted to modulate with the change of oxidation state.
Theoretical calculation and photoelectron emission spec-
troscopy reveal the stacked nanosheets to have a metallic
nature. This work provides a foothold for the development
of the first organic-based two-dimensional topological
insulator, which will require the precise control of the
oxidation state in the single-layer nickel bisdithiolene
complex nanosheet (cf. Liu, F. et al. Nano Lett. 2013, 13,
2842).

ncreasing attention has been paid to nanosheets (two-

dimensional crystalline materials), such as graphene' ™ and
MoSz.é_9 These nanosheets are promising for use in innovative
electronic'"! and optonic'*>™'* devices. A nickel bis-
(dithiolene) complex nanosheet created by the authors is part
of a new class of two-dimensional material (Figure 1a).">'° It is
distinctive for its bottom-up synthesis from molecular and ionic
components (benzenehexathiol and nickel(II) ions) that results
in a single-layer nanosheet. It also features a hexagonal kagomé
lattice comprising phenylene linkers and nickel bis(dithiolene)
complex units in a 7-conjugated electronic structure. It is thus
the first conductive bottom-up nanosheet.

The topological insulator (TT) is a new state of matter.
Its bulk part is an insulator, but its edges (i.e., surfaces or sides)
feature a metallic phase. The metallic edge is spin-polarized
and, thereby, conveys a spin current. These features make TIs
promising materials for electronics and spintronics. TIs
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Figure 1. (a) Ilustration of the chemical structure of the nickel
bis(dithiolene) complex nanosheet. 1 corresponds to the stacked
nanosheet. (b) Schematic illustration on redox control in 1.

reported thus far are all inorganic materials. Bi,Se;*' ™ is a
representative three-dimensional TI;*' ~*° two-dimensional TIs
(2D-TIs) are rarer, with the only known examples being a
quantum well composed of HgTe/CdTe>"** and a Bi bilayer
on Bi,Te;*”* Besides, organic-based TI systems remain
unexplored.

The authors predicted a two-dimensional network of Ph;M
(M = Pb or Bi) as a potential organic 2D-TL, but it is hardly
accessible. The authors also suggested a realizable candidate,
the single-layer nickel bis(dithiolene) complex nanosheet
(Figure 1a).*® For this nanosheet to function as a 2D-TI, it
requires precise control of its doping, so that the Fermi level
locates in the gapped Dirac point. Herein, control in the
oxidation state of the nickel bis(dithiolene) complex unit is
equivalent to a modulation of the doping level: For example, an
average oxidation number of —2/3 is suitable for a 2D-TL>*

The present report concentrates on two topics: the control of
the oxidation state of the nickel bis(dithiolene) complex
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nanosheet (Figure 1b), which is important in making a 2D-TI,
and the use of a sophisticated conductivity measurement
method. Measurements are made employing the van der Pauw
method using a four-probe set-up under the inspection of
scanning electron microscopy (SEM), which gives a genuine
electrical conductivity excluding a contact resistance. Associated
with the conductivity measurement, photoelectron spectrosco-
py (PES) and first-principles calculations are conducted to
investigate the band structure. Handling and size limitations
lead to samples of stacked nanosheets (hereafter called 1) being
used in this series of studies.

To control the oxidation state, as-prepared 1 (ap-1) was
oxidized using tris(4-bromophenyl)aminium hexachloro-
antimonate and reduced using NaTCNQ to give samples
respectively labeled ox-1 and red-1. The oxidation state was
then investigated by X-ray photoelectron spectroscopy (XPS),
where its S 2s peak sharply reflects the oxidation state of the
bis(dithiolene) metal complex (Figure 2).>” Ap-1 showed an
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Figure 2. S 2s peak for the XPS of 1 (blue: ox-1; green: ap-1; red: red-
1).

average oxidation number of —3/4 for the nickel bis-
(dithiolene) unit."> The S 2s envelope could be deconvoluted
into three peaks, corresponding to the shake-up peak often
found in the dithiolene-type compound,®®** the —1 oxidation
state for the nickel bis(dithiolene) unit, and the zero oxidation
state, respectively (Figure S1). The S 2s envelope shifted
toward higher binding energies upon oxidation, whereas
reduction decreased the binding energy. The deconvolution
of the S 2s peak suggests that the nickel bis(dithiolene)
complex unit was monovalent, being in the 0 and —1 states in
ox-1 and red-1, respectively (Figures S2 and S3). These results
suggest that an electrochemical doping channel is available in
the nickel bis(dithiolene) complex nanosheet.

Our previous work had reported the electrical conductivity of
pelletized samples of 1 measured using a primitive two-
electrode set-up."® Here we employed an upgraded measure-
ment technique. Each single microflake of ox-1 and ap-1 was
subjected to the van der Pauw method under the control of
SEM* (Figures 3a,b, S4, and SS). This measurement excluded
resistances derived from the contact between the probe and the
sample and also the grain boundary of the sample, thereby
giving the intrinsic conductivity. Ox-1 showed an electrical
conductivity of 1.6 X 10> S cm™ at 300 K, which is, to the best
of our knowledge, the highest value for coordination
polymers:*'~* A two-dimensional Cu(I) 4-hydroxythio-
phenolate network features an electrical conductivity of 1.2 X
10> S cm™*' whereas a recently reported metal—organic
framework or porous coordination polymer (MOF or PCP)
comprising the nickel bis(diimine) complex motif (with the
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Figure 3. (a,b) SEM images for the van der Pauw measurement of ox-
1 and ap-1, respectively. (c) Temperature dependence of the electrical
conductivity for ox-1 and ap-1. Sample thickness: 1 pm. The
conductivity contains an error of 10%.

same electronic structure as the bis(dithiolene) complex motif)
has been reported to possess a conductivity of 4.0 X 10 S cm™"
at room temperature.”> Ap-1, however, showed a conductivity
that was smaller by 2 orders of magnitude (2.8 S cm™ at 300
K). Figure 3c shows the temperature dependence of the
conductivity, which decreased slightly with falling temperature.
The linear relationship between the logarithm of the
conductivity with respect to the reciprocal of the temperature
in the Arrhenius plot gives the activation energy (E,) of each
sample (ox-1: 10 meV; ap-1: 26 meV). The E, of ox-1 appears
quite small for a coordination polymer.

To reveal the origin of the observed high electrical
conductivity and small activation energy, ap-1 was subjected
to PES. Ap-1 on highly oriented pyrolytic graphite (HOPG)
exhibited a Fermi edge even at 300 K: The Fermi edge was
more prominent at 17 K (Figure 4). This result suggests a
metallic nature. The band structure of 1 is also reproduced in
first-principles calculation (Figure S). The structure is based on
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Figure 4. PES of ap-1 acquired at 300 and 17 K.

dx.doi.org/10.1021/ja507619d | J. Am. Chem. Soc. 2014, 136, 14357—14360



Journal of the American Chemical Society

Communication

@ T/ (b) —
N
14
—<>\ | H

- . \é _______ i,
Wt [T —
w <><%_/-C \:K>

1 _\\ [

2 T

T M K H A T

Figure S. (a) First-principles band structure of ox-1. (b)
Corresponding first Brillouin zone and high-symmetry k-points.

that suggested by powder X-ray diffraction analysis,"> and the
oxidation number of the nickel bis(dithiolene) unit considered
herein is zero (ie., ox-1). The band structure also indicates a
metallic nature (Figure ).

Both PES and the band calculation suggest that ox-1 and ap-
1 are metallic, although the van der Pauw conductivity
measurement revealed semiconductive behavior with small E,.
This discrepancy might stem from a structural disorder in the
sample. Particularly, ap-1 contained Na* as a countercation,
which could have amplified the structural confusion.

In conclusion, the oxidation state of 1 was controlled via
chemical oxidation and reduction, which fixed the valence of
the nickel bis(dithiolene) complex unit at 0 and —I,
respectively. The electrical conductivity of a single microflake
of 1 was evaluated using the van der Pauw method under the
control of SEM; it showed a very high conductivity of 1.6 X 10*
S ecm™" at 300 K. The metallic nature of 1 was confirmed by
PES and first-principles calculations. This work establishes a
remarkable area of progress in coordination polymer chemistry
and will be a sound step toward the realization of an organic
2D-TL
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Experimental details, deconvolution of the S 2s peaks in XPS,
close-ups of typical SEM images for ox-1 and ap-1 showing flat
and smooth textures, and typical V—I plots for ox-1 and ap-1 in
the van der Pauw measurement. This material is available free
of charge via the Internet at http://pubs.acs.org.
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