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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

— 300K
17K

Er

M
aeee

0.2
Binding Energy / eV

0.4 -0.2

Figure 4. PES of ap-1 acquired at 300 and 17 K.
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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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Methods

Materials. Ni(OAc),-4H,0 was purchased from Kanto Chemical Co., Inc. NaBr was
received from Wako Pure Chemical Industries, Ltd. Tris(4-bromophenyl)aminium
hexachloroantimonate was purchased from Sigma-Aldrich Co. Dichloromethane
and ethyl acetate were distilled from NaH under a nitrogen atmosphere, and were
stored with molecular sieves (4A, 1/16). Acetonitrile was purified with a Glass
Contour Solvent Dispensing System (Nikko Hansen & Co., Ltd.). Water was purified
using the Milli-Q purification system (Merck KGaA). Benzenehexathiol (BHT),
NaTCNQ,? and ap-1° were synthesized according to the literatures.

Substrate pre-treatments. HOPG was purchased from Alliance Biosystems, Inc.
(Grade SPI-1 10 x 10 X 2 mm), and cleaved with a piece of adhesive tape just before
use. Silicon wafers (p-doped with a carrier concentration of 3 x 10" cm=) with
thermally-grown 100-nm-thick SiO, were purchased from Yamanaka Semiconductor,
and cut into squares (12 x 12 mm). An HMDS treatment for the silicon wafer was
carried out in a petri dish: The cut silicon wafer was immersed in an ethanol solution
(10 mL) of HMDS (100 uL) for 1 day. After annealing at 130°C for 2 min, the wafer was
rinsed with ethanol and dried in vacuo.

Preparation of ox-1. Under an Ar atmosphere, ap-1 (20.3 mg, equivalent to 13.8
pmol considering the nickel bis(dithiolene) complex unit) and tris(4-
bromophenyl)aminium hexachloroantimonate (119 mg, 146 umol) were added to
dichloromethane (50 mL). The solution was stirred at room temperature for 22 h.
Then the mixture was filtered through a membrane filter. The resultant black solid
was washed with dichloromethane until the filtrate became colorless. After drying
at 150 °Cin vacuo, ox-1 (black solid, 18.2 mg) was obtained.

Preparation of red-1. Under an Ar atmosphere, ap-1 (10.0 mg, equivalent to 6.8
umol considering the nickel bis(dithiolene) complex unit) and NaTCNQ (154 mg, 0.68
mmol) were added to acetonitrile (50 mL). The solution was refluxed for 15 h. Then
the mixture was filtered through a membrane filter. The resultant black solid was
washed with boiling acetonitrile until the filtrate became colorless. After drying at
150 °Cin vacuo, red-1 (black solid with metallic luster, 9.4 mg) was obtained.

XPS. The series of XPS was obtained using PHI 5000 VersaProbe (ULVAC-PHI, INC.). Al
Ka (15 kV, 25 W) was used as the X-ray source, and the beam was focused on a 100
pum? area. The spectra were analyzed with MultiPak Software, and standardized using
a C(1s) peak at 284.6 eV.
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Electrical conductivity measurement. A home-made four-tip system* was used for
the conductivity measurement. Microflakes of ap-1 and ox-1 were deposited on the
HMDS-modified silicon wafer using a dichloromethane and ethanol suspension. The
four-tip made of tungsten was put on the microflake upon supervision of a scanning
electron microscope (SEM, FEI™ Two lens electron column) furnished with the
system. The authors also confirmed that the microflakes possessed flat and smooth
textures using JEOL JSM-7400FNT SEM (Figure S4). The conductivity was measured
by means of the van der Pauw method, from low temperatures to high temperatures.
The thickness of the sample, T um, was determined using AFM (Agilent Technologies
5500 equipped with a silicon cantilever PPP-NCL [Nano World], high-amplitude
mode [trapping mode]). At each temperature, voltage-current (V-/) plots with one-
thousand data points were acquired (Figure S5). The voltage spanned several mV,
reversing the polarity (e.g. -5 mV ~ +5 mV). The resistance was extracted from the
slope of the plot, which was then converted to the conductivity described in the
main text.

Photoemission spectroscopy. Photoelectron emission spectroscopy was recorded
using a hemispherical electron analyser (VG-SCIENTA R4000). Single-layered ap-1
was deposited 10 times onto the HOPG substrate, which was used as the sample. The
sample was attached on the copper stage with Ag paste, and the surface of the stage
was covered by carbon ink completely in order not to emit photoelectrons from
metals. Photoemission spectra were recorded with He | radiation (21.2 eV) at a base
vacuum of < 5x107"" Torr. Er was determined by the Fermi edge of an evaporated Au
film connected to the sample electrically.

First principles calculation. First-principles band structure calculations of ox-1 are
carried out using VASP package® with Perdew—Burke—Ernzerhof generalized
gradient approximation. All of the calculations are performed with a plane-wave
cutoff of 500 eV on 5x5x11 Monkhorst-Pack k-point mesh. The lattice constants are
chosen from the experimental data (a = b = 14.1 A, c = 7.6 A).2 During structural
relaxation, all atoms are relaxed until the forces are smaller than 0.01 eV/A.
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S1-S3  Deconvolution of the S 2s peak in XPS.

Band BEE./eV FWHM/eV Areal/%

1
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Intensity / a.u.
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3
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J (gray)
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Binding Energy / eV

Figure S1. Deconvolution of the XPS S 2s peak of ap-1. The red line is the
experimental spectrum. The yellow and green Gauss curves are derived from the
nickel bis(dithiolene) moieties with -1 and 0 oxidation states, respectively. The gray
one is assigned to the “shake-up” peak, which is often observed in bis(dithiolene)
complexes.® The black line is the sum of the Gauss curves. B.E. = binding energy.
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Figure S2. Deconvolution of the XPS S 2s peak of ox-1. The blue line is the
experimental spectrum. The green Gauss curve is derived from the nickel
bisdithiolene moiety in the 0 oxidation states. The gray one is assigned to the “shake-
up” peak, which is often observed in bis(dithiolene) complexes.® The black line is the
sum of the Gauss curves. B.E. = binding energy.
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Figure S3. Deconvolution of the XPS S 2s peak of red-1. The black line is the
experimental spectrum. The yellow Gauss curve is derived from the nickel
bisdithiolene moiety in the -1 oxidation state. The gray one is assigned to the “shake-
up” peak, which is often observed in bis(dithiolene) complexes.® The dark-blue line is

the sum of the Gauss curves. B.E. = binding energy.
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S4  Close-ups of typical SEM images.

10 um

Figure S4. Close-ups of typical SEM images for ox-1 (left) and ap-1 (right) showing
flat and smooth textures.
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S5  Typical V- plot.
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Figure S5. Typical V-/ plot for (a) ox-1 and (b) ap-1, respectively. The data points were
acquired at 77 K. The linear fitting is based on the least squares method.
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