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% Check for updates Conducting organic metal chalcogenides (OMCs) have attracted considerable

interest for their superior electrical properties and fascinating functions.
However, the electronic structural and functional regulation of OMCs are
typically limited to the combination of monometallic nodes and graphene-like
ligands. Here, we report a family of bimetallic OMCs ([CuAg,(C¢Se)]n, X =4 or
2) synthesized via selective metal metathesis and oxidation transformation.
Both OMCs have alternatively stacked one-dimensional (1ID) copper-dithiolene
chains and 2D Ag-S networks, which can synergistically serve as charge
transport pathways, rendering these bimetallic materials highly conductive.
The incorporation of heterometallic nodes turned nonmagnetic [Ags(CeSe)]n
into paramagnetic metallic [CuAg4(CeSe)]n, Which exhibited a coherence-
incoherence crossover in magnetic susceptibility measurements and an unu-
sually large Sommerfeld coefficient, reminiscent of the characteristics of
Kondo lattice. This work opens up an avenue for tailoring the electronic
structures of OMCs and provides a platform for studying the dichotomy
between electronic localization and itinerancy.

Organic metal chalcogenides (OMCs) represent a burgeoning class of
organic-inorganic hybrid materials constructed with continuous M-X
(X=S, Se, Te) networks that are further covalently connected by
organic ligands and extend into periodic one-dimensional (1D), two-
dimensional (2D), or three-dimensional (3D) frameworks'*. Conduct-
ing OMCs have currently received significant attention for their tai-
lorable structures® and superior electrical properties®® as well as
fascinating features of quantum phenomena’'°. Growing efforts have
been dedicated to exploring conducting OMCs by varying the organic
and metal building blocks. To date, by combining single-metal nodes

(e.g., Fe, Ni, Cu, or Ag, etc.) and highly symmetrical aromatic ligands, a
large number of conductive OMCs with varying structural topologies
have been produced"">. However, these monometallic OMCs generally
impose some unavoidable disadvantages in manipulating their elec-
tronic structures and regulating the functions of interest, thus limiting
the maximal potential of this emerging class of organic-inorganic
hybrid materials.

From the structural perspective, the integration of bimetallic
nodes inside OMCs could be an effective method to tailor the targeting
structural topologies and introduce additional functionalities.
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However, the kinetic inertness and fast reaction rate of the
metal-chalcogen bond formation reaction”® make the direct synthesis
impractical, since the reaction of ligands with different metal ions
would inevitably suffer from the separate growth of OMCs in solution.
Encouragingly, post-synthetic modification provides an alternative
scheme for accessing materials when the direct synthesis route fails™"*.
For example, in analogous systems like transition metal dichalcogen-
ides (TMD), doping of TM (Fe, Co, and Ni) atoms has been experi-
mentally demonstrated to be a promising way to achieve functional
programming'®”. However, unlike the ionic TMD, OMC is a covalent
compound and its skeleton is maintained by robust covalent M-X
bonds™"®, which makes the energy barrier of embedding a second
metal atom into pristine OMC lattices very steep. Consequently, the
synthesis of bimetallic OMCs has been challenging and has not been
reported hitherto.

Here, the original bimetallic OMC, [CuAg4(C¢Se)]ln (CuAg,BHT,
BHT =benzenehexathiol), was synthesized via selective metal
metathesis of AgsBHT, wherein only the square-planar Ag ions were
precisely substituted by Cu ions. In particular, under the delicate oxi-
dation regulation, CuAg,BHT can be converted to another bimetallic
species, CuAg,BHT. The crystal structures of both OMCs were solved
with atomic resolution, revealing 3D lamellar structures composed of
alternatively stacked 1D copper-dithiolene chains and 2D Ag-S net-
works. Significantly, ultraviolet-photoelectron spectroscopy (UPS) and
band structure calculations evidence the intrinsic metallic character of
both materials. In addition, combining magnetic susceptibility and
specific heat measurements, a coherence-incoherence crossover was
observed in CuAgyBHT, suggesting that this OMC would be an
unprecedented candidate for a heavy Fermi liquid with Kondo lattice
behavior. Our findings open up an avenue for the design of bimetallic
OMCs with unusual structural topologies and tailor-made functional-
ities, and provide an attractive platform to search for exotic states of

Results

Synthesis and structural characterization

As shown in Fig. 1, both the direct synthesis and post-synthetic
metathesis were attempted to synthesize heterometallic OMCs. Under
homogeneous solution condition, when BHT reacted with a mixture of
the two metal ions, no crystalline product could be isolated (Supple-
mentary Table 1 and Supplementary Fig. 1), due to the divergent OMC
formation kinetics of two metal ions with BHT. To achieve controlled
incorporation of two metal nodes, we envisioned that the post-
synthetic metathesis approach with highly crystalline AgsBHT (ref. 19)
and CuyBHT (ref. 20) as the parent frameworks might work, since these
two well-defined OMCs possess similar building blocks and coordina-
tion geometries (Fig. 1). We screened various synthetic parameters,
including temperature, reaction time, stoichiometry, and metal salt
types to find optimal conditions. However, due to the appearance of
silver metal, the transmetalation reactions of Cu,BHT are always
unsuccessful (Supplementary Note 1). Under optimized conditions,
the reaction of AgsBHT with Cu(NOs),-3H,0 could afford a highly
crystalline product, CuAg,BHT (Supplementary Table 2 and Supple-
mentary Fig. 2).

Previous studies have shown that the structural transformation
achieved by chemical oxidation was a synthetic shortcut to prepare
OMCs?. To testify the universality of this chemical transformation
strategy for OMCs, valence-variable cerium ammonium nitrate
((NH4)>Ce(NOs)s, CAN) was employed as the oxidizing reagent here
(Methods, Supplementary Fig. 6). When two equivalents of CAN were
added to CuAg,BHT, we found that CuAg,BHT can be completely
transformed into another bimetallic species, CuAg,BHT (Fig. 1), which
is evidenced by powder X-ray diffraction (PXRD) and other structural
characterizations (see the following section for details).

X-ray photoelectron spectroscopy (XPS) reveals that C, S, Cu, and
Ag present within both samples (Supplementary Fig. 7), indicating the

matter. absence of solvent molecules or other counterions. The
» » o
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Fig. 1| Synthetic scheme of bimetallic OMCs. lllustration of design strategies and synthetic routes of CuAg,BHTs (x=4, 2).
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Fig. 2 | The structural and morphology characterization of CuAg,BHT.
a, b Rietveld refinement of PXRD patterns for CuAg4BHT (a) and CuAg,BHT (b)
from a synchrotron source (A=0.69003 A). c-f The SEM images of CuAg,BHT (c)

and CuAg,BHT (d). The TEM images of CuAg,BHT (e) and CuAg,BHT (f).
g, h HRTEM images of CuAg,BHT (g) and CuAg,BHT (h). Source data are provided
as a Source Data file.

thermogravimetric analysis shows that CuAg,BHTs are stable up to
300 °C and solvent molecules are absent in the final products (Sup-
plementary Fig. 8). The energy dispersive spectroscopy disclosed the
uniform distribution of S, Cu, and Ag across the samples (Supple-
mentary Fig. 9), suggesting that the samples prepared herein were not
physical mixtures of two monometallic OMCs. The inductively coupled
plasma optical emission spectrometry (ICP-OES) and Electron Probe
Micro-analyzer (EPMA) results indicated that the atomic ratios of
Cu:Ag:S in CuAg,BHT and CuAg,BHT are close to 1:4:6 and 1:2:6,
respectively (Supplementary Fig. 4). Consequently, their chemical
formulas can be estimated as [CuAg4(Ce¢Se)ln and [CuAgy(CeSe)ln,
respectively.

Both CuAg,BHT samples display rod-like morphologies with
lengths varying from 500 nm to over 2 um and widths around 50 nm, as
shown in scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images (Fig. 2c-f). In the high-resolution TEM
images of CuAg,BHT and CuAg,BHT nanorods (Fig. 2g, h), two series
of lattice fringes with interlayer distances of 4.4 and 4.1 A were clearly
discerned, suggesting the high crystallinity of CuAg,BHT nanorods,
which is verified by the PXRD observations (Fig. 2a, b).

Table 1| Crystallographic details of AgsBHT (ref. 19) and
CuAg,BHT obtained from the Rietveld refinement using syn-
chrotron PXRD and RED data

AgsBHT CuAg,BHT CuAg,BHT
Formula AgsCeSe CuAg4CeSe CuAg,CesSs
Formula weight 803.77 759.44 543.71
Crystal system  Monoclinic Monoclinic Triclinic
Space group 12/m P2:/c P-1
a, b, c(A) 15.1168, 4.2773, 8.7547, 3.5790,

9.1042, 4.2776 14.4847 8.4259, 8.8001
o,B,v() 90, 110.43, 90 90, 94.31, 90 62.09, 86.14,80.80
V(A% 551.67 540.86 231.49
Rwp: Rp 4.98%, 3.45% 4.64%, 3.57% 2.62%, 2.21%
GOF 3.46 1.42 1.31

The high-resolution PXRD data of CuAg,BHT obtained with syn-
chrotron radiation displayed sharp diffraction peaks from 26=5° to
30° with the d spacings similar to what observed in AgsBHT (Supple-
mentary Table 3), showing that these two materials are structurally
similar. As the PXRD data show a lot of possibilities for the space group
of this material, rotation electron diffraction (RED) was performed on
CuAg4BHT microcrystals to determine the cell parameter and space
group accurately. First, a set of initial unit cells was obtained from the
3D reciprocal lattice reconstructed from the RED data (Supplementary
Fig. 10). The results show that CuAg4BHT crystallizes in the monoclinic
P2i/c space group with cell parameters of a=4.28A, b=8.75A,
c=14.48 A, and f=94.3°. Based on this initial unit cell parameters and
synchrotron PXRD data, the structure of CuAg,BHT was solved with
the charge flipping algorithm (a detailed description of the structure-
solving process is presented in Supplementary Note 2). The final
Rietveld refinement converges with R, =3.57%, R., =4.64%. The crys-
tal structure of CuAg,BHT was directly solved based on synchrotron
PXRD data with the final Rietveld refinement converging with R,=
2.21%, Ryp = 2.62%. CuAg,BHT crystallizes in a triclinic P-1 space group
with cell parameters of a=3.58A, b=8.43A, c=8.80A, a=621°,
[=86.1°, and y=80.8°. The small differences between the experi-
mental PXRD patterns and the simulated ones (Fig. 2a, b) confirm the
accuracy of the crystal structures of CuAg,BHT. The detailed crystal-
lography data are provided in Table 1 and Supplementary Table 4. In
Fig. 2a, b, no diffraction peaks belonging to crystalline impurities could
be observed, and the calculated results are in good agreement with the
experimentally observed PXRD data, verifying the phase purity of
CuAg,BHT samples. In addition, the EPMA, ICP-OES and elemental
analysis results of CuAg,BHT powder samples are highly consistent
with the formulas obtained based on crystal structure analysis and
further confirmed the purity unambiguously (Supplementary Table 5).

Due to the shorter Cu-S bond lengths (2.247(8), 2.214(8) A) in
CuAg,BHT, the substitution of the square-planar Ag atoms leads to an
obvious shrink in cell volume for CuAg,BHT (540.9 A®) compared to
that of AgsBHT (551.7 A%) (Table 1). This also results in a reduction in the
crystal symmetry from the /2/m space group to P2;/c, while the
structural topology is almost intact. Thus, similar to that observed in
AgsBHT, CuAg,BHT exhibits alternatively stacked 2D Ag-S networks
and 1D copper-dithiolene chains (Fig. 3a). Moreover, a graphene-like
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Fig. 3 | Representation of the crystal structures of CuAg,BHTs. a Crystal struc-
ture of CuAg,BHT viewed along the a-axis direction. b Honeycomb-like lattice

formed by adjacent Ag atoms in CuAg,BHT (viewed along the c-axis). ¢ Top view of
the Kagome-like lattice in CuAg,BHT (viewed along the a-axis). d Side view of the

layered structure formed by the metals ions with square-planar geometry and the
CeSe moieties in CuAg,BHT (gray: carbon atoms, red: sulfur atoms, blue: copper
atoms, violet: silver atoms).
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layer structure formed by the connection of Ag atoms is preserved in
the transmetalation product (Fig. 3b), which is further confirmed by
the characteristic symmetric vibration signal of Ag-Ag bond in Raman
spectrum (Supplementary Fig. 12). In contrast, CuAg,BHT exhibits a
Kagome-like lattice when viewed along the a-axis (Fig. 3c), in which the
six-coordinated Ag atoms lied between the mean planes defined by the
two square-planar metal ions and ligand moieties (Fig. 3d). It is worth
noting that the Ag atoms with high coordination numbers are critical

for extending bimetallic OMCs into 3D networks (Supplementary
Fig. 13 and Fig. 1).

Electrical transport characterizations

The electrical conductivities of AgsBHT and CuAg,BHT samples were
measured on pressed pellets via the four-probe method. At 300K, all
these OMCs exhibited high conductivities, ranging from 10 S cm™ for
AgsBHT and 0.13Scm™ for CuAg,BHT to 3Scm™ for CuAg,BHT

Nature Communications | (2022)13:6294
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(Fig. 4a-c and Supplementary Table 6). These conductivities are
among the highest values ever reported for conductive coordination
polymers (Supplementary Table 7). The conductivity is positively
correlated with temperature, suggesting the thermally activated
transport. The plot of In(o) versus 7°% in the temperature range of
100-250K is well fitted to the 3D Mott variable-range hopping model
(Fig. 4a-c, inset)*. This behavior is very similar to what is observed in
other granular conductors where inter-grain hopping dominates the
charge transport'>?. Given that all three samples are composed of
highly crystalline nanorods, the observed behaviors reflect inter-
particle rather than intraparticle (i.e., intrinsic) transport behavior.

UPS indicated that the Fermi levels of all three samples cut
the valence bands (Fig. 4d), which is an inherent character for
metallic states, similar to conducting Ni;BHT, and Cus(HIB),
(HIB = hexaiminobenzene)®**. Density functional theory (DFT) calcu-
lations were performed to probe their electronic structures and Den-
sity of States (DOS) near the Fermi level. As shown in Fig. 5, they all
exhibit wide energy band dispersions and salient features with bands
crossing the Fermi level, further showing the metallic character of
these materials.

The Seebeck coefficients of all three materials displayed a positive
sign (Fig. 5d), indicating that hole-type conduction is dominant>?,
The room-temperature Seebeck coefficient of CuAg,BHT is ~74 pvV K,
which is more than ten times larger than those of CuAg,BHT (-6 pvVK™)
and AgsBHT (-5pV K™). According to Mott’s formula, the Seebeck
coefficient is connected with the variation of the DOS at the Fermi
level”’?%, which means that the steeper varying DOS around the Fermi
level will result in a larger Seebeck coefficient. Thus, for CuAg,BHT, the
observed small Seebeck coefficient could be attributed to its smoothly
changing DOS near the Fermi level, while the DOS is close to its
minimum (Fig. 5¢). Compared to AgsBHT, the DOS of CuAg,BHT dis-
plays a steeper curve around the Fermi level (Supplementary Fig. 15),
consistent with the markedly larger Seebeck coefficient of CuAg4BHT.
Besides, we carried out theoretical calculations of the Seebeck coeffi-
cients using the Boltzmann transport theory with the constant scat-
tering approximation as implemented in the BoltzTrap code” . With
the constant scattering approximation, the Seebeck coefficients are
estimated based on the band structures. The simulation results show

that the exact Seebeck values are slightly different from the experi-
mental ones, but the trend is consistent with what observed that the
Seebeck value of CuAg,BHT is significantly higher than that of
the other two materials (Supplementary Fig. 16). Furthermore, the
valence bands of AgsBHT and CuAg,BHT are mostly parabolic bands,
while CuAg,BHT displays nearly flat band along the E-Z-C, vectors,
which is also a tag for the higher Seebeck coefficient. Notably, a
bipolaron effect®® could be observed in CuAg,BHT, with the Seebeck
coefficient reaching a maximum value (-81pV K™) at 350K and
decreasing in the temperature range from 350 to 400K, suggesting
the contribution of the minority carriers increased with raising
temperature.

As shown in Supplementary Fig. 17a-d, for monometallic AgsBHT,
the DOS near the Fermi level mainly derived from the Ag-d orbitals and
S-p orbitals, suggesting that the 2D Ag-S network is the preferred
charge transport route. Due to the different coordination geometries
and chemical environments of Agl and Ag2 in AgsBHT (Agl refers to
the six-coordinated Ag atoms with distorted octahedron geometry and
Ag?2 features a square-planar coordination mode), the d-orbitals split-
ting of Agl and Ag2 is expected to be different, which makes the orbital
compositions of Agl and Ag2 different in PDOS. The Agl; .4 . and
Ag2 .4, orbitals contribute the most to PDOS near the Fermi level
(Supplementary Fig. 17c, d), whereas for CuAg,BHTs, due to copper
incorporating into the framework matrix, the PDOS near the Fermi
level is dominated by contributions from the d orbitals of Cu and Ag
and p orbitals of S. It should be noted that for CuAg,BHT, the PDOS
derived from Ag d-orbitals is different from that of Agl in AgsBHT,
while the PDOS contribution from Cuy_, 4 orbitals is similar to that of
Ag2 in AgsBHT. The p-orbital composition of S atoms also changes
after the metal atom substitution (Supplementary Fig. 17b, f), which is
ascribed to the charge redistribution in this MsBHT system (M refers to
the metal ions). After the chemical oxidation transformation, sig-
nificant variations in the PDOS composition of the d orbitals of metal
atoms and the p orbitals of C and S atoms can be observed near the
Fermi level (Supplementary Fig. 17i-1). All these results elucidate that
the introduction of bimetallic nodes can synergistically tailor the
electronic structures of the OMCs, thereby modulating the corre-
sponding charge transport behavior.

Nature Communications | (2022)13:6294
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EPR and magnetic studies

Electron paramagnetic resonance (EPR) measurements were per-
formed to investigate electron configurations of these materials. For
AgsBHT, no EPR signal was detected even when cooled down to 10K,
suggesting its diamagnetic nature. After metal metathesis, a nearly
isotropic signal contributed by the Cu*" with g=2.053 was observed
(Fig. 6a), which is consistent with the Cu 2p XPS analysis in CuAg,BHT
(Supplementary Fig. 18). As for CuAg,BHT, only a very weak EPR signal
was observed (Supplementary Fig. 19). The signal intensity is tem-
perature dependent and almost diminishes at room temperature,
which indicates that it does not originate from an organic radical. As
this EPR signal was broad and asymmetrical, it can be attributed to a
small amount of leftover Cu?* during oxidation, while the dominant Cu
ions became EPR silent, supporting that the oxidation state of Cu in
CuAg,BHT was +1 (Supplementary Fig. 18).

From the first generation of AgsBHT (coordination assembly), to
the second generation of CuAg,BHT (metal metathesis), and then to
the third generation of CuAg,BHT (oxidation regulation) (Fig. 1), the
non-innocent ligand shows multiple accessible redox states that
are responsible for electrically neutral networks. During the metathesis
process, we found that only the square-planar Ag atoms of AgsBHT
could be replaced by Cu(ll) ions, even by raising the reaction tem-
perature or prolonging the duration. Generally, longer bond length
refers to lower bond energy, so it can be expected that the bond
energy of Ag-S bond (231.3-202.1 KJ mol™) is lower than that of Cu-S
bond (274.5 KJ mol™)*. Thus, the precise exchange result can be
attributed to the labile tetra-coordinated [AgS,4] cores (Supplementary
Fig. 13), which has also been verified by other studies®**, whereas Ag
atoms with non-coplanar coordination geometry were stabilized by
the formation of Ag-Ag bond, preventing their substitution by Cu
atoms. Furthermore, the total energy of AgsBHT (-122.4 eV) calculated
with DFT method is higher than that of CuAg,BHT (-125.6 eV), indi-
cating this selective metal metathesis reaction is a thermodynamically
favored process.

The precise substitution of the Ag" ions by Cu* ions turns the
nonmagnetic AgsBHT into a paramagnetic conducting material. The
coexistence of local spins and conducting electrons reminds us of the
research on molecular Kondo system®. Remarkably, searching for
Kondo systems in 3d-electron compounds has attracted immense
interest in condensed matter physics”. Considering that Cu®* ions with
localized magnetic moments are periodically arranged in the network
having itinerant d-p-mr electrons, Kondo lattice scenario arising from
the interaction between localized spins and conduction electrons in
CuAg,BHT could be expected.

Thus, the magnetic susceptibility measurements were carried
out first. As shown in Fig. 6¢, M/H increases with decreasing tem-
peratures and displays a broad peak around 12K. A significant
downward trend occurs as the temperature decreases, and the
M(T)|y curve starts to increase again below 5 K. This upturn is typical
of heavy Fermi liquids and reveals the presence of a small amount of
magnetic or paramagnetic impurities/defects®®*. Actually, we
noticed such paramagnetic impurities originating from the surface
contamination or defects, and a calibration procedure was carried
out to eliminate the interference signal. Meanwhile, in order to
ensure the dominant source of magnetic properties of CuAg,BHT,
the possible influence of extrinsic oxides was excluded by synchro-
tron PXRD and temperature variable EPR measurements (Supple-
mentary Figs. 19 and 20). Therefore, the intrinsic magnetic
susceptibility of CuAg,BHT was precisely determined by analyzing
the magnetic isotherms M(H)|r at different temperatures (Fig. 6b)
instead of M(T)|; curve*. The derived intrinsic susceptibilities were
represented by the blue symbols in Fig. 6c, and followed the
Curie-Weiss law in the high T region. The Curie-Weiss fitting from
100 to 300K afforded a Curie constant of C=0.376 emu K mol™ and
Curie-Weiss temperature of 6=-5.6K. The calculated effective
moment (uer) for each Cu ion in the formula CuAg,CeS¢ equals 1.74
U, which was reasonably close to that expected for Cu(ll) (S=1/2,
Hese=1.73 pg). The negative Curie-Weiss temperature indicated the
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presence of antiferromagnetic interactions between the magnetic
moments. Besides, the measured susceptibility shows no signature of
a magnetic ordering transition down to 2K, but a clear deviation
from Curie-Weiss behavior appears below T <12 K. As the tempera-
ture decreases, the intrinsic susceptibility of CuAg4BHT reaches a
broad hump around 10K and then decreases when T <8 K, while its
intrinsic susceptibility remains quite large, equal to 1.8 x102emu
mol™ toward the T=0 limit. Such magnitude and T dependence of
susceptibility*’* provides a crude estimation of the coherence tem-
perature T (refs. 42, 43). Below the T of -8-10 K, the susceptibility
evolving becomes visible, indicating the emergence of the interac-
tion of local Cu* spins and conduction d-p-mr electrons. Therefore,
the observable decrease in intrinsic susceptibility when T <8K is
attributed to the Kondo scenario, in which localized magnetic
moments are screened by itinerant electrons. Thus, with decreasing
temperature, a crossover from a paramagnetic state with localized
moments to renormalized Fermi liquid state with coherent Kondo
lattice was suggested in CuAg,BHT.

In addition, since CuAg,BHT is isostructural with AgsBHT, the
comparison of their specific heat data can reveal the influence of Cu
ion introduction. In the temperature range from 2 to 8 K, the specific
heat data are well represented by the relation of C,=yT+pT
(Fig. 6d). A linear fit of C,/T to T plot yields a Sommerfeld coefficient
(y) of 82.2mJ K2 mol™ for CuAg4BHT, which is more than ten times
higher than that of AgsBHT (Supplementary Fig. 21). Such unusually
large y value also proves the existence of heavy-mass quasiparticle
states***, supporting the observed susceptibility anomaly. Further-
more, anomalously large Seebeck coefficient in metallic CuAg,BHT
provides another hint for the existence of a large effective electron
mass. Finally, we realized that CuAg,BHT has a triangular lattice of
Cu(ll) cations (Supplementary Fig. 22), the origin of the heavy qua-
siparticle mass could be closely linked with the geometrical frustra-
tion, as also demonstrated in d-electron LiV,0, spinel*. To gain in-
depth insight into the complex Kondo physics, the preparation of
bulk single-crystal sample (>50 pum) and ultralow temperature mea-
surements are further demanded, and will be performed on this OMC
in the near future.

Discussion

In summary, we have rationally designed and synthesized a family of
bimetallic OMCs, CuAg,BHTs, via selective metal metathesis and
delicate oxidation regulation. Both crystal structures have been well
characterized by PXRD and RED techniques, revealing atomically
precise structures composed of alternatively stacked 1D copper-
dithiolene chains and 2D Ag-S networks. As suggested by band
structure calculations, the bimetal-bis(dithiolene) moieties can
synergistically regulate the electronic structures of these OMCs,
which accounts for the high electrical conductivity observed in 3D
OMCs. In addition, the susceptibility anomaly and other measure-
ments suggested that CuAg,BHT was a candidate for a heavy Fermi
liquid with Kondo lattice. We expect that our experimental results
will motivate theoretical efforts on this intriguing subject in the
future. More importantly, the development of bimetallic OMCs may
effectively avoid the “Buckets Effect” caused by the unbalanced
properties of their monometallic counterparts. Our results pave the
way for constructing organic-inorganic hybrid materials with unique
structural topologies, and unlock more opportunities for condensed
matter physics as well as electronics, catalysis, and energy-related
applications.

Methods

Synthesis of CuAg,BHT

Under argon atmosphere, Cu(NO3),°3H,0 (470 mg, 1.94 mmol) was
dissolved in 160 mL degassed ethanol, and then AgsBHT (100 mg,
0.124 mmol) was added. The mixture was sonicated for 5 min, and

subsequently heated to 80 °C with constant stirring for 72 h to form a
gray-black powder, followed by natural cooling to room tempera-
ture. The obtained power was filtered, washed with water, ethanol,
acetone, and diethyl ether in sequence, and then dried at 80 °C under
vacuum for 24h. Yield: 82mg (87%). Elem. Anal. Calcd. for
CuAg,C¢Se: C, 9.49; S, 25.33; Cu, 8.37, Ag, 56.81. Found: C, 9.79; S,
25.46; Cu, 9.20, Ag, 55.55.

Trials for the oxidation regulation of CuAg,BHT

Under argon atmosphere, different amounts of Ce(NH4)2(NO3)¢ (0.5-6
equiv. to CuAg,BHT) were dissolved in 100 mL degassed acetonitrile,
and then CuAgyBHT (76 mg, 0.1 mmol) was added. The mixture was
stirred at room temperature for 12 h. The obtained power was filtered,
washed with water, CH;CN, acetone, and diethyl ether in sequence,
and then dried at 80 °C under vacuum for 24 h.

Optimized synthetic condition of CuAg,BHT

Under argon atmosphere, Ce(NH,)>(NOs)¢ (220 mg, 0.4 mmol) was
dissolved in 150 mL degassed acetonitrile, and then CuAg,BHT
(152 mg, 0.2 mmol) was added. The mixture was stirred at room tem-
perature for 24 h. The obtained power was filtered, washed with water,
CH;CN, acetone, and diethyl ether in sequence, and then dried at 80 °C
under vacuum for 24 h. Yield: 48 mg (88%). Elem. Anal. Calcd. for
CuAg,CeSe: C, 13.25; S, 35.38; Cu, 11.69, Ag, 39.68. Found: C, 14.53; S,
36.16; Cu, 10.23, Ag, 38.48.

SEM and TEM characterizations

SEM images were obtained using a Toshiba SUS8000-SEM with an
acceleration voltage of 10 kV. TEM images were acquired using a JEOL
2100F-TEM with an acceleration voltage of 120 kV. About 1 mg of the
sample was dispersed in 4 mL of absolute ethanol, and after ultrasonic
dispersion for 30 min, 5 uL of the suspension was dropped on a copper
grid coated with a carbon film to perform TEM characterizations. The
3D RED data were collected on a Themis 300 TEM by a BM-Ceta camera
with an acceleration voltage of 300 kV. One typical set of RED data was
collected by combing specimen tilt and electron-beam tilt in the range
of —65° to +70° with a beam-tilt step of 1°. The nanocrystal selected for
data collection was isolated by the selected area aperture, and cali-
brated to a concentric height to stay within the aperture over the entire
tilt range. During continuous rotation, the dose rate was calibrated to
<0.03 /A% s. Altogether, 137 frames were obtained, and the reflection
intensities and unit parameters were extracted with the software
Pets2.0.

Electrical property measurement

The electrical conductivities were measured on the pelletized samples
via a four-probe method in a Physical Property Measurement Systems
(PPMS-9, Quantum design). About 5 mg samples were compressed
into a cuboid pellet under a pressure of 10 MPa. Then four parallel gold
electrodes were deposited on the pellet by vacuum evaporation to
form a four-electrode device. The Seebeck coefficients were measured
using the SB-100 Seebeck Measurement System (MMR Tech.) under a
vacuum environment below 18 mTorr.

Details of physical property measurements

The DC magnetic susceptibility measurement under 2-300K was
conducted in a Superconducting Quantum Interference Device
(SQUID) magnetometer (Quantum Design). Zero field cooling and field
cooling measurements were performed under an applied field of
1000 Oe. Diamagnetic correction was applied using Pascal’s constant.
The temperature variable EPR spectrum were collected using a Bruker
ElexSys E580 spectrometer, operating at the X-band (w =9.37 GHz).
The center field was set to 300 mT, and the scanning range was
100 mT. A low-temperature environment was achieved by using an
Oxford Instruments ESR900 liquid helium cryostat. The low-
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temperature heat capacity measurements were also performed
in PPMS.

Data availability

The crystallographic information obtained by Rietveld refinement of
PXRD data has been deposited in the Cambridge Crystallographic Data
Centre under accession codes CCDC 2143107 (CuAg,BHT) and CCDC
2143106 (CuAg,BHT) [https://www.ccdc.cam.ac.uk/structures/?]. All
data generated and analyzed in this study are included in the article
and its Supplementary Information, and are also available from the
authors upon request. The source data generated in this study are
provided in the Source Data file. Source Data are provided with
this paper.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

Paritmongkol, W. et al. Size and quality enhancement of 2D semi-
conducting metal-organic chalcogenolates by amine addition. J.
Am. Chem. Soc. 143, 20256-20263 (2021).

Xing, G. et al. Copper(l)-based flexible organic-inorganic coordi-
nation polymer and analogues: high-power factor thermoelectrics.
ACS Appl. Mater. Interfaces 12, 53841-53851 (2020).

Li, Y. et al. Coordination assembly of 2D ordered organic metal
chalcogenides with widely tunable electronic band gaps. Nat.
Commun. 1, 261 (2020).

Yan, H. et al. Hybrid metal-organic chalcogenide nanowires with
electrically conductive inorganic core through diamondoid-
directed assembly. Nat. Mater. 16, 349-355 (2017).

Banda, H. et al. High-capacitance pseudocapacitors from Li* ion
intercalation in nonporous, electrically conductive 2D coordination
polymers. J. Am. Chem. Soc. 143, 2285-2292 (2021).

Kambe, T. et al. Redox control and high conductivity of nickel
bis(dithiolene) complex m-nanosheet: a potential organic two-
dimensional topological insulator. J. Am. Chem. Soc. 136,
14357-14360 (2014).

Huang, X. et al. A two-dimensional 11-d conjugated coordination
polymer with extremely high electrical conductivity and ambipolar
transport behaviour. Nat. Commun. 6, 7408 (2015).

Clough, A. J. et al. Room temperature metallic conductivity in a
metal-organic framework induced by oxidation. J. Am. Chem. Soc.
141, 16323-16330 (2019).

Huang, X. et al. Superconductivity in a copper(ll)-based coordina-
tion polymer with perfect kagome structure. Angew. Chem. Int. Ed.
57, 146-150 (2018).

Takenaka, T. et al. Strongly correlated superconductivity in a
copper-based metal-organic framework with a perfect kagome
lattice. Sci. Adv. 7, eabf3996 (2021).

Wang, M., Dong, R. & Feng, X. Two-dimensional conjugated metal-
organic frameworks (2D c-MOFs): chemistry and function for
MOFtronics. Chem. Soc. Rev. 50, 2764-2793 (2021).

Veselska, O. & Demessence, A. d'° coinage metal organic chalco-
genolates: from oligomers to coordination polymers. Coord. Chem.
Rev. 355, 240-270 (2018).

Deng, X. et al. Conductive MOFs based on thiol-functionalized lin-
kers: challenges, opportunities, and recent advances. Coord.
Chem. Rev. 450, 214235 (2022).

Mandal, S. et al. Post-synthetic modification of metal-organic fra-
meworks toward applications. Adv. Funct. Mater. 31, 2006291 (2021).
Tanabe, K. K. & Cohen, S. M. Postsynthetic modification of
metal-organic frameworks—a progress report. Chem. Soc. Rev. 40,
498-519 (201M).

Duan, H. et al. Beating the exclusion rule against the coexistence of
robust luminescence and ferromagnetism in chalcogenide mono-
layers. Nat. Commun. 10, 1584 (2019).

Ahmed, S. et al. Magnetic properties of Co doped WSe, by
implantation. J. Alloy. Compd. 731, 25-31 (2018).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ananikov, V. P. et al. Catalytic adaptive recognition of thiol (SH) and
selenol (SeH) groups toward synthesis of functionalized vinyl
monomers. J. Am. Chem. Soc. 134, 6637-6649 (2012).

Huang, X. et al. Highly conducting neutral coordination polymer
with infinite two-dimensional silver-sulfur networks. J. Am. Chem.
Soc. 140, 15153-15156 (2018).

Huang, X. et al. Highly conducting organic-inorganic hybrid copper
sulfides Cu,CgSg (X = 4 or 5.5): Ligand-based oxidation-induced
chemical and electronic structure modulation. Angew. Chem. Int.
Ed. 59, 22602-22609 (2020).

Jin, Y. et al. Facile synthesis, precise species control and chemical
transformation of highly conducting organic metal chalcogenides
CuxBHT (BHT = benzenehexathiol; x = 3, 4, and 5.5). J. Mater. Chem.
C. 10, 2711-2717 (2022).

Mott, N. F. Conduction in non-crystalline materials. Philos. Mag. 19,
835-852 (1969).

Beloborodov, I. S. et al. Granular electronic systems. Rev. Mod.
Phys. 79, 469-518 (2007).

Dou, J. H. et al. Signature of metallic behavior in the metal-organic
frameworks Mz(hexaiminobenzene), (M = Ni, Cu). J. Am. Chem. Soc.
139, 13608-13611 (2017).

Park, J. et al. High thermopower in a Zn-based 3D semiconductive
metal-organic framework. J. Am. Chem. Soc. 142,

20531-20535 (2020).

Sun, L. et al. A microporous and naturally nanostructured thermo-
electric metal-organic framework with ultralow thermal con-
ductivity. Joule 1, 168-177 (2017).

Barnard, R. Thermoelectricity in Metals and Alloys (Taylor &. Francis
Ltd., London, 1972).

Cutler, M. & Mott, N. F. Observation of Anderson localization in an
electron gas. Phys. Rev. 181, 1336-1340 (1969).

Madsen, G. K. H. & Singh, D. J. BoltzTraP. A code for calculating
band-structure dependent quantities. Comput. Phys. Commun. 175,
67-71 (20086).

Yang, J. et al. Evaluation of half-heusler compounds as thermo-
electric materials based on the calculated electrical transport
properties. Adv. Funct. Mater. 18, 2880-2888 (2008).

Gorai, P. et al. Computationally guided discovery of thermoelectric
materials. Nat. Rev. Mater. 2, 177053 (2017).

Ravich Yu, I., Efimova, B. & Smirnov, I. Semiconducting Lead Chal-
cogenides (Plenum, New York, 1970).

Luo, Y.-R. Comprehensive Handbook of Chemical Bond Energies
(CRC Press, 2007).

Young, A. G. & Hanton, L. R. Square planar silver(l) complexes: arare
but increasingly observed stereochemistry for silver(l). Coord.
Chem. Rev. 252, 1346-1386 (2008).

Chowdhury, S., Drew, M. G. B. & Datta, D. A case of four-coordinate
silver(l) adopting a high energy planar geometry. Exp. Theory N. J.
Chem. 217, 831-835 (2003).

Idobata, Y., Zhou, B., Kobayashi, A. & Kobayashi, H. Molecular alloy
with diluted magnetic moments-molecular Kondo system. J. Am.
Chem. Soc. 134, 871-874 (2012).

Zhao, M. et al. Kondo holes in the two-dimensional itinerant Ising
ferromagnet FesGeTe,. Nano Lett. 21, 6117-6123 (2021).

Hardy, F. et al. Evidence of strong correlations and coherence-
incoherence crossover in the iron pnictide superconductor
KFe,As,. Phys. Rev. Lett. 111, 027002 (2013).

Kondo, S. et al. LiV,0O4: a heavy Fermion transition metal oxide.
Phys. Rev. Lett. 78, 3729-3732 (1997).

Johnston, D. C. The puzzle of high temperature superconductivity in
layered iron pnictides and chalcogenides. Adv. Phys. 59,
803-1061 (2010).

Urano, C. et al. LiV,0, spinel as a heavy-mass Fermi liquid: anom-
alous transport and role of geometrical frustration. Phys. Rev. Lett.
85, 1052-1055 (2000).

Nature Communications | (2022)13:6294


https://www.ccdc.cam.ac.uk/structures/?

Article

https://doi.org/10.1038/s41467-022-34118-7

42. Continentino, M. A., Japiassu, G. M. & Troper, A. Critical approach to
the coherence transition in Kondo lattices. Phys. Rev. B 39,
9734-9737 (1989).

43. Yang, Y.-f et al. Scaling the Kondo lattice. Nature 454,

611-613 (2008).

44. Zhu, J.-X. et al. Electronic correlation and magnetism in the ferro-
magnetic metal Fe;GeTe,. Phys. Rev. B 93, 144404 (2016).

45. Zhang, Y. et al. Emergence of Kondo lattice behavior in a van der
Waals itinerant ferromagnet, FesGeTe,. Sci. Adv. 4,
eaao6791 (2018).

Acknowledgements

The authors acknowledge the financial support from the National Key
R&D Program of China (Grant No. 2017YFA0204701), the National Natural
Science Foundation of China (Grant 22071256), and the Chinese Acad-
emy of Sciences (QYZDY-SSW-SLHO024). The authors also appreciate the
crew of the BL14B1 beamline at the Shanghai Synchrotron Radiation
Facility (SSRF) for their assistance in synchrotron PXRD data collection.

Author contributions

W.X. planned and designed the research project. Y.G.J. executed the
syntheses, chemical, spectroscopic and electrical characterization.
Y.H.F. performed and analyzed temperature variable EPR data. X.H. and
B.G. obtained and analyzed the transmission electron microscopy data.
C.M.L. performed and analyzed the magnetic susceptibility measure-
ments. Y.L., Z.L.,and S.W. collected the PXRD data. Y.M.S. contributed to
the Seebeck coefficient measurements and analysis. X.J.D. and Y.Z.
performed and analyzed electrical conductivity experiments and UPS
characterizations. D.W.W. performed and analyzed the specific heat
data. F.H. and W.X. performed the DFT calculation and crystal structure-
solving works. Y.G.J. and W.X. wrote the manuscript. All authors parti-
cipated in the discussion and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34118-7.

Correspondence and requests for materials should be addressed to
Wei Xu.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:6294


https://doi.org/10.1038/s41467-022-34118-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Construction of conducting bimetallic organic metal chalcogenides via selective metal metathesis and oxidation transformation
	Results
	Synthesis and structural characterization
	Electrical transport characterizations
	EPR and magnetic studies

	Discussion
	Methods
	Synthesis of CuAg4BHT
	Trials for the oxidation regulation of CuAg4BHT
	Optimized synthetic condition of CuAg2BHT
	SEM and TEM characterizations
	Electrical property measurement
	Details of physical property measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




