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Abstract

Combining ferromagnetism and metallic conductivity has been extensively studied in
contemporary materials science. However, building such multifunctionalities in
molecular chemistry is particularly challenging, on which two collec-tive properties are
long considered as mutually exclusive. Here, we report molecular conducting magnet
consisting of two-dimensional graphene and molecular planar magnetic networks
bridged by electrochemical lithiation, exhibiting the co-existence of distinct magnetism
and conductivity and magneto-electric coupling effects. The room temperature
magnetoresistance and magnetoelectric coupling coefficient of such complex solid
reach 10.7% and 1.77 V/Oe cm, respectively, which can be further tailored by
modulating the interaction between graphene and molecular magnetic network. In
addition, the graphene passivation simultaneously introduces environmental stability of
molecular mag-nets. The electrochemical lithiation offers a pathway towards coupling
magnetism and conductivity in molecular complexes.

Keywords: Lithiation, 2D organic complexes, Molecular conducting magnets,

Magneto-electric properties

1. Introduction

Introducing magnetism into conducting molecular networks has been long pursued in
supramolecular chemistry, which permits the coexistence of distinct properties from
each molecular network and potentially enables the product properties[1-2]. However,
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the magnetism and conductivity is mutually exclusive from the interplay of the
localized moments in magnetic materials and the delocalized conduction electrons from
the interactions between © and d electrons. To date, only a limited number of molecular
solids have been reported by incorporating magnetic centers into the conducting lattices,
simultaneously exhibiting metallic conductivity and ferromagnetism[3-5]. Two-
dimensional (2D) van der Waals materials have attracted intense attention which
possess the ordered magnetic and conductive characteristics[6-8]. As a 2D molecule-
based layered magnets with a benzene like-structure, Cr(pyz)2-xLiCl (LCPC) obtained
by electrochemical lithiation exhibits high temperature magnetism (a coercivity of 8500
Oe and a saturation magnetization of 28 emu g 1) due to the enhanced spin interaction
introduced by lithium ions in the coplanar Cr-pyrazine network[9-10]. The 2D graphene
exhibits intrinsic high mobility while enabling the lithiation by forming the LiCe
compound[11],[12]. In addition to bonding character of lithium atoms adsorbed on a
graphene layer, graphene has been demonstrated to be associated with various magnetic
phenomena, including magnetoresistance[13-14], spin injection[15-16], and lager
magnetic anisotropy[17-18]. Graphene can form heterojunction structures with
magnetic materials, resulting in strong magnetic interactions at the interface between
graphene and magnetic materials[19-20].1In this context, the lithiation provides a unique
opportunity to integrate the conducting n electrons and & or d spins, leading to the
potential interactions between electric conductivity and magnetism in 2D materials[9,
21, 10].

In this work, we report hybridized magnetic conducting molecular solids by
electrochemical lithiation bridging between 2D graphene and magnetic planar
precursor complex Cr(pyz).Cl,. After introducing lithium ions in the layered solids, a
magnetic conducting compound consisting of graphene and LCPC is synthesized,
exhibiting the Curie temperature above 392 K, room temperature magnetoresistance
(10.7%) and magnetoelectric coupling effect (1.77 VV/Oe cm). The interaction between
LCPC and graphene originates from the lithium bridging and n-x electron interaction
between the pyrazine and graphene building blocks, which effectively controls the
conductivity and magnetoelectric coupling effect.
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2. Results

As shown in Figure 1a, 2D magnetic Cr(pyz)2Cl. precursor is arranged in a layered
structure with benzene-like rings. The layered structure provides unique intercalation
sites, allowing the guest species like lithium ions to diffuse and intercalate within the
layers. The magnetism of Cr(pyz).Cl, and LCPC originates from the ferromagnetic
exchange interaction between Cr ions and pyrazine (Figures S1 and S2)[22]. The
introduction of lithium ions in Cr(pyz).Cl> enhances the exchange interaction by
reducing octahedral Cr** cation to coplanar Cr?", increasing the saturation
magnetization and the Curie temperature[9-10]. The electrochemical lithiation bridges
graphene and Cr(pyz)2Cly, resulting in the formation of Graphene-LCPC complex (G-
LCPC) that possesses room temperature magnetism (Figure 1b). With the increase of
electrochemical lithiation time form 10 min to 30 min, lithium ions intercalate into
interlayers between graphene and Cr(pyz).Cl.. The continuous lithiation between
layered structure results in an increase of magnetic coercivity and saturation
magnetization from 20 Oe to 2450 Oe, and 0.6 emu/g to 4.9 emu/g, respectively (Figure
1b). The coercivity and saturation magnetization of G-LCPC can be effectively tuned
by the intercalated lithium ions.

The higher disorder in graphite leads to a broader G band and a relatively stronger broad
D band compared to the G band. Hence, the intensity ratio of the D band to the G band
(ID/1G) is commonly employed as measure of the disorder in graphene[23-24]. The
Raman spectra show the G band observed at approximately 1600 cm™ along with a D
band originating from a disorder-induced mode with double resonance around 1350 cm"
! The intensity ratio of ID/IG, between the D and G bands in the Raman spectra of the
complexes is 0.25 (Figure 1c), which is significantly smaller than that of graphene
(ID/1G ratio of 0.95). The D band of G-LCPC is also broader than graphene. The
broader D band and an increase in the ID/IG ratio indicate a higher level of disorder in
graphene introduced by LCPC [25-26]. The structures of G-LCPC are illustrated in
Figure 1d insert. As the result of lithium-ion bridging, the interaction between graphene
and LCPC increase the disorder in graphene. Furthermore, as the content of LCPC
increases, the ratio decreases further to 0.18 (Figure S3). As the content of lithium ions
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increases, the disorder of graphene is further enhanced. Compared with graphene, the
shifts in the G and D bands of G-LCPC may be attributed to interface interactions that
result in the structural distortion of graphene[27]. This increase in disorder of graphene
further suggests the interfacial interaction between graphene and LCPC is enhanced, as
the content of lithium ions increases. The lithium-ion bridging enhances the interaction
between graphene and LCPC which is also shown in Fourier-transform infrared (FTIR)
spectra. As shown in Figure 1d, the vibrational peak of the C=N bond in pyrazine shift
from 1620 cm™ to 1650 cm™ upon the introduction of lithium ions. The pronounced
redshift in the vibrational frequency might be attributed to C=N bond elongates, arising
from the interaction between graphene and LCPC. Furthermore, as the mass ratio of
graphene and LCPC changes from 1:10 to 1:20, the vibrational peak of the C=N bond
shifts further towards the longer wavelength, moving from 1650 cm™ to 1655 cm™
(Figure S4). This further confirms the lithium enhanced interaction between graphene
and LCPC interface. The G-LCPC complexes exhibit the magnetic anisotropy as the
applied magnetic field varies from parallel to anti-parallel direction of solid plane (Fig.
S5)[28-29].

The introduction of lithium ions enhances the ferromagnetic coupling between
chromium and pyrazine to achieve long-range spin order at room temperature (Figure
S6). As shown in Figure 2a insert, G-LCPC is attracted by a permanent magnet due to
relatively strong room-temperature magnetism. However, the LCPC magnets is highly
sensitive in the ambient environment due to its oxidation and moisture-sensitive nature.
It can be completely oxidized within a few seconds exposure to air. Additionally, its
color changes from black to brown, and it gradually fragments into numerous small
pieces (Figure S7). The introduction of graphene effectively enhances the stability of
LCPC in air. Figure 2b present the remarkable stability of G-LCPC complex exposed
to air due to the unique hydrophobicity, gas impermeability and passivation of the
graphene inclusion. The magnetization of G-LCPC can still be maintained at over 80%
after exposure in air 24 h. The LCPC is highly susceptible to oxidation in air, as lithium
ions in LCPC readily react with oxygen in the air. Graphene, on the other hand, exhibits
excellent stability and a large specific surface area. Upon the introduction of graphene,
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LCPC nanoparticles become enveloped by the graphene sheets, effectively shielding
them from atmospheric oxygen. As a result, the stability of LCPC in air is markedly
enhanced. In addition to improving stability in air, the introduction of graphene is
significant due to its excellent electrical conductivity. Therefore, G-LCPC combines
both ferromagnetism and conductivity. Since LCPC itself is non-conductive, the
introduction of conductive graphene provides a pathway for effective charge transfer in
the G-LCPC. A standard four-contact DC method is employed to assess the metallic
conductivity of the hybridized material. As shown in Figure 1c, G-LCPC has acquired
conductivity. As shown in Figure 2d, the electrical resistivity of G-LCPC continuously
decreases with decreasing temperature. This further underscores the metallic property
of G-LCPC.

In order to further investigate the lithium-ion bridging induced interaction between
graphene and LCPC, we compare the magnetic properties of the G-LCPC complex and
physically mixed graphene and LCPC (G: LCPC) at different mass ratios. As the
graphene content increases, the coercivity of G-LCPC consistently decreases from 2700
Oe t0 460 Oe (Figure 3a), while for G: LCPC, the coercivity remains unchanged (Figure
3b). The room temperature long-range spin ordering in LCPC is resulted from the
ferromagnetic coupling between the Cr ions and the dispersed pyrazine spins (Figure
S1 and S2)[9, 30]. The introduction of lithium ions increases the Cr?* content, thereby
enhancing the ferromagnetic interaction between Cr ions and pyrazine, resulting in
room-temperature ferromagnetism and a significant coercivity (a coercivity of 8500 Oe
and Curie temperature of 450 K). As the lithium ion content can be regulated by
controlling the Cr?* content, an effective modulation of the saturated magnetization and
coercivity of LCPC can be achieved[31]. Furthermore, the lithiation bridging between
graphene and LCPC also leads to a decrease of Curie temperature, which changes from
450 K, to 400 K and to 370 K as the graphene content increases form 33wt% (The mass
ratio of graphene to LCPC is 1:2) to 66 wt% (The mass ratio of graphene to LCPC is
1:2), as shown in Figure 3c. The magnetic properties of LCPC originate from the
exchange coupling between Cr ions and pyrazine. After lithiation, Cr®* in the
Cr(pyz)2Cl, precursor are reduced to Cr?*, facilitating the formation of a coplanar
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structure with pyrazine and occupation of all four Cr 3d orbitals. The enhanced
exchange coupling leads to room-temperature spin ordering in LCPC. Thus, the lithium
ion content is crucial for the Curie temperature of LCPC. By comparing the electrode
potential difference between graphene and the Cr(pyz).Cl. precursor electrode, it was
observed that the potential of graphene is approximately 26 mV higher than that of the
precursor (Figure S8). This indicates that graphene has a high lithium ion capture
capability compared to that of the Cr(pyz)2Cl. precursor. Furthermore, the potential
difference gradually decreases due to lithium ion capture by graphene. Additionally, as
shown in Figure S9, the d-spacing increases in G-LCPC due to lithium ion capture by
graphene, resulting in a blue shift in the XRD diffraction peaks compared to
graphenel®2, Consequently, a portion of lithium ions captured by graphene in G-LCPC
reduces the lithium ion content in LCPC, leading to a significant decrease in the Curie
temperature compared to LCPC. As the relative content of LCPC decreases in G-LCPC,
the content of graphene decreases accordingly, resulting in fewer lithium ions captured
by graphene. Hence, the increase in lithium ion content in LCPC leads to a higher Curie
temperature. In addition to regulating magnetism, the graphene content in G-LCPC
plays a crucial role in its electrical conductivity, as the conductivity of G-LCPC
originates from the conductive network provided by graphene. Therefore, the graphene
content also has a significant impact on the electrical conductivity of G-LCPC. As
shown in Figure 3d, the electrical conductivity of G-LCPC can be tuned by varying the
content of graphene. The conductivity reaches up to approximately 174.2 S cm™ at
room temperature. Moreover, the conductivity of G-LCPC complex increased by three
orders of magnitude from 0.002 S cm™ to 174.2 S cm™ as the graphene content increases
from 20 wt% (The mass ratio of graphene to LCPC is 1:4) to 80 wt% (The mass ratio
of graphene to LCPC is 4:1).

With the demonstration of electrically-conductive magnetic nature of G-LCPC, we
further investigate its magnetoelectric coupling effect and magnetoresistance properties.
When the mass ratio of graphene to LCPC is 1:2, G-LCPC can simultaneously maintain
strong magnetism and conductivity, making it suitable for studying the magneto-
electric coupling effect and magnetoresistive effect. Figures 4a and 4b demonstrate that
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the magnetization of G-LCPC (The mass ratio of graphene to LCPC is 1:2) can be
efficiently tuned by an external electric field. As shown in Figure 4a and S13, the
ferromagnetic resonance (FMR) signals of G-LCPC can also be effectively tuned by
electric field. Due to the enhanced magnetization induced by the external electric field,
the FMR response magnetic field experienced a reduction from 485 Oe to 855 Oe under
an applied electric field of 300 V/cm. Electric field dependent FMR response offers
potential applications such as microwave devices [33-34], spintronics [35-36], and
magnetic sensors [37-38]. In accordance with Kittel's equation, the decrease in the
magnetic response field suggests an enhancement in magnetic properties or an increase
in magnetic anisotropy [39-40]. According to electric field dependent magnetization
(Figure 4b), the G-LCPC complex possesses a magnetoelectric coupling coefficient of
1.77 VIOe cm. As the external electric field increases from 10 mV to 200 mV, the
change of magnetization shifts from 0.71 emu/g to 1.17 emu/g. In addition, the change
of the electronic structure of pyrazine induced by an external electric field also could
enhance the exchange interactions of Cr ions and pyrazine [41], suggesting electric field
effects on the magnetization of G-LCPC.

The magnetic transport property of G-LCPC is presented in Figures 5a and b, which
can be effectively tuned by an external magnetic field. As shown in figure 5a, the
resistance of G-LCPC increases with the increase in the magnetic field, exhibiting a
positive magnetoresistance effect. At temperatures below 392 K, the G-LCPC complex
exhibits an increase in resistance when subjected to an applied magnetic field of 5000
Oe. As shown in Figure 5c, the magnetic field dependent resistance change reaches
optimum of 10.5% below 392 K (Curie temperature of G-LCPC for mass rate 1:2). The
positive magnetoresistance effect observed below Curie temperature indicates the
presence of interactions between the ferromagnetic and conductive sublattices in the G-
LCPC complex. The positive magnetoresistance of G-LCPC complex could be resulted
from the enhancement of spin polarization by an external magnetic field, resulting in
increased spin-dependent scattering of charge carriers [42-43, 41] This results in an
increase in resistance, giving rise to the positive magnetoresistance effect. Moreover,
owing to the coexistence of ferromagnetism and conductivity in G-LCPC, it
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demonstrates enhanced efficacy in mitigating electromagnetic interference (EMI) when
compared to graphene (Figure S14). This breakthrough paves the way for potential
applications of such conductive magnetic materials in the field of electromagnetic
shielding.

3. Conclusion

In this study, we demonstrate lithium-bridged G-LCPC conductive magnets exhibiting
Curie temperatures at 392 K. The lithiation bridging and n-m interactions between
graphene and pyrazine lead to the interfacial interaction between graphene and LCPC,
which tailors the magnetoresistance and voltage-controlled magnetization in the
hybridized solids. The graphene passivation effects effectively protect the LCPC
magnets with environmental stability after exposure in air more than 24 h. This
approach provides exciting possibilities for developing advanced molecular magnets

with co-existence of electrical conductivity and magnetism.

4. Experimental Section

Preparation of Cr(pyz).Cl> precursor: Cr(pyz).Cl, was prepared using a solvothermal
method as described in the literature source [22]. 1 g of CrCl2 and 10 g of pyrazine were
combined and sealed within a 100 ml Teflon-lined stainless-steel autoclave reactor. The
reactor was then heated to 200 °C and maintained at this temperature for 24 h, followed
by natural cooling to room temperature.

Solvation Lithiation for Cr(pyz)2-xLiCl: The procedure for solvation lithiation was
carried out in accordance with the methodology outlined in the referenced literature 141,
Initially, 231.3 mg of 1,2-dihydroacenaphtylene was combined with 104 mg lithium in
8 ml of THF solvent and agitated for a duration of three hours. Subsequently, the filtered
solution was introduced into a 20 ml glass vessel containing 5 ml of THF solution along
with 200 mg of the Cr(pyz)2Cl2 precursor. The resulting mixture was stirred for a period
of one week. The ensuing product was washed with 15 ml of THF solvent two or three
times, followed by vacuum drying. The powder was annealed in the glove box by using
a hotplate. The sample was heated for 5-10 minutes to remove THF solvent.
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Preparation of G: LCPC: Graphene and LCPC with different mass ratios grind and mix
thoroughly to prepare G: LCPC solid. All of the aforementioned processes are carried
out in nitrogen atmosphere.

Electrochemical Lithiation for Graphene-Cr(pyz).Clz: The Cr(pyz)2Cl>, graphene, and
PVDF with different mass rate are mixed and stirred in 1-methyl-2-pyrrolidone solvent
for 6 hours. The resulting mixture is then uniformly coated onto a copper foil. It is
subsequently placed on a hotplate and heated at 50 °C for 12 h to remove the solvent.
The coated copper foil is used as the cathode, with lithium metal serving as the anode.
A negative current of 0.5 mA is applied during the discharge process by using a
Keithley 2450 instrument. The level of lithiation are monitored over time. After the
lithiation processes, the samples are subjected to 12 h of vacuum drying to remove the
electrolyte. All of the aforementioned processes are carried out in nitrogen atmosphere.
Measurements: A Vibrating Sample Magnetometer (VSM, MicroSense EZ7-380 V)
was used to measure magnetic properties. Current-voltage characteristics were
measured using a connected Keithley 2450 sourcemeter. Resistance values were
determined by linearly fitting the 1-V curves. Temperature dependence of the resistance
measurements was conducted using a four-probe method with a Keithley 2450 constant
current source. High-resolution transmission electron microscopic images were taken

on JEOL JEM 2010 with an accelerating voltage of 200 kV.
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Figure 1. (a) Schematic of electrochemical lithiation Cr(pyz).Cl, and graphene
complex shows the lithium cations penetrate into graphene and Cr(pyz).Cl. layers. (b)
The electrochemical lithiation dependent magnetization versus magnetic field curves
of G-LCPC complexes. Inset is electrochemical lithiation dependent covercivity. (c)
Raman spectra of Graphene and G-LCPC. (d) FTIR spectra of LCPC and G-LCPC.

Inset demonstrates schematic G-LCPC structures.
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Figure 2. (a) Magnetization versus magnetic field curves of G-LCPC complex., and G-
LCPC attracted by a permanent magnet. (b) The stability in time of G-LCPC complex
in air. M* is the saturation magnetization exposed to varying durations in the air. M is
the saturation magnetization not exposed to the air. M*/M represents the relative change
rate in saturation magnetization. (c) I-V curve of G-LCPC wihth the grapehen and

LCPC mass rate of 1:2. (d) Temperature dependent resistance of G-LCPC complexes.
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Figure 3. (a) Magnetization curves of G-LCPC complexes with different graphene and
LCPC massrate (2:1, 1:1, 1:2). (b) Physically mixed graphene and LCPC with different
graphene and LCPC mass rate (2:1, 1:1 and LCPC). (c) Temperature-dependent
magnetization of G-LCPC presents a transition temperature tuned by the content of
LCPC. (d) Graphene content dependent conductivity and I-V curves of G-LCPC

complex (insert).
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Figure 4. (a) Electric field dependent FMR of G-LCPC complex (mass rate of graphene
and LCPC is 1:2). (b) Magnetization of G-LCPC complex (mass rate of graphene and

LCPC is 1:2). ON (OFF) indicates the electric field is turned on (off).
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Figure 5. (a) The magnetic field dependent resistance of G-LCPC with mass rate of 1:2.
(b) Magnetoresistance of G-LCPC complex (mass rate of graphene and LCPC is 1:2).
ON (OFF) indicates the magnetic field is turned on (off). (c) Temperature dependent
resistivity of G-LCPC complex with graphene and LCPC mass rate of 1:2.
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Figure S3. Raman of G-LCPC with graphene and LCPC mass rate of 2:1 and 1:1.
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Figure S4. FTIR spectra of LCPC and G-LCPC complexes with different mass rate.
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Figure S5. Magnetic anisotropy of G-LCPC complexes.
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Figure S6. Magnetization versus magnetic field curves of LCPC.

Figure S7. Photographs of LCPC before exposure to air (left) and after exposure to air
(right).
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Figure S8. The time dependent electrode potential difference between graphene and

the Cr(pyz)2CI2 precursor electrode.
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Figure S9. X-Ray diffraction pattern of Graphene and G-LCPC.
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Figure S10. The TEM images and SAED patterns of G-LCPC complexes. The dark

area represents LCPC.
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Figure S11. Frenguncey dependent FMR of G-LCPC complex.
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Figure S13. Electric field dependent FMR of G-LCPC complex.
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Figure S14. EMI shielding effectiveness properties of Graphene and G-LCPC with
different mass rate.
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