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Building molecular conducting magnets has been considerable
interest due to its metallic transport and magnetic properties.
Conjugated aniline anions and transition metal cations are
recognized to synthesize such nt-d interaction frameworks. Here, an
interfacial assembly of quasi-two-dimensional aniline
heterojunction frameworks is developed, which consists of proton-
aniline conducting layer (conductivity of 9.2 x 102 S cm™) and
transition metal-aniline magnetic layer. The two-dimensional
aniline coordination framework with the pronounced mn-d
interaction is indispensable to obtain the ordered spin states and
metallic transport conductivity. We apply optical and Raman
spectra to study the interaction between metal cation and the
nitrogen atoms in the aniline chains. The bilayer heterotructure
maintains a high conductivity of 3.5 x 102 S cm™ and an increased
magnetization, while the coupling of metallic conducting and
magnetic layers leads to an enhanced magnetoconductance of 0.4%
under magnetic field of 70 kOe.

Multifunctional materials with the charge and spin degree of
freedom, such as molecular conducting magnets, are receiving
significant interests as potentially transformative components
in quantum technologies.l!l In this context, molecular
conducting magnet is particularly attractive due to the coupling
of molecular conductor and magnet, in which the magnetic
interactions are triggered between the 1t conduction electrons
and localized d electrons. Molecular conducting magnets
prepared so far are mainly radical salts between low-
dimensional conjugated donor molecules and magnetic
acceptor anions.l2l’ Such molecular magnets are generally
characterized as strongly correlated materials with 1t electron
dominant transport due to its small transfer integral from the
neighboring m-electron orbitals in donor molecules.[?l Such
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unique packing structures enables the formation of a direct d-d
spin interaction of magnetic anions and indirect ri-d interaction
between m conjugated cation and d electrons for electron
transport. Magnetic ordering in the anion layer can be obtained
by the combined effect of d-d and rt-d interactions.[*! However,
the m-d interaction could reduce electron mobility in the
conjugated layer. In addition, the antiferromagnetic ordering is
usually expected from the d-d interaction in such m-d system,
while ferromagnetic ordering of d electrons can be resulted
from the spin polarized mt electrons.

Supramolecular assembly emerges as an effective approach to
design and synthesize molecular conducting magnets from
molecular synthons of alternately stacked m-conjugated donor
molecules and transition-metal d-spin anion layers. Here we
present a facile strategy to prepare freestanding molecular
conducting magnets by self-assembly of quasi-two-dimensional
aniline conjugated cation layer and transition metal anion layer.
Polyaniline (PANi), selected here as one of the extensively
investigated polymer materials, exhibits metallic transport,
induced magnetic property, and remarkable environmental
stability.l5! PANi is considered as Bronsted base and Lewis base,
which can be doped to significantly improve metallic transport
or magnetic property through coordination with Bronsted acid
(HCIl) or Lewis acid (transition metal halides) for the formation
of conducting and magnetic building unit layers, respectively.
The
dimensional

self-assembly driven chain ordering of quasi-two-

nanosheets greatly increase the effects of
magnetic alignment. The proton doped PANi has a singificantly
increased conductivity, while the iron cation incorporated PANi
shows ferromagnetism-like behavior. More importantly, the
conducting magnetic bilayer heterostructure can maintain a
high conductivity and an enhanced magnetization due to the
induced localized spin ordered states at the interface. When a
magnetic field is applied to molecular conductor, the aligned d
electrons induce ferromagnetic ordering together with the
disrupted ni-d interaction for the enhanced electron mobility,
leading to the magneto-conductance effect.
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Figure 1. a) lllustration of the synthetic procedure for 2D PANi
nanosheet on DMSO solution and doping process as well as the
assembly of multifunctional conducting magnetic
heterostructures. b, c) Photographs of DMSO solution before
and after the PANi formation. d) SEM and e) TEM images of the
PANi nanosheet.

The oleylamine molecule is a known surfactant for the
controlled assembly due to the strong binding effect between
the amino function with the surface atoms and the hydrophobic
interaction of hydrocarbon chain.[® Here, we report for the first
time to utilize self-assembled oleylamine monolayer as the
substrate to induce the ordering of aniline chain at the liquid/air
interface. Figure 1la depicts the assembly process of
freestanding quasi-two-dimensional PANi nanosheets at the
dimethyl sulfoxide (DMSO)/air interface. Increased amount of
oleylamine accelerates the assembly process of PANi formation
(Figure S1 and S2). The as-formed freestanding PANi
nanosheets can be transferred to transition metal salt or acid
solution for the formation of magnetic or conductive PANi
networks binding with imine and amine nitrogens, with the
completion color changing from purple to green. Such
coordinated PANi networks can be further layer-by-layer
assembled for the formation of molecular conducting magnetic
heterostructures. The optical photographs in Figure 1b and ¢
show the PANi solution and self-assembled PANi nanosheet at
the air-liquid interface. The scanning electron microscopy (SEM)
image (Figure 1d) shows the uniform and flexible surface
morphology of PANi nanosheets, while transmission electron
microscopy (TEM, Figure le and S3) suggests its layer-like
morphology.
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Figure 2. a) Absorption spectra of PANi, HCl-doped PANi
(HPANiI), and transition metal-doped PANi (MPANi). b) Raman
spectra of PANi, HPANi, and MPANi. c-e) Photographs and and
corresponding optical microscopy images (Insets) of PANi,
HPANi, and FePANi on glass substrates. f) SEM and TEM image
(Inset) of FePANi.

The freestanding PANi nanosheets provide a versatile platform
for the incorporation of transition metal cations and proton to
control its physicochemical properties. Figure 2a shows the
absorption spectra of freestanding PANi, HCl-doped PANi
(HPANI), and transition metal-doped PANi (MPANi) nanosheets.
The absorption band at 312 nm of self-assembled PANi
nanosheet is assigned to the m-it* transition of the conjugated
benzenoid rings.”! The mn-m* transition band shows a
hypsochromic shift from 312 nm to 299 nm after Fe cation
doping, suggesting a decrease in the extent of conjugation and
an increase in the band gap. It is inferred that the adjacent
phenyl rings of the aniline have larger torsion angles with
respect to the plane of the nitrogen atoms due to the possible
steric repulsion between the FeCl; and hydrogens on the
adjacent phenyl rings.[®l For the proton doping and other
transition metal ions (NiCl, and CoCl,), the mt-it* transition band
shows negligible shift indicating the low steric repulsion
possibly due to the weak binding interaction. The absorption
band at 620 nm of self-assembled PANi nanosheet corresponds
to the exciton transition.®] The exciton transition band in
transition metal doped PANi shows a blue shift to 560 nm after
the Fe cation doping. It is inferred that Fe3* ions strongly
interact with the PANi chain increasing the degree of freedom
and therefore the loss of planarity of the chain.l! For the Co?*
doping, there are two new absorption bands located at 430 nm
and 900 nm corresponding to the polaron and bipolaron
transition in the doped form,!®! respectively, which are not
observed in the Ni2* doping. For the proton doping, the exciton
transition band disappears while the bipolaron transition band
exhibits a bathochromic shift comparing to the Co?*-doped PANi
indicating a conductive structure with a more delocalized
bipolaron transition band.[®19 Raman spectroscopy is further
used to investigate self-assembled structural conformation and
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interaction between dopants and aniline matrix chains. As
shown in Figure 2b, the resonance Raman spectra of PANi,
HPANi, and MPANi nanosheets are recorded using 785 nm
excitation. The resonance bands that appeared in the range
from ~ 1,160 cm™ to 1,600 cm correspond to the stretching
modes of different bonds in PANi.[*1) Raman peak of 1,600 cm™
in PANi is assigned to the C-C stretching vibration of benzene
rings. The bands at 1,220 cm™ and 1,164 cm™* are assigned to C-
N stretching in benzenoid units and C-H deformation vibration
of a quinonoid ring.['?l To evidence the effect of doping on the
structure of PANi, on the one hand, the band at 1,510 cm™ in
HPANi corresponds to N-H deformation vibrations, which is not
observed in MPANi due to the doping of transition metal ions.
On the other hand, the band at 1,460 cm™ corresponds to the
C=N stretching vibrations in quinonoid units in MPNAI, which is
absent in HPANi indicating the more benzenoid units in the
complex coordinated networks. As shown in Figure 2c-e, the as-
formed PANi has blue color which can be converted to green
color and purple color by proton doping and Fe cation doping,
respectively. The SEM image in Figure 2f of Fe cation-doped
PANi shows the similar morphology as the PANi. The EDS
mapping (C and Fe elements) of Fe cation-doped PANi indicating
the uniform doping of Fe3* throughout the PANi network, while
the HPANi nanosheet only shows the C and N elements (Figure
S4 and S5). No visible iron cluster or particles are observed in
TEM image (Inset of Figure 2f) of Fe-doped PANi.
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Figure 3. a) |-V curves of HPANi with different HClI doping
periods at room temperature. Inset figures are the RT curve
(left) and the calculated conductivities of each HPANi (right). b)
MH loops of FePANi under different temperatures. Inset figures
are the MH loops of PANi and FePANi powers at 300 K (left) and
the coercivity of the FePAN:i (right).
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Conducting HPANi and magnetic FePANi building layers play an
important role in building molecular conducting magnet with
the m-d interactions. The acid treatment increases electrical
conductivity of PANi due to the proton-doping process.[13] As
shown in Figure 3a, HPANi nanosheets show the increased
conductivity comparing with the as-formed freestanding PANi
nanosheet, which is transferred to the surface of 1M HCI
aqueous solution for 5 min, 30 min, and 120 min. The 5-min
HPANi offers a high conductivity of 6.0 x 102 S cm1, which can
be further increased to 8.4 x 102 S cm™ (30-min) and 9.2 x 102S
cm™ (120-min), respectively (Figure S7). It should be noted that
PANi in the emeraldine salt form shows an electrical
conductivity with a range from 1073 to 102 S cm™ with varying
conjugation length, doping level, and the type of dopant.[14
Notably, HPANi nanosheets prepared here through
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supramolecular assembly show a remarkable high conductivity
benefiting from the compact and ordering of the aniline chain.
The resistivity-temperature (R-T) curve of HPANi layer in the
inset of Figure 3a shows a low resistivity of 0.02 Q cm at 150 K.
Figure 3b shows the temperature dependent magnetization
hysteresis (M-H) curves of FePANi layer, exhibiting
ferromagnetic characteristics with a saturation magnetization
of ~ 0.6 emu/g. It is known that the ferromagnetism requires
not only magnetic moments (Figure S6) but also that the
moments remain mutually aligned,*3! where the existence of
spin alignment and d-d interaction between iron atoms is
enhanced by the m-d interaction through the aniline chain. As
shown in the left inset of Figure 3b, no magnetization is
observed in PANi while a paramagnetic behavior is shown in the
mixed Fe-PANi network. The coercivity shows an increased
trend with the decrease of temperature as shown in the right
inset of Figure 3b, indicating the enhanced ferromagnetism
with the ferromagnetic coupling interactions in FePANi magnet
under low temperature.
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Figure 4. a) AFM image of the bilayer structure. Inset figure is
the thickness measurement. b) |-V curve of FePANi/HPANi
bilayer structure at room temperature. Inset figures is the
corresponding optical microscopy image (left) and
conductivities (right). c) MH loop of FeCl3/HCI bilayer structure
and FePANi at 300 K. d) Magnetic conductance measurement of
FePANi/HPAN:i bilayer at 180 K.

The coupling interactions between magnetic FePANi and
conducting HPANi heterostructures (FePANi/HPANi) are
resulted from the interfacial charge-transfer interactions. The
interfacial structure is characterized by atomic force microscopy
(AFM) shown in Figure 4a. The current-voltage curve of
FePANi/HPANi bilayer indicates its comparable conductivity
with the HPANi (Figure 4b). In comparison to HPANi with a
conductivity of 6.0 x 102 S cm™!, the FePANi/HPANi conducting
magnet shows an average conductivity of 3.5 x 102 S cm, while
the FePANi/HPANi conducting magnetic heterostructure shows
an enhanced saturation magnetization of 0.80 emu/g which is
25% higher than that of FePANi (Figure 4c). The enhanced
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magnetization of FePANi/HPANi could be resulted from the
localized spin ordered states at the charge-transfer interface
between metallic HPANi and FePANi layers,['] where the
induced charge from metallic layer of HPANi into magnetic layer
of FePANi results in an increase of localized spin ordered states.
The coupling between the magnetic and conducting
FePANi/HPANi heterostructures is further evidenced by
magnetoconductance behavior (Figure 4d). The change of
conductance (AG %) is calculated by: AG % = (Gy - Go)/Go = (Ro-
Ru)/Ru, the Gy and Ry corresponds to the conductance and
resistance under the magnetic field (H), respectively, and the Gg
and Rg represent the conductance and resistance without the
magnetic field. The conductance of FePANi/HPANi conducting
magnet can be tuned under magnetic field with a symmetric
enhancement by switching the direction of magnetic field. The
conductance can be increased by 0.4% under the magnetic field
of 70 kOe, at which the disrupted n—d interaction enhances
electron mobility for the positive magneto-conductance of
FePANi/HPANi.

Conclusions

In conclusion, molecular conducting magnetic heterostructure
is obtained in quasi-two-dimensional m-d aniline framework
through supramolecular assembly in the presence of aniline and
transition metal cations. The HPANi shows a metallic
conductivity up to 9.2 x 102 S cm™, while the FePANi shows
ferromagnetism-like behavior with a saturation magnetization
of ~ 0.6 emu/g at 300 K. An enhanced magnetization of
FePANi/HPANiI heterostructure is achieved by coupling metallic
and magnetic layers to induce localized spin ordered states at
the charge-transfer interface and m-d interactions between
metallic transport layer and magnetic layer, while a conductivity
of 3.5 x 102 S cm™ is observed in such molecular conducting
magnetic heterostructure. In addition, when a magnetic field is
applied to molecular conductor, the aligned d electrons induce
ferromagnetic ordering together with the disrupted mn-d
interaction for the enhanced electron mobility, leading to the
magneto-conductance effect. Such materials-by-design and
supramolecular assembly of hybrid materials with strong n-d
interactions provide a general method for the development of
organic conducting magnets.
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The doped quasi-two-dimensional aniline heterostructures through an interfacial assembly has been

achieved with impressing conducting and magnetic properties.



