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Room-Temperature Ferromagnetism in Perylene Diimide

Organic Semiconductor

Qinglin Jiang, Jiang Zhang,* Zhongquan Mao, Yao Yao,* Duokai Zhao, Yanhua Jia,

Dehua Hu,* and Yuguang Ma*

The development of pure organic magnets with high Curie temperatures
remains a challenging task in material science. Introducing high-density free
radicals to strongly interacting organic molecules may be an effective method
to this end. In this study, a solvothermal approach with excess hydrazine
hydrate is used to concurrently reduce and dissolve rigid-backbone perylene
diimide (PDI) crystallites into the soluble dianion species with a remarkably
high reduction potential. The as-prepared PDI powders comprising radical
anion aggregates are fabricated by a subsequent self-assembly and sponta-
neous oxidation process. The results of magnetic measurements show that
the PDI powders exhibit room-temperature ferromagnetism and a Curie
temperature higher than 400 K, with a vast saturation magnetization that
reaches =1.2 emu g'. Elemental analysis along with the diamagnetic signal
of the ablated residue are used to rule out the possibility that the magnetism

Therefore, intrinsic ferromagnetic semi-
conductors that work at room temperature
are rare.l®!

Organic ferromagnets with the flexi-
bility, low-temperature synthesis, low den-
sity, and biocompatibility take advantage
of replacing conventional magnets.[''"13]
Extensive effort has been devoted to
discovering ferromagnetism in purely
organic semiconductors based on the
radicals.5] In 1963, McConnell®® first
pointed out that aromatic and olefinic
free radicals may pancake on top of one
another in the crystalline lattice and give
rise to a ferromagnetic exchange interac-
tion between s-electron spins by favoring

is due to metal contamination. The findings suggest that the long-range
ferromagnetic ordering can survive at room-temperature in organic semicon-
ductors, and offers a new optional way to create room-temperature magnetic

semiconductors.

1. Introduction

In the early scenario in quantum mechanics, ferromagnetism
was thought to arise from electrons with principal quantum
numbers greater than two.ll Naturally, magnetic semiconduc-
tors, such as undoped magnetic semiconductors!?3! and diluted
magnetic semiconductors,*’l are mostly based on metal ele-
ments. Diluted magnetic semiconductors allow the coupling
and dependently controlling of electron charge and spin,®7]
while they yet confront several fundamental challenges,
including low Curie temperature (I;), magnetic impurity, dis-
tribution, and solubility limit of the magnetic metal ions.*1%
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a parallel spin angular momentum on the
neighboring molecules. Until 1991, the
first example of an organic ferromagnet
without metal elements was found in
p-nitrophenyl nitronyl nitroxide crystal,["
in which the exchange of free radical
electrons between neighboring molecules
causes the spins to become parallel. The inherent magnetic
moment with parallel spin has a long range order in the lattice,
and exhibits ferromagnetic properties with a saturated magneti-
zation of 10.1 emu g7}, while its T, is only 0.6 K. Subsequently,
Rawson et al.®® regulated the molecular aggregation through
the substitution of cyanide and fluorine atoms, increasing the
T. to 36 K in the f phase crystal of the dithiadiazolyl radical.
In almost all cases, such molecular interactions have proved
to be weak, thus making the ferromagnetic phase observable
only at very low temperatures.'®2! Charge transfer organic
crystal, such as tetrathiafulvalene (TTF)-Cg??l and coronene-
tetracyanoquinodimethane (TCNQ)?%l exhibited very weak ferro-
magnetism at room-temperature. Recently, Baek et al.? reported
an insulating polymeric organic magnet in the self-polymerized
TCNQ framework. Owing to the limited degree of order of the
cross-linked conjugate aggregates, this material displayed weak
ferromagnetism (the saturation magnetization was only of
the order of 1073 emu g') at room-temperature. Nevertheless,
room-temperature ferromagnetism, along with semiconducting
properties in the organic materials composed merely of carbon,
hydrogen, oxygen, and nitrogen, have hitherto not been found.
As a widely investigated n-type semiconductor, perylene
diimide (PDI) serves as a promising candidate in various
optoelectronic devices, including thin-film transistors, photo-
voltaics, thermoelectric, and light-emitting diodes.[?>=3% The
PDI molecule comprises a perylene backbone with two imide
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end-groups. Owing to the strong intermolecular 7—r interac-
tion and hydrogen bonding, the pristine PDI tends to crystal-
lize and suffer poor solubility in commonly used organic sol-
vents, impeding the manufacturing of solution-processable
organic thin-film devices.? With four electron-withdrawing
carbonyl groups, the PDI molecule can be reduced to meta-
stable radical anions or dianions through electrochemical
or chemical reduction.’?33] Therefore, PDI can form tightly
packed aggregates of radical anion, and may acquire ferromag-
netic properties.

Here, we reduced and dissolved the PDI crystallites by using
the solvothermal approach to fabricate self-assembling PDI
nanorods. The unprecedented room-temperature ferromag-
netism in organic semiconductor was confirmed through mag-
netic measurements. The possible contributions of the very few
metal impurities present were carefully excluded. Owing to the
negligible spin-orbital couplings and, thus, the long spin life-
time in organic materials, we argue that the results will shed
a light on the realization and application of room-temperature
magnetic semiconductors.
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2. Results and Discussion

We conducted a reduction and dissolution treatment of the
sublimated PDI crystallites at a 77 stacking distance of 3.34 A
(Figure Sla, Supporting Information) by using the solvothermal
method with excess hydrazine hydrate (Figure 1a). A purple
suspension was obtained after cooling, and was subsequently
used to prepare the PDI powders through heating in the
glove box (H,0 & O, <1 ppm) (see the Experimental Section).
Benefitting from the intrinsic semiconducting features, the
UV-vis absorption spectra were employed to measure the
valence states. The main absorption peak at 554 nm indi-
cated that the PDI dianion species dominated the suspension
(Figure 1b).2633 In order to get the electronic structure of
PDI dianion, the spin density distributions were calculated by
Gaussian 16 and illustrated as surface maps (Figure S1b, Sup-
porting Information). Two radicals with opposite spin located
on the C—0O bond were graphically shown. The peaks of the
as-prepared film appeared at 773, 810, and 965 nm, and helped
to identify the production of the PDI radical anions.**l The
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Figure 1. Structure characterization. a) Fabrication of PDI solution. The PDI was reduced by hydrazine hydrate through hydrothermal method in a
sealed autoclave. b) UV-vis absorption spectra of the purple solution in hydrazine hydrate and the as-prepared PDI film. c) EPR spectra of the PDI
solution and the as-prepared PDI powders. d) Scanning electron microscopy image of PDI nanorods with widths of 50-60 nm. e) XRD patterns of the
as-prepared PDI powders. The (122) diffraction peak was identified as the 7—7 stacking.
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electron paramagnetic resonance (EPR) spectra were used to
probe the formation of radical anions in the PDI powders. A
strong resonance signal around g = 2.003 was observed, and
had originated from unpaired electrons, clearly indicating the
drastic increase in radical anions after oxidation (Figure 1c).
It should be noted that free radicals usually were produced
by doping process, which results in the addition of dopants
that affect the packing density and degree of ordering.”! In
this work, oxygen is used as a dopant to preserve its aggre-
gation structure. The scanning electronic microscopy (SEM)
photograph of the PDI powders displayed compactly stacked
self-assembly nanorods 50-60 nm wide (Figure 1d). The
X-ray diffraction (XRD) pattern of as-prepared PDI powders
is shown Figure le. The peak around 26.9° can be indexed as
(122), which is corresponding to 77 stacking, and the calcu-
lated distance was 3.30 A (Figure le). It was essential that the
m—r stacking remained close after the reduction process, given
that the PDI species were ionized.

It is worth mentioning that, in contrast to previous strategies
in which the radicals are obtained by a reduction process,>33
our self-doping approach for radical anions was conducted with
a spontaneous oxidation process from closed-shell dianions.
Consequently, the self-assembling PDI aggregates synthesized
by using this approach are unique in two aspects: the close
7m—m stacking distance and the large concentration of radical
anions, which may introduce a strong spin exchange interac-
tion between the radicals and enable a ferromagnetic ordering
to eventually emerge.
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We investigated the magnetic properties of the PDI semi-
conductors using a vibrating sample magnetometer (see the
Experimental Section). The magnetization-magnetic field
(M-H) curves recorded at 10 and 300 K showed representative
ferromagnetic hysteresis loops (Figure 2a). The magnetization
was saturated at 1.5 kOe, and the coercive field reached 160 Oe
at 300 K. The extracted saturated magnetization at 300 K was
~1.2 emu g7, which is distinctly large in organic magnets
and far beyond the 36 K of canting ferromagnets,[®l as well as
recently reported weak ferromagnets in amorphous polymer-
ized TCNQP and 1,3,5-trizaine-linked porous organic radical
frameworks.*¥l Furthermore, we measured the hysteresis loops
within the temperature range of 10-400 K, and the tempera-
ture dependence of the coercive field (Hc) suggested ferromag-
netism above room-temperature (Figure 2b). The temperature
dependence of magnetization in zero-field-cooled (ZFC) and
field-cooled (FC) conditions under a magnetic field of 100 Oe
is displayed in Figure 2c. The bifurcation between the plots of
ZFC and FC starts from 400 K, indicating that the value of T, of
the ferromagnetic PDI powders was above 400 K. In Figure 2d,
the saturated magnetization versus T; in purely organic mag-
netsl18243436] are plotted, it can be seen that room-temperature
PDI ferromagnet preponderate in both sides of T, and satu-
rated magnetization, indicating the potential to be comparable
with inorganic ferromagnetic materials in the future. Magnetic
response of PDI ferromagnetic powders could be shown viv-
idly through attracting effect by a strong permanent magnet
(Video S1, Supporting Information).
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Figure 2. Magnetic properties of PDI powders. a) The M—H hysteresis loops of PDI powders taken at 10 and 300 K. The loops exhibit coercive fields
of 160 Oe at 300 K and 213 Oe at 10 K. b) Temperature dependence of the coercive fields, and suggesting ferromagnetism above room-temperature.
c) Curves of ZFC and FC magnetization with temperature, measured at an applied magnetic field of 100 Oe. The bifurcation between the curves of ZFC
and FC implies that the Curie temperature of the PDI powders was beyond 400 K. d) The saturated magnetization (Ms) versus T, in purely organic

magnets.[18,24,34736]
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Figure 3. Evolution of magnetic properties and metal impurities elemental analysis for ferromagnetic (FM) PDI powders. a) Linear M—H curves of PDI
raw material recorded at 300 K, indicating a diamagnetic behavior. b) The M—H hysteresis curve of the FM PDI powders with a room-temperature satura-
tion magnetization of =0.8 emu g™' and the M~H curve of the ablation residual, indicating weak diamagnetism. c) Evolution of magnetic properties for
FM PDI powders with time in ambient air. d) Metal impurities elemental analysis by PIXE for ferromagnetic PDI powders. The saturation magnetization
contribution of these metal impurities to the sample is no more than 5x 1073 emu g™, which is far smaller than the measured value in our experiments.

For a comparison, the linear M—H curve of the raw PDI
material showed diamagnetic features (Figure 3a). This
strongly suggests that ferromagnetic signals arose from our
reduction and air oxide process. To further rule out the possi-
bility that the ferromagnetism had arisen owing to a very small
amount of metal contaminant, we selected a sample with a
room-temperature saturation magnetization of 0.8 emu g
for an ablation experiment in the air. Figure 3b shows the
M-H graph of the sample before and after the ablation experi-
ment. It is clear that the ferromagnetism of the sample dis-
appeared after ablation, and the ablated residue showed weak
diamagnetism. This eliminates the possibility that the fer-
romagnetism of the sample was rooted in a ferromagnetic
metal or its oxide. We also found that after about 3 months,
the ferromagnetism changed to diamagnetism when the
sample was continuously exposed to air (Figure 3c). Due to
the natural chemical activity of radicals, previously reported
organic ferromagnetic crystals are usually unstable, such as
TDAE-Cg, which would completely lose magnetic properties
after exposure to the air by accident for a few seconds.!"” Com-
pared with this low T organic ferromagnets, our ferromag-
netic powders showed higher stability in air. The amount of
magnetic metallic impurities in our sample, as measured by
particle-induced X-ray emission (PIXE) spectra, was far from
sufficient to induce the ferromagnetic signal (Figure 3d). All
these experiment data suggest with greater certainty that the
observed ferromagnetism was intrinsically derived from the
PDI radical crystals.
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To investigate the semiconducting properties of the sam-
ples, we measured the temperature dependence of the resist-
ance and the Hall coefficient at 300 K. The devices used for
the measurements were made using the geometry of a six-
contact Hall bar, and the optical microscopy images of the top
view of the Hall devices appear in Figure 4a. The resistivity, p,
was extracted from the longitudinal resistance in the ohmic
response regime. As shown in Figure 4b, the curve of resistance
versus temperature showed typical semiconductor features. At
room-temperature, the resistivity was =1.6 Q cm. In Figure 4c,
we fitted the temperature dependent resistance data according
to an Arrhenius equation R = Rye ™", which give the activa-
tion energy E, = 72.54 meV. Figure 4d shows that the negative
Hall voltage (V) (i-e., n-type conduction) was linearly propor-
tional to the applied magnetic field, which was determined by:
Vu = Vg (B) — Vu (0). Ry is Hall coefficient, extracted from the
expression Ry = Vyt/(IB), where Ry, I, B, and t are the Hall coef-
ficient, applied current, thickness of the sample, and the applied
field, respectively. The Hall mobility, iy, was calculated from
the expression i - Ry/p at 300K was =0.5 cm? V! s, Com-
bined with the observed ferromagnetism, this PDI radical crys-
tals have enormous potential to achieve the room-temperature
magnetic semiconductor ultimately.

We illustrate the process of formation of the metastable rad-
ical anions in our sample as follows: The raw material was in
the neutral state, and was thoroughly reduced to the dianion
state with a high reduction potential through our solvothermal
approach. Both states had a closed-shell structure and exhibited

© 2022 Wiley-VCH GmbH
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Figure 4. Semiconducting properties of PDI ferromagnets. a) Optical microscopy image of the top view of six-contact Hall bar devices. b) Temperature
dependence of the resistance of the PDI devices. c) The fitting of temperature dependent resistance data to an Arrhenius equation extracts activation
energy E, = 72.54 meV. d) The dependence of V, on the magnetic field for the devices, indicating n-type conduction.

diamagnetism. We used the electrochemical method to deter-
mine the redox potentials of the dianion, the radical anion, and
the neutral state (Figure S2, Supporting Information). In this
energy-descending configuration, the sample was spontane-
ously oxidized in air to produce the neutral state through an
intermediate radical anion state with an open-shell structure
(Figure S3a, Supporting Information), which afforded unpaired
electrons to facilitate the emergence of ferromagnetism. Inter-
estingly, the generation of the neutral state activated a second
reaction path to generate the radical anions, namely, one
whereby the electron could transfer from the dianion state
to the neutral state if the molecules were sufficiently close to
one another (Figure S3b, Supporting Information). The radical
anions produced by the second reaction initially had a singlet
spin configuration because the reactants had a closed-shell
structure. With the effect of zero-field splitting,*”] the triplet
was generated through a spin flip process, and was inhibited
from reverting to the neutral and dianion state owing to the
spin-forbidden transition. In a short duration, the detailed bal-
ance of three components was reached.

Room-temperature ferromagnetism has been rarely observed
in semiconductors.”! According to Néel's local molecular field
theory,*® when the average radius of the open shell is roughly
half the inter-atomic distance, the exchange integral is positive,
and gives rise to ferromagnetic exchange interactions. Through
our unique synthesis-based approach, the PDI molecules were
assembled into nanorods and the 77 stacking was kept close,
enabling sufficiently strong ferromagnetic spin exchange inter-
actions among the radicals.'®¥! OQur preliminary calculations
show that with the 7—7 distance of 3.32 A the spin interaction
between two PDI radicals is =0.02 cm™, which is compared to
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the coercive field observed in our experiment (Figure S4, Sup-
porting Information). In this circumstance, the emergence of
spontaneous magnetization can be illustrated using two pos-
sible theoretical models based upon localized and itinerant
(delocalized) electrons. The first one was proposed by Heisen-
bergl!l and refers to the direct or indirect exchange of local mag-
netic moments. The second one is from Stoner’s picture,?*#
in which the energy band is spontaneously spin-split. In
m-conjugated organic crystallites, the electrons are regarded as
delocalized to form band-like transport channels but owing to
the strong vibronic couplings, the electrons are also easily local-
ized.l These dual features of localization and delocalization
of unpaired electrons in radical anions may cooperatively give
rise to the long-range ferromagnetic ordering in PDI semicon-
ductors. Based on our experimental results, ferromagnetism
is expected to be found in other free radical molecular crystals
with strong 7~ interaction. In fact, we used a similar approach
successfully to produce room-temperature ferromagnetism
in naphthalene diimide molecules, which will be published
elsewhere.

3. Conclusion

Organic semiconductors, especially open-shell polycyclic hydro-
carbons with metastable radicals and a close stacking structure,
were demonstrated here as a promising candidate for room-
temperature ferromagnets. We anticipate that this novel mate-
rial will be useful for investigating fundamental spin behaviors
in organic semiconductors, and can offer the means to explore
such applications as pure organic spin devices.

© 2022 Wiley-VCH GmbH
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4. Experimental Section

Sample Preparation: PDI (98%) was purchased from | & K Co., Ltd.
Sublimation technology was used to obtain pure PDI (>99%). Hydrazine
hydrate (98% in water) was obtained from the Beijing Chemical Plant
(Beijing, China). PDI (0.5 mg) and 5 mL of hydrazine hydrate were
sealed in an autoclave and heated for 24 h at 140 °C. The autoclave
containing the dianion solution was opened in an N, glovebox (H,0 &
0O, < 1 ppm). A high-resistance 10 x 10 mm silicon wafer with a (117)
orientation was subsequently cleaned with sonication in water, cleaning
agent, acetone, and isopropanol. The films and powders were drop
casted from the solutions described above and annealed in the glovebox
on a hot plate for 60 min at 80 °C.

Structure Characterization: The crystallinity of the samples was
characterized using XRD (Rigaku SmartLab) with Cu Ka (k= 0.15 418 nm)
radiation. The nanostructures were characterization by using a field-
emission scanning electron microscope (ZEISS, Oberkochen, Germany)
at room-temperature. The UV—vis—NIR characterization was performed
on a SHIMADZU UV-3600 spectrophotometer (Kyoto, Japan). EPR
spectra were recorded on a Bruker E500 EPR spectrometer (300 K,
9.854 GHz, X-band, Karlsruhe, Germany). The microwave power used
was 6.325 mW and the width of the magnetic field sweep ranged
from 3267 to 3766 Oe. The modulation frequency was 100 kHz and its
amplitude was 5 Oe. Cyclic voltammograms were acquired using a three-
electrode system (CHI600E, Shanghai Chenhua). External beam PIXE
experiments were carried out at the GIC4117 1.7-MV tandem accelerator
at Beijing Normal University.

Physical Properties Measurement: Magnetization was measured using
Quantum Design PPMS-9 with a vibrating sample magnetometer over
the temperature range of 2-400 K. The diamagnetic correction was
performed using diamagnetic susceptibility from the sample holder. The
resistance and Hall resistivity were measured by a six-contact Hall bar
device by Quantum Design PPMS with Electrical Transport Option.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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