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Abstract: The development of novel synthesis and assembly strategies is critical to achieving a ferro-
magnetic organic semiconductor with high Curie temperature. In this study, we report a high mag-
netic field (HMF)-modified solvothermal approach for the reduction in neutral perylene diimide (PDI)
into the dianion species to prepare the PDI magnets comprising radical anions after subsequent
oxidation processes. The PDI materials, assembled from the dianion solution by an HMF-modified
reduction, exhibit a smaller crystallite size and an enlarged distance of the π-π stacking in the PDI ag-
gregates. Furthermore, the PDI magnets obtained from the process under a 9T field reveal weakened
ferromagnetism and the rapid degradation of electrical conductivity compared to those prepared
without a magnetic field. Based on spectral and structural characterizations, such performance
deterioration originates from the enhanced instability of the radical anions exposed to air, as well
as the decreased crystallinity for the radical PDIs synthesized from the HMF-modified reduction
process. This work demonstrates that magnetic fields offer an effective way in the material synthesis
process to manipulate the structure and magnetic properties of the radical-based organic magnets.

Keywords: organic ferromagnetism; high magnetic field; organic semiconductors; solvothermal
approach; radical anions

1. Introduction

Conjugated molecular and polymeric semiconductors have attracted extensive interest
in flexible electronics in the past decades [1–3]. Much effort has also been devoted to
developing magnets and spintronic devices based on pure organic compounds [4–11]. The
mechanical flexibility, light weight, biocompatibility and low-temperature preparation of
these materials offer them great potential to replace traditional magnets in certain applica-
tions, especially ferromagnetic semiconductors, simultaneously possess semiconducting
properties and spontaneous ferromagnetic order, enabling the possibility of combining
logic and storage operations as key elements for future spintronics.

Magnetic ordering of the organic and/or molecular magnets originates from the
unpaired electrons in the s or p molecular orbitals. The study of organic magnets has
focused on the radical-carrying compounds [6,8,12] and the charge-transfer complexes
(e.g., thiophene-C60 and coronene-tetracyanoquinodimethane (TCNQ)) [13,14]. Since the
1980s, a number of polymeric magnets have been discovered, in which spin exchange inter-
action between the unpaired electrons (radicals) on pendant side chains of the conjugated
backbones induces ferromagnetic order, usually at low temperatures [15,16]. Recently, Baek
et al. obtained a polymeric magnet by self-polymerization of the TCNQ monomers [17].
The material exhibits a weak ferromagnetism at room temperature (RT). Notably, Jiang
et al. have achieved a ferromagnetic organic semiconductor of the perylene diimide (PDI)
radicals [18]. They utilized a solvothermal approach to reduce the neutral PDI into the
PDI dianions, as well as a subsequent self-assembly and spontaneous oxidation process to
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fabricate stable radical anions. The resultant magnet exhibits a saturation magnetization of
1.2 emu/g and a Curie temperature (Tc) above 400 K. Despite many efforts, intrinsic ferro-
magnetic organic semiconductors that work at RT are still rare. In addition to molecular
design, the development of novel synthetic strategies and molecular assembly methods to
effectively control reaction pathways and the self-assembly/growth process is crucial for
the improved performance of organic magnets [5,19,20].

As a type of important thermodynamic parameter, the magnetic field has been ex-
tensively utilized to manipulate the morphology, structure, and product phase during
the synthesis and growth of the nanomaterials [21–24]. For instance, Ding et al. have
demonstrated a magneto-hydrothermal approach to prepare pure and stable 1T-MoS2 nano-
sheets. They found that the formation of the metallic 1T-MoS2 phase is facilitated under
a high magnetic field (HMF) due to the higher magnetic susceptibility of 1T-MoS2 than
diamagnetic 2H-MoS2 [25]. Qian et al. have synthesized the PVP-directed nickel nanowires
via a magnetically assisted hydrothermal method, which also exhibited enhanced magneti-
zation and excellent microwave absorption performance [26]. Furthermore, our group has
achieved a large area highly oriented film structure of several semiconducting polymers by
solution-phase deposition under a field of 9T [27,28]. The conjugated polymer backbones
are aligned well with the applied field direction, leading to a remarkable enhancement
of carrier transport properties. For the preparation of molecular-based magnets, it has
been demonstrated that the magnetic field could be an effective tool to modulate electri-
cal polarization and magnetic properties of multiferroic metal–organic framework (MOF)
materials by tuning the reaction pathway and the coordination modes of organic ligands
during synthesis [29,30]. Despite the aforementioned progress, the synthesis and structural
manipulation of ferromagnetic organic semiconductors, modified by the HMF, have not
been reported so far.

In this work, a detailed investigation is performed for the magnetic field effect on the
reduction reaction of the conjugated PDI, as well as the structure and magnetic properties
of the synthesized radical magnets. The pristine PDI (depicted in Figure 1a) is an N-type
semiconductor [31,32], while its radical anions or dianions can be obtained by a chemical
reduction process [33]. Due to the high sensitivity of the radicals (unpaired electrons) to
the magnetic field [34,35], the applied HMF could regulate the reaction pathway, species
selection, and molecular assembly of the PDI during a reduction/oxidation process in which
the radicals are generated. We demonstrate that the electrical and magnetic properties
of the PDI-based magnets can be manipulated effectively via a solvothermal approach
under a high magnetic field. Notably, an enhanced instability of the radical anions is also
observed on the PDI materials prepared from the dianion solutions via the HMF-modified
reduction process. The enhanced instability of PDI anions corresponds well to the weakened
ferromagnetism and the faster degradation of the conductivity of the products.
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Figure 1. (a) Schematic diagram of the preparation of the PDI solution via the solvothermal method
with and without HMF, respectively. The molecular structure of the PDI is also shown; (b) UV-vis
spectra of raw PDI solutions, the PDI dianion solutions produced from the reduction reaction under
the field of 0 T and 9 T, as well as the as-prepared films cast from the 0T-24h-PDI and 9T-24h-PDI
solutions, respectively. (c) XRD patterns of the raw PDI powder and the as-prepared powders of
0T-24h-PDI and 9T-24h-PDI.

2. Materials and Methods
2.1. Material and Sample Preparation

The PDI (98%) was purchased from J & K Co., Ltd (Shanghai, China). and used as
received. Hydrazine hydrate (98%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). A total of 10 mg PDI and hydrazine hydrate (5 mL)
were sealed into a Teflon-lined stainless-steel autoclave (shown in Figure S1a). Subse-
quently, the autoclave was fixed in a homemade heater (shown in Figure S1b,c) and
transferred to a 10 T superconducting magnet (AMI American Magnetics from AMI Inc.,
Oak Ridge, TN, USA), displayed in Figure S1d). The reduction reaction was performed by
heating the autoclave at 140 ◦C in a homemade heater under an external magnetic field
of 0 T, 3 T, 6 T, and 9 T for different durations. Additionally, a sample synthesis was con-
ducted by heating an autoclave at 140 ◦C in a vacuum oven for 24 h (0 T). After the reaction,
the autoclave was transferred into and opened in a N2 glove box (H2O and O2 ≤ 0.1 ppm).
The powders were obtained by suction filtration of the PDI dianion solutions, and the
films were drop cast from the above solutions on a clean SiO2/Si substrate in a nitrogen
atmosphere. Finally, both the powders and the films were dried at 100 ◦C in the glove box
to remove the residual solvent.



Magnetochemistry 2024, 10, 34 4 of 12

2.2. Structural Characterizations

The X-ray diffraction (XRD) measurements of the powder and film samples were
performed using a Rigaku MiniFlex powder X-ray diffractometer (Akishima, Tokyo, Japan)
using Cu-Kα radiation (λ = 1.54 Å). Two-dimensional (2D) grazing incidence X-ray diffrac-
tion (GIXRD) measurements were also conducted for the films at the beamline BL14B of the
Shanghai Synchrotron Radiation Facility (SSRF) (Shanghai, China) with a photon energy of
10.0 keV. The incidence angle of the X-ray beam is 0.2◦. Sample morphology was character-
ized by a scanning electron microscope (SEM, Hellons Nanolab 600 from Thermo Fisher
Scientific Inc., Waltham, MA, USA). UV-vis-NIR absorption spectra were measured by a
Shimadzu UV-3100 spectrophotometer from Shimadzu Inc. (Kyoto, Japan) in transmission
geometry for the samples, which were deposited on quartz substrates and subsequently
exposed to the air. Electron paramagnetic resonance spectra (EPR) were recorded by a
Bruker EMX plus 10/12 from Bruker Inc. (Berlin, Germany) (9.1–9.9 GHz) equipped with
Oxford EPR910 Liquid Helium cryostat (Abingdon, UK) for the samples deposited on
quartz substrates with exposure to air. The solution samples for the absorption and EPR
measurements were taken from the “as-reduced” PDI solutions without access to oxygen.

2.3. Electrical and Magnetic Properties’ Characterization

A magnetization measurement was performed on a superconducting quantum in-
terference device (SQUID) magnetometer (Quantum Design MPMS3-175 from Quantum
Design Inc., San Diego, CA, USA) in the temperature range of 4.2–300 K. The samples for
electrical characterization were prepared by casting the PDI dianion solution on the SiO2/Si
substrates pre-patterned with interdigitated electrode arrays (30 nm Au/5 nm ITO) and
subsequently oxidized in the glove box. The I-V curves and conductance were measured on
a probe station by a Keithley 2612A source meter from Tektronix, Inc. (Beaverton, OR, USA)
in a nitrogen atmosphere.

2.4. PDI-Based OFET Fabrication and Characterization

The pristine PDI was dissolved in o-dichlorobenzene. The solution (2 mg/mL) was
stirred at 80 ◦C/12 h for complete dissolution in a N2 glove box, and then the intrinsic PDI
solution above was cast on a clean SiO2/n+-Si substrate with a Au source/drain electrode
array, which has a channel width (W) of 2.0 mm and a channel length (L) of 5 µm on it to
fabricate bottom-gate/bottom-contact (BG/BC) FET device. The electrical characteristics
of the devices were measured on a probe station by a Keithley 2612A source meter in
a nitrogen atmosphere. The field effect mobility was calculated from the slope of the
square root of drain current (ID) versus the gate voltage (VG) curves in a saturated regime
according to the transistor equation as follows:

ID =
W
2L

µCi(VG − VT)
2

where Ci is the area capacitance of the dielectric (15 nF/cm2 for 230-nm SiO2) and VT is the
threshold voltage.

3. Results and Discussion

The PDI is prone to be chemically reduced due to its strong electron-withdrawing
diimide groups [33,36]. Here, a reduction process of the raw PDI was performed using
the solvothermal approach with excess hydrazine under the applied high magnetic field,
as schematically illustrated in Figure 1a. UV–visible absorption spectra were utilized to
probe the radical species produced from the reaction. As shown in Figure 1b, the raw
PDI solution (0.01 mg/mL in ethanol) exhibits three absorption peaks at 490 nm, 537 nm,
and 593 nm, respectively, ascribed to a neutral PDI aggregation in the solution [37,38]. A
strong main peak around 554 nm is observed on the solutions after the reduction process
under a field of 0 T and 9 T for 24 h (denoted as 0T-24h-PDI and 9T-24h-PDI solutions,
respectively, thereafter), which is assigned to the PDI dianion species [36,39]. The change
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from the absorption spectra is accompanied by a transition from the red to purple color of
the solutions after the reaction, as reflected in Figure S2. Furthermore, the as-prepared films
cast from both the 0T-24h-PDI and 9T-24h-PDI solutions exhibit a wide shoulder at around
800 nm, which should be attributed to the contribution of the PDI radical anions [39,40]. It
is interesting to note that the difference in absorption spectra is hardly discernable between
the 0T-24h-PDI and 9T-24h-PDI solutions (similarly negligible spectral change is also shown
on the films cast from two solutions). It is indicated that the application of a magnetic
field does not influence the generation and components of the radical species during the
reduction process of the PDI.

Figure 1c shows the X-ray diffraction (XRD) patterns of the raw PDI, the 0T-24h-PDI,
and 9 T-24 h-PDI powders, respectively. Both the samples, fabricated from the reduction
process, exhibit distinct differences in the XRD patterns (e.g., peak positions and intensity)
from the raw PDI. However, both of the powders present highly similar diffraction patterns.
Furthermore, the PDI powders via the solvothermal approach under the field of 3 T and 6 T
(denoted as 3T-24h-PDI and 6T-24h-PDI, respectively) are prepared, respectively. As
shown in Figure S3a, the XRD patterns of 3T-24h-PDI and 6T-24h-PDI are also identical to
those of 0T-24h-PDI. It is, therefore, concluded that the magnetic field applied during the
PDI reduction has a negligible effect on the phase structure of crystallites in the resultant
powders, despite the fact that a phase change from a neutral PDI occurs. These observations
are also consistent with the UV-vis results above. Nevertheless, the full width at half
maximum (FWHM) of the (011) peak (around 10.2◦) for the 9T-24h-PDI powder is slightly
larger than that for the 0T-24h-PDI sample (shown in Figure S4). It corresponds to a
reduced size of crystallites from 25.72 nm to 22.13 nm, determined using the Scherrer
equation. Meanwhile, the size of crystallites of the 3T-24h-PDI and 6T-24h-PDI is calculated
to be 24.17 nm and 22.15 nm from the FWHM of the (011) peak (Figure S3b), respectively.
Furthermore, the PDI material via the HMF-modified solvothermal reaction for a prolonged
time of 36 h (denoted as 9T-36h-PDI) is also prepared. As shown in Figure S5a, the powder
exhibits almost identical XRD patterns as the 9T-24h-PDI, implying that the lattice structure
of the PDI remains intact. However, the size of crystallites is calculated as 18.11 nm (from
the data in Figure S5b), smaller than that of the 0T-24h-PDT and 9T-24h-PDI. The results
clearly reveal that the self-assembly of the aggregates is suppressed in the PDI radical
solutions synthesized under magnetic field conditions. To gain a deeper insight into
packing ordering and crystallinity of the PDI from the HMF-modified reduction process,
2D grazing incident X-ray diffraction (GIXRD) is also performed on the as-prepared films
cast from the 0T-24h-PDI and 9T-24h-PDI solutions, as shown in Figure S6. Both kinds of

films exhibit a strong (12
–
2) scattering along the direction of qz (shown in Figure S6a,b),

which is assigned to the π-π stacking, indicating the face-on packing ordering. However,

the cross-section profiles along qz (Figure S6c,d) reveal a small difference in the (12
–
2) peak

position between the two films. Based on the Bragg formula (Supporting Information), the
π-π stacking distance is calculated as 3.37 Å for the 9T-24h-PDI films, a slight increase from
3.32 Å for the 0T-24h-PDI films (inset of Figure S6c,d). Summarily, our results indicate that
the magnetic field influences the reduction process and the properties of the resultant PDI
solutions, which can, consequently, tune the molecular stacking and order of the crystallites
assembled from the dianion solutions.

SEM was utilized to investigate the morphology of the PDI films obtained from dif-
ferent synthesis processes. The SEM images in Figure 2a,b exhibit the compact nanorod
structure formed in the film of the raw PDI. These nanorods become clearly larger in
size (3–5 µm long) and less compactly distributed in the film by self-assembly from the
reduced PDI solution (shown in Figure 2c,d). Intriguingly, micro-plate structures are
formed in the film cast from the solution prepared via the HMF-modified reduction
process (Figure 2e,f). Distinct morphological change indicates that HMF enables the regu-
lation of the self-assembly of the PDI aggregates by influencing the synthesis reaction of the
PDI radical species, which is consistent with the XRD characterizations above. Similarly,
effective morphological tuning of the nanomaterials has been observed in the magnetic field-
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assisted synthesis and assembly of the oxides/sulfides and carbon nanostructures [22,41,42].
Magnetic manipulation of the nanomorphology observed can be driven by the magnetic
field effects (MFEs), such as the magnetic force or the anisotropy of magnetic energy on the
reaction species, as well as the change in the Zeeman energy on the radicals [41]. In our
case, such MFEs might affect the formation and structure of the pre-aggregates of the PDI
radical molecules during the HMF-modified reduction, which would finally determine the
assembly and growth of the crystallites in the subsequent solution cast process.
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Figure 2. SEM images of raw PDI films (a,b), 0T-24h-PDI films (c,d), and 9T-24h-PDI films (e,f). Dilute
solutions were utilized for the deposition.

Electron paramagnetic resonance (EPR) measurements were performed to detect the
formation of unpaired electrons and radical anions of the PDI samples [43,44]. As shown
in Figure 3a,b, the neutral raw PDI exhibits no EPR signal, while an intense resonance
absorption around g = 2.003 is observed on both as-prepared 0T-24h-PDI and 9T-24h-PDI
films (also shown in Figure S7a), which is assigned to the unpaired electrons with spin
S = 1/2. It clearly confirms that a high concentration of free radical anions is generated
after the oxidation of the PDI dianions, while there is no EPR signal for the PDI solutions
composed of the dianions (shown in Figure S7b) with a closed-shell structure. Magnetic
properties were measured on the oxidized PDI powders prepared via the reduction process
under HMF and free of HMF. As shown in Figure 3c, the magnetization-magnetic field
(M-H) curves of the 0T-24h-PDI exhibit clear hysteresis loops at 10 K and 300 K, a ferromag-
netic character. A fairly high saturated magnetization (Ms) of ca. 0.15 emu/g is extracted
at 300 K, while the coercive field (Hc) of 249 Oe and 61 Oe is obtained at 10 K and 300 K,
respectively (inset of Figure 3c). However, the PDI powder via a reduction process under
3T-HMF (3T-24h-PDI) exhibits an Ms of 0.12 emu/g and an Hc of 213 Oe at 10 K, as well
as weakened ferromagnetism at 300 K, as shown in the M-H curves in Figure S8a. The
6T-24h-PDI powder (shown in Figure S8b) displays a lower Ms and Hc than the 0T-24h-PDI
and 3T-24h-PDI. Furthermore, the M-H curves of the 9T-24h-PDI powder (in Figure 3d)
reveal a weak ferromagnetism at low temperatures and a super-paramagnetism at 300 K,
respectively. The Ms of 0.063 emu/g at 10K can be achieved at a high field exceeding
5000 Oe, and a weak Hc of 68 Oe is observed. Figure S8c,d present the average values of
Ms and Hc for the PDI magnets prepared under different field strengths. Both the values
exhibit an obvious decline with the enhancement of the magnetic field applied, revealing
a clear effect of HMF on the magnetic properties of the PDI magnets. Figure 3e,f display
the magnetization versus temperature (M-T) curves of the 0T-24h-PDI and 9T-24h-PDI
powders in the zero-field-cooled (ZFC) and field-cooled (FC) conditions. The bifurcation
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between the ZFC and FC curves starts from around 300 K and far above 300 K for two
samples, respectively, indicating that the Tc of the 0T-24h-PDI is far above room temper-
ature; however, the 9T-24h-PDI exhibits a lower Tc of around 300 K. It should be noted
in Figure S9 that the raw PDI powder shows a linear M-H curve with a negative slope, a
characteristic of diamagnetic behavior. Therefore, the above results clearly indicate that
the ferromagnetism of the PDI originates from the generation of high concentrations of
spin-carrying anions via the reduction and subsequent oxidation process. The spin ex-
change interaction between the neighboring PDI anions enables the emergence of magnetic
order [18]. The lower magnetization and Tc, which is exhibited on the PDI materials from
the magnetic field-modified reduction process, could be correlated with the lowered crys-
tallinity and enlarged π–π stacking distance in the PDI aggregates, which might weaken the
spin exchange interaction between the PDI anions [18]. However, the amount and stability
of radicals in the reduced PDI solutions should be the key factor to affect the magnetic
properties of the PDI (discussed as follows).
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Figure 3. (a,b) EPR spectra of the as-prepared 0T-24h-PDI (a) and 9T-24h-PDI (b) powders. The
spectrum of the raw PDI is also shown. (c,d) Typical M-H curves of the 0T-24h-PDI (c) and 9T-24h-PDI
(d) powders measured at 10 K and 300 K. (e,f) Temperature dependence of the ZFC and FC magneti-
zation (M-T curves) of the 0T-24h-PDI (e) and 9T-24h-PDI (f) powders, respectively. A magnetic field
of 1000 Oe is applied.

To investigate the electrical properties of the ferromagnetic PDIs, the FET devices
based on the neutral PDI films in the bottom-gate/bottom-contact structure (displayed
in the inset in Figure 4a) are fabricated. The neutral PDI film exhibits a clear N-type
behavior (Figure 4b), with electron mobility of 1.8 × 10−5 cm2 V−1s−1 calculated from
the transfer curves in Figure 4a. Considering the n-doping effect induced by the PDI
radical anions, planar two-terminal device geometry was utilized to conduct electrical
characterization of the radical PDI films. The inset in Figure 4c shows the image of the
paired electrodes on which the films are deposited. Figure 4c displays the linear current-
voltage (I-V) curves for all the samples. The as-prepared 0T-24h-PDI film (ca. 600 nm)
exhibits a high electrical conductivity of 28.75 S/m, abruptly enhanced compared to the
raw PDI films. It should be attributed to a high density of free carriers provided by radical
anions after spontaneous oxidation of the PDI dianions. However, for the films prepared
from the HMF-modified reduction process, the conductivity becomes lower, with 17.5 S/m
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and 20 S/m for the 9T-24h-PDI film and 9T-36h-PDI film, respectively. It could correspond
to a decreased carrier density.
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Figure 4. (a,b) Typical transfer curves (a) and output curves (b) of a BG/BC FET device based on the
neutral PDI film. The inset shows a schematic illustration of the FET structure. (c) I-V curves of the as-
prepared 0T-24h-PDI films, 9T-24h-PDI films, and 9T-36h-PDI films measured in the N2 atmosphere.
The inset depicts the Au electrode pairs with a gap distance of 5 µm, on which the PDI film is
deposited. (d) The evolution of device current at the bias of 1.0 V with the air exposure time for
different PDI films, which is extracted from the I-V curves in Figures S10–S12. The inset is the
schematic diagram of the device structure used to “sensor” the air attack for the film.

Furthermore, the evolution of electrical properties of different PDI films is examined
by prolonged exposure to ambient air. As shown in Figures 4d and S10–S13, the current
through the 0T-24h-PDI film measured at a bias of 1V exhibits only a slow decay with
increased exposure time, while such current decay becomes more severe on the 9T-24h-PDI
film (a 100-fold decrease in device current after air exposure for 12 h). Furthermore, the
9T-36h-PDI film shows an abrupt drop of device current by four orders of magnitudes
upon a 3 h air exposure and exhibits a fast response of ca. 10−5 A/s within 180 s (shown
in Figure S14). It is interesting to find out that the poorer stability of electrical properties
happens on the samples prepared by the reduction process under HMF. Since the evolution
of device current is correlated with the change in the carrier density of the films, which
reflects the population and stability of free radicals [45], the observed instability of electrical
properties should originate from the difference in chemical activity of the PDI radical anions
influenced by the magnetic field-modified reduction process.

To explore the magnetic field effect on the stability of the radicals, in situ UV-vis
absorption spectra were measured for three types of PDI films exposed to ambient air for
different durations. As depicted in Figure 5a, the 0T-24h-PDI film exhibits a small decay of
the 800 nm absorption peak attributed to the radical anions, as well as a slight enhancement
of the neutral PDI absorption below 500 nm with the air exposure time. It indicates the
good air stability of radical anions in this sample, which is in agreement with the electrical
characterization results described above. In contrast, for the 9T-24h-PDI film, the absorption
from radical anions decreases steadily; meanwhile, the absorption from the neutral PDI is
enhanced dramatically with the prolonged air exposure (shown in Figure 5b), manifesting
a greater sensitivity to the oxidation by oxygen and water from air [45]. Furthermore, as
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displayed in Figure 5c, the neutral PDI component becomes dominant in the absorption
spectra after only 1h of air exposure, which arises from the fast conversion of the radical
anions into the neutral PDI by an air attack. Our observations, therefore, corroborate
that the accelerated degradation in conductivity is attributed to poorer stability of the
radical anions in the PDI films fabricated from the HMF-modified reduction process. Such
magnetic field-derived instability should also be one of the key origins for the weaker
ferromagnetic properties of these films.
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However, the origin of the instability of the radical anions is not clear presently.
It is proposed to be related to the unidentified aspects of the radical dianions in the
solution via the HMF-modified solvothermal approach. The issue needs further structural
and electronic characterizations. From the energetic point of view, the application of a
magnetic field is unfavorable energetically for the generation of radical dianions, which
have a diamagnetic closed-shell structure (magnetic energy is promoted in the system).
Therefore, the triplet/singlet ratio of the radicals, produced in the reduction process, might
be modified remarkably [34], which could negatively influence the amount and stability
of the resultant dianions and thus be correlated to deteriorated magnetic properties of the
PDI magnets. The situation is different from the cases of the synthesis of the nanomaterials
under HML [25,26], in which the formation of the product phases with a higher magnetic
order is facilitated due to the lowering of magnetic energy upon the generation of these
products under the magnetic field. On the other hand, the assembly and growth of the
radical PDI aggregates could also be modulated via the solution cast of the dianion solution
under HMF to study the MFE on the structure and magnetic properties of the PDI magnets.
A lowering of magnetic free energy of the aggregates, arising from the interaction between
the spin-carrying anions and HMF, will benefit the formation of a stable and enhanced
ferromagnetic phase in the produced films.

4. Conclusions

In summary, a high magnetic field is applied during a solvothermal (reduction) re-
action to modulate the synthesis and assembly of the radical organic magnet based on a
semiconducting PDI. The XRD, GIXRD, and SEM measurements reveal the reduced crys-
tallinity and a smaller-size nanorod structure on the produced PDIs. These materials also
exhibit lowered saturation magnetization and Tc, as well as faster degradation of electrical
conductivity, compared to the PDI magnets fabricated without a magnetic field. Notably,
decreased stability of the radical anions against ambient air is observed on the PDI magnets
synthesized via a magnetic field-modified reduction process. We propose that such radical
instability is responsible for the weakened electrical and magnetic properties. Therefore, in
addition to the capability for the effective tuning of the structure and properties of organic
magnets in the synthesis (e.g., solvothermal reaction) process, a high magnetic field is
expected to be utilized during the solution phase growth and assembly process to regulate
and improve the ferromagnetism of organic radical magnets.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/magnetochemistry10050034/s1, Figure S1: (a) A photograph of
an autoclave including a Teflon-lined tank and a non-magnetic stainless shell. (b,c) A photograph
of a homemade heater (b) and the heater fixed with the autoclave (c). (d) A photograph of a
superconducting magnet (containing a heater inside) used in this work; Figure S2: The photographs
of the raw PDI solution (a) and the 9T-24h-PDI solution (b) prepared for UV–visible measurement;
Figure S3: (a) XRD pattern of the as-prepared 3T-24h-PDI and 6T-24h-PDI powder; (b) the profile
of the (011) reflection is shown in Figure S3a; Figure S4: XRD profiles of the (011) reflection for the
samples of 0T-24h-PDI (a) and 9T-24h-PDI (b) shown in Figure 2d; Figure S5: (a) XRD pattern of
the as-prepared 9T-36h-PDI powder; (b) the profile of the (011) reflection is shown in Figure S5a;
Figure S6: (a,b) 2D GIXRD patterns of as-prepared films cast from the 0T-24h-PDI solution (a) and
9T-24h-PDI solution (b), respectively; (c,d) cross-section profiles along qz of the GIXRD patterns
shown in Figure S6a,b; Figure S7: (a) g-factor spectrum of the as-prepared 9T-24h-PDI film and
(b) EPR spectrum of the PDI dianion solution (9T-24h-PDI solution); Figure S8: (a,b) M-H curves
of the 3T-24h-PDI (a) and 6T-24h-PDI (b) powders measured at 10 K and 300 K; (c,d) saturation
magnetization (c) and coercive field (d) of the PDI magnets prepared by the solvothermal approach
under an external magnetic field of 0 T, 3 T, 6 T, and 9 T; the data collected are based on at least
five sample batches for each preparation condition (field strength); Figure S9: M-H curves of the raw
PDI powder obtained at 300 K; Figure S10: I-V curves of the 0T-24h-PDI film exposed to ambient
air for 1 h (a), 2 h (b), 3 h (c), 6 h (d), 9 h (e), and 12 h (f), respectively; Figure S11: I-V curves of
the 9T-24h-PDI film exposed to ambient air for 1 h (a), 2 h (b), 3 h (c), 6 h (d), 9 h (e), and 12 h (f),
respectively; Figure S12: I-V curves of the 9T-36h-PDI film exposed to ambient air for 1 h (a), 2 h (b),
and 3 h (c); Figure S13: I-V curves of the 9T-36h-PDI film exposed to ambient air for 30 s (a),
60 s (b), 90 s (c), 120 s (d), 150 s (e), and 180 s (f), respectively; Figure S14: the device current at
the bias of 1V of the 9T-36h-PDI film for different air exposure times, which is extracted from the
I-V curves in Figure S13.
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