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Organic molecular charge-transfer (CT) solids have attracted tremendous interest in
contemporary materials science, where the charge, spin, and lattice degrees of freedom are
all strongly entangled to promote new properties (superconductivity, ferroelectricity,
quantum spin liquid state, etc.) for flexible and lightweight multifunctional materials. The
CT complexes, consisting of electron donor and acceptor networks, have been designed such
that the interactions between charge and spin can give rise to unusual functional ferroic
features due to the presence of charge-spin composite orders.[2-10] Historically, the invention
of each new kind of CT complex initiates a technological revolution. Among these
functional molecules, tetrathiafulvalene (TTF)-based CT salts attract considerable attention
for their ability to arrange in a stacked conformation with a high degree of charge transfer.
For example, the organic conducting complex TTF-TCNQ (7,7,8,8-
tetracyanoquinodimethane) has stimulated research in organic conductors, metal-insulator
transition, photoconductors, and field-effect transistors, which have benefited greatly from
TTF and its derivative-based CT complexes. [11-18] More recently, the CT interaction
between TTF electron donor and acceptors has also led to the enormous surge in the field of
molecular ferronics which mixes charge and spin degrees of freedom, such as ferroelectric
TTE-CA (p-chloranil) and TTF-pyromellitic diimide CT complexes,[19:20] as well as
multiferroic TTF-BA (p-bromanil) CT crystals.l19.21] The discovery of ferromagnetism in
the tetrakis(dimethylamino) ethylene-Cgq (TDAE-Cgp) CT complex has stimulated the
generation of Cgg-based molecular magnets,[22] arising from buckyball orientational
(merohedral) disordering induced spin order of Cgo molecules.[23-26]

A variety of ubiquitous and emerging phenomena in molecular CT solids have so far been
attributed to the molecular orbitals in the donor-acceptor units.[27] As an electron donor,
TTF has an ability to donate two electrons and has a small ionization potential (/=6.95 +
0.1 eV) due to rz-electron conjugation interaction.[11:28] |n addition, the lowest unoccupied
molecular orbital of fullerene has the ability to simultaneously accept up to six electrons.[2°]
The crystallization of TTF and Cgg is complex and typically involves covalently linking the
individual components or extensive surface functionalization to improve their processability.
Such strategies often deteriorate or contaminate carbon surfaces, thus compromising their
electronic, optical, and magnetic properties.[30-34] Furthermore, even if one succeeds in
obtaining crystals from such a combination, that does not guarantee the coexistence of
electric and magnetic ordering within the organic network, because there is no control over
the molecular packing arrangement and the interaction of delocalized electrons.[35]

Here, we report external stimuli-responsive multifunctionalities in molecular charge-transfer
single crystals built by electron donor TTF and acceptor fullerene (Cgg). The intermolecular
contacts between asymmetric TTFs and multiorientational Cgy molecules lead to spin and
charge order within the crystal structure. These crystals are found to exhibit spontaneous and
hysteretic polarization, potential-dependent luminescence, and magnetoelectric properties
owing to the presence of spin-charge composite ferroic ordering in the long-range ordered
TTF-Cg lattice solids. In combination with their relatively simple crystallization process
and broad chemical flexibility, molecular charge-transfer crystals promote the material-by-
design paradigm toward the development of multifunctional all-organic nanoferronics.
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The segregated crystallization of a TTF-Cgg complex forms a 3D CT network, which
ultimately induces unusual multifunctional ferroic properties. Molecular chemistry provides
a unique and promising way to assemble high-quality TTF-Cgq CT crystals (TCCTs, Cgp" -
TTF*) of centimeter dimensions (Figure 1 a,b). The time-dependent growth process (Figure
S12, Supporting Information) indicates a mass-transport controlled nucleation at the liquid-
air-solid interface, where a unique evaporation-dependent growth leads to the layered
structure of the TCCTs, as shown in Figure S11 of the Supporting Information. The
stoichiometry between the TTF donor and Cgg acceptor moieties significantly influences the
molecular assembly and the subsequent morphology of TCCT solids, producing structures
such as dendrites (the weight ratio of TTF:Cgg at 1:3, Figure S4, Supporting Information),
stacking sheets (2:3, Figure 1c), and plates (3:3, Figure 1d), respectively. Optimized stacking
of TTF enables molecular assembly into densely packed TCCTs with large dimensions.
Without Cgg molecules, TTF-only crystals exhibit columnar shape caused by the
considerable interaction along 1D stacks (Figure S7-S9, Supporting Information). Next, a
detailed structure and chemical analysis of TCCTs was performed to correlate the structure
and property relationships. Cross-sectional scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy images reveal a uniform 3D faceted morphology of
TCCTs with a homogeneous distribution of carbon and sulfur elements (Figure S11a,
Supporting Information). As high-quality crystals are a prerequisite for investigating the
structural and function relationship, we selected TCCTs of TTF: Cgq (3:3) for our following
studies.

Single-crystal diffraction data of TCCTs were collected at 100 K with a wavelength of 0.8 A
on a SER-CAT 22-BM beamline at Advanced Photon Source in Argonne National
Laboratory. The TCCT crystal structure is triclinic in centrosymmetric space group P1 with
unit cell dimensions: a=13.356(3) A, 6 =20.269(4) A, ¢ =31.853(6) A, a =103.95(3)°, 8
=91.70(3)°, and y =102.17(3)° (Figure le; Table S1, Supporting Information), where the
asymmetric unit cell contains four Cgg, four TTF, and four 1,2-dichlorobenzene (DCB)
molecules. Figure 1f and Figure S14a (Supporting Information) show the projection of TTF-
Cgp crystal packing along the a- and b-axes, respectively. The Cgg molecules display four
main orientations and one of them, close to the middle of 4 cell edge (shown as sky-blue in
Figure 1e) is disordered with relative occupancy 0.81 and 0.19 by rotating about 40° around
one of the threefold axes of Cgq (Figure 1g). The high occupancy part of the disordered
fullerene is used for further discussion. This kind of orientation and disorder is related to the
magnetism of TCCTs and will be discussed in the later section on magnetics. The Cgg
molecules can form a charge-transfer network among themselves with short intermolecular
C---C distances in the range of 2.915-3.389 A, which is less than twice the van der Waals
radius of carbon (3.4 A) (Figure S14c and Table S2, Supporting Information). There are only
short C---S contacts between TTF molecules with the distance of 3.477 A (Figure S14d and
Table S2, Supporting Information) which is less than the sum of van der Waals radius of
carbon and sulfur (3.5 A). The five crystallographically nonequivalent TTF molecules are
arranged in two sets nearly perpendicular to each other in the TCCT crystal structure with
Cgp molecules packed in between, exhibiting the segregated stacking pattern (Figure S14b,
Supporting Information) and form different intermolecular contacts with the neighboring
Cgo molecules with the short contact distances of C(Cgg)---C(TTF) 3.019-3.386 A and
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C(Cego)--S(TTF) 3.229-3.496 A (Figure S14d,e and Table S2, Supporting Information). The
different contact distances between TTF and Cgg, as well as multiorientational ordering of
Cgp molecules, indicate a possible magnetic mechanism in TCCTs analogous to the
correlation between intermolecular orientations and magnetic properties in TDAE-Cgg
system.[24.268] The segregated packing in the crystal and multiple intermolecular interactions
promote the TCCTs as an excellent candidate for charge transfer.

The unique molecular packing of TCCTs generally leads to new optical properties.
Crystallized TTF-Cgg solids exhibit a broad absorption spectrum, including the charge-
transfer band originating from the excited triplet state TCgo* and the short intermolecular
C---S contacts between TTF and Cgq (Figure 2a; Figure S16, Supporting Information).[36:37]
Applying an external electric potential across the crystal enables the modulation of
photoluminescence (Figure 2b) from the TCCTs. Two physical processes compete in these
experiments: one involving the recombination of excitons leading to the release of energy as
light emission; the other being the dissociation of excitons across the molecular interface to
form the CT state leading to a decrease of emission intensity. Applying an external electric
potential to the TCCTs promotes the dissociation of excitons at the interface, leading to
reduction of the luminescence. Moreover, by decrease the potential from 6 to 0 V, the
emission intensity can be recovered showing a reversible behavior in a cycle of increase or
decrease of the potential (Figure S17, Supporting Information). The scheme of angle-
dependent photoluminescence measurements (polarized emission) is presented in Figure S15
of the Supporting Information, in which the excitation polarization is aligned with the long
axis of the as-grown crystal. In this experiment, the applied field is aligned in the same
direction as the excitation polarization, and a stronger effect on the luminescence is observed
when the polarization analyzer is set parallel to the applied potential compared to when it is
set perpendicular to the applied field. The inset of Figure 2b shows the ratio of the intensity
of the emission at 90° to that at 0° and verifies that the emission is preferentially quenched
along the direction of the applied potential due to more favorable exciton dissociation along
that axis.

The electrical properties of TCCT solids were examined to reveal their transport
characteristics. The expression for the resistance can be described as R = AT 2, where Ris
the electric resistance, A is a coefficient, 7is temperature, and a is an exponential factor.
The temperature-dependent resistivity (+102 MQ cm) of TCCTs suggests a preexponential
term and semiconductor-like behavior in the temperature range between 80 K and room
temperature (Figure S18a, Supporting Information); this cannot be fit by Mott and Efros-
Shklovskii hopping or a Boltzmann-like activation. The observed behavior can be attributed
to thermally excited excitons, leading to an increase in the density of charge carriers and
subsequently enhanced mobility of TCCTs. The conductivity and surface morphology of
TCCTg were investigated by using atomic force microscopy (AFM) and conducting-AFM,
which reveals the surface and transport properties of TCCTs (Figure S18b, Supporting
Information). Magnetic responses of TCCTs provide a unique way to tune and control
optical and electronic properties of organic CT complexes. Under a small external magnetic
field (100 mT), the competition between spin-conserving and spin-mixing modifies the
formation rate of spin-parallel and spin-antiparallel states, leading to the density change of
singlet and triplet CT. This ultimately changes the photoluminescence intensity, namely the
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magneto-photoluminescence of TCCTs (Figure 2¢). The decrease of emission intensity
under an external magnetic field further confirms the singlet to triplet conversion. Besides,
under light illumination, current density increases indicating that the photoresponse of
TCCTs is due to the dissociation of photogenerated excitons into free charges (Figure S18c,
Supporting Information). To further explain the observed magnetic field effects and
photoresponse character, magnetoconductance (MC) measurements were carried out. MC =
[AB)- L0)]/X0), where AB) and A0) refers to the current density with and without a
magnetic field, respectively (the inset of Figure 2c,d; Figure S19 and S20, Supporting
Information). A positive MC effect is shown, which results from an increased charge density
due to the interaction between excitons and polaronst38] The MC effect could be further
increased by the enhanced density of CT under photoexcitation (the inset of Figure 2c). In
addition, an external electric field increases the charge density. This leads to an enhanced
interaction between triplet excitons and polarons,[3%] which, at a low electric field, results in
an increase in the density of charge carriers for the positive MC (Figure 2d). However, on
further increasing the electric field, the scattering interaction of polarons by the triplet
excitons is largely enhanced, leading to the decrease of charge carrier mobility and a
decrease in MC (Figure 2d). As shown in Figure 2c, a magnetic field can induce the singlet
to triplet conversion. This ultimately leads to enhanced charge carrier density and an
increase in positive MC (Figure 2d). As a result, the MC reaches the maximum value of
10.7% under an electric field of 40 kV cm~! and a magnetic field of 400 mT.

The polarization and dielectric properties of TCCTs were examined to elucidate the CT
effect on their ferroic properties, as shown in Figure 3. Room-temperature polarization
hysteresis loop shows an obvious ferroelectric characteristic (Figure S21b, Supporting
Information). Piezoresponse force microscopy (PFM) was used to obtain the local domain
switching characteristics of TCCTs (Figure 3a—d; Figure S22, Supporting Information).
Figure 3a shows a 30 x 30 um? PFM phase image, in which the application of a 54 kV cm™1
voltage polarizes the center area of 20 x 20 pm2. In contrast to Figure 3a, an opposite
distinct domain with the size of 10 x 10 pm? can be found at the center after the application
of —72 kV cm~1 voltage pulse. The consecutive poling of ferroelectric domain by a voltage
pulse of —45, 10, and 90 kV cm™1 in Figure S22 (Supporting Information) also verifies the
domain switching characteristic of TCCTs (Figure S22b—d, Supporting Information). To
confirm the ferroelectric properties, the phase hysteresis loop and butterfly shape amplitude
loop are also demonstrated with polarization switching by the tuning of tip bias (Figure 3c-
d). The positive-up-negative-down measurement method (PUND, the inset of Figure 3c)
further confirms the existence of remnant polarization in TCCTs. In addition, external
stimuli could be utilized to control dielectric properties of TCCTs (Figure 3e—f). The
enhanced permittivity with increasing temperature results from thermal excitation of triplet
excitons. The inset of Figure 3c shows how the permittivity changes with temperature at 100

Hz according to % = ESXE_ 6, where e is the original permittivity without external stimuli,

&ay IS the modified permittivity after external stimuli (such as thermal excitation,
photoexcitation, or magnetic field effects). The detailed temperature-dependent dielectric
constant change is shown in Figure S21a (Supporting Information), suggesting that
ferroelectric phase exists at room temperature.[40] Similar to the magnetic field effects
shown in Figure 2, spin mixing leads to the conversion from singlet to triplet CT, and
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consequently increases the density of triplet excitons (dipoles).[41] Thus, the permittivity and
polarization of TCCTs simultaneously exhibit magnetic-field and light-illumination-
dependent behavior (Figure 3f and the inset).

Electron spin resonance (ESR) is critically important for investigating the CT characteristic
of TCCTs (Figure S23, Supporting Information). In addition to the Cgg™~ radical anion and
TTF*-related radicals (Figure S23a, Supporting Information),[36:42] another resonance peak
emerges in the TCCTSs, signaling the existence of CT. The CT-induced resonance of TCCTs
also exhibits a strong light-intensity correlation with magnetic susceptibility (Figure S23c,
Supporting Information).[3] The increase in light intensity induces an increase in the density
of CT states and triplet excitons in the crystals, which leads to an increase in spin
susceptibility.[4344] Furthermore, electric field and photoexcitation can increase the
magnetization due to increased density of CT in TCCTs (Figure 4a). The strong coupling
between spin order and buckeyball orientation order exists within Cgg molecules, where
spin-spin interaction originates from the r-electron exchange interaction between
neighboring Cgp molecules induced by merohedral disorder.[26] As shown in Figure 4b, the
orientations related to ferromagnetism (FM) and paramagnetism (PM) are shown by
projecting the structure of Cgg molecules along 010 direction. When the 6-6 double bond of
Cgo molecule faces the center of pentagon ring or hexagon ring of the neighboring Cgq
molecule, the spin interaction leads to FM or PM, respectively.[23] The temperature-
dependent magnetization hysteresis loops suggest a thermal-excitation enhanced triplet CT
state (Figure S25a, Supporting Information), in agreement with temperature-dependent
polarization and permittivity (Figure 3e and S21a, Supporting Information). In addition,
angle-dependent saturation magnetization shows the anisotropic magnetization behavior
(Figure S24, Supporting Information), which results from electron-phonon (charge-lattice)
coupling, induced narrow (wide) spin cone alignment along the magnetic easy (hard) axis.
[45] with = 1/2, this corresponds to a spin density of 0.09%. The TCCT solids not only
show ferroelectric and magnetic properties, but also exhibit the magnetoelectric coupling
effect. Figure S26a of Supporting Information demonstrates the magnetic-field-dependent
ferroelectric characteristic of TCCTs, where magnetic-field-induced singlet to triplet
conversion leads to an increase in triplet exciton (dipole) density and ultimately the
polarization of TCCTs. The optimum magnetoelectric coupling coefficient of 760 mV cm™1
Oe~1is achieved under an external electric field of 80 kV cm~1 and a magnetic field of 200
mT, as shown in Figure S26a of the Supporting Information. The mechanism of
magnetoelectric coupling is illustrated in Figure 4c,d. Through CT interaction across the
interface between TTF and Cgg, electrons and holes are generated to occupy the bonding and
anti-bonding molecular orbitals. Thus, the distribution of charges becomes unbalanced along
the molecular chains leading to the generation of electric dipoles and spins, contributing to
the generation of ferroic orders. This distribution of charges with electric dipoles and spins
through the CT interaction is critical for the magnetoelectric coupling. Any change of the
charge distribution will have a corresponding influence on the electric dipoles and spin of
TCCTs. As shown in Figure 3h, the application of an electric field can enhance electric
dipoles and spin, leading to the enhancement of magnetoelectric coupling effect.

In conclusion, multifunctional charge-transfer single crystals are developed by
cocrystallization and segregated packing of electron donor TTF and acceptor Cgg molecules,
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forming a long-range ordered charge-transfer network. The unique molecular packing and
diverse orientations of fullerene molecules within the crystal leads to an unusual multitude
of external-stimuli-controlled ferroic properties, resulting from the modulation of the
charge-spin composite orders. It should also be noted that the TCCTSs exhibit light-
controlled ferroic properties, as well as a large magnetoconductance of 10.7%. The findings
presented here demonstrate the new and intriguing potentials of molecular charge-transfer
solids for the development of multifunctional molecular ferronic materials.

Experimental Section

The detailed preparation methods for the crystals and devices, crystal structure details are
provided in the Supporting Information based on the experimental data of synchrotron
single-crystal diffraction pattern at 100 K. CCDC 1449048 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Angle-dependent fl uorescence measurements were taken on an Olympus 1X73 inverted
microscope with a Princeton Instruments ACTON SpectraPro 2500i/Spec-10 spectrometer
using a 20x objective to collect the fl uorescence. 4.3 uW of a 532 nm laser was used as the
excitation source. The excitation laser was polarized parallel to the longer dimension of the
crystal. In the detection path, a linear polarizer was varied between 0° (parallel to the
excitation polarization) and 90° (perpendicular to it). The crystals were grown on indium tin
oxide (ITO) glass substrates for electrical measurements. Electrodes were attached to the
ITO substrate using silver epoxy and a Power Designs Inc. Model TP325 triple output DC
power supply was used to modulate the applied potential from 0 to 6 V.

Conducting atomic force microscopy with topography and current images on the surface of
the cocrystals were obtained by Bruker dimension icon atomic force microscopy. An Si
probe coated with Cr/Pt on both sides with a radius below 25 nm was used. The resonant
frequency of the probe was 13 kHz. The force constant of the probe was 0.2 N m~L. The
applied voltage was ~5-10 V.

F or electrical properties related measurement, silver paste was patterned on both ends of the
crystals as the electrode for Ohmic contact. MC measurement was taken by CHI-422 Series
electrochemical workstation. Polarization hysteresis loops and PUND were carried out on
Radiant Precision Premier Il at 1000 Hz. An atomic force microscope equipped with Co/Cr-
coated conductive tip was used to carry out PFM measurements (Brucker Multimode 8,
Camarillo, CA, USA). Electron spin resonance signal and spin susceptibility was collected
by Bruker EMX (type:ER073) plus ESR spectrometer. Magnetic hysteresis loops (M-H
loop) were obtained by MicroSense EV7 vibrating sample magnetometer. For the M-H loop
measurement, the crystals were bonded on a glass substrate with the crystalline long axis
parallel to the magnetic field orientation as 0°. For the 90° of M-H loop, the crystalline long
axis was vertical to the magnetic field orientation. The magnetoelectric coupling was
measured with the crystalline long axis parallel to the magnetic field orientation.
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Figure 1.
Schematic illustration of the crystal growth methods, the morphology, structure, and packing

of TTF-Cgg charge-transfer crystals (TCCTSs). a) Crystal growth scheme. b) Photograph of
TCCTs at the highest concentration of TTF. ¢,d) SEM images of TCCTs. TTF
concentrations are 16.7 and 25 mg mL™1, respectively. The Cgg concentration is maintained
at 25 mg mL~1. The scale bars for SEM images are 10 pm. e) Crystal structure of Cgq-TTF-
DCB complex in an asymmetric unit without disordered parts. The 50% probability
ellipsoids of thermal vibrations are shown. The four Cgg molecules have different
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orientations and these are colored in red, cyan, blue, and purple. The crystallographic
nonequivalent molecules are shown in different colors. ) Projection of Cgo-TTF crystal
packing along a axis. g) Double conformation of Cgg on the site close to the middle of 4 cell
edge created in crystallographic object-oriented toolkit (COOT).[46:48] The high occupancy
(0.81) part is presented as blue line with the 2Fo-Fc electron density map in blue mesh at 2o
level. The low occupancy part (0.19) is presented as green line with Fo-Fc difference
electron density map in green mesh at 5o level. The density map was calculated by
SHELXL with the minor part omitted and the major part at 0.81 occupacy fixed. Part (e) was
drawn by Mercury,[47] the Cgo molecules are shown as ellipsoids, TTF are shown as sticks,
and DCBs are shown as wireframe.
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Figure 2.

Optical, electrical properties, magnetic field effect on photoluminescence properties and MC
of TCCTs. a) Absorption spectra of TCCTs. b) Potential-dependent photoluminescence
spectra for emission polarized at 0° relative to the excitation polarization. The inset in (b) is
the ratio of the emission intensities collected at 90° and 0° as a function of applied potential.
¢) Magnetic-field-dependent photoluminescence spectra at 0° of emission. The inset is the
dark and photoexcited MC. d) Electric-field and magnetic-field-dependent MC change,
respectively.
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Figure 3.

Ferroelectric and dielectric properties of TCCTs. a,b) Piezoelectric force microscopy image.

The square in the center is the polarized area under a voltage of 54 and =72 kV cm™1,
respectively. The scale bar is 5 pm. ¢,d) The phase and amplitude hysteresis loop for

piezoelectric response. The inset in (c) is the PUND polarization measurement of TCCTSs. €)

Frequency-dependent permittivity at different temperatures. The inset is the temperature-
dependent permittivity at 100 Hz. f) Magnetic-field and light-intensity-dependent
permittivity change. The inset is the light-intensity-dependent polarization value change.
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Figure 4.
Magnetism and magnetoelectric coupling properties of TCCTs. a) Electric field tuning of

magnetization of TCCTs under dark and photoexcitation conditions at different electric
field. The light intensity is 70 mW cm™2. b) The orientations related to ferromeagnetism and
paramagnetism by projecting the structure of Cgg molecules along 010 direction created by
PyMOL 1481 The 6-6 double bonds in upper layer are colored in red. ¢) The configurations
of charge and spin in TCCTs. The interactions between molecules are presented as 1D chain.
Purple circles, shaded yellow ovals, gray arrows, and purple arrows represent molecules,
electron distributions, electric dipoles, and spins, respectively, d) The loading of electric
field along the chain direction with the enhancement of both polarization and magnetization.
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