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ABSTRACT: We demonstrated the strategy of a nanocomposite
design by the incorporation of both a delocalized 7-electrons system
in a closely bound acceptor—donor analogue chromophore, based on
charge-polarizable Cq,(>DPAF-C,) nanostructure 1, and spin-
polarized d-electrons in the form of y-FeO, nanoparticles. Facile
intramolecular electron transfer from the DPAF-C, donor moiety to
the Cg, acceptor cage of 1 upon activation to the excited state with a
long lifetime of the charge-separated state forms a possible
mechanism to integrate semiconducting and magnetic properties in
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a single system. We observed an appreciable magnetocurrent (MC) of

Ceo(>DPAF-C,)-encapsulated magnetic y-FeO, nanoparticles in PMMA matrix upon applying a magnetic field from 0 to 300
mT at either 77 K (12% MC) or 300 K (4.5% MC). Interestingly, the detailed analysis of magnetocurrent curve profiles taken at
77 K allowed us to conclude that the measured magnetocurrent may be attributed to the contributions from magnetic field-
dependent excited-state populations in semiconducting structure (density-based MC), magnetism from magnetic structure
(mobility-based MC), and product of density and mobility-based MC components (7—d electronic coupling). At the higher
temperature region up to 300 K, the semiconducting mechanism dominated the determining factor of measured magnetocurrent.
This experimental observation indicated the feasibility of combining delocalized 7 electrons and spin-polarized d electrons
through charge transfer to induce internally coupled dual mobility- and density-based MC through the modulation of spin
polarization and excited states in semiconducting/magnetic hybrid materials.

1. INTRODUCTION

The magnetocurrent (MC) phenomena were demonstrated on
both organic semiconducting and magnetic materials.'® In
general, the MC can be detected as a function of either the
spin-dependent charge density or the spin-dependent charge
mobility, based on the drift theory: | = nugE, where n is the
spin-dependent carrier density, y is the spin-dependent carrier
mobility, q is the electron charge, and E is the applied electric
field. In the case of charge density-based MC, the spin-
population ratio of singlet and triplet excited states may be
changed by a magnetic field via perturbation of the singlet—
triplet intersystem crossing efficiency based on the spin-
momentum conservation. When singlet and triplet excited
states generate free charge carriers at a different rate, the related
MC can be induced accordingly. In the other case, intercharge
spin—spin interactions can be affected by a magnetic field that
leads to a mobility-based MC when the spin-scattering is
considered during the charge transport. These two arguments
clearly require the presence of excited states and intercharge
spin—spin interactions in the consideration of the density'®~"*-
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and mobility'*~'®-based MC, respectively. Experimentally, it
was found that organic semiconductors exhibited mainly
charge-density-based MC via the facile occurrence of multiple
excited states'®'"'®7*! in their 7-conjugation systems. How-
ever, the same materials usually show negligible mobility-based
MC.**™** This implied the lack of intercharge spin—spin
interactions in organic semiconducting materials under normal
operating conditions. On the contrast, these interactions
considerably dominate in inorganic magnetic materials that
result in the observation of mobility-based magnetocurrent®®>’
as a common phenomenon. It should be noted that inorganic
magnetic materials do not possess delocalized 7-electrons and,
consequently, lack the corresponding excited states. This
intrinsic limitation provides the rationale of difficulty in
creating density-based MC on this type of materials.

Herein, we report the synthesis and physical property studies
of charge-polarizable fullerenyl chromophore Cgy(>DPAF-C,)
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Figure 1. The key step in the synthesis of C4(>DPAF-C,) 1 and the schematic presentation of Cgy(>DPAF-C,)-encapsulated-FeO, nanoparticles
based on the average layer width and the diameter size observed in TEM micrographs (Figure 3).

1 (Figure 1), as a well-defined, covalently periconjugated
acceptor—donor nanostructure, in a form of nanocomposite
with magnetic y-FeO, aiming at the incorporation of
delocalized 7-electrons and spin-polarized d-electrons in one
material system. Our experimental studies indicated that such a
combination of 7- and d-electrons is capable of generating
simultaneously both density- and mobility-based MC, indicat-
ing the coexistence of excited-state effects and intercharge
spin—spin interactions for the development of magneto-
electronic properties using nanocomposites as the model.
Observed events suggested the possibility of the MC
modulation by the integration of intramolecularly charge-
polarizable semiconducting Cg-diphenylaminofluorene mono-
adducts and magnetic oxide nanoparticles into one nanostruc-
ture system. To maximize the efficiency of interfacial molecular
interactions, we calculated the quantity of 1 sufficient only to
form either a monolayer or a bilayer encapsulation on the
surface of oxide nanoparticles.

2. EXPERIMENTAL SECTION

The [60]fullerenyl nanostructure 1 was designed by incorporating a
highly photoresponsive dialkyldiphenylaminofluorene (DPAF-C,)
donor chromophore subunit as an electromagnetic wave absorptive
antenna in the visible range to facilitate the facile intramolecular
electron transfer from this moiety to the electron-accepting Cyq, cage
moiety at the excited state. The electron-transfer efficiency was
optimized by attaching the DPAF-C, unit at the close vicinity of a Cg,
cage in a contact distance of roughly <3.0 A to fullerenyl z-electrons.
This distance was verified by the X-ray single—crgstal structural analysis
of a closely related derivative Ceo(>DPAE-C,)** different from 1 only
by the chain length of alkyl groups bound on DPAF. It is also coupled
with a cyclopropanyl keto-linker to enable the keto—enol isomer-
ization mechanism within the nanostructure 1 for enhancing ultrafast
electron-transfer rate between the donor and acceptor subunits. The
synthesis of Cgo(>DPAF-C,) was carried out by the cyclopropanation
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reaction of 7-bromoacetyl-9,9-di(3,5,5-trimethylhexyl)-2-diphenylami-
nofluorene 2 (BrDPAF-C,), as a key precursor intermediate, with Cy,
in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) at
ambient temperature.””*° As the variation of preparative multistep
synthetic conditions is possible, the purity of Cg(>DPAF-C,)
monoadduct applied was substantiated by both 'H and *C NMR
spectra (Supporting Information). The lowest unoccupied orbital
(LUMO) of Cg(>DPAF-C,), located at the electron-accepting Cgq
cage moiety, was found to be 1.73 eV above the highest occupied
molecular orbital (HOMO), localized on the electron-donating DPAF-
C, moiety.31 Excitation of 1 leads to singlet excited 'Cgy*(>DPAF-C,,)
state, followed by the charge-separated Cg *(>DPAF**-C,) state
through the intramolecular charge-transfer process (see the Supporting
Information).

Synthesis of magnetic y-FeO, (1.0 < x < 1.5) nanoparticles was
carried out by modifications of the literature procedures.**** In a
typical reaction, a mixture of FeCl;:6H,0 (2.70 g, 0.010 mol),
FeCl,-4H,0 (1.98 g, 0.010 mol), sodium acetate (4.92 g, 0.060 mol, as
a hydrolyzing agent), H,O (4.0 mL), and n-octylamine (7.3 mL, as a
capping agent) in 1,2-propanediol (66 mL) was prepared and stirred
under reflux at 150 °C for a period of 5.0 h. It was followed by
precipitation upon the addition of 2-propanol to afford the product in
a nearly quantitative yield. Sufficient binding of n-octylamine, even
though as a weak capping agent, on the surface of iron oxide
nanoparticles modified the surface compatibility to organic substances
and rendered their moderate solubility in organic solvents, such as
toluene and chloroform. Therefore, encapsulation of y-FeO, nano-
particles by Cgo(>DPAF-C,) became possible and was carried out by
dissolving the oxide particle (100 mg) in toluene with the aid of a
small quantity of n-octylamine, followed by the addition of 1 (100 mg)
and subsequent ultrasonication for a period of 30 min. After removal
of toluene, encapsulated magnetic nanoparticles were washed
repeatedly with 2-propanol and ether, followed by drying in a vacuum.
Interestingly, the procedure resulted in a significant increase of the -
FeO, solubility in both toluene and CHCl,, given the implication of
successful encapsulation by Cg(>DPAF-C,) with the most soluble
structural moiety of 3,5,5-trimethylhexyl groups likely located at the
outer-layer region of the composite particle 3 for interface with the
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solvent, as shown in Figure 1. The atomic ratio of Fe** and Fe®
applied in the preparation of magnetic oxide composites was tuned to
enable the spin-exchange interactions® and intervalence charge
transfer between irons in these two oxidation states. It will also
allow the potential electron reduction of Cg(>DPAF-C,) by the
process of oxidative Fe?* — Fe®* conversion, resulting in an increase of
Fe"" component in a higher spin-state and the corresponding fullerene
derivatives in a partially negative-charged state. Clearly, C4,(>DPAF-
C,) and y-FeO, are accountable for semiconducting and magnetic
properties, respectively, in the designed fullerene nanoparticles. The
DPAEF-C, donor moiety is then used to facilitate the charge transfer
between itself and the fullerene cage for coupling 7 and d electrons
under the magnetic field governed by y-FeO,.

Infrared spectra of y-FeO, (Figure 2a) and Cyy(>DPAF-C,) (Figure
2b) were applied as the comparison reference for the characterization
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Figure 2. FT-IR spectra of (a) y-FeO,, (b) Cg(>DPAF-C,), and
Cgo(>DPAF-C,)-encapsulated magnetic y-FeO, nanoparticles.

of nanocomposite 3. Detection of close superimposition of Figure 2a
and b into the spectrum of Cg(>DPAF-Cy)-encapsulated y-FeO,
(Figure 2c) revealed a roughly comparable quantity of y-FeO, and
Cg(>DPAF-C,) in 3, showing the characteristic strong oxide bands at
584 and 632 cm™' with sharp fullerenyl monoadduct bands at 752,
697, 576, and 526 cm™" and a carbonyl stretching absorption peak
centered at 1678 cm™" consistent with those of the parent moieties.
The PMMA [poly(methyl methacrylate)] composite of 3 was
prepared by a CH,Cl, solution of Cg(>DPAF-C,)-encapsulated y-
FeO, in a concentration of 1.0 X 107> M under sonication, followed by
casting it into a thin film for the magnetocurrent measurements. A
portion of this solution was further diluted to solutions with
concentrations of 1.0 X 107" and 1.0 X 107> M for subsequent
transmission electron microscopy (TEM) measurements. As a result,
several TEM micrographs displayed in Figure 3 showed many regular
hard nanospheres in a size ranging from 5.0 to 10 nm in diameter
(Figure 3a and b), encircled by an outer layer of C¢(>DPAF-C,) in a
thickness of ca. 2.0—-3.0 nm, as shown in Figure 3b. This layer
thickness matches well with the estimated partial bilayer molecular
width of Cg(>DPAF-C,). In addition, apparently visible contrast
edges of fullerenes in a round sharp, as shown in the inset image of
Figure 3b, being separated from the hard-sphere nanoparticle region
led us to propose that Cy, cages may not be located at the coating
position in direct contact with the surface of y-FeO, nanoparticles.
The observation is reasonable by the fact that the n-octylamine-
capping of oxide particles should favor its alkyl—alkyl interactions with
the 3,5,5-trimethylhexyl moieties of 1 and thus directs the orientation
of Cg(>DPAF-C,y) in 3 into a partial bilayer configuration to
maximize also the Cg—Cgy, cage interactions, as depicted in Figure 1.
In the case of Figure 3c, strong hydrophobic—hydrophobic interaction
forces among Cg, cages in the encapsulation layer seem to stabilize
coated y-FeO, nanospheres, showing no clear evidence of disintegra-
tion of 1 from 3 during the addition of PMMA, as the thin film matrix.
In fact, high incompatibility or immiscibility between Cg, cages and
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PMMA should force Cq(>DPAF-Cy) molecules to retain at the
surface of oxide nanoparticles and assists the structural stability of 3.
MC measurements were performed by recording the electrical
current as a function of applied magnetic field at a constant voltage
(with the initial current at the level of 20 mA/ cm?) with different
temperatures using thin-film semiconductor devices in this study. A
typical device was fabricated with ITO (indium—tin—oxide) and Al
(aluminum) electrodes to sandwich an active thin film with the ITO/
fullerene composite/Al architecture. Specifically, [60]fullerenyl mono-
adduct 1-encapsulated magnetic oxide nanoparticles 3 were mixed
with PMMA by a variable weight ratio in chloroform solution. The
solution was then spin-casted to form thin films with the thickness of
80 nm on precleaned ITO glass substrates. Subsequently, an Al
electrode was deposited with the thickness of 50 nm on the surface of
composite thin film via the thermal evaporation technique under the
vacuum of 2.0 X 107® Torr. The amplitude of measured MC was
defined as MC = ((I; — I,)/I,) X 100%, where I and I, are the
electrical currents with and without magnetic field, respectively.

3. RESULTS AND DISCUSSION

Magnetic Hysteresis and Magnetocurrent. Two thin-
film devices derived from either Cg(>DPAF-C,) 1-encapsu-
lated y-FeO, (1:1, w/w) in PMMA matrix (magnetic fullerene
composite A) or Cg(>DPAF-Cy) in PMMA matrix (non-
magnetic fullerene composite B) were applied for the MC
measurements. The latter sample is oxide-free and nonmagnetic
for the property comparison with the former magnetic one. As
a result, the MC of both magnetic and nonmagnetic fullerene
composites at 77 K were depicted in Figure 4a. It is interesting
to note that the MC from the magnetic composite A can be
reconvoluted into two curve profile components each with a
different slope, as the first segment showed a gradual increase
from 0 to 30 mT and the second segment turned to a more
dramatic increase from 30 to 300 mT. A distinguishably
different behavior on the MC profile of the nonmagnetic
composite B was detected showing a gradual increase from 0 to
50 mT initially, followed by a saturation of MC from 50 to 300
mT. This represents as a typical curve shape for many organic
semiconductors.*>*® Two MC profile segments of the magnetic
fullerene composite A material can be interpreted as follows:
the first part arising from the density channel via magnetic field-
dependent populations of singlet and triplet excited states and
the second part resulting from the mobility channel via
intercharge spin interactions. It is observable in Figure 4b that
Cso(>DPAF-Cy)-encapsulated y-FeO, 3 materials exhibit
magnetic hysteresis curves at different temperatures of 90 and
300 K. These hysteresis curves indicated that the critical
temperature of the encapsulated magnetic nanoparticle 3 is
higher than 300 K with the saturation magnetization at a value
of 5.1 pp per formula unit. Theoretically, the expected
saturation values of Fe3* oxide with a spin state S = 5/2 is
5.0 4B per formula unit. Therefore, the measured experimental
saturation value of 3 matches well with the high-spin Fe’* as the
main oxide composition, even though a mixture of Fe3* and
Fe?" precursor molecules in a comparable quantity was applied
in the preparation of 3. Coercive field of less than 1 mT
measured at 300 K is most likely due to the remnant field of
superconducting magnet used for the measurement.

Figure Sa showed the normalized curves of both hysteresis
and MC data for the magnetic compiste A (Cq4o(>DPAF-C,) 1-
encapsulated y-FeO, (1:1, w/w) in PMMA matrix) at low
temperatures to further understand the MC contributions from
semiconducting and magnetic structures. It should be pointed
out that the former curve profile has a different shape as
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Figure 3. TEM micrographs of (a) y-FeO, nanoparticles, (b) C4(>DPAF-C,) 1-encapsulated y-FeO, nanoparticles showing a nearly mono- to
bilayered molecular width of 1, and (c) impregnated (b) in PMMA matrix.
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Figure 4. (a) Magnetocurrents for Fe-free and Fe-containing Cg,
composite devices at 77 K. (b) M versus H hysteresis loops for Fe-
containing Cy, composite recorded at 90 and 300 K, respectively.

compared to that of the latter one. This implied the MC
occurring in the magnetic fullerene composite A-based thin film
not only arising from intercharge spin—spin interactions, via
magnetism, but rather with an additional involvement of
excited-state populations. Accordingly, the data support our
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proposed magnetoelectronic mechanism that the MC of the
magnetic composite A consists of both the density-based
component through the population of excited states, which
originated from the charge-polarizable fullerenyl chromophore
structure, and the mobility-based component facilitated by
intercharge spin interactions through magnetism existing in the
magnetic oxide structure of y-FeO,.

Theroretical Analysis and Experimental Data Fitting.
To further understand the differentiation and contribution of
mobility-based MC from magnetic structure and density-based
MC from semiconducting structure, the curve fitting was
performed by combining a typical MC from organic semi-
conducting materials and the magnetization from inorganic
magnetic materials. Accordingly, the MC component from an
organic semiconducting structure can be given by:*>*

2
MC(B) = Pjh(B) = Pp————
(1Bl + By)* 1)
where P, is the MC coefficient of the semiconducting structure,
B is the magnetic field, and B, is the internal magnetic
interaction via either hyperfine interaction or spin—orbital
coupling. By fitting the MC from the nonmagnetic Cg,
nanoparticles versus B, we determined the internal magnetic
interaction parameter By = 17.16 mT.

In the case of the MC in the magnetic structure, the magnetic
hysteresis curve can be used to reflect the magnetization.
Furthermore, the spin scattering-based MC was found to be
proportional to the square of magnetization.””*® Therefore, the
mobility-based MC from intercharge spin interactions through
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Figure S. (a) Normalized hysteresis curve at 90 K and normalized MC
curve at 77 K for magnetic Cq, derivative, (b) curve fitting (—) and
experimental data (M) for hysteresis of magnetic Cg, derivative at 90
K, and (c) curve fitting (—) and experimental data (@) for MC from
magnetic Cq, composite A. Two dashed lines represent two MC
components, from curve fitting, for semiconducting and magnetic
structures in Cg4o(>DPAF-C,) 1-encapsulated y-FeO, particles.

magnetism can be written as MC(B) = Pym*(B), where P, is the
mobility enhancement coefficient caused by magnetic dipoles,
and m(B) is the magnetization in the field increasing direction.

As a result, the combined MC is given by:

Ig — I
MC( B) B0
Io

_ Ig*[1 + PR(B)]*[1 + Pyn*(B)] — I

Io

= Pih(B) + Pym*(B) + P\Pyh(B)m*(B) @)
where h(B) = (B*/(IBl + By)*) and m(B) = A, exp(—B/t;) + A,
exp(—B/t,) + A; exp(—B/t;) + ¥,

The curve fitting of the hysteresis data (Figure Sb) at 90 K
yielded A, = —32979, t, = 44.45663, A, = —0.80581, t, =
241.63283, A, = —0.91938, , = 11.09026, and y, = 4.90316. On
the basis of the combined MC values given by eq 2, we can fit
the experimental MC data, obtained from the magnetic Cg,
composite A at 77 K, with P, = 0.16795, P, = 0.00064, as
shown in Figure Sc. Results of these curve fittings agreed well
with the condition that both density- and mobility-based

components applied.
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As the temperature increases to 300 K, the MC from
magnetic composite A, Cg4o(>DPAF-C,)-encapsulated oxide 3,
shows a one-component curve profile as compared to the two-
component curve profile at 77 K (Figure 6a). Therefore, the
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Figure 6. (a) Magnetocurrent for Fe-containing Cg, composite with
ITO and Al electrodes at 300 K. The Cg, derivatives are dispersed into
PMMA matrix with the weight ratio of 2:4. The inset shows the MC
curve for Fe-containing Cy, composite device at 77 K as a comparison.
(b) Variation of zero field cooled (ZFC) and field cooled (FC)
magnetization with temperature measured at an applied magnetic field
of 100 Oe for Fe-containing Cg, composite.

magnetic component of MC from magnetic composite A
becomes negligible at 300 K. This means that the contribution
from the density-based MC is a dominant component in the
thin film of magnetic composite A at room temperature. This
observation allowed us to correlate the detected MC
dominantly to the contribution of the Cg(>DPAF-Cy) moiety
of the magnetic composite 3 at 300 K, whereas at 77 K the
mobility-based MC component was contributed from the
magnetic y-FeO, moiety. A large reduction of the magnetic
component at high temperature can be correlated to the
decrease of magnetization upon the increase of temperature to
300 K on the same analogue composite, as shown in Figure 6b.

4. CONCLUSIONS

We demonstrated that incorporating a delocalized 7-electron
system in a closely bound acceptor—donor analogue
chromophore, involving highly charge-polarizable
Cgo(>DPAF-C,) nanostructure 1, and spin-polarized d-
electrons in a form of encapsulated y-FeO, nanoparticles can
form a coexisted semiconducting and magnetic system. Because
of the facile intramolecular electron transfer from the DPAF-C,
donor moiety to the Cq acceptor cage of 1,°”* the
Cgo(>DPAF-C,)-encapsulated magnetic y-FeO, nanoparticle
composite exhibited an interesting MC behavior that was
elucidated to consist of the mobility-based MC through the
magnetism of spin-polarized d-electrons, the density-based MC
through excited states of delocalized m-electrons, and the
mobility-density coupled MC through the coupling between 7-
and d-electrons. Interestingly, by changing the temperature, it
led to a modification in the weight ratio between these two MC
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components. Specifically, at 77 K, the measured MC contains a
contribution from the magnetism of spin-polarized d-electrons,
the mobility-based MC. At the higher temperature region up to
300 K, the measured MC was found to be correlated to a major
contribution from the spin-dependent population at excited
states of delocalized 7-electrons, the density-based MC. These
results may provide a clear implication of the magnetocurrent
modulation by the integration of semiconducting organics and
magnetic inorganic structures into one nanocomposite material
via the encapsulation technique to create a largely enhanced
interfacial surface area with efficient charge and spin
interactions for magneto-electronics.
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