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ABSTRACT: A new nanomaterial design was made by the
construction of a tetralayered core−shell conﬁguration, containing a magnetic core of nanospherical γ-FeOx particle (NP)
encapsulated by one plasmonic gold subshell, one middle layer
of electron-polarizable C60(>DPAF-Cn)x-derived fullerosome
membrane, and an outer shell of organic electron donors. This
class of multilayered core−shell nanospherical materials was
recently reported to be excellent microwave absorbers. We
found that this analogous of multilayered NPs was capable of
inducing photoswitchable dielectric property (permittivity)
ampliﬁcation at the microwave frequency range of 1.0−4.0
GHz. The enhanced phenomena were further investigated by
the use of six variable organic molecular electron donors and two
conducting conjugated polymers, serving as the supply of
photoinduced transferrable electrons at the outer shell layer, for comparison. The design largely increased the number of
polarizable charges, leading to a maximum of 387% ampliﬁcation of the relative dielectric constant (ε′r ) value or a 159%
additional increase from that of the parent trilayered precursor NPs without organic donors. The latter percentage increase of εr′
was contributed from the application of electron-donating hexamethylenetetraselenafulvalene molecules. Good recyclability of
relative complex dielectric properties (ε′r and the derivative ε″r ) back to their original values during each photoactivation cycle of
light-on and light-oﬀ manipulations may allow the potential nanomaterial uses as photoswitchable dielectrics in the modulation of
microwave reﬂection signals.

■

that ﬁts well with the predicted light-trapping eﬀect, leading to
the concentration of or folding the incident photon energy into
enhanced plasmon oscillations in a thin-ﬁlm layer.5 The eﬀect
was proposed to be achievable by embedding SPR-producing
semiconducting NPs in the dielectric medium to potentially rise
its dielectric property.6,7 In our recent examples of trilayered
core-shelled (γ-FeOx@AuNP)@[C60(>DPAF-C9)x]n NPs,8
condensed energy conﬁnement in plasmonic oscillations
localized within the interfacial area of shell layers can be
transferred to the subsequent surrounding layers to induce
intramolecular charge separation among donor and acceptor
moieties of C60(>DPAF-C9)x nanoconjugates. The eﬀect serves
as the base of the photoinduced dielectric ampliﬁcation.
Tetrathiafulvalene (TTF) and tetramethyltetrathiafulvalene
(TMTTF) are traditional, classic electron-conducting organic

INTRODUCTION
Phenomena of photoswitchable ampliﬁcation of dielectric
properties at radio frequency (rf) and microwave frequency
(0.5−18 GHz) were relatively new and reported only
recently.1,2 They were detected under a photoinduced
electron-transfer mechanism upon in situ generation of the
surface plasmon resonance (SPR) energy at the near-ﬁeld
interfacial layer of trilayered core−shell nanospherical particles
(NPs). Examples were given by the use of electron-polarizable
C60-(diphenylamino-dialkylﬂuorene)x, C60(>DPAF-Cn)x, diads
(x = 1), triads (x = 2), and pentaads (x = 4) as donor−acceptor
conjugates deposited at the outer shell layer.3,4 Observed large
increase of dielectric properties was characterized by the
initiation of intramolecular electron transfer from the
diphenylaminoﬂuorene donor moiety to the electron-accepting
C60> cage moiety, resulting in the formation of chargeseparated (CS) (C60>)−n•-[(diphenylaminoﬂuorene)+•]n transient states. Interestingly, the detected photoswitching eﬀect
was attributed to the occurrence of SPR energy accumulation
© 2018 American Chemical Society
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Figure 1. Compound structure of [60]fullerene−chromophore conjugates 1-C9, several electron-donor molecules 2−7, and conducting polymers 8−
10 with the corresponding core−shell nanoparticle assignment in parenthesis.

radical (λabs 1060 nm) moieties of a CS structure as C60−
TTF+•−C60−•, giving the evidence of e− transfer. Related many
intermolecular e−-transfer systems involving C60- and TTFderived donor analogous mixtures were often used in the study
of photoenergy conversion to produce electricity.23
As the refractive index value of a given medium is dependent
on the dielectric constant or relative permittivity (εr) in
response to incident electromagnetic (EM) waves, it is plausible
to alter both the refractivity and reﬂectivity of EM waves at the
surface of the medium by tuning and regulating its dielectric
characteristics. In term, this dielectric parameter can be
modulated by the change of material’s e− polarization in the
medium. Therefore, it is reasonable to propose the use of
highly electron-donating organic donors, such as TTF
derivatives, as the source of electron supply to increase the
number of separated charges in the photoresponsive dielectric
medium. The approach can be coupled with our recent
synthesis of plasmonic trilayered (γ-FeO x @AuNP)
@[C60(>DPAF-C9)x]n NPs8 for the comparison of photoswitchable dielectric property enhancement by the additional
ampliﬁcation eﬀect contributed from noncovalently attached
conducting electron donors. We assume that stronger electrondonating ability of TTF derivatives than that of light-harvesting
DPAF-C9 antenna may allow dual contributions from both
types of organic donors, where DPAF-C9 serves as a
photoresponsive e− donor to initiate the intramolecular
photoinduced e− transfer to C60> cage with the formation of
(DPAF)+•-C9 cation radical as the ﬁrst step. This photoprocess
can then be followed by the intermolecular e− transfer from
TTF derivatives to (DPAF)+•-C9 forming neutral DPAF-C9 and
(TTF)+• that results essentially in moving the cationic charges
into the outer layer of nanospherical particle. The photomechanism becomes the fundamental e− polarization process
for the ampliﬁcation of dielectric properties.

donors.9,10 They possess reversible redox cycles with two low
potentials of electron oxidation to their monocation radical and
dication derivatives. Unusually, high stability of the cationic
TTF radical was reasoned by the aromatic π-electron nature of
the oxidized 1,3-dithiolium rings. Semiconducting properties of
cationic TTF and the metallic behavior of TTF−tetracyanoquinodimethane (TCNQ)11 and TMTTF−TCNQ12 chargetransfer complexes have demonstrated eﬃcient electron
transport among molecular stacks of materials in a mixed
valence state. By condensing the TTF ring with dithiophenyl
moieties to the corresponding dithienotetrathiafulvalene13,14 or
dithiin moieties to result in bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), intermolecular electronic
π−π interactions among molecular stacking in a two-dimensional mixed valence structure can be extended beyond the core
region of TTF. Especially, the latter was found to involve
noncovalent interactions of −S···S− among stacking molecules15 that was proposed to be the main contributing factor to
the detected ambient pressure superconductivity.16 When sulfur
atoms were replaced by selenium having characteristics of
higher polarizability, the resulting compound of tetramethyltetraseIenafulvalene (TMTSF) exhibited many phenomena of
superconductivity.11,17−19 It was interesting to note that a small
structural modiﬁcation at side groups of TMTSF leading to the
corresponding hexamethylenetetraselenafulvalene (HMTSF)20
resulted in the loss of superconductivity characteristics.
However, HMTSF remaining as an important conducting
organic donor molecule similar to those derivatives mentioned
above. They continue to play an important role in the
development of molecular electron-transporting materials and
superconductors.21
The main electronic aspect of the current study is to
demonstrate high eﬃciency in photoinduced intramolecular
and intermolecular electron (e−)-transfer mechanisms between
conducting organic electron donors and electron-accepting
fullerenes for the dielectric enhancement. The property change
arises from the formation of charge-polarization states among
layers of nanoparticles under photoactivation. One molecular
example of intramolecular phenomena was given by the
covalently fused dumbbell triad C60−TTF−C60 conjugate.22
The study was performed by using picosecond transient
absorption measurements to detect directly several nanosecond
transient bands in the spectrum corresponding to optical
absorptions of cationic TTF radical and anionic [60]fullerene

■

EXPERIMENTAL SECTION
Preparation of rf-Responsive Multilayered Core−Shell
Nanoparticles. Synthesis of γ-FeOx and the plasmonic
metallic gold-coated γ-FeOx@AuNP nanoparticles followed a
similar procedure reported previously.2 Because there was a
slight variation of the particle size, layer thickness, and yield in
each batch of the reaction, a large scale preparation was carried
out and applied for the subsequent step synthesis of trilayered
and tetralayered core−shell NPs. This ensured the consistency
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TEM micrographs, a carbon−copper ﬁlm grid in a 200-mesh
size was used as the supporting plate for directly coating of a
nanoparticle sample in a solution of 1.0 × 10−6 M on the grid.
All solvents were removed and dried by the freeze−dry
technique to prevent the solvent removal-induced particle
aggregation.
Measurements of Dielectric Properties in Terms of
Permittivity or Relative Dielectric Constant (εr′). Dielectric
property measurements were carried out by an Agilent
Network Analyzer (Agilent Technologies, Inc., Santa Clara,
CA, USA) equipped with an open-ended Agilent 85070E
dielectric probe kit in a detection range of 200 MHz to 50 GHz.
We conducted the system base-line calibration by using openended, close-ended, and attenuated calibrators prior to each
measurement to ensure the removal of instability, induced by
the cable connection, and system drift errors. In the
experiment, a complex scattering parameter, deﬁned as S11,
was measured and converted to relative complex electric
dielectric constant values using Agilent 85071E Materials
Measurement Software. This complex form consists of both
real and imaginary parts. The former term represents the value
of dielectric constant, and the latter is deﬁned as the loss factor.
The light source used in the measurement included a
collimated white light-emitting diode (LED) light with an
output power of 2.0 W (Prizmatix, USA). All permittivity
measurements were performed in a custom-built chamber that
was conducted under a circumferentially uniform illumination
environment. The uniformness was achieved by the installation
of a reﬂective half-circular aluminum plate at the back-wall side
surrounding the testing tube which was located at the center of
the chamber. A LED light beam was allowed to pass through a
small window opening at the front side of the chamber for the
sample irradiation. Some reﬂected light beams were designed to
refocus from the back-side aluminum mirror plate back to the
sample-containing tube. We installed four small fans with two
at the top and one at each side wall of the chamber to control
and prevent the temperature increase inside the chamber
during the experiment. The illumination period was ﬁxed at 60
min. A poly(dimethylsiloxane) (PDMS, 1.0 g) semisolid was
applied as a polymer matrix host which is capable of forming a
pastelike material sample in mixing with a predeﬁned quantity
of nanoparticles. In a typical preparation, a mixture of PDMS
and one of several rf-responsive core−shell nanoparticle
materials (100 mg) was blended by dissolving both
components in ethyl acetate (20 mL) in a testing tube under
sonication. It was followed by solvent evaporation to yield
pastelike semisolid materials ﬁlling in the tube.

of γ-FeOx@AuNP characteristics by using the same batch of
materials. Spectroscopy data: FT-IR (KBr) νmax: 2956 (w),
2918 (m), 2846 (m), 1588 (s), 1399 (s), 1261 (w), 1089 (w),
1016 (w), 970 (w), 905 (w), 810 (m), and 580 (vs) cm−1.
Preparation of C60(>DPAF-C9) (1-C9)-Encapsulated γFeOx@AuNP Yielding Trilayered Core−Shell Nanoparticles, (γ-FeOx@AuNP)@[C60(>DPAF-C9)]n (11-NPs). The
preparation method followed the procedure reported previously2 with slight modiﬁcation of reaction conditions. The
material weight ratio between γ-FeOx@AuNP and 1-C9 used
was maintained in a relatively similar range for easy comparison
of spectroscopy and physical property data with those reported
previously. Spectroscopy data of 11-NPs were given in the
Supporting Information.
Deposition of Electron Donors onto (γ-FeOx@AuNP)
@[C60(>DPAF-C9)]n To Yield the Corresponding 12-NPs,
and 15-NPs to 21-NPs. Both (γ-FeO x @AuNP)
@[C60(>DPAF-C9)]n (11-NPs, 150 mg) and one of the
electron donors, as shown in Figure 1, in a predeﬁned amount,
for example, to match with a calculated molar ratio of C60>/e−
donor as either 1:1, 1:2, 1:5, or 1:10 were dissolved in toluene
(40 mL) under ultrasonication for a period of more than 1.0 h
until a homogeneous nanoparticle dispersion was obtained. The
solution was concentrated via rotary evaporation to a volume of
<3.0 mL. At this concentration, the molecular contact of 11NPs to electron-donor molecules was largely increased.
Resulting encapsulated magnetic nanoparticles were physically
removed from the container solution using an external
permanent magnet. The process excluded a residual amount
of 1-C9 remaining in the solution. Collected magnetic
nanoparticles were washed repeatedly by ethanol and diethyl
ether in sequence to furtherly remove residual donor molecules
from the nanoparticle surface. It was followed by drying in
vacuo to aﬀord dark brown solids. Spectroscopy data of
tetralayered (γ-FeOx@AuNP)@[C60(>DPAFC9)]n@(TMTTF)m (12-NPs) and (11-NPs)@(TMSeTTF)m
(15-NPs) were given in the Supporting Information.
Instrumentation and Spectroscopy Measurements.
Cyclic voltammetry (CV) was recorded on an EG&G
Princeton Applied Research 263A potentiostat/galvanostat.
Cyclic voltammograms of several electron donors were
collected at diﬀerent voltages versus Ag/Ag+ using Pt as the
working and counter electrodes and Ag/AgCl as the reference
electrode at a scan rate of 10 mV/s. A solution in a
concentration of 1.0 × 10−3 M in CH3CN−CH2Cl2 containing
the electrolyte (n-butyl)4N+−PF6− (0.2 M) was used for all CV
measurements.
1
H NMR and 13C NMR spectra were recorded on either a
Bruker AVANCE Spectrospin-200 or Bruker AC-300 spectrometer. UV−vis spectra were recorded on a Hitachi U-3410
UV spectrometer. Infrared spectra were recorded as KBr pellets
on a Nicolet 750 series FT-IR spectrometer.
Energy-dispersive X-ray spectroscopy (EDS) was recorded
on the JEOL JSM 7401F ﬁeld-emission scanning electron
microscope equipped with an EDAX Genesis XM2 imaging
system which consists of a 10 mm2 Si(Li) detector with a
SUTW window for the detection of all elements down to Be
atom. The system is also equipped with the digital electronics
and software for image acquisition and X-ray signal mapping,
with qualitative and quantitative analysis capabilities. Transmission electron microscopy (TEM) measurements were
carried out on a Philips EM400T transmission electron
microscope. In the sample preparation for the collection of

■

RESULTS AND DISCUSSION
Design and Preparation of Electron Donors and
Multilayered Nanospherical Particles. One of the most
unique electronic characters of a fullerene cage is its high
electronegativity associated with the unusually strong e−accepting ability to oxidize organic donor molecules or
polymers. Electron transfer from a strong to moderate e−
donor to C60 can occur instantaneously upon contact. In the
presence of a weak donor, the e− transfer can be induced under
the condition of photoactivation.24 Mechanisms of photoinduced e−-transfer reactions involving C60, C70, or higher
fullerenes in mixture components have been investigated
extensively by photochemical techniques, such as laser ﬂash
photolysis or pulse-radiolysis studies.25−28 It was evident that
the formation of C60−• and C70−• was usually produced via their
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Figure 2. Schematic description of rf-responsive multilayered core−shell nanoparticle construction of (a) initial deposition of 1-C9 on bilayered γFeOx@AuNPs and (b) rearrangement of 1-C9 to form partial bilayered [60]fullerosome as 11-NPs, followed by the deposition of e− donors HMTSF
to form 18-NPs. Plasmonic energy (green rectangle shadow)-induced intramolecular and intermolecular electron-transfer mechanisms were
indicated.

the same covalently bound e−-donating chromophore 9,9di(3,5,5-trimethylhexyl)-2-diphenylaminoﬂuorene (DPAF-C9)
attached on a C60 forming methano[60]fullerene dyad of
C60(>DPAF-C9) (1-C9, Figure 1) in the study. High-molecular
e−-polarizability characteristics were substantiated recently in 1C9 upon photoexcitation.33 The molecular structure of 1-C9
consists of an electronically polarizable push−pull conjugation
having the DPAF-C9 arm working as the push moiety to result
a positively charged (DPAF)+•-C9, whereas the C60> cage
serves as the corresponding pull moiety to aﬀord a negatively
charged (C60>)−•. The separation distance between these two
moieties is only ∼3.5 Å, as determined by the X-ray crystal
structure of a similar conjugation.34 The associated periconjugation between C60> and the carbonyl moiety of DPAF-C9 with
the concurrence of keto−enol tautomerism8 at the conjugation
bridge was reasoned for the facile ultrafast photoinduced
intramolecular e−-transfer rate in femtoseconds.34 By adding
stronger TTF-derived e− donors on top of the DPAF-C9 layer
in the plasmonic partial bilayer [60]fullerosome-based nanoparticle construction (Figure 2), we propose that the initially
formed CS state (C60>)−•[>(DPAF)+•-C9] may further induce
the subsequent e− transfer from TTF derivatives to neutralize
(DPAF)+• moiety to generate the secondary CS state of
(C60>)−•[>(DPAF)-C9]−TTF+•. Additional electron transfer
from another TTF molecule to C60> is also possible to result in
a higher charge state of (C60>)−2[>(DPAF)-C9]−(TTF+•)2. All
of these events should enhance dielectric properties of the
nanoparticle medium.

triplet states (3C60
* or 3C70
* ) using short wavelengths, such as
common UVA light (350−400 nm), which then abstract one
electron from an e−-donor molecule or moiety present in the
vicinity. In the case of a molecular system having covalently
bound C60-donor chromophore antenna conjugates exhibiting
high extinction coeﬃcient at visible wavelengths, photoinduced
e− transfer may also take place via the singlet state of the e−donor chromophore using long photoexcitation wavelengths
(>400 nm) where the C 60 cage is weak in optical
absorption.29,30 These charged transient states were diﬀerentiated and determined easily by the corresponding transient
optical absorption showing much shifted from those of the
ground state. Long-lived CS states were achieved by enhancing
redox properties of the donor, tuning the distance between the
donor−acceptor pair and/or increasing the degree of intramolecular charge resonance.4 All of these eﬀects were adopted
as the basic parameters of material variation for the current
investigation aimed to create a distinguishable electronpolarizable dielectric medium upon photoexcitation. By taking
the advantage of electron-conducting capability of stacked TTF
derivatives and π-conjugated poly(alkylthiophene) used in the
fabrication of photovoltaics with C60 monoadducts,31,32 the
internally produced e− polarization leading to the detectable
photocurrent being induced may provide the appropriate
mechanism for the design of dielectric enhancement and guide
the goal to achieve permittivity (ε′r ) ampliﬁcation using our
core−shell nanoparticle systems.
To make the direct comparison of measured relative
dielectric constants with our previous reports,1,2 we applied
12515
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under ultrasonication conditions, we proposed that the strong
binding interaction forces of C60> cages to the gold surface47−49
should lead to the partial replacement of 1-octanethiol capping
molecules via alkylthiol ligand−C60> exchange, induced by
sonochemical energy to invert 1-C9 molecules. The exchange
should form a monolayer of C60(>DPAF-C9) with the
orientation of DPAF-C9 moiety facing outward from the gold
surface,50 as shown in Figure 2b. This orientation is also
consistent with the fact that the calculated surface binding
energy of C60−Au was found to be higher than the bond
strength of Au−S.51 Subsequent packing of the second
C60(>DPAF-C9) layer at the surface should also follow the
same strong hydrophobic−hydrophobic interaction forces of
(C60>)−(C60>) cages that resulted in a molecular self-assembly
of 1-C9 conjugates to form a partial bilayered [60]fullerosome
conﬁguration with the DPAF-C9 moiety orientation facing
outward. This is the proposed nanostructure of trilayered (γFeO x @AuNP)@[C 60 (>DPAF-C 9 )] n as 11-NPs without
HMTSF molecules in Figure 2b.
Deposition of the fourth layer of TMTTF analogous e−donor molecules onto 11-NPs was carried out with a calculated
molar ratio of C60>/TMTTF as either 1:1, 1:2, 1:5, or 1:10 in a
concentrated solution of toluene under the condition of
ultrasonication, followed by the physical removal of resulting
encapsulated magnetic nanoparticles from the container
solution using an external permanent magnet to aﬀord dark
brown solids of tetralayered (γ-FeOx@AuNP)@[C60(>DPAFC9)]n@(TMTTF)m (12-NPs). Similar procedures were used to
prepare several related nanoparticles of (11-NPs)
@(TMSeTTF)m (15-NPs), (11-NPs)@(TPSeTTF)m (16NPs), and (11-NPs)@(HMTSF) m (18-NPs) with the
schematic core−shell nanoparticle conﬁguration shown in
Figure 2b and used in the permittivity investigation below.
Characterizations of Core−Shell rf-Responsive Nanomaterials. Veriﬁcation of a core−shell structural conﬁguration
for all nanospherical particles was performed using TEM
micrographs. It included morphology and topography investigations of all NPs to show the core and shell thicknesses of
trilayered 11-NPs (Figure 3C), tetralayered 12-NPs [(11-NPs)
@(TMTTF)m, Figure 3D], and tetralayered 18-NPs [(11-NPs)
@(HMTSF)m, Figure 3E] by sequential layer depositions.
Average size of the parent γ-FeOx nanoparticles (Figure 3B)
was measured to be small as 8.0−10 nm in diameter in a
roughly homogeneous narrow distribution. Deposition of a
gold layer on the surface of γ-FeOx NPs to a structure of γFeOx@AuNP was controlled to a shell thickness of <∼8.0 nm
by the calculated quantity of HAuCl4 applied, assuming its
chemical reduction produced the same weight amount of solid
nanocrystals. We used the contrast diﬀerence to indicate a
darker core iron oxide particle region with a slightly lighter gold
shell to estimate the gold shell thickness of roughly 3.0−5.0 nm.
With an additional layer of C60(>DPAF-C9)-derived fullerosome capping, the average particle size of 11-NPs increased
to roughly 20 nm in diameter (Figure 3C) in an approximately
homogeneous narrow distribution. This corresponds to an
estimated [60]fullerosome layer thickness of ∼6.0−8.0 nm,
matching well with a bilayered to partial trilayered molecular
width of C60(>DPAF-C9) (molecular long-axis length of ∼3.2
nm), consistent with the schematic layer conﬁguration of
Figure 2b. Further deposition of the e−-donor TMTTF or
HMTSF molecules in a C60>/e−-donor molar ratio of 1:5 onto
11-NPs gave the corresponding TEM micrographs (Figure 3D
or 3E, respectively), showing a layer of organic substance in a

We selected several TTF (2) derivatives, such as 2,3,6,7tetramethyltetrathiafulvalene (TMTTF, 3), 2,3,6,7-tetrakis(methylseleno)tetrathiafulvalene (TMSeTTF, 4), 2,3,6,7-tetrakis (phenylseleno)tetrathiafulvalene (TPSeTTF, 5), BEDTTTF (6), and HMTSF (7), as shown in Figure 1, for the study.
New compounds 4 and 5 were synthesized according to the
reported methods35−40 by a modiﬁed procedure. In the current
synthesis, the key intermediate tetraanionic TTF (TTF−4) was
generated by the use of lithium diisopropylamide (4.0 equiv) at
−78 °C prior to the addition of either dimethyldiselenide
(CH3Se−SeCH3) or diphenyldiselenide (PhSe−SePh) for the
preparation of compounds 4 or 5, respectively, in a yield of
75%. Alternatively, TTF−4 can be quenched by selenium
powder (4.0 equiv) at −78 °C to give the corresponding
intermediate of TTF−(Se−)4, followed by the reaction with
methyliodide at ambient temperature to obtain 4 in a yield of
80%. Because both 4 and 5 are symmetrical in the molecular
structure, spectroscopy characterization by 1H NMR spectrum
(CDC13) was relatively simple, showing a singlet proton peak
at δ 2.34 for the compound 4 and two groups of aromatic
protons centered at δ 7.31−7.25 (m, 3H) and 7.52−7.49 (m,
2H) for the compound 5. Synthetic procedure and the
spectroscopy data were given in the Supporting Information.
To construct rf-responsive multilayered nanomaterials, we
began with the fabrication of bilayered core−shell nanoparticles
γ-FeOx@AuNP with the plasmonic gold layer located at the
outer shell. The synthesis of magnetic γ-FeOx nanoparticles was
carried out by the thermolysis of oleic acid−Fe+3 complex salt
[iron(III) oleate] at 320 °C to aﬀord monodisperse nanocrystals. The surface of these particles was stabilized by excessive
oleic acid in situ that rendered its solubility in organic solvents.
To make the deposition of hydrogen tetrachloroaurate(III)
trihydrate (HAuCl4·3H2O) possible, the surface of γ-FeOx NPs
was ﬁrst modiﬁed with the second layer of oleic acid that
resulted in the orientation of many acid groups (−CO2H)
being positioned at the outer layer of the particle facing to the
solvent. This facilitated the subsequent salt exchange with
(CH3)4N+−OH− in H2O leading to high water solubility of
resulting nanoparticles. Neutralization of HAuCl4 by the surface
base (OH−) gave the smooth deposition of crystalline gold
nanoparticles after reduction in the presence of sodium citrate
dihydrate and hydroxylamine hydrochloride. Resulting NPs
were stabilized by the addition of 1-octanethiol, as a binding
and capping agents, in toluene forming organic solvent-soluble
γ-FeOx@AuNPs. They were removed easily from the solution
by an external magnet and puriﬁed. Other related preparation
methods of monodispersed nanocrystals based on starlike
copolymer templates as nanoreactors were reported recently41−45 that provided alternative approaches to control
the particle size.
Encapsulation of γ-FeOx@AuNPs by C60(>DPAF-C9) (1C9) to the formation of trilayered core−shell NPs (Figure 2)
was performed under ultrasonication using the preformed
bilayer structure. Because all encapsulated magnetic nanoparticles were physically removed from the container solution
with the assistance of an external permanent magnet and
washed repeatedly by ethanol and diethyl ether, we were able to
ensure the products being free from residual nonbinding 1-C9
molecules at the surface. The initial binding force was governed
by the strong hydrophobic−hydrophobic interactions among
(C60>)−(C60>) cages to form a layer membrane of partial
bilayer [60]fullerosome (Figure 2a) as those reported.46
Regarding the subsequent orientation of 1-C9 at the surface
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Figure 4. Steady-state UV−vis absorption of (a) TMTTF, (b) 1-C9,
and multilayered core−shell nanoparticles (c) 11-NPs and (d) 12-NPs
in the absence of external light exposure. (e) 12-NPs under external
white LED light irradiation. All samples were prepared in CHCl3−
THF (1:5) with the concentration of 1.0 × 10−5 M.

Figure 3. (A) Energy-dispersive spectrum (EDS) of (a) trilayered (γFeOx@AuNP)@[C60(>DPAF-C9)x]n (11-NPs), (b) tetralayered (11NPs)@(TMTTF)m (12-NPs), and (c) tetralayered (11-NPs)
@(HMTSF)m (18-NPs), showing the corresponding atomic compositions where some carbon contents may arise from the background
tape used for sample holding at the surface. The oxygen content peak
was from both the sample and the environment. TEM micrograph
images of (B) γ-FeOx NPs, (C) 11-NPs, (D) 12-NPs, and (E) (γFeOx@AuNP)@[C60(>DPAF-C9)]n@(HMTSF)m (18-NPs).

C60> cage moiety centered at 332 nm (λmax, ε = 4.06 × 104 L
mol−1 cm−1) and the DPAF moiety at 412 nm (λmax, ε = 2.90 ×
104 L mol−1 cm−1). The latter serves as a light-harvesting
antenna when either UVA or white LED light is applied for the
photoactivation. Its absorption band was overlapped partially
with the broad optical absorption of AuNP subshell layer
covering over the full spectrum wavelengths with the maximum
band peak (λmax) centered at 540 nm (Figure 4c) that made the
interlayer energy transfer eﬃcient. Both optical absorptions are
crucial for this study that allows us to execute and achieve
photoinduced SPR energy generation at these wavelengths
(300−600 nm). Accumulated SPR energy is transferrable from
the inner Au shell layer to the outer C60(>DPAF-C9)-derived
fullerosome layer (Figure 2b) to eﬀect the intramolecular
charge transfer of 1-C9, resulting in the generation of CS
transient state C60−•(>DPAF+•-C9). Interestingly, we were able
to detect a weak absorption band centered at 1090 nm (the
second inset of Figure 4e) corresponding to that of the
(C60>)−• moiety under the white LED light irradiation while
collecting the UV−vis spectrum simultaneously. This new
[60]fullerenyl anion radical absorption band was red shifted
from the 670−700 nm band (the ﬁrst inset of Figure 4b,c) of
the C60> cage moiety. Detection of the weak 1090 nm band in
the presence of TMTTF donors, located at the most outer shell
layer, was crucial because it clearly revealed the occurrence of
the secondary e− transfer directly or indirectly (via DPAF+•)
from TMTTF moieties to C60> upon external photoexcitation.
Because optical absorption of the TMTTF moiety was only
detectable at λmax 315 nm (ε = 6.10 × 104 L mol−1 cm−1), it
should not be considered as the moiety subjected to
photoexcitation using a white light. In addition, the main
absorption (λmax) of C60> moiety also occurs at 332 nm (Figure
4b), it was not considered for photoexcitation either.
Accordingly, we proposed a plausible pathway involving initial
photooxidation of the DPAF-C9 moiety at 412 nm (λmax, Figure
4e), followed by the induced secondary e− transfer from the
outer TMTTF molecules of tetralayered (γ-FeOx@AuNP)
@[C60−•(>DPAF+•-C9)]n@(TMTTF)m (13-NPs) to the inner
DPAF+•-C9 moiety forming a new CS state of (γ-FeOx@
AuNP)@[C 60 −• (>DPAF-C 9 )] n @(TMTTF +• ) m (14-NPs).
Owing to a slightly larger separation distance between
TMTTF and C60> moieties at solid layers, the charge

soft amorphous contrast image covering over multiple particles.
We estimated the average width of dark non-overlapped shell
regions to indicate an increase in particle diameter to roughly
25−30 nm.
We applied microanalyses of energy-dispersive X-ray spectra
(EDS) of all NPs to conﬁrm their elemental composition. It
was carried out on a cluster sample of 11-NPs, 12-NPs, and 18NPs deposited on a supporting tape, as examples. The latter
two samples were prepared by a C60>/(TMTTF or HMTSF)
molar ratio of 1:5. As a result, the atomic percentages of carbon,
Fe, and Au of 11-NPs were measured to be 57.12, 16.08, and
1.13%, respectively (Figure 3Aa), giving an atomic C/Fe/Au
ratio of 50.6:14.2:1.0, revealing a thin layer of gold nanocrystals.
By using this ratio as the reference, the atomic C/Fe/Au/S
percentage of tetralayered 12-NPs (Figure 3Ab) and the C/Fe/
Au/Se percentage of tetralayered 18-NPs (Figure 3Ac) were
measured to be 60.74:6.45:0.64:19.89 and
62.79:6.67:0.55:19.57, respectively, indicating the elemental
contribution of TMTTF or HMTSF dominating the EDS data.
Perhaps, it is owing to the fact that EDS measurements were
based on the surface evaluation giving a prominent contribution
on molecules located at and nearby the surface region. In the
elemental analysis of 12-NPs, because we prepared the sample
based on a 5.0 equiv ratio of TMTTF molecules versus one
C60> cage, we used an equivalent of 20 sulfur atoms as the unit
for a 19.89% EDS value in calculation to reach a value of 49.7%
of carbon on TMTTF molecules alone. The detected additional
11.04% carbon should be raised from C60(>DPAF-C9)
conjugates located underneath the TMTTF layer. Similarly,
EDS measurement only exhibited less than a half atomic
percentage of Fe and Au as compared with those of 11-NPs. In
the case of 18-NPs, a very similar C/Fe/Au/Se percent ratio
was obtained implying the successful deposition of a 5.0 equiv
ratio of HMTSF molecules versus one C60> cage on 11-NPs.
Steady-state optical absorption of C60(>DPAF-C9) (Figure
4b) was dominated by two chromophore components of the
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recombination rate could be slowed down signiﬁcantly to allow
us detecting the 1090 nm band. Furthermore, absorption
intensity of photoexcited 14-NPs (Figure 4e) was found to
increase progressively toward longer wavelengths as compared
with those of neutral 12-NPs (Figure 4d). It may also be
indicative of additional absorptions contributed from that of
(TMTTF)+• at 680−760 nm (estimated) consistent with those
(750−1100 nm) reported for the radical pair of (C60−•)−
(TTF+•).25
To investigate the redox potential diﬀerence among various
e− donors in interactions with C60>, we carried out the CV
measurements of TMTTF (3), TMSeTTF (4), TPSeTTF (5),
and a mixture of C60(>DPAF-C9) and TMTTF in CH2Cl2−
CH3CN. They were performed in the presence of (nbutyl)4N+−PF6− electrolyte using Pt as working and counter
electrodes and Ag/AgCl as the reference electrode. The CV
characteristics of compounds 3−5 under variation of the cyclic.
Oxidation voltage versus Ag/Ag+ from −2.0 to 1.8 V were
evaluated, as shown in Figure 5a. It displayed two consistent

Table 1. Cyclic Voltammetry Data of the First and Second
Oxidation−Reduction Potentials (V) vs Ag/Ag+
e−-donor
TMTTF
TMSeTTF
TPSeTTF
BEDT-TTF
HMTSF

1

1

0.32
0.54
0.59
0.56
0.56

0.58
0.78
0.79
0.73
0.72

Eox

Ered

1

E1/2

0.45
0.66
0.69
0.65
0.64

2

2

2

E1/2

ΔE1/2

0.84
0.92
1.02
0.95
1.01

1.08
1.14
1.18
1.21
1.17

0.96
1.03
1.10
1.08
1.09

0.51
0.37
0.41
0.43
0.45

Eox

Ered

analogous were deviated from each other with the higher
potentials for 4 or 5 having the attachment of alkyl- or phenylseleno side groups, respectively, instead of four simple methyl
groups in TMTTF. By using the ﬁrst oxidation−reduction
potentials (1Eox/1Ered) of TMTTF as the reference, we
evaluated the inﬂuence of donor’s redox potentials in the
presence of a strong C60> acceptor in solution. In the absence
of light exposure, Figure 5b (the red line) displayed the
1
Eox/1Ered and 2Eox/2Ered values in the oxidation wave of the
mixture of 1-C9 and TMTTF as 0.32/0.52 and 0.90/1.21 V
versus Ag/Ag+, respectively, being similar to those of TMTTF
alone. This revealed that the one-electron oxidation process of
a weaker DPAF-C9 donor moiety in the structure of 1-C9
having a much higher 1Eox value52 of 0.82 V versus Ag/Ag+ was
overshadowed by the facile electron oxidation of the stronger
TMTTF donor. Fullerenes are highly electronegative cages. It is
capable of accepting multiple electrons easily in consecutive
reductions to exhibit, commonly, at least three reversible redox
waves, showing 1Ered/1Eox, 2Ered/2Eox, and 3Ered/3Eox potential
values as −0.39/−0.56, −0.72/−0.98, and −1.28/−1.47 V
versus Ag/Ag+ (Figure 5b), respectively. Most importantly, in
the presence of the white LED light irradiation while collecting
the CV voltammograms, we found that all oxidation and
reduction potential values (the dashed blue line of Figure 5b) at
the initial stage were basically unchanged. However, while
allowing the irradiation to continue for a period of 30 min, we
detected signiﬁcant changes of the most of oxidation−reduction
potentials in the cyclic waves with the loss of main features at
each redox cycle, except the ﬁrst oxidation potential (1Eox, the
solid blue line of Figure 5b). The observation clearly implied
the occurrence of photoinduced intermolecular e− transfer
directly or indirectly from TMTTF to C60> forming the
corresponding (TMTTF)+• or (TMTTF)2+ and (C60>)−• or
(C60>)−n (n ≤ 3) moieties that prohibited further oxidation
waves of these ions and/or radical pairs. The CV results may be
correlated with or indicative of similar charge polarization
phenomena to occur in the solid state of tetralayered 12-NPs.
Permittivity and Dielectric Investigations of rfResponsive Nanomaterials. Our main objective of this
study is to investigate the role of electron donors in enhancing
the dielectric properties of a nanoparticle medium for
microwave applications. In the nanomaterial’s design, we
applied photoinduced SPR energy to cause intramolecular e−
polarization of C60(>DPAF-C9) that coupled with intermolecular e− transfer from TTF derivatives within the multilayered
conﬁguration of nanoconjugates. To achieve the near-ﬁeld
eﬀect during the plasmon energy-transfer event between
photoexcited Au NPs and C60(>DPAF-C9), we assembled a
four-layered core−shell structure of nanospherical particles with
a thin AuNP shell beneath the 1-C9 shell in direct contact. All
components other than the γ-FeOx core were able to absorb
light energy for photoexcitation at diﬀerent wavelength ranges.
The amount of LED light photons to be captivated at the

Figure 5. Cyclic voltammograms (CV) of (a) three electron donors
indicated and (b) a mixture of C60(>DPAF-C9) and TMTTF at
diﬀerent voltages versus Ag/Ag+ in a solution concentration of 1.0 ×
10−3 M in CH3CN−CH2Cl2, containing (n-butyl)4N+−PF6− electrolyte (0.2 M), using Pt as working and counter electrodes and Ag/AgCl
as the reference electrode at a scan rate of 10 mV/s.

reversible oxidation−reduction cycle waves for each compound
with the ﬁrst (1Eox/1Ered) and second (2Eox/2Ered) oxidation−
reduction potentials at the current maximum/minimum values
measured for 3, 4, and 5 as 0.32/0.58 and 0.84/1.08, 054/0.78,
and 0.92/1.14, and 0.59/0.79 and 1.02/1.18 V versus Ag/Ag+
(Table 1, including those of BEDT-TTF and HMTSF),
respectively. It is interesting to note that the ﬁrst (1E1/2) and
second (2E1/2) half-wave potentials of the similar TTF
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surface was dependent on the shape morphology, particle size,
and thickness of the AuNP layer. It also relied on the quantity
of e− donors exhibiting absorption wavelengths in overlap with
the emission wavelength and intensity of the white LED light at
400−600 nm. Therefore, to ensure the consistency of
experimental results, we prepared the basic core−shell
nanoparticles of (γ-FeOx@AuNP)@[C60(>DPAF-C9)x]n (11NPs) in a large scale and used the same batch for each sample
preparation of tetralayered (γ-FeOx@AuNP)@[C60(>DPAFC9)]n@(TMTTF)m (12-NPs) analogous with a variation of
diﬀerent e− donors. We denoted the tetralayered core−shell
NP samples derived from TMSeTTF [as (11-NPs)
@(TMSeTTF)m or 15-NPs], TPSeTTF (16-NPs), BEDTTTF (17-NPs), HMTSF (18-NPs), P3HT (19-NPs), PANi
(20-NPs), and PANi-CSA (21-NPs) as the sample symbol
indicated in parenthesis (Figure 1).
We separated all samples into two groups in the frequencydependent relative dielectric constant (ε′r ) or permittivity
measurements. The ﬁrst group included the encapsulation
deposition of similar molecular e− donors as 12-NPs, 15-NPs,
16-NPs, 17-NPs, and 18-NPs. The second group composed of
e−-conducting polymers to be at the most outer shell layer of
19-NPs, 20-NPs, and 21-NPs, using the sample of BEDT-TTFderived 17-NPs as the reference for comparison. Soft elastic
PDMS was used as a polymer host to provide a tight packing
and air-gap ﬁlling among nanospherical particles after solvent
evaporation. It is critical for eliminating the air contribution to
the measured εr′ value. The measurement was carried out using
an open-ended coaxial probe and a network analyzer in the
range of 0.5−4.5 GHz to study properties including the relative
dielectric constant (ε′r , the real part of complex permittivity)
and the relative dielectric loss factor (ε″r , the imaginary part of
complex permittivity). The data collection was performed
inside a custom-built chamber designed to maintain a
circumferentially uniform illumination environment during
the measurement by a reﬂecting half-circular aluminum plate
installed at the back surface of the chamber. Illumination
periods were chosen to be 60 min in consistent with that used
in our previous reports.1,2
Because our objective of these measurements was to
investigate the dielectric ampliﬁcation of core−shell nanoparticle constructs in response to internally photoinduced
generation of SPR energy within the intermediate Au shell
layer, we selected a white LED light with the output power of
2.0 W for the study. Its emission photoenergy output spectrum
matched mainly with optical absorptions of DPAF-C9 and the
Au layer. The steady-state absorption peak maxima (λmax) of
the C60> cage and TMTTF derivative moieties are centered at
332 and 315 nm, respectively, outside the photoexcitation
energy range of the light-emitting beams. These two
components may not be involved directly in initial photoexcitation events. Therefore, the collected data should be
correlated with the photoinduced e− transfer mechanism, as
discussed above, to begin mostly from internal generation of
the SPR energy, followed by the interlayer transfer of such
energy to the outer layers to induce the subsequent
intramolecular and intermolecular e−-transfer events, leading
to the electron polarization of the nanoparticle system.
As a result, Figure 6A showed irradiation time-dependent
relative dielectric constant (ε r′ ) curves of (11-NPs)
@(TMTTF)m (12-NPs) having various molar ratios of
TMTTF to the C60> moiety in the structure of the
nanoparticle, taken at the microwave frequency of 1.0 GHz

Figure 6. Irradiation time-dependent relative dielectric constant (ε′r )
ampliﬁcation of tetralayered core−shell nanoparticles of (A) (γFeOx@AuNP)@[C60(>DPAF-C9)]n@(TMTTF)m (12-NPs) and (B)
(11-NPs)@(HMTSF)m (18-NPs) with various molar ratios of
TMTTF or HMTSF molecules, respectively, to the C60> moiety at
the frequency of 1.0 GHz. White LED light irradiation period was 60
min.

during and after a 60 min illumination (corresponding to a total
light ﬂuence of 12.8 J/cm2). It is interesting to note that the
detected initial dielectric constant value of a sample mixture at
the time zero min was comparable in value to that of
C60(>DPAF-C9) and TMTTF as composites even though the
inner shell layer of AuNPs and the core γ-FeOx NPs consisted
of a signiﬁcant quantity of material counts. A much higher ε′r
(=9.0) value of AuNPs was not visible, only very outer layers of
soft materials dominated the measured dielectric property. In
all experiments, white light illumination led to a slight rise in
temperature to 35−45 °C in the ﬁrst 6.0 min. A slight increase
of chamber temperatures away from 25 °C resulted in a small
increase of the εr′ value in a similar degree among all samples.
The εr′ value was then remaining relatively steady during the
rest of the irradiation period up to 60 min. Apparently, an
incremental increase of the TMTTF quantity deposited at the
outer shell layer of the nanoparticle gave a small progressive
increase of the initial εr0
′ value at the time zero min of
irradiation. Upon turning-oﬀ the light at the end of 60 min
irradiation, we observed a large sharp raise of the ε′r value for all
samples in Figure 6A, whereas the chamber temperature
dropped quickly back to 25 °C. Sharp increase of the
permittivity at the light-oﬀ stage was found to reach a peak
maximum (ε′r max) value of 3.47 for 11-NPs (Figure 6Aa) and
4.53 (Figure 6Ab), 5.73 (Figure 6Ac), 7.03 (Figure 6Ad), and
8.14 (Figure 6Ae) for four 12-NPs samples having a C60>/
TMTTF molar ratio of 1:1, 1:2, 1:5, and 1:10, respectively.
They can be accounted by a ratio of ε′r max/ε′r 0min (ε′r 0min = 1.52
at 1.0 GHz and time zero) in a 2.28-fold increase for 11-NPs.
This εr′ max/εr′ 0min ratio of Figure 6Ab (εr′ 0min = 1.86), 6Ac
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(ε′r 0min = 2.04), 6Ad (ε′r 0min = 2.24), and 6Ae (ε′r 0min = 2.49)
was calculated to be in a 2.43-, 2.81-, 3.14-, and 3.27-fold
increase, respectively. Similar calculations based on the ratio of
εr′ max/εr′ 60min (the εr′ value at time 60 min) were found to be
1.90-, 1.98-, 2.14-, 2.46-, and 2.57-fold increase in the ε′r value
for 11-NPs (ε′r 60min = 1.82), Figure 6Ab (ε′r 60min = 2.29), 6Ac
(εr′ 60min = 2.68), 6Ad (εr′ 60min = 2.85), and 6Ae (εr′ 60min = 3.16),
respectively.
In the case of (11-NPs)@(HMTSF)m (18-NPs) based on
the same C60>/HMTSF molar ratio of 1:1, 1:2, 1:5, and 1:10,
an even larger increase of permittivity at the light-oﬀ stage was
detected to reach a peak maximum (εr′ amx) value of 6.38
(Figure 6Bb, εr′ 0min = 2.23), 10.11 (Figure 6Bc, εr′ 0min = 3.18),
15.98 (Figure 6Bd, ε′r 0min = 4.14), and 20.94 (Figure 6Be, ε′r 0min
= 5.18), respectively. These values corresponded to a ε′r max/
εr′ 0min ratio of 2.86-, 3.18-, 3.87-, and 4.04-fold increase. The
initial εr′ 0min values of 18-NP-based samples were higher than
those of 12-NPs as compared with the same molar quantity of
e− donors applied owing to higher polarizability of selenium
than sulfur. The data indicated gradually less contributions to
the dielectric ampliﬁcation with a larger quantity of HMTSF
applied. For example, the calculated ε′r max increase per an
additional 1.0 equiv of HMTSF to C60> added was found to be
58, 32, 23, and 3.4% in value at the C60>/HMTSF molar ratio
of 1:1, 1:2, 1:5, and 1:10, respectively, with a sharp drop at a
molar ratio from 5.0 to 10 equiv of HMTSF applied. This was
indicative of a saturation eﬀect of C60> cages to accept no more
than 3.0 equiv of electrons per cage, agree well with the
detected three reversible redox potential cycles of C60> (Figure
5b).
These results obviously provided an evidence showing a clear
progressively enhanced photoswitch-on dielectric property or
permittivity ampliﬁcation phenomena upon the gradual
increase of the e− donor in quantity. The observation agreed
well with the fact that more TMTTF or HMTSF molecules
applied in a larger quantity before saturation should provide
more electron sources for donation to result in a larger number
of polarized negative charges [(C 60 >) −• ] within the
C60(>DPAF-C9)-derived fullerosome membrane of a multilayered core−shell nanospherical particle and positive charges
[(TMTTF)+•] or [(HMTSF)+•] outside the fullerosome.
These charge pairs in an increased quantity located at separated
shell layers may become the foundation of detected dielectric
property enhancement to support our hypothesis of intermolecular e−-transfer mechanism stated above.
We also investigated the donor-dependent dielectric property
of tetralayered (11-NPs)@(e−-donor)m nanoparticles by
selecting ﬁve organic molecular e−-donor chromophores, such
as TMTTF (3), TMSeTTF (4), TPSeTTF (5), BEDT-TTF
(6), and HMTSF (7), and three forms of conducting polymers,
such as P3HT (8), emeraldine PANi (9), and doped PANiCSA (10) for comparison. Each compound has its own
characteristic oxidation potentials that govern the relative
strength in releasing one or two electrons to C60>. Compounds
TTF, TMTTF, and its derivatives53,54 were recognized as
strong π-electron donors to yield highly conductive materials.
Its planar nonaromatic 7-π-electron system per a half fulvalene
ring can be oxidized easily by removing one electron to aﬀord
an aromatic 6-π-electron system reversibly, giving the cation
radical (TMTTF)+• at relatively low redox potentials (1E1/2 =
0.45 V vs Ag/Ag+, Figure 5a). Subsequent removal of the
second electron from the second half of the fulvalene ring gave
a fully aromatic dicationic (TMTTF)2+ with a total of 12-π-

electrons. Therefore, these cationic and dicationic forms are
thermodynamically stable species with large stabilization arising
from the versatility and tendency of lone pairs of sulfur atoms
to be eliminated. This tendency facilitated their electrondonating ability. Attachment of e−-donating or e−-withdrawing
alkyl or phenyl groups to TTF leading to TMSeTTF,
TPSeTTF, and BEDT-TTF can modify their potentials in
oxidation−reduction cycles of voltammograms. In addition,
chemical conversion of TTF to its tetraselenafulvalene
analogues, such as HMTSF, may give great advantages with
respect to the enhanced polarizability, conduction bandwidth,
and intermolecular interactions with an increasing van der
Waals radius from those of the tetrathia-analogues.55−57
To demonstrate the donor-dependent eﬀect, we ﬁxed the
molar ratio of C60> versus e− donor at 1:5 in the comparison.
As a result, deposition of these ﬁve molecular e− donors (3, 4,
5, 6, and 7) individually onto trilayered 11-NPs giving the
corresponding tetralayered core−shell (11-NPs)@(e−-donor)m
as 12-NPs, 15-NPs, 16-NPs, 17-NPs, and 18-NPs, respectively,
exhibited similar photoswitchable dielectric property ampliﬁcation phenomena (Figure 7A) at the permittivity maximum in

Figure 7. Large sharp irradiation time-dependent ampliﬁcation of
relative dielectric constant (εr′, or permittivity) of tetralayered core−
shell (A) (a) 11-NPs, (b) 12-NPs, (c) 15-NPs, (d) 16-NPs, (e) 18NPs, and (f) 17-NPs with a molar ratio of the C60> moiety to e−
donor as 1:5. (B) (a) 11-NPs, (b) 19-NPs, (c) 17-NPs, (d) 20-NPs,
and (e) 21-NPs with a weight ratio of the C60> moiety to e−-donor
polymer as 2:1. The microwave frequency of 1.0 GHz was applied with
a white LED light irradiation period of 60 min.

less than 7.0 min after the light being turned oﬀ. It was followed
by a relaxation process of εr′ back to a value of 1.5−3.5 nearly
identical to the initial εr′ 0min value, indicating eﬀective
recyclability of photoswitchable characteristics during light-on
and light-oﬀ cycles. The εr′ 0min value of organic e− donors was
higher than that of C60(>DPAF-C9) as 1.52. By taking the
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dielectric constant ε′r 0min of TMTTF, TMSeTTF, TPSeTTF,
BEDT-TTF, and HMTSF at the time zero as the reference, the
maximum permittivity (ε′r max) magnitude of 7.03 (Figure 7Ab,
εr′ 0min = 2.23), 13.55 (Figure 7Ac, εr′ 0min = 3.88), 17.75 (Figure
7Ad, ε′r 0min = 5.20), 6.66 (Figure 7Af, ε′r 0min = 2.88), and 15.98
(Figure 7Ae, ε′r 0min = 4.14), respectively, at the time 67 min
indicated a 86, 121, 113, 3, and 159%, respectively, further
increase of the εr′ amx/εr′ 0min ratio from that of 11-NPS (2.28,
Figure 7Aa). The data showed the highest dielectric
ampliﬁcation by using HMTSF molecules as the electron
supplements, followed by the order of TMSeTTF ≈ TPSeTTF
> TMTTF > BEDT-TTF. The relatively low contribution of
BEDT-TTF was rather unexpected because it was reported to
exhibit superconductivity in a form of κ-(BEDT-TTF)2Cu[N(CN)2]Br complex salt.16,58 Three forms of conducting
polymers were also investigated in a weight ratio of 2:1 for
C60>/e−-donor polymer (a unit weight of C60> as 720 is much
higher than that of each monomer unit of the polymer) for
comparison with the dielectric contribution of BEDT-TTF, as
shown in Figure 7B. We found that they were either in the
similar range of dielectric ampliﬁcation or even lower in
eﬃciency than BEDT-TTF. A comparable ampliﬁcation
performance of (11-NPs)@(P3HT)m (19-NPs, Figure 7Bb)
to that of (11-NPs)@(BEDT-TTF)m (17-NPs) was rather
contradictory to our prediction because P3HT (8) was
extensively studied in the fabrication of highly eﬃcient organic
photovoltaic cells in conjunction with e−-acceptor PCBM (a
monoadduct of C60) to provide a signiﬁcant quantity of
photocurrent under solar exposure.59−61 Perhaps, other factors
than redox potentials of P3HT were involved. Considering a
long chain length of P3HT, only a small portion of the
repeating thiophene units can be positioned in direct physical
contact with the fullerosome layer of the nanoparticle. This
limited the number of charges to be generated at the interface
area. Similar conclusions were made for the use of polyaniline
in an emeraldine base form (PANi, 9). When neutral PANi was
doped by camphor sulfonic acid to its conducting form (PANiCSA, 10), a larger value of ε′r 0min as 3.90 at the time zero was
detected owing to a higher electronic conductivity. However,
the dielectric ampliﬁcation eﬃciency of (11-NPs)@(PANiCSA)m (21-NPs) was also found in the range similar to that of
17-NPs.

the intermediate AuNP layer sandwiched between the layer of
fullerosome membrane and the core γ-FeOx NP induced the
molecular polarization of C60(>DPAF-C9)x moieties to their
transient CS states. This CS state consisting of a positively
charged e−-donor moiety (DPAF)+•-C9 and a negatively
charged e−-acceptor moiety (C60>)−• provided the foundation
of observed dielectric property ampliﬁcation. The phenomena
were further enhanced by separate applications of additional
organic molecular e− donors or conducting conjugate polymers
deposited at the most outer shell layer. These e− donors served
as the supply of photoinduced transferrable electrons that
increased largely the number of polarized charges on
nanoparticles, leading to a maximum of 387% ampliﬁcation of
the relative dielectric constant (ε′r ) value or a 159% additional
increase from that of the parent trilayered 11-NPs. These
results were contributed from the use of organic e−-donor
HMTSF molecules.
On the basis of our previous investigation and results of facile
photoswitchable tunability of reﬂective microwave signals using
monostatic and angle-dependent bistatic synthetic aperture
techniques based on 11-NP-casted thin ﬁlms in the frequency
range of 0.5−18 GHz,1,2 we expect better performance given by
the new tetralayered core−shell NPs. It is based on the fact that
the largely enhanced permittivity from that of 11-NPs was
obtained by the current e−-donor approach. As the Wi-Fi
wireless network communication being operated at either 2.4 or
new 5.0 GHz frequency band, they are within the frequency
range of this investigation. Therefore, our results may lead to
future implication on the feasibility in modulation or tuning
microwave signals by 18-NPs to provide photoswitchable
interference for the security protection purpose.
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TMTTF, tetralayered (γ-FeOx@AuNP)@[C60(>DPAFC9)]n@(TMTTF)m (12-NPs), TMSeTTF, tetralayered
(11-NPs)@(TMSeTTF)m (15-NPs), TPSeTTF, tetralayered (11-NPs)@(TPSeTTF)m (16-NPs), HMTSF
(7), and tetralayered (11-NPs)@(HMTSF)m (18-NPs);
and dielectric (permittivity) measurement diagram
(PDF)

■

CONCLUSIONS
We demonstrated that the fabrication of tetralayered e−polarizable core−shell nanostructures was capable of inducing
photoswitchable dielectric property (permittivity) ampliﬁcation
at the microwave frequency range of 1.0−4.0 GHz.
Conﬁguration of the nanostructure consisted of a magnetic
nanospherical center core of γ-FeOx NP encapsulated
sequentially by one plasmonic gold subshell, one middle layer
of e−-polarizable C60(>DPAF-Cn)x-derived fullerosome membrane, and one outer shell of e− donors, as an example. This
class of multilayered core−shell nanospherical materials was
reported recently to be excellent microwave absorbers over
1.0−18 GHz with the reﬂectivity loss reaching −28 to −36 dB
at 6.0, 8.0, 12.0, 15.2, and 15.5 GHz, using S11 scattering
parameter measurements and over −60 to −75 dB at higher
frequencies of 17−18 GHz using angle-dependent S 21
scattering parameter measurements.1 Contribution of SPR
energy within the core−shell nanoparticle structure62−64 was
the critical factor to the observed results. We hypothesized that
the release of accumulated SPR energy at the near ﬁeld from
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