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Abstract: Nanohybrids consisting of Au nanocluster and
polythiophene nanowire assemblies exhibit unique thermal-
responsive optical behaviors and charge-transfer controlled
magnetic and optoelectronic properties. The ultrasmall Au
nanocluster enhanced photoabsorption and conductivity effec-
tively improves the photocurrent of nanohybrid based photo-
voltaics, leading to an increase of power conversion efficiency
by 14 % under AM 1.5 illumination. In addition, nanohybrids
exhibit electric field controlled spin resonance and magnetic
field sensing behaviors, which open up the potential of charge-
transfer complex system where the magnetism and optoelec-
tronics interact.

Multifunctional polymeric materials have attracted much
interests due to their broad technological applications, such as
optoelectronics,[1] thermoelectrics,[2] and sensors.[3] Recently,
the co-existence of ferroelectricity and ferromagnetism in
polymeric multiferroics opens up a host of new functionalities
that are absent in each of the individual component,[4] such as
the magnetoelectric (ME) coupling or optically tunable ME
effects. The room temperature ME effects of charge-transfer
materials are currently focused on the organic complex
materials, such as organic semiconducting poly(9-vinylcarba-
zole):1,2,4,5-tetrachloro-3-nitrobenzene donor–acceptor sys-
tems.[5] In addition, supramolecular charge-transfer com-
plexes result in the formation of dipoles that can exhibit
ferroelectricity due to a collective transfer of electrons from
donor to acceptor.[6] Compared to all organic charge-transfer
complex systems, ultrasmall noble metal nanoclusters as
electron acceptors could provide the control of charge-
transfer induced multifunctionalities, due to their tunable
band structures by alteration of the nanoclusters size.[7]

Ultrasmall noble metal nanoclusters (i.e., with diameters
less than 2.5 nm) are considered to be semiconducting quasi-
molecules and their physical and chemical properties are
distinct from their metal counterparts.[8] The optical transition
of metal nanoclusters confirms that their band gaps are well
structured between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO).[7a, 9] The band gap (ranging from 0.1 eV to 2 eV)
can be tuned by changing the size of nanoclusters, and it will

vanish at bigger nanocluster sizes.[7b,c] Nanoclusters have been
reported with sizes smaller than the 2.5 nm,[10] and therefore,
are suitably sized for becoming a promising candidate as the
acceptor material in charge-transfer complex systems.

Here, we report Au nanocluster (acceptor)–crystalline
polymer (donor) material (Au:P3HT nanohybrid; P3HT=

poly(3-hexylthiophene-2,5-diyl) with a focus on its charge-
transfer dependent spin resonance, magnetic, and optoelec-
tronic properties. By tuning Au nanocluster ratios, we show
the controllable photoabsorption, magnetism and electric
field dependent susceptibility of charge-transfer nanohybrids.
Au nanocluster enhanced photoabsorption and conductivity
significantly improves power conversion efficiency (14%
increase) of the nanohybrid-based photovoltaics. Moreover,
the ME coupling effect and magnetic field sensing behavior of
Au:P3HT nanohybrids is shown by tuning the ratio between
singlet and triplet charge-transfer states.

Block copolymers have been utilized as the nanoreactor
to synthesize and self-assemble periodic nanocluster features.
In this work, to control the size and ratio of Au nanoclusters,
we apply block copolymer polystyrene-b-poly(4-vinylpyri-
dine) (PS-b-P4VP) to synthesize and assemble Au nano-
clusters due to the electrostatic interaction of the pyridine
moiety and the gold complexes. The ratio between PS and
P4VP blocks dictate the Au nanocluster distribution and its
geometry within the P4VP domain. The resulting Au nano-
clusters are embedded into the P4VP domain which can
prevent them from aggregating into metallic Au nanoparti-
cles. The average size of Au nanoclusters can be tuned from
1 nm to 2.2 nm by controlling the HAuCl4 loading concen-
tration, which has been confirmed in our previous work.[10]

Due to the thiophene nanowire backbone and hexal–hexal
spacing, the Au nanocluster (average size 1.9 nm) selectively
interacts with P3HT nanowires to form the charge-transfer
nanohybrids. The schematic Au:P3HT nanohybrids (Fig-
ure 1a) indicate self-assembly and the distribution of Au
nanoclusters and P3HT nanowires, which is confirmed by the
TEM image as shown in Figure 1 b. By increasing the Au
nanocluster loadings, the nanohybrid solution becomes
darker due to a red shift in the photoabsorption (Figure 1c).
It should be noted that the photoexcitation can initiate
charge-transfer between semiconducting Au nanoclusters and
P3HT nanowires. The photoabsorption spectra of Au:P3HT
nanohybrids, with different ratios, are shown in Figure 1d. By
increasing the loading ratio of Au nanoclusters, the NIR
photoabsorption becomes more pronounced. Considering
that electrons can be directly excited from donor to
acceptor,[11] an increased Au nanocluster loading will enable
more electrons to be excited from the P3HT nanowire to the
Au nanocluster, which significantly enhances the NIR photo-
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absorption. The absorption peaks at 780 nm, 800 nm, 820 nm
and 850 nm are corresponding to Au:P3HTratios of 0.5:1, 1:1,
2:1 and 3:1, respectively. A larger size of Au nanoclusters
could yield a smaller band gap. As shown in the inset of
Figure 1d, as the Au nanocluster band gap becomes smaller, it
needs less energy (E2<E1) to excite electrons from the
donor�s HOMO to the acceptor�s LUMO, which is respon-
sible for the red-shift of the absorption spectra by increasing
the Au nanocluster loading ratio.

To fine-tune the charge-transfer states, we thermally
manipulate the distance between Au nanoclusters and
P3HT nanowires. As shown in Figure 2a, the charge-transfer
induced absorption of the Au:P3HT nanohybrid exhibits
a reversible behavior under heating–cooling cycles, due to the
thermally induced distance extension from the Au nano-
cluster to the P3HT nanowires (Figure 2b). As shown in the
inset of Figure 2a, R is the radius of P3HT nanowire, and r
represents the distance between the P3HT nanowire and the
Au nanocluster tuned by temperature. The charge-transfer
induced built-in electric field between the P3HT nanowire

and the Au nanocluster (hole in P3HT nanowire and electron
in Au nanocluster) can be expressed as:

E ¼ h

2pe0er

1
r

(P3HT nanowire length is considerably larger than the
distance r), where h is linear density of charge of the P3HT
nanowire, and er is the dielectric constant. The Coulomb
energy of exciting one electron form the P3HT nanowire to
the Au nanocluster is shown as:

EC ¼
he

2pe0er
ln

r
R

� �
:

A larger distance, r, in Au:P3HT nanohybrids, induced by
a higher temperature, would need higher energy to overcome
the Coulombic interaction, which will weaken the charge-
transfer absorption between the P3HT nanowire and the Au
nanocluster. Therefore, the NIR absorption is suppressed
under higher temperatures. In addition, the NIR absorption is
not observed within the samples composed of P3HT nanowire
only (see the Supporting Information).

Charge-transfer states can dissociate into free charge
carriers in Au:P3HT nanohybrids. By applying a magnetic
field, B, and microwave radiation on the sample, the transition
between spin-up and spin-down electrons can take place,
thereby allowing an electron spin resonance (ESR) that can
be detected (the detailed ESR spectra is shown in the
Supporting Information). For a given material, if the ESR line
width is fixed, the presence of a strong ESR signal indicates
a large magnetic susceptibility. As shown in Figure 3a, the
susceptibilities of Au:P3HT charge-transfer nanohybrids
decrease as the temperature is increased. In most materials,
the susceptibility follows Curie�s law:

c / n0

T
m2

B,

Figure 1. a) Au nanocluster:P3HT nanowire complex. b) TEM image of
Au:P3HT nanohybrids, in which the Au nanoclusters are arranged into
the P4VP domain. c) Vial 1: P3HT solution; vial 2: P3HT nanowire
solution; vials 3–5: Au:P3HT nanohybrid solutions at 0.5:1, 1:1, and
2:1 ratio, respectively. d) Photoabsorption spectra of Au:P3HT nano-
hybrids at different loading ratios. The inset shows the size effect of
Au nanoclusters on the LUMO level.

Figure 2. a) Photoabsorption spectra of Au:P3HT nanohybrids under
heating and cooling. The inset shows a schematic drawing of Au
nanoclusters and P3HT nanowire. b) TEM image of Au:P3HT nano-
hybrids after 350 K thermal annealing.

Figure 3. a) Temperature-dependent magnetic susceptibilities of
Au:P3HT nanohybrids at different molar ratios. b) Conductivity as
a function of the Au:P3HT ratio. c) Temperature-dependent suscepti-
bility simulations. d) M–H loops of Au:P3HT nanohybrids at 0.5:1 and
1:1 ratios.
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where n0 is the initial carrier density. From this, it is shown
that temperature can induce a decrease of susceptibility.
However, taking into account the thermally excited carriers,
the total susceptibility can be expressed as:

c / n0 þ nðTÞ
T

m2
B,

where n(T) is the thermal excitation induced carrier density,
which is determined by the band gap Eg of the semiconductor:

nðTÞ / expð�Eg=2 kB TÞ:

It should be noted that more charge carriers will be produced
by increasing the Au nanocluster acceptor ratio due to charge-
transfer dissociation, which could make the initial carrier
density, n0, become larger. In semiconductor materials, the
conductivity, s, is determined by carrier mobility, m, and
carrier density, n : s = n em. Therefore, the conductivity of
Au:P3HT nanohybrids increases with the Au nanocluster
ratio, as shown in Figure 3 b (The details of the device
current–voltage performance are shown in the Supporting
Information). Figure 3 a shows that susceptibilities decrease
faster with temperature under a larger Au nanocluster ratio
due to the increased initial carrier density. Therefore, we can
calculate the temperature dependent susceptibilities with
different initial carrier densities, as shown in Figure 3 c, which
matches the experimental results well. The magnetization
hysteresis (M–H) loop is shown in Figure 3d for different Au
nanocluster loading ratios. A 1:1 ratio of Au nanoclus-
ter:P3HT shows a higher saturation of magnetization than
that of the 0.5:1 nanohybrid, which further confirms the
charge-transfer related magnetism. Singlet charge-transfer
states could transfer into triplet states after applying a mag-
netic field.[12] Because charge-transfer is a transitional state, it
will dissociate into free charge or recombine into excitons.
Therefore, a higher Au nanocluster ratio in the Au:P3HT
nanohybrids will induce more triplet exciton density with the
effect of a magnetic field, which can contribute to the triplet
excitonic ferromagnetism.[4b]

Figure 4a shows the current density–voltage (J–V) curves
of organic P3HT nanowire and PCBM (phenyl-C61-butyric
acid methyl ester) solar cells with and without Au nano-
clusters, respectively, in which the short circuit current (Jsc)
increases when the Au nanoclusters are present. The external
quantum efficiency (EQE) of the nanohybrid devices is

shown in Figure 4 b, in which the photocurrent at a 850 nm
wavelength matches well with its charge-transfer induced
NIR absorption due to the Au nanocluster loading. In
addition, Au nanoclusters have a close interaction with the
P3HT nanowire (as shown in the TEM image of Figure 1 b).
Therefore, the electron–hole (e–h) distance (hole in P3HT
nanowire and electron in PCBM) increases with the loading
of the Au nanoclusters, which will contribute to the photo-
current due to the increased carrier density through efficient
e–h dissociation. At 0.02 % loading of the Au nanoclusters,
the power conversion efficiency of the organic solar cells is
increased to the maximum value (Figure 4c). The aggregation
by further increasing the Au nanocluster ratios will largely
decrease the photocurrent (as shown in the EQE spectrum,
Supporting Information).

To study the magnetoelectric effect in Au:P3HT nano-
hybrids, electric field tunable ESR is presented, as shown in
Figure 5a. A slight decrease in the spin resonance field is

observed after increasing the applied electric field. In organic
materials, electric fields can tune the coupling of polarons
with an optical mode, an acoustic mode, or both. Therefore,
the applied electric field can affect the velocity and local-
ization of the polaron,[13] which will determine the value of the
polaron g factor. From the equation of gmBB = hn, where
microwave frequency n = 9.7 GHz is used in measurements, it
should be noted that decreasing the resonance field with an
electric field means an increase of g factor. The g factor is
increased from 2.004 (without electric field) to 2.007 with the
applied electric field of 50 MVm�1 (Figure 5a). As shown in
Figure 5c, both the current density and magnetic field effect
are small in Au:P3HT nanohybrids. By adding the PCBM
phase into Au:P3HT system, the electric field tunable ESR
signal is more pronounced (as shown in Figure 5b), which is
also confirmed by the high current density in the devices
(Figure 5d). In addition to electric field dependent ESR,
a magnetic field can also tune the ratio between singlet and

Figure 4. a) J–V curves of P3HT nanowire:PCBM and Au nanocluster
loading in P3HT nanowire:PCBM (0.02:1 ratio). b) EQE spectra of
nanohybrid solar cells with different Au nanocluster loading ratios.
c) Power conversion efficiency of nanohybrid solar cells as a function
of Au nanocluster loading ratios.

Figure 5. a,b) Electric field dependent ESR spectra of Au:P3HT nano-
hybrid (a) and Au:P3HT:PCBM devices (b) at room temperature.
c,d) Magnetic field sensing results for Au:P3HT nanohybrid (c) and
Au:P3HT:PCBM devices (d).
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triplet states, which can cause magnetic field effects.[14] In
particular, singlet and triplet charge-transfer states can be
readily tuned by an applied magnetic field when the e–h
distance is large (a larger e–h distance means a smaller
exchange interaction of charge-transfer).[12] As mentioned
above, Au nanoclusters could increase the e–h distance
between the P3HT nanowire and the PCBM phase, leading
to the pronounced magnetic field effects (Figure 5d). How-
ever, a much higher magnetic field is needed to tune singlet
and triplet ratios due to a larger exchange interaction of
charge-transfer (the e–h distance is small in both Au:P3HT
nanohybrid and P3HT nanowire:PCBM). Therefore, the
magnetic field effects of Au:P3HT nanohybrid and P3HT
nanowire:PCBM is rather weak (Figure 5 c and Supporting
Information). The PCBM doped Au:P3HT nanohybrid
system shows great promise as an organic magnetic field
sensor.

In conclusion, we present optoelectronic and magnetic
properties of Au:P3HT nanohybrids by controlling the
charge-transfer interaction. The Au nanocluster:P3HT
charge-transfer assembly enables a broad photoabsorption,
which can be tuned by the size of Au nanoclusters. The
thermal-responsive photoabsorption of Au:P3HT nanohy-
brids is controlled by the thermally tuned distance between
the P3HT nanowire and Au nanoclusters. The nanohybrid
photovoltaic device exhibits 14 % increase of power con-
version efficiency due to the Au nanocluster enhanced
photoabsorption, conductivity and charge separation. The
electric field controlled spin resonance and magnetic field
sensing is demonstrated, which shows a great promise for the
integration of optoelectronics and magnetism of charge-
transfer systems.

Experimental Section
Synthesis of Au:P3HT nanohybrids: Polystyrene-b-poly(4-vinylpyr-
idine) (PS-b-P4VP, molecular weights of PS and P4VP are 19 kgmol�1

and 5.2 kgmol�1, respectively) is used to reduce gold cation Au3+ to
form Au nanoclusters. PS-b-P4VP (concentration 0.5 mgmL�1) and
HAuCl4 are dissolved into tetrahydrofuran at 1:1 molar ratio. The PS-
b-P4VP:HAuCl4 solution is mixed with the crystalline thiophene
nanowire solution (1,2-dichlorobenzene) at different ratios in an N2

glovebox.
Device structure: The device consists of the following sequence of

films: ITO/poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)
(PEDOT-PSS)/active layer/Al. PEDOT:PSS (Baytron PVP CH 8000)
is spin cast onto a 0.5 � 0.5 in2 glass substrate with pre-patterned ITO
electrodes. The nanohybrid solution is spun at 1000 rpm for 1 min,
and subjected to annealing overnight in 1,2-dichlorobenzene solvent.
The device was annealed at 140 8C for 10 min. The 120 nm thick Al
top contact layer was evaporated at a rate of 0.1 nms�1 as the cathode,
through a shadow mask to generate an array of patterned electrodes
(the active photoactive area is 0.01 cm2). The final device area was
defined by the overlap between the top and bottom electrodes.
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