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ABSTRACT: We investigated the photophysical interaction between a
conjugated polymer (CP) and a plasmonic gold nanoparticle (Au NP)
using transient absorption spectroscopy. We prepared a hybrid system
containing CP-stabilized Au NPs by reducing a Au precursor directly
with a thiol-terminated poly(3-hexylthiophene) surfactant (P3HT-SH),
with the unreacted P3HT-SH chains used as an organic matrix. The
P3HT attached to the Au NPs plays two critical roles in our hybrid
system: it suppresses exciton quenching from the P3HT matrix to Au
NPs (the spacer role) and relays hot electrons induced by surface
plasmon resonance of Au NPs to P3HT (the bridge role). Thus, singlet
excitons are more slowly relaxed in our hybrid system than those in a
neat P3HT film. Our findings may provide important information for
development of the high-efficiency hybrid optoelectronic devices.

■ INTRODUCTION

Hybrid nanomaterials receive much attention because of their
potential for application in optoelectronics.1−15 The nano-
composites of semiconductors (SCs) and gold nanoparticles
(Au NPs), in particular, with their properties of surface
plasmon resonance (SPR),16−19 can induce unique photo-
physical phenomena such as hot-electron injection (HEI) and
plasmon-induced resonance energy transfer,1,3,20−27 and thus
deserve the focus in terms of being studied for application in
photovoltaic devices.28−31

To efficiently achieve the plasmonic hybrid systems
containing SCs with an enhanced emission property, the
singlet (S1)-exciton quenching loss that occurs between the
SCs and the Au NPs should be suppressed.15,31,32 In other
words, it is important to channel the flow of excess energy
generated by the SPR of the Au NPs to the SCs. The distance
between the components has an important effect on their
photophysical interactions in the hybrid systems.1,20−22

Therefore, a combination of conjugated polymers (CPs) and
Au NPs has an advantage in terms of developing the hybrid
systems with the enhanced emission property due to the
variety of nanostructures that they can be used to fabricate. In

addition, the end-functionalized CPs can protect the unstable
Au NPs in common solvents.9,15

In this study, we synthesized CP-stabilized Au NPs by
reducing an Au precursor directly with a thiol-terminated
regioregular poly(3-hexylthiophene) surfactant (RR-P3HT-
SH; 98% regioregularity) (Figure S1),9,15 and used the
unreacted P3HT-SH chains as an organic matrix. The content
of Au NPs in our hybrid system containing the unreacted
P3HT-SH chains is 12.8 wt %, which was obtained from the
thermogravimetric analysis.15 The gravimetric ratio of Au NPs
to P3HT is 3:1 in a pure P3HT−Au NP without the unreacted
P3HT-SH chains.9 Thus, the content ratio of Au NPs, the
P3HT-SH chains attached to Au NPs, and the unreacted
P3HT-SH chains in our hybrid system is 12.8:4.2:83.0 (wt %),
and the volume-fraction ratio of P3HT-coated Au NPs to the
P3HT matrix is about 1:99 (P3HT density: 1.10−1.16 g/
cm3).33
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■ EXPERIMENTAL METHODS

Synthesis. Propylthiol-terminated poly(3-hexylthiophene)
(P3HT-SH) with 98% regioregularity was synthesized using
Grignard metathesis reaction and characterized, as described in
detail elsewhere.15 P3HT-coated Au NPs (P3HT−Au NPs)
were synthesized by reducing an Au precursor directly with a
P3HT-SH surfactant, as described in detail elsewhere.9,15 For
the preparation of a thin-film sample, 10 mg of neat P3HT or
hybrid P3HT−Au NPs was dissolved in 1 mL of
chlorobenzene and spin-coated on a glass plate at 1500 rpm
for 60 s.
Characterization. UV−vis absorption spectra were meas-

ured using a PerkinElmer LAMBDA 1050 spectrometer, and
photoluminescence (PL) spectra were measured using a
HORIBA Jobin Yvon NanoLog Spectrofluorometer.9 Trans-
mission electron microscopy (TEM) images were obtained by
using a JEOL JEM-1011. A high-resolution TEM image was
obtained by using a JEOL JEM-2200FS equipped with the
Image Cs-corrector; a TEM sample was prepared by
evaporating and drying a colloidal droplet on a carbon-coated
copper grid under N2 in a glovebox at room temperature.9 2D
grazing incidence X-ray diffraction (GIXD) experiments were

performed using the synchrotron source at the Pohang
Accelerator Laboratory. 2D GIXD patterns were recorded
using a Rayonix SX165 2D CCD detector. For the femto-
second transient absorption (fsTA) data of the films, an
Ultrafast Systems HELIOS-Femtosecond Transient Absorp-
tion spectrometer and a Libra 1 kHz Femtosecond Ti:sapphire
Regenerative Amplifier system with a center wavelength of 780
nm and an 80 fs pulse duration were used. The laser beam was
divided by using a beam splitter. About 95% of the laser beam
was driven to a Coherent TOPAS Prime optical parametric
amplifier to be used as a tunable pump beam with a pulse
duration of 200 fs. The other 5% was focused on a 5 mm
sapphire crystal to generate a white-light continuum to be used
as a probe beam.9

Kinetic Analysis. For global and target analyses of the
fsTA data, we performed singular value decomposition using
MATLAB and Surface Xplorer software. The reconstructed
fsTA data fitted to the linear kinetic equations of eqs 1−3.
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Figure 1. (a) Schematic representing a plasmonic hybrid system containing P3HT-coated Au NPs. (b,c) Two-dimensional GIXD (2D GIXD)
images and (d) qz (out-of-plane) and qxy (in-plane) scans obtained from the GIXD images of the neat P3HT and hybrid P3HT−Au NPs films. (e)
Absorption (left) and PL spectra (right) of the neat and hybrid films (circles and squares, respectively). The samples were excited at 520 nm to
obtain the PL spectra.
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■ RESULT AND DISCUSSION
Figure 1a shows our plasmonic hybrid system based on P3HT-
coated Au NPs. We expected the P3HT chains attached to the
Au NPs, in their spacer role, to suppress the charge transfer
(CT) from the P3HT matrix to Au NPs. Then, to confirm the
preferential effect of the structure of the P3HT-coated Au NPs
on our hybrid system, we obtained 2D GIXD images of the
neat P3HT and hybrid P3HT−Au NPs films spin-coated onto
Si substrates (Figure 1b,c). The GIXD image of the neat P3HT
film shows that the (100) reflection with a d-spacing of 16.1 Å
is more clearly observed on the qz axis than on the qxy axis,
whereas the (010) reflection with a d-spacing of 3.8 Å (the red
lines in Figure 1d) has the opposite tendency. In another
contrast, the effect of the (010) reflection on the qz axis was
more intense in the GIXD image of the hybrid P3HT−Au NPs
film than in the GIXD image of the neat film. The effect (100)
reflection intensified on the qxy axis compared to what was seen
on the GIXD image of the neat film, and the effect of the (010)
reflection was still clearly observed on the qxy axis (the blue
lines in Figure 1d). This indicates that an edge-on orientation
exists more commonly than a face-on orientation in the neat
film (Figure 1b) and that both orientations coexist in the
hybrid film (Figure 1c).34

The absorption spectrum of the hybrid film has more
prominent peaks at 520 and 555 nm, which are usually
associated with the 0−2 and 0−1 transitions of aggregated
P3HT chains than the absorption spectrum of the neat film.
However, a peak around 605 nm, which is associated with the
0−0 transition of aggregated P3HT chains, shows the opposite
tendency (left in Figure 1e).9 A broad band in a high-energy
region (≤500 nm), which originated from the amorphous
P3HT domains, is larger in the absorption spectrum of the
hybrid film than in that of the neat film.35 Therefore,
incorporating the P3HT-coated Au NPs into the P3HT matrix
induced the face-on orientation and the disordered domains in
the hybrid film.

PL quenching is not observed in the PL spectrum of the
hybrid film compared to that of the neat film (right-hand side
of Figure 1e), implying that the S1 exciton quenching loss of
the matrix P3HT is suppressed in our plasmonic hybrid
system. To clearly elucidate the photophysical interaction
between P3HT and Au NPs, we obtained fsTA spectra of the
films. The transient absorption spectra (TAS) of the films
shown in Figure S2, which were obtained with a pump-
intensity of 25.4 μJ/cm2, indicate that three broad photo-
induced absorption bands around 650, 1050, and 1200 nm
were assigned to polaron pairs, positive polarons, and S1
excitons, respectively.9,36 The polaron-pair and positive-
polaron species can be generated from the quasi-continuous
band of higher S1 exciton states in highly regioregular P3HT
and their formation mechanism can be explained by the hot-
exciton dissociation model; the excess energy of the excitation
photon is needed.9,36 We used a pump wavelength of 520 nm
that is the higher energy than the band gap of our samples
containing the P3HT chains with 98% regioregularity. Thus,
the polaron pairs and the positive polarons can be generated
concurrently in our samples. Decay-associated difference
spectra (DADS, Figure S3) show three decay components in
the TAS of the films. The hybrid films (τ1: 0.6 ps, τ2: 7 ps, and
τ3: 475 ps) have slower decay dynamics than the neat film (τ1:
0.5 ps, τ2: 5 ps, and τ3: 217 ps). These results are critical
evidence that the P3HT chains attached to Au NPs in the
hybrid film suppressed CT from the P3HT matrix to Au NPs.
However, a nonlinear process such as S1−S1 annihilation

(SSA) occurs in the neat P3HT film when pumped with high
intensities above 5 μJ/cm2.36 The SSA may disturb the
possibility of a clear analysis of the SPR effect of Au NPs on S1
excitons of P3HT. Figure S4 and Table S1 show that the TA
kinetics with low pump intensities (those under 5 μJ/cm2)
decayed similarly, whereas the TA kinetics with high pump
intensities (those above 5 μJ/cm2) displayed pump intensity-
dependent decay dynamics. With increasing pump intensity,
the fraction of the longer component decreased, and the
overall decay times also decreased (Table S1). This result
suggests that the S1 excitons decayed almost linearly when
pumped under 5 μJ/cm2. Thus, we obtained TAS of the films
with a pump intensity of 1.58 μJ/cm2 to confirm the excited
state dynamics of our plasmonic hybrid system in the linear-

Figure 2. TAS of the (a) neat and (b) hybrid films. (c,d) DADS and (e,f) TA kinetics of selective wavelengths with the TA data fitted globally to
exponential decay equations [(c,e): the neat film; (d,f): the hybrid film]. The samples were excited at 520 nm of 1.58 μJ/cm2.
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decay regime while excluding SSA as much as possible (Figure
2).
The S1 exciton absorption band in the TAS of the neat film

was diminished from 583 fs at the almost same peak position
(green → blue → violet, Figure 2a). The S1 exciton absorption
band in the TAS of the hybrid film blue-shifted from 1170 to
1210 nm (green → blue) and increased to up to 757 fs (Figure
2b). We obtained four decay components (τ1: 0.6 ps, τ2: 4.5 ps,
τ3: 72 ps, and τ4: inf.) from the TAS of the neat film and three
decay components (τ1: 1.4 ps, τ2: 25 ps, and τ3: 4200 ps) from
the TAS of the hybrid film (DADS in Figure 2c,d). The TA
kinetics of the selected wavelengths fitted well to the
exponential decay equations shown in Figure 2e,f. The broad
bands around 1200 nm are clearly seen in the DADS, as solid
and dotted lines, whereas they disappeared from the DADS of
the dotted-dashed and dashed lines, having been replaced by
bands around 1050 nm. Thus, we assigned τ1 and τ2 to the S1
exciton dynamics and τ3 and τ4 to polaron dynamics.9,36 As
with the results in the nonlinear decay regime, the hybrid films
have much slower S1-exciton decay dynamics than the neat film
did in the linear decay regime. Recently, Dimitriev et al.37

reported that the S1-exciton relaxation time in highly ordered
P3HT films is longer than that in the disordered P3HT film.
Our hybrid film has more disordered P3HT chains than the
neat P3HT film has (see Figure 1e). Thus, we suggest that the
slowdown in the S1-exciton relaxation dynamics in the hybrid
film, compared to that in the neat film (0.6 ps→ 1.4 ps), is due
to the photophysical interaction between P3HT and Au NPs

rather than the structural change caused by incorporation of
the P3HT-coated Au NPs into the P3HT matrix.
In hybrid SCs and Au NPs systems, the hot electrons

induced by the nonradiative decay process of a plasmon can be
transferred to the SCs due to their higher energy compared to
a Schottky barrier at the metal−SCs interface.1,3,20 The CT
process from the SCs to Au NPs (the S1 exciton-quenching
loss) can be also generated at the metal−SCs interface, which
reduces the positive effect of the excess energy flow from Au
NPs to the SCs (the HEI).32 We suggest that the mechanism
of the photophysical interaction between P3HT and Au NPs in
our hybrid system is as follows: Upon excitation, the S1 exciton
quenching loss mainly occurred in the P3HT domains directly
attached to Au NPs, causing the hot electrons with a higher
energy than the Schottky barrier to be injected into the empty
conduction band of the P3HT chains attached to the Au NPs.
As the injected electrons are still hot electrons,1 and the main
matrix in the hybrid film is also P3HT, the excess energy of the
P3HT chains attached to the Au NPs can be delocalized to the
P3HT matrix. The CT from the P3HT matrix to Au NPs is
suppressed because the excess energy of the Au NPs flowed to
the P3HT matrix, resulting the slowdown on the S1-exciton
relaxation dynamics in the hybrid film compared to the neat
film.
To more clearly confirm the slowdown in the S1-exciton

decay dynamics in the hybrid film induced by the HEI, we
conducted a target analysis of the fsTA data with the linear-
kinetic schemes of 4−6 described in Figure 3a

Figure 3. (a) Schematic of the excited state dynamics used to globally fit the TA data of the neat and hybrid films and the HEI to P3HT induced by
SPR of Au NPs in the hybrid film. (b,c) SAS, (d,e) the normalized SAS, and (f,g) model population kinetics of the given species of S1′ and S1 states
and positive polarons (P+) [(b,d,f): the neat film; (c,e,g): the hybrid film].
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where P+ and P− are free polarons. The suppression of the S1
exciton quenching and the photophysical interaction between
the hot electrons and S1 excitons in the hybrid film is
schematically described in Figure 3a. The S1-exciton and the
positive polarons (P+) species are clearly seen around 1200 and
1150 nm, respectively, in species-associated spectra (SAS,
Figure 3b−e). This result is well-matched with the global
analysis result in Figure 2. Model population kinetics (Figure
3f,g) well indicate the slowdown in excited state dynamics in
the hybrid film compared to those in the neat film. The TA
kinetics of the selected wavelengths fitted well to eqs 1−3 and
are shown in Figure S5. The time constants obtained from this
analysis are listed in Table 1.

The polaron formation occurs in competition with the
relaxation of S1 excitons, which can be explained by the hot-
exciton dissociation model.36 The dense π−π stacking of the
P3HT chains induces the interchain CT excitons and facilitates
the dissociation of the CT excitons into free polarons by the
interchain delocalization.36 The hybrid film has more
disordered P3HT chains than the neat P3HT film has, while
the crystalline domains with the interchain interaction more
exist in the hybrid film than in the neat film (see the GIXD and
absorption spectra results in Figure 2). Thus, the free polarons
(P+ and P−) generated from the interchain CT excitons are
expected to be more generated in the hybrid film than in the
neat film. However, the target analysis result clearly shows the
opposite tendency. The spectrum of relaxed S1 species
(dotted) is definitely wider than that of nonrelaxed S1′ species
(solid) and red-shifted by 42 nm from that of the nonrelaxed
S1′ species in the neat film (Figure 3d). In contrast, the
spectrum of relaxed S1 species (dotted) is almost similar to that
of nonrelaxed S1′ species (solid) and only red-shifted by 24 nm
from that of the nonrelaxed S1′ species in the hybrid film
(Figure 3e). The relaxation dynamics from S1′ to S1 (τ1, solid
→ dotted) is slower in the hybrid film (1.4 ps) than in the neat
film (1.2 ps). In particular, the formation dynamics of P+ (τ2,
solid → dashed-dotted) is much slower in the hybrid film (2.6
ps) than in the neat film (1.1 ps). The model population
kinetics (Figure 3f,g) clearly show the different formation
dynamics of P+ between the neat and hybrid films. These
results indicate that the relaxation dynamics from S1′ to S1 was
suppressed in the hybrid film compared to that in the neat film,
and the S1′ excitons were converted into P+ more in the neat
film than in the hybrid film. The excess energy flow from the
injected hot electrons to the P3HT matrix in the hybrid film
can raise the S1 excitons to the higher energy state. This

process occurred competitively with the formation of P+ and
delayed the relaxation dynamics of the nonrelaxed S1′ species,
resulting in the slowdown in the S1-exciton recombination
dynamics of the hybrid film (15.6 ps) compared to the neat
film (6.8 ps).

■ CONCLUSIONS

In summary, we prepared the plasmonic hybrid system
containing CP-stabilized Au NPs by reducing an Au precursor
directly with the P3HT-SH surfactant; the unreacted P3HT-
SH chains were used as the organic matrix to avoid the S1-
exciton quenching loss from P3HT to Au NPs. The
incorporation of the P3HT-coated Au NPs into the P3HT
matrix induced the face-on orientation and disordered domains
in the hybrid film. PL quenching was not observed in the PL
spectrum of the hybrid film when compared to that of the neat
film. We also confirmed the slowdown in the S1-exciton
relaxation dynamics in the hybrid film compared to that in the
neat film using fsTA data on these films. This result is critical
evidence that the CT from the P3HT matrix to Au NPs rarely
occurred in the hybrid film. We propose that the mechanism of
photophysical interaction between P3HT and Au NPs is based
on HEI induced by the SPR of Au NPs. The injected hot
electrons in the P3HT chains attached to Au NPs can be
delocalized to the P3HT matrix, resulting in the suppression of
the CT from the P3HT matrix to Au NPs and the flow of the
excess energy from the Au NPs to the P3HT matrix. Thus, the
P3HT attached to the Au NPs plays two critical roles in our
plasmonic hybrid system: its spacer role is in suppressing the
exciton quenching tendency of the P3HT matrix to Au NPs
and its bridge role is to relay the hot electrons to the P3HT
matrix. Our findings may provide important information for
development of the high-efficiency hybrid optoelectronic
devices.
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