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Abstract: A novel nanocomposite of P3HT and Ag nanoparticles (Ag-P3HT) has been
synthesized by laser ablation. The fluorescence wavelength of the nanocomposite can be
tuned by varying the ablation duration. The steady-state emission maximum at 580 nm for
pristine P3HT shows significant blueshift to wavelengths ranging from 520 to 550 nm for Ag-
P3HT. NMR, FTIR and XPS spectroscopy confirm that chemical links are formed between
P3HT and silver nanoparticles (NPs) in the nanocomposite. For the sample with an emission
maximum at 530 nm, '"H NMR spectra indicate that 66% of the P3HT thiophene ring protons
are replaced by Ag NPs. Time-resolved spectroscopy demonstrates that charge transfer
efficiency increases for Ag-P3HT and this is attributed to the enhanced intimate interfacial
contact between the chemically-bonded metal NPs and polymer chains. The synthetic route
outlined provides a one-pot and green strategy for producing metal-organic polymeric
materials, with controlled luminescence wavelengths and efficient photoinduced charge
transfer that meet the requirement for developing high-performance organic light-emitting
and photovoltaic devices.
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1. Introduction

Metal-organic luminescent materials have been extensively investigated and applied in
lighting, display, sensing, and optical devices [1-3]. Metal-polymers integrate the optical,
electronic, magnetic, and chemical properties of metal complexes with the specificity and
highly ordered structures of polymers [4,5].

Poly(3-hexylthiophene) (P3HT) is a conjugated polymer that is often used in organic
light-emitting and photovoltaic devices. P3HT fluoresces over a broad range (500-900 nm)
and its absorption and emission arise from n-m* transitions associated with the conjugated
thiophene rings. The bandgap and the luminescence wavelength can be manipulated by
chemically linking the thiophene moieties to metals or other semiconductor components,
often facilitating the migration and dissociation of excitons and promoting photovoltaic
performance.

In most previous studies, metal nanoparticles (NPs) were merely physically mixed with
P3HT to enhance the free charge transfer [6]. In the resulting mixture, the charge transfer
between P3HT and the metal is hindered by the insulating medium as well as the strong phase
segregation associated with physical mixing. Several research groups reported that inorganic
NPs or nanorods (NRs) could be chemically-grafted to P3HT, showing improvements in
terms of generation efficiency of free charge carriers [7-9]. However, up to now, only pre-
modified P3HT (e.g. SH- or vinyl- terminated P3HT) has been used in all the
functionalization by chemically grafting. The chemically bonded NPs are thus rather isolated
from the main chain and the fluorescence of P3HT has not been affected. To the best of our
knowledge, incorporation of the metal into the thiophene ring moiety of P3HT to produce
complex nanocomposite has not been explored to date.

To incorporate metal NPs into the organic polymers, there are a multitude of synthetic
methodologies available [10-12]. Among them, the conventional synthetic strategies are
either ligand exchange or using coupling chemicals to combine metal to polymers under
hydrothermal conditions [10,11]. Catalysts or surfactants are usually required to implement
the reaction [12,13], and multiple steps involved in the process are time consuming. As an
attractive technique characterized by non-equilibrium phase change, laser ablation fabrication
in liquids is a rapidly-developing green approach, which does not require an intermediate
workup process or any potentially toxic catalyst [14,15].

When a laser beam is focused on the surface of a silver target immersed in a solution, the
super-heating plays a critical role in the early stage (0-20 ns), resulting in excited Ag ions.
Due to the Ag plasma expansion, a shock wave is emitted, followed by a cavitation bubble
formation, expansion and collapse [14,15]. During pulses of laser-induced Ag plasma in the
liquid, the excited Ag ions are reactive, offering a highly promising approach to produce
metal nanostructures in a simple and controllable process [14].

In this work, we present an efficient and convenient route based on laser ablation to
chemically link neat P3HT to silver NPs, forming a novel organic-metal Ag-P3HT complex
nanocomposite. The aim is to achieve tunable luminescence of Ag-P3HT via chemically
tethering metal NPs to the thiophene ring of P3HT. During the laser ablation process, the
laser induced Ag plasma associated with high pressure and temperature in local domains,
promotes the reaction of Ag ions with P3HT [14,15]. In 30 min, a novel nanocomposite, Ag-
P3HT, can be successfully prepared. The structure of the novel nanocomposite was confirmed
by '"H NMR, FTIR and XPS techniques. The nanocomposites exhibit tunable luminescence
and improved charge transfer efficiency.

Thanks to the chemical bond between Ag and P3HT, the as-prepared Ag-P3HT shows a
strong blueshift in the steady-state absorption and photoluminescence (PL)spectra. Time-
resolved fluorescence spectroscopy shows chemically-bonded Ag-P3HT is superior to
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pristine P3HT and physically-mixed Ag/P3HT in terms of exciton dissociation and charge
carrier migration.

2. Experimental

P3HT (Poly(3-hexylthiophene-2,5-diyl), >90% region regular, average molecule weight: 60k)
was purchased from Sigma-Aldrich and dissolved in chloroform at a concentration of
0.5mg/ml. P3HT solutions were stirred overnight. During the laser ablation process, a well-
polished pure (99.99%) Ag target was placed on the bottom of a glass bottle filled with the
P3HT solution. A Q-switched Nd-YAG laser (Quanta Ray, SpectraPhysics) operates at a
wavelength of 1064 nm with a pulse duration of 10 ns and repetition rate of 10 Hz. The laser
beam was focused onto the target by a quartz lens with a focal length of 45 mm and the
average laser spot size at the target was measured to be Imm. The laser beam intensity was
about 6 GWem™ and the ablation lasted for 15/30/40/50 min [15].

Subsequently the nanocomposite of Ag and P3HT was characterized using 'H NMR
spectra which were acquired in deuterochloroform (CDCIl;) on a Bruker DMX-300 nuclear
resonance spectrometer. High-resolution transmission electron microscopy (HRTEM) images
were obtained with a JEOL JEM-3000F microscope. The samples were prepared by dropping
dilute solutions onto carbon-coated copper grids and the solvent was allowed to evaporate in
air. Fourier-transform infrared (FTIR) spectra were obtained at room temperature in the
transmittance mode using a Bruker ALPHA-T infrared spectrometer within the wavenumber
range of 400-2000 cm™' at a resolution of 1.43 cm™. XPS was characterized on an X-ray
photoelectron spectrometer (ESCALAB250, Thermo Fisher SCIENTIFIC) with a pressure
<107 Pa.

The optical absorption spectra were collected using a UV-visible dual-beam
spectrophotometer (UV-1800, Shimadzu). Steady-state PL measurements were carried out
using a PG2000-Pro-EX spectrometer with an excitation wavelength of 400 nm. Time-
resolved fluorescence characterization was performed using the time-correlated single-
photon-counting (TCSPC) technique [16]. The excitation wavelength is 400 nm from the
second harmonic output of a Ti: sapphire laser (Maitai HP, Spectra-Physics) at 80 MHz. The
time-resolved PL data were collected by a Halcyone spectrometer (Ultrafast System). The
measurement error of the spectrometer is about + 25 ps. The data were fitted using
exponential convolution methods.
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3. Results and discussion

Emission tuning and morphology of Ag-P3HT

Laser ablation

P3HT solution Ag-P3HT solution

edN vb 2

Normalized PL Intensity (a.u.)

450 500 550 600 650 700
Wavelength (nm)

Fig. 1. Top: Illustration of experimental setup for fabrication of the Ag-P3HT nanocomposite
by pulsed laser ablation. Ag target was immersed in a chloroform solution of P3HT. The
photos show the fluorescence of chloroform solutions of P3HT (left) and Ag-P3HT (right)
under UV illumination. Bottom: Wavelength tuning of PL for as-prepared Ag-P3HT a,
emission maximum at 580 nm for P3HT; b-e, emission maxima at c.a. 550, 540, 530 and 520
nm respectively for Ag-P3HT.

As depicted in Fig. 1, a laser beam was focused on the surface of a silver target immersed in
the P3HT solution. The central emission wavelength is 580 nm for a P3HT solution. After
laser ablation for 15, 30, 40 and 50 min, the emission peak can be controllably tuned to c.a.
550, 540, 530 and 520 nm respectively. In the following section, we will present the
experimental results to show that the solution is composed of new materials: nanocomposite
of Ag and P3HT referred as Ag-P3HT. That is, the organic conjugated polymer P3HT was
grafted onto Ag NPs via chemical links. In the following experiments, we report the sample
with emission maximum at 530 nm as an example and exclude the possibility that the
observed fluorescence change is due to Ag NP alone or degraded P3HT arising from the
thermal effects of the high-power laser.
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Fig. 2. (a) TEM image of pristine P3HT. TEM images of Ag-P3HT at low (b) and high
magnification (c¢). (d) HRTEM image of Ag-P3HT.

Figure 2 shows the TEM images of pristine P3HT and as-prepared Ag-P3HT. In contrast
to the neat P3HT with a porous film-like structure (Fig. 2(a)), silver NPs with sizes in a range
from several to tens of nanometers were observed to be accrete and coexist within the P3HT
matrix (Fig. 2(b) and 2(c)). Silver NPs formed in P3HT during the reaction process have been
coated with an organic matrix of P3HT via chemical bond interactions. The well-dispersed
Ag-P3HT nanocomposites have organic and inorganic phases at the molecular level. The
HRTEM image in Fig. 2(d) provides typical nano-structural details of the as-prepared Ag-
P3HT nanocomposite. The region in Fig. 2(d) with a lattice-fringe distance of 0.238 nm could
be indexed with reference to the Ag (111) plane structures of the fcc silver crystal (JCPDS
04-0783).

Chemical binding in Ag-P3HT characterized by "H NMR, FTIR and XPS

'H NMR spectroscopy was performed in order to elucidate unambiguously how P3HT is
chemically bonded to Ag NP. Figure 3 exhibits the '"H NMR (300MHz) spectra of P3HT and
Ag-P3HT in the solvent CDCI;. The peak at 7.26 ppm in both spectra for pristine P3HT and
Ag-P3HT composite is from CDCIl;. The chemical shifts are 6.98 (s, 1H), 3.27 — 2.26 (m,
2H), 2.22 — 1.06 (m, 8H), 0.91 (t, ] = 6.8 Hz, 3H) for pristine P3HT and 7.07 (s, 0.34H), 2.77
(d, J =48.8 Hz, 2H), 1.38 (dd, J = 66.7, 49.4 Hz, 8H), 0.88 (t, J = 6.2 Hz, 3H) for Ag-P3HT.
The peak at 6.98 and 7.07 ppm in each sample is attributed to protons on the thiophene ring
moiety. The ratio intensity at ~7 ppm decreases from 1 for pristine P3HT to 0.34 for Ag-
P3HT nanocomposite which was fabricated by laser ablation of 40 min, which indicates about
66% of hydrogen atoms on the thiophene rings in P3HT chains are replaced. When ablated
for 50 min, the as-prepared Ag-P3HT has even smaller peak intensity at 7.07 ppm, i.e. 0.25. It
implies that more hydrogen atoms are replaced by Ag NPs as the ablation duration increases,
which is probably correlated with the blueshift of PL maximum. The alkyl proton signals are
always observed to be in a quantitative ratio of 2:8:3, demonstrating the hydrogen atoms on
the hexyl side chain are chemically unaffected. However, the three groups of hexyl proton
peaks all become apparently wider. It may be associated with the formation of a chemical
bond. Carbon(4) serves as a metal binding site and the chemical link was formed between
thiophene rings and Ag NPs [17]. It is a C-H o-bond metathesis process. P3HT chains bind to
and cap the surface of Ag NPs.
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Fig. 3. '"H NMR (300 MHz, CDCl;) spectra of pristine P3HT (first row) and Ag-P3HT which
was fabricated by laser ablation for 40 (second row) and 50 (third row) min. The top inset is
the molecular structure of P3HT. The bottom inset is a schematic representation of the grafting
position of P3HT to Ag NPs.

Silver NPs chemically linked to the thiophene carbon(4) influence other bonding
properties of the thiophene rings, which can be revealed by FTIR spectra (see Fig. 4(a)). All
the IR absorption bands of the thiophene ring are located between 400 and 2000 cm™'. The
spectrum of pristine P3HT show the following characteristic bands: 822 cm™ (out-of-plane
C—H vibration in the thiophene ring), 1087 cm™" (C-S stretching in the thiophene ring), 1375
em™ (methyl bending), 1458 cm™ (aromatic C = C symmetric stretching), 1510cm™
(aromatic C = C asymmetric stretching) [18]. For Ag-P3HT, the intensity of the bands at 822,
1458 and 1510 cm™ is reduced considerably but not the band 1087 at cm™. This indicates
there is strong interaction between P3HT and the metal atoms. The C-S bond is the furthest
away from the Ag NPs and hence is least affected. FTIR validates the NMR results that Ag
NPs are chemically bonded to carbon(4) of the thiophene rings of P3HT.

14.0k
= (a) ’ \\\ (b) (c) Ag 3d scan
£ \[V pauT P3HT 3.0k
) 1 > N
o 2
S v 2
£ \ l’ € 10.0k
5 2
s S _Ag-P3HT Agp3uT | ©
= ’_\/_’*‘ &K
6.0k
400 800 1200 1600 2000 1400 1450 1500 1550 1600 365 o 370 375
Wavenumber (cm™) Wavenumber(cm'l) Binding energy (eV)

Fig. 4. (a) FTIR spectra of pristine P3HT and Ag-P3HT. (b) An expanded view of the FTIR
data in the region 1400-1600 cm™. (c) XPS spectra for 3ds;, and 3ds, Ag bands in Ag-P3HT.

The intensity ratio between the symmetric C = C stretching peak at 1458 cm™ and the
asymmetric stretching peak at 1510 cm™ as displayed in Fig. 4(b) is indicative of the
conjugation length of the P3HT polymer chain according to Chen et al [19]. Longer
conjugation length in the polymer backbone results in a smaller Igm/lym ratio. While the ratio
is only 2 for pristine P3HT [16], it is 10.34 for Ag-P3HT, which suggests the conjugation
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length is decreased in the chemically-linked Ag-P3HT nanocomposite. The conjugation
length is related to the luminescent properties of P3HT derivatives [20]. It is consistent with
the variation in photoluminescence shown later in Fig. 5.

X-ray photoelectron spectroscopy (XPS) is used to confirm the valence state of silver in
Ag-P3HT. Two bands are observed at 367.4 and 373.4 eV, corresponding to the binding
energies of Ag 3ds, and Ag 3d;), respectively (Fig. 4(c)), which are attributed to Ag(I) in the
nanocomposite of P3HT and Ag NP. It is different from the Ag3ds, peak centered at 368.2—
368.3 eV for the metallic Ag(0) [21]. Thus silver does not exist as Ag(0) in Ag-P3HT, but is
chemically-tethered to P3HT in the Ag(]) state. This is consistent with Ag NP replacing H in
the C-H o-bond of thiophene in the metathesis process. The bond -C-S-Ag reported in
previous studies [22] which corresponds to a peak at 161.8 eV was not observed in the as-
prepared Ag-P3HT. This is in good qualitative agreement with the FTIR result that C-S bond
was not influenced in the chemical reaction.

Luminescent properties of AG-P3HT

i (a) —P3HT

= P3HT laser-ablated
= Chemical linked
=== Physically mixed

[

o
®

o
o

o
IS

o
N

4
=)

Normalized Absorption (a.u.)

300 400 500 600 700

Wavelength (nm)
40004 " =——P3HT
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g 3000 .
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g 2000 :
E |
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I
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Wavelength (nm)

Fig. 5. Steady-state absorption (a) and PL (b) spectra of the solution of pristine P3HT, laser-
ablated P3HT, chemically-linked Ag-P3HT nanocomposite, and physically mixed Ag
NP/P3HT.

The absorption and emission were investigated for pristine P3HT, the as-prepared Ag-P3HT,
as well as laser-ablated P3HT and physically mixed Ag NP/P3HT (see Fig. 5). To ensure the
fluorescence changes do not arise from Ag NP or degraded P3HT due to the thermal effect of
the high-power laser, P3HT and the Ag target were separately ablated in chloroform by the
laser. The solution of Ag NP is not luminescent. This solution was afterwards physically
mixed with P3HT. P3HT was ablated for the same time duration as Ag-P3HT. The laser-
ablated P3HT is stable and the fluorescence spectrum remained unaltered. Hence, it may be
concluded that the PL at 530 nm originates from Ag-P3HT and not from thermal degradation
of P3HT or Ag NPs. Some research groups reported silver nanoclusters with diameters
smaller than 2 nm are luminescent and their fluorescence maximum resides around 680 nm
[16,23,24]. Since it was not observed in the PL spectra, we conclude that the luminescent Ag



Research Article Vol. 6, No. 10 | 1 Oct 2016 | OPTICAL MATERIALS EXPRESS 3071

= o

nanoclusters were not formed. P3HT chains grafted to Ag NP serve as a stabilizer to weaken
the aggregations of Ag NPs.

The absorption spectra of the pristine P3HT in chloroform exhibited a maximum centered
at 452 nm (2.74 eV), arising from the characteristic n-n* transition. This feature does not
occur in the chemically-linked nanocomposite Ag-P3HT whose absorption is blueshifted to

370 nm. According to (ahv)® = A(hv—E o) Where a is the absorption coefficient and hv is the

photon energy [25], the bandgap Eg is 2.30 eV for pristine P3HT, in good agreement with
literature values [14], and is 2.70 eV for Ag-P3HT. The absorption spectrum of laser-ablated
P3HT almost coincides with that of pristine P3HT, except for a minor discrepancy in the long
wavelength region 550-650 nm. This may be attributed to torsional defects of the thiophene
ring chains produced in the ablation. The physically mixed sample still maintains the specific
features at 452 nm and exhibits significant absorption below 400 nm due to the existence of
Ag NPs.

In the emission spectra, pristine P3HT, laser-ablated P3HT and physically mixed P3HT
and Ag NPs all show characteristic peaks at 580 nm (2.14 eV) and 633 nm (1.96 eV),
nominally regarded as 0-0 and 0-1 features and attributed to the emission of intrachain
excitons obeying the Franck—Condon principle. The difference in energy between the peak
and shoulder emission is ~0.18 eV and can be ascribed to stretching vibration energy of the C
= C bond in the polymer [26]. H-type (face-to-face) and J-type (head-to-tail) aggregates in the
regio-regular P3HT films have been proposed [27]. In H aggregate systems, 0-0 electronic
transitions between the ground state and the lowest energy level of the vibronic excited state
are forbidden by symmetry, giving rise to a much larger 0-1 intensity than the 0-0 sideband.
The intensity ratio 1o/l increases as P3HT is ablated or physically mixed with Ag NPs,
indicating the component ratio of the two aggregate types H-type/J-type gets larger. P3HT
chains undergoing laser ablation may break to form shorter ones with lower molecule mass
which prefer H aggregate. As to the case of physically mixed samples, the larger intensity
ratio Iy./Ip can be explained by the enhanced interchain interactions between neighboring
P3HT chains which are physically adsorbed to Ag NPs [28].

The chemically bonded sample exhibited essentially different behavior, i.e. the main
emission peak is blueshifted to 530 nm. Substituents such as Ag NPs affect the wavelength of
emission as steric interactions can produce out-of-plane twisting of the polymer backbone
[28]. The planarity of the conjugated polymer system is reduced in Ag-P3HT. Hence the
effective conjugation length is decreased which localizes the wave function of excitons to a
greater extent and therefore increases the bandgap [29]. The wavelength of the fluorescence
maximum blueshifts with longer ablation time because more Ag-C bonds are formed and
therefore increasingly change the conformation/planarity of the polymer. Ag-P3HT has a
more coil-like conformation that leads to a more difficult planarization process,
corresponding to the smaller Io/Iyo. The m-m stacking of thiophene rings and associated
electronic transitions serve as the primary origins of fluorescence in P3HT and its derivatives.
Therefore, the structural changes of thiophene rings induce a notable blueshift in absorption
and photoluminescence peaks (see Fig. 5) of the samples in our study.
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Photophysical characterizations of Ag-P3HT
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Fig. 6. Normalized time-resolved fluorescence decay profiles (TCSPC) of pristine P3HT and

Ag-P3HT in chloroform solution. The grey area denotes the instrument response function

(IRF).
To gain an insight into the charge transfer dynamics in Ag and P3HT nanocomposites, time-
resolved fluorescence measurements were performed using a time-correlated single-photon-
counting (TCSPC) methodology on four samples in chloroform solutions, (1) pristine P3HT,
(2) laser-ablated P3HT, (3) physically mixed Ag/P3HT, and (4) chemically linked Ag-P3HT
(Fig. 6). Physically mixed samples and laser-ablated P3HT were examined to unravel the
exact origins of the photophysical behaviors. The excitation wavelength was fixed at 400 nm
and fluorescence decay was detected at 580 nm, the P3HT emission peak, in all samples and
also at 530 nm, the Ag-P3HT emission peak, for Sample 4. The obtained fluorescence decay
curves were well-fitted by a single-exponential decay equation. The fitted data are listed in
Table 1. The fluorescence lifetime is 616 ps for pristine P3HT and decreased slightly to 570
ps after laser ablation. It is tentatively suggested that P3HT chains are thermally broken into
shorter ones in the ablation process, thus favoring interchain interactions which assist exciton
dissociation [26]. The physical mixtures Ag/P3HT also show a small decrease in fluorescence
lifetime to 562 ps, due to the limited interfacial contact and strong phase segregation of the
two components. The chemically-bonded Ag-P3HT, however, exhibited a much faster decay
lifetime of 358 ps which is attributed to the relaxation of singlet-state excitons [30]. Unlike
the physically mixed Ag/P3HT, in Ag-P3HT metal NPs and P3HT chains are held in
proximity via the stable chemical bond, facilitating the dissociation of excitons and charge
transfer [31]. This is similar to the processes in a copolymer [32], except that the separate
phase domain of Ag-P3HT is much larger than the one in a copolymer. Interchain interactions
associated with shorter decay times relative to the intrachain counterpart are enhanced due to
the neighboring P3HT chains that are chemically anchored to a same silver NP [16].
Nevertheless, it needs to be stressed that the above descriptions are just qualitative analysis on
the chemically-linked Ag-P3HT structure. The detailed quantitative results, such as the exact
number of polymer chains associated with each Ag NP, and the related mechanism by which
the ablation process results in bond formation between Ag NPs and P3HT, etc. are still not
exactly clear and remain to be explored.
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Table 1. Fit parameters for the fluorescence decays shown in Fig. 6. (All the samples were
dissolved in chloroform and excited at 400 nm.)*

Solution samples Detection wavelength Fitted time ©
(nm) (ps)
P3HT 580 616
P3HT ablated 580 570
Physical mixtures 580 562
Chemically-linked Ag- 580 412
P3HT 530 358

*Fluorescence decay curves are fitted to 1(t) = Ae™"

In accordance with the steady-state emission spectra, Ag-P3HT has a more coil-like
conformation and the polymer chains in Ag-P3HT are twisted with more torsional defects. In
this case the relaxation of excitons might be expected to be slower than that in pristine P3HT.
However, the decay time was observed to be much smaller for Ag-P3HT than for P3HT. The
shorter decay time can possibly be associated with the energy transfer from the excited state
of P3HT to the surface plasmon resonance (SPR) state of silver NPs [33], in addition to the
above mentioned interchain interactions and proximity due to the linking chemical bond
[30,31].

In organic polymeric semiconductor materials, e.g. P3HT in this work, excitons usually
recombine to emit fluorescence or dissociate at interfaces to generate free holes and electrons.
In an ideal scenario, there is no interfacial site in pristine P3HT and excitons can be expected
to recombine. Exciton dissociation in Ag-P3HT leads to the quenching of luminescence (Fig.
5(b)) and a faster fluorescence decay (Fig. 6). The efficiency of formation of free charge
carriers in Ag-P3HT can be derived from the fitted fluorescence decay parameters using [34]:

~1 TAg-P3HT
freecharge
Tpsur

where T, pyr and T, are the fluorescence lifetimes of Ag-P3HT and pristine P3HT
respectively. Therefore, for Ag-P3HT, @

interfaces and generate free charge pairs. The rate of change of exciton population can be
described according to [34]

=0.4, that is, 40% of excitons dissociate at

freecharge

dN(t) _

dt =(kgy (1) + kg (OIN(D)

where N(t) is the population of excitons, kg is the decay rate of exciton population due to
recombination leading to fluorescence, and kg5 the decay rate of exciton population due to
the dissociation at interfaces towards free holes and electrons. This equation can be

analytically solved to be N(t)=N(t= 0)e M WHas Oy e equation [35]
k. .7=4ncDR (l +R /A nDt) , the coefficient kg, depends on the concentration of interfacial

diss

contact sites c, the exciton diffusion coefficient D and R the distance of closest approach,
beyond which excitons tend to be separated rather than recombine. For pristine P3HT, c is

approximately 0, hence we have N(t):N(t:O)e’krLt because kg is 0 for P3HT. For
chemically-bonded Ag-P3HT and physically-mixed Ag/P3HT, N(t)=N(t= 0)e (nthas)t
The calculation based on the kinetic fluorescence properties
gives kdissAg—P}HT = Tpaur /TAg—PBHT —-1=0.7 and kdissAg/PSHT = Tpaur /TAg/PSHT -1=0.09 if

normalized to kg as 1. The population of exciton decays at a rate which is 700% larger in the
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complex nanocomposite than in physical mixtures, implying the interfacial contact, exciton
diffusion and finally the charge transfer and exciton separation efficiency is greatly enhanced
due to the presence of the metal-thiophene chemical bond.

The conjugated polymer P3HT shows strong fluorescence centered at 580 nm. When the
metal atom assemblies are introduced into the thiophene ring moieties, the luminescence of
P3HT is altered. Carbon(4) of the thiophene ring is the metal binding site. Our results indicate
a novel conjugation method of metal-polymer complexes by laser ablation, without any need
of catalyst, surfactant or hydrothermal treatment, providing a green, low-cost and convenient
synthesis technique. It paves the way to controllably adjusting the absorption and emission of
organic materials through chemically tethering diverse categories of metal atom assemblies
by this facile synthesis strategy. The method has great potential for the fabrication of various
metal-organic compounds for applications in full-color OLED, photovoltaics and bioimaging
etc.

4. Conclusion

In summary, novel Ag-P3HT organic-metal nanocomposites have been successfully
synthesized by laser ablation. The structures of the as-prepared Ag-P3HT were characterized
by NMR, FTIR and XPS spectroscopy. Steady-state absorption and emission spectra are
significantly blueshifted for Ag-P3HT with respect to pristine P3HT, confirming the
formation of chemical bonds between P3HT and silver NPs. The fluorescence wavelength can
be tuned by controlling the ablation durations. Time-resolved fluorescence spectra of
chemically bonded Ag-P3HT show a decay time of 358 ps, much smaller than 616 ps in
pristine P3HT or 562 ps in physically mixed Ag/P3HT. This specific luminescence property
is due to the metal NPs and P3HT chains being held in proximity via the stable chemical
bond, facilitating the dissociation of excitons and charge transfer. This feature, together with
enhanced interchain interactions and the SPR effect of Ag, significantly improves the
generation efficiency of free charge carriers in the chemically-bonded nanocomposite. Our
work provides an unconventional way to achieve conjugation of metal and organic polymers,
pointing to a possibility to control the emission of organic materials through chemically
tethering diverse categories of metal atom assemblies for potential applications in full-color
OLED, photovoltaics and bioimaging.
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