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ABSTRACT: Poly(thiophene) (PTh) nanoparticles with various sizes were directly prepared by Fe3þ-
catalyzed oxidative polymerization of thiophene with varying hydrogen peroxide (H2O2) concentrations. In
the polymerization, the FeCl3/H2O2 (catalyst/oxidant) combination system was used as an initiator couple.
Under the optimized reaction condition, percentage monomer conversions were >90%. With increasing
H2O2molar concentration from 2.35 to 5.88M, the average sizes of the PTh nanoparticles decreased from 51
to 12 nm, and their photoemission wavelengths shifted from red to blue color at the maximum excitation
wavelength (λUV

max= 400 nm). However, themolecular weights of all PTh nanoparticles were∼3500 g/mol.
As a result, we could tune the emitting colors that resulted from variations of the effective conjugation chain
length by manipulating the size of PTh nanoparticles.

Introduction

Polythiophene (PTh) and its derivatives are a class of con-
jugated polymers. Their optical and electrical properties in the
bulk solid state have been studied extensively because of their
high potential for the applications of electronic and optoelec-
tronic devices, such as field-effect transistors,1,2 light-emitting
diodes,3,4 and solar cells.5,6 It is well known that their spectro-
scopic properties are closely related to coil-like, planar, and
distorted conformations of the polymer chain.7-9 In the coil-like
conformation, twisted adjacent thiophene rings make the con-
jugation length short and its distribution broad, resulting in blue-
shifted and structureless absorption and fluorescence spectra as
compared with the planar conformation, where the thiophene
rings are coplanar and the rotating motion is highly limited, that
is, making the conjugation length longer and its distribution
narrow. For example, Masuhara et. al demonstrated that a
difference in polymer conformations and their spatial arrange-
ments evolved into a difference in the nanometer-scaled surface
morphology of poly(3-[2-(N-dodecylcarbamoyloxy)ethyl]-thio-
phene-2,5-diyl) (P3DDUT) films.10-12

In our previous studies, we proposed a synthetic mechanism
for the formation of PTh nanoparticles prepared by Fe3þ-
catalyzed oxidative polymerization in aqueous medium. This
method includes a FeCl3/H2O2 (catalyst/oxidant) combination
system, which can make roughly 30 nm PTh nanoparticles with
only a trace of FeCl3.

13 Herein, we report a simple procedure for
preparing PTh nanoparticles with controllable particle sizes. The
presence of sodium dodecyl sulfate (SDS) in the reactionmedium
allows the size of PTh nanoparticles to be controlled by varying
the concentration of H2O2. The higher the concentration of
H2O2, the smaller the resulting polymer particles.We investigated

particle size dependence on absorption and fluorescence spectra
and considered these novel phenomena to arise from a difference
in polymer conformations and spatial arrangements. More-
over, we found that the PTh nanoparticles showed a nanometer
surface protrusion accompanying the blue shift in the fluores-
cence spectrum upon near-field excitation.

The particles are insoluble in both water and organic solvents
and do not form colloidal dispersions. This is an advantage over
colloidal PTh particles for certain applications.14-16 Because of
their insolubility, they can be easily and quickly separated from
the reaction medium and washed using either filtration or
centrifugation. Our procedure is also easy to wash and control
particle size.Moreover, it ismuch cheaper than template-fabrica-
tion methods, where the cost of the template may limit the
commercial availability.

Experimental Section

Materials. Thiophene monomer (Acros Organics) was refri-
gerated at -5 �C until use. SDS (Samchun Pure Chemical) was
purchased and used as received without further purification.
Anhydrous ferric chloride (FeCl3, Kanto Chemical) and hydro-
gen peroxide (H2O2, 50%, DC Chemical) were used as catalysts
and oxidants, respectively. They were dried at 20 �C in the
vacuumoven before use. Theywere all analytical grade and used
without further purification. Pure water (>18.2 M 3 cm, Milli-
pore) was used throughout the experiments.

Preparation of Polythiophene Nanoparticles. Fe3þ-catalyzed
oxidative polymerization of thiophene was carried out in a
250 mL double-jacketed glass reactor, equipped with a mechan-
ical stirrer, a thermometer, a reflux condenser, a temperature
controller, an initiator funnel, and a nitrogen inlet. The basic
recipe used for the polymerization was given in the Supporting
Information (Table S1). The reactor was charged with the
desired amount of 16.0 g thiophene monomer, 8.00 g SDS,
32.0-80.0 gH2O2, and 200 g purewater. Then, we added 0.032 g
of the FeCl3 aq solution to the reactor by using the initiator
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funnel. Highly pure nitrogen gas was purged for 30 min to
remove dissolved oxygen in the reaction mixture. We initiated
the polymerization by dropping the initiator solution, which
had been deoxygenated with the nitrogen gas. Reaction tem-
perature was adjusted to 50 ( 1 �C in a thermostat water bath.
The stirring rate was kept at 300 rpm.

Nitration of Polythiophene Nanoparticles. Nitration of the
pristine PTh nanoparticles was carried out to measure the
molecular weight because of the poor solubility of the pristine
PTh (unsubstituted) nanoparticles in organic solvents.17

First, the sample of PTh nanoparticles was taken from the
polymerization mixture at regular intervals. Then, an excess
amount of the mixed acid (95% H2SO4/61% HNO3/H2O
1.00:0.17:0.13 v/v) was added to the PTh nanoparticles, and
the mixture was stirred for 4 h at 40 �C. After cooling to room
temperature, themixture was poured in cold water. The nitrated
PTh was collected by filtration, washed with water, and then
dried under vacuum.18 A schematic illustration of the mecha-
nism for the aromatic nitration of PTh was shown in Scheme 1.

Characterization

Surface Tension Measurements. The surface tension
measurement (Surface Tension 21 model, Fisher Scientific
Instruments) was performed on the du No€uy ring method to
determine the critical micelle concentration (CMC) of SDS
in the H2O2-rich polymerization medium (0.0-20 wt %
based on water) at 25 ( 1 �C.

Solid Content and Particle Size of the Polythiophene Nano-
particles. The solid content of the final latex, as determined
by a gravimetrical analysis method, was 9.23 wt %. The
average particle size (Dn: number-average) was obtained by
using a transmission electron microscope (TEM; JEM-
2000EXII, JEOL, Japan) and field emission scanning elec-
tron microscope (FE-SEM; JSM-600F, JEOL) equipped
with image analysis software by over 500 particles with a
low magnitude image. All samples were measured after
cleaning by dialysis.

Molecular Weight and Molecular Weight Distribution of
the Nitrated Polythiophene. The average molecular weights
and molecular weight distribution of the nitrated PTh were
measured by using a gel permeation chromatography (GPC,
Waters Co.) equippedwith a series ofWaters columns (HR4,
HR3, HR2, HR1), HPLC pump, RI detector, and data
module at 40 �C. Molecular weights were determined from
the refractive index data, which were analyzed with Waters
Breeze System. Polystyrene standards and universal calibra-
tion were adapted to reduce the measuring error. Eluent was
tetrahydrofuran (THF) with a flow rate of 1.0 mL/min.

Chemical Structure Analysis of Polythiophene Nanoparti-
cles. The chemical structure of the PTh nanoparticles
was observed with Fourier transform infrared spectroscopy

(FT-IR; TENSOR27, Bruker Optik GmbH, Germany) in a
range of 400-4000 cm-1 at room temperature. For investi-
gation of the aromatic nitration of the PTh nanoparticles, all
samples were exposed to nitric (HNO3) and sulfonic (H2SO4)
acid for 4 h. Afterward, the samples were dried and analyzed
by the use of FT-IR.

Degree of Nitration of Polythiophene Nanoparticles. The
degree of nitration of the PTh nanoparticles was measured
by elemental analysis.18 The degree of nitration was calcu-
lated from the nitrogen/carbon (N/C) molar ratio obtained
in elemental analysis. Elemental analysis was carried out
with a LECO CHNS-932 analyzer and a Yanaco YS-10
SX-Elements microanalyzer. Inductively coupled plasma
emission spectrometry (ICP-AES) of Ni, Mg, and Li was
carried out using a Shimadzu ICPS-8100 apparatus.

Photoluminescence Properties of the Polythiophene Nano-
particles. The UV-visible absorption spectra were obtained
in a UV-vis spectrophotometer (UV-1601PC, Shimadzu).
Photoluminescence spectra were recorded with a spectro-
fluorophotometer (RF-5301PC, Shimadzu). The excitation
was incident at an angle of 0� onto the front face of the
sample, and the emission was recorded in reflection at an
angle of 90� with respect to the surface normal.

Results and Discussion

In this work, the particle formation of PTh takes place in the
SDS micelles.13 The size or number of PTh nanoparticles would
be varied with the number ofmicelles, which can be controlled by
the H2O2 concentration. To analyze the CMC of SDS in H2O2

rich aq solution, the surface tensionmeasurementwas carried out
with varying theH2O2 concentration from0.00 to 7.06M (Figure
S2 of the Supporting Information).

Figure 1 shows the CMC values of SDS inH2O2 aq solution as
a function of H2O2 concentration. The CMC values can be
assumed to be in the range of 0.00-7.06 M H2O2 solutions at
25 �C.ThisCMCvalue (1.07mM) found for SDS in 5.88MH2O2

solution or more is smaller than the value (8.32 mM) in pure
water (at 25 �C) taken as a reference.19,20 From these results, it
was concluded that H2O2 would induce and promote to make
micelle formations of SDS in aqueous medium. Consequently, at
a high concentration of H2O2 solution, a number of the micelles
exist in the aqueous phase, and those grow to be nanoreactor
domain.

Figure 2 shows the time-conversion curves for the Fe3þ-
catalyzed oxidative polymerization of thiophene in H2O2 aq
solution as a function of H2O2 concentration. The final percent
conversions of thiophene monomer are >90% in all cases. The
reaction rates rapidly increased in the beginning of the polymer-
ization; however, the rates decreased with the lapse of time and
were significantly affected by the concentration of H2O2. These

Scheme 1. Schematic Illustration of the Mechanism for the Aromatic Nitration of Polythiophene
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phenomena can be explained by the number of Fe3þ ions. At the
high concentration of H2O2 solution, SDS can make more
micelles because of the lower CMC, which leads to the larger
interfacial area of themicelles.At thismoment, Fe3þ ions exist on
the periphery of the monomer-swollen micelle surface because of
the electrostatic attraction between sulfate (OSO3

-) groups and
Fe3þ ions, and the polymerization is driven by the reaction
between the Fe3þ ions and thiophene monomer.13 However,
the number of Fe3þ ions per a micelle would be very small
because the limited (0.197 mmol) amount of Fe3þ ions was used.
Such a starved reaction condition leads to the lower initial rate of
polymerization.

Figure 3 shows the variation of number-average molecular
weight (Mn) of the nitrated PTh nanoparticles with monomer
percent conversion at the different H2O2 concentrations. In the
case of 2.35MH2O2, the initial rate of polymerization is fast, and
the initial conversion and molecular weight are high because of
the higher number of Fe3þ ions around a micelle, as compared
with the case of 5.88 M H2O2. The Mn of the final products is
6011, 5882, 5792, and 5418 g/mol, respectively. All final products
have comparatively lowerMn, which canbe explainedby the rigid
structure of PTh molecule, confined reaction domain of micelle,
and pseudo-step-growth reaction mechanism.

Table 1 summarizes the variation of particle size, degree of
nitration, number-average molecular weight (Mn), weight-average

molecularweight (Mw), and degree of polymerization (DP) about
nitratedPThnanoparticles byGPCand elemental analysis.18 The
degree of nitration was calculated from the nitrogen/carbon
(N/C)molar ratio obtained in the elemental analysis. For example,
analytical data of PTh-51 gave an N/C molar ratio of (8.70/
14.01)/(30.50/12.01) = 0.98N/4C, corresponding to a degree of
the nitration of 98%. Found: C, 30.50; H, 5.29; N, 8.70. Some-
times, the degree of nitration exceeded 1.00, indicating that more
than one C-H group of the two C-H groups in the thiophene
ring received the nitration. For example, analytical data of PTh-
42 gave an N/C molar ratio of (7.24/14.01)/(23.98/12.01) =
1.04N/4C corresponding to a degree of nitration of 104%.
Found: C, 23.98; H, 5.95; N, 7.24. PTh-17 gave an N/C molar
ratio of (10.42/14.01)/(35.63/12.01) = 1.00N/4C, corresponding
to a degree of the nitration of 100%. Found: C, 35.63;H, 6.94; N,
10.42. PTh-12 also gave a degree of the nitration >1.00 with an
N/4C molar ratio of 1.04N/4C, corresponding to a degree of
nitration of 104%. Found: C, 32.82; H, 11.50; N, 10.02. GPC
data are shown in Table 1. As shown in Table 1, the nitrated PTh
nanoparticles showedMn values of 6011-5418 (corresponding to
the DP values of 47.3-40.6), Mw values of 6009-5856, and the
polydispersity index (PDI) values of 1.02-1.08. Consequently,
we could estimate molecular weights of original PTh nanoparti-
cles with 3879-3329 g/mol from the DP of nitrated polymers.

FT-IR spectra of the pristine and nitrated PTh nanoparticles
weremeasured to confirm the formation ofC-Nbond andNdO
bond after nitration of the pristine PTh nanoparticles, as shown
in Figure 4a,b. Vibrations at 1550 and 1350 cm-1 were assigned
to asymmetric and symmetric stretching in the aromatic nitro

Figure 1. CMC values of SDS in H2O2 aq solution as a function of
H2O2 concentration.

Figure 2. Time-conversion curves for PTh nanoparticles prepared
by Fe3þ-catalyzed oxidative polymerization in H2O2 aq solutions:
2.35 M H2O2 solution (b), 3.52 M H2O2 solution (9), 4.70 M H2O2

solution (2), and 5.88 M H2O2 solution (().

Figure 3. Weight average of molecular weight of PTh by the oxidant
with selective hydrogen peroxide volume: 2.35 M H2O2 solution (b),
3.52MH2O2 solution (9), 4.70MH2O2 solution (2), and 5.88MH2O2

solution (().

Table 1. Particle Size, Degree of Nitration, Average Molecular
Weight, and Degree of Polymerization of the Nitrated PTh Nano-

particles

sample
particle
size (nm)

degree of
nitration (%)a Mn

b Mw
b PDIc DPd

PTh-51 51 98 6011 6249 1.04 47.3
PTh-42 42 104 5882 6009 1.02 45.5
PTh-17 17 100 5792 5916 1.02 45.6
PTh-12 12 105 5418 5856 1.08 40.6

aNO2 groups per thiophene unit; determined by N/C ratio obtained
in the microanalysis (cf. the main text and the Experimental Section).
bDetermined by GPC (with polystyrene standards; eluent = THF;
Mn = number-average molecular weight; Mw = weight-average mo-
lecular weight). cPDI: polydispersity index. dDegree of polymerization
calculated from Mn.
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structure (Ar-NO2) of the nitrated PTh nanoparticles, as seen in
Figure 4b. Intensities of nitro asymmetric and symmetric vibra-
tion bands were strong. This behavior is usually observed in
aromatic nitro compounds. From these results, we can see that
the nitration reaction was successfully carried out. Figure 4a,b
showed the (C-H) stretching vibration band at 2931 cm-1;
(CdC) stretching band at 1450-1600 cm-1; (C-H) in plane
bending band at 1093 cm-1; and (C-S) bending band at 741
cm-1. These peaks are in consistency with typical peak positions
of the PTh component. In addition, the doping induced band at
1066 cm-1 originated from the changes in the conjugated back-
bone because of the electron-withdrawing and electron-donating
dopants on the polymer chain and the counterion balancing
appeared at 1093, 1350, and 1400 cm-1.21 The large descending
baseline in the spectral region of 4000-2000 cm-1 was attributed

because of free-electron conduction in the doped polymer. This
behavior was not observed in undoped polymer.22

SEM and TEM (inlet) micrographs in Figure 5 show the PTh
nanoparticles prepared with varying H2O2 concentration. As the
H2O2 concentration increased from 2.35 to 5.33 M, the number-
average sizes of the individual PTh nanoparticle significantly
decreased from 51 to 12 nm. We believe that the PTh nano-
particles are nucleated within a very short time by Fe3þ ions on
the surface of the monomer-swollen micelle and they grow up
with the lapse of polymerization time. Therefore, the nucleation
period depends on the number of Fe3þ ions per a micelle and
again the number depends on the concentration of H2O2. As
mentioned above, both rate and extent of polymerization de-
crease as the concentration of H2O2 increases. In fact, a drastic
change in formation growth could be observed by the color
change of the PTh emulsion state. In the case of the lowest
concentration of H2O2 (2.35 M), a turbid and dark-red-colored
latex was obtained within only a few minutes in the beginning of
polymerization. A light-yellow colored latex was obtained with
the highest concentration of H2O2 (5.88 M). This result showed
that the overall polycondensation and coagulation rates were
predominantly governed by the concentration of H2O2.

PTh nanoparticles were obtained as-prepared in a p-doped
state at the end of the Fe3þ-catalyzed oxidative polymerization
due to the oxidant (i.e., FeCl3) containing Cl- dopant. Con-
sequently, all samples were measured under the same condition,
in the p-doped state, regardless of the effect of the doping state on
the photoluminescence (PL) property. The PL intensity of the
PTh nanoparticles with different particle sizes was investigated in
the wavelength range of 400-600 nm, as shown in Figure 6. It
was found that the PL intensity increased as the size of PTh
nanoparticle decreased. This may be resulted from the variation
of the total emitting area and the self-absorption effect of the PTh
nanoparticles in the wavelength range of<500 nm.23,24 The self-
absorption resulted in a transformation of the PL spectrum
shape, and this result could be corroborated by the non-normal-
ized PL spectra in Figure 6a. The total PL intensity of the PTh

Figure 4. FT-IR spectra of (a) pristine PTh nanoparticles and (b)
nitrated PTh nanoparticles.

Figure 5. SEMandTEM(inlet) images of PThnanoparticles preparedwith various concentration ofH2O2. Concentration ofH2O2 and particle size of
the PTh nanoparticles: (a) 2.35 M, 51 nm; (b) 3.52 M, 42 nm; (c) 4.70 M, 17 nm; and (d) 5.88 M, 12 nm.
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nanoparticle increased because of the larger emitting area and
lower self-absorption as the particle size decreased. In Figure 6b,
the normalizedPLspectrumof each samplewas given to compare
a shift of the λPLmax. The λ

PL
max of the PTh nanoparticle showed

a blue shift from 511 to 450 nm at λUV
max = 400 nm absorption

wavelength and the PTh concentration of 1.0 � 10-3 M.
A relationship between the λPLmax and the number-average size

of PTh nanoparticle is illustrated in Figure 7. The maximum PL

wavelength spectra (λPLmax) showed a blue shift as the size of the
nanoparticles decreased. Until now, several mechanisms have
been proposed for size-dependent spectroscopic properties
in nanoparticles: (1) quantum confinement;25-27 (2) light scatter-
ing;28,29 and (3) lattices softening.10,30,31 In these mechanisms,
lattice softening has been suggested for organic nanocrystals,
such as poly(3-[2-(N-dodecylcarbamoyloxy)ethyl]-thiophene-
2,5-diyl) (P3DDUT),10 perylene,30 and pyrazoline.31 It has been
proposed that an increase in surface area results in lattice soft-
ening, which makes intermolecular interactions weaker and
modifies the band gap, leading the size-dependent absorption
and fluorescence properties. Therefore, it is likely suggested that
lattice softening is responsible for our size-dependent spectro-
scopic properties in PTh nanoparticles.

Figure 8 shows the emissions of PTh nanoparticle emulsions
and nitrated PTh solutionswith respect to various concentrations
of H2O2 under a 365 nm UV irradiation. PTh is known as a
typical, red color-emitting material. However, the emission color
of PTh nanoparticle emulsions was not only red but also blue
under these conditions. In detail, >30 nm PTh nanoparticles
exhibit red color and red emitting color under visible and UV
region, respectively. PTh nanoparticles <30 nm show color-
lessness and blue emitting color under visible and UV region,
respectively. These results can be rationalized by the quantum
confinement effect.25-27 This color change is closely related to the
size effect rather than the molecular weight of PTh. The mole-
cular weights of all nitrated PTh nanoparticles were almost the
same, and these molecules exhibit the same bright-blue color in
THF solvent under the 365 nm UV irradiation. Moreover, the
solutions showed the same λUV

max = 316 nm and λPLmax = 433
nm (Figure S3 of the Supporting Information). These data
proved that the emission color of PTh depends on the particle
size.

Conclusions

We successfully controlled the size of PTh nanoparticles by
manipulating the concentration of H2O2 in Fe3þ-catalyzed oxi-
dative emulsion polymerization of thiophene. It was found that
the concentration of H2O2 predominantly affected the CMC of
SDS, the polymerization rate, and the corresponding size of PTh
nanoparticles. Themaximum PLwavelength (λPLmax) of the PTh
nanoparticles in aqueous medium shifted in blue color from

Figure 6. (a) Non-normalized photoluminescence (PL) spectra and (b)
normalized PL spectra of PTh nanoparticle emulsions with various
particle size at λUV

max = 400 nm maximum absorption wavelength.

Figure 7. Relationship between PL maximum wavelength and particle
size. As the particle diameter decreased, fluorescence spectra were
slightly blue-shifted. Dn: number-average diameter; λPLmax: PL max-
imum wavelength.

Figure 8. Emission color tuning of PTh emulsions and nitrated PTh
solutions according to the particle diameter under visible and 365 nm
UV region.
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511 to 450 nm by particle size decreasing. As the particle
size decreased, the total emitting area increased, and the self-
absorption of the PTh nanoparticles became negligible. Therefore,
these two factors would enhance the PL intensity of the PTh
nanoparticles. The results clearly prove that both absorption and
fluorescence are particle-size-dependent. Most importantly, this
simple method will allow the tunable emitting color of the PTh
nanoparticles in various optical applications.
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