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N
anoparticles derived from conju-
gated polymers are currently the
subject of intense research effort

for potential applications in sensors,1�4 op-
tical imaging,5�11 and as building blocks for
active layer structures in optoelectronic
devices.12�39 Recently, we reported a strat-
egy for controlling themorphology of active
layers in organic photovoltaic cells using
nanoparticles derived from conjugated
polymers.40,41 The central advantage of a
nanoparticle-based approach is that do-
mains of electron- and hole-transporting
polymers can be preformed with tunable
size and internal aggregate structure which
can then self-assemble into well-defined
crystal packing structures forming the active
layer of polymer-based photovoltaic cells.
Since both charge-separation and charge-
transport processes are intimately connected
with the polymer aggregate structure with-
in the nanoparticle,41 it is vital to control the
polymer aggregation within the nanoparti-
cle and to understand the impact of the
internal structure of the nanoparticle on
the optoelectronic properties.30,42,43 In this
paper, we show that the aggregate structure
within the polymer nanoparticles can be
tuned by solvent composition during nano-
particle fabrication through theminiemulsion

process as evidenced by differences in ag-
gregate absorption spectra and single-NP
photoluminescence decay properties.
We chose regioregular poly(3-hexylthio-

phene) (P3HT) for our investigation because
it has been one of the most studied con-
jugated polymers and thus can serve as an
excellent benchmark for us to compare and
unravel the impacts of confinement on the
optoelectronic properties.44 P3HT is well-
known for its propensity to aggregate into
crystalline domains in thin films, and both
charge-separation and charge transport
processes are known to depend on the
nature of aggregation of the polymer in thin
films.45�56 It is known that P3HT thin films
obtained from chloroform (a “good” solvent
for P3HT) show poor intrachain order and
crystallinity compared to films cast from
marginal solvents for P3HT such as toluene
that show enhanced intrachain order with
longer conjugation lengths and higher crys-
talline quality.57�59 These results point to
both solvent quality and vapor pressure as
playing key roles in thin-film aggregation.
The solvent effects are also prominent in

the solution-phase assembly of two-dimen-
sional nanofibers or nanowires of P3HT.
As shown recently by Moule, Spano and
co-workers, local aggregate structure with
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ABSTRACT Nanoparticles derived from π-conjugated polymers have gained

widespread attention as active layer materials in various organic electronics

applications. The optoelectronic, charge transfer, and charge transport properties

of π-conjugated polymers are intimately connected to the polymer aggregate

structure. Herein we show that the internal aggregate structure of regioregular

poly(3-hexylthiophene) (P3HT) within polymer nanoparticles can be tuned by

solvent composition during nanoparticle fabrication through the miniemulsion process. Using absorption spectra and single-NP photoluminescence decay

properties, we show that a solvent mixture consisting of a low boiling good solvent and a high boiling marginal solvent results in polymer aggregate

structure with a higher degree of uniformity and structural order. We find that the impact of solvent on the nature of P3HT aggregation within

nanoparticles is different from what has been reported in thin films.
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varying degrees of intra- and interchain order is highly
sensitive to solvent and crystallization kinetics.57,59 How-
ever, a key difference between 2-D nanofibers and
nanoparticles is the fact that in nanofiber self-assembly
the polymer chains pack in a well-defined way, with
formation of lamellar sheets assembled by π�π inter-
actions. In nanoparticles;in particular, where the nano-
particle diameter is comparable to the contour length
of the polymer;the chain packing can be frustrated
both kinetically (by trapping in metastable configura-
tions) as well as spatially where nanoparticle surface
curvature might be important. In our recent work on
photoluminescence properties of individual P3HT nano-
particles, we observed significant differences in both
short- and long-time photoluminescence properties
with varying nanoparticle size, an effect that was inter-
preted as a result of size-dependent internal (aggregate)
structure.41 In this paper, we show from a combination
of ensemble absorption and single-particle photo-
luminescence studies how the internal chain-packing
structure of P3HT nanoparticles can be tuned through
solvent manipulation.

RESULTS AND DISCUSSION

Stable P3HT nanoparticles were synthesized through a
miniemulsion process by the injection of a P3HT
(22 kDa MW, ^ = 2.13; regioregularity, 90%�93%)
solution in an organic solvent (oil phase) into an
aqueous surfactant solution, followed by ultrasoni-
cation, and finally removal of the organic solvent by
heating.60 We used three different solvents to fabri-
cate P3HT nanoparticles: chloroform, toluene, and a

mixture of toluene and chloroform (1:4 v/v) as the
“oil” phase.
We probed the impact of oil phase composition on

nanoparticle size by synthesizing NP families from
different solvents using 0.5 wt % solution of P3HT
and 1mMsodiumdodecylsulfate (SDS, surfactant) con-
centration. Size and size-dispersity of the nanoparticles
were determined using dynamic light scattering (DLS)
(see Supporting Information). All samples exhibited
monomodal distributions in DLS. Transmission elec-
tron microscopy (TEM) images of P3HT nanoparticles
synthesized from different organic solvents using
0.5 wt % P3HT solution and 1 mM SDS are shown in
Figure 1a�c. The particle size and size distribution in
TEM is consistent with the DLS data. Table 1 shows the
average diameter (Z) along with the average per-
cent polydispersity, which is representative of the par-
ticle size distribution width, for six different nano-
particle batches synthesized for each choice of solvent

Figure 1. Representative TEM images of the P3HT nanoparticles synthesized from (a) chloroform, (b) toluene/chloroform
(1:4 v/v), (c) toluene, and (d) intensity particle size distribution of P3HT nanoparticles obtained from DLS.

TABLE 1. Size, Peak Positions of 0�0 and 0�1 Transitions

from UV/vis Absorption, and A0‑0/A0‑1 Intensity of P3HT

Nanoparticles Synthesized from Different Solvent

Compositiona

solvent Z, nmb (%PDI) λA0�0 (nm) λA0�1 (nm) A0�0/A0�1
c

CHCl3 142 (26) 561 610 0.71 ( 0.05
toluene/CHCl3

d 135 (33) 561 608 0.68 ( 0.03
toluene 124 (27) 559 606 0.66 ( 0.05

a Samples prepared from 1 mM SDS and 0.5 wt % P3HT. bMean of the Z-average
derived from intensity peak statistics and percent polydispersity from several trials.
cMean of several trials and the error is the standard deviation. dMixture of toluene
and chloroform in 1:4 (v/v) ratio.
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composition (see Supporting Information, Tables S1�S3
for all the data points). The P3HT nanoparticles made
from chloroform were consistently larger than the
particles obtained from toluene. The size of nanopar-
ticles made from a mixture of toluene and chloroform
(1:4 v/v) is in between the particle sizes obtained from
chloroform and from toluene. To see if the size differ-
ences arose from inconsistencies in weighing small
amounts of P3HT (∼5 mg), a 0.5 wt % P3HT solution in
chloroform was prepared and was equally distributed
into three preweighed vials, and then the chloroform
was evaporated. Vials were kept under reduced pres-
sure over 3 h andwereweighed again to determine the
amount of P3HT transferred.Within experimental error,
the amount of P3HT transferred into each vial was the
same and was consistent with the amount of P3HT
dissolved in the volume of chloroform transferred. The
solvent was then added to each vial to generate 0.5 wt
% P3HT solution in chloroform, toluene, and the
chloroform/toluene mixture. The sizes of the nanopar-
ticles were determined usingDLS and are 122, 110, and
73 nm, respectively, reaffirming our observations. The
nanoparticle dispersions have a zeta potential of about
�60 mV, and UV-absorption spectra of the dispersions
recorded over a period of amonth is identical to that of
the fresh samples, indicating the long-term stability of
these dispersions.
Figure2 (top) shows theabsorptionspectra (normalized

to the absorbance of the 0�2 vibronic transition) for an
aqueous suspension of nanoparticles formed from
0.5wt%P3HT in chloroform, toluene, andmixed solvent.
The aggregate region of the absorption spectra is
similar to that seen in P3HT thin films and nanofibers,
with vibronic peaks at 518, 560, and 610 nm, assigned
as the A0�2, A0�1, and A0�0 peaks, respectively (sub-
scripts denote the number of vibrational quanta
coupled to electronic transitions).41,57,61 The measured
absorption spectra are composed of two parts: a high-
energy region that is attributed to unaggregated (amor-
phous) P3HT chains, and a low energy region that
carries the vibronic structure of aggregate P3HT within
NPs. Given the fact that P3HT chains cannot be dis-
solved in aqueous solution and are encapsulated dur-
ing droplet formation in aqueous surfactant solution
indicates that the amorphous absorption is due to
unaggregated chains within the nanoparticles, not
from free P3HT in the suspension. It is interesting to
note that decreasing solvent quality does not affect the
contribution of the amorphous component to the
absorption spectra, but does appear to affect the
intensity of 0�0 and 0�1 vibronic peaks (relative to
0�2 absorption).
Fromadecomposition of the absorption spectra into

aggregate and amorphous components (by subtrac-
tion of an appropriately scaled amorphous P3HT ab-
sorption spectrum of a dilute P3HT solution in chloro-
form from the measured spectrum), we estimated the

relative amounts of amorphous and crystalline material
for each family of P3HT NPs. In P3HT thin-films and
nanofibers, the contribution of the aggregate compo-
nent to the total absorption increases as the amor-
phous component decreases, and both change with
decreasing solvent quality.57,59 In contrast, the contri-
bution of the amorphous and aggregate structural
components of the nanoparticle appear to be comple-
tely insensitive to the choice of oil phase, but the
aggregate contribution to the spectrum tends to de-
crease with decreasing solvent quality. This indicates
the change in the quantum yield of the aggregate

Figure 2. (a, top) Normalized absorption spectra of P3HT
nanoparticles assembled from solution in chloroform (red),
toluene (blue), and 4:1 mixture of chloroform and toluene
(green); (a, bottom) open-circled line and close-circled line
show the amorphous absorption and aggregate absorp-
tion, respectively, in each NPs spectra. Vertical dashed-line
indicates the A0�2 peak position (520 nm) and separates the
solvent quality-dependent part of the absorption spectra
from the region that is fairly affected by solvent. (b) Free
exciton bandwidth (black) and crystal fraction (red) for
different solvent compositions.
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species due to the solvent-dependence of the crystal
structure. Since NPs from different solvents are made
with the sameamount of polymer, we can infer that the
percentage of unaggregated chains within NPs does
not depend on solvent quality. Thus the solvent quality
affects the aggregate absorption through changing
the crystalline order and not the actual amount of the
aggregated chains.
There have been several studies correlating the

relative intensities of vibronic features in the absorp-
tion spectra of P3HT thin films with P3HT aggregate
structure.47,49,53,55,62�66 In the H/J aggregate model
developed by Spano, information on both dominant
coupling types, H-type (face-to-face), or J-type (end-to-
end), and coupling magnitude (exciton bandwidth,W)
is encoded in the intensity ratio of the origin (0�0) and
first vibronic satellite (0�1) transitions by the relation67

A0 � 0

A0 � 1
¼ 1 � 0:24W=ωo

1þ 0:073W=ωo

� �2

(1)

where W is the exciton bandwidth (W = 4 |J0|, where
J0 is the exciton coupling matrix element); and ω0 is
the vibrational energy of the symmetric vinyl stretch

(taken here to be 0.178 eV). The dominant coupling
type can be readily identified frommeasurement of the
0�0 and 0�1 absorption strengths,46,52,53,55,68 where
the primary conditions for validity are that (1) only
nearest-neighbors coupling is considered and (2) only
one aggregate type (H or J) contributes to the elec-
tronic absorption. H-type aggregation typically dom-
inates in a system with a high degree of torsional dis-
order (shorter conjugation length), while J-type coupling
is typically seen (for example, in nanofibers) in systems
with a high degree of planarity of thiophene rings.
Figure 3 shows the aggregate spectrum for each of

the three NP families (from chloroform, toluene, and
1:4 mixture of toluene and chloroform) modeled as a
single vibronic progression of five peaks in which
intensity (related to Huang�Rhys factor), peak posi-
tion, and transition line width were treated as adjus-
table parameters. As indicated in Table 1, we found
that the A0�0/A0�1 ratio was less than 1 for all three oil
phases, suggestive of a weakly coupled H-aggregate
(J0≈þ20meV). The calculated free-exciton bandwidth
W presented in Figure 2b shows that the average value
of W increases with decreasing solvent quality, how-
ever the distribution of W values is large for both
chloroform and toluene formed nanoparticles, and
narrow for the mixture. It is noteworthy that these
values of W lie somewhat in between values seen in
P3HT thin-films, although the trend with solvent qual-
ity is opposite to that seen in thin films.59

In modeling the aggregate absorption spectra we
observed two subtle and interesting features: (1) for all
the NP samples a significant anharmonicity of about
15�20 meV must be introduced to fit the observed
absorption spectra, and (2) the linewidths for the
higher aggregate sidebands increase substantially
with respect to the 0�0 origin. These features indicate
that the P3HT nanoparticle absorption spectra are not

a simple composition of amorphous and single H- or
J-aggregate species. This issue will be addressed in
more detail elsewhere. Further analysis of the aggre-
gate absorption spectra indicated (see Figure 3d and
Table 2) that as the (oil-phase) solvent quality de-
creases, the electronic origin is blue-shifted by about
2 nm (6 meV) for the mixed solvent and 4 nm (11 meV)

Figure 3. Experimental absorption spectra normalized to
0�2 absorption strength for NPs formed from 15 kDa P3HT
solution in (a) chloroform (solid red line), (b) 4:1 mixture of
chloroform and toluene (solid green line), and (c) toluene
(solid blue line). Each absorption spectrum was decom-
posed into a scaled unaggregated P3HT (in CHCl3) compo-
nent (open circles), and aggregate spectrum (closed circles)
modeled as a progression of five Gaussian functions with
fwhm, peak position, and peak extinction coefficient as
adjustable parameters. (d) The first two Gaussian compo-
nents corresponding to 0�0 and 0�1 transitions in the
absorbance spectrum of each NPs family presented in
panels a�c.

TABLE 2. Fit Parameters of the Gaussian Components

Assigned to the Different Vibronic Components of the

P3HT NP Absorption Spectraa

oil phase A0�0/A0�2 σ0 (meV) A0�1/A0�2 σ1 (meV) Δ01 (meV) A0�0/A0�1

CHCl3 0.62 0.91ω0 0.84 1.14ω0 178 0.73
CHCl3/toluene 0.55 0.78ω0 0.84 1.14ω0 173 0.65
toluene 0.46 0.78ω0 0.75 1.14ω0 174 0.61

a σn is the fwhm of the 0-n vibronic transition,Δ01 is the energy spacing between
the first two (0�0, and 0�1) vibronic transitions. These values are typically smallar
than the “accepted” value ofω0 (180 meV). Note also the increase in line width for
the higher sidebands.
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for toluene compared to NPs obtained from chloro-
form, which is suggestive of an increase in torsional
disorder and thus shorter conjugation length. This
observation of blue-shifted electronic origin alongwith
slightly higher value for exciton bandwidth (W), and
the reduction in fwhm by ∼10% are suggestive of a
higher degree of structural order (reduced inhomoge-
neous broadening) in the nanoparticle samples from
mixed solvent and toluene (Table 2).
We obtained further insight into the influence of the

polymer solvent on nanoparticle aggregate structure
within the nanoparticle through time-resolved photo-
luminescence (PL) measurements on single nanopar-
ticles. For detailed information on the short-time decay
dynamics, PL measurements were done using time-
tagged-time-resolved (TTTR) single photon counting
with 16 ps resolution over a 50 ns time window. We
used a PicoQuant pulsed diode laser head operating at
440 nmwavelength and 50 ps pulse width, in a weakly
focused epi-illumination geometry (spot size ≈ 20 μm
diameter). The input intensitywasapproximately1kW/cm2,
with an instrument response fwhm of 180 ps. The
photoluminescence decay dynamics from the different
P3HT nanoparticle families studied here are approxi-
mately a double exponential at early times (less than
5 ns). The first decay component (t ≈ 150 ps) domi-
nated the photoluminescence, accounting for more
than 94% of the total amplitude, while the second
decay process (t ≈ 1.5 ns) typically accounted for <6%
of total amplitude.
Figure 4 shows the contribution (amplitude) of each

decay component as a function of their respective time
constants for single nanoparticles made from chloro-
form, toluene, and chloroform/toluene. We have indi-
cated the PL-count rate with color-saturation to illus-
trate the correlation between fluorescence intensity
and both the amplitude and value of the fluorescence
lifetime components;particularly that of the prompt
component. In extended nanofibers of P3HT disper-
sion in the amplitude/lifetime correlations is indicative
of heterogeneity in the local environments experi-
enced by polymer chains within an aggregate. In the
nanoparticle, packing defects that are likely to cause
site heterogeneity are hypothesized to be a result of
stress due to the curved confinement, and are there-
fore sensitive to nanoparticle size. Atomic force micro-
scopy (AFM) correlated photoluminescence measure-
ments (to be published elsewhere) revealed that, under
constant laser power, nanoparticles of similar sizes
gave similar PL count rates. Therefore the PL intensity
value distribution reflects approximately the size dis-
tribution within each sample. Curiously, the size de-
pendence seems to be much more important in the
nanoparticles made from the pure solvents than it is in
the mixed solvent-formed particles. The convergence
of the amplitude/lifetime correlation distributions in
the chloroform/toluene particles is likely due to the

degree of uniformity in the internal environment: a
result of the kinetically favorable crystallization process
afforded by the properties of the mixed solvent.
The absorption spectrum of P3HT nanostructures

and thin films is a widely employed tool for determin-
ing crystalline fraction and aggregate type. However,
the linewidths of the vibronic transitions (origin and
sidebands) carry important information on the degree
of inhomogeneity in the aggregate structure, and are
often overlooked during analysis. The lifetime distribu-
tions from time-resolved fluorescence measurements
also indicated differences in the nature of the aggre-
gates within the nanoparticles. The large inhomoge-
neous broadening seen in the origin transition for the
chloroform nanoparticles, as well as the divergence of
the amplitude/lifetime correlation distribution for these
particles, reveal that NPs from chloroform have the
largest degree of internal structural disorder. On the
basis of this observation and from the analysis of
the aggregate absorption spectra (particularly the
fwhm of different vibronic components), we conclude
that there is a higher degree of structural uniformity in
the polymer aggregates for nanoparticles synthesized
from mixed solvents.

Figure 4. Correlation plot of normalized amplitude vs life-
time of the prompt component to the total PL decay of
nanoparticles made from 5 mg/mL solutions of P3HT in (a)
chloroform (136 nm), (b) 4:1 chloroform/toluene (116 nm),
and (c) toluene (98 nm). The color saturation shows the PL
count rate for individual NP measurement within a particu-
lar NP sample.

A
RTIC

LE



NAGARJUNA ET AL. VOL. 6 ’ NO. 12 ’ 10750–10758 ’ 2012

www.acsnano.org

10755

The absorption and photoluminescence data collec-
tively indicate that the impact of solvent on P3HT
aggregation within the nanoparticle is different from
what has been observed in thin films. We find that
order in the polymer aggregate structure is superior
with a higher degree of uniformity if the oil phase
contains a mixture of a marginal solvent and a good
solvent for the conjugated polymer.
Figure 5a shows the aggregate and amorphous

components of the absorption spectra from nanopar-
ticle families made from chloroform that was evapo-
rated at 80 �C (magenta) and 60 �C (gray) and the mixed
solvent (green) evaporated at 80 �C. Upon inspection
of the absorption spectra for this set, it would appear
that by decreasing the evaporation temperature in the
single solvent nanoparticles, we can reproduce the char-
acteristics seen in the mixed solvent particles. How-
ever, the amplitude/lifetime correlation plot shown in
Figure 5b of the same three particle families reveals
different internal structural characteristics for low-tem-
perature chloroform andmixed solvent particles. While
the high temperature chloroform distribution (magenta)
of short-time decay components underlies both the
low temperature chloroform (gray) and mixed solvent
(green) distributions, they represent different and
nonoverlapping subsets. This indicates that there is a
notable difference in the efficiency of the radiative
decay processes in the aggregate species, and that the
effect of the mixed solvent on the crystallization

equilibrium is not simply due to slow evaporation
caused by toluene's higher boiling point.
In thin films, which are typically cast at room tem-

perature, there are no spatial restrictions on the poly-
mer conformation or on the aggregation process.
Therefore, the solubility of the polymer in the chosen
solvent at room temperature and the boiling point of
the solvent play key roles in the final aggregate struc-
ture. The formation of nanoparticles through a mini-
emulsion process involves formation of micrometer-
sized solventdroplets uponultrasonication (see Figure S7
in the Supporting Information) followedby the evapora-
tion of the solvent at elevated temperatures. In the first
stage, based on absorption spectra and DLS, the poly-
mer is substantially dissolved in chloroform and in
chloroform/toluene (Figure 6); the polymer is aggre-
gated in toluene. The ultrasonication process in the
miniemulsion process can induce polymer aggrega-
tion but this effect is mostly negated by heating.68 At
80 �C, P3HT is soluble in chloroform and in toluene and
there are no signatures of aggregation in the absorp-
tion spectra at this temperature in either of the sol-
vents. Upon heating at 80 �C, the solvent evaporates
and the droplets shrink in size. During this process, the
effective concentration of the polymer within the
droplet increases. If the oil phase is chloroform, then
the color of the emulsion abruptly changes frommilky
orange to clear purple, which is the color of a P3HT
thin film. Since chloroform is a good solvent for P3HT
(solubility ≈ 14 mg/mL),69 the polymer chain are
expected to have a higher degree of chain mobility
and conformational freedom. However, at 80 �C, the
rapid evaporation of chloroform triggers fast polymer
aggregation. Since most if not all the chloroform is
removed rapidly at 80 �C, the polymer aggregates
cannot be solvent annealed and therefore remain
kinetically trapped leading to a higher degree of

Figure 5. (a) Aggregate and amorphous components of the
absorption spectra of P3HT nanoparticles assembled from
chloroform at 80 �C (pink) and 60 �C (gray), and mixed
solvent at 80 �C (green). (b) Amplitude/lifetime correlation
plot for nanoparticles in panel a.

Figure 6. (a) UV�vis absorption spectra of P3HT in various
solvents. The presence of a peak around 610 nm indicates
the presence of P3HT aggregates. The sizes of the P3HT
aggregates measured by dynamic light scattering of 0.5 wt
%P3HT solution indifferent solvents are shown in thefigure
key. For clarity absorption spectra is shown between 560
and 660 nm.
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dispersity in polymer aggregates. If the oil phase is
toluene, then as the concentration of the polymer
within the droplet increases, since toluene is a
marginal solvent for P3HT (solubility ≈ 0.7 mg/mL),
the polymer will start to aggregate before most of
the solvent is removed. Moreover, at 80 �C, the
evaporation rate of toluene is much slower com-
pared to that of chloroform. Therefore, the aggre-
gates can anneal as the solvent is evaporating. This
annealing process may contribute to a tighter pack-
ing of the polymer chains, leading to smaller particle
size compared to that of chloroform. In the mixed
solvent system, the solubility of the polymer is
lowered but the presence of good solvent enhances
the chain mobility thereby allowing the aggregates

to solvent-anneal resulting in a higher degree of
uniformity and structural order.

CONCLUSION

In summary, we have shown that the solvent (oil
phase) is a powerful knob to tune the aggregation of
P3HT within the nanoparticles. We find that using a
solvent mixture of a good solvent and a marginal
solvent provides structurally ordered P3HT aggregates
within nanoparticles. We also find that the impact of
solvent on the nature of P3HT aggregation within
nanoparticles is different from the impact seen in thin
films. Detailed investigations of the absorbance and
photoluminescence spectrum of the nanoparticles are
currently underway andwill be reported in due course.

METHODS
Materials. P3HT (4002-EE,Mw = 52.3 kDa,^ = 2.15 and regio-

regularity = 90�93%)was purchased from commercial vendors.
Sodium dodecyl sulfate (SDS) was purchased from Sigma
Aldrich. Solvents were purchased from Fisher (optima grade).
Purified water (resistance 10Mohms) was used for the synthesis
of nanoparticles.

Synthesis of P3HT Nanoparticles. In a typical synthesis of P3HT
nanoparticles, P3HT of a desired concentration was dissolved in
a desired organic solvent. This solution was slightly warmed to
ensure the complete solubility of P3HT. P3HT of 0.5 mg/mL
concentration is bright orange in color for all three organic
solvents used in this study. P3HT of 5 mg/mL concentration is
bright orange color in chloroform and chloroform/toluene
mixtures, whereas in toluene the solution is dark red. SDS
solutions of desired concentrationwere prepared using purified
water, then warmed and bath sonicated to ensure complete
solubility. During the preparation of SDS solutions, caution was
taken to prevent foaming by not shaking the solution vigor-
ously to solubilize SDS. Also, during the synthesis of nanopar-
ticles, the solution was transferred slowly via syringe. SDS
solutions were filtered through syringe filters before use in
the synthesis of nanoparticles. A 2.5 mL aliquot of SDS solution
was taken in a 20mL vial and∼0.35mL P3HT solutionwas taken
in a 7 mL vial. Both solutions were sonicated for 10 s, and
0.25 mL of P3HT solution was immediately injected rapidly
into the SDS solution using a 1 mL syringe fitted with a
22G11/2 needle. The resulting solution was immediately
ultrasonicated for 2 min at 6 W power. During ultrasonica-
tion, the probe was submerged halfway into the solution at
the same time not touching the vial throughout the ultra-
sonication. After ultrasonication, a magnetic stir bar was
added into the emulsion and the vial was immersed into a
preheated oil bath to evaporate organic solvent. The tem-
perature of oil bath was maintained at ∼85 �C and the vial
was immersed into the oil bath up to the emulsion level. The
vial was heated for 15 min in the case of chloroform or
toluene/chloroform mixture emulsions and was heated for
∼50 min in the case of toluene emulsions. The nanoparticle
suspension was allowed to come to room temperature and
was filtered through a PES membrane with 0.22 μm pore size
and 33mm in diameter to removemicrometer size impurities
before characterization.
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