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Aqueous colloids of conjugated polymers (CP), such as poly(3-hexylthiophene) (P3HT), are an attractive alterna-
tive for processing CP-based materials because (1) the microstructure of the conjugated polymers can be opti-
mized during the formation of the colloid and (2) this method can significantly reduce the amount of
hazardous organic solvents used during manufacturing. This investigation addresses the optimization of the
polymer structure by studying the intrachain order of P3HT aggregates pre-assembled inmixtures of chloroform
(CF)with dichloromethane (DCM) and subsequently dispersed in aqueous solutions of the surfactant sodiumdo-
decyl sulfate (SDS) using a mini-emulsion method. Compared to an amorphous solution of P3HT, the observed
intrachain order of P3HT in the colloids is much higher when using aggregate dispersions pre-assembled in
the CF:DCMmixtures. Similar results are observed for aggregate dispersions of a benchmark organic photovoltaic
system composed of P3HT and the fullerene derivative phenyl-C61-butyric acid methyl ester (PCBM), but in this
case the intrachain order of P3HT in the P3HT:PCBM colloids is anomalously higher than the pure P3HT colloids.
Atomic force microscopy (AFM) imaging reveals changes in the dominant structural motifs and morphology of
the colloidal P3HT films, but not in a way that correlates with films processed from the aggregate dispersions.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Poly(3-hexylthiophene) is a benchmark conjugated semiconducting
polymer for organic photovoltaic and optoelectronic devices. The inter-
est in P3HT is driven mainly by its intrinsic optical and electronic prop-
erties, e.g., wide band-gap and high exciton mobility along the
polythiophene backbone, and, their promise for low-cost, large-scale,
solution processable manufacturing. However, conjugated polymers
like P3HT suffer from lower free charge densities, because of inherent
electronic and structural disorder in the functional composites and
films generate intrinsic trap sites that create energy loss and charge re-
combination pathways [1–8]. Several avenues of research have been
established to address this problem. Varying the solvent, temperature,
depositionmethods, and annealing conditions during device fabrication
are common techniques used tominimize the structural inhomogeneity
of P3HT-based materials [9–11]. Recently, colloids of P3HT have
attracted attention as an alternative route for achieving additional con-
trol over the morphology and structural order of P3HT films and com-
posites. Directed self-assembly of P3HT into an array of hierarchical
nanostructures with disparate molecular packing characteristics can
be carried out in the liquid phase during the formation of the colloid.
Thus, optimization of the morphology and structural attributes of
P3HT can be realized, at least partially, prior to processing and integra-
tion of the pre-assembled nanostructures into the functional materials.

Several techniques have been developed to direct the growth of
P3HT aggregates and nanostructures in liquid phase colloids [12–21].
Our group primarily focuses onmixed solvent systems to control the as-
sembly of P3HT via the addition of poor or marginal organic solvents to
a solution of well-dissolved amorphous P3HT. We have used solubility
parameters, solvatochromic parameters, and computational methodol-
ogies to investigate the correlation between the composition of the sol-
vent mixtures, the solubility of P3HT in the solvents and solvent
mixtures, the structural order of P3HT aggregates in the colloidal disper-
sions, and the morphological characteristics of P3HT films processed
from the dispersions [22–27]. Colloids of P3HT can also be generated
using themini-emulsion method [28,29], wherein the organic solvent is
removed, e.g., by heating, froma P3HT solution that has been suspended
in a solvent that is immisciblewith P3HT and the solvent in the solution.
The resultant P3HT emulsions are typically stabilized by surfactants,
such as sodiumdodecylsulfate (SDS) [30–32]. Because P3HT is insoluble
in water, the mini-emulsion method is particularly effective for prepar-
ing stable aqueous suspensions of P3HT.

Recently, Tan et al. used three different surfactants to demonstrate
that the optical properties of aqueous P3HT colloids could be tuned by
varying the conjugation length of the surfactant [31]. In that study, all
colloids were prepared using solutions of P3HT in chloroform (CF),
and the authors reported similar morphology and crystallinity of P3HT
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in the colloids. In a follow-up study, Tan and co-workers used amarginal
solvent for P3HT, tetrahydrofuran (THF), to pre-age a P3HT/polystyrene
(P3HT/PS) mixture dissolved in chloroform before processing the aque-
ous P3HT/PS colloids stabilized with sodium dodecylbenzenesulfonate
(SDBS) surfactant [30]. Again the authors observed notable changes in
the optical properties of the colloids when they used the CF:THF mix-
tures, as well as increases in the hole mobility field effect transistors
(FETs) compared to FETs using colloids made from solutions without
THF. So, there is evidence in the literature of both tunabilities of the op-
tical and structural properties of P3HT in aqueous colloids, aswell as im-
proved device performance, but these studies are still relatively scarce
and the subject is ripe for further scrutiny.

In this paper we discuss the characteristics of aqueous colloids of
P3HT and P3HT:PCBM stabilized by the sodium dodecylsulfate (SDS)
surfactant. The colloids are processed from aggregate dispersions of
P3HT and P3HT:PCBM that we fabricated in several solvent mixtures
of chloroform and dichloromethane (DCM) using an interfacial (FAC)
growth technique. We recently demonstrated that the FAC method af-
fords a greater level of control over the extent of aggregation and
intrachain structural order of P3HT aggregates in CF:DCM mixtures
[26]. Thus, it is a suitable technique to study how varying characteristics
of the aggregate dispersions impact the attributes of the aqueous col-
loids. We use UV/Vis absorption spectroscopy, as well as dynamic light
scattering and zeta-potential measurements, to investigate the charac-
teristics of the aggregate dispersions and the resulting aqueous colloids.
The extent of aggregation and intrachain structural order of P3HT are
estimated using the UV/Vis absorption spectra and the methods devel-
oped by Spano and co-workers. Additionally, we use atomic force mi-
croscopy (AFM) to study the structural motifs and morphology of
films processed using the dispersions and colloids. With regard to
P3HT:PCBM, this work represents our first application of the FAC tech-
nique to this benchmark organic photovoltaic system, and, to our
knowledge, this is the first study of aqueous colloids of P3HT:PCBM.

2. Materials and methods

2.1. Materials

Poly(3-hexylthiophene) (P3HT) (Mn ≈ 30 kDa, regioregularity
≈ 96%, PDI b 2) was purchased from Ossila Ltd. and used it without ad-
ditional purification. Anhydrous solvents (chloroform and dichloro-
methane), phenyl-C61-butyric acid methyl ester (PCBM), and sodium
dodecyl sulfate (SDS) were purchased from Sigma Aldrich and used as
received. Ultra-pure, low conductivity water was obtained in-house
using a Millipore Milli-Q® Direct 8 water purification system. All anhy-
drous solvent transfers were performed under an inert environment
using air-tight syringes. Prior to preparing the P3HT solutions the anhy-
drous solvents were filtered through 0.2 μm PTFE filters to remove po-
tential dust and particulates. All glassware used for the P3HT solutions
was dried in an oven for N24 h, allowed to cool in a desiccator and
then flushed with nitrogen gas to remove dust prior to use.

2.2. Preparation of P3HT dispersions

Aggregate dispersions of P3HT were prepared using two different
methods: (1) rapid injection of the poor solvent (DCM) and (2) slow in-
terfacial growth.

2.2.1. Rapid injection of the poor solvent
A stock solution of 5 mg/mL P3HT (Mn ≈ 49.5 kDa) in chloroform

was prepared and stirred at 60 °C for ~3 h until bright orange to ensure
complete dissolution of the P3HT. The stock solution was used to pre-
pare 1 mg/mL working solutions of P3HT in mixtures of chloroform
(CF) with the poor solvent, DCM. To prepare each 4 mL solution,
0.8 mL aliquot of the 5 mg·mL−1 P3HT stock was transferred to a
20 mL scintillation vials (diameter, D ≈ 27 mm) containing the
additional chloroform required to give the desired volume fraction of
chloroform in each solution. The volume of DCM needed to give the re-
quired volume fraction of the poor solvent was then rapidly injected
into the P3HT/CF solutions. The vials were sealed and left to age in the
dark and under an atmosphere of dry nitrogen for approximately ~24 h.

2.2.2. Interfacial growth method
A 0.8 mL aliquot of the 5 mg·mL−1 P3HT (Mn ≈ 30 kDa) stock was

transferred to a scintillation vial containing the additional chloroform
required to give the desired volume fraction of chloroform in each solu-
tions. As shown in Fig. 1(a), a syringe pumpwas used to add the desired
volume of DCM to each P3HT/CF solution. By setting the end of the nee-
dle against the side of the vial and letting the poor solvent slowly run
down the side of the vial, the DCM formed a separate layer on top of
the P3HT/CF solution, as shown in Fig. 1(b). Two vials were used with
nominal diameters of D = 18.75 mm and D ≈ 27.0 mm, which corre-
spond to interfacial areas of Aint≈ 2.75 cm2 and Aint≈ 5.75 cm2, respec-
tively. The vials were sealed and left to age in the dark and under an
atmosphere of dry nitrogen for approximately ~24 h, and, as shown in
Fig. 1(c), an aggregate dispersion of P3HT is produced as a result of
the mixing of the layers.

2.3. Preparation of P3HT:PCBM dispersions

A 50:50wt%:wt% stock solution of P3HT (Mn≈ 30 kDa) and PCBM in
chloroform (5 mg/mL) was prepared and stirred at 60 °C for ~5 h until
bright orange to ensure complete dissolution of the P3HT. P3HT:PCBM
dispersions in CF:DCM solvent mixtures were prepared using the
rapid injection and interfacial growth methods, as described above.

2.4. Preparation of P3HT and P3HT:PCBM colloids: mini-emulsion method

A 0.8 mL aliquot of the aged P3HT, or P3HT:PCBM, dispersions was
added to 3.2 mL of a 10 mM aqueous solution of SDS (critical micelle
concentration, CMC≈ 8mM) in a 20mL scintillation vial. Each solution
was sonicated for 5 min and then heated at 70 °C with stirring
(~500 rpm) to remove the CF and DCM. Photographs showing the
mini-emulsion method are shown in Fig. 2.

2.5. UV/Vis absorption spectroscopy

The aged 1 mg/mL dispersions of pristine P3HT and P3HT:PCBM
were diluted by a factor offive in the corresponding solventmixture. Di-
lution was necessary to keep the absorbance maximum below one. Fol-
lowing dilution the dispersion was quickly transferred to a 1 mm path
length cuvette and the absorption spectra was measured in the
800 nm to 350 nm range with a double beam spectrophotometer
(Perkin-Elmer, Lambda 45) using a 0.2 nm step size and
480 nm·min−1 scan speed. Absorption spectra of the aqueous P3HT
and P3HT:PCBM colloids were measured in a 1 cm path length cuvette.
For each solution a reference of the pure solvent was used to baseline
the spectrometer prior to acquiring the spectrum.

2.6. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed on
aggregate dispersions and aqueous colloids at the same concentrations
as UV/Vis absorption spectra. Glass cuvettes for the DLS measurements
were cleaned using a high flow of nitrogen gas to remove large dust and
particulates. DLS measurements were performed at 25 °C using a
Malvern Zetasizer, Nano ZS instrument equipped with a 633 nm HeNe
laser and a narrow bandpass filter centered at 633 nm (10 nm band-
width) to minimize background fluorescence. Each measurement was
corrected using the refractive index and viscosity of the solvent blend,
which were measured at 25 °C with an Abbé refractometer and cali-
brated Cannon-Fenske viscometer. The particle size distribution (PSD)



Fig. 1. (a) During the interfacial growthmethod a syringe pump is used to careful add a layer of the poor solvent, e.g., dichloromethane, on top of a P3HT, or P3HT:PCBM, solution in chlo-
roform. (b) A representative 60:40 CF:DCM sample immediately after adding the top layer of DCM. (c) The same sample in (b) after aging and allowing the layers to mix for ~24 h.
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was obtained from the Malvern software and a cumulant analysis
within a spherical particle approximation.

2.7. Laser Doppler electrophoresis and zeta potential measurements

For laser Doppler electrophoresis a commercial dip cell (Malvern,
ZEN1002) was inserted into the same samples used for the DLS mea-
surements. Each measurement was corrected using the refractive
index, viscosity, and dielectric constant of the solvent blend. We ap-
proximated the dielectric constant, εmix, of the solvent mixtures under
the assumption that εmix is linearly additive in terms of the mole frac-
tion composition and dielectric constant of the pure solvents, εmix =
X1ε1+ X2ε2 [33]. For each samplewemeasured the electrophoreticmo-
bility by varying the applied voltage in 5 V increments in the range 5 V
to 100 V until reproducible results were obtained with settings that
yielded high quality count rates, distribution data, and phase data.

2.8. Atomic force microscopy (AFM) imaging

P3HT films were processed by spin coating (1000 rpm) 15 μL of the
aggregate dispersions onto Piranha cleaned silicon substrates (Ted
Pella). Colloid films were prepared by drop casting 15 μL onto Piranha
cleaned glass substrates and allowing them to dry overnight in a
dessicator. The micro- and nanoscale features of the films were probed
under ambient conditions with an atomic force microscope (TT-AFM,
AFM Workshop) operating in non-contact mode and using silicon
probes (AppNano) with a resonant frequency of 185 kHz (k
≈ 40 N·m−1). All scans were conducted using 1024 scan lines and a
0.1 Hz scanning rate. We manually adjusted the PID parameters and
the gains of the X-, Y-, and Z piezos to maximize the image contrast
and minimize the noise in the Z-drive.

Measurements on a pristine silicon substrate revealed that the
noise floor of the scanner stage is ~0.1 nm when the Z high-voltage
gain is 3 V. We calibrated the AFM using a standard step height refer-
ence (AppNano) and processed all phase and amplitude images
e.g., leveling and flattening, using Gwyddion software.
Fig. 2. Representative photographs of the mini-emulsion method. (a) An aliquot of the aggreg
heated in a 70 °C water bath to remove the CF and DCM. (c) Stable SDS-stabilized colloids are
3. Results and discussion

3.1. Pure P3HT dispersions and colloids

The results for the aggregate dispersions and aqueous colloids of
pure P3HT are shown in Fig. 2. Details for themethods used to calculate
Rabs and the extent of aggregation (κ) are presented in Section SI in the
Supporting information. Although the aggregate dispersions generated
using binary CF:DCM mixtures are themselves colloids, in this paper
wewill use the term dispersionwhen referring to these systems.We re-
serve the term colloidwhen referring to the aqueous SDS-stabilized col-
loids processed using the min-emulsion method.

The spectra in Fig. 3(a) and Rabs and κ values in Fig. 3(b) are in agree-
ment with our previous work. Specifically, we observe a monotonic in-
crease in κ with increasing volume of the poor solvent (DCM) and a
maximum Rabs value in 60:40 CF:DCM. Additionally, as shown in
Table S1 (Supporting information), a larger red-shift in the wavelength
of the A1 and A2 vibronic bands is observed with increasing Rabs values.
Similarly, as shown in Table S1, there is an attendant decrease in the en-
ergy separation of the vibronic peaks, ΔEvib = EA2–EA1, with increasing
Rabs, which is attributed to the softening of the phonon modes due to
the increasing conjugation lengths of the polymer backbone and larger
effective delocalization of the π-electrons [34,35]. Thus, the observed
trends in Rabs, the wavelength of the vibronic bands, and ΔEvib are con-
sistent with higher intrachain order in the P3HT aggregates [24]. The
aqueous colloidal dispersions in Fig. 3(c)–(d) exhibit a Rabs trend similar
to that of the aggregate dispersions in Fig. 3(b). Thus, in general, the
intrachain characteristics of the dispersions are transferred to the aque-
ous dispersions.

We used dynamic light scattering (DLS) to further study the impact
of the solvent mixture on the particle size distribution (PSD) of the dis-
persions and colloids,which are shown in Fig. 4(a) and (b), respectively.
Additional details of the DLS data, including graphs of the size corrected
(fractional) scattering intensity, Icorr = Iscatt/DH, are included Section SII
in the Supporting information. The PSD of amorphous P3HT in pure CF is
unimodal with a hydrodynamic diameter DH ≈ 18 nm. The size
ate dispersion is transferred to 10 mM aqueous SDS solution. (b) The samples in (a) are
formed after removal of the organic solvents.



Fig. 3. (a) UV/Vis absorption spectra and (b) the extent of aggregation (red squares) and Rabs values (black circles) of aggregate dispersions of P3HT in CF:DCM solventmixtures. The open
symbols in (b) correspond to Rabs and κ in the 60:40 CF:DCM INJ dispersion. (c) UV/Vis spectra of the aqueous P3HT colloids prepared using the aggregate dispersions in (a). The spectra
have been vertically offset for clarity. (d) Rabs values for the colloid spectra in (c), where the open symbol corresponds to the colloid prepared using the 60:40 CF:DCM INJ dispersion.
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distribution of the aggregate dispersions are all bimodal, wherein the
band at lower DH is ascribed to residual amorphous P3HT, as well as
smaller dimers, trimers, etc., and the band at higher DH corresponds to
larger aggregates. As the amount of DCM increases the smaller DH

band monotonically shifts from ~18 nm in 80:20 CF:DCM to ~56 nm in
20:80 CF:DCM (see Table S4 in the Supporting information). Similarly,
the band corresponding to the larger aggregates shifts slightly from
~250 nm in 80:20 CF:DCM to ~370 nm in 20:80 CF:DCM, wherein the
fractional scattering intensity of these bands (Fig. S4) increases relative
to the band at lower DH. Thus, the trends in the size distributions are
consistent with an increase in the extent of aggregation and growth of
larger P3HT aggregates with increasing composition of DCM.

The behavior of the PSDs of the aqueous colloids in Fig. 4(b) is nota-
bly different than the dispersions in Fig. 4(a). Althoughbimodal size dis-
tributions are observed for the 80:20 and 60:40 CF:DCM systems, the
40:60 and 20:80 CF:DCM dispersions have unimodal PSDs, which
slightly shift to smaller DH with increasing volume fraction of DCM in
the solvent mixture used to induce aggregation. Variations in the com-
position of CF andDCM in themixtures are expected to affect the forma-
tion of the aqueous colloids. The DLS PSDs suggest that the rapid initial
evaporation of larger amount of DCM, which leaves a smaller amount of
residual CF, tends to collapse the larger surfactant-stabilized P3HT
Fig. 4. DLS particle size distributions (PSDs) of (a) pure P3HT aggregates dispersions in CF:DCM
10 mM SDS solution.
colloids. The unimodal nature of the 40:60 and 20:80 CF:DCM PSDs in
Fig. 4(b) also coincide with the aggregate dispersions with larger
aggregate phases, κ ≥ 50%. Thus, although the intrachain order of the ag-
gregates is effectively transferred to the P3HT colloids, other character-
istics of the dispersions, e.g., solvent composition and extent of
aggregation, may significantly affect the properties of the colloids. In-
deed, due to the lowboiling point of DCM,we observed that the time re-
quired for formation of the colloids in the 70 °C bath decreases with
increasing DCM composition in the solvent mixture. Although the de-
tails of the underlyingmechanisms are not known at this time, it is rea-
sonable that the composition of the solvent mixtures influences the
kinetics and thermodynamics of the formation of the colloid.

We calculated correlation coefficients (Table S3, Supporting informa-
tion) to further investigate the correspondence between the properties
of the dispersions, e.g., Rabs, κ, and solvent composition, and the colloids.
In the aggregate dispersions there are good correlations between Rabs
and the extent of aggregation, κ, and volume fraction of CF, φCF, with
correlation coefficients χR-κ =−0.70 and χR-φ=0.8, as well as a strong
correlation between κ and φCF, χκ-φ=−0.94. Thus, the extent of aggre-
gation increaseswith decreasing (increasing) composition of CF (DCM),
and, in turn, the intrachain order increases with decreasing κ and in-
creasing φCF. We have discussed these trends in detail elsewhere
solvent mixtures and (b) aqueous P3HT/SDS colloids. The inset in (b) shows the PSD of a
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[24,25]. Briefly, smaller κ values, which are associatedwith a higherφCF,
correspond to aggregation of the longer and/ormore regioregular P3HT
chains, which are capable of achieving longer conjugation lengths,
i.e., higher intrachain order, during planarization and π-stacking. In
the aqueous colloids the correlation coefficient for Rabs is largest between
Rabs in the dispersion, χR-R = 0.93, followed by φCF, χR-φ = 0.5, and, fi-
nally, κ, χR-κ=−0.38. Therefore, in terms of the correlation coefficients,
the Rabs values in the aggregate dispersions appear to be the dominant
determinant of the intrachain order in the colloids and the extent of ag-
gregation and solvent composition play auxiliary roles.

Despite the strong correlation between Rabs in the aggregate disper-
sions and the colloids, we contend that changes in the solvent composi-
tion associated with the evaporation rates and evaporation rate
differences of the organic solvents is actually critical to the assembly
and molecular order in the colloid during the mini-emulsion process.
We make this assertion based on the intrachain order in the 60:40 INJ
and 80:20 CF:DCM colloids. The 60:40 CF:DCM INJ and FAC dispersions
have comparable intrachain order (Rabs, FAC ≈ 1.010 and Rabs, INJ

≈ 1.021), but exhibit very different aggregation behavior (κFAC ≈ 32%
and κINJ ≈ 16%). However, as shown in Fig. 3(d), Rabs in the 60:40 CF:
DCM FAC colloid is only slightly larger (Rabs, FAC = 1.036) than in the
INJ colloid (Rabs, INJ = 1.024). The similarity in Rabs is quite striking in
light of the difference in κ. As illustrated in Fig. 5(b), if the ~84% P3HT
that constitutes the residual amorphous phase in the 60:40 CF:DCM
INJ dispersion behaves exactly like the amorphous P3HT/CF solution in
Fig. 5(a), we would actually expect Rabs in the resultant 60:40 CF:DCM
INJ colloid to be significantly lower than it is. The same should also
apply to the 80:20 CF:DCM, wherein ~95% exists as amorphous P3HT
in the dispersion. The Rabs value of the P3HT/CF colloid, Fig. 5(a), is so
low (Rabs= 0.909) compared to the other systems that without a signif-
icant solvent effect on the assembly of the colloid it is doubtful that the
small aggregate phase in the 80:20 and 60:40 INJ dispersions could off-
set the large amorphous phase to increase the effective Rabs values in the
colloids.

Additional evidence of the importance of the organic solvent mix-
tures is Tan et al. reported changes in the intrachain order of P3HT
using CF:THF mixtures, but in that study the Rabs values are much
lower, Rabs ≤ 0.87, than those reported here [30]. This difference may
be partially attributed to the use of THF instead of DCM, where we
have shown previously that DCM is a particularly effective solvent for
fabricating aggregates with high intrachain order. However, Tan and
co-workers (1) added polystyrene (PS) to the dispersions and colloids
and (2) did not report the UV/Vis absorption spectra or Rabs values ob-
served in the P3HT:PS dispersions in CF:THF prior to making the aque-
ous colloids, both of which preclude a direct comparison of the solvent
effects to those observed herein. Additional work focusing on the devel-
opment of the colloids throughout themini-emulsion process and using
aggregate dispersions in different solvent mixtures is needed to scruti-
nize the role of the organic solvent in more detail.

3.2. P3HT:PCBM dispersions and colloids

Fig. 6 shows the results for the dispersions and colloids of the P3HT:
PCBM systems. Comparisons of the Rabs values P3HT and P3HT:PCBM
dispersions and colloids are shown in Fig. 7(a) and (b), respectively.
Fig. 5. Cartoons illustrating intrachain order in SDS-stabilized aqueous colloids processed using (
of aggregation (b20%), wherein the organic solvent mixture does not affect the assembly of th
Fig. 6(a)–(b) reveal that the trends in κ and Rabs are similar to the
P3HT dispersions in Fig. 3(a)–(b). The extent of aggregation in the
P3HT:PCBM dispersions is comparable to those of pure P3HT, which
suggests similar aggregation behavior of P3HT, i.e., similar solvent-
P3HT interactions and thermodynamics. Also, like the pure P3HT sys-
tems, the Rabs values are larger in the aqueous colloids compared to
the aggregate dispersions. However, as shown in Fig. 7(a) the intrachain
order in the P3HT:PCBM dispersions is notably higher in the 80:20 and
60:40CF:DCMmixtures relative to pure P3HT, and in Fig. 7(b) Rabs for all
P3HT:PCBM colloids are larger than the corresponding P3HT colloids. In
fact, the Rabs N 1 for all P3HT:PCBM colloids, thereby indicating highly
ordered J-type P3HT aggregates in all the colloids. Thus, the presence
of the PCBM in the solution does affect the assembly behavior of P3HT
at CF:DCM solvent interface, particularly for the 80:20 and 60:40 CF:
DCMmixtures.

To corroborate these results we studied the behavior of a different
P3HT sample, having a highermolecularmass (Mn≈ 75 kDa) but a sim-
ilar regioregularity (rr≈ %). The results are summarized in Fig. S5 in the
Supporting information. Despite some minor variations in the assembly
behavior the 75 kDa P3HT sample, which may be attributable to the
higher molecular mass, we again observe the largest Rabs in the colloid
processed using the 60:40 CF:DCM mixture. More importantly, as
shown in Fig. S5(f), the intrachain order is markedly higher in all the
P3HT:PCBM colloids compared to the dispersions, which is similar to
the behavior of the 30 kDa P3HT sample.

In an earlier study we showed that the kinetics of mixing of the sol-
vents at the interface varies with the composition of the solvent, which,
in turn, affects the properties of the aggregate dispersion, i.e., Rabs and κ
[26]. As the amount of DCM increases, the mixing time of the CF and
DCM layers decreases, which in turn mitigates the interfacial effects.
This observation may partially explain the similar characteristics of
the 40:60 and 20:80 dispersions of P3HT and P3HT:PCBM in Fig. 7(a).
In the 80:20 and 60:40 CF:DCM mixtures the slower rate of mixing
may facilitate controlled growth of the P3HT aggregates that is more
readily influenced by the presence of PCBM, e.g., akin to a co-
crystallization process, and yields aggregates with higher intrachain
order. However, at this time it is not clear how the properties P3HT:
PCBM dispersions give rise to the significantly larger Rabs values in the
P3HT:PCBM colloids.

Despite the perceived advantages of surfactant-stabilized P3HT col-
loids discussed earlier, devices fabricated using materials processed
with the mini-emulsion tends to exhibit lower the hole mobility com-
pared those processed from solutions of pristine P3HT [30,31]. The de-
crease in conductivity in these materials is ascribed to charge trapping
mechanisms stemming from insulating effects of the surfactant [30].
Furthermore, it iswell-established that the nanostructure andmorphol-
ogy of P3HT films and composites impact the performance of devices,
such as solar cells (SCs) and field effect transistors (FETs) [36–42], and
additional processes associated with the formation and assembly of
the colloids t further complicate optimization of colloidal P3HT
materials. However, recently Tan et al. reported an increase in current
capacity and hole mobility in FETs processed from surfactant-
stabilized P3HT colloids, which was attributed primarily to the increas-
ing conjugation length, l, of the three surfactants–(1) SDS, (2) sodium
dodecylbenzenesul-fonate (SDBS) and (3) disodium 4-dodecyl-2,4′-
a) an amorphous P3HT solutions, and (b) an aggregates dispersionwith amoderate extent
e colloid.



Fig. 6. (a)UV/Vis absorption spectra and (b) the extent of aggregation (red squares) and Rabs values (black circles) of aggregate dispersions of P3HT and PCBM inCF:DCMsolventmixtures.
(c) UV/Vis spectra of the aqueous P3HT:PCBM colloids prepared using the aggregate dispersions in (a). The spectra have been vertically offset for clarity. (d) Rabs values for the colloid
spectra in (c).
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oxydibenzenesulfonate (DOBS)– used to stabilize the colloid (lSDS b lSBDS
b lDOBS) [31]. In that study the improved performance of the FETs also
correlated with an increase in the Rabs values (A1:A2 ratio) of P3HT in
the colloids and films: Rabs(SDS) b Rabs(SBDS) b Rabs(DOBS) (see
Table 1 in ref. 31), thereby indicating that surfactant conjugation in-
creases the intrachain order of P3HT. In the present study we observe
a notable increase in the intrachain order of P3HT in the colloids using
only one surfactant (SDS). Also, our Rabs, values are notably higher
than any of those reported by Tan et al. Thus, using solvent mixtures
we can obtain significant changes in the intrachain order of P3HT inde-
pendent of the surfactant, and it will be interesting to observe how our
approach is affected by other surfactants, e.g., SBDS and DOBS. If our ap-
proach can be successfully extended to much more concentrated P3HT
dispersions and colloids, then it will present a unique venue to further
study the effect that the intrachain order of P3HT in the colloids has
on the performance of the FETs.

3.3. Atomic force microscopy (AFM) imaging: aggregate and colloid films

Fig. 8 shows exemplary AFM height images of pure P3HT films spun
cast from pure a CF solution and aggregate dispersions in 80:20, 60:40,
40:60, and 20:80 CF:DCM mixtures. The corresponding phase images
Fig. 7. Comparison of Rabs of (a) aggregate dispersions of P3HT (•) and P3HT:PCBM (⋄) in CF:DC
prepared using the dispersions in (a).
are shown in Fig. S7 (Supporting information). Fig. 8(a) shows that the
amorphous P3HT/CF solution produces a film comprised of small spher-
ical structures. These small spheroidal structures are also prevalent in
80:20 CF:DCM film in Fig. 8(b), but we also observe very thin fibers. In
Fig. 8(c), the 60:40 CF:DCM dispersion yields a film composed of
dense network of long, high aspect ratio fibers. The 40:60 CF:DCM
film in Fig. 8(d) contains a mixture of spheres and fibers, and the
20:80 CF:DCM film in Fig. 8(e) is composed of spheroidalmotifs. A com-
plete interpretation of the varying structural motifs and morphologies
of the films in terms of solvent evaporation rates, thermocapillary
forces, convective assembly, mass transport and surface tension gradi-
ents, i.e., Marangoni instabilities, etc., is beyond the scope of this
paper. We have discussed some of these factors in more detail in a pre-
vious publication [23]. The primary purpose of the AFM images in Fig. 8,
is to provide a benchmark to compare the films processed using the
aqueous colloids. We do note that the fibrous nature of the film mor-
phology does correlate with the increase in the zeta potential (ζ) of
the aggregate dispersions (see Section SIV in the Supporting Informa-
tion), but at this timewe are hesitant to suggest a definitive causational
relationship between ζ and the dominant structural motifs of the films.

We dried the drop cast P3HT colloid films under a vacuum, which
drastically changes the evaporative patterns and macroscopic features
M solvent mixtures, and (b) the corresponding aqueous colloids of P3HT and P3HT:PCBM



Fig. 8. TappingmodeAFM (TT-AFM) height images of P3HTfilms (Mn≈ 30 kDa) spun cast at 1000 rpm from(a) a 1mg·mL−1 solution in pure CF, and 1mg·mL−1 aggregate dispersions in
(b) 80:20, (c) 60:40, (d) 40:60, and (e) 20:80 CF:DCMmixtures.
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of the films compared to films dried under ambient conditions. For
brevity this topic is discussed in more detail in Section SV in the
Supporting information. We chose to dry the films under a vacuum be-
cause drop casting tends to yield thick and dense films, which makes
it difficult to resolve the smaller elemental structuralmotifs. Conversely,
spin-coating the colloids yields a sparse distribution of discrete particles
on the substrate. The vacuum drying technique provides a compromise
between the twomethods, wherein the particle lean regions in the cen-
ter of the films affords improved surface coverage compared to the spin
coated films.

We used atomic force microscopy (AFM) to study the smaller fea-
tures of the films in the thinner regions proximal to the thick features
at the outer edge of the films. The approximate location of the AFM
image in each film is denoted by the arrow in the photographs in
Fig. S10. (Supporting information). The pure SDS film did not reveal re-
markable features in the central part of the film, but, as shown in the
AFM images in Fig. 9, structural and morphological variations are ob-
served in films processed from the aqueous P3HT colloids. Phase images
are shown in Fig. S8 (Supporting information).

The 80:20 CF:DCM film in Fig. 9(a) is composed of spheroidal struc-
tures. The average diameter of the spheres, Davg ≈ 250 ± 50 nm, are
similar those observed in films using a colloid processed from a solution
of P3HT in chloroform, thereby supporting the supposition that the
properties of the 80:20 CF:DCM colloid, i.e., higher volume fraction of
CF and low extent of aggregation, are comparable to colloids prepared
using an amorphous P3HT solution. As the volume fraction of DCM
Fig. 9. Tapping mode AFM (TT-AFM) height images of P3HT films (Mn ≈ 30 kDa) drop cast fr
dispersions in (a) 80:20, (b) 60:40, (c) 40:60, and (d) 20:80 CF:DCM mixtures. The inset in (
highlighted in the upper left of the image.
increases, the spheres in the 60:40 CF:DCM colloid film in Fig. 9
(b) become slightly larger, Davg ≈ 350 ± 100 nm. The 40:60 CF:DCM
film in Fig. 9(c) is also composed of relatively large particles, Davg

≈ 400 ± 150 nm, but, as shown in the inset, they are more ellipsoidal
than spherical. The 40:60 CF:DCM film also reveals a notable change
inmorphology. The ellipsoidalmotifs adopt a linear arrangement giving
the film a fibrous appearance. The variation of the film morphology is
even more apparent in the 20:80 CF:DCM film in Fig. 9(d). Spheroidal
features are barely visible and the film consists of a dense fibrilar net-
work reminiscent of the pure P3HT film in Fig. 8(c), but in this case
the fibers are much thicker.

Unlike the pristine P3HT films in Fig. 8, which were spin-coated
onto silicon substrates, the colloid films in Fig. 9 were drop cast
onto glass. Thus, apart from differences in solvent (water versus
CF:DCM) and the nature of the colloidal particles, the disparities in
particle-particle and particle-substrate interactions, wetting, and
drying time, etc. all contribute to the assembly of the films. However,
unlike the P3HT films in Fig. 8, which are cast from different solvent
mixtures, the colloid films in Fig. 9 share the same aqueous SDS me-
dium. Thus, the variations in the film morphology are largely depen-
dent on the characteristics of the colloidal particles, and, by
extension, the aggregate dispersions used to prepare the aqueous
colloid. These findings are significant because they show that the
varying characteristics of the aggregate dispersions can be exploited
to not only tune the properties of the aqueous colloids, but also the
films processed from the colloids.
om SDS-stabilized colloids prepared using the mini-emulsion and 1 mg·mL−1 aggregate
c) emphasizes the linear arrangement of the spheroidal structures in the region of film



Fig. 10.Atomic forcemicroscopy (AFM) height images of (a) P3HT and (b) P3HT:PCBM films on silicon substrates spun-cast (1000 rpm) from aggregate dispersions fabricated in 60:40 CF:
DCM solvent mixtures. (c) Comparison of the UV/Vis spectra and vibronic structure (Rabs) of the P3HT and P3HT:PCBM films in shown in (a) and (b). The films in (c) were processed by
spin coating (1000 rpm) the dispersions onto glass substrates.
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Although a detailed discussion is beyond the scope of this study, it is
interesting to briefly mention that the P3HT:PCBM dispersions have a
notable impact on the morphology of the spin-coated films. Fig. 10
(a) and (b) are exemplary films processed using, respectively, P3HT
and P3HT:PCBMdispersions in 60:40 CF:DCM. TheP3HTdispersionpro-
duces a film composed of long, high aspect ratio fibers, whereas the
P3HT:PCBM film is a dense network of shorter, low aspect ratio struc-
tures. Additionally, as shown in Fig. 10(c), the UV/Vis spectra of the
films reveals that compared to the pure P3HT film, the P3HT:PCBM
film maintains a high intrachain order, Rabs ≈ 0.987, relative to the liq-
uid phase dispersion, Rabs ≈ 1.024. The characteristics of the of the
P3HT:PCBM dispersions that more readily preserve the intrachain
order during the assembly of the film, may, in turn, play a similar role
in promoting the high intrachain order observed in the colloids. A
more detailed investigation of this topic is currently underway.

4. Conclusions

SDS-stabilized colloids of pristine P3HT processed from amorphous
P3HT/CF solutions exhibit large intrachain structural disorder, which
can have a detrimental impact on their performance in functional mate-
rials and composites. Solventmixtures of chloroform (CF) and dichloro-
methane (DCM) can be used to fabricate aggregate dispersions with
tunable extent of aggregation and intrachain order, and these aggregate
pre-cursors yield aqueous colloids with improved intrachain order. The
results of this study reveal a strong correlation between the intrachain
order of the aggregate dispersion and colloids, thereby indicating that
the structural characteristics of the aggregates are effectively trans-
ferred to the colloids. Based on the anomalously high molecular order
in colloids processed from dispersions with relatively low extent of ag-
gregation, we contend that the identity of the organic solvents and the
composition of themixtures used to fabricate the dispersions are critical
to the assembly of P3HT in the colloids. Furthermore, when P3HT aggre-
gation in CF:DCM mixtures is performed in the presence of PCBM, the
intrachain order in the resulting SDS-stabilized P3HT:PCBM colloids is
significantly higher than the corresponding colloids of pure P3HT. Al-
though this trend was corroborated with a different P3HT sample, the
origin of this behavior is still unknown at this time. Finally, using atomic
forcemicroscopynotable changeswere observed in the dominant struc-
tural motifs andmorphology of films processed from the set of aqueous
colloids of P3HT, but not in a way that readily relates to films processed
from the aggregate dispersions of pure P3HT. Thus, in contrast to solu-
tions of amorphous P3HT and P3HT:PCBM, the aggregate dispersions
can be utilized to modify the characteristics of the aqueous colloids, as
well as the films. Additional work using different solvent mixtures,
P3HT and PCBM concentrations, and investigating the time dependence
of the colloid formation is currently underway to reveal more details
about the fundamental behavior of the systems.
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