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C
onjugated polymer semiconductors
have attracted great interest due to
their low-temperature, solution-based

processability, which may provide for low-
cost, large-area electronic device fabrica-
tion.1�6 While significant advances have
been made, polymeric semiconducting ma-
terials are disadvantaged because of rela-
tively low field-effect mobilities owing to the
relatively low degree of polymer thin-film
crystallinity.7�9 Solutionprocessed conjugated
polymer films are typically semicrystalline,
composed of many small crystalline regions
embedded within a largely disordered matrix.
This thin-film architecture impedes efficient
charge hopping between transport sites.7�9

Poly(3-hexylthiophene) (P3HT) is a repre-
sentative conjugated polymer that has been
investigated for device applications due to
its hole transporting properties, solubility
in a range of organic solvents, and good

film-forming properties.10�17 Molecular para-
meters suchaspolymermolecularweight (MW)
and regioregularity (RR) have been studied as
means to control thin-film microstructure
and resultant electrical properties.16,18�20 It
was proposed that for higher MW material,
the longer chain length enhances macro-
scopic charge transport because (i) intra-
molecular charge transport through longer
conjugated segments becomes favorable
over interchain hopping, and (ii) the longer
chains connect crystalline domains that are
separated by low conductivity amorphous
regions.18,19 Further, it was suggested that
mobility increases as the RR increases be-
cause of an increase in the charge hopping
rate due to reduced reorganization energies
and a reduction in the number of grain
boundaries as a result of wider nanofibrils.16

In addition to modification of molecular
parameters, process modifications have also
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ABSTRACT We demonstrate that supramolecular assembly and subsequent

enhancement of charge transport characteristics of conjugated polymers can be

facilitated simply by adding small amounts of a more volatile poor solvent, which

can hydrogen bond with the majority solvent. Addition of up to 2 vol % acetone to

a precursor solution of poly(3-hexylthiophene) (P3HT) in chloroform leads to

approximately a 4-fold increase in P3HT field-effect mobility. The improvement is associated with hydrogen bonding interactions between acetone and

chloroform which decrease the evaporation rate of the mixed solvent. P3HT is less soluble in the binary solvent than in the more readily vaporized

chloroform component, and this characteristic enables the supramolecular assembly of P3HT chains at the nanoscale. Two-dimensional molecular ordering

of the polymer film was controlled by varying the quantity of poor solvent added to the precursor solution, and the correlation between field-effect

mobility and molecular ordering was investigated. Hansen solubility parameters were used to systematically understand how the solvent mixture enhances

the alignment and assembly of polymer chains and influences subsequent thin film properties. The value of the relative energy difference (RED) of the

solvent with respect to P3HT increased from less than 1 to more than 1 during film formation, which indicates that the solvent characteristics are initially

those of a good solvent but transform into those of a poor dissolution medium. A mechanistic illustration of the molecular ordering process during film

formation is postulated.

KEYWORDS: hydrogen bonding . solvent mixtures . π�π stacking . poly(3-hexylthiophene) . supramolecular assembly .
organic field effect transistors . Hansen solubility parameters
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been explored for achieving thin-film morphologies
commensurate with efficient charge transport.13,15,21�27

Parameters such as solvent boiling point,27 postdeposi-
tion processing (thermal or solvent vapor annealing),13,23

solution preparation method (sonication)21,24 and con-
jugated polymer solubility15,25 have been shown to
impact the supramolecular self-assembly of the π-con-
jugatedmaterials. For example, Sirringhaus et al. reported
that use of high boiling point solvents helps promote
formation of highly self-ordered microcrystalline struc-
tures in P3HT, thus significantly improving P3HT field
effectmobility relative to that obtained from lower boiling
point alternatives (ca. 10�1 vs 10�2 cm2 V�1 s�1).27

Itwas theorized that thehigher boilingpoint limits solvent
evaporation from the polymer matrix and thus increases
the time available for crystallization during the spin-coat-
ing process. Lee et al. demonstrated that annealing P3HT
at high temperature (∼150� C) increases polymer crystal-
linity and improves contact between the semiconductor
and device electrodes, affording an increase,13 while
Tsai et al. showed that molecular ordering of P3HT chains
was enhanced upon exposure of the polymer film to
o-dichlorobenzene vapor.23 Order ofmagnitude improve-
ments in P3HT mobility can also be achieved by the
solution preparation method. Aiyar et al. reported that
ultrasonic irradiation of P3HT solutions promotes π-stack-
ing induced molecular aggregation, which effects an
increase in mobility.21

However, the approaches described above have
limitations that may be undesirable for large-scale
fabrication and high-throughput processing. The use
of high boiling point solvents requires additional high
temperature treatment to remove residual solvent
after thin-film deposition. Thermal annealing could
give rise to deformation of a flexible, low glass transi-
tion temperature substrate, or risk degradation of the
semiconducting polymer itself, and solvent vapor an-
nealing might present safety concerns.28�31 The ultra-
sonic irradiation process requires immersion of the
solution into a bath, presenting its own set of scale-
up challenges.
Approaches that do not require a post-treatment to

improve molecular ordering and charge transport in
polymer semiconductors which use poor solvents have
recently been reported.15,32�34 A poor solvent having a
boiling point higher than that of the main solvent
induced formation of ordered aggregates of polymer
semiconductors during solvent evaporation. The less
volatile poor solvent resides within the evolving film for a
longerperiodof timeand thuspromotes aggregation. For
example, Cho et al. reported that addition of the higher
boiling non-solvent acetonitrile (bp 81� C) to a precursor
solutionof P3HT in chloroform (bp61�C) led to enhanced
two-dimensional ordering of P3HT chains and concomi-
tant charge transport characteristics.15 No post-treatment
steps were required; the nonsolvent is believed to pro-
mote formation of ordered P3HT aggregates during

deposition via spin coating.15 The same report empha-
sized that use of a lower boiling point poor solvent has
no impact on the structure and morphology of resul-
tant P3HT thin-films.15 Thus, higher volatility poor
solvents with respect to the majority component
have not been investigated for inducing well-ordered
π-conjugated polymer aggregates even though they
present many favorable attributes with regard to pro-
cessing thin-films.35�40

Here, we demonstrate that a higher volatility solvent
that additionally interacts with the majority solvent
through hydrogen bonding leads to enhanced supra-
molecular assembly of P3HT, a representative π-con-
jugated polymer semiconductor. Two-dimensional
molecular ordering of the conjugated polymer film is
controlled by varying the “poor” to “good” solvent
ratio. A correlation between the molecular ordering
of P3HT chains and resultant charge transport char-
acteristics as measured by the field-effect mobility is
demonstrated. Hydrogen bonding interactions be-
tween the main solvent and minority poor solvent
are investigated by analysis of the evaporation rates
and spectroscopic properties of the solvent mixtures
and individual components. Hansen solubility param-
eters, including the dispersive solubility parameter
(δD), the polar solubility parameter (δD) and the
H-bonding solubility parameter (δH) of the polymer
and solvent mixtures are used to understand how the
binary solvent can enhance polymer supramolecular
assembly and subsequently, the macroscopic charge
transport characteristics of resultant thin-films. A me-
chanistic illustration of the polymer chain molecular
ordering process is presented.
The approach described here utilizes fundamental

principles and presents quantitative insights that could
facilitate identification of solvent systems applicable to
polymer semiconductor processing for electronic de-
vices. Extension to organic�organic blends or organic�
inorganic nanocomposites can be envisioned. The me-
chanistic approach using Hansen solubility parameters
enhances understanding of the evolution of the nano-
through macroscale morphology of solution processed
polymer π-conjugated polymer materials and further,
the complex relationship between materials morphol-
ogy and charge transport characteristics.

RESULTS AND DISCUSSION

Theeffect of solvent�solvent and solvent�solute inter-
actions on the optical properties, nano- through macro-
structure, and charge transport characteristics of solidified
P3HT thin-films were evaluated using alternative deposi-
tion solvents comprised of a “good”/“poor” solvent blend.
Chloroform (bp 61 �C) and chlorobenzene (bp 131 �C)
were used as representative good solvents for the poly-
thiophene (solubility >10 mg/mL), and are among the
most commonly used solvents for π-conjugated polymer
semiconductor processing.25,26,41 Two poor solvents, both
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of which are relatively volatile, were selected. P3HT ex-
hibits poor solubility (solubility less than 0.1 mg/mL) in
acetone and 2,3-dimethylbutane which have similar boil-
ing points (56 �C vs 58 �C, respectively),25,26,41 and should
have no impact on P3HT final thin-film morphology
or charge transport characteristics.15 The “poor” solvents
were selected because they are volatile, with similar
evaporation rates, and yet they have widely different
polarities. While the substituted butane is a nonpolar
hydrocarbon, acetone is a polar solvent that readily
interacts with other moieties through hydrogen bond-
ing. The chloroform/acetone system in particular is one
of themost studied C�H 3 3 3O hydrogen-bonded com-
plexes (see Supporting Information).42�46

Solutions of P3HT were prepared in either chloro-
form or chlorobenzene, and to avoid macroscopic
aggregation of P3HT, the concentration of poor solvent
was limited to less than 5 vol %. At higher proportions
of poor solvent, the polymer precipitates, forming
large aggregates which carry through to the solidified
thin-films and lead to poor macroscopic charge
transport.15 Bottom contact field-effect transistors
(FETs) were fabricated by spin coating as-prepared
P3HT solutions onto prefabricated device substrates.
Figure 1a shows the impact of an increase in poor
solvent concentration on the mobility of resultant
semiconducting polymer films. The average mobility
was calculated in the saturation regime of transistor
operation (VDS = �80 V) by plotting the drain current
(IDS) versus gate voltage (VGS) and fitting the data to the
following eq eq 1:47

IDS ¼ WCOX
2L

μ(VGS � VT)
2 (1)

where W (2000 μm) and L (50 μm) are the transistor
channel width and length, respectively, VT is the thresh-
old voltage and COX is the capacitance per unit area of
the silicon dioxide gate dielectric (1.15 � 10�8 F/cm2).
P3HTmobility gradually increases from4.3� 10�3 to

1.7 � 10�2 cm2 V�1 s�1 for thin-films prepared from
solutions of chloroform with increases in acetone
concentration up to 2 vol % (Figure 1a). The mobility
observed here is similar to that reported for P3HT
where 3.3 vol % of a high boiling poor solvent was
used to enhance the crystallinity and electrical perfor-
mance of P3HT films (1.5� 10�2 cm2 V�1 s�1),15 and is
about a factor of 4 greater than that of P3HT prepared
via spin coating from chloroform solution (4.3 �
10�3 cm2 V�1 s�1). Rapid evaporation of chloroform
during the spin coating process leads to relatively poor
molecular ordering of the polymer chains with com-
mensurately lower macroscopic mobility.15,16,48 Addi-
tion of acetone as a cosolvent is believed to enhance
P3HT molecular ordering resulting in improved charge
carrier transport characteristics. Increasing the concentra-
tion of acetone from 2 to 5 vol % effects a decrease in
mobility (Figure 1a) which is attributed to inhomogeneity

of the resultant P3HT films;15 while the increased con-
centration of poor solvent may enhance the degree of

Figure 1. (a) Average field-effect mobilities obtained from
P3HT films obtained via spin coating from chloroform/
acetone, chloroform/2,3-dimethylbutane and chloroben-
zene/acetone solvent blends having a range of poor solvent
volume ratios. Mobilities were calculated in the saturation
regime of operationwith VD =�80 V. (b) Transfer character-
istics of P3HT OFETs fabricated using chloroform/acetone
blends. (c) Typical output characteristics obtained from a
P3HT OFET prepared via spin coating from chloroform/
acetone where the acetone content is 2 vol %. All measure-
ments were performed in a nitrogen glovebox.
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molecular ordering and crystallinity of the polymer thin-
films,15 it may lead to an increase in the number of
interfaces between crystalline domains thus preventing
efficient charge transport.
In contrast to the results obtained with the chloro-

form/acetone solvent system, neither the chloroform/
2,3-dimethylbutane nor chlorobenzene/acetone blends
noticeably impact P3HT charge transport properties.
Rather, they provide results that are similar to those of
P3HT films prepared from the respective single compo-
nent solvents, chloroform and chlorobenzene. Figure 1b,
c exhibits transfer and output characteristic curves which
are typical of p-channel OFET operation in the accumula-
tion mode. The high turn-on voltages (VON) apparent in
Figure 1b are attributed to the effects of residual doping
and/or acceptor-like traps at the P3HT�oxide interface.49

Spectroscopic and morphological studies of P3HT pre-
pared using these same solvent systems also presented
no substantive differences in comparison to results
obtained from the single component solvents (see Sup-
porting Information).
Figure 2 depicts the electronic absorption spectra

obtained from P3HT/chloroform�acetone solution
and the corresponding semiconductor thin-films. The
absorption maximum, λmax, associated with the π�π*
intraband transition, appears at ca. 450 nm for all
solutions, while absorption bands associated with a
vibronic structure having a 0�0 transition at ca. 610 nm
and a vibronic side band at ca. 570 nm are noticeably
absent (Figure 2a).50,51 Thus, addition of the poor solvent,
acetone, with volume ratios below 5% relative to chloro-
form, does not appear to effect aggregation of the P3HT
chains in solution.
In contrast to the solution results, P3HT thin-films

obtained from chloroform/acetone blends display
clearly different spectral features in comparison to
the pristine film, as shown in Figure 2b. The band
appearing at ca. 533 nm sequentially red-shifts as the
concentration of acetone increases. Additionally, weak
absorption bands begin to develop at lower energies
(λ ca. 555 and 605 nm), indicative of vibronic struc-
ture originating from improved co-facial π-stacking of
P3HT.52 These features are attributed to enhanced
planarization and thus, effective conjugation length
of the polymer main chain. Addition of acetone to
solutions of P3HT in chloroform appears to promote
that planarization resulting in improved molecular
ordering of P3HT chains through π�π stacking.
Enhanced intermolecular interactions between

P3HT chains are expected to give rise to films that
are more crystalline.53 Figure 3 shows the X-ray dif-
fractograms obtained from grazing incidence (GIXD)
measurements of P3HT films obtained from the chloro-
form/acetone solutions. As shown in Figure 3a, increases
in poor solvent concentration effects a gradual increase
in intensity of the (100) peak associated with lamellar
packing of the polymer chains along the crystallographic

direction perpendicular to the backbone.54 This increase
could be attributed to either an increase in the size
of individual crystallites, the number of crystallites, or
both.21 Also, the (100) peak gradually shifts to higher
angle, from 5.22 to 5.41�, when the acetone volume ratio
is increased from 0 to 5 vol %, indicating that the
d-spacing in the (100) plane decreases from 16.91 to
16.31 Å (Figure 3b). This decrease may result from
increased interdigitation between the P3HT alkyl side
chains, or a change in side chain tilt because of unfavor-
able solvent�solute interactions as poor solvent is in-
corporated into the system.34,55

Atomic Force Microscopy (AFM) was used to inves-
tigate the surface morphologies of P3HT thin-films
prepared from 0, 0.5, 1, 2, 3, and 5 vol % chloroform/
acetone solutions. Phase and height images are pre-
sented in Figure 4, where P3HT thin-film nano- and
microstructure distinctively evolves from an initial fea-
tureless and amorphous structure as the acetone

Figure 2. Normalized UV�visible absorption spectra of (a)
P3HT/chloroform�acetone solutions with differing volume
ratios of acetone to chloroform, and (b) the corresponding
P3HT thin-films obtained by spin coating. The spectra ob-
tained from the solutionswere shifted for better comparison.

A
RTIC

LE



CHANG ET AL. VOL. 7 ’ NO. 6 ’ 5402–5413 ’ 2013

www.acsnano.org

5406

content increases. Consistentwith previous reports, rapid
evaporation of chloroform during the coating pro-
cess hinders formation of well-ordered, supramolecular
structures.21,27 Using the binary chloroform/acetone sol-
vent system, randomly shaped, nanosizedgrainsbegin to
appear, and then increase in size, as the volume ratio of
acetone increases. Addition of the poor solvent appears
to induce supramolecular assembly of the P3HT chains
either in solution and/or during the coating process.
Concomitant with assembly/alignment of P3HT chains

is an increase in long-range lateral order, expected to be
beneficial for efficient charge transport.14,40 Theobserved
increase in field-effect mobility upon addition of up to
2 vol % acetone is consistent with this expectation. How-
ever, as seen from the height images, when the propor-
tionof acetone is greater than2 vol%, bothgrain size and
surface roughness increase significantly. Thus, the inter-
faces between grains become more resistive to charge
transport because interconnectivity is lacking, and the
corresponding field-effectmobility decreases (Figure 1a).
From the results presented above, blends of a

relatively good solvent with a poor solvent can afford

markedly different results with respect to charge trans-
port characteristics. Demonstrably, use of a poor sol-
vent able to interact with the majority solvent through
hydrogen bonding can enhance the supramolecular
assembly of π-conjugated polymer chains and thus
positively influence the charge transport characteris-
tics of the resultant film. Specifically, blends of chloro-
form and acetone, which are known to hydrogen bond
with each other, lead to molecular alignment and order-
ing at the nanoscale affording a macroscopic thin-film
structure conducive to efficient charge transport. From a
mechanistic perspective, it is important to understand
how such small percentages of a poor solvent additive
can promote molecular ordering and thereby transport.
We hypothesize that solvent�solvent (majority “good”
solvent�minority “poor” solvent) and subsequently, sol-
vent�solute (solvent mixture�P3HT) interactions pro-
mote aggregation and favorable π-stacking between the
P3HT chains. In the chloroform�acetone system, hydro-
gen bonding interactions lead to formation of a solvent
complex that persists in theevolving thin-film for a longer
time than either individual “free” component due to a
lower evaporation rate of the complex. Concomitantly,
polymer solubility decreases, perhaps gradually, as the
concentration of complexed solvent increases, thereby
promoting favorable π�π stacking interactions between
the polymer chains, thus enhancing solidified film charge
transport characteristics.15,56

At ambient temperature, hydrogen bonding effects
a decrease in the evaporation rate of a chloroform/
acetone blend as the acetone volume ratio increases
from0 to ca. 33 vol%.42 The change in evaporation rate
of the blended solvent in P3HT/solvent solutions was
investigated as a function of acetone volume fraction.
In agreement with expectations, the evaporation rate
decreases as the acetone volume ratio is increased to
5 vol % (see Supporting Information).42 FT-IR spectros-
copy confirmed the presence of hydrogen bonding
between the two solvent components (see Supporting
Information).57,58 Given that the volatility of the chloro-
form/acetone system is minimized at ca. 33 vol %, it is
anticipated that the volume ratio of acetone to chloro-
form in the P3HT/solvent systems investigated here
would converge to ca. 33 vol%during evaporation; the
more volatile fractions will exit first, leaving behind a
more acetone rich binary solvent regardless of the
starting chloroform�acetone ratio.
Solvents are known to affect the growth of organic

crystals in a significant manner.15,32 Similarly, the orga-
nization of polymer based semiconductors into assem-
blies that are conducive to effective macroscopic charge
carrier transport has also been shown to be sensitive to
the solvent environment. Use of a poor solvent allows
polymer chains to aggregate, thus minimizing unfavor-
able solute�solvent interactions and facilitating molec-
ular ordering between polymer chains through favorable
π�π stacking. A factor that is expected to be useful to aid

Figure 3. (a) Grazing incidence X-ray diffraction profiles of
P3HT films spin-coated from P3HT/chloroform solutions
containing a range of added acetone. (b) 2θ angle (left axis)
of (100) peak and corresponding layer spacing (right axis) as
a function of the additional acetone volume ratio.
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understanding of polymer/solvent interactions is the
total solubility parameter (δ); miscibility is improved
when the components of a system have similar cohesive
energy densities (E/V),59 where the cohesive energy
density is the energy required to infinitely separate a unit
volume of a given species from its neighbors. The total
solubility parameter (δ) can be described by three con-
tributions of the Hansen solubility parameters (HSPs),
namely ,the dispersive (δD), the polar (δP), andH-bonding
(δH) solubility parameters.41,60,61 The total solubility pa-
rameter (δ) is defined by eq 2,41,60

δ2 ¼ (E=V) ¼ δ2D þ δ2P þ δ2H (2)

where E is the cohesion energy or sumof the evaporation
enthalpies, and V is the molar volume.
To systematically evaluate the solubility of P3HT

in the solvent blends investigated here, the 3-di-
mensional Hansen space was explored. The three
HSPs are used as Cartesian units and each solvent
system can be represented by a coordinate. Sol-
vents that effect polymer dissolution define the
interaction radius (R0) which determines the radius

of the sphere in Hansen space; solvents falling
within R0 dissolve the polymer, while the solvents
outside of R0 are not effective. The center of the
sphere is determined by the polymer Hansen para-
meters. The distance between the polymer and
solvent Hansen parameters is termed Ra, defined
by eq 3,

Ra
2 ¼ 4(δD1� δD2)

2 þ (δP1� δP2)
2 þ (δH1� δH2)

2 (3)

where subscripts 1 and 2 represent the solute and
solvent, respectively. The relative energy difference
(RED = Ra/R0) provides an estimate of whether two
materials will be miscible (miscible when RED < 1,
partially miscible when RED = 1 and nonmiscible
when RED > 1).
Abbott and Hansen software was used to determine

HSPs for P3HT following methodology reported by
Duong et al.,26 and Brabec and co-workers.62,63 Good
solvents, defined as solvents which can dissolve more
than 5mg/mL of the polymer, were assigned a value of
“1”, while poor solvents were assigned a value of “0”.
The solubility of P3HT in a variety of alternative solvents

Figure 4. Tapping mode AFM phase (upper) and height images (lower) of P3HT films obtained via spin-casting from
chloroform/acetone solution; the P3HT films were fabricated from solutions containing (a) 0, (b) 0.5, (c) 1, (d) 2, (e) 3, and (f)
5 vol % acetone. The scan area of phase and height images is 1 μm � 1 μm and 2 μm � 2 μm, respectively.
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is summarized in Supporting Information. The Hansen
space creates the interaction radius, R0, for P3HT as
shown in Figure 5, and also RED values of the solvents
are obtained (see Supporting Information). Solvents in
blue are considered to be good solvents for P3HT, while
solvents in red are inferior/poor solvents. P3HT solubility
parameters were calculated to be δD = 19.45 MPa1/2,
δP = 3.97 MPa1/2 and δH = 4.19 MPa1/2, with an interac-
tion radius R0 of 4.20 MPa1/2.
Solvent solubility parameters were calculated as

function of acetone volume fraction using eq 4,

δx ¼ ∑ (δx )iφi (4)

where x represents D, P, or H, i stands for solvent
species and φi refers to the volume fraction of compo-
nent i. Calculated values of δD, δp and δH for the
solvents as a function of acetone content are depicted
in Figure 6. The range of 0 to 33 vol % acetone was
examined because it is anticipated that the composition
of the solvent will converge to a 33 vol % acetone

Figure 5. Hansen solubility parameter diagrams for P3HT
and selected solvents. Solvents in blue are considered to be
goodsolvents for P3HTwhile solvents in redarepoor solvents.

Figure 6. Hansen solubility parameters (a) δD, (b) δP and (c) δH of chloroform/acetone solvent blends and the distance (d) Ra
between Hansen solubility parameters of P3HT and chloroform/acetone solvent as a function of acetone volume fraction; δD,
δP and δH were numerically calculated by eq 4, and Ra was calculated using eq 3. Solubility parameters of pure solvents and
P3HT are as follows; δD = 17.80, δP = 3.10 and δH = 5.70 for chloroform; δD = 15.50, δP = 10.40 and δH = 7.00 for acetone; and
δD = 19.45, δP = 3.97 and δH = 4.19 for P3HT.
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solution during thin-film formation. As shown in
Figure 6a, δD for chloroform/acetone decreases with
an increase in acetone volume fraction. The difference
between the P3HT and solvent values of δD increases
with acetone incorporation, and thus in terms of δD,
P3HT solubility in the solvent decreases. Examination of
δP follows adifferent trend. Thedifference inδPbetween
the polymer and the solvent increases with increasing
acetone content up to a volume fraction of 0.12, but
then decreases with increasing volume fraction of poor
solvent up to 0.33 (Figure 6b). This trend indicates that
with respect to δP, the polymer solubility initially in-
creases with increasing acetone content, but once the
volume fraction of poor solvent reaches 0.12, P3HT
solubility decreases. Figure 6c shows that in terms of
δH, the solubility of the polymer relative to the solvent
decreases as the acetone content increases. Based
upon eq 3, differences in δD dominate in the calcula-
tion of Ra, which increases with increased levels of the
poor solvent, andpolymer solubility decreases (Figure 6d).
The solubility parameters of the solvent mixtures pre-
pared with 0.5, 1, 2, 3, 5, and 33 vol % acetone are
tabulated in Table 1 alongwith those of chloroform and
acetone.
The RED of the solvents with respect to P3HT were

calculated as a function of acetone volume fraction to
understand how solubility of the polymer changes
upon addition of acetone. As discerned from Figure 7a,
the RED decreases with increasing acetone content.
Thus, P3HT is expected to be soluble (>5mg/mL) when
the volume fraction of acetone is less than 0.12, but
become increasingly less soluble for volume fractions
of acetone greater than 0.12. These results were ex-
perimentally verified: P3HT exhibited good solubility in
solventspreparedwithup to10 vol%acetone, appearing
bright orange with no apparent aggregation. Samples
prepared with solvents containing 15�33 vol % acetone
were poorly soluble and aggregation was readily appar-
ent (Figure 7b).
Upon the basis of the solubility parameter analysis,

the solubility of P3HT in chloroform/acetone solutions
decreases during the thin-film solidification process;
excess acetone and chloroform evaporate more
quickly than the optimally hydrogen bonded system,
allowing the acetone volume fraction to gradually

increase up to approximately 33 vol %, regardless of
the initial acetone volume fraction. Thus, as P3HT thin-
film nanostructure initiates and evolves, the solvent
system enhances molecular ordering between P3HT
chains, with the degree of the molecular ordering
being dependent upon the initial volume fraction of
the poor solvent.
Amechanism to account for the observed enhanced

supramolecular aggregation of P3HT chains during the
deposition process is presented in Scheme 1. At the
initial stages, acetone/chloroform solvent complexes
formed via hydrogen bonding interactions exist along-
side “free” acetone and chloroform in the P3HT pre-
cursor solutions. Supramolecular aggregation of the
polymer is unfavorable because the overall solvent
system represents a good solvent. As the film evolves,
solvent molecules not involved in hydrogen bonding
evaporate faster than their hydrogen bonded counter-
parts and as a result, the volume ratio of acetone to
chloroform gradually increases up to approximately
33 vol %, while P3HT solubility commensurately de-
creases. Consequently,molecular orderingof thepolymer

TABLE 1. Hansen Solubility Parameters of Chloroform/

AcetoneBlends ContainingDifferent Proportions of Acetone

solvents δD (MPa
1/2) δP (MPa

1/2) δH (MPa
1/2)

Chloroform 17.80 3.10 5.70
Acetone 15.50 10.40 7.00
Chloroform/acetone (v/v = 99.5/0.5) 17.79 3.14 5.71
Chloroform/acetone (v/v = 99.0/1.0) 17.78 3.17 5.71
Chloroform/acetone (v/v = 98.0/2.0) 17.75 3.25 5.73
Chloroform/acetone (v/v = 97.0/3.0) 17.73 3.32 5.74
Chloroform/acetone (v/v = 95.0/5.0) 17.69 3.47 5.77
Chloroform/acetone (v/v = 67.0/33.0) 17.04 5.51 6.13

Figure 7. (a) Relative energy difference (RED) of chloro-
form/acetone solvent mixtures to P3HT, as a function of
volume fraction of acetone and (b) photographs of P3HT
solutions prepared with 5 mg/mL in various solvents (0, 5,
10, 15, 20, and 33 vol % acetone relative to chloroform).
Solvent mixtures with RED less than 1 dissolve P3HT to a
concentrationmore than 5mg/mL and are considered to be
good solvents, while solventmixtureswith REDmore than 1
dissolve less than 5 mg/mL of polymer and are considered
poor solvents.
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chains improves due to a gradual transition from favor-
able to unfavorable solvent�solute interactions. The
crystallinity of the films increases as well, however, the
macroscopic field-effect mobility reaches a maximum at
approximately 2 vol%acetone.At thispoint, even though
crystallinity of resultant films continues to increase, other
factors such as grain boundaries that negatively impact
charge transport begin to predominate.
In addition to solvent�solute interactions, kinetic

parameters associated with the coating process can
impact molecular ordering, thin-film morphology and
resultant polymer charge transport characteristics.21,64

To gain preliminary insight into the sensitivity of the
system to kinetic parameters, the rate of solvent
evaporation was varied through control of the spin-
ning speed (see Supporting Information). Small differ-
ences in the optimum critical acetone concentration
were observed; however, investigation into the kinetic
processes associated with film formation and their
impact on the morphology and charge transport char-
acteristics of polymer based semiconductors will be
required to elucidate the complicated relationships.

CONCLUSIONS

In conclusion, the macroscopic charge carrier trans-
port characteristics of solution deposited P3HT thin-
films can be enhanced simply by the addition of a small
amount of a poor solvent that has a propensity to
hydrogen bond. Specifically, addition of acetone to
solutions of P3HT in chloroform affords improved
molecular ordering of P3HT chains, resulting in en-
hanced macroscopic charge transport characteristics
of resultant thin films. The two-dimensional molecular
ordering of the polymer film was controlled by varying
the amount of poor solvent added to a precursor
solution, and a correlation between the field-effect
mobility and molecular ordering of the π-conjugated
polymer chains was investigated. During film forma-
tion, the relative volume fraction of poor to good

solvent gradually increased due to hydrogen bonding
interactions between the constituent solvent mol-
ecules. Hansen solubility parameters of the polymer
and solvent blends were employed to systematically
understand how the solvent mixtures can enhance the
supramolecular assembly of polymer chains during
deposition and subsequently impact the electrical
performance of the thin P3HT films. The solubility
threshold of P3HT appeared at an acetone volume
fraction of 0.12 relative to the majority solvent, chloro-
form, and the RED value of the solvent to P3HT varied
from less than to greater than 1 during film formation,
indicating that the solvent characteristics change from
those of a good solvent to those of a poor solvent. This
shift in solvent characteristics to a system that presents
unfavorable solvent�solute interactions enhances the
proportion of well-ordered molecular π�π stacked
P3HT chains. These studies provided for a mechanistic
illustration of the polymer molecular ordering process
during film formation.
This simple solvent based hydrogen bonding as-

sisted process represents a benign alterative for enhan-
cing ordered, aggregated π-conjugated semiconducting
polymer architectures. The approach that utilizes both
solvent�solvent and solvent�solute interactions, as de-
termined through spectroscopic and solubility parameter
analysis, could prove attractive in the pursuit of robust,
low-cost, large-area electronic device fabrication meth-
odologies. Further, the spectrum of solvent systems
applicable to polymer semiconductor device fabrication
may be expanded, enabling facile processing of organic�
organic blends or organic�inorganic composites. The
mechanistic approach, employing Hansen solubility
parameters, used to define a solvent system contri-
butes to understanding the evolution of macroscopic
polymer thin-film morphology and charge transport
characteristics for a variety of applications including
chemical sensors, OFETs, light emitting diodes and
organic photovoltaic cells.

MATERIALS AND METHODS

Materials. P3HT (catalogno. 445703), chloroform (HPLCgrade),
acetone (HPLC grade), chlorobenzene (HPLC grade) and 2,3-
dimethylbutane (analytical standard grade) were purchased
from Sigma Aldrich and used without further purification. The
P3HT used in this study had aMn of 40.3 kDa andMw of 91.4 kDa

with respect to polystyrene standards as determined by Gel
Permeation Chromatography (Waters 1515 Isocratic HPLC
equipped with a Waters 2489 UV/vis detector and Styragel
HR 5E column) using tetrahydrofuran as the eluent. All data
were processed using Breeze 2 software. The head to tail
regioregularity (RR) was estimated to be approximately 92%

Scheme 1. A schematic illustration of the evolution of molecular ordering of P3HT chains during solvent evaporation.
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(Bruker DSX 300 1H NMR in deuterated chloroform solution
at 293 K).

Organic Field-Effect Transistor (OFET) Fabrication and Characterization.
Two contact FET devices were prepared via spin coating the
relevant P3HT solution onto a 300 nm thick SiO2 gate dielectric.
The highly doped silicon wafer served as the gate electrode,
while Au/Cr was used for the source and drain contacts. The
source and drain contacts were fabricated using a standard
photolithography based lift-off process, followed by E-beam
evaporation (Denton Explorer) of 50 nm Au contacts with 3 nm
of Cr as the adhesion layer. Before spin coating P3HT solutions,
all devices were cleaned for 15 min in a UV-ozone cleaner
(Novascan PSD-UV) to ensure complete removal of any residual
photoresist and other organic contaminants. In a typical pre-
paration of the polymer solutions, 15 mg of P3HT was intro-
duced into 3 mL of relevant solvent mixtures containing small
amount of poor solvent (0, 0.5, 1, 2, 3, and 5 vol %) in air.
Subsequently, the solutions were stirred in a sealed vial for at
least 30 min at ca. 60 �C. OFETs were prepared by spin coating
(WS-650MZ-23NPP, Laurell) the solutions onto precleaned sub-
strates at a spin speed of 1500 rpm for 60 s in air, and tested in a
nitrogen ambient using an Agilent 4155C semiconductor pa-
rameter analyzer.

UV�Vis Spectroscopy. The solution and solid state UV�vis
spectra were recorded using an Agilent 8510 UV�vis spectro-
photometer. Films for solid state studies were prepared by spin
coating the requisite solution onto precleaned glass slides
following the same procedures used to prepare OFET devices.

Grazing Incidence X-ray Diffraction (GIXD). Out-of-plane grazing
incidence X-ray diffraction data were obtained using a Panaly-
tical X'Pert Pro system equipped with a Cu X-ray source operat-
ing at 45 kV and 40mA. The grazing incidence anglewas fixed at
0.2� and the detector was scanned from 3� to 30�. Peak positions
were obtained from the measured profiles by fitting the peaks
using the analysis software (MDI JADE). For the preparation of
samples for GIXDmeasurements, P3HT solutionswere spin coated
onto hydrophilic silicon substrates with native oxide that were
cleaned using the procedure employed for fabrication of bottom
contact FET devices. The spin coating procedures and solutions
were identical to those used for fabrication of OFET devices.

Atomic Force Microscopy (AFM). The AFM measurements were
performed on films spin coated onto bottom contact OFET
substrates using a Veeco Digital Instruments Dimension 3100
scanning probe microscope operating in tapping mode with a
silicon tip (NSC14, Mikro Masch).

Hansen Solubility Parameter Characterization. P3HT (1, 5, and/or
10 mg/mL) was mixed with 3 mL of solvent as per the defined
procedure for solubility parameter determination (a list of
solvents examined in this study are presented in Table S1 in
Supporting Information) and heated at 60 �C for at least 3 h.
Subsequently, the solutions were cooled to ambient tempera-
ture where they remained for 6 h. The solubility parameters
were determined from these solutions via visual examination.
Solvents were categorized as poor if they were unable to
dissolve more than 5 mg of P3HT/mL of solvent and good if
they were able to dissolve more than 5 mg of polymer/mL of
solvent. For the purposes of Hansen solubility parameter (HSP)
analysis using requisite software (Hansen Solubility Parameters
in Practice third edition), a poor solvent was assigned a value of
“0” and good solvent was assigned a value of “1”. The HSP
software package creates a sphere in Hansen space based on
the coordinates of the good solvents, while excluding those of the
poor solvents. The center of the sphere represents the HSPs for
P3HT. The fitting accuracy appeared with a value of “1”, indicating
the best fit. The value is determined by the program which
evaluates the input data using a quality of fit function.65 Support-
ing Information Table S1 summarizes the solubility results of P3HT
in the organic solvents evaluated here, and Supporting Informa-
tion Table S2 presents the HSPs for the solvents along with values
of their relative energy difference (RED) to P3HT.
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