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T
he degree of crystallinity and the size
and shape of crystals play vital roles in
optoelectronic applications of organ-

ic semiconductors due to the structure-
dependent absorption, charge separation,
and charge transport properties of these
materials.1�3 For example, in the case of
organic photovoltaic devices, numerous
methods have been developed to control
crystallization of organic semiconductors,
including thermal and solvent vapor an-
nealing of thin films, addition of low-
volatility components or marginal solvents
to induce crystallization in solution or dur-
ing film casting, andmodifications to chem-
ical structure that facilitate molecular
packing.4�7 The formation of controlled
crystalline nanostuctures in solution prior
to casting of device layers is attractive since
it is amenable to incorporation into low-
cost, large-scale processing approaches

(e.g., roll-to-roll fabrication), and can poten-
tially eliminate the need for sensitive an-
nealing steps after casting.8

Precrystallization of conjugated polymers
in the formof nanofibers or nanoparticles,9,10

starting from themost widely studiedmodel
p-type polymers, poly(3-alkyl thiophene)s
(P3ATs), has been realized via recrystalliza-
tionby cooling solutions inmarginal solvents
to induce supersaturation,11,12 by adding a
poor solvent toasolution inagoodsolvent,13,14

or by a miniemulsion process.15,16 Nano-
fibers obtained in this fashion are usually
∼10�20 nm wide, and can remain stably
suspended for long periods of time, as has
also been demonstrated for P3AT block
copolymers,17 low band gap polymers,18

and n-type polymers.19 By contrast, most
small molecule organic semiconductors;
such as naphthalene diimides,20 perylene
diimides21,22 and acenes23;have limited
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ABSTRACT Tailoring nanocrystalline morphologies of organic semi-

conductors holds importance for organic electronics due to the influence

of crystal characteristics on optoelectronic properties. Soluble additives

that control crystal growth are commonly found in a variety of contexts

such as biomineralization, pharmaceutical processing, and food science,

while the use of ultrasound to modify crystal nucleation and growth has

been routinely employed in producing crystals of food ingredients,

biomolecules, pharmaceuticals, and inorganic materials. However, both methods have been applied to the growth of organic semiconductor crystals only in

limited fashion. Here, we combine these two approaches to show that colloidally stable nanowire suspensions of a n-type small molecule, perylene diimide

(PDI), can be prepared with well-controlled structures by sonocrystallization in the presence of a p-type polymer, poly(3-hexyl thiophene) (P3HT), as a

soluble additive. By preferentially adsorbing on lateral crystal faces, P3HT dramatically reduces PDI crystal growth rate in the lateral directions relative to

that along the nanowire axis, yielding nanocrystals with widths below 20 nm and narrow width distributions. With the use of uniform short PDI nanowires

as seeds and extension with metastable solutions, controlled growth of PDI nanowires by “living crystallization” is demonstrated, providing access to

narrowed length distributions and tailored branched crystal morphologies.

KEYWORDS: organic nanocrystals . soluble additive . selective adsorption . sonocrystallization . seeded crystallization .
living crystallization
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solubility in common organic solvents and exhibit
rapid crystallization into micrometer-scale crystals that
easily precipitate from solution. For this reason, there
have so far been few reports on the preparation of
stable suspensions of small molecule semiconductor
nanocrystals.24 Perylene diimide derivatives are of
particular interest in this respect, since recent studies
have shown that controlling their packing can greatly
promote performance in photovoltaic devices.25

Recently, we reported that mixtures of poly(3-hexyl
thiophene) (P3HT) with n-type perylene diimide (PDI)
derivatives form shish-kebab-like p/n heterostructures
upon casting from solution.26 We suggested that this
behavior depends upon the ability of P3HT to act as
a “soluble additive” during growth of PDI crystals
by adsorbing preferentially on certain crystal faces,
thereby slowing lateral growth relative to longitudinal
growth and yielding extended one-dimensional PDI
nanowires. These PDI nanowires subsequently serve
as efficient nucleation sites to induce crystallization of
P3HT nanofibers that grow orthogonal to the PDI wire
axis. Similar shish-kebab heterostuctures have been
measured by Li et al. to exhibit anomalously high
open circuit voltages for single-nanostructure photo-
voltaic devices, an effect attributed to the large
interfacial area between P3HT and PDI.27 The use of
P3HT as a soluble additive has subsequently been
extended to modify crystallization of other conju-
gated small molecules. In one case, Chen et al. found
that P3HT, as well as a pentacene�bithiophene
copolymer, can not only influence crystal size, but
also alter the crystal polymorph adopted by 6,13-
bis(triisopropylsilylethynyl) pentacene, yielding pre-
viously unreported crystal structures with excellent
long-range order and improved charge transport.28 In
another, Suzuki et al. prepared nanowires of a tetra-
cene derivative in the presence of P3HT which
showed changes in morphology due to modification
by the conjugated polymer, along with improve-
ments in photoconductivity.29

Soluble additives that control crystallization through
interactions with solutes to promote or retard crystal
nucleation or growth, or to modulate crystalline poly-
morph or growth habit, are commonly found in con-
texts such as food science, pharmaceutical processing,
biomineralization, and biological antifreeze agents.30

However, efforts to understand and exploit soluble
additives during growth of organic semiconductor
crystals remain in their early stages. Since the interac-
tions between π-conjugated systems often dominate
the crystallization behavior of these materials, we
suspect that the ability to modify crystal growth of
one conjugated organic material with another should
be a rather general phenomenon. Indeed, it seems
likely that such effects may have played a role in
numerous previous studies on the formation of device
layers from mixtures of p- and n-type conjugated

molecules, although their importance was not neces-
sarily appreciated at the time.
Notably, the previous studies in which conjugated

polymerswere intentionally used tomodify the growth
of small molecule organic semiconductor crystals have
relied simply on solvent evaporation to induce crys-
tallization.26�29 This provides little control over the
kinetics of crystal nucleation and growth and yields
sensitivity to the details of the solvent removal process.
The resulting nanostructures therefore show poorly
controlled and broadly distributed sizes, which is a
complicating factor both for fundamental studies of
their photophysical properties as well as for fabrication
of uniform device layers. A potential route to address
this shortcoming is the use of sonocrystallization,
which is routinely applied to control nucleation and
growth of crystals of food ingredients, biomolecules,
pharmaceuticals, and inorganic materials,31,32 but
has so far been used only in a few examples with
organic semiconductors.16,33�36 Though the mecha-
nisms underlying sonocrystallization remain incom-
pletely understood, the acoustic cavitation bubbles
generated during application of ultrasound yield high
temperatures, pressures, and shock waves that are
thought to overcome the activation energy for crystal
nucleation, enhance mass transport, and break up
large crystals.37�39 Generally, several effects of ultra-
sound on crystallization are found: a reduction in the
supersaturation and time necessary for nucleation, and
the growth of more uniformly sized crystals.
In the current report, we describe how the combined

effects of P3HT to modify crystal growth, and ultra-
sound to facilitate nucleation, yield a simple route to
suspensions of crystalline PDI nanowires with well-
controlled dimensions and excellent colloidal stability.
We consider the effects of P3HT/PDI ratio, P3HTmolec-
ular weight, and sonication temperature, and show
that PDI nanowire widths can easily be tuned down to
14 nm, with polydispersities in width as small as 1.05.
Further, we show how PDI nanocrystal seeds can be
used for “living crystallization” of PDI, enabling forma-
tion of nanowires with well-controlled lengths and
branched architectures.

RESULTS AND DISCUSSION

We begin by considering the behavior of super-
saturated solutions of N,N0-dioctyl perylene diimide
(PDI) in 1,2-dichlorobenzene (oDCB) containing P3HT
(MW = 20 kg/mol, regioregularity >98%), as summa-
rized in Figure 1. Solutions with PDI concentrations of
1.5 mg/mL, well in excess of the room temperature
solubility of 0.12 mg/mL previously estimated26 from
the amount of dissolved PDI remaining following
quiescent crystallization for 26 days, are prepared by
first heating to 80 �C and subsequently cooling to
25 �C. Unlike solutions of PDI alone, which recrystallize
into micrometer-scale crystals over 10�20 min, the
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presence of P3HT in solution, for example, at 1.0mg/mL,
yields a kinetically stabilized supersaturated solution.
After∼4 h, however, flocculated PDI crystals floating at
the air interface are visible, and within roughly 2 weeks,
the concentration of dissolved PDI reaches the steady-
state value of 0.12 mg/mL. The resulting PDI crystals
have a broad distribution of sizes, as shown in Figure 1a
for respective P3HT and PDI concentrations of 1.0 and
1.5 mg/mL.
In stark contrast to these results, when ultrasound is

applied to supersaturated solutions containing P3HT, a
visual color change indicative of crystallization is ob-
served after 2 min and PDI crystal growth is completed
within ∼2 h. Furthermore, the resulting nanowire
crystals, shown in Figure 1b, exhibit much narrower
(mean: 38 nm) and more tightly distributed widths
(polydispersity: 1.20), while their lengths can be up to
tens of micrometers. Compared to the PDI crystals
prepared without insonation (Figure 1a), these wires
are also straighter and less agglomerated. The rela-
tively well-controlled sizes of these fibers allow for
the preparation of nearly smooth films (Supporting
Information Figure S1), as evidenced by the decreased
root-mean-square roughness, which is essential for
achieving good contact between active layers and
electrodes in high performance electronic devices.
X-ray diffraction data (Supporting Information Figure S2)
reveal that the crystalline structure of the nanowires
formed by sonication remains the same as that of
those formed without sonication and in the absence
of P3HT. UV�vis spectroscopy (Figure 1c) shows that,

in addition to the relatively sharp peaks characteristic
of dissolved PDI, and the broad peak due to dissolved
and adsorbed P3HT, a new sharp peak emerges at
572 nm following insonation, due to the formation of
PDI crystals.40 Notably, the absorption spectra of the
sonicated nanowire suspension and a solid film cast
from suspension are very similar, consistent with the
nearly complete crystallization of PDI induced by
ultrasound. (Some broadening of the absorption peaks
and an increase in intensity of the red-shifted peaks is
seen for the solid film, although this likely also reflects
the crystallization of dissolved P3HT upon solvent
evaporation.)
The BFDH (Bravais, Friedel, Donnay and Harker)

prediction for the PDI crystal morphology based on
the previously established single crystal structure21 is
shown in Figure 1d. In light of the high aspect ratios
of the nanowires in Figure 1b, it appears that P3HT
adsorbs preferentially to the (001) and (010) faces
relative to the (100) faces, thus slowing crystal growth
in the lateral dimensions relative to that along the
nanowire length. As PDI crystals have been reported
to be highly terraced,41 it is also possible that P3HT
adsorption occurs at step edges along these crystal
faces. While the detailed nature of the interaction
between P3HT and PDI crystals remains an important
topic for future study, we suspect that π�π interac-
tions between the respectively electron rich and elec-
tron poor π-systems of P3HT and PDI likely represent a
substantial contribution. Notably, the nanowires re-
main stable and homogeneously suspended in oDCB
for at least 1 year, without any clear change in fiber
width or agglomeration, suggesting their potential
suitability as nanoscale “inks” for large-scale solution
processing of organic electronic devices.
Further insight into the mechanism of P3HT-

modified sonocrystallization is provided by several
additional experiments described in more detail in the
Supporting Information. First, emulsion crystallization
measurements performed by first heating droplets of a
supersaturated solution of PDI in oDCB to 80 �C and
cooling at a rate of 2 �C/min reveal that only a small
fraction of droplets;i.e., those containing heteroge-
neous nucleation sites;undergo crystallization by
25 �C (Supporting Information Figure S3), while most
of the remaining droplets undergo crystallization at
5 �C, consistent with homogeneous nucleation. Emul-
sions cooled to 25 �C and stored at room temperature
show no additional crystallization for at least 4 h. This
indicates that formation of PDI crystals at room tem-
perature occurs almost exclusively by heterogeneous
nucleation, and that homogeneous nucleation in
quiescent solution can therefore be ignored on the
time-scales of interest. With P3HT, no heterogeneously
nucleated PDI crystals are observed at 25 �C, and
homogeneous crystallization is postponed to �3 �C.
Interpreted solely in terms of nucleation, this suggests

Figure 1. Crystals grown from a supersaturated solution
containing 1.5 mg/mL of PDI and 1.0 mg/mL of P3HT (a)
without, and (b) with insonation at 20 �C for 2 h. The insets
are photographs of the corresponding suspensions after
storage at room temperature for severalmonths. (c) UV�vis
absorption spectra of metastable solutions containing
1.0 mg/mL P3HT alone, 1.5 mg/mL PDI alone, and a blend
of the two after insonation in the suspension state (NC
suspension) and a dried film (NC film). (d) A schematic
illustration showing the adsorption of P3HT chains (red
lines) preferentially on the 010 and 001 faces of PDI
nanocrystals.
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that P3HT serves to both poison heterogeneous nu-
cleation sites and inhibit homogeneous nucleation of
PDI crystals. However, P3HT may also slow the overall
crystal growth rate, making it difficult to unambigu-
ously identify its effect on nucleation compared to
growth.
On the basis of these observations, we propose

the following mechanism for the formation of stable
PDI nanowire suspensions by sonocrystallization with
P3HT. First, sonication greatly facilitates homogeneous
nucleation of PDI crystals, leading to rapid formation of
large numbers of crystal nuclei. After PDI nuclei form,
P3HT preferentially adsorbs on the (001) and (010)
crystal faces, which leads to faster PDI crystal growth
along the nanowire axis compared to the lateral direc-
tions, yielding thin and narrow PDI nanowires. The
overall crystallization rate may be enhanced by ultra-
sound not only due to the increased nucleation rate,
but also due to better mixing by acoustic streaming, or
by stripping P3HT chains off of PDI crystal faces.
We next consider the effect of varying P3HT con-

centration on sonocrystallization with a fixed PDI
concentration of 1.5 mg/mL. Since PDI reaches almost
full crystallinity through this process, we take the crystal
dimensions measured from TEM images (Figure 2a�d)
for samples simply dropcast on TEM grids as represen-
tative of the dimensions in suspension. We note, how-
ever, that small increases in nanowire size likely occur as
the remaining 4�12% of soluble PDI crystallizes during
solvent evaporation. The average width of PDI nano-
crystals, determined by measurements of 300�500
crystals from TEM images, decreases from 200 to
40 nm upon increasing the P3HT concentration from
0.01 to 1 mg/mL, as seen in Figure 2e. By comparison,
the average size of crystals grown when subjected
to ultrasound in the absence of P3HT is 2.0 μm. The
polydispersity of PDI fiber widths (defined as the width-
average width divided by the number-averagewidth) is
also reduced from 1.4 to 1.2 over this range of P3HT
concentration, presumably reflecting the slowing rate of
crystal growth compared with nucleation as the P3HT
concentration increases. Notably, it is also possible for
ultrasound to induce crystallization of P3HT.34�36 How-
ever, for mixtures with P3HT concentrations up to
1.0 mg/mL, we do not observe P3HT fibrils by TEM,
which can be distinguished from PDI crystals due to
their smaller widths of roughly 20 nm. Furthermore,
X-raydiffractiondata (Supporting Information Figure S2)
show no evidence of crystalline P3HT under these
conditions. Presumably, at these modest P3HT con-
centrations, adsorption to PDI nanocrystals lowers the
concentration of free P3HT sufficiently to prevent
crystallization.
At higher P3HT concentrations of 10�15 mg/mL,

however, a shift in morphology to shish-kebab crys-
tals26 consisting of central PDI nanowires (widths
of 20�15 nm, width polydispersities of 1.11�1.05)

flanked by P3HT fibrils are observed (e.g., Figure 2d),
indicating that the PDI nanowires serve to nucleate
crystals of excess P3HT in solution as solvent evapo-
rates. Further increases in P3HT concentration above
15 mg/mL yield highly viscous suspensions due to the
presence of high aspect ratio PDI nanowires as well
as crystallization of P3HT into fibrils, which may be
assisted by both the presence of PDI nanowires as
nucleation sites and the application of ultrasound. The
P3HT fibrils and PDI nanowires formed under these
conditions had similarwidths, thusmaking it difficult to
distinguish them from each other and complicating
quantitative measurements. While the widths of the
PDI wires can be tuned and show reasonably narrow
distributions, the length of nanowires so far remains
poorly controlled, perhaps for several reasons. One
possibility is that the longitudinal growth rate remains
relatively fast compared to the nucleation rate. An-
other is that ultrasound may break the wires as they
grow, broadening the dispersity in length.
To determine the fractions of both PDI and P3HT

remaining in solution following sonocrystallization,
we perform solution state 1H NMR measurements on
supersaturated solutions containing 1.5 mg/mL of PDI
both before and after sonication, as summarized in
Figure 2f. At low P3HT concentrations, e.g. 0.01mg/mL,
only 4.4% (0.066 mg/mL) of the original PDI concentra-
tion remains dissolved in solution after insonation (as-
sessed using the intensity of the peak at δ = 4.07 ppm,

Figure 2. Sonocrystallized PDI-L8 nanocrystals formed at a
concentration of 1.5mg/mLwith P3HT concentrations of (a)
0.01 mg/mL, (b) 0.1 mg/mL, (c) 1.0 mg/mL, (d) 15.0 mg/mL.
(e) The width of PDI nanowires and (f) the fraction of
remaining dissolved P3HT and PDI following insonation,
as measured from 1H NMR spectra, are plotted as a function
of initial P3HT concentration.
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Supporting Information Figure S4). This value is lower
than the solubility of 0.12 mg/mL estimated from
quiescent crystallization, indicating that ultrasound
serves to reduce PDI supersolubility.42 With increasing
P3HT concentration, the remaining soluble fraction
climbs to 10�12% (0.15�0.18mg/mL), possibly reflect-
ing an increase in PDI solubility as the crystal size
decreases,43 or a kinetic limitation on reaching the
equilibrium solubility. The remaining dissolved P3HT
concentration (from the peak at δ = 2.65 ppm) drops to
almost 0% at low initial P3HT concentrations, consis-
tent with a high affinity binding of the polymer chains
to the PDI crystal surfaces, but then climbs to∼80% at
the highest P3HT concentrations studied. Unfortu-
nately, further quantitative analysis of these data is
complicated by the possibility for P3HT to disappear
from solution also by crystallizing on its own at con-
centrations above 1 mg/mL. At lower concentrations,
however, the data are reasonably consistent with
nearly complete adsorption of P3HT chains on PDI
crystal surfaces, as judged from a rough comparison
of the total surface area of PDI crystals and the amount
of available P3HT. For example, at a concentration of
P3HT = 0.1 mg/mL, we estimate a total PDI crystal
surface area per volume of suspension of 140 m2/L, by
treating the PDI crystals as rectangular in cross section
with a constant width to thickness ratio of 2 (estimated
from AFMmeasurements), ignoring the nanowire ends,
and using a literature density value of 1.2 g/cm3 for
PDI crystals.21 From 1H NMR, the amount of P3HT
removed from solution is 0.093 mg/mL, which to-
gether with the literature dimensions of a hexyl
thiophene unit of 0.39 nm � 1.6 nm44 yields an esti-
mate of the total P3HT area per volume of 210 m2/L,
which is in reasonable agreement with the estimated
PDI crystal surface area. Thus, we suggest that at low
concentrations, P3HT almost completely absorbs to
form a nearly complete monolayer on the PDI crystal
surfaces.
On the basis of the proposedmechanism, we expect

that P3HTmolecular weight should have a pronounced
effect on the dimensions of PDI nanocrystals. Higher
molecular weights should provide stronger binding
of P3HT chains, with slower desorption kinetics, and
therefore reduced lateral crystal dimensions. Indeed,
as shown in Figure 3a,b, compared with an average
width of 39 nm for PDI fibers sonocrystallized at room
temperature with 20 kg/mol P3HT (respective concen-
trations of 1.0 and 1.5mg/mL), the PDI crystals increase
dramatically to 150�500 nm in width using 6 kg/mol
P3HT, and decrease to 25 nm in width using 60 kg/mol
P3HT. Temperature provides another means to mod-
ulate crystal dimensions, although since nucleation,
growth, and adsorption/desorption rates are all tem-
perature-dependent, the net effect is not as easily
anticipated. In practice, however, we find an increase
in width to 70�200 nm when sonocrystallization is

conducted at 40 ( 2 �C, and a decrease in width to
21 nm at 3 ( 1 �C.
The uniformity of the sonocrystallized PDI naono-

wires suggests the possibility to use them as seeds to
induce further growth of PDI, in similar fashion to
the approach of “living crystallization” developed by
Manners, Winnik, and co-workers.45,46 To prepare seed
crystals, we extended the length of sonication to 9 h

Figure 3. PDI nanocrystals sonocrystallized from solu-
tions containing 1.5 mg/mL of PDI and 1.0 mg/mL of P3HT
(a and b) at 20 �C with different P3HT molecular weights:
(a) MW = 6 kg/mol, (b) MW = 60 kg/mol), and (c and d) with
MW=20 kg/mol at temperatures of (c) 3( 1 �C, (d) 40( 2 �C.

Figure 4. (a) Seed crystals of PDI prepared by sonocrystalli-
zationof solutions containing1.0mg/mLP3HTand2.0mg/mL
PDI at 20 �C for 9 h; (b and c) are extended by mixing with
metastable solutions of the same P3HT/PDI concentrations
at volumetric ratios of (b) 1:2 and (c) 1:5. (d) A plot of the
number-average length Ln (blue curve) and length polydis-
persity (black dashed curve) as a function of the seed/
metastable solution mixing ratio 1:x. The dotted red line
represents the expected dependence for extension of seeds
by living crystallization.
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(using respective P3HT and PDI concentrations of 1.0
and 2.0mg/mL), which yields PDI crystals with number-
average width and length of 34 and 129 nm, respec-
tively, as shown in Figure 4a. Upon adding the seed
suspension to metastable solutions of the same P3HT/
PDI concentrations with a volumetric ratio of 1:x, the
widths of the seeded grown PDI fibers stay at 34 (
2 nm, while the lengths grow larger with increasing
x. Representative TEM images of nanowires grownwith
x = 2 and 5 are shown in Figure 4, panels b and c,
respectively. As shown in Figure 4d, for values of x up to
4, the number-average length follows very closely the
relationship Ln = Ln

0(1 þ x) expected for living crystal-
lization, in which every seed crystal is extended at a
constant rate, with no termination or combination
(here, Ln

0 is the average length of the seeds). Corre-
spondingly, the length polydispersity (defined as the
length-average length divided by the number-average
length) decreases from 1.48 for the seeds, to 1.27 at
x = 2. By x = 5, however, a population of very long PDI
nanowires begins to form,whichwe suspectmay come
from the merging of shorter wires based on the pres-
ence of thin segments along individual long wires.
Correspondingly, the plot of average length vs x shows
a positive deviation from the linear trend, and a slight
increase in length polydispersity. While the reasons for
this loss of controlled crystallization are not completely
clear at present, we suspect they occur due to a
dramatic increase in viscosity of the suspension; in-
deed, further increases of x above 8 yield highly viscous
gel-like materials following sonocrystallization.
The ability to extend seed crystals in a controlled

fashion also offers access to branched nanowire
structures, which we demonstrate using wide PDI
seed crystals prepared at low P3HT concentrations

(0.01 mg/mL P3HT, 1.5 mg/mL PDI) as shown in Figure
5a. With the use of metastable solutions with higher
P3HT concentration and same PDI concentration for
crystal extension, the ends of these wide seeds can
serve to nucleate thinner PDI crystals. Figure 5b�d
shows crystals extended at 0.1 mg/mL P3HT, where
slightly thinner crystals grow from both ends of the
original large crystals. With addition of increasing
amounts of the metastable solution, the thinner crys-
tals grow longer. For example when the mixed volume
ratio of seed to metastable solution goes from 1:1
(Figure 5b) to 2:3 (Figure 5c), the lengths of the thinner
regions increase from 1 ( 0.5 to 4 ( 2 μm. Notably,
as the mixing ratio of seeds to metastable solution
reaches 1:3, macroscopic gel-like clumps of highly
aggregated segmented PDI crystals grown frommicro-
meter-sized seeds are formed (as determined by TEM).
However, above this aggregated material, narrower
segmented PDI crystals (Figure 5d) grown from 120 (
30 nm wide seeds are found in a thin layer of super-
natant.When the seeds are insteadextendedwithmuch
narrower nanowires at 10mg/mL P3HT (Figure 5e,f), they
form highly branched crystals that can be further
extended by increasing the quantity of metastable
solution added. We note that similar types of branched
crystalline nanowires have been demonstrated for
poly(ferrocenylsilane)-basedblock copolymers, although
in that case crystal width was adjusted through variation
of the block ratios, rather than concentration of an
adsorbing additive.45

CONCLUSION

In conclusion, we have shown that sonocrystalliza-
tion of a perylene diimide derivative using poly(3-hexyl
thiophene) as a soluble crystal modifier provides a

Figure 5. Wide PDI seeds formed by sonocrystallization with a P3HT concentration of 0.01mg/mL and a PDI concentration of
1.5 mg/mL at 0 �C for 2 h (a). Extended crystals are obtained by addingmetastable solutions of P3HT/PDI with different P3HT
concentrations and a fixed PDI concentration of 1.5 mg/mL; solution/seed ratios of (b) 1:1, (c) 3:2, and (d) 3:1 with 0.1 mg/mL
P3HT, and (e) 1:1, (f) 3:1 with 10 mg/mL P3HT.

A
RTIC

LE



BU ET AL. VOL. 9 ’ NO. 2 ’ 1878–1885 ’ 2015

www.acsnano.org

1884

powerful means to tailor the dimensions andmorphol-
ogy of crystalline nanowires of a conjugated small
molecule. Ultrasound appears to dramatically increase
the rate of crystal nucleation; coupled with the adsorp-
tion of P3HT to the crystal surfaces, this leads to the
formation of nanowires with well-defined and tunable
lateral dimensions. In addition to the ratio of P3HT to PDI
concentrations, P3HT molecular weight and sonication
temperature provide handles to control the process.

Using well-controlled PDI crystals as seeds, we have
further demonstrated the controlled extension through
“living crystallization” to yield nanowires with reduced
length polydispersity, as well as branched crystals. We
anticipate that similar effects may be found in other
combinations of conjugated polymers and small mole-
cules, and that the method may therefore provide
an easily scalable approach to prepare nanocrystalline
building blocks for the fabrication of organic electronics.

EXPERIMENTAL SECTION
Materials. P3HT with weight-average molecular weights of

20 and 60 kg/mol were purchased from Rieke Metals, while that
of 6 kg/mol was synthesized according to literature proce-
dures.47 PDI and oDCB were purchased from Sigma-Aldrich.
All purchased materials were used as received.

Nanocrystal Suspension Preparation. Desired masses of P3HT
and PDI were dissolved by heating in oDCB at 120 �C for
10 min in the dark. After complete dissolution, solutions were
filtered with a 0.45 μm PTFE filter. The blend solution was
then exposed to ultrasound using a 35 kHz VWR Symphony
ultrasonic cleaner at the indicated temperature, maintained
by an ice�water bath or hot water bath. The solution was
shaken by hand for 0.5 h and then subjected to ultrasound for
another 1.5 h without agitation. TEM samples were prepared
by dropcasting volumes of less than 1 μL of the suspensions
on TEM grids, and then removing excess liquid with filter
paper.

Emulsion Crystallization. PDI emulsions with or without P3HT
were prepared by emulsifying oDCB solutions in twice the
volume of an aqueous phase containing 5 mg/mL poly(vinyl
alcohol) (PVOH, 13�23 kg/mol, 98% hydrolyzed, Aldrich) with
vortex mixing for several minutes. Emulsions were then loaded
into 50 μm thick optical capillaries and open ends were sealed
with epoxy prior to observing under an optical microscope.

Measuring Remaining Dissolved P3HT and PDI Concentrations. We
use the residual proton signal at 6.71 ppm from 1,2-dichloro-
benzene-d4 (98% deuterated, Aldrich) as an internal standard
for 1H NMR measurements. The integrated intensities of the
peaks at 2.65 ppm for P3HT, and at 4.07 ppm for PDI measured
from an Agilent 700 MHz NMR spectrometer, along with the
known concentrations of the samples prior to insonation, were
then used to determine the absolute dissolved concentrations
of both species following ultrasound.

Seeded Growth. Suspensions of seed crystals were added to
metastable solutions in the desired volume ratio, followed by
gentle shaking to mix. The samples were then kept quiescent in
the dark for at least 24 h before TEM sample preparation.
Lengths are characterized in terms of

number average length, Ln ¼
∑
i¼ n

i¼ 1
NiLi

∑
i¼ n

i¼ 1
Ni

length average length, Ll ¼
∑
i¼ n

i¼ 1
NiL

2
i

∑
i¼ n

i¼ 1
NiLi

and length polydispersity ¼ Ll
Ln
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