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ABSTRACT: Molecular self-assembly in isoindigo-based binary polymer
blends as a novel platform for facile and robust formation of semiconducting
nanofibers is studied. We designed structurally complementary polymers to
process all-semiconducting nanocomposites. The selection of the tie-polymer
for nucleation and nanofiber formation was probed by tuning crystallinity via
side chain engineering. Morphology studies revealed that the crystallinity and
the scale-like morphology of the tie-polymer play a crucial role in making long
and well stacked nanofiber networks. The optimized blends could be solution-
processed into nanotailored semiconducting thin films with no postprocessing
steps required. The nanofiber formation in thin films further led to lowered
elastic moduli and glass transition but higher crack-on-set strain as well as
excellent charge transport properties. The formed nanofibers could also be
aligned via a blade-directed shearing method to fabricate organic field-effect
transistor devices. Our blending strategy shows to be a promising facile route
for processing flexible and stretchable organic semiconducting thin films.
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■ INTRODUCTION

Tough yet ductile organic thin films that can mechanically
conform to flexible substrates are attractive for their
applications in organic electronics.1−5 Engineering approaches
have been utilized to tune the mechanical properties of
electronic devices by reducing their thickness.6,7 The
introduction of buckles and wavy structures has served as a
tool to significantly increase the devices’ conformability, and
arrays that can withstand mechanical deformations have been
realized.2 Achieving the intrinsic stretchability for organic
semiconductors is challenging, mainly because the needed π-
conjugation in most semiconducting materials makes them
rigid.8 Both molecular and materials design approaches have
been utilized to attain stretchable conjugated polymer thin
films, such as using nanocomposites, backbone and side chain
engineering, as well as cross-linking.9−13 In the nanocomposite
approach, self-assembled semiconducting polymers have
gained remarkable attention owing to their ability to yield
mechanically tough and flexible thin films, specifically when
assembled into nanowires, without sacrificing the desired
electronic properties.14−20 In addition, nanowire-based elec-
tronic devices have been demonstrated and showed high
electronic performance due to the aligned morphologies in
fibers.18,21,22 One notable approach to attain semiconductor
self-assembly reported by Bao et al. has been the use of the

nanoconfinement effect to assemble conjugated polymers into
nanocomposites.9,23 At the nanoscale level, mechanical proper-
ties of conjugated polymers can be tuned as polymer chains
demonstrate local freedom within the confined surroundings.
Devices able to stretch up to 100% could be realized when
nanofiber-based organic films were utilized.
The nanofibers formation in conjugated polymers is often

achieved via cross-linking or physical blending with insulating
hosts. Conjugated polymers have shown to self-assemble into
long-range aggregates mostly because of induced segmental
motion of the conjugated polymer chains within the host
matrices.22,24−28 As a result of molecularly structural
incompatibility, phase segregation between the two polymer
components commonly occurs. By inducing the dual layer
formation and the reorganization of the functional material at
substrate’s surface, oftentimes these binary systems yield
improved electrical performances.26,29,30 Notably, this strategy
requires the use of large amounts of the insulating hosts,
making it a less attractive route for practical applications. In
cases where one might need to access the deposited
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semiconducting layer, additional steps to remove the inactive
component would be required.
A robust way to process semiconducting nanofiber networks

into readily usable thin films would be the use of all-
semiconducting components for fiber formation. Our research
group has recently demonstrated the concept of complemen-
tary semiconducting polymer blends (c-SPBs).31−34 In
principle, a matrix polymer is designed to be highly flexible
and serve as a blending medium for a small portion of a fully
conjugated analogue. By introducing flexible conjugation break
spacers (CBS), the main chain rigidity can be intentionally
interrupted. To restore efficient charge transport, a small
portion of the fully conjugated polymer is added to serve as tie-
chains between the crystalline domains of the matrix polymer.
This blending system of two structurally similar (i.e.,
complementary) polymers has been shown to be a robust
way to improve polymer processability and yield excellent thin-
film morphology as well as efficient charge transport in organic
field-effect transistors (OFETs). By using a semiconducting
matrix polymeras opposed to using large percentages of
insulating matricesefficient active material density is
achieved in c-SPBs. As a result of the lack of phase separation,
however, the previously studied diketopyrrolopyrrole (DPP)-
based binary systems did not exhibit the formation of self-
assembled nanocomposites. Instead, the blend films showed
uniform morphologies with no observable phase separa-
tion.31,32 In addition, from recent reports on the formation
of polymer nanofibers, this self-assembly feature seems to be
observable for the fully conjugated polymers that readily form
large crystalline aggregates, a behavior which was not observed
in DPP-polymers.21,23,25,26 The role of the tie-chain crystal-
linity during the nanofiber formation would thus be of interest,

especially because there seems to be a lack of a guideline on
which polymer combinations would lead to nanofiber self-
assembly.
Here we report on the tie-polymer selection based on

crystallinity and aggregation behavior in isoindigo-based binary
polymer blends for nanofiber network formation. We design a
matrix polymer that is structurally complementary to the tie-
polymer to attain all-semiconducting blends. We use
morphology analysis to probe the nanofiber formation process
using three different tie-polymers in their blends with the
newly designed matrix. We found that the more crystalline the
nucleation sites (i.e., the tie-chains), the easier the formation of
the nanofibers. The optimized binary blends showed the
formation of long nanowires when as little as 5% of the fully
conjugated polymer was used to form thin films. By increasing
the blending ratio, the fiber interconnectivity could be
increased for tailoring the nanofiber network. The binary
blends containing only 10% of the tie-chain polymer showing
excellent fiber interconnectivity could be readily solution-
processed into thin films for transistor devices. The influence
of the formation of nanofibers on the glass transition,
crystallinity, mechanical properties, as well as charge transport
properties under strain was then studied for solution-processed
thin films. The formed nanofibers could further be
disentangled using a blade-shearing method to fabricate
transistor devices.

■ RESULTS AND DISCUSSION
Tie-Polymer Selection for Nanofiber Formation. In

this study, isoindigo-based fully conjugated polymers (P1, P2,
P3) were selected for nanofiber formation studies owing to the
tendency of indigo-/isoindigo building blocks to aggregate and

Figure 1. (a) Molecular design for tie-polymers (P1, P2, and P3) and matrix polymer (C3). Side chain engineering is used to tune the tie-polymer’s
crystallinity and aggregation. (b) AFM height images demonstrating the formation of polymer nanofibers in C3-based blends with varying blending
ratios with the tie-polymers. The scale bar is 4 μm.
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crystallize into long-range assemblies.35,36 Additionally, in our
previous studies, the differences in side chains flanking these
tie-chains have been shown to lead to tunable crystallinities
and aggregate morphologies.36 We thus probe the influence of
the crystallinity and morphology of the tie-polymer during
nucleation and nanofiber growth in the semicrystalline host
matrix (C3), in accordance with the complementary polymer
blends model developed by our group.31,37−39 We design C3 to
serve as a structurally complementary matrix to form all-
semiconducting blends for nanocomposite formation. Molec-
ular structures of the fully conjugated polymers (P1, P2, P3)
and the studied matrix polymer (C3) are shown in Figure 1a.
Experimental details on the synthesis and characterization of
the polymers can be found in the Supporting Information
along with thin-film-processing details.
Morphology analyses were used to visualize the impact of

the tie-polymer on self-assembly and fiber formation. By
varying the blending ratio of the added tie-polymer in solution
of C3, the fibers’ length and interconnectivity could be tuned
as seen from the corresponding atomic force microscopy
(AFM) images (Figure 1b). From the AFM height
morphology of the pure tie-polymers, P1 shows scale-like
aggregates in comparison to the other two derivatives. In
addition, X-ray studies on these polymers have previously
revealed that the asymmetric side chains on P1 allow for mixed
orientations and improved crystallinity in comparison to the
symmetrical counterparts.36 We could then predict that the
more crystalline tie-polymer would aggregate better and serve
as a more efficient nucleation site for the fiber growth.40 When
blended with C3, P1 exhibits abrupt formation of fiber
networks in the spin-cast films when as little as 5% is used. A
further increase in amount of P1 added leads to more stacked
layers of the nanofiber networks. P2, which displays lower
crystallinity and smaller aggregates from morphology analysis,
could only form fibers when much higher amounts of nucleates
were added (Figure 1b). It required as high as 30 wt % of P2
for fiber-like assemblies to be observed. Conversely, P3, the
least crystalline of the three polymers, could not lead to
nanofiber formation in its blends with C3. Long aggregates
could be observed at higher percentage (>50 wt %), but no
network formation could be observed. It was thus evident that
to form a network of long nanofibers, the choice of the tie-
chain was crucial in the studied isoindigo system. More
crystalline tie-chains could serve as excellent nucleation sites
for the semicrystalline matrix, and long-range nanofiber growth
could be induced.
Charge Transport within Nanofiber Networks. The

morphology behaviors of the three studied pairs allowed a
comparative analysis on electrical properties in the blends.
Because the three tie-polymers appear to induce different
assemblies when blended with the matrix, we compare the
resulting hole mobilities specifically to explore potential usage
of the formed fibers for organic electronics. OFET devices
were then fabricated by spin-casting the blend films with no
further modification steps. The resulting hole mobilities are
summarized in Table 1, and the corresponding transfer curves
can be found in the Supporting Information along with the
device fabrication details. Not surprisingly, the blends of P1
and C3 gave much better electronic properties compared to
the other pairs. More intriguingly, even the blend containing
only as little as 5% of P1 could reach an OFET mobility as high
as 0.12 cm2/(V s) despite the large and randomly oriented
fibers as observed from the AFM images. The ability of the

nanofiber-based films to achieve excellent electronic properties
without exhibiting detrimental grain boundaries could thus be
attributed to the fact we use all-semiconducting components in
the blends. In the case of P2 and P3 blends, these tie-polymers
were not only unable to induce long-range crystallization in the
blend films but also they could not perform as efficient
bridging tie-chains for charge transport. The average charge
mobilities for these parent tie-polymers were measured to be
0.12 and 0.11 cm2/(V s) for P2 and P3, respectively, whereas
P1 showed much higher mobilities (∼2.85 cm2/(V s)) (Figure
S3). We then carried out a series of studies on the P1-based
blends to explore their potential applications in organic
electronics, especially for the ratios containing large amounts
of the easily processable C3.

Crystallization Behaviors in Nanofiber Networks.
Because the blending of P1 and C3 revealed to lead to drastic
changes in thin-film morphology, we carried out a series of
studies on polymer chain behaviors within the formed
networks. First, from the UV−vis absorption spectra, we
observed that nanofibers are not simply from the aggregation
of P1 within the matrix polymer. By increasing the blending
ratio from 5% up to 90% P1, the UV−vis absorption spectra
show no red-shift in the peaks’ maxima, which would indicate
long-range aggregation of P1 (Figure 2a,b). This kind of long-
range aggregation was observed when we compared our
blending system to polystyrene blends of P1 (Figure S4).
When blended with polystyrene, the tie-polymer could only
phase separate and aggregate into large fiber-like domains,
resulting into a large (∼20 nm) red-shift in the 0−0 vibronic
peak. For C3 blends, instead of aggregation of P1 and red-
shifting in absorption, the 0−0 peak intensity appeared to
increase with increasing amounts of P1 added (Figure 2c),
which agreed with the stacking of fiber networks revealed by
the AFM images. We could thus deduce that, upon blending,
chains of P1 serve as nucleation sites for the complementary
matrix, resulting in the growth of stacks of nanofibers. This
simultaneous crystallization of the binary components into
nanofibers was further revealed to induce excellent chain
packing within the formed fibers as seen from the grazing
incidence X-ray diffraction (GIXRD) analysis (Figure 2d,e). In
addition, the diffraction patterns of the blend films exhibited a
broad ring-like Bragg reflection around q = 1.5 Å−1, in
comparison to the parent C3 and P1, suggesting the formation
of isotropic domains within the thin film, which we associated
with the stacking nature of the formed fibers. However, both
lamellar packing and π−π stacking could be retained, and new
packing distances were adopted within the fibers (Figure 2e,f).
It is also worth noting that the isotropic character of the π−π
stacking peak is most likely due to polymer chains packing well

Table 1. Comparison of Hole Mobility in OFET Devices
Based on Blends of C3 with Increasing wt % of the Studied
Tie-Polymers

tie-
polymer

P1 (avg, max μh
(cm2/(V s)))

P2 (avg, max μh
(cm2/(V s)))

P3 (avg, max (μh
cm2/(V s)))

% in
blend

5% 0.090, 0.11 0.013, 0.055 0.0023, 0.0037
10% 0.096, 0.12 0.015, 0.064 0.0031, 0.0045
30% 0.15, 0.30 0.021, 0.065 0.0037, 0.0052
50% 0.22, 0.37 0.032, 0.070 0.0065, 0.010
70% 0.51, 0.72 0.08, 0.093 0.010, 0.012
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within the formed fibers, which are oriented in all directions.
This ability of the nanofiber films to retain excellent packing,
the most efficient pathway for charge transport, would thus
make this system suitable for electronic applications.
Impact of Nanofiber Formation on Thin-Film Glass

Transition. Given the morphological behavior of the binary
blends, we envisioned the nanofiber network formation to have
an impact on the thin-film physical properties, notably the glass
transition temperature (Tg). The formation of nanofibers has
been utilized in tuning the polymer’s physical behavior via
what is known as the nanoconfinement effect.23 When
confined to nanoscale environments, the polymer chain’s
segmental motion has been shown to differ from that of the
bulk state, and this behavior has been associated with a
reduced neighboring effect leading to lowered Tg.

41−44 This
softening effect by nanoconfinement has thus been utilized to
design highly flexible and stretchable thin films for organic
electronics.9,23 Tg extrapolation of polymer thin films using
UV−vis absorption was recently reported by Root et al. and
was herein utilized for the studied blend system as a
straightforward tool to study the influence of the observed
solid-state morphologies on glass transition.45 In this
technique, polymer thin films are annealed (or quenched) to
different temperatures, and the corresponding UV−vis
absorption spectra are obtained at each temperature. Root

and co-workers could show, using molecular dynamics
calculations, that when the annealing temperature approaches
the glass transition, abrupt changes in the absorption occur due
to molecular chain rearrangements. This change in absorption
could then be quantified using a parameter termed “the
deviation metric”. The temperature at which the deviation
metric starts to increase correlates to the glass transition. This
thin-film-based method was further validated for a wide scope
of semi/crystalline semiconducting polymers. We thus
employed this technique to evaluate the impact of nanofiber
formation in thin films on the resulting glassiness. The
experimental details on the Tg measurements can be found in
the Supporting Information as well as the temperature
dependent absorption spectra used for Tg calculation. Figure
3a−c show the extracted Tg values for P1 and its 10% blend in
C3 using the solid-state UV−vis absorption method. P1, whose
solid-state morphology revealed large crystalline aggregates,
showed a glass transition at −60 °C. Similar results were also
obtained using rheology measurements (Figure S6).46 When
blended with C3 (Tg ≈ −46 °C), the glass transition
temperature could be detected at −75 °C, suggesting that
the film becomes less rigid after blending and takes much lower
quenching temperatures to vitrify. It could thus be concluded
that because of the formation of the nanofiber network, the
glass transition temperature of the thin films is much lower for

Figure 2. UV−vis absorption spectra of (a) solution and (b) thin films with varying blending ratios of C3 and P1. (c) Evolution of the 0−0
vibronic peak upon blending. (d) GIXRD diffraction patterns and (e) the corresponding orientationally averaged I(q) vs q plots of solution-
processed thin films with different blending ratios of (C3)/(P1) revealing the change in crystallinity upon formation of nanofibers. The y-axes were
offset for clarity. (f) Extracted peak positions for π−π and lamellar packing in the blend films.

ACS Applied Polymer Materials Article

DOI: 10.1021/acsapm.9b00321
ACS Appl. Polym. Mater. 2019, 1, 1778−1786

1781

http://pubs.acs.org/doi/suppl/10.1021/acsapm.9b00321/suppl_file/ap9b00321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsapm.9b00321/suppl_file/ap9b00321_si_001.pdf
http://dx.doi.org/10.1021/acsapm.9b00321


the C3-based blends. The polymer chains confined into
nanowires could form thin films with improved ductility.
This loss in film ridigity for C3/P1 blends could also

translate into improved mechanical properties of the blend
films studied using the buckling method.47 We compared the
mechanical behavior of the blend film to that of the pure
components to probe the influence of fibers on thin-film
ductility. By transferring the spin-cast films onto prestrained
PDMS substrates, buckles could be formed and used to extract
the films’ elastic moduli. Figure S7 illustrates the buckling
method, and experimental details as well as the used optical

images can be found in the Supporting Information. The
elastic modulus was extracted using eq 1

i
k
jjj

y
{
zzzE E

h
3

2f s

3λ
π

≈ ×
(1)

where Ef is the film modulus, Es the measured substrate’s
modulus, λ is the buckle’s periodicity extracted from optical
images, and h is the film thickness, which was measured by
AFM to be around 100 nm. Upon buckling, pure P1 showed
an elastic modulus of ∼0.5 GPa (in good agreement with
reported values).36 The pure semicrystalline isoindigo-based
matrix also showed modulus to the same order, as these

Figure 3. Glass transition comparison between aggregated polymer films and nanotailored blend films. Extracted Tg values from temperature
dependent UV−vis absorption spectra for (a) P1 and (b) its blend films. Comparison of (c) Tg and (d) Young modulus modulation in thin films by
the nanoconfinement effect. The nanofiber formation leads to more ductile films.

Figure 4. (a) Illustration of the soft-contact lamination method for OFET devices’ stretchability analysis. (b) Micrographs of thin films stretched up
to 100% with noticeable breakdown in P1 and only minor imprints in the C3 blend films. (c) Change in source−drain current as a function of
applied strain perpendicular to the channel (⧧). (d) Average hole mobility under applied strain.
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polymers tend to be soft materials. The blends containing 10%
of P1 displaying the formation of a nanofiber network showed
a significant decrease, as much as 10-fold, in the modulus
(Figure 3d). This tunability of the thin film’s mechanical
properties in the binary and complementary system could
again be attributed to the formation of a nanofiber network,
leading to much more ductile thin films in agreement with Tg

and crystallinity results.
Crack-on-Set Strain and OFET Characterization.

Studies were carried out to demonstrate the potential
applicability of the formed nanofiber networks for stretchable
electronics. The crack-on-set strain of pure P1-based films was
compared to that of the films based on self-assembled blends
using the previously reported soft-contact lamination meth-
od.48 The ability of the polymer thin films to retain original
electronic performance after 10, 50, and 100% stretching was
evaluated on OFET devices. Figure 4a shows the illustration of

the soft-contact lamination using PDMS. The lamination of the
PDMS/polymer assembly was done both parallel (∥) and
perpendicular (⧧) to the device channel. Figure 4b shows the
optical micrographs demonstrating the formation of micro-
cracks in films of P1 in comparison to the nanofiber-forming
90% C3 blend at 100% strain. Figure 4c shows the OFET
devices’ source−drain current as a function of applied strain for
the devices based on the perpendicular lamination. The
experimental details on the device fabrication and character-
ization can be found in the Supporting Information. Optical
micrographs indicating the formation of cracks under different
strains are shown in Figure S8. OFET performances of devices
fabricated by parallel lamination are also summarized in Table
S1, and characteristic transfer curves of studied devices under
perpendicular lamination are shown in Figure S9.
P1 and C3 showed an average hole mobility around 0.1 and

0.002 cm2 /(V s), respectively, with no strain applied, whereas

Figure 5. (a) Demonstration of nanofiber disentanglement by the blade-shearing method. A directing blade is used to align polymer chains in the
shearing direction. (b) AFM height and phase images of the sheared film showing aligned fibers. (c) Output current and (d) hole mobility
comparison for OFET devices based on spin-cast and sheared C3/P1 blend films.
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the nanofiber-based films showed performances around 0.02
cm2 /(V s) for the 90% C3. Despite lower OFET performances
obtained after soft-contact lamination in comparison to spin-
cast films, most likely because of surface defects introduced
during the transfer, the studied method proved to be a facile
way to evaluate the polymer thin films’ stretchability.48 Upon
10% stretching, the performance thin-film transistor devices
based on pure P1 and C3 decreased by an order of magnitude.
The nanofiber-based films, on the contrary, retained up to 50%
of their electrical performance, even up to 100% stretching
(Figure 4d). This loss in electronic performance in the case of
pure polymers was associated with formed cracks in the films,
as confirmed by the optical images (Figure S8). The blends
that formed fibers showed excellent mechanical stability with a
crack-on-set higher than 80%. This mechanical stability could
be explained by the previously discussed nanoconfinement
effect that leads to improved thin-film ductility when
nanofibers are formed. We thus conclude that the formed
nanofiber networks improved the mechanical stability of the
thin films consisting of the isoindigo binary blends and the
transistor devices made therefrom. Despite modest perform-
ances by the currently studied blends, this kind of
conformability and electrical stability under strain is desired
for flexible and stretchable device applications.
Uniaxial Alignment of the Nanowires. This was further

studied to demonstrate potential uses of the formed fibers for
applications requiring chain orientation. The impact of
alignment on charge carrier properties was also studied.
Commonly, in the case of desired uniaxial alignment, aging
and/or UV curing have been utilized to align semiconducting
polymers in one direction.40,49,50 The blend system studied
here could be used for solution shearing, and alignment could
be achieved without any further growth and/or aging steps
required as the fibers showed to form upon solution-casting.
This would serve as a new platform to facilitate the fabrication
of electronic devices that require semiconductor alignment.
Figure 5a illustrates the shearing method using a blade to
direct the blend solution to attain highly aligned fibers upon
solvent evaporation. AFM images of the aligned film revealed
that the nanofibers could be disentangled along the shearing
direction (Figure 5b). This kind of disentanglement behavior
would find applications in manufacturing techniques such slot-
die and blade coating.
The sheared films were also used to fabricate OFET devices

to further probe the applicability of this fabrication route in
organic electronics. Figure 5c,d shows the comparison of
output current and hole mobility, respectively, between
unaligned films and sheared films. Corresponding transfer
curves are shown in Figure S10. Upon shearing, the charge
carrier mobility could be doubled, suggesting that the
alignment does not greatly perturb the polymer packing, at
the nanoscale level, and did not introduce a large grain
boundary effect within the film.51 We could then safely
conclude that preferred self-assembly is attained from blending
and not the shearing itself. Hole mobilities reaching 0.25 cm2/
(V s) could be attained via simple blade shearing, making this
blending system an attractive system for solution-based device
fabrication. Additionally, because the nanowires are predom-
inantly composed of the matrix polymer, this blend system also
finds applications in melt-processing and/or welding of the
nanofibers.52,53 The matrix polymer’s melting temperatures can
readily be tuned via side chain engineering as well as the
conjugation break spacer length,31,34,39 making the studied

binary blends good candidates for forming easily processable
and aligned nanofibers.

■ CONCLUSIONS
To summarize, we have demonstrated the formation of
nanofibers in isoindigo semiconducting polymer binary blends.
Tie-polymer selection was used to achieve longer and well-
interconnected nanowires via side chain engineering. The
nanofiber-based films demonstrated lower glass transition
temperatures, lower rigidity, and excellent mechanical proper-
ties in comparison to the pure polymers. The ductile films also
showed excellent charge transport properties, thus demonstrat-
ing their relevance in flexible and stretchable electronics. We
expect this isoindigo-based blending system to serve as a facile
platform to achieve highly ductile, yet semiconducting thin
films for electronics applications. Because the fibers contain
mainly the semiconducting matrix polymer, we intend to
conduct further studies on matrix engineering for the melt-
processing of the nanowires.
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