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ABSTRACT: Controlling the orientation of highly
anisotropic structures of polymers is important because
the majority of their mechanical, electronic, and optical
properties depend on the orientation of the polymer
backbone. In thin films, the polymer chains tend to adopt
an orientation parallel to the substrate; therefore, forcing
the chains to stand perpendicular to the substrate is
challenging. We have developed a simple way to achieve
this end-on orientation. We functionalized one end of a
poly(3-butylthiophene) (P3BT) chain with a
1H,1H,2H,2H,3H,3H-perfluoroundecyl group, which
caused spontaneous self-segregation of the polymer
(P3BT-F17) to the surface of the polymer film. In P3BT-
F17/polystyrene (PS) blend films, a highly ordered end-on
orientation of the conjugated backbone was observed in
the surface-segregated layer of the crystalline P3BT-F17.
Furthermore, when the film was spin-coated from a
mixture of P3BT-F17 and P3BT, the chain orientation of
P3BT-F17 at the surface forced the P3BT in the bulk of the
film to adopt the end-on orientation because of the high
crystallinity of P3BT. The electronic conductivity meas-
ured perpendicular to the film surface also reflected the
end-on orientation in the bulk, resulting in a more than 30-
fold enhancement of the hole mobility.

Regioregular poly(3-alkylthiophene) (P3AT) has attracted
intense interest over the last two decades as a p-type

semiconductor with high charge mobility due to its high
crystallinity and large absorption coefficient in the visible region.
For P3AT, it is known that an edge-on orientation (Figure 1b) is
better suited to organic field-effect transistors (OFETs)1,2 than
the face-on orientation (Figure 1d), because the charge transport
in OFETs is parallel to the surface and is better in the π−π
stacking direction (along the b axis) than in the alkyl-side-chain
direction (along the a axis).3 In contrast, the direction of the
charge transport is perpendicular to the substrate in polymer
solar cells (PSCs);4−6 therefore, the face-on orientation is more
suitable than the edge-on orientation. This is consistent with

studies of various planar semiconducting polymers in PSCs.7−9

Because the intramolecular electronic coupling is much larger
than the intermolecular coupling in the crystal structure, the
intramolecular charge transport along the polymer main chains
(c axis) may be much faster than in the other two directions (a
and b axes).10 Therefore, achieving the end-on orientation of the
polymer chains in the thin films (Figure 1c) would improve the
charge transport perpendicular to the substrate. However,
making the long polymer chains stand perpendicular to the
substrate is quite a big challenge. Although there are a few
examples of partial end-on orientations of semiconducting
polymers, which have been achieved with polymer brushes
grown from the substrate surface,11 nanoimprinting,12 nano-
pores,13 etched nanostructures,14 or solvent-vapor treatment,15

the end-on orientation in entire thin films has never been
achieved. If simple methods such as spin-coating can induce the
chain orientation, it could be applicable to many electronic
devices based on polymer thin films.
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Figure 1. (a) Molecular structures of P3BT and P3BT-F17. (b−d)
Schematic representations of (b) edge-on, (c) end-on, and (d) face-on
orientations in P3BT thin films.
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Fluoroalkyl groups have a low surface energy and tend to self-
segregate to the air−liquid interface during film formation.16 We
recently showed that adding fluoroalkylated semiconducting
materials to the coating solution could be a useful method for
modifying the film surface of organic semiconducting materials.
We called them surface-segregated monolayers (SSMs) and used
the dipole moment of the fluoroalkyl chains to manipulate the
electronic properties of organic semiconducting films and bilayer
PSCs.17 In this study, we formed an SSM using poly(3-
butylthiophene) (P3BT) with one chain end functionalized
with a 1H,1H,2H,2H,3H,3H-perfluoroundecyl group (Figure
1a). The fluoroalkyl group at the chain end of the resulting
polymer (P3BT-F17) self-segregated to the surface, which aligned
the P3BT backbone perpendicular to the surface and produced
the maximum surface coverage. In addition, because of the high
crystallinity of P3BT, the surface orientation induced polymer
chains in the bulk of the film to adopt the same orientation, as
confirmed by X-ray photoelectron spectroscopy (XPS), XPS
depth profiles, and grazing-incidence X-ray diffraction (GIXRD).
The optical anisotropy of the films was examined by UV−vis
absorption with linearly polarized light. The charge transport
properties in the perpendicular direction were investigated by
space-charge-limited current (SCLC) measurements.
The surface segregation behavior in films spin-coated from

P3BT-F17/P3BT or P3BT-F17/polystyrene (PS) solutions was
investigated by XPS. The highest coverage of the fluoroalkyl
chain on the film surface was estimated to be >90% on the basis
of the difference between the observed and calculated F/C ratios
[see Figure S1 in the Supporting Information (SI) for details of
the calculation].18,19 XPS depth profile and angle-dependent
XPS measurements indicated that during the spin-coating
process, P3BT-F17 spontaneously self-segregated to the film
surface as a monolayer, with P3BT or PS forming the bulk of the
film underneath (Figures S2 and S3).
The crystalline structure and chain orientation of P3BT in the

thin films were determined by out-of-plane and in-plane GIXRD
measurements.20−22 Depending on the chain orientation of
P3BT (Figure 1), diffraction peaks from the lamellar structure
repeating along the a axis and the π−π stacking along the b axis
should be visible in either the out-of-plane or in-plane
measurements. The incident angle (ω) was fixed at 0.2°.23,24

Figure 2a,b shows out-of-plane and in-plane GIXRD patterns,
respectively, of P3BT films spin-coated onto a silicon substrate.
The films were annealed after spin-coating to promote
crystallization of the polymers. The diffraction patterns of the
P3BT films can be attributed to the edge-on orientation (Figures
1b and 2c), which is usually observed for P3AT thin films because
of the hydrophobic interactions between the alkyl chains and the
substrate.25,26 The lower surface energy of the alkyl side chains
may also induce the edge-on orientation at the surface during
spin-coating.27,28

The GIXRD patterns for the P3BT-F17/PS films were
significantly different than those of the P3BT films. Because PS
is an amorphous polymer, the diffraction peaks from P3BT-F17/
PS should be from crystalline P3BT-F17.

25 Peaks were observed
only in the in-plane scan. The two peaks at 6.8° (13.0 Å) and
13.6° (6.5 Å) were assigned to the (100) and (200) diffractions
from the lamellar structure, respectively. In the π−π stacking
region, there were two peaks at 23.4° (3.8 Å) and 24.3° (3.7 Å).
These peaks were also observed in the same region in the powder
XRD patterns of pristine P3BT-F17 and P3BT, which is
consistent with previous studies.29 This suggests that there are
two possible π−π stacking arrangements for P3BT with slightly

different distances. The reason for the difference between the
powder and thin-film patterns of P3BT is still unclear, but it
might be due to the effect of the substrate or differences in the
crystallization conditions.30 Nevertheless, the absence of peaks in
the out-of-plane scan and the presence of all of the peaks in the
in-plane scan indicate that both the a and b axes of P3BT-F17
were oriented parallel to the substrate in the P3BT-F17/PS films.
This orientation was also clearly observed in the two-dimen-
sional (2D) GIXRD pattern obtained using synchrotron
radiation (Figure S4). These results suggest a structure in
which the P3BT-F17 layer was segregated from the PS to the film
surface and adopted an end-on orientation with good crystallinity
(Figure 2d). The degree of polymerization (n) in P3BT-F17 was
18 on average, as estimated by MALDI-TOF mass spectrometry.
With this value of n, the length of the backbone with a completely
extended conformation was calculated from the molecular model
to be 8 nm.
Next, we focused on the P3BT-F17/P3BT film. Both the top

P3BT-F17 layer and the P3BT in the film bulk could produce
crystalline peaks. X-ray reflectivity (XRR) measurements
indicated that the film thickness was 20.7 nm, which was
comparable to that of the P3BT film (19.9 nm). The GIXRD
patterns of the films are compared in Figure 2a,b. In the out-of-
plane scan, the P3BT-F17/P3BT film showed a (100) peak,
although the intensity was significantly lower than for the P3BT
film. The in-plane scan contained (100) and (200) peaks and two
peaks in the π−π stacking region, similar to that for the P3BT-
F17/PS film. This indicates that the edge-on and end-on
orientations coexisted in the P3BT-F17/P3BT film. The
intensities of the lamellar peaks in the out-of plane scan were
much weaker than those of a P3BT film with a similar thickness,
although the peak intensities in the π−π stacking region were
similar. This suggests that in addition to the P3BT-F17 layer on
the top, some of the P3BT in the bulk of the film may also adopt
the end-on orientation.
The GIXRD patterns of the P3BT-F17/P3BT film before and

after thermal annealing showed that annealing enhanced the
lamellar peaks in the in-plane scan and weakened them in the
out-of-plane scan (Figure S5). This implies that the P3BT chains
rearranged themselves into the end-on orientation during the
annealing process. This rearrangement may have been induced
by the P3BT-F17 groups at the surface of the film. However, the

Figure 2. (a) Out-of-plane and (b) in-plane GIXRD scans of P3BT and
P3BT-F17/PS films. The patterns have been shifted in the y direction for
ease of comparison. (c−e) Schematic representations of (c) P3BT, (d)
P3BT-F17/PS, and (e) P3BT-F17/P3BT films. The blue rods represent
P3BT, and the red “F”s represent the fluoroalkyl chains.
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P3BT close to the substrate probably adopted an edge-on
orientation because of the interactions with the substrate (Figure
2e).
The hypothesis that the end-on orientation at the surface

induces the orientation inside the film was tested further by
preparing P3BT-F17/poly(3-hexylthiophene) (P3HT) films
spin-coated from the blended solution. The different lengths of
the alkyl side chains altered the d spacings of the P3HT lamellar
structure compared with that of P3BT. Because the depth of the
X-ray penetration into the films depends on ω,31 the depth
distribution of the P3BT and P3HT crystalline structures in the
film was observed by changing ω. The in-plane GIXRD pattern
was measured by gradually varying ω from 0.12°, which is lower
than the critical angle for P3BT (αc = 0.157° for λ = 1.54 Å

24), to
0.18°, which is higher than the critical angle for P3HT (αc =
0.158°) and lower than that for the silicon substrate (αc = 0.23°).
Figure 3 shows that for ω < 0.16°, only the P3BT lamellar peak

was observed at 6.8° (13.0 Å). The P3HT lamellar peak at 5.3°
(16.6 Å) began to appear as ω increased, indicating that P3HT
was present inside the film. The peaks appeared in the in-plane
scans, consistent with P3HT also adopting an end-on orientation
in the film. These results imply that the end-on orientation
formed in the top layer can induce the same orientation in the
bulk of the film. In the out-of-plane scan of the P3BT-F17/P3HT
films (Figure S6), only the P3HT lamellar peak at 5.6° (15.8 Å)
was observed, suggesting that P3HT also adopted the edge-on
orientation at the interface with the substrate (Figure 2e).
We propose the following mechanism for the end-on

orientation based on the XPS and GIXRD results. When the
blended P3BT-F17/P3BT solution is spin-coated onto the silicon
substrate, the fluoroalkyl chains segregate to the surface of the
liquid films. During the evaporation of the solvent, the P3BT
group in P3BT-F17 begins to crystallize at the surface with an
end-on orientation. Some of the P3BT also cocrystallizes with
the same orientation, although the edge-on orientation is
preferred at the interface with the substrate because of the
hydrophobic interactions with the substrate. When the films are
annealed, the disordered P3BT rearranges and adopts the end-on
orientation induced by the P3BT-F17 at the film surface.
To elucidate the effect of the chain orientation on the optical

anisotropy, UV−vis absorption spectra of the P3BT-F17/PS and
P3BT films were measured with linearly polarized light (Figure
4). Because PS is optically transparent, it was easier to observe
the orientation anisotropic effects in P3BT-F17/PS. At normal
incidence (0°), the P3BT-F17/PS film showed an absorption
maximum at 480 nm, which was red-shifted compared with that
of the CHCl3 solution (445 nm). However, it was a much shorter

wavelength than that of the P3BT film, which had an absorption
maximum at 525 nm with two shoulders at 555 and 605 nm. For
both samples, identical spectra were produced using s- and p-
polarized light, indicating a random 2D orientation in the plane.
When the incident angle for the measurements was 30°, the
absorption maximum of the p-polarized light was blue-shifted to
440 nm for the P3BT-F17/PS film, whereas no change was
observed with s-polarized light. This change indicates optical
anisotropy perpendicular to the film surface. The P3BT film did
not show any anisotropic effect (Figure 4b), as expected for the
edge-on orientation. The blue shift for the P3BT-F17/PS film was
different from the red shift generally observed for crystalline
P3AT films (Figure 4a). At first glance, one might think that this
could be caused by the shorter effective conjugation length of the
P3BT group, but this would not be consistent with the high
crystallinity of P3BT-F17 observed by XRD. Our tentative
explanation is the formation of H-aggregation in the P3BT
layer,32−34 because interchain interactions may occur in only the
lateral direction. Further studies are necessary to elucidate the
optical properties of the aggregation state in the films. In the
previous reports, similar a blue shift was observed for a P3BT film
and was attributed to the structural transition from form I to form
II with a change in the π−π stacking distance from 3.8 to 4.4
Å.35,36 In the current study, however, the stacking distance of
3.7−3.8 Å (form I) did not change with the orientation.
Therefore, the blue shift in the P3BT-F17/PS film does not
originate from a change in the strength of the intermolecular
interactions but probably results from a change in the manner of
the intermolecular coupling as suggested above.
To elucidate the effect of the backbone orientation on the

charge carrier mobility in the thin films, the hole mobilities in the
P3BT and P3BT-F17/P3BT films were measured by the SCLC
method.37 The hole mobility in P3BT-F17/P3BT films was (1.6
± 0.1) × 10−3 cm2 V−1 s−1, which is more than 30-fold higher
than the hole mobility in the pristine P3BT films [(4.2 ± 0.8) ×
10−5 cm2 V−1 s−1] (Figure S8). These results suggest that the
end-on orientation of the polymer chains enhanced the hole
mobility perpendicular to the film surface. Because the X-ray
analyses showed that the edge-on orientation was present at the
interface with the substrate in the P3BT-F17/P3BT films,

Figure 3. In-plane GIXRD patterns of the P3BT-F17/P3HT film with
incident angles (ω) from 0.12 to 0.18°.

Figure 4. (a, b) Normalized UV−vis absorption spectra of (a) P3BT-
F17/PS and (b) P3BT films with s- and p-polarized light at different
incident angles. (c) Setup for the polarized-light UV−vis measurements.
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achieving the end-on orientation in the whole film could enhance
the mobility further.
In summary, we have shown that the surface segregation of

fluoroalkyl groups attached to the chain end caused the P3BT-F17
polymer chain to adopt an end-on orientation and induced the
chains inside the film to adopt the same orientation. This unique
orientation showed characteristic optical properties and
improved the hole mobility perpendicular to the film by more
than 30-fold compared with the usual edge-on orientation. This
strategy could be applied to other crystalline semiconducting
polymers and has great promise for controlling the optical and
electronic properties of polymer films.
Experimental details. P3BT-F17 and P3BT were synthesized as

reported elsewhere.38 The number-average molecular weights
(Mn) of P3BT-F17, P3BT, and P3HT were 3700, 4000 and 6000,
respectively, as measured by gel-permeation chromatography on
a Prominence system (Shimadzu) equipped with a UV detector.
PS (Mn = 6000) was purchased from Tohso. The P3BT-F17/
P3BT films were prepared as follows. Clean silicon substrates
were spin-coated with a mixture of P3BT-F17 (3.0 g/L) and
P3BT (4.5 g/L) in CHCl3 at a speed of 3000 rpm for 40 s. The
films were thermally annealed at 70 °C for 8 h and subsequently
at 165 °C for 2 h. X-ray photoelectron spectroscopy (XPS) was
performed on an AXIS Ultra DLD spectrometer (Kratos
Analytical Ltd.) with Al Kα radiation for all the measurements.
XRD and XRR analyses were performed on a Smartlab X-ray
diffractometer (Rigaku) using monochromatized Cu Kα
radiation (λ = 0.154 nm) generated at 45 kV and 200 mA.
UV−vis spectra were recorded on a Jasco V-670 UV−vis
spectrometer with a polarizer. Current density−voltage (J−V)
measurements were conducted on hole-only devices with a
structure of ITO/PEDOT:PSS (30 nm)/polymer film/MoO3 (5
nm)/Au (30 nm).
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