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ABSTRACT: Here, we report charge-transfer-driven self-assembly
of conjugated block copolymers (BCP) into highly doped
conjugated polymer nanofibers. The ground-state integer charge
transfer (ICT) between a BCP composed of poly(3-hexylth-
iophene) and poly(ethylene oxide) (P3HT-b-PEO) and electron-
deficient 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ) induced spontaneous self-assembly of the donor and
the acceptor into well-defined one-dimensional nanofibers. The
presence of the PEO block plays an important role for the self-
assembly by providing a polar environment that can stabilize
nanoscale charge transfer (CT) assemblies. The doped nanofibers were responsive to various external stimuli such as heat, chemical,
and light and exhibited efficient photothermal properties in the near-IR region. The CT-driven BCP self-assembly reported here
provides a new platform for the fabrication of highly doped semiconductor nanostructures.

Molecular doping is gaining increasing attention as a
promising avenue for controlling optoelectronic proper-

ties of conjugated polymers.1−6 In this approach, small
molecule dopants oxidize or reduce host polymers, creating
integer charge-transfer (ICT) sites. Ground state charge
transfer (CT) gives rise to new or improved functionalities
for a number of applications such as field-effect transistors,7

photovoltaics,8 ferroelectrics,9,10 thermoelectric devices,11−15

and photopatterning.16,17 An important challenge in this field is
the difficulty in controlling the molecular packing and
nanoscale morphology of doped organic semiconductors,
which exert a significant impact on their functionalities.
Currently, molecular doping is typically performed by
depositing polymers and dopants from an organic solution.
However, it is difficult to control the doping level and
molecular packing structure using the conventional codeposi-
tion process, because the polymer−dopant ion pair tends to
aggregate into disordered structures with abundant and
persistent defects.18

Here, we report the fabrication of one-dimensional (1D)
assemblies of highly doped conjugated polymers by ICT-
induced cocrystallization of a molecular dopant, 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ),
and a conjugated block copolymer (BCP) composed of
poly(3-hexylthiophene) and poly(ethylene oxide) (P3HT-b-
PEO) (Scheme 1).18−20 Self-assembly of conjugated BCP has
emerged as a promising route for the formation of well-defined
nanostructures of conjugated polymers.21−26 For example, we
and others have previously shown that well-defined 1D
nanofibers can be formed from the solution-phase self-
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Scheme 1. Schematic Showing the Charge-Transfer-Driven
Self-Assembly of the Donor (D) Poly(3-hexylthiophene)-
block-poly(ethylene oxide) (P3HT-b-PEO) and the
Acceptor (A) 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ)
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assembly of P3HT BCPs.21,27,28 More complex structures, such
as segmented nanofibers showing long-range exciton transport,
have been fabricated by the seeded crystallization of two
different conjugated BCPs.29,30 Reversible self-assembly of
conjugated BCP nanofibers was realized by incorporating
functional polymers responsive to external stimuli such as light
or redox agents.23,31,32 Herein, we report that the block
copolymer architecture of P3HT-b-PEO promotes the CT
interaction between the P3HT donor (D) and the F4TCNQ
acceptor (A), leading to the formation of well-defined donor/
acceptor (D/A) nanofibers. This new approach provides a
promising pathway to the fabrication of highly doped organic
semiconductor nanostructures having useful properties for a
number of electronic,5,7,8 optoelectronic,6 and photothermal9

applications.
P3HT-b-PEO was synthesized by a click reaction following

our previously published method.21 Briefly, ethynyl-terminated
regioregular P3HT was synthesized by the Grignard metathesis
(GRIM) polymerization method33 and coupled with azide-
terminated poly(ethylene oxide) (PEO, number-average
molecular weight (Mn): 750 g/mol) by a copper-catalyzed
click reaction to yield P3HT-b-PEO (Scheme S1).21

Synthesized monomers and polymers were characterized by
nuclear magnetic resonance (NMR; Figures S1-S4) and gel
permeation chromatography (GPC). The Mn of P3HT was
determined by GPC to be 4000 (dispersity (Đ): 1.19; Figure
S9a), yielding P3HT24-b-PEO16. For comparison, another BCP
composed of P3HT and polydimethylsiloxane (P3HT26-b-
PDMS11) was synthesized by coupling azide-terminated
polydimethylsiloxane (PDMS, Mn: 1000 g/mol) and ethynyl-
terminated P3HT (Mn: 4300 g/mol, Đ: 1.23, Figure S9b).
More synthetic details and characterization data are provided
in the Supporting Information (Figures S5−S8).
F4TCNQ was chosen as the acceptor because its LUMO

(−5.24 eV) is slightly lower than the HOMO of P3HT (∼−5
eV), which allows an efficient ground-state CT to form a
F4TCNQ radical anion (F4TCNQ•−) and a P3HT positive
polaron (P3HT•+).34 In a typical procedure, self-assembly of
P3HT-b-PEO and F4TCNQ was induced by simply mixing
P3HT-b-PEO and F4TCNQ in toluene at a weight ratio of 1:1.
Upon mixing, the color of the solution turned dark brown,
suggesting the formation of D/A CT complexes (Figure 1a).
The UV−vis absorption spectra of the P3HT-b-PEO/
F4TCNQ mixture showed the characteristic absorption band
of nonaggregated single-chain P3HT at 450 nm and that of
F4TCNQ at 387 nm (Figure 1b). In addition to the signature
bands of P3HT and F4TCNQ, the P3HT-b-PEO/F4TCNQ
mixture exhibited a sharp double-peak feature at 775 and 850
nm over a broad band covering 700−900 nm (Figure 1b),
which were assigned to the F4TCNQ radical anion
(F4TCNQ•−) and the P3HT hole polaron (P3HT•+),
respectively. The spectroscopic fingerprints in the near-infrared
(NIR) region indicate a ground state ICT between P3HT and
F4TCNQ. Complete quenching of P3HT photoluminescence
at 570 nm with the addition of F4TCNQ also supports
efficient CT interactions (Figure 1c).35,36 The ground state CT
was also confirmed by X-band electron paramagnetic
resonance (EPR) spectroscopy (Figure 1d). The P3HT-b-
PEO/F4TCNQ mixture showed an EPR signal with a g-factor
of 2.001 from P3HT radical cations,28,18 which was absent in
the P3HT-b-PEO spectrum without F4TCNQ. The EPR data
serves as clear evidence for the existence of polarons generated
by the ground state ICT between P3HT and F4TCNQ. In

addition, the near-infrared (NIR) and Fourier transform-
infrared (FT-IR) spectra of the P3HT-b-PEO/F4TCNQ
mixture showed broad bands in the NIR region, indicating
the presence of hole polarons (Figure S10). The spectral
features also support the stacked D/A structure proposed in
Scheme 1.20,37−40

A number of spectroscopic measurements was carried out to
optimize the self-assembly conditions. First, the P3HT•+/
F4TCNQ•− bands increased with time and saturated after ∼6
h for a typical D/A concentration of 0.05 mg/mL (Figure 2a).
Accordingly, the incubation time for the D/A mixture was set

Figure 1. Self-assembly of the P3HT-b-PEO donor (D) and the
F4TCNQ acceptor (A) in toluene (0.05 mg/mL, 1:1 D:A weight
ratio). (a) Photographic images. (b) UV−vis absorption spectra. (c)
Photoluminescence emission spectra (λex: 440 nm). (d) EPR spectra
of D/A and D in toluene (0.2 mg/mL, 1:1 D:A weight ratio).

Figure 2. CT complexes formed at varying conditions. (a) UV−vis
spectra of D/A mixtures (0.05 mg/mL) taken over time (black: 0.1 h,
blue: 0.5 h, red: 1 h, magenta: 6 h, green: 12 h, purple: 24 h). (b)
UV−vis spectra of D/A mixtures formed at different concentrations
(in mg/mL in toluene) of D and A (gray: 0.01, green: 0.02, black:
0.04, red: 0.06, blue: 0.08, magenta: 0.1). (c) UV−vis spectra of D/A
mixtures at varying concentrations of A with a constant [D] = 0.04
mg/mL (concentration of F4TCNQ: 0, 0.01, 0.0125, 0.0375, 0.05,
0.125 mg/mL). (d) Absorbance changes in (c) at 775 nm plotted
against the number of moles of F4TCNQ per 1 mol of P3HT-b-PEO.
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to 12 h. Second, the P3HT•+/F4TCNQ•− bands increased
with the concentrations of P3HT-b-PEO and F4TCNQ, and
they began to appear at a fairly low concentration (≲0.02 mg/
mL, Figure 2b). Note that both P3HT-b-PEO and F4TCNQ
are well-dissolved in toluene at low concentration, and
therefore, self-assembly at such conditions ensures the
formation of pure CT assemblies. Third, the maximum doping
level was determined from concentration-dependent UV−vis
spectroscopy measurements carried out for a series of
F4TCNQ concentrations (0.002−0.1 mg/mL) at a constant
P3HT-b-PEO concentration of 0.04 mg/mL (Figure 2c). The
P3HT•+/F4TCNQ•− bands steeply increased with the amount
of F4TCNQ until the D:A molar ratio reached 1:4 (Figures 2d
and S11), followed by a gradual increase. This result indicated
that about four F4TCNQ molecules were incorporated per
one P3HT-b-PEO, which is reasonable considering that the
degree of polymerization of P3HT used in this study was 24
and hole polarons are known to span over about four
monomer units in P3HT.41

We anticipated that the ground state ICT between P3HT
and F4TCNQ might mediate the organization of P3HT-b-
PEO and F4TCNQ, generating well-defined nanoscale
assemblies. Figure 3a presents the transmission electron

microscopy (TEM) image of D/A assemblies formed by
dissolving 0.05 mg of P3HT-b-PEO and F4TCNQ in 1 mL of
toluene and aging the solution for 24 h at room temperature,
which show 1D nanofiber structures. Scheme 1 describes the
molecular packing structure of the D/A assemblies based on
the spectroscopic and TEM data, which is composed of
alternating P3HT and F4TCNQ units shielded with a PEO
shell. The average width of nanofibers was 15 ± 2 nm on TEM
(Figures 3a and S12), which was somewhat larger than the
length of P3HT24 (9.6 nm) calculated with a monomer length
of 0.4 nm.21,42 In previous studies of P3HT-b-PEO nanofibers
formed by the addition of a nonsolvent, the fiber width
matched fairly well with the length of P3HT.21 The slight
difference in the calculated and observed widths observed here
was attributed to the misalignment of P3HT caused by the
insertion of F4TCNQ. The 1D assembly structure was
maintained at high concentrations of D and A (Figures 3b
and S13), which was further confirmed by AFM measurements
(Figures 3c and S13d). When the amount of F4TCNQ relative
to that of P3HT-b-PEO was increased to a D:A weight ratio of
1:2, nanofibers with a rough surface were observed (Figure
S14), presumably due to the deposition of excess F4TCNQ on
D/A nanofibers.

It is important to note that the ICT-induced self-assembly
occurred in a condition where both P3HT-b-PEO and
F4TCNQ remain well-solubilized without aggregation when
they are separately dissolved in toluene. Therefore, the
assembly procedure used in this study ensures the formation
of pure CT assemblies. As mentioned above, self-assembly of
P3HT-b-PEO can be induced by adding a nonsolvent for
P3HT, such as water or acetonitrile (ACN), which generates
nanofibers composed of a P3HT core and a PEO shell.21 The
polymer-only assemblies exhibit red-shifted absorption bands
due to the increased planarity with clear vibronic structures
resulting from the π−π stacking between P3HT (Figure
S15).21 Such spectroscopic signatures of P3HT aggregates are
absent in the D/A assemblies studied here (Figure 1b). These
spectroscopic data confirm that the nanofibers in P3HT-b-
PEO/F4TCNQ mixture are purely D/A assemblies and are
consistent with the assembly formed through the stacking of
F4TCNQ between P3HT, as described in Scheme 1. These
results contrast with previously reported F4TCNQ-doped
P3HT nanofibers formed by introducing F4TCNQ to
preformed nanofibers of P3HT homopolymers.17,19,27,43 It
was found that CT complex formation between soluble P3HT
and F4TCNQ is a slow process, and preaggregation of P3HT
is required for efficient doping of F4TCNQ presumably due to
the delocalization of hole polarons in P3HT aggregates. In the
previous studies,17,43 P3HT nanofibers maintain the molecular
packing structure after doping, which is supported by the
vibronic peaks of P3HT aggregates, and F4TCNQ dopants
were assumed to bind at the periphery of P3HT nanofibers.
To investigate the role of the block copolymer architecture

in promoting ICT interactions, control experiments were
conducted with P3HT homopolymers (Mn: 4000 g/mol; Đ:
1.19) and P3HT-b-PDMS, a BCP with a relatively nonpolar
block. Figure 4a presents the UV−vis spectra of a P3HT/
F4TCNQ mixture (0.05 mg/mL in toluene) along with those
of P3HT and F4TCNQ at the same concentration.
Interestingly, the P3HT/F4TCNQ mixture did not show the
P3HT•+/F4TCNQ•− bands observed in the P3HT-b-PEO/
F4TCNQ. Rather, the absorption spectra were simply the
combination of the spectra of P3HT and F4TCNQ. This result
is consistent with previous reports showing that P3HT•+/
F4TCNQ•− complex formation is slow in solution.43 Similarly,
the extinction spectra of P3HT-b-PDMS/F4TCNQ lacked any
noticeable F4TCNQ•−/P3HT•+ bands (Figure 4b). The
corresponding emission spectra showed a decrease in emission
intensity of P3HT (Figure 4c,d). However, the degree of
quenching was substantially lower than that observed for
P3HT-b-PEO showing complete quenching (Figure 1c). As
the concentration of P3HT/F4TCNQ was increased above
0.06 mg/mL, weak absorption bands corresponding to
F4TCNQ•− and P3HT•+ started appearing in the extinction
spectra (Figure 4e). However, their intensities were signifi-
cantly smaller than those of P3HT-b-PEO at the same
concentration. Similar trends were observed for P3HT-b-
PDMS (Figure 4f). In addition, P3HT homopolymers and
P3HT-b-PDMS formed irregular aggregates rather than well-
defined nanofibers (Figure S16). These results indicate that the
PEO block effectively promotes CT interactions between
P3HT and F4TCNQ and reinforces the formation of well-
defined 1D assembly structures. We attributed this behavior to
the amphiphilic nature of the PEO block.1 First, the PEO shell
promotes self-assembly of P3HT-b-PEO and F4TCNQ by
providing a polar environment that can stabilize P3HT•+/

Figure 3. Nanofibers formed from CT-induced assembly of P3HT-b-
PEO and F4TCNQ. (a, b) TEM image of CT nanofibers formed at
D/A concentration 0.05 mg/mL (scale bar: 200 nm) (a) and 0.2 mg/
mL (b). (c) AFM image of CT fibers at a D/A concentration 0.2 mg/
mL (scale bar: 1 μm).
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F4TCNQ•− ion pairs (Scheme 1). Second, PEO is a unique
polymer soluble in a broad range of solvents from water to
toluene. While P3HT and F4TCNQ are soluble in toluene,
P3HT•+/F4TCNQ•− ion pairs are insoluble in nonpolar
solvents and thus they tend to precipitate out of toluene. For
P3HT-b-PEO, the PEO shell can shield P3HT•+/F4TCNQ•−

ion pairs, preventing them from macroscopic aggregation.
While the D/A assemblies were stable over months at

ambient conditions (Figure S17), the assembly was reversibly
controllable by applying external stimuli. The temperature-
dependent UV−vis spectra of D/A nanofibers showed a
gradual reduction in intensity of the P3HT•+/F4TCNQ•−

bands with temperature up until ∼40 °C, at which point the
P3HT•+/F4TCNQ•− bands steeply decreased, reaching almost
zero intensity at 80 °C (Figure S18a,c), consistent with the
literature data on F4TCNQ-doped P3HT films.16 The ICT
band regained its intensity with the temperature decrease,
showing the thermal reversibility of D/A assemblies (Figure
S18b). Additionally, the chemical responsivity was examined
by reacting D/A assemblies with a strong electron donor, KI,
which resulted in the formation of green precipitates. The
spectral data of the supernatant confirmed the dissociation of
D/A assemblies as the loss of spectral signatures corresponding
to F4TCNQ•−/P3HT•+ in the UV−vis spectrum and the rise
of the characteristic emission peak of P3HT to 98% in the PL
spectra (Figure S19). Such responsive properties can be useful
for patterning applications.16,17

The PL quenching of D/A nanofibers indicates dissipation
of the excited state energy through nonradiative relaxation
channels, which can result in an efficient photothermal
effect.16,44−47 To test the hypothesis, D/A fibers prepared by
mixing 0.05 mg/mL of P3HT-b-PEO and F4TCNQ in toluene
were subjected to irradiation at two different laser wavelengths,
532 and 808 nm, corresponding to the P3HT and P3HT•+/
F4TCNQ•− absorption bands, respectively (Figure 5). The

same measurements were carried out for control samples of
P3HT-b-PEO (D) and toluene as well. Both D/A fibers and
the D control sample showed only a slight increase in
temperature upon continuous illumination at 532 nm (Figure
5a). When the samples were irradiated at 808 nm, which
corresponds to the P3HT•+/F4TCNQ•− absorption bands, a
significant temperature increase was observed for D/A
nanofibers (Figure 5b). The photothermal effect in D/A fibers
was more pronounced for longer nanofibers prepared at high
concentrations or long incubation times (Figures 5c and S21).
Note that the absorbance of D/A fibers at 532 and 808 nm are
similar to the absorbance values of 0.538 and 0.403,
respectively (Figure 1b). Therefore, the greater heat generation
at 808 nm compared to 532 nm (Figure S22) suggests that the
excited-state relaxation dynamics plays an important role in the
photothermal response. As an additional control experiment,
P3HT-b-PEO nanofibers were formed by adding a nonsolvent,

Figure 4. Self-assembly of P3HT (a, c, e) or P3HT-b-PDMS (b, d, f)
with F4TCNQ acceptor (A). (a) Extinction spectra of P3HT, A, and
P3HT/A (0.05 mg/mL). (b) Extinction spectra of P3HT-b-PDMS, A,
and P3HT-b-PDMS/A (0.05 mg/mL). (c) Emission spectra of P3HT
and P3HT/A (0.05 mg/mL). (d) Emission spectra of P3HT-b-PDMS
and P3HT-b-PDMS/A (0.05 mg/mL). (e, f) Extinction spectra of
P3HT/A (e) and P3HT-b-PDMS/A (f) at different concentrations
(red: 0.06, blue: 0.08, pink: 0.1 mg/mL, weight ratio 1:1). Extinction
spectra of P3HT-b-PEO/A formed at 0.1 mg/mL are given for
comparison (gray dotted line).

Figure 5. Photothermal effect of the D/A assemblies. (a, b)
Photothermal data of D/A fibers formed at 0.05 mg/mL in toluene
when irradiated with 532 nm (a) and 808 nm (b) laser. (c)
Photothermal data of D/A fibers formed at 0.2 mg/mL in toluene
when irradiated with an 808 nm laser. The data for control samples of
P3HT-b-PEO (D) and toluene (blank) are provided for comparison.
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ACN (40% in toluene), to the toluene solution of P3HT-b-
PEO (0.05 mg/mL, Figure S23). The P3HT-b-PEO nanofibers
without the acceptor showed only a slight temperature change
when illuminated with 532 or 808 nm lasers (Figure S24).
In summary, a new type of highly doped semiconductor

nanofiber was fabricated through self-assembly of P3HT-b-
PEO diblock copolymers with F4TCNQ. P3HT-b-PEO
spontaneously associated with electron-deficient F4TCNQ
through ground state ICT interactions into 1D nanofibers. The
self-assembly occurred in a good solvent for both D and A,
which confirmed that the nanofibers were formed purely
through ICT interactions. The D/A nanofibers exhibited
characteristic P3HT•+/F4TCNQ•− bands in the NIR region
and complete quenching of P3HT photoluminescence.
Control experiments with P3HT homopolymers and another
BCP, P3HT-b-PDMS, showed no significant interaction at low
concentrations and irregular precipitate formation at high
concentrations. The results indicate that the PEO block along
with the BCP architecture plays an important role in formation
of well-defined self-assembly structures of D/A nanofibers. The
efficient CT self-assembly of P3HT-b-PEO was attributed to
the polar environment provided by the PEO shell, which could
effectively stabilize ICT species. While the D/A nanofibers
were stable over months at ambient conditions, they were
responsive to various external stimuli including heat, chemicals,
and light. In particular, D/A fibers showed efficient photo-
thermal properties in the NIR region, providing a new avenue
for the fabrication of efficient NIR photothermal agents.

■ EXPERIMENTAL SECTION
Synthesis of P3HT-b-PEO and P3HT-b-PDMS. P3HT-b-PEO

and P3HT-b-PDMS were synthesized by the copper(I)-catalyzed click
reaction between ethynyl-terminated P3HT and azide-terminated
PEO or PDMS according to a previously published procedure.20

Detailed synthetic procedures are provided in the Supporting
Information

CT Self-Assembly. Stock solutions of P3HT-b-PEO (1 mg/mL)
and F4TCNQ (0.5 mg/mL) were prepared separately in toluene and
filtered through a 200 nm syringe filter. In a typical CT assembly, 100
μL of P3HT-b-PEO (1.89 × 10−4 M) and 200 μL of F4TCNQ (1.8 ×
10−3 M) were mixed in a glass vial and heated at 60 °C for 5 min.
Then, the mixture was diluted with toluene to reach desired P3HT-b-
PEO and F4TCNQ concentrations. The CT solution was further
aged for 12 h at room temperature under dark condition.

Photothermal Measurements. The D/A nanofibers in toluene
were placed into a 5 mL glass vial. The temperature was measured
with an infrared thermal camera at an interval of 1 min while
irradiating with a 532 or 808 nm laser at 2.55 or 1.77 W/cm2,
respectively, for 10 min.
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