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Highly Oriented Nanofi brils of Regioregular 
Poly(3-hexylthiophene) Formed via Block Copolymer 
Self-Assembly in Liquid Crystals
 A novel method making use of block copolymer self-assembly in nematic 
liquid crystals (LCs) is described for preparing macroscopically oriented 
nanofi brils of  π -conjugated semiconducting polymers. Upon cooling, a 
diblock copolymer composed of regioregular poly(3-hexylthiophene) (P3HT) 
and a liquid crystalline polymer (LCP) in a block-selective LC solvent can 
self-assemble into oriented nanofi brils exhibiting highly anisotropic absorp-
tion and polarized photoluminescence emission. An unusual feature of the 
nanofi brils is that P3HT chains are oriented along the fi brils’ long axis. This 
general method makes it possible to use LCs as an anisotropic medium to 
grow oriented nanofi brils of many semiconducting polymers insoluble in LCs. 
  1. Introduction 

 Much research effort has been devoted to preparing nanofi bers 
or nanowires of  π -conjugated semiconducting polymers due 
to many potential applications making use of their anisotropic 
optical or charge transfer properties. [  1–3  ]  Polythiophenes are one 
of the most studied classes of semiconducting polymers and var-
ious methods have been developed to obtain their one-dimen-
sional nanostructures. These include epitaxial growth in solution 
with long needles of a molecular crystal, [  4  ]  solvent-induced aggre-
gation, [  5–8  ]  polymerization in solution with sacrifi cial seeds, [  9  ]  
electrospinning, [  10  ]  dip-pen nanolithography [  11  ]  and block 
copolymer self-assembly. [  12  ,  13  ]  However, it remains challenging to 
prepare oriented nanofi bers on a macroscopic scale. Most of the 
existing methods are unable to do this. For instance, aggregation 
of polythiophenes in solution can produce crystalline nanowires. 
Although each single nanowire contains ordered polymer chains 
and is highly anisotropic, the many nanowires in a sample are 
randomly oriented from each other and, thus, no macroscopic 
anisotropic properties can be obtained. In the case of block 
copolymer self-assembly in bulk, rod-like nanodomains of poly-
thiophenes can be formed via microphase separation, but there 
is no polymer chain orientation along or normal to the nanodo-
mains’ long axis. [  14  ]  Few reported methods allow one to prepare 
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macroscopically oriented nanofi bers of 
polythiophenes. To this regard, a report of 
Samitsu et al. is of particular interest. [  15  ]  
By dissolving a polythiophene, namely, 
poly(3,3 ′  ′  ′ -didodecylquarterthiophene) 
(PQT12) in a nematic liquid crystal (LC) 
oriented by rubbed surfaces, polythiophene 
chains can align in the same direction as 
LC molecules and, on cooling, aggregate 
into nanofi bers growing in the direction of 
 π – π  stacking of thiophene chains. Similar 
to the nanowires formed by aggregation in 
solution, the resulting nanofi bers are per-
pendicular to the LC director, i.e., normal 
to the chain axis of the semiconducting 
polymer. Although interesting, the generality of this method 
is limited because it is applicable only to polythiophenes ini-
tially soluble in the LC solvent, while many, such as the most 
exploited poly(3-hexylthiophene) (P3HT), cannot be used due to 
their insolubility in LCs. [  15  ]  

 In this paper, we demonstrate, for the fi rst time, that block 
copolymer (BCP) self-assembly using nematic LCs as a block-
selective solvent may provide a general means for preparing 
macroscopically oriented nanofi brils of polythiophenes that are 
insoluble in LCs. The idea is to use a diblock copolymer com-
prised of a LC-insoluble (or LC-phobic) polythiophene and a LC-
soluble (or LC-philic) liquid crystalline polymer (LCP). Similar 
to amphiphilic BCPs in water, when such a polythiophene-LCP 
BCP is dissolved in a LC solvent, self-assembly with polythio-
phene chains tending to aggregate could take place under cer-
tain conditions. Indeed, using a BCP containing regioregular 
P3HT, we found that self-assembly in oriented nematic LCs 
could give rise to macroscopically oriented nanofi brils of the 
semiconducting polymer, with an unusual feature that P3HT 
chains are oriented parallel to the long axis of fi brils. These 
oriented nanofi brils display highly anisotropic absorption and 
polarized photoluminescence emission. The likely mechanism, 
driven by the BCP self-assembly in oriented LC solvents, is dis-
cussed. We emphasize that this new method is for orienting 
P3HT, not for oligothiophenes for which there are also many 
reports in the literature. [  16–19  ]    

 2. Results and Discussion 

 We used a diblock copolymer comprising regioregular 
P3HT and a side-chain LCP bearing azobenzene mesogens. 
Adv. Funct. Mater. 2013, 23, 204–208
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     Figure  1 .     Chemical structure of the diblock copolymer P3HT-b-PAzoMA (a) and its macroscopically oriented nanofi brils self-assembled in BL006 
(b) and 5CB (c). Left: bright-fi eld photomicroscopy image; middle: polarized absorption spectra at room temperature with incident beam polarized 
parallel and perpendicular, respectively, to the cell rubbing direction; and right: changes in absorbance of the absorption band at 610 nm as well as 
order parameter calculated from polarized spectra at this wavelength as a function of temperature on cooling. The block copolymer concentration was 
2 wt% in BL006 and 4 wt% in 5CB.  
The chemical structure of the sample, P3HT 43 - b -PAzoMA 120 , is 
given in  Figure    1  a and its synthesis was reported previously. [  14  ]  
Two commercially available nematic LCs, namely, 5CB and 
BL006 (from Merck), were chosen for the BCP self-assembly. 
While 5CB is a single-component LC (4,4 ′ -pentylcyanobiphenyl) 
with a nematic to isotropic phase transition (clearing) tem-
perature  T  ni   ≈  35  ° C, BL006 is a eutectic mixture with a much 
higher  T  ni  at about 116  ° C. To mix the BCP with either 5CB 
or BL006, the two components were fi rst dissolved by a small 
amount of chloroform (about 0.5 mL for 100 mg of the LC) to 
ensure the homogeneity of the mixture; after drying, the mix-
ture was heated to 130  ° C (isotropic phase) and fl ow-fi lled into 
a 10  μ m-gap glass cell with parallely rubbed polyimide surfaces. 
The sample was fi nally cooled slowly from the isotropic phase 
to room temperature at a rate of  ≈ 1  ° C/min to induce the self-
assembly process. Unless otherwise stated, all measurements 
or observations were made with the sample inside the glass cell 
under ambient conditions.   

Figure  1  presents two sets of results obtained with 2 wt% of 
BCP in BL006 (Figure  1 b) and 4% of BCP in 5CB (Figure  1 c). 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 204–208
In both cases, shown on the left is a bright-fi eld photomicro-
scopy image, in the middle are polarized UV-vis absorption 
spectra and, on the right, are plots of the absorbance of the 
610 nm band and the order parameter calculated from this 
band vs. temperature on cooling the sample from the isotropic 
state to room temperature. Several observations and analyses 
can be made. First, with the two different LCs as host, when a 
homogeneous mixture is cooled to room temperature, highly 
oriented fi brils of the BCP are formed as revealed by the phot-
omicrographs. The fi brils are oriented along the rubbing direc-
tion, i.e., in the same direction as LC molecules. Secondly, 
the absorption spectra recorded with the spectrophotometer’s 
beam polarized parallel and perpendicular, respectively, to 
the rubbing direction display high parallel dichroism for the 
absorption band of azobenzene mesogens at around 365 nm 
and the absorption bands of P3HT in the 450–650 nm region. 
LC molecules absorb at wavelengths below 300 nm and their 
concentrations are too high to allow their anisotropic absorp-
tions to be observed. The polarized absorption spectra indi-
cate that both azobenzene mesogens on the PAzoMA block 
205wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     a) Fluorescence microscope image of nanofi brils and b,c) polarized fl uorescence emission spectra (  λ   ex   =  520 nm) of the nanofi brils recorded 
at room temperature with different confi gurations of excitation and detection polarizations. The fi rst and the second symbol indicate the excitation and 
the detection polarization, respectively, with respect to the rubbing direction.  
and the P3HT main chain are oriented parallel to the fi brils. 
While it is no surprise to see azobenzene mesogens oriented 
in the same direction as the LC director, [  14  ]  the observation that 
P3HT chains are aligned parallel to the fi bril growing direction 
is in sharp contrast with the known nanowires or nanofi bers 
of polythiophenes. [  3  ,  15  ]  From the absorption spectra, the appear-
ance of three absorption maxima of P3HT at  ≈ 510, 550 and 
610 nm indicates ordered stacking of P3HT chains inside the 
fi brils. Of them, the 610 nm band, arising from the interchain 
 π – π  interaction between stacked thienyl backbones, can be used 
to monitor the disorder-order transition of P3HT chains accom-
panying the aggregation process. [  8  ]  Therefore, for the two sys-
tems, we recorded their polarized absorption spectra on cooling 
from the isotopic state to room temperature and measured the 
change in absorbance of the 610 nm band,  A   =  ( A   |  |    +  2 A   )/3, as 
well as the change in order parameter,  S   =  ( A   |  |   −   A  ⊥ )/( A   |  |    +  2 A   ), 
of stacked P3HT chains,  A   |  |   and  A    being the absorbance with 
parallel and perpendicular polarization, respectively. With both 
LCs, in the isotropic state, BCP chains appear to be dissolved 
with disordered P3HT since no absorption band at 610 nm is 
observable. On cooling, in BL006 (Figure  1 b), the 610 nm band 
emerges at  ≈ 80  ° C, in the nematic phase of the LC host. The 
absorption intensity increases with decreasing the temperature, 
refl ecting the continuous aggregation of BCP chains and the 
formation of an increased amount of fi brils. The change in the 
order parameter, which is a measure of the macroscopic orien-
tation, almost mirrors the change in absorbance. This implies 
that the disorder-order transition takes place with P3HT chains 
oriented along the LC director, resulting in a macroscopic ori-
entation of nanofi brils from the beginning of the aggregation. 
Likewise, in 5CB, the macroscopic orientation of P3HT chains 
also occurs concomitantly with the formation of fi brils. How-
ever, in the latter case, the disorder-order transition occurs at a 
lower temperature, around 50  ° C. Considering that on cooling, 
the aggregation of BCP chains begins when the P3HT block 
becomes insoluble while the PAzoMA block remains soluble in 
the LC solvent, many factors could contribute to determine the 
temperature at which this process takes place, such as the solu-
bility of each block in the LC, the used BCP concentration and 
the cooling rate. 

 Although BCP self-assembly in a block-selective LC solvent 
is known, [  20  ]  we performed control tests to confi rm the role of 
the LC-soluble PAzoMA block and the necessity of using an 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
anisotropic LC environment in producing the oriented nanofi -
brils of P3HT. In one test, a mixture of BL006 with 2% of P3HT 
homopolymer (the same P3HT block as in the BCP) was pre-
pared under the same conditions and on cooling, P3HT pre-
cipitated in the form of large irregularly-shaped aggregates. In 
a second experiment, a mixture of 2% BCP in BL006 was intro-
duced into a glass cell whose polyimide surfaces are not rubbed. 
After cooling to room temperature, BCP aggregates were found 
to “copy” the LC texture and be located in the defects regions, 
resulting in no macroscopic orientation of P3HT chains. There-
fore, the observed fi brils must originate from the BCP self-
assembly in a block-selective and anisotropic solvent. In other 
words, the aggregation of P3HT chains develops under infl u-
ence of PAzoMA chains that interact with the oriented LC host. 
The results for the above experiments are given in Supporting 
Information (Figures S1,S2). 

 The oriented nanofi brils of P3HT exhibit highly polarized 
emission of photoluminescence.  Figure    2  a shows a fl uores-
cence microscope image of the nanofi brils in BL006. Figure  2 b,c 
are the polarized emission spectra of P3HT upon 520 nm exci-
tation, recorded with the BCP in BL006 and 5CB, respectively. 
The polarization ratio of photoluminescence can be calculated 
from different excitation and detection confi gurations at the 
emission wavelength maxima. [  21  ]  We measured two most rel-
evant ratios:  R  1   =   I   |  |   |  |  / I  ⊥ ⊥  and  R  2   =   I   |  |   |  |  / I   |  | ⊥ , where  I  is the fl uo-
rescence intensity at the peak wavelength, the fi rst index is the 
orientation of the excitation polarization relative to the rubbing 
direction and the second index is the orientation of the detec-
tion polarization relative to this reference direction. For the 
nanofi brils formed in BL006 (Figure  2 b), the emission spectra 
yield  R  1   =  8.8, 21.1, and 38.1, and  R  2   =  3.7, 8.2, and 15 for the 
emission maxima at 596, 648, and 710 nm, respectively. By con-
trast, with 5CB (Figure  2 c), the nanofi brils give rise to  R  1   =  8.7, 
12.6, and 19.7, and  R  2   =  3.3, 4.5, and 7.8 at the same emission 
peaks. In terms of relative intensity, the emission at  ≈ 648 nm 
dominates in BL006, while the emission at  ≈ 596 nm is the 
most prominent in 5CB. Regarding the anisotropy, the emis-
sion at the longest wavelengths around 710 nm, originating 
from polythiophene chains in an ordered crystalline state, is 
the most important in both LCs; but the anisotropy of all emis-
sion peaks appear to be greater in BL006 than in 5CB. Theses 
results imply some difference in the order and organization of 
P3HT chains inside the fi brils formed in the two different LCs. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 204–208
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After removal of the LC solvent, oriented fi brils could retain 
on the substrate surface. Although the LC extraction process, 
understandably, could alter the state of fi brils, substantial ani-
sotropy in absorption and emission of P3HT was still observed 
(Figure S3, Supporting Information).  

 Now, the question is how P3HT chains are organized in the 
nanofi brils. The polarized absorption and emission spectra of 
the fi brils in both BL006 and 5CB indicate unambiguously that 
P3HT chain backbones are aligned along, not normal, to the 
fi brils. This organization is unusual and intriguing for poly-
thiophenes because, as mentioned above, in their nanofi bers 
or nanowires formed via aggregation in solution or nematic 
LCs, [  3  ,  8  ,  15  ]  the  π – π  stacking direction of conjugated polythi-
ophene chains determines the nanofi bre or nanowire growing 
direction so that chain backbones are normal to the fi bers. The 
distinct feature of our BCP self-assembly in LCs is that the aggre-
gation (or disorder-order transition) of P3HT is not only gov-
erned by its solubility in the LC solvent, but also dictated by the 
more soluble and orienting PAzoMA block, to which P3HT is 
connected. Moreover, the absorption spectra of the fi brils 
(Figure  1 ) clearly indicate that P3HT chains inside the nanofi -
brils are ordered giving rise to the two absorption bands at 
longer wavelengths (550 and 610 nm) associated with an 
increased chain conjugation length and interchain  π – π  inter-
action. And judging from the relative absorption intensity of 
these two bands, the degree of order of P3HT chains inside the 
nanofi brils is high and comparable to the nanowires formed 
through solution aggregation. [  8  ]  

 We performed more characterizations in order to get some 
insight into the self-assembly process and the structure of the 
nanofi brils. On the one hand, we dissolved a very small amount 
of BCP in 5CB (0.05 wt%) and cooled the mixture to room tem-
perature under the same conditions. After extracting 5CB in 
THF, the cell was carefully opened and what remained on the 
surface was examined with SEM. As seen in  Figure    3  a, worm-
like micellar aggregates with an average width of about 190 nm 
and length of 1.4  μ m were observed, suggesting that the aggre-
gation of P3HT- b -PAzoMA in LCs tends to form cylindrical 
micelles. At higher BCP concentrations, such micellar aggre-
gates could condense or coalesce to form the observed fi brils, 
which are reminiscent of the fi brous aggregates of small-mole-
cule gelators in LCs. [  22  ,  23  ]  On the other hand, using the mixture 
of 2% BCP in BL006, after removal of the LC solvent, we used 
a razor to scratch the surface to collect fi brils and deposited 
them on a thin slide for X-ray diffraction (XDR) measurements 
© 2013 WILEY-VCH Verlag Gm

     Figure  3 .     a) SEM image of self-assembled aggregates (0.05% of BCP in 
5CB). b) X-ray diffraction profi le of fragmented nanofi brils scratched from 
the glass cell surface after extraction of BL006. The inset is a SEM image 
of the nanofi brils before being removed from the surface.  

Adv. Funct. Mater. 2013, 23, 204–208
(the thick glass plate of the cell is non-transparent to X-ray). 
Figure  3 b shows the diffraction pattern recorded with the col-
lected sample. The inset shows a SEM image of nanofi brils after 
LC solvent removal and prior to scratching. Despite a number 
of small peaks that may arise from noise, non-removed LC 
or scratched coating layers on the glass (ITO and polyimide), 
the prominent diffraction peaks in the 2  θ   region of 4–6 °  can 
clearly be assigned to ordered structure of the nanofi brils. The 
peak at 2  θ    =  4.01 °  corresponds to a  d  spacing of 22 Å arising 
from the smectic phase formed by azobenzene mesogens 
on PAzoMA. [  14  ]  The peak at 2  θ    =  5.89 °  reveals a  d  spacing of 
15 Å that is the distance between thienyl backbones separated 
by hexyl side chains. It is noted that this value is smaller than 
the  d  spacing of 16.5 Å observed for the same BCP microphase-
separated in the solid state, [  14  ]  suggesting an increased inter-
digitation of the hexyl side chains in the oriented fi brils. The 
overlapping peaks at around 2  θ    =  20 °  are refl ections of the dis-
tances between P3HT chains in the  π – π  stacking direction and, 
mostly, between liquidlike mesogenic moieties within smectic 
layers of PAzoMA.  

 Taking into consideration all experimental evidence, the plau-
sible organization of BCP chains in the self-assembled nanofi -
brils is schematically depicted in  Figure    4  . On cooling, when 
P3HT blocks become insoluble in either BL006 or 5CB, they 
start to aggregate. Being subjected to the infl uence of surface-
oriented LC molecules and mesogenic groups on PAzoMA, like 
PQT12 [  15  ]  and other rigid  π -conjugated polymers, [  24–26  ]  it is likely 
that aggregating P3HT chains are already oriented in the same 
direction as the LC host and mesogenic groups on PAzoMA. 
This explains why P3HT chain orientation is observed at the 
beginning of the disorder-order transition (Figure  1 ). Since the 
content of P3HT in the BCP is much smaller than PAzoMA, 
207wileyonlinelibrary.combH & Co. KGaA, Weinheim

     Figure  4 .     Schematic illustration of oriented P3HT chains and mesogenic 
side groups of the liquid crystalline polymer in the self-assembled nanofi -
brils (oriented molecules of the liquid crystal host are not shown for sim-
plicity). The unusual feature of this organization is the same direction 
for oriented P3HT chains and the long axis of nanofi brils, as the  π – π  
stacking of P3HT chains cannot grow laterally due to surrounding liquid 
crystalline polymer.  
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aggregated P3HT chains should be surrounded and, thus, con-
fi ned by PAzoMA whose mesogenic side groups are oriented 
along the LC director. Because of this confi nement, P3HT 
chain packing cannot grow along the  π – π  stacking direction, 
resulting in P3HT chain orientation parallel to the long axis of 
formed nanofi brils. Despite the BCP-induced confi nement that 
limits the number of P3HT chains packed normal to the fi brils, 
the extent of order of aggregated P3HT chains remains high 
(Figure  1 , 2 ). The exact organization of P3HT chains inside the 
fi brils is unclear at this time. Considering the diblock copolymer 
structure, some sort of chain folding at the interface of the two 
blocks may occur to allow or facilitate the alignment of P3HT 
chains with the mesogenic groups on PAzoMA. In any event, 
the structure of the self-assembled nanofi brils is determined by 
a complex interplay between anisotropic intermolecular interac-
tions and LC-phobic interactions (insolubility of P3HT in LCs).  

 Finally, it is worth being noted that with the used BCP, its 
concentration in the LC solvent was kept low (below about 5%) 
to ensure a good solubility in the isotropic state. At this level of 
BCP concentrations, the method cannot produce large amounts 
of oriented fi brils. However, all these parameters have not been 
optimized in the present study. Future work may design BCPs 
with an improved solubility of the LCP block in nematic LCs, 
which allows the BCP concentration to be increased. Various 
lengths of the conjugated polymer and the LCP could also 
be investigated to determine the effect on the self-assembly 
process and formation of oriented nanofi brils. Moreover, 
using, for example, a photo-cleavable junction between the two 
blocks, [  27–29  ]  it may be possible to isolate fi brous aggregates of 
 π -conjugated polymers from the non-conducting LCP. These 
perspectives suggest that it is of great interest to further develop 
this method for preparing macroscopically oriented nanofi brils 
of  π -conjugated semiconducting polymers.   

 3. Conclusions 

 We reported a novel and general approach for preparing mac-
roscopically oriented nanofi brils of  π -conjugated polymers. It 
consists in making a BCP comprised of the conjugated polymer 
of interest, which should be insoluble (or less soluble) in a LC 
solvent, and a LC polymer, which should be soluble (or more 
soluble) in it, and exploiting self-assembly of the BCP in a block-
selective and oriented nematic LC. With P3HT- b -PAzoMA, we 
found that such self-assembly in different LCs could lead to the 
formation of highly oriented nanofi brils of regioregular P3HT 
that display highly anisotropic absorption and polarized pho-
toluminescence emission. To our knowledge, this is the fi rst 
self-assembly-based method that results in nanofi brils in which 
P3HT chains are oriented along the fi brils’ long axis.   

 4. Experimental Section 
 Details on the used characterization techniques and the results of 
control experiments are presented in the Supporting Information.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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