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Abstract

Dynamic casting of conjugated polymer films on liquid-substrate is a unique method
which provides thin floating-film and can be easily transferred on a desired substrate by
stamping. The important feature in this procedure is associated with the formation of thin
polymeric film during compression and solidification controlled by viscous drag of liquid
substrate and solvent evaporation of the polymer, respectively. Lyotropic liquid-crystalline
(LC) characteristics of conjugated polymer possibly assist to orient the polymer chain in one
direction. It is found that this method produce highly oriented thin films (dichroic ratio >5) of
thiophene-based conjugated polymers such as PBTTT-C14, PQT-C12 and non-regiocontrolled
poly(3-hexylthiophene) NR-P3HT. On the other hand, weak orientation intensity in regioregular
poly(3-hexylthiophene) RR-P3HT was found. The mechanism for this diverse orientation in
thiophene-based conjugated polymers is discussed in correlation with the backbone chemical

structure and lyotropic LC phase transition during the floating-film formation.
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1. Introduction

Traditionally conjugated polymers (CPs) with extended n-conjugation like polypyrrole,
polythiophene, polyaniline etc. are a class of one-dimensional (1D) functional polymeric
materials in both of the electronic and photonic characteristics. Inspired by very high electrical
conductivity of graphene sheet, there are also reports about the two dimensional CPs by
extending the m-conjugation in the two dimensions by chemical modifications of the main
polymeric chains via logical molecular design [1,2]. The use of this one-dimensional function
is a possible key-technology for the polymer based organic electronics. Ongoing research and
development in this area is expected towards the proliferation of the flexible and anisotropic
photo-electronics, which is difficult and costly by implementing the crystalline inorganic
semiconductors. The active use of strong anisotropic function of the conjugated organic
semiconducting polymers may lead to the development of unique anisotropic optoelectronic
devices. A variety of procedures towards the fabrication of oriented thin films of conjugated
polymers have been proposed and investigated in detail by many researchers in the recent past
[3]. Most of the large scale orientation have been achieved by using shear forces to align the
conjugated polymer such as mechanical rubbing, friction transfer, strain alignment [4—6]. These
shear forces are not suitable for fabricating device with multilayer architectures as they affect
the morphology of underlying layers as well as the substrates. Therefore solution based
methods to prepare highly oriented conjugated polymers can resolve such problems especially
when the oriented film can be prepared and transferred independently. Developing such method
should resolve both the problems as they will not damage the substrate and multilayers of
oriented films can be easily processed [7-11]. Taking the advantage of inherent one-

dimensionality, it is possible to promote the high degree of molecular orientation of conjugated
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polymer by utilizing their liquid-crystalline (LC) characteristics. Thermotropic LC phase
transition has been already used for the domain formation of aligned polymers to achieve the

high carrier transport.

We have reported a unique characteristics of molecular orientation as clearly evidenced
by optic and electronic anisotropy in a film formed by the dynamic casting of floating-film of
conjugated polymer on liquid-substrate named as floating film transfer method (FTM) [7—
9,12—-14] . The unique concepts in this procedure is not only to cast a thin-film on liquid
substrate [10,11] but also to solidify the film coincidentally during spreading the solution,
leading to the well-orientation of conjugated polymers. Not only a variety of conjugated
polymers can be oriented into a similar direction tangential to the film propagation [12] but
also anisotropic functions in optics [15] and electronics [14] has been demonstrated as
anisotropic organic devices. The orientation intensity depends upon the casting conditions such
as liquid substrate viscosity, concentration of polymer solution, temperature etc. In spite of
optimization of these film forming conditions under dynamic film casting, it varies with the
nature of conjugated polymers under investigation. Even under the best tuning of the casting
condition, it was found that the regioregular poly(3-hexylthiophene) (RR-P3HT) shows a weak
orientation. We have carefully chosen the conjugated polymers of polythiophene family in
order to clarify the orientation characteristics by dynamic-FTM. Non-regiocontrolled (NR)-
P3HT, RR-P3HT, poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT-
C14) and Poly(3,3" -didodecyl-quarterthiophene) (PQT-C12) have been employed for the thin
film fabrication and characterization by dynamic-FTM in this work owing to their structural
similarity. A possible origin for the observed differential orientation intensities has been

discussed amicably by taking the molecular structure of the polymeric main chain in to



consideration.

2. Experimental Details
In this work, RR-P3HT, NR-P3HT, PQT-C12 and PBTTT-C14 having chemical

structure as shown in the Fig. 1 have been employed as the target thiophene-based conjugated
polymers for investigating orientation characteristics in dynamic-FTM. PBTTT-C14 and
dehydrated chloroform (CHCIl3) were purchased from Aldrich Co. Ltd. USA. Other conjugated
polymers such as polymers, RR-P3HT, NR-P3HT and PQT-C12 were chemically synthesized
according to the literature procedures [16—18]. All the synthesized conjugated polymers were
purified by using EDTA or Soxhlet extraction as per earlier publications [19,20].
Regioregularity of the synthesized polymers have been estimated by 1H-NMR at aryl

methylene region [21,22].

Dynamic casting of floating-film was carried out under tuning the casting condition as
per our earlier publication [23]. For the purpose of obtaining the high degree of orientation, the
solution concentration, the viscosity of liquid-substrate and the temperature of both the liquid-
substrate and the solution were selected optimally to get the maximum orientation. The casting
condition optimized for respective polymers to achieve highest optical dichroic ratio (DR) has
been summarized in Table 1. All of the solutions were prepared to dissolve the target polymer
powder in dehydrated CHCI3 as the solvent. Viscosity of the liquid substrate was tuned by
mixing deionized water/ethylene glycol or ethylene glycol/glycerol in the optimized ratio [23].
As shown in Fig. 2, these solvent mixtures were poured in a 15 cm-diameter petri-dish to use
as liquid-substrate. At the center of the liquid-substrate, one drop (about 15uL) of the target

polymer solution was dropped by a micropipette, which swiftly spread over the liquid-substrate



forming a floating-film at the same time. Oriented floating-film was then transferred on a white
glass with a dimension of (1 cm x 2.5 cm) followed by the measurement of polarized electronic
absorption spectra. Spin coated films of similar thickness were also prepared by spin coating.
All of the polarized absorption spectra were measured through Glan-Thomson prism with UV-
Vis-NIR spectrophotometer (JASCO V-570). Optical DR representing the extent of orientation
has been calculated as per our earlier publication [21]. Thickness of all the films were found to

be in between 20-50 nm measured by interference microscopy (Nikon Eclipse LV150).

3. Results and Discussion

FTM is one of the facile casting/coating methods for the fabrication of oriented thin
films. In the dynamic-FTM procedure, a thin floating film is first formed by dropping a very
small amount (about 15ul) of conjugated polymer solution on a hydrophilic liquid-substrate
followed by its transfer to a desired solid substrate. This stamping like procedure is similar to
the Langmuir-Schaefer technique. The unique and key-feature in this casting procedure is to
form the floating-film during concentration followed by its solidification dynamically. The
compressive/expansive force offered by the liquid substrate while spreading the floating film
along with the coincidental solvent evaporation leads to the self-alignment. The seamless
transition from the solution phase into the solid phase should go through lyotropic liquid-
crystalline (LC) phase if the solidified material has LC characteristics. The
compression/expansion behavior on liquid-substrate plays a role as shear force to promote the
macromolecules orientation and could be responsible for providing oriented films as shown in
schematic Fig. 2. Several conjugated polymers have been reported to have lyotropic LC phase

suitable for dynamic-FTM [24]. For all the oriented floating-films, the direction of orientation



is tangential to the propagation direction of the dropped solution. This indicates that the

orientation mechanism is essentially the same for all the conjugated polymers in this study.

A possible explanation to cause this orientation lies in the balance between the
spreading and solidification speed. If the spreading speed is higher than the solidification
speed, the floating parts disperse into small flakes. Contrary to this, in the opposite case where
speed of solidification is higher than the spreading, the solidifying part propagates towards
outside with continuous formation of floating-films although the orientation is not always to
be high [21]. The spreading speed of floating solution is controlled by the viscosity of liquid
substrate, speed of solidification and the concentration of solution [23]. The spreading behavior
also appends tangential pressure into the solidifying parts as the shear force. The high
concentration of polymer solution generates the lyotropic LC phase due to the strong inter-
macromolecular interaction. The compressive/expansion force induces the shear force to align
macromolecules into the same direction with seamless solidification, leading to the orientation

of floating-film on the liquid substrate.

Fig. 3 shows the polarized absorption spectra of thin films of NR-P3HT and RR-P3HT
prepared by dynamic-FTM. The non-polarized spectra of respective spin-coated films have
also been shown for the comparison. It can be clearly seen that films prepared by dynamic-
FTM exhibits clear optical dichroism for both the thiophene-based conjugated polymers. As
shown in Fig. 3 (a), large DR of 5.8 has been estimated for NR-P3HT which was collaterally
due to the mismatch of Amax for the parallel and the perpendicular-polarized electronic
absorption spectra. It is interesting to note that in the perpendicularly polarized spectrum of

NR-P3HT there is featureless absorption spectral behavior having Amax around 475 nm which
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is quite similar to that of spin-coated one. It is reported that NR-P3HT is consisted of the
mixture of crystalline as well as amorphous parts [25]. Intensity of the perpendicular absorption
possibly correlates with the extent of amorphous region in the oriented NR-P3HT film existing
as non-oriented part. Contrary to NR-P3HT, spin-coated films of RR-P3HT typical exhibits
main peak in the electronic absorption around 520 nm with well-defined vibronic shoulders
around 550 nm and 610 nm. Interesting in the oriented films of RR-P3HT where there is strong
molecular ordering and vibronic shoulder appearing around 550 nm becomes more pronounced
corresponding to the main ©-rt* electronic transition in the polymer main chain [5,26]. To
consider the high regioregularity and the high crystallinity of RR-P3HT, the difference in the
spectral profile of the perpendicular one is also explained by the essential difference in the

perpendicular modes of dipole moments on conjugated main-chain.

A perusal of electronic absorption spectra of spin-coated and FTM films of RR-P3HT
reveals that main peak of the spin-coated film appears at 516 nm with vibronic shoulders at
550 nm and 602 nm as shown in Fig. 3 (b). Besides this, the parallel polarized absorption
peaked at 554 nm with shoulders at 525 nm and 602 nm is similar to that observed for the
solution cast films [26]. All the vibronic peaks located at almost the similar wavelength
indicates that essentially the same vibronic modes appear by simply change in the Huang-Rhys
parameter [27]. Observed red-shift in RR-P3HT films is attributed to the switch of the main-
transition mode from 0-2 to 0-1. It is well-known that the slow growth of crystalline domain in
RR-P3HT promotes the evolution of lower vibronic modes due to the fibrous crystalline
domain formation [28]. In particular the growth of 0-0 modes in RR-P3HT is discussed by
Spano by correlating with the electronic structure of excitonic bandwidth (W) with

intermolecular coupling transition energy, Ep, by Equation 1 as shown below [29].
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Where Ao.o and Ao.1 represents the corresponding intensities of the 0-0 and 0-1 transitions.

The growth of low vibronic mode essentially represents the extension of conjugation length on
the polymer main chain. Observed difference in the absorption profile of RR-P3HT films from
those in NR-P3HT is simply explained that RR-P3HT macromolecules maintain rather well-
stretched conformation owing to the dynamic-FTM procedure due to its relatively slow casting
as compared to spin-coating. It can be seen that vibronic modes in both of the parallel and
perpendicularly polarized RR-P3HT, at the same energy level with only differing in their
intensity. This difference in the intensity of vibronic modes is simply due to the changes in the
relative conjugation lengths.

Solid-state electronic absorption spectra of spin-coated and FTM-processed thin films
of conjugated polymers PQT-C12 and PBTTT-C14 are shown in the Fig. 4. The optical and
dichroic parameters are shown in the Table 2. The polarized absorption spectra in both films
exhibit high optical dichroism having a DR of 6.4 and 5.1 for the PQT-C12 and PBTTT-C14,
respectively. These DR values are higher as compared to that of RR-P3HT films (1.5).
Although there is only a little difference in the chemical structure of polymeric main chain in
both of the conjugated polymers, a similar vibronic shoulders were appeared in the thin films
prepared by dynamic-FTM. As compared to their spin-coated counterparts, both of these
polymers show a bathochromic shift of 7 nm-14 nm which is relatively smaller as compared to

those for the RR and NR-P3HT (about 45 nm). In the normalized absorption spectra, it can be
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seen that vibronic shoulders are more pronounced in the parallel polarized spectra as compared
to those of their spin-coated counterparts for both polymers. This could be associated with the
consistent expansion of conjugation length by dynamic-FTM. The structural expansion of
polymer chain by dynamic-FTM can be assigned as the promotion of conformational expansion
owing to the nematic LC phase with appropriate share force during the solidification. It should
be noted that both of PBTTT-C14 and PQT-C12 are reported to show a clear thermotropic LC
phase transition by DSC analyses.[18,30] Relatively high performance of carrier transport in
these polymers is explained by the good alignment of macromolecules with thermal annealing
assisted by the thermotropic LC characteristics in these polymers [18,30,31].

Orientation intensity varies with the conjugated polymer as well as the casting condition
as listed in table 2. In order to verify the role of polymeric backbone, it is necessary to compare
their relative orientation characteristics under identical casting condition. Taking this point in
to consideration we fixed the casting condition utilized for PQT-C12 giving maximum DR and
results are shown in the Fig. 5. It can be seen from Fig. 5 that DR values for RR-P3HT, NR-
P3HT and PBTTT-C14 is much less than that achieved by optimized conditions as already
shown in Fig. 3, Fig. 4 and table 2. Although, these three conjugated polymers have less
orientation under similar casting conditions where, PBTTT-C14 exhibits the effective
improvement of DR after optimizing the casting parameters under dynamic-FTM as shown in
the table 2. For RR-P3HT DR still stays low irrespective of the casting conditions. These results
also indicate that basic nature of polymeric backbone and their inherent characteristics seems
to play a vital role for orientation, which reflects in differential DR values under the dynamic-
FTM.

A perusal of Fig. 3, Fig. 4 and Table 2 pertaining to the orientation characteristics

reveals that orientation strength in RR-P3HT is quite small (DR=1.5) as compared to the other
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thiophene-based conjugated polymers in this study. In spite of the fact that we attempted
dynamic-FTM for RR-P3HT obtained from different commercial sources such as Merck
(Iisicon SP001) and Aldrich (Electronic grade), but obtained DRs with all the RR-P3HTs were
also found low. It should be noted that the large DR can be obtained with NR-P3HT having the
same chemical structure. These facts suggest that the high regioregularity in RR-P3HT inhibits
the further promotion of polymer chain orientation. In contrast, completely regioregular
conjugated polymers of PBTTT-C14 and PQT-C12 can easily orient in dynamic-FTM as
described above. These findings also suggest that structural feature in RR-P3HT resist the
promotion of macromolecular alignment into the same direction in dynamic-FTM. The
regioregularity in NR-P3HT was estimated to be 80 %, which is lower as compared to that of
typical 90-95 % in RR-P3HT.[17,21] This indicates that almost one by 5 units of thiophene
ring shows non-regioregular (head-to-head or tail-to-tail) coupling in NR-P3HT. Against this,
such mismatch occurs about one by 10-20 units in case for RR-P3HT. This comparison helps
us to suggest the orientation mechanism which has been schematically represented in the Fig.
6.

In order to explain the differential orientation behaviors for NR-P3HT and RR-P3HT
as evident by very large differences in their respective DR, we have to consider their differential
inter-molecular interactions associated with the packing of macromolecules in the solid-state.
The regioregular part of the P3HT molecular framework attains the fish-bone like structure by
the alkyl side chains as schematically shown in Fig. 6 (a). These side-chains will interdigitate
to the neighbor macromolecules due to the zipper effect [25,32]. The fish-bone structure forces
to switch the movable direction of neighboring interdigitated-macromolecules, alternately. This
behavior provides the locking force to prevent the sliding action of neighboring

macromolecules in highly condensed solution. In particular, the regioregular part of main chain
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in RR-P3HT strongly forms this interlocking structure by the zipper effect. Against this, for
NR-P3HT there are still existing some parts forming amorphous structure. The relative low
regioregularity also reduces the interlock formation even in the condensed state as
schematically shown in Fig. 6 (b). This provides the free sliding motion for NR-P3HT unlike
RR-P3HT. In contrast, the base unit in PBTTT-C14 and PQT-C12 forms point-symmetrical
substituents unlike the fish-bone structure as shown schematically in Fig. 6 (c). This enables
no inter-digitation among the individual macromolecules and making the neighboring
macromolecules capable for free slide. The higher freedom of sliding motion between the
neighboring macromolecules provides effective orientation of macromolecules with strong

stretching of main chain into the same direction by shear force in lyotropic LC phase.

It is interesting to note that the thermotropic LC phase transition characteristics in
poly(3-alkylthiophene)s has been well discussed till the end of ‘90s by many researchers.[32—
34] After the discovery of the synthetic method to attain very high regioregularity the research for
structural and electronic characteristics of NR-P3HT (chemically synthesized with FeClz) was
strongly reduced.[35] This suggests that RR-P3HT seems not to show clear LC phase transition
unlikely NR-P3HT. Against this, PBTTT-C14 and PQT-C12 are focused in their thermotropic
LC characteristics and discussed about their contribution for achieving the high carrier
transport [36,37]. It should be noted that the correlation between the behaviors for thermotropic
LC transition and lyotropic LC transition in conjugated polymers has not been clearly discussed
yet. However, PPV derivatives have also been reported to show both of lyotropic and
thermotropic LC characteristics [24,38]. Other lyotropic like behaviors in conjugated polymer
also have been reported [39]. Interestingly such polymers exhibit clear molecular orientation

and optical anisotropy in the films prepared by the dynamic-FTM. Therefore, dynamic-FTM is
12



expected to be one of the important key-technologies for the quick and facile fabrication of

oriented thin-film using lyotropic LC phase transition characteristics in conjugated polymers.

4. Conclusion

The orientation characteristics of NR-P3HT, RR-P3HT, PBTTT-C14 and PQT-C12
prepared by dynamic-FTM has been investigated by taking their structure-property correlation
into consideration. It has been shown that all of the thiophene-based conjugated polymers show
the clear optical anisotropy except RR-P3HT having very small DR of 1.5. This has been
explained in terms of the possibility of lyotropic LC phase formation during the solution
concentration in dynamic-FTM. The strong zipper effect generated by the highly regioregular
conformation with fish-bone structure in RR-P3HT resists the LC phase formation, This
tendency of reduced lyotropic LC phase formation hampers the driving force towards its
orientation in the dynamic-FTM. Conclusively although dynamic-FTM provides the oriented
thin-films of conjugated polymers but their orientation ability depends upon the strength of

lyotropic LC characteristics.
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Figure and Table captions

Table 1: List of the casting condition to obtain optimum DR by dynamic-FTM for polymers
under investigation.

Table 2: Optical parameters for spin-coated and dynamic-FTM fabricated thin films various
conjugated polymers used in this work.

Figure 1: Chemical structure of thiophene-based conjugated polymers utilized for present
investigation.

Figure 2: Schematic representation of film formation process in FTM procedure.

Figure 3: Polarized electronic absorption spectra of oriented FTM (parallel: red,
perpendicular: blue) and non-oriented spin-coated (black) films of NR-P3HT (a) and RR-
P3HT (b) prepared by dynamic-FTM.

Figure 4: Polarized electronic absorption spectra of oriented FTM (parallel: red,
perpendicular: blue) and non-oriented spin-coated (black) films of PQT-C12 (a) and PBTTT-
C14 (b) prepared by dynamic-FTM.

Figure 5: Orientation intensity (DR) of all the polymer-films prepared under the identical
casting condition for PQT-C12 to provide highest orientation.

Figure 6: Schematic skeletal drawing of possible intermolecular packing images for (a) RR-
P3HT, (b) NR-P3HT and (c) PBTTT-C14/PQT-C12, respectively. Ovals in (a) represent
disordered (amorphous) regions.
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Table 1: List of the casting condition to obtain optimum DR by dynamic-FTM for polymers
under investigation.

Concentration of polymer .
Polymer . POy Temperature | Liquid substrate”
in chloroform (wt/wt)
NR-P3HT 1.0 25°C Eg:Gl=3:1
RR-P3HT 1.0 42 °C WtEg=1:2
PBTTT-C14 1.0 70 °C Gl
PQT-C12 1.0 25°C Eg:Gl=2:1

* mixing ratio in volume. Eg, Gl and Wt are ethylene glycol, glycerol and deionized water,

respectively.
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Table 2: Optical parameters for spin-coated and dynamic-FTM fabricated thin films various

conjugated polymers used in this work.
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Polymer Conditions DR Absqrption Vibronic
Maximum shoulders (nm)
Spin-Coated - 479 nm -
NR-P3HT FTM-Perpendicular 465 nm -
FTM-Parallel > 525 nm 602 nm
Spin-Coated - 516 nm 550 nm, 602 nm
RR-P3HT FTM-Perpendicular 550 nm 525 nm, 602 nm
FTM-Parallel - 554 nm 525 nm, 602 nm
Spin-Coated - 524 nm 503 nm, 574 nm
PQT-C12 FTM-Perpendicular 523 nm 574 nm
FTM-Parallel o 538 nm 503 nm, 574 nm
Spin-Coated - 538 nm 592 nm
PBTTT-C14 FTM-Perpendicular 540 nm 592 nm
FTM-Parallel > 545 nm 592 nm
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Figure 1: Chemical structure of thiophene-based conjugated polymers utilized for present
investigation.
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Figure 2: Schematic representation of film formation process in FTM procedure.
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Figure 4: Polarized electronic absorption spectra of oriented FTM (parallel: red,
perpendicular: blue) and non-oriented spin-coated (black) films of PQT-C12 (a) and PBTTT-
C14 (b) prepared by dynamic-FTM.
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Figure 5: Orientation intensity (DR) of all the polymer-films prepared under the identical
casting condition for PQT-C12 to provide highest orientation.
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Figure 6: Schematic skeletal drawing of possible intermolecular packing images for (a) RR-
P3HT, (b) NR-P3HT and (c) PBTTT-C14/PQT-C12, respectively. Ovals in (a) represent
disordered (amorphous) regions.
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