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ABSTRACT: We report on the influence of the molecular weight (Mn) on the alignment and structure of
poly(9,9-bis(ethylhexyl)fluorene-2,7-diyl) (PF2/6) in thin films on rubbed polyimide in the equilibrium.
The degree of alignment has been studied using optical spectroscopy and compared to theoretical
arguments. The structure of PF2/6 has been studied using grazing-incidence X-ray diffraction. PF2/6
realizes a threshold molecular weight Mn* ) 104 g/mol separating a low Mn (LMW, Mn < Mn*) and a high
Mn (HMW, Mn > Mn*) region. LMW materials show only the nematic (Nem) phase while HMW compounds
show hexagonal (Hex) and Nem phases at low and high temperatures, respectively. LMW samples align
equally well at any temperature above the glass transition, and the dichroic ratio, R, increases with Mn.
HMW material aligns well in the Nem regime, and R drops exponentially with Mn, which is in agreement
with the theory. The orientational order is maximized near Mn*, and the orientational order parameter
is >0.9. HMW samples, whether aligned or not, reveal two kinds of coexistent Hex crystallites distributed
in the sample plane having one crystal axis a perpendicular or parallel to the surface. Local order within
the triaxially aligned Hex phase surpasses that of the in-plane aligned Hex phase.

I. Introduction

The design of mesomorphic structures1 and thin
films2,3 coupled with an understanding of the nanoscale
structure-property relationships4 is paramount in the
research of π-conjugated polymers. These materials are
hairy-rod polymers (see e.g. refs 5-7) consisting of a stiff
backbone where a dense set of flexible side chains are
bonded, resulting in self-organization. Especially poly-
(alkylthiophenes) (PATs)8 are π-conjugated prime ex-
amples where hairy-rod structure leads to the self-
organization3 with enhanced electronic characteristics.2

Polyfluorenes (PFs)9 are promising π-conjugated hairy
rods for applications. They allow uniaxial alignment
which yields emission of linearly polarized light in light-
emitting diodes (LEDs)10 and an enhanced mobility in
thin-film transistors (TFTs).11,12 Altogether their mo-
lecular structure,9 self-organization,13 overall align-
ment,11 and larger scale morphology14 combined with
their thermal behavior15 determine their performance
and should be addressed in a concerted effort.

Besides the much studied linear side chain poly(9,9-
(di-n,n-octyl)fluorene) (PF8), the branched side chain
poly(9,9-bis(ethylhexyl)fluorene-2,7-diyl) (PF2/6)9,16 is of

particular interest. First, its simple structure and
stability allow its straightforward use as a model
molecule for phase behavior studies.17 Second, its op-
toelectronic properties and facile alignment put forward
its use in thin film devices. In general, PF2/6 takes a
higher degree of alignment than PF8.9

PF2/6 has been found to form a hexagonal packing of
5-helical rigid molecules.15,18,19 Polyimide (PI), which is
a hairy rod itself,20 is in turn a basic compound in PF2/
6-based polarized LEDs.21,22 The alignment of PFs on
PI is known e.g. as a function of dopant concentration23

or solvent.24 PF2/6 chains run parallel to the substrate
in the rubbing direction of PI, and PF2/6 shows two
differently oriented coexisting crystalline structures in
axially and in-plane aligned thin films19 for high Mn
PF2/6 (Mn ) 147 kg/mol): A part of the crystallites have
one crystal axis a perpendicular and a part parallel to
the substrate surface. Multiple orientation in π-conju-
gated polymers has previously been found for poly(p-
phenylenevinylene)25 and poly(3-hexylthiophene).2,3 The
monoaxial distributions, “inverse combs”, are reported
for PATs.26 A considerable increase in the degree of
alignment27,28 accompanied by the loss of order along
the (ab0) plane27 is seen for low Mn PF2/6 (Mn ) 8 kg/
mol).

Molecular weight (Mn) influences the self-organization
of hairy rods such as poly(p-phenylene) (PPP).29 The
optoelectronic effect of Mn on PATs30-32 has been
studied. Papadopoulos et al.33 reported the influence of
Mn on the molecular dynamics and glass transition of
PF8 and analogous oligomers. Banach et al.34 studied
the influence of Mn on thermotropic alignment of poly-
(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) on PI
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∇ Also at HASYLAB am DESY, Notkestrasse 85, D-22605

Hamburg, Germany.
* Corresponding author: Tel +44-191-33-43558, Fax +44-191-

33-43585, e-mail matti.knaapila@durham.ac.uk.

2744 Macromolecules 2005, 38, 2744-2753

10.1021/ma0477403 CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/24/2005



using Mn in the range 62-129 kg/mol. These authors
found the highest alignment in lowest Mn films and
concluded it to be limited by viscosity and the formation
of a macroscopic multidomain structure. The alignment
of long and short molecules has been described in the
theory of nematic order by Khokhlov and Semenov.35

We have recently studied the phase behavior of PF2/6
in bulk as a function of Mn using a Mn range 3-150 kg/
mol.17 The phase diagram contains a glass transition
(Tg) and a limit Mn* ) 104g/mol which define the
boundary between a low Mn (LMW) region (Mn < Mn*)
for which only a nematic (Nem) phase is seen and a high
Mn (HMW) region (Mn > Mn*) for which hexagonal (Hex)
and Nem phases are observed at low and high T,
respectively. These phases are illustrated in Figure 1.

In this paper we report on the influence of Mn on the
thermotropic alignment and self-organization of PF2/6
in thin films on rubbed PI. The alignment has been
studied as a function of Mn using optical spectroscopy
and compared to the theoretical predictions for static
situation. The structure has been studied using grazing-
incidence X-ray diffraction (GIXD). The phase diagram17

has been employed to optimize the alignment conditions
and structure in films. The similarities (phase domains)
and differences (alignment and multiple orientation of
crystallites) between bulk17 and film are highlighted.
Both the orientational and local order are maximized
near the phase boundary Mn* ) 104 g/mol. These results
form guidelines on how to use Mn as a tuning parameter
of thermotropic alignment of PF2/6 in thin films.

II. Theoretical Section
Self-Organized Phases as a Function of Molec-

ular Weight. Here we outline the theory used in refs
17 and 27 to describe the Nem-Hex transition and
present a simple generalization to consider the uniaxial
orientation (see Figure 2). The free energy of the Nem
phase is given as36,37

where the translational and orientational entropy are
represented by the first and second terms, respectively.
Here kBT is a Boltzmann factor, V the volume of the

sample, c the concentration of the molecules, f the
volume fraction of the backbone, and e the Euler
number. The quantity ΩN describes the degree of overall
(uniaxial) alignment: the smaller it is, the more aligned
is the system.

The Hex phase reveals negligible translational en-
tropy, and the interaction between ordered molecules
becomes dominant. This interaction arises from the
inhomogeneous side chain ends distribution. For hairy
rods it reads with accuracy up to a numerical prefactor

where ν is the volume and lK the Kuhn length of one
chain segment, lu the distance between two consecutive
grafting points, i.e., the length of the repeat unit, and
ν0 the volume of one repeat unit of the hairy rod. From
eq 2 the free energy of the hexagonally ordered material
is obtained as

Because of incompressibility, the concentration c ) Mu/
(ν0Mn), where Mn and Mu are the molecular weights of
a polymer and one repeat unit, respectively, is directly
related to Mn. Equations 1 and 3 imply that the higher
the Mn, the more favorable the Hex packing. The value
of Mn separating Nem and Hex phases for given
parameters, Mn*, is

Overall Alignment. Both phases have been previ-
ously assumed to be “equally aligned”, i.e. ΩN = ΩH,27

which holds only for the temperatures not far from Tg.
In contrast, here we consider the binodal including the
orientational part. When the details of the orientation
have been omitted, both phases are assumed relatively
highly aligned (cf. the discussion of the measured
alignment in section IV). In general, a quite sophisti-
cated theoretical treatment should be applied to reveal
the features of the alignment in the hairy-rod system;
see for instance refs 5-7. Nevertheless, the temperature
and Mn dependence can be estimated by a simple
argument. The polymer consists of stiff segments with
a certain Kuhn length lK

HR where the superscript HR
stands for “hairy rod” . In the aligned state (Nem or Hex)

Figure 1. Self-organized nematic (Nem) and hexagonal (Hex)
phase of hairy-rod polymers drawn end-on (a, b) and their
uniaxially aligned structure drawn side on (c, d) (not to scale).

Figure 2. A hairy-rod-like polymer of rigid backbone and
flexible side chains. lK and ν are the segment length (the Kuhn
length) and the segment volume of the side chains; lu is the
distance between grafting points (the unit length) of the
backbone.
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at low temperature the direction of each segment can
fluctuate in the solid angle as38,39

where d is the diameter of the backbone (see Figure 3).
Apparently, when the temperature increases, Ω0 is also
increased. A rough first-order approximation of Ω0 is
expressed as

where C is a phenomenological constant probably dif-
ferent for different phases and where t ) T - Tg is the
temperature measured from the Tg. If the Kuhn seg-
ments are treated independently, the total configura-
tional space accessible for fluctuations of the chain is

where i ) N, H refers to “Nem” or “Hex” , respectively.
This allows us to estimate the ratio

Then, the eqs 4 and 8 yield the equation for T vs Mn
binodal. When linearized for t we get

where

and where A ) ln(e/f)lK
HR/(lu(CN - CH)/Mn0*). A incor-

porates both phenomenological constants CN and CH and
is the only adjustable parameter of the treatment.

Next, we clarify what Ω means in terms of the order
parameter s (cf. e.g. ref 40). The molecule, whose rigid
backbone is defined by the vector c, is free to rotate in
the solid angle Ω so that it can take any orientation
with angle θ with the director between 0 and θ0, where
Ω ) 4π(1 - cos θ0) (cf. Figure 3). In the ordered state

the angular distribution function f(θ) can be approxi-
mated as

The constant c̃ is found from the normalization of f and
is c̃ ) 0.5/(1 - cos θ0). The order parameter s and the
angle Ω are in turn

Here s ) 0 and s ) 1 respectively correspond to prefect
freedom and alignment with Ω ) 4π and Ω ) 0.

The order parameter is related to the dichroic ratio
for absorption, which is defined as

where Eh | and Eh ⊥ are the maximum values of the
absorbance for light polarized parallel and perpendicu-
lar to the alignment direction z and potentially parallel
to the molecular c axis (cf. Figure 3). R describes the
anisotropy of the absorption process. The transition
probability is maximized when the transition moment
of the molecule lies parallel to the electric vector of the
light. The transition moment is assumed to be parallel
to the c axis. R is related to the order parameter as s )
(R - 1)/(R + 2). Therefore, for large R, eq 13 implies

In particular, we see that if Ω increases exponentially
with Mn, as eq 7, then R decreases also exponentially.
To make a difference between the order occurring at
intermolecular self-organization and overall orientation,
we denote the first one as “local” order.

III. Experimental Section
Materials and Alignment. The preparation of PF2/69,21

(Figure 4) has been described elsewhere. Six different Mn’s

Figure 3. Illustration of the alignment. The vectors z and c
represent the alignment direction and the backbone of the
molecule, respectively.
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Figure 4. Formula of poly(9,9-bis(ethylhexyl)-2,7-diyl) (PF2/
6) and the side views of differently prepared PF2/6 samples
either on (a) glass/ITO or (b) Si/SiO2 substrates. The vectors
x, y, and z define the surface normal and the directions
perpendicular and parallel to the orientation direction in-
plane, respectively (cf. Figure 3).
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were used and determined using GPC (Table 1). The samples
are denoted henceforth as (Mn/Mw)10-3-PF2/6. The third
sample type had an N-di(4-methylphenyl)aminophenyl end cap
while the first two were phenyl end-capped. The polymers were
dissolved in a 3:1 mixture of toluene and chloroform (Aldrich).
Two parallel sample series were made by spin-coating from
10 mg/mL solutions at 2500 rpm for 60 s under clean room
conditions. The substrates were quartz (Spectrosil quartz disks
of Saint-Gobain Quartz Plc) and pretreated PI substrates (LCD
cells obtained from E.H.C. Co. Ltd., Japan, and split open for
this purpose (Figure 4a)). Thicknesses of PI, indium tin oxide
(ITO), and glass of LCDs were around 100 nm, 30 nm, and 1
mm, respectively. To provide yet another parallel experiment
for comparison, pretreated Si/SiO2/PI substrates were em-
ployed (Figure 4b). They were Si/SiO2 substrates where the
SiO2 layers were formed on the silicon by wet thermal
oxidation. This technique involves baking wafers in a furnace
through which water vapor is passed. Initially, an oxide grows
on the surface and then diffuses inward. This oxide was then
etched back using buffered hydrofluoric acid to achieve the
desired thickness. The oriented PI layers were prepared
adapting the method from ref 21. The PI precursor (Merck KG)
was spun onto the wafer at 2500 rpm and then heated at 85
°C for 20 min in air to remove any residual solvent. This was
followed by heating for 40 min at 300 °C in vacuo, after which
the film was allowed to cool. The layer was then rubbed
uniaxially using a rayon cloth. The thickness of SiO2 and PI
was known from ellipsometric measurements; SiO2 varied from
10 to 140 nm, and that of the PI layer had a mean thickness
of 34 ( 3 nm. All the samples were subsequently annealed
under argon either at 80 °C for 10 min or at 180 °C either for
3 or 18 h and cooled at a rate of 3 °C/min. Both the bulk
polymer and all samples were stored under nitrogen or helium
and/or in dark or under yellow light to prevent any photooxi-
dation prior to or during measurements.

Optical Measurements. Polarized absorption measure-
ments were made using a JA Woollam & Co. VASE ellipsom-
eter with built-in polarizers, set up in transmission mode. A
bare PI substrate was used as a reference. To calculate the
dichroic ratio in absorption for each of the aligned samples,
transmission spectra were measured for light polarized paral-
lel and perpendicular to the alignment direction. The trans-
mission spectra were then converted to absorption spectra via
E ) -log(T), where E is the optical density and T is the
transmission of the sample. The absorption spectrum of each
sample was compared to that of a bare substrate to find the
optical density due to the PF film alone. An estimate of the
error in the film optical density was also made. With the film
optical density found for light polarized parallel and perpen-
dicular to the z axis, the dichroic ratio could then be calculated
via eq 14.

Polarized fluorescence (PL) measurements were made using
a Jobin-Yvon Fluoromax fluorimeter with Glan-Thomson
polarizers inserted into the excitation and emission beams. The
polarization bias of the instrument was taken into account.

X-ray Diffraction Measurements. GIXD measurements
were performed at the W1.1 (ROEWI) beamline at HASYLAB
in Hamburg. The beam was monochromatized by a double
crystal Si(111) monochromator, and the X-ray energy was 8.8
keV. The beam was focused at the sample position, and the
resulting beam size in the experimental hutch was 0.5 mm
vertically and 4 mm horizontally. The samples were mounted
onto the diffractometer by means of two translations and a
horizontal tilt axis. Scattering of air and the risk of radiation
damage were reduced by a helium atmosphere.

In GIXD, the incident angle range varied from 0.09° to 0.15°
so that the penetration depth was small and the Bragg
reflections due to the PI substrate were suppressed. In the
measurement geometry (cf. Figure 4), the x axis is defined
normal to the surface and y and z axes parallel to surface with
z coinciding with the rubbing direction of the PI (cf. Figure
3). The GIXD patterns were measured with the incident beam
along the y and z axes, respectively. The 1D intensity was
measured with a scintillation counter and 2D intensity with
an image plate (Molecular Dynamics), and for normalization,
the incident flux was measured with an ionization chamber.
The crystallite size (coherence length) has been estimated
using a Scherrer formula, L = λ/(∆2θ cos θ), where 2θ is the
scattering angle, and the 1D intensities for which the instru-
mental function were assumed to be negligible. The Born
approximation was regarded valid except close to the critical
angle.41

IV. Results and Discussion

Degree of Overall Alignment as a Function of
Molecular Weight. The uniaxial alignment of PF2/6
on PI42 has been probed e.g. using polarized EL by Grell
et al.21 (Mn ) 127 and Mw ) 210 kg/mol). Aligned
147/260-PF2/6 has been studied using electron diffrac-
tion by Lieser et al.18 As the theory and dichroism can
be easily connected (cf. section II) we studied the
alignment using polarized photoabsorption over same
Mn range as in bulk.17 Although the samples show large
polydispersity (Table 1), the wide Mn range makes the
comparison relevant.

The first alignment guideline is the temperature. The
orientation procedure depends of course on the position
of Tg, and PF2/6 does not align in the glassy state (<Tg).
We were not able to determine Tg in films but relied on
the bulk phase diagram (Tg ∼ 80 °C17). The presence of
the surface promotes alignment of the molecules and,
therefore, may shift the Tg. However, for this effect to
be sound, we should consider layers of the width
comparable to a few molecular sizes.

Another paramount feature of the phase diagram17

is the position of the Nem fluid regime as a function of
Mn: At lower T, at glassy state or just above Tg the
Nem-Hex transition is seen at Mn* ) 104 g/mol (cf. eq
4) separating LMW (Nem) and HMW (Hex) materials.
For HMW compounds the Hex-Nem transition is
observed to be at 140-165 °C for increasing Mn. The
first and foremost guideline for alignment is thus to
anneal LMW materials up to Tg (>80 °C) and the HMW
samples up to the Nem-Hex transition (>165 °C).
Consequently, to study the alignment as a function of
Mn, the temperatures 80 and 180 °C were selected here
for all Mn to probe the influence of phase domains.

The second alignment guideline addresses the an-
nealing time. Because our theoretical treatment (ref 17
and section II) represents equilibrium statistical me-
chanics, we cannot give any prediction about the time
scales involved. Therefore, to probe the degree of align-
ment as a function of Mn the annealing times were
screened experimentally to see when the system ap-
proaches equilibrium, i.e., when the degree of alignment
saturates. Banach et al.34 reported the orientation
saturation times to be from 10 min to more than 10 h
for F8BT for increasing Mn from 69 to 188 kg/mol. We
have previously used annealing of 10 min28 and 3 h19

for 8/15-PF2/6 and 147/260-PF2/6, respectively. We find
that the selected 18 h (cf. section III) is far longer than
the time scale over which the samples safely achieve
the maximum degree of alignment: The degree is not
considerably improved even after much shorter times

Table 1. Molecular Characteristics of the PF2/6 Samples

material Mn (g/mol) Mw (g/mol)

3/5-PF2/6 2 900 4 800
8/15-PF2/6 7 600 15 000
29/68-PF2/6 29 000 68 000
62/138-PF2/6 62 000 138 000
92/190-PF2/6 91 500 190 000
147/260-PF2/6 ∼147 000 ∼262 000
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of 10 min and 3 h for LMW and HMW compounds,
respectively. Therefore, we expect that our equilibrium
theory is valid for the discussed experiment.

Figure 5 displays the polarized absorption spectra of
aligned HMW compounds, when annealed at 180 °C for
18 h, and LMW compounds, when annealed at 80 °C
for 10 min or at 180 °C for 18 h. Inspecting Figure 5a it
is noteworthy that there is a large variation in dichroism
for HMW samples depending on Mn despite the fact that
all the samples have achieved Nem phase regime17

during alignment process. Figure 5b shows in turn that
the LMW samples align equally well when annealed just
above Tg, at 80 °C for 10 min or at 180 °C for 18 h, which
supports the assumption of the achieved equilibrium.

Figure 6 sums up the results of Figure 5, showing R
after alignment as a function of Mn when two different
annealing processes have been employed. The three
heaviest samples did not align at 80 °C at all, so R was
not determined. Table 2 depicts s and Ω (cf. section II)
as a function of Mn for the discussed alignment proce-
dures. The following conclusions can be drawn: LMW
Nem samples align well above Tg. LMW samples do not
align significantly better using either higher tempera-
ture or longer annealing time, which suggests that they
reach the maximum degree of alignment at 80 °C in 10
min. With increasing Mn the degree of alignment for
LMW samples increases. We have only two different Mn,
but this effect is qualitatively very clear on the basis of
several experiments and parallel samples. Then, HMW
samples do not align or align very badly just above the

Tg, although they are plasticized. Instead, they align
well when the alignment has been carried out at the
Nem state above the Hex-Nem transition. The align-
ment of HMW samples at the Nem state does not fully
occur in 10 min, but 3 h time considerably increases R
which is saturated after that. It is very conspicuous that,
in contrast to the LMW samples, increasing Mn de-
creases the degree of alignment for HMW compounds.
In fact, R seems to drop exponentially, as depicted in
the inset in Figure 6.

Thus, the overall picture for the alignment under
virtually similar conditions, i.e., at the Nem phase
regime, is that the degree of alignment first increases
(R maybe linear) and then drops (R maybe exponential)
when Mn is increased. So LMW samples behave quite
differently compared to the HMW samples, not only in
terms of self-assembly17 but also in overall alignment.
Furthermore, the maximum degree of alignment as a
function of Mn is achieved at the boundary of these
regimes, i.e., at around Mn* ∼ 104 g/mol, a fact which
shows the usefulness of this parameter.17 Note that in
the first part of section II we assume that both phases
show quite high degrees of orientational order, and here
we actually see that this is a quite good approximation
for not too high Mn.

The observation that PF2/6 aligns better in the Nem
than in the Hex phase is obviously connected to the fact
that the hexagonally packed molecules do not have the
translational freedom to rearrange themselves as Nem
molecules do. The Hex phase is much more viscous and
can stick in metastable packing, a phenomenon which
cannot be described in the framework of a simple
equilibrium approach of section II. As discussed by
Banach et al.34 in the case of F8BT, the increasing
viscosity may not allow R to saturate during reasonable
observation times.

When we look on the degree of alignment of PF2/6 in
the Nem phase as a function of Mn, then the obtained
aligned regimes are interpreted as follows:

First, for small Mn the order parameter s should
initially increase as a function of Mn mainly through
the molecules that are no longer than 10 Kuhn segments
as an order of magnitude. These molecules can be
understood as simple LCs as described by Onsager
theory.39 Usually ΩN g ΩH as far as the low Mn LCs

Figure 5. Polarized absorption spectra of (a) HMW and (b)
LMW compounds. Open and solid symbols shows perpendicu-
lar and parallel components, respectively. 29/68-PF2/6 (squares),
62/138-PF2/6 (upper triangles), 92/190-PF2/6 (circles), and 147/
260-PF2/6 (lower triangles) annealed at 180 °C for 18 h. (b)
3/5-PF2/6 (squares and circles), 8/15-PF2/6 (upper and lower
triangles), annealed at 80 °C for 10 min or at 180 °C for 18 h,
respectively. Data were interpolated by splines.

Figure 6. Dichroic ratios in absorption (R) as a function of
Mn as measured at 380 nm. The open squares correspond to
the samples annealed at 80 °C for 10 min and the solid squares
those at 180 °C for 18 h A dotted line shows Mn*, the Nem-
Hex transition point of PF2/6.17 An inset shows the region of
an exponential drop between Mn ) 104 and 105 g/mol and a
linear fit.
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are concerned, and s (for a fixed molecule length) in the
vicinity of the transition is about 10% higher in the
smectic phase.43 The persistence length of PF2/6 is
measured to be around 7 nm.44 As the lengths of
molecules in the LMW regime are approximately twice
of this, flexibility likely does not dominate. This is not
the regime we consider in section II and our previous
work.17 We shall denote the small Mn LC regime, regime
1.

Second, for large Mn, i.e., for the HMW regime, the
flexibility becomes important. If not flexible, the mol-
ecules in the melt would align perfectly apart from
thermal fluctuations that would destroy the perfect
overall order, and we could expect s to be very close to
1. If we look at the values of s just on the onset of the
HMW regime, i.e., where R stops growing and starts
decreasing, we find R ∼ 20-30 and s ∼ 0.86-0.91 (Table
2). As predicted by our theory in section II, the flexibility
changes Ω. We note, in particular, that the scaling Ω ∼
(const)Mn is predicted by eq 7. Thus, as far as eq 12 holds
and R ) (1 + 2s)/(1 - s), we expect to see an exponential
increase in Ω that implies an exponential decay in R.
We stress that this is indeed observed in our experiment
between Mn ) 104 and 105 g/mol and presented in the
inset of Figure 6. This Mn interval represents regime 2.

Third, we find that for Mn > Mn* R reaches its
minimum (i.e., it cannot decrease further from unity),
describing the tentative regime 3. Nonetheless, taking
the small number of samples, we cannot make a clear
distinction between regimes 2 and 3. It is noteworthy
that although we discuss the alignment in the Nem
phase, the same holds for the Hex phase with one
exception. As described in ref 17, there is no regime 1
because there is no Hex phase for small PF2/6 mol-
ecules, i.e., for Mn < Mn*.

For comparison, we made PL measurements to moni-
tor film orientation as well as possible film degradation
via the formation of keto defects (cf. Hintschich et al.45).
Figure 7 shows typical polarized PL spectra of uniaxially
aligned 8/15-PF2/6, indicating characteristic PL of PF2/6

and no major degradation. The difference is due to
alignment and thus the polarization of PL, while the
PL itself is not altered. The PL spectra of LMW
compounds are similar to those of HMW materials.

Self-Organized Structure Formation as a Func-
tion of Molecular Weight. Hexagonal Multiple Ori-
ented Films. Depending on Mn, PF2/6 reveals Nem or
Hex phases in bulk and in fibers.17 Unlike in fibers, in
thin films the unit cells of 147/260-PF2/6 are not
hexagonal but, probably because of stress, marginally
flattened (∼1.4%) in the x direction.19 Although the
structure might be denoted as orthogonal or pseudohex-
agonal, we still continue to call it hexagonal as the
distinction between the theoretical Hex and Nem phases
may be clearer. Most importantly, the GIXD results
reveal two types of coexistent crystallites as illustrated
in Figure 8.

We observed previously that the existence of two
crystallite types is related to the decreased overall
alignment of 147/260-PF2/6 compared to that of 8/15-
PF2/6, but we were not able to clarify this in detail.27

Banach et al.34 observed that the alignment of higher
Mn F8BT on PI was limited by the macroscopic multi-
domain structure, and we can ask whether the multiple
orientation is a limiting factor of alignment. Both 147/
260-PF2/6 and 29/68-PF2/6 takes on the Hex phase in
bulk.17 In this paper we find that 29/68-PF2/6 is well-
aligned, actually better aligned than LMW polymers (cf.
Table 2). Therefore, attention is first focused on the thin
film structure of 29/68-PF2/6.

Figures 9 and 10 show GIXD patterns of highly
ordered 29/68-PF2/6 on quartz and highly ordered and
highly aligned 29/68-PF2/6 on PI, respectively. Both
samples are annealed at 180 °C for 3 h, and both
samples reveal the existence of two types of crystallites
corresponding to Figure 8. Therefore, we find that both
the in-plane (i.e., not unixially) aligned sample on quartz
and the unixially well-aligned 29/62-PF2/6 on PI show
two types of crystallites. This puts forward the assump-
tion that the multiple-orientation phenomenon of the
Hex phase is a surface effect and not crucially related
to the chemical character of PI or the degree of unixial
alignment.

Table 2. Estimation of Order Parameter s and Solid Angle Accessible for the Direction Oscillations of PF2/6 as a
Function of Mn

annealed at 80 °C for 10 min annealed at 180 °C for 18 h
material

phase
low T/high T s Ω/4π s Ω/4π

3/5-PF2/6 Nem 0.85 ( 0.01 0.10 ( 0.01 0.85 ( 0.02 0.10 ( 0.01
8/15-PF2/6 Nem 0.90 ( 0.01 0.07 ( 0.01 0.88 ( 0.02 0.08 ( 0.01
29/68-PF2/6 Hex/Nem 0.08 ( 0.01 0.87 ( 0.02 0.92 ( 0.02 0.05 ( 0.01
62/138-PF2/6 Hex/Nem 0.71 ( 0.02 0.21 ( 0.01
92/190-PF2/6 Hex/Nem 0.08 ( 0.01 0.89 ( 0.02
147/260-PF2/6 Hex/Nem 0.04 ( 0.01 0.92 ( 0.02

Figure 7. Polarized PL spectra of 8/15-PF2/6. The excitation
light was polarized along the z axis, and the solid and dotted
lines display the parallel and perpendicular PL component
with respect to the z axis, respectively.

Figure 8. Schematics of the multiple orientation, “triaxial
alignment”: The mutual orientation of the orientation types
I and II of hexagonal-like cells of PF2/6 with respect to the
surface plane.
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All the HMW samples that reveal the Hex phase in
bulk were then aligned using rubbed PI and annealed
either at 80 °C for 10 min or 180 °C for 3 or 18 h. First,
the HMW samples annealed at 180 °C show two types
of crystallites whether they are well-aligned along the
z axis or not. Thus, although we have previously found
that this phenomenon is related to the low alignment
of 147/260-PF2/6,27 this relation does not hold for all
Mn. The Hex phase is only able to retain a “single
monodomain” on (00c) direction but not on (ab0) plane,
and the multiple orientation may not be a simple reason
or a consequence of decreased alignment. Second, the
degree of alignment as a function of Mn varies in
qualitative agreement with the optical result. The
meridional GIXD data of samples for Mn g 92 kg/mol
were contaminated by the equatorial peaks. Third, the
samples annealed at 80 °C (i.e., not in Nem state) on
PI are not aligned along the z axis but show Hex rather
than disordered characteristics and two orientation
types on the (ab0) plane. Fourth, both the alignment
substrates (cf. Figure 4a,b) give identical GIXD char-
acteristics (cf. Figure 11).

When putting forward an interpretation that the
existence of the crystallite types is a surface effect, as
it self-evidently is, but not related to the degree of

alignment, the question of the thickness related distri-
bution of the types I and II arises. The multiple
orientation of PATs2 has not been studied as a function
of thickness, but Banach et al.34 observed that the
domains of F8BT are distributed in-plane. We have
previously suggested that the multiple orientation in
PF2/6 is dependent on film thickness19 and assumed
that the crystallites are distributed out-of-plane rather
than in-plane. Figure 11 shows the GIXD patterns of
less aligned 92/190-PF2/6 when 5 mg/mL instead of 10
mg/mL solution is used, i.e., when the layer is thinner.
The orientation is improved compared to the thicker
film, yet the film reveals triaxial characteristics. Type
I is dominant, and the intensity ratio between types I
and II is roughly constant, around 3, when determined
using the 100 reflection.

Figure 12a shows the dependence of the primary GIX
reflections of the orientation types I and II as a function
of the incident angle θi. The data were scanned with a
1D detector on the (ab0) plane, corresponding to angular
directions 30°, 60°, 120°, and 150° in the 2D data shown
in Figure 10, but with the different incident angle. The
integrated intensity of the 100 and 110 reflections for
both types (scaled to unity at θi ) 0.18°) behave the
same way, showing primarily the onset of scattering at
the critical angle where the penetration depth of the
beam (Λ) increases rapidly to a few tens of micrometers
(see Figure 12b). As the penetration depth of the beam
below the critical angle (θc) is assumed to be around 100
Å41 but the film thickness is known to be around 500
Å,27 the GIXD method is expected to be quite thickness
sensitive around critical angle. We assume that the
divergence of the beam is negligible. The dashed and
dotted lines (Figure 12a) show the ratio of corresponding
reflections of the two orientation types. Had these types
been distributed out-of-plane, this ratio would have
shown a stepwise change at the critical angle. As no
such thing is observed, this seems to indicate that the
types I and II are distributed in-plane or form an
intermixture, contrary to our earlier assumption.19

However, we consider only the existence of either out-

Figure 9. 2D GIXD patterns of the 29/68-PF2/6 film on
quartz. Black and white indices correspond to types I and II,
respectively (cf. Figure 8). The sharp out-of-plane arcs at ∼0.65
Å-1 are not due to the sample.

Figure 10. 2D GIXD patterns of the 29/68-PF2/6 film on PI.
(a) (xy0) plane. (b) (x0z) plane. The dotted lines show a few
reflection planes of type I. Black and white indices corresponds
to the types I and II, respectively (cf. Figure 8). Reflection 210,
which belongs to type I, is not in the same plane as reflections
-110 and 120, which belong to type II.

Figure 11. 2D GIXD patterns of 92/190-PF2/6 on Si/SiO2/PI
substrate spin-coated from 5 mg/mL solution. (a) (xy0) plane.
(b) (x0z) plane. The black indices show primary reflections of
orientation type I and white indices belong to those of type II.
The proportion between the intensities of the types is roughly
2.5.
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of-plane or in-plane distribution, and we cannot exclude
the possibility of more complicated texture. Note further
that the multiple orientation is still a thin film property;
the out-of-plane distribution must arise when increasing
the thickness of the film up to the level of a fiber (i.e.,
tens of microns).

Nematic Films. In bulk,17 Nem rather than a Hex
phase is seen generally for Mn < Mn*. The used
materials exhibit quite large polydispersity (Table 1),
and therefore 8/15-PF2/6 shows occasionally traces of
hexagonal XRD patterns in bulk.17 However, they are
never seen in films. Figure 13 shows in turn GIXD
patterns of 3/5-PF2/6, also indicating uniaxially well-
aligned Nem structure. Despite the short backbone, 3/5-
PF2/6 “decamer” reveals clear 005 GIX reflections in
films, indicating the 5-helical hairy-rod-like structure,
an indirect assumption of the theory.17 All in all,
although HMW polymers reveal a significant difference
between bulk and film on PI, the local structure of LMW
samples in aligned films on PI corresponds to that in
bulk. In agreement with the optical dichroism, there is

no difference in orientation between the LMW samples
annealed at 80 or 180 °C.

Local Order of Hexagonal and Nematic Films. We
report on the high coherence length (L ∼300 Å) of PF2/6
in bulk in ref 17. Although the crystallite size is quite
dependent on the thermal history, the distinction in the
local order between different cases may be studied.
Figure 14 presents the 1D GIXD scans of the Hex and
Nem samples just above and below the limit Mn* at
room temperature. The local order in highly aligned
multiple-oriented Hex 29/68-PF2/6 (Figure 14a-c) is
very high, 610 Å in the meridional direction when
measured by the 005 reflection at 0.78 Å-1, 230 Å on
the (ab0) plane when measured by the 010 (type I)
reflection at 0.43 Å-1, and 250 Å when measured by 010

Figure 12. (a) Normalized average of the relative integrated
intensities of 100 and 110 reflections of the orientation types
I (open spheres) and II (open squares), respectively, as a
function of incident angle of the incoming radiation. The data
correspond to the sample 29/68-PF2/6 (cf. Figure 11). The
dashed and dashed and dotted lines show the absolute
intensity rations of type II and I calculated using the 100 and
110 reflections, respectively. The solid line shows the expected
dependence for the scattering intensity θiT(1 - exp(D/Λ)),
where θi , θc is the geometrical factor which gives the amount
of flux incident on the sample surface (assuming that the whole
surface is still totally within the beam at θi ) 0.2°), T ) 1 -
R is the transmission factor of the ideally smooth PF2/6
surface, D ) 500 Å is the thickness of the scattering layer,
and Λ ) 65 Å is the penetration depth. (b) Calculated
penetration depth (Λ) (either incident or out-going) for PF2/6
and 8.8 keV.

Figure 13. 2D GIXD patterns of 3/5-PF2/6 film: (a) (xy0)
plane; (b) (x0z) plane.

Figure 14. 1D GIXD scans illustrating the change of local
order in films when passing the Nem-Hex transition. 29/68-
PF2/6 on rubbed PI: (a) In-plane, incoming beam along the y
axis. (b) In-plane and (c) out-of-plane, incoming beam along
the along the z axis. (d) In-plane scan on similarly annealed
29/68-PF2/6 on quartz. 8/15-PF2/6 on rubbed PI: (e) In-plane,
incoming beam along the y axis. (f) Out-of-plane, incoming
beam along the z axis. The samples were annealed at 180 °C
for 3 h.
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(type II) reflection at 0.44 Å-1. The 29/68-PF2/6 on
quartz (Figure 14d) gives the corresponding values 270
Å (0.78 Å-1) and 170 Å (0.43 Å-1). Unsurprisingly, Nem
8/15-PF2/6 (Figure 14e) gives considerably lower values
∼80 Å (0.79 Å-1) that may vary up to 100 Å depending
on the sample.

As expected, the difference between the Nem and Hex
samples is overwhelming. Further, in all cases the local
order is better along the c axis than in the (ab0) plane.
Then, interestingly, uniaxially aligned samples, whether
Nem or Hex, seem to show higher L compared to those
aligned in-plane or bulk,17 Figure 14a-d representing
a particular example. As noted above, if Hex samples
are annealed at 80 °C for 10 min, clear hexagonal GIXD
patterns are obtained, but the material is not, or only
slightly, aligned. In such case L seems still to be quite
high, 270-280 Å, measured via the 005 reflection, but
not that high as in the case of well-aligned samples. The
aligned PF2/6 may pack better showing increased local
order as well. It is not only the alignment and multiple
orientation but also the local order which is affected by
the film environment compared to the bulk phase.

V. Conclusions

A systematic study of the influence of Mn on the
thermotropic alignment and structure of PF2/6 hairy
rods in the anisotropic thin film on rubbed PI has been
conducted in equilibrium. This polymer has been se-
lected as a simple “model” hairy rod and simultaneously
as a useful polymer for in thin film devices. The
alignment of PF2/6 was studied using polarized photo-
absorption and compared to the theoretical predictions
while the structure was studied using GIXD. The
experiments have been discussed in the terms of the
theory presented here. The phase behavior in bulk17 has
been used to optimize the local order and alignment
conditions. The differences between bulk and film have
been highlighted.

In line with the bulk behavior,17 we find a threshold
molecular weight Mn* ) 104 g/mol separating two
regimes: LMW (Mn < Mn*) and HMW (Mn > Mn*). The
orientational order of these materials was allowed to
saturate by annealing LMW materials for 10 min at 80
°C and HMW materials for 18 h at 180 °C, justifying
the use of equilibrium statistical mechanics. The aligned
polymer chains are parallel to the substrate in the z
direction, corresponding to the rubbing direction of PI.
The orientational order is maximized near the boundary
of the regimes, i.e., when Mn ∼ Mn*. The orientational
order parameter s gets values >0.9.

LMW samples align almost equally well at any T >
Tg, and the orientational order increases with Mn. In
agreement with the bulk results,17 LMW materials are
interpreted as obeying the theory of small Mn LCs for
which the flexibility is not dominant. In agreement with
the bulk, the Nem 5-helical structure has been found
for LMW materials. The LMW samples show no distinct
order in the (ab0) plane, and a meridional coherence
length is less than 100 Å.

HMW compounds do not align in the Hex phase but
align well in the Nem phase, when the temperature is
raised above the Hex-Nem transition that is at 140-
170 °C depending on Mn. This is understood to be due
to the more limited translational freedom and the
metastable packing of the Hex phase. For HMW com-
pounds the dichroic ratio R decreases exponentially with
Mn. This is predicted by theory and confirmed by

experiment for Mn ) 104-105 g/mol. R seems to saturate
for Mn g 105 g/mol. All HMW materialsswhether
unixially aligned or notsreveal two kinds of coexistent
crystallites, “triaxial” alignment, where the greater
proportion of the crystallites have one crystal axis a
perpendicular and smaller proportion parallel to the
substrate surface. These types are distributed in-plane.
This multiple orientation phenomenon is not directly
related to the lower degree of alignment. The Hex phase
has been found to be locally highly ordered, revealing a
coherence length characteristically 250 Å on the (ab0)
plane and more than 600 Å along the (00c) direction
surpassing the local order of unaligned similarly an-
nealed HMW film on quartz or bulk HMW materials.17

For all cases, meridional order seems higher than
equatorial, and no large difference between orientation
types has been observed. Importantly, the sample
showing the highest s, Mn ) 29 kg/mol, shows simul-
taneously the highest degree of local order and reveals
a multiple oriented Hex phase in films.
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