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Abstract

The molecular arrangement in thin films of poly(9,9-dioctylfluorene) and poly(9,9-dihexylfluorene) deposited on silicon substrates has
been investigated with grazing incidence X-ray diffraction. In particular, the effect of the interface on the molecular orientation is high-
lighted. Both materials display a periodicity normal to the surface arising from stacked sheets of fluorene chains in both the crystalline and
liquid crystalline phases. For the crystalline phase, a periodicity in the plane of the surface of 4.15 A is observed corresponding to half the
fluorene ring repeat distance along the backbone, consistent with interdigitating side-chains. For crystalline films deposited onto rubbed
polyimide films, strong orientation effects are observed. In the liquid-crystalline phase, this strong in-plane ordering of backbones is lost.
Poly(9,9-dihexylfluorene) exhibits an additional degree of ordering in the plane of the interface, which is likely to arise from hexagonal
ordering of the backbone chains. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyfluorenes (PFOs) are conjugated polymers which
have been reported to show efficient blue electro-
luminescence (EL) [1]. Fluorene homo- and copolymers
have attracted intense interest for their potential applications
in organic light emitting diodes (OLEDs), organic thin film
transistors, and light-emitting electrochemical cells [1-5].
As for most conjugated polymers, the molecular architec-
ture is that of a rigid, rod-like polymer backbone with
flexible side chains (‘hairy rods’). ‘Hairy rod’ polymers
have long been studied and are widely known for their liquid
crystalline (LC) behaviour [6]. It was not surprising, there-
fore, that for poly(paraphenylene vinylene) (PPV) and
related conjugated ‘hairy rods’, LC behaviour was reported
[7,8] soon after the first report on polymer electro-
luminescence (EL) from PPV [9]. From aligned ensembles
of conjugated polymers, one expects polarised lumine-
scence as well as high charge carrier mobilities; con-
sequently the existence of LC phases providing such
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alignment by self-organisation is an asset for polymer semi-
conductors. However, for LC PPVs, alignment was found to
be fragmented into a typical ‘domain’ structure, which is the
LC analogue to a polycrystalline material. In such a domain
structure, no macroscopically anisotropic behaviour results.
No alignment of LC PPV films, or indeed any other ‘hairy
rod’ polymer, into macroscopic ‘mono domains’—the LC
analogue for single crystals—has been reported.

The discovery [10] that the poly(9,9-dioctylfluorene) (F8)
not only displays a ‘hairy rod” LC phase, as well, but that
thin F8 films in their LC phase can be aligned into mono-
domains with the help of the standard alignment technique
employed for low molecular weight LCs, namely annealing
on a rubbed polymer substrate, has paved the way towards
the exploitation of the LC properties of conjugated polymers
in OLEDs with an architecture similar to the standard
OLED design. Polarised EL devices from LC PFOs were
reported soon thereafter [11,12], and the later report of
monodomain alignment of fluorene copolymers in a similar
fashion [13] has found application for high-mobility thin
film transistors [3,4].

The question why PF LCs tend to align on conventional
alignment layers, while other ‘hairy rods’ do not, has led to
a desire for a more detailed understanding of PFO morphol-
ogy and phase behaviour. This desire was reinforced by
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another intriguing observation, that the photophysical
properties of F8, namely its absorption, photolumines-
cence (PL) and EL spectra, display a complex depen-
dence on their physicochemical treatment history
[10,14,15]. X-ray fibre diffraction studies on F8 fibres that
had undergone either thermal crystallisation or prolonged
solvent exposure, or both, have helped to elucidate the
underlying structure—property relationships [16]. However,
the structural characterisation of F8 cannot be seen as
complete until two remaining questions are clarified: firstly,
the precise unit cell of crystalline F8 has so far not
been reported, and secondly, the structures seen by diffrac-
tion from bulk fibres (~1-2 mm diameter) may differ
significantly from those occurring in thin films, which
are more relevant for photophysical behaviour and
applications. The latter of these points has recently been
addressed by thin film electron diffraction studies on a
closely related material [17], which have in particular
provided a more precise picture of the backbone planarisa-
tion. They found that the polymer backbone takes a 5, helix
structure.

In the present paper, we report grazing-incidence X-ray
diffraction (GIXRD) studies on thin F8 and poly(9,9-di-
hexylfluorene) (F6) films, aiming in particular at clarifying
the arrangement of the chain backbone and flexible side-
chains with respect to the substrate, as a result of the geo-
metrical constraints in association with the contribution
from the interface/surface energy.

GIXRD is well suited for structural studies of thin films
and surfaces. By employing an angle of incidence a less
than the critical angle « (typically of the order of 0.2°), the
penetration of the X-ray beam can be limited to 50 A or so,
giving surface sensitivity to the topmost polymer molecules
at the surface. Larger values of « lead to diffraction patterns
for the bulk of the thin film. Most GIXRD studies have
concentrated on semiconductor and metal surfaces, in
vacuum, in gaseous atmospheres and under liquid films.
Factor et al. pioneered the application of GIXRD to polymer
films [18]. They investigated the near surface structure of
aromatic polyimide films as a function of thermal treatment
and film thickness. The structure parallel to the film surface
was found to be more ordered at the air surface than bulk for
the thick film. Recently, Sirringhaus et al. have employed
this technique to investigate the molecular arrangement in
the bulk of conjugated polymer, poly(3-hexylthiophene)
thin films [19].

In this paper, we will report molecular ordering struc-
tures in thin PFO films, which had been annealed at
temperatures above and below the melting point Tj,
followed by quenching to room temperature so that
the structure would be frozen. The ordering with respect
to both the axis normal and parallel to the substrate
surface have been investigated. In addition, the influ-
ence of the side chain length and of deposition onto a
polyimide alignment layer on the resulting structure will be
reported.

2. Experimental

For the most part of this study, poly(9,9-dioctylfluorene),
whose chemical structure is shown in Fig. 1, was used. This
is the same material as one used in previous studies by Grell
etal.[10,12,15,16] and the details are described therein. We
will refer to this material as F8 in this paper. We also used
poly(9,9-dihexylfluorene) (F6) to examine the effect of
shorter side-chains on the structure. In combined differential
scanning calorimetry (DSC) and polarisation microscope
studies during heating of an amorphous film [10], F8 was
found to exhibit a crystallisation peak at T, = 80 °C and a
melting endothermal peak at 7}, = 157 °C at the heating rate
of 20 °C/min. Since PFO is a rigid-rod-like polymer, almost
perfect crystallisation can be achieved, unlike typical semi-
crystalline polymers. Above this temperature, the PFO is a
birefringent liquid crystalline melt, which becomes iso-
tropic at 7y = 270-280 °C. This transition to the isotropic
phase was found to be reversible. Importantly crystallisation
was found to be prevented almost entirely by rapid cooling
from a melt state leading to a glassy state. For F6, T, is
about 200 °C and Tj is above 300 °C, also determined by
DSC.

Film samples were prepared by spin coating from 10 g/l
toluene solutions at 2000 rpm onto bare 5S-mm-thick silicon
substrates. The silicon substrate had not undergone any
surface treatment and thus films were deposited on a
native oxide layer after cleaning by NH,;OH(4.3%w/w)/
H,0,(4.2%w/w) aqueous solution at 75 °C for 10 min to
remove organic impurities prior to spin coating. F8 layers
were also spin cast onto a polyimide alignment layer, which
had been deposited on silicon substrates and rubbed in
advance. The thicknesses of the resulting films were
50 nm determined by two methods; the spectroscopic ellip-
sometry (Jovin—Yvon, France) and the surface profile tracer
(Dektak styrus profiler, USA). Films were then annealed at
several temperatures below and above T, on a hot stage
(Linkham, UK) in air. No structural differences were
observed between samples annealed on the hot stage and
those annealed in a vacuum oven. After being annealed for
30 min, films were quenched to room temperature in order
to freeze the sample structure for X-ray measurements under
ambient conditions, as described in Ref. [10].

Measurements were taken on the XMaS beamline at
the European Synchrotron Radiation Facility (ESRF),

F6

F2/6

Fig. 1. The chemical structure of PFO. Note that the fluorene unit is planar
and the side alkyl chains are in a plane perpendicular to the fluorene
unit [20].
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Fig. 2. Scattering geometries employed. (a) Grazing incidence asymmetric
Bragg scattering (GIABS) geometry, in which the scattering vector Q has a
large component ( = Qcosf) normal to the surface. (b) Grazing incidence
surface plane scattering (GISPS) geometry, in which the Q is in the plane of
the surface for a = a. This is the conventional geometry for GIXRD
surface studies.

Grenoble, France and Station 9.4 at the Synchrotron Radia-
tion Source (SRS), Daresbury, UK. Both instruments use a
channel-cut Si(111) monochromator crystal with a toroidal
mirror. The wavelength was set to 1.60 A at SRS, while, at
ESREF, a relatively long wavelength, A = 2.48 A, was used
in order to minimise beam damage to the samples, which
was significant at short wavelengths. The beam size of
3 X 0.5 mm was defined by four-jaw slits before the sample.
Two sets of four-jaw slits on the detector arm were used to
define the resolution and the surface area on the sample
from which scattered radiation was collected by a Ge
solid state detector. An air-filled ion chamber located just
before the sample was used as a monitor for the incident
beam flux.

Two scattering geometries were used to investigate the
structure of the bulk of the film. In the grazing incidence
asymmetric Bragg scattering (GIABS) geometry, the scat-
tering vector @ is defined by the incident and (much larger)
exit beam angles (see Fig. 2a). This gives information
primarily about correlations normal to the sample surface
although Q has a significant in-plane component. In the
grazing incidence surface-plane scattering (GISPS) geo-
metry, the exit angle is kept equal to the (small) incident
angle. The scattering vector is primarily defined by the
azimuthal displacement of the exit beam, hence, giving
information about correlations parallel to the sample surface
(see Fig. 2b). The alignment of the F8 molecules on the
polyimide substrate was investigated by fixing the incident
and exit angles (in both geometries) and rotating the sample
azimuthally. The angle of incidence « was set just above the
critical angle «. to ensure the beam penetrated the whole

film. The measuring time depends on the intensity of the
incident beam. A typical count-time for one data point was
set to 20 s at SRS, and to 1 s at ESRF for both GIABS and
GISPS geometry.

3. Results

We present results of X-ray diffraction measurements in
GISPS and GIABS geometries for the phases of F8 and F6
determined by Grell et al. [10]. The effect of polyimide
alignment layers on the ordering of F8 overlayers is also
described.

3.1. The crystalline phase on a non-aligned substrate

F8 and F6 samples were annealed at 130 and 170 °C,
respectively, for 30 min in order to obtain the crystalline
phase and quenched to room temperature. Scans in the
GIABS geometry are shown in Fig. 3. Strong Bragg peaks
were observed for F8 and for F6 at |Q|=0.491 and
0.596 A~'. The component of @ normal to the interface
Q;=0.490 and 0.583 A" for F8 and F6 correspond to
d-spacings normal to the interface of 12.8 and 10.8 A,
respectively. Scans in the GISPS geometry for F8 and F6
are shown in Fig. 4 as a function of Q, the component of Q
parallel to the surface. In this geometry, we also observed
one clear peak for F8 at Q, = 1.497 Al corresponding to a
d-spacing of 4.19 A, whereas two distinct peaks were
observed for F6 at 0y = 1.514 and 1.001 A corresponding
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Fig. 3. Scans in the GIABS geometry for F8 and F6 in the crystalline phase
on non-aligned substrates, and F8 in the liquid crystalline phase on an
alignment layer. The profiles are offset vertically for clarity.
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Fig. 4. Scans in the GISPS geometry for F8 and F6 in the crystalline phase
on non-aligned substrates, and F8 in the liquid crystalline phase on an
alignment layer. The profiles are offset vertically for clarity. Arrows indi-
cate very weak peaks at O, =~ 1.13 Al (for F8 only) and Q, =~ 1.40 Al
(common to F6 and F8).

to a d-spacing of 4.16 and 6.23 A, respectively. It should be
noted these GISPS peaks are observed only when the
incident angle is close to the critical angle and, hence, that
these in-plane peaks arise from ordering parallel to the
surface. In addition to these major peaks, very weak peaks
are observed consistently at 1.40 and 1.13 A" for F8,
whereas one weak peak is observed at 1.40 A~ for F6, as
are indicated by arrows in Fig. 4. These weak peaks will not
be discussed further since we have performed all scans
under grazing incidence conditions scanning a limited part
of reciprocal space. Further experiments are planned to
probe a large volume of reciprocal space with area detectors
in time-resolved mode during in-situ annealing in a vacuum
furnace for a range of relevant processing conditions. Here
we concentrate on the major peaks observed to shed light on
the chain architecture in the PFO thin films and on the effect
of the interface on the structure, as compared with the bulk
structure as obtained for X-ray fibre diffraction [16].

In determining the molecular orientation in the crystalline
film, certain aspects become immediately apparent from
consideration of the major peaks in the scans.

1. Peaks are observed in the GISPS geometry at approxi-
mately the same Q value for both F6 and F8 at

Q) =2mld=150A"".

These peaks can be identified with the benzene ring
repeat distance along the polymer chain apepzene = 4.15 A.
(This benzene ring repeat distance is half the fluorene

Fig. 5. Schematic structure for F8 in the crystalline phase. Short lengths of
F8 chains are viewed end-on. In the LC phase, the layering persists but the
chains do not order strongly in the in-plane direction.

monomer repeat distance.) Hence, we can infer that the
polymer backbone lies in the plane of the surface. In their
fibre diffraction study of F8, Grell et al. observed the
meridional peak at the same Q value, which, according
to their model, is attributed to packing of intercalated
side chains of neighbouring polymer backbones
displaced along their length by half a fluorene ring repeat
distance (dgyoerene = 8.3 A) [16]. We are of the opinion
that this is the likely cause of the common peak observed
for F8 and F6 at Q) = 1.50 A~"in the GISPS geometry as
shown in Fig. 4. We calculate the correlation length from
the width of these peaks on the basis of exponentially-
decaying correlations, for which the correlation length is
given by I/HWHM (half width at half maximum). The
observed peak widths correspond to the correlation
lengths of 44 A (F8) and 50 A (F6).

2. In the GIABS geometry, two different periodicities are
observed for the two materials: 10.8 A for F6 and 12.8 A
for F8. From this we can conclude that the spacing
between polymer chains normal to the surface is
governed by the length of the side-chains, which is
about 8 A for F6 and 10 A for F8. This is in agreement
with our earlier inference that the F8 backbone lies in the
plane of the surface. Thus, we propose a basic structure in
which the backbone of the polymer chains lie in the plane
of the interface, with interdigitation of partially over-
lapping side-chains at neighbouring backbones over a
length-scale of the order of the persistence length, as
shown in Fig. 5.

3. For F6, the scans in the GISPS geometry reveal an addi-
tional peak at O, = 1.001 A™!, which is not observed in
F8. The origin of this peak will be discussed later. It is
likely to arise from inter-chain correlations in the plane
of the surface that occur in F6 but not in F8.

3.2. The structure of the LC phase of F8

In order to study the LC phase structure, an F8 film was
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Fig. 6. The peak intensity at Q= 1.50 A~'in the GISPS geometry (shown
in Fig. 4 for an unaligned sample) for F8 in the crystalline phase as a
function of azimuthal angle ¢; ¢ = 0 approximately corresponds to the
condition when the rubbing direction is parallel to the in-plane component
of the incident beam vector.

annealed at 180 °C followed by quenching to room tempera-
ture to freeze the structure. GIABS scans with the incident
angle greater than the critical angle were carried out on this
film in the same manner as stated above. In the GIABS
geometry, peaks are again observed at Q = 0.490 A~ for
F8, which is the same value as for the corresponding crystal-
line phase. The major peaks observed in scans in the GISPS
geometry for F8 and F6 in the crystalline phase are absent in
the LC phase. The structure of F8 in the LC phase can thus
be explained also by the model shown in Fig. 5 but without
the ordering of chains in the plane of the surface as occurs in
the crystalline phase.

3.3. The structure of F8 film on an alignment layer

In order to investigate the effect of an alignment layer, F8
films were spin cast onto a rubbed polyimide (PI) film
deposited onto a silicon substrate and annealed at 130 °C
to form the crystalline phase. We observed peaks at the
same Q-values as for the crystalline phase for both scatter-
ing geometries confirming that the alignment layer does not
affect the nature of the structure in the crystalline phase. The
effect of the PI alignment layer on the orientation of the
crystalline structure was probed by azimuthal scans through
the crystalline peaks. The result for the GISPS peak is
shown in Fig. 6, where ¢ approximately corresponds to
the angle between the in-plane component of incident
beam vector and the rubbing direction (set by eye). Since
260 =22.15° for the GISPS peak (Fig. 2b) for A = 1.60 A,

~ —79 and 101° correspond to the conditions when Q/ is
parallel to the rubbing direction. The observed values at
which the maximum intensities occur are close to these
¢’s, indicating that this GISPS peak arises from a repeating
distance along the polymer backbone. It should be noted
that, since the scattering intensity is very sensitive to «
when a = «a, a small misalignment of the sample results
in a relatively large difference in the scattering intensity.

This is probably responsible for the difference in the inten-
sities between two maxima, and thus, it is difficult to discuss
details of the ¢-dependence of the GISPS peak intensity.
However, it is clear from this result that the majority of
backbone chains lie in the direction of rubbing as can be
inferred from the optically determined order parameter,
S =0.65 [10]. The correlation length estimated from the
peak widths at these maxima is 175 A, which is about
three times larger than that of non-aligned samples. This
value is quite close to the fibre diffraction result, 150 A,
for the F8 fibre sample that had been drawn from nematic
melt followed by thermal crystallisation [16].

For the LC phase on a PI alignment layer prepared by the
same thermal history as above, GISPS scan with the incident
angle near the critical angle shows a halo centered at
Q=118 A™' (d=5.3 A) (Fig. 4). It should be noted that
this halo is not observed for the LC phase sample without an
alignment layer. No distinct peak is observed in the GISPS
scattering geometry for LC phase regardless of the existence
of an alignment layer. The origin of this halo is unclear.

4. Discussion

The main structural features observed may be sum-
marised as follows:

1. For the crystalline and LC phases, the structure is peri-
odic normal to the interface with a periodicity of 12.8 A
for F8 and 10.8 A for F6. This strongly suggests that this
periodicity is governed by the alkyl side-chain length.

2. Scans in the GISPS geometry for the crystalline phase,
reflecting correlations in the plane of the surface, show a
peak for both F8 and F6 at Q = 1.499 and 1.512 A_l,
respectively, which closely corresponds to the phenyl
ring distance 4.15 A. This peak is consistent with inter-
digitation of side-chains of neighbouring chains. An
additional peak is observed for F6 at O = 1.001 /&71,
the origin of which is discussed below.

3. Deposition of F8 films on a pre-aligned PI layer causes
preferential alignment of the chains. For the crystalline
phase, the intensity of the GISPS peak at 1.50 Al s
maximized when Q) is along the rubbing direction as
expected, since this peak corresponds to periodicity
along the chain direction. For the LC phase of F8 on
the PI alignment layer, there is weak molecular ordering
in the plane of interface with a periodicity of 5.3 A. This
peak is also observed for F8 crystal, though the intensity
is weak, but not for F6.

The structure of F8 consists of layers of fluorene back-
bones, which are periodic normal to the substrate, the
spacing between which is determined by the side-chain
length. In the LC phase without an alignment layer, there
is no macroscopic ordering of the backbones in the plane of
the surface that can be detected with GIXRD. Weak in-plane
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Fig. 7. (a) Schematic structure for the crystalline phase of F6 thin films,
showing the hexagonal unit cell vectors, a; and a, (in two dimensions) and
its orientation with respect to the interface. (b) The corresponding reci-
procal lattice vectors, by and b,. The lowest-angle reciprocal lattice point
in the plane of the interface is (2, — 1), occurring at Q= 1.01 A", whilst
the lowest-angle reciprocal lattice point normal to the interface is (0,1),
occurring at Q; = 0.583 A

ordering is detected for the LC phase when deposited onto a
PI alignment layer. In the crystalline phase, an additional
periodicity of 4.15 A is detected in the plane of the interface,
which can be identified with the benzene ring periodicity.
This is consistent with interdigitation of side-chains.

The structure of F6 in the liquid crystalline phase is
analogous to that observed for F8 except for the reduced
spacing between layers as a result of the shorter side-chains.
The crystalline phase is rather similar to that occurring in F8
except for the presence of an additional peak at 1.001 Al
corresponding to a d-spacing of 6.28 A. No corresponding
lower-order diffraction peaks are observed at lower Q-
values. This spacing is too short to arise from a periodicity
along the backbone, such as a helical conformation. Since it
is substantially shorter than the alkyl side-chains, this
spacing is also too short to be a first order peak from corre-
lations between backbones. We postulate hexagonal order-
ing of the backbones as in Fig. 7(a), as has been observed for
a close relative of F6, poly(9,9-bis(2-ethylhexyl)fluorene)
F2/6, in which both hexyl side-chains per monomer are
each replaced by branched 2-ethylhexyl chains [17]. Since
it is most likely that the interface with the silicon substrate
defines one axis of the hexagonal unit cell, we may define
the unit cell vectors, ay, a, and a; as depicted in Fig. 7(a) for

which |a;| = |a,]=12.4 A. The corresponding reciprocal
lattice vectors, b;, b, and b; are defined by b; =
2ma, X as/v, etc. where v, is the volume of the unit cell,
and are shown in Fig. 7(b) in two-dimensions. We can thus
identify the first reciprocal lattice point which lies in the
0, =0 plane, the (2, — 1) reciprocal lattice point, which
occurs at Q;=1.010 A7 close to the location of the
observed peak at Q,=1.001 A, The first reciprocal
point normal to the surface, on the other hand, is the (0,1)
point and is close to the location of the observed GIABS
peak at O, =0.583 A™'. This correspondence, together
with the lack of viable alternative explanations for the origin
of this additional peak in F6, suggests that there is hexa-
gonal ordering of the backbones in the crystalline phase of
F6 that does not occur in F8. The existence of stronger in-
plane ordering in F6 is supported by the observation of a
larger dichroic ratio in F2/6 than in F8 [17]. It should be
noted that the hexagonal unit cell parameters for F2/6 are
16.7 A, which is larger than those of F6. This suggests that
the addition of the ethyl branch to the side hexyl chains
result in a further separation of two adjacent chains without
perturbing the main structure.

Thin film geometry gives rise to strong geometrical
constraints normal to the surface, which influences molecu-
lar arrangements along this direction in association with
surface/interfacial energy. On the other hand, the molecular
arrangement in the plane of the surface is predominantly
governed by the interactions between neighbouring chains
due to the lack of such boundary conditions. The absence of
the corresponding hexagonal ordering in F8 indicates that
the interactions between neighbouring chains are weaker in
F8 than F6, consistent with the lower melting temperature
for F8. The weakening of interactions for longer side-chains
suggests that the ordering results from backbone inter-
actions, presumably involving the w-electrons. Confirma-
tion of this hexagonal ordering of the backbones in F6
awaits investigation of a greater portion of reciprocal
space. The GIXRD studies of F8 are currently being
extended to probe differences in the structure of the surface
(top 50 A) dynamically during in-situ annealing.

5. Conclusions

The molecular arrangement of F8 and F6 in a thin film
geometry was studied by GIXRD technique. For both F8
and F6 in the crystalline phase, the polymer backbones are
predominantly oriented in the plane of the surface with
interdigitating side-chains. The backbones occur in layers
where the periodicity normal to the surface is governed by
the alkyl side-chain length. This layered structure also
occurs in the liquid crystalline phase—however there is
no appreciable ordering in the plane of the surface for this
phase. The transition from crystalline to liquid-crystalline
phases is hence viewed as a biaxial disordering of chains in
the plane of the surface. The crystalline phase of F6 exhibits
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an additional peak indicating additional ordering in the
plane of the surface over that observed in F8—this seems
to be caused by hexagonal ordering of the backbones but
this conclusion awaits confirmation.
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