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ABSTRACT: Directional epitaxial crystallization is used to prepare highly oriented films of poly@®-octyl-
2,7-fluorene) (PFO). This orientation method implies the use of a crystallizable aromatic solvent (1,3,5-
trichlorobenzene) playing successively the role of the solvent for PFD fo63 °C and the role of an orienting
substrate below this temperature. Extended areas of the oriented PFO can be formed on a given substrate after
simple evaporation of the crystallized solvent under vacuum. The effect of annealing on the thin film structure
and morphology was followed by transmission electron microscopy (TEM) in bright field and dark field modes
and atomic force microscopy. Upon annealing, oriented crystalline PFO lamellae and axialites are formed by
coalescence of smaller nanocrystalline domains. As shown by electron diffraction, a single-crystal-like structure
is formed after a short annealing of the as-oriented films at ZL.@&nd slow cooling (0.5C/min) to room
temperature. The films consist of oriented lamellar crystals in edge-on orientation on theuBgirate, and the

PFO chains are oriented parallel to the TCB stacking directiggs). The reflection rules deduced from various
selected area electron diffraction (SAED) patterns obtained by rotation-tilt indicate that PFO crystallizes in an
orthorhombic structure witPnk2; space group. A tentative crystal structure was obtained from the simulations

of the SAED patterns and molecular modeling. The epitaxial relationship at the PFO/TCB interface suggests that
1D epitaxy is involved: the PFO chains are oriented parallel to the stacking direction of cF@Bs{; the 3.95

A distance between TCB molecules matches closely the reticular distance of 4.1 A corresponding to dense planes
of n-octyl side groups of interdigitated PFO chains.

I. Introduction involving eight polymer chains and a space grd®f12;2;.14

The crystallization of flexible polymer chains, e.g., polyole- The Iatter au_thor suggested that_the conjugated backbone of the
fins, has attracted a wealth of efforts and research activity over PFO chains is not planar. The dihedral angles between succes-
the past few decades. More rigid systems, e.g., semiconductingsVe fluorene monomers was found in the range-—124°.4
polymers like regioregular poly(3-alkylthiophene)s, substituted ~ Concerning charge transport, Redecker et al. have demon-
poly(p-phenylenevinylene)s, and polyfluorenes, are only recently strated that relatively high charge carrier mobilities (up to 8.5
receiving attention regarding their crystallization. This is justified x 1072 cm?/(V s)) can be reached once the PFO is oriented in
by the need to establish the relationships between structure,its nematic phaser(> 160°C).**In its liquid crystalline phase,
morphology, and electronic properties in order to optimize the PFO can be readily oriented on rubbed polyimide substté&tés.
performances of electronic and optoelectronic devices (organicMore recently, Yase and co-workers have shown that highly
field effect transistors, organic light-emitting diodes) which are oriented PFO thin films can be obtained by a friction transfer
based on these polyméers® Poly(9,9-din-octyl-2,7-fluorene) method?® similar to that initially proposed by Wittmann and
(PFO) is a high-efficiency blue-emitting polym&?t, with Smith for the preparation of oriented poly(tetrafluoroethylene)
potential applications for the fabrication of polarized light- (PTFE) thin films!® These oriented PFO layers were used for
emitting diodes (PLED’$)” or electrically pumped organic  the fabrication of PLEDs with an integrated polarization ratio
lasers® Concerning the structure of PFO, photophysical studies of 31 and a high luminance reaching 300 CéfAll these
have evidenced two different PFO backbone conformations, results clearly show that the orientation of conjugated polymers
namely o and 8, whose occurrences depend closely on the is an essential step toward the improvement of optical and charge
preparation method of the samples, e.g., annealing or solventtransport properties and controlled fabrication of PLEDs.
vapor exposuré:* It has been reported that thé-type An alternative method for the orientation of semiconducting
conformation prevails in PFO thin films exposed to vapors of z-conjugated polymers has been recently demonstrated in the
good solvents, e.g., toluene. Thechain conformation, which  case of regioregular poly(3-hexylthiophene) (P3R%3! Di-
is mainly observed in the glassy state and annealed thin films rectional epitaxial crystallization of P3HT from a solution in a
(T=135°C), is believed to be more disordered and to have a crystallizable aromatic solvent (1,3,5-trichlorobenzene) (TCB)
less planar backbone than teconformatior® The o vs j allows to prepare extended areas of highly oriented P3HT on
conformation of the PFO chain is very much related to the glass or SiQsubstrated®21The principle of this method relies
reversible orderdisorder transition (ODT) observed aroufd on the twofold role of TCB: (i) fofT > T, (Try is the melting
= 80 °C between the crystalline and the polymer liquid temperature of TCB), TCB acts as the solvent of the polymer,
crystalline (PLC) phas¥ The exactS-type polymer chain and (i) for T < T, TCB plays the role of the nucleating and
conformation is still unknown. On the basis of studies using orienting surface for the epitaxial orientation of the polymer.
transmission electron microscopy and X-ray diffraction, Chen We further demonstrated that directional epitaxial crystallization
et al. have proposed an orthorhombic crystal structure of PFO allows to prepare highly oriented films of various P3HT samples

with different molecular weights in the range 730 kDa?! In
T E-mail: brinkman@ics.u-strasbg.fr. particular, we have shown that P3HT wil, > 18.8 kDa
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Figure 1. Optical microscopy image (with crossed polarizers) of an oriented thin film of PFO grown by directional epitaxial crystallization in
TCB. The inset depicts a sequence of four monomers of a PFO chain having a plaigza® conformation of the conjugated backbone.

crystallizes like a classical semicrystalline polymer with the

occurs. The appearance of a yellow color in the films indicates

alternation of crystalline lamellae separated by amorphous that PFO crystallizes subsequently to TCB. Finally, after removing
interlamellar zones containing chain folds, chain ends, and tie the coverslip, TCB is slowly evaporated at room temperature under

molecules whereas fdvl,, < 7.3 kDa, P3HT crystallizes like
an oligomer without chain foldingt

Herein, it is demonstrated that the mechanism of epitaxial
crystallization of PFO in TCB leads to highly oriented thin films.
Moreover, annealing of the oriented films followed by slow
cooling improves drastically the orientation level which becomes
very similar to that obtained by the friction transfer method of
Yase et al® Annealing is observed to result in the coalescence

primary vacuum (102 mbar) for 1 h, leaving large areas{ mn?)

of the oriented PFO film on the glass substrate. From AFM
measurements, the thickness of the remaining PFO film is in the
range 36-100 nm. Thin films of PFO were also grown onto freshly
cleaved mica substrates.

For TEM analysis, the oriented areas were identified by optical
microscopy (Leica DMR-X microscope (see Figure 1)). Annealing
was performed by using a THMS-600 hot stage (Linkam) connected
to a TMS-94 temperature controller. Prior to annealing under

of small nanodomains which are already crystalline and oriented nitrogen, the chamber of the hot stage was purged several times

so as to form extended lamellar domains but without clear
indication for the existence of amorphous interlamellar zones.
These highly crystalline films are perfectly suited to perform

rotation-tilt TEM experiments in order to determine more

precisely the crystal structure of PFO. Molecular modeling
combined with simulations of the SAED patterns allowed us to
propose a tentative model of the PFO crystal structure.

Il. Experimental Section

with the inert gas. Typical annealing procedures were as follows:
first the sample was annealed to a temperature of €14t a heating
rate of 30°C/min and left at this temperature for a variable time in
the range 10 mirtl h. This annealing step was followed by a slow
cooling to room temperature at a rate of OG/min.

For TEM observations, the PFO films were coated with a thin
amorphous carbon film, and the PFO/carbon film was removed from
the glass substrate by dipping the films into an aqueous HF solution
(5 wt %). The PFO/carbon layers were subsequently recovered onto
TEM copper grids. TEM was performed in bright field, dark field,

The PFO sample was synthesized using the method publishedand rotation-tilt configurations on a CM12 Philips microscope

in the literature??2 The weight-average molecular maskl,j
obtained from GPC (polystyrene standard) was ca. 104 kDa with
a polydispersity index of 2.95. For the directional solidification of

equipped with a MVIII CCD camera (Soft Imaging Systems). The
surface topography of PFO thin films was investigated by atomic
force microscopy (AFM) with a Nanoscope Il in tapping mode

PFO, TCB was used as a crystallizable solvent. As described using Si tips (2550 N/m and 286-365 kHz). Image treatments

previously for regioregular poly(3-hexylthiopherf&¥!the prepara-
tion of oriented PFO films involves three main steps: First, a thin
film of PFO is prepared by drop-casting (1 wt % solution in
chloroform) onto a clean glass slide (Corning 2947)-26 mg of
TCB powder is deposited onto the PFO film and sandwiched

(FFT) were performed by using AnalySIS (Soft Imaging System)
software.

Molecular modeling was performed on a Silicon Graphic station
using the Cerius2 program. A trial-and-error procedure was used
to refine the crystal structure of PFO. The detailed methodology

between the PFO-coated glass slide and a clean glass coverslipfor the structure refinement is described in section Il1.4.

The whole is placed on a hot bar with a temperature gradient

(Koeffler bench) and heated at temperatures slightly abguantil
melting of TCB occurs. At this stage, TCB dissolves the solid film

of PFO and an almost colorless and slightly blue fluorescent solution

Ill. Results and Discussion
(1) Structure of the As-Oriented PFO Thin Films. Let us

of PFO forms and spreads uniformly between the glass slide andfirst consider the morphology and the structure of the as-oriented

the coverslip. The system is then slowly moved on the Koeffler
bench toward the colder part, until directional crystallization of TCB

PFO thin films. Figure 1 shows an optical microcopy image of
a highly oriented PFO thin film oriented by directional epitaxial
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solidification in TCB. Under crossed polarizers, the films are
highly birefringent. Their morphology is fibrilar with a fiber
axis oriented parallel to the-axis of the TCB crystalscfcg).

The maximum of optical absorbance is observed when the
vibrational direction of the incident light is oriented parallel to
the fiber direction of the films, indicating that the PFO chain
axis cpro is parallel to creg, i.€., Cprd|Crce. The fibrous
morphology is further demonstrated by AFM, as seen in Figure
2. The electron diffraction pattern of the oriented films shows
four intense reflections: one very intense meridional reflection
at 0.41 nm and three strong equatorial reflections at 0.66, 0.43,
and 0.33 nm. The 0.41 nm reflection corresponds to half the
length of the fluorene monomer unit and suggests that neighbor-
ing PFO chains are translated parallel to the chain axis by half
the length of the fluorene monomer unit, leading to an
interdigitated configuration of the-octyl side chains. This 0.41
nm reflection shows a typical arcing, indicative of an azimuthal
misorientation of the PFO domains in the plane of the substrate.

A close look at the film morphology by AFM shows some
remarkable features. Indeed, as seen in the phase mode AFM
image in Figure 2c, the PFO fibers are formed by small
nanodomains (average siz&0 nm) that are separated by very
clear “grain boudaries”. This observation reminds of the
nanodomains observed by Chen and co-workers inside lamellar
crystalline domains of PFO by scanning electron microsdépy.
When analyzing the morphology closer, we observe a substruc-
ture inside the nanocrystallites as illustrated in the phase mode
image of Figure 3. This substructure gives rise to an alternation
of stripes in the phase mode image with a typical width-GD
nm, the stripes being oriented parallel to the PFO chain axis
direction. The origin of this substructure is not yet clear. It may
correspond to the coexistence of small domains with slightly
different structures, e.g., domains with PFO chaine. iand
conformations.

(2) Effect of Annealing on the Thin Film Structure and
Morphology. Annealing is known to affect dramatically the
PFO thin film structure and morpholody!* In order to
determine the effect of annealing on the oriented PFO thin films,
we have annealed them at 230 for various times, followed
by slow cooling to room temperature (0°€/min).

The films annealed for 10 min at 21 exhibit a higher
briefringence than the as-oriented films, indicating that the
overall orientation and crystallinity in the films is substantially
improved. Figure 4a shows a typical AFM topographic image
of the thin film morphology observed after such an annealing.
The films exhibit a succession of lamellar domains 1Q00
nm wide whose edges are oriented roughly perpendicular to
the average PFO chain direction. From the section profile of
the lamellae, step heights with a characteristic value of1.2
0.4 nm are measured. The latter value is close to bothathe
andb parameters of the PFO unit cedl € 2.56 nm,b = 2.34
nmtl). Interestingly, we observe very often the emergence of a
terrace growing out of an underying one. This observation
suggests the presence of edge dislocations, i.e., that successive
terraces are generated in the direction perpendicular to therigure 2. (a) AFM topography of an oriented PFO thin film grown
substrate g-axis) by edge dislocations oriented perpendicular by directional epitaxial crystallization in TCB, (b) enlarged AFM phase

to the chain axis. mode image of an oriented area showing nanocrystalline domains, and
(c) electron diffraction pattern.

The lamellar morphology of the PFO films is also observed
by TEM in bright field mode (Figure 4b) with similar dimen-
sions of the lamellae as obtained by AFM. In the present case,Figure 5 shows the electron diffraction pattern and the defocused
the crystalline lamellae of PFO are observed in an edge-on diffraction image of such an oriented and annealed PFO film.
orientation. Interestingly, the lamellae are separated one from The lamellar domains are oriented with their edges perpendicular
another by bright and relatively sharp boundary lines, and the to the chain orientation, which coincides with ttyeg direction
edges of the lamellae are not sharp but fluctuate very much. (white arrows in Figure 4a). The dark field (DF) image shown
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Figure 3. Phase mode AFM image showing the substructure inside
the PFO nanodomains in as-oriented PFO films grown by directional
epitaxial crystallization. The PFO chain direction is indicated by an
arrow.

in Figure 4c was obtained by selecting the strongest meridional
reflection (0.41 nm) in the SAED pattern. The DF shows the
characteristic succession of lamellar domains separated by
narrow and dark boundary lines. Contrary to the case of oriented
P3HT thin films2° the DF does not give any clear evidence for

extended interlamellar amorphous zones between successive

crystalline lamellar domains. This means that PFO lamellar
domains are separated by narrow grain boundaries which appea
as dark and bright lines in the DF and BF images, respectively.
The absence of extended amorphous interlamellar zones betwee
the crystalline lamellae reflects the higher rigidity of the PFO
chain as compared to regioregular P3HT. Apparently, the more
rigid PFO chains are not able to fold like P3HT. The present
morphology reminds the extended chain lamellae usually
observed for polyethylene grown under high presSuoe in

the case of rigid conjugated systems like P-4-BCMU (poly-
{5,7-dodecadiyne-1,12-diol bis[((4-butoxycarbonyl)methyl)ure-
thane}).2425 In the present case, the crystalline lamellae are
observed in an edge-on orientation.

The average extended chain length obtained fog BF0
and a monomer repeat length of 0.83 nm amountsi6 nm,
which is close to, but smaller than, the average lamellar width
measured from the BF and AFM images in Figure 4. Significant
fluctuations in the lamellar width as well as the presence of
lamellar tapering are clearly seen in the DF image of Figure
4c. These two observations may be attributed to the conjunction
of (i) a large molecular weight distribution of the PFO chains
(PDI = 2.95) and (ii) intralamellar segregation of PFO chains
as a function of their molecular weight. A similar lamellar
tapering has been observed in oriented thin films on rubbed
polyimide substrates of the parent compound poly(9,9-bis(2-
ethylhexyl)-fluorene-2,7-diyl§ We propose that the intralamel-
lar segregation of PFO chains as a function of their molecular
weight may be favored by the very slow cooling of the samples
from 210°C to RT, underlining the importance of the kinetics
of thermal annealing on the resulting structure and morphology
of lamellar domains.

Prolonged annealing &= 210°C for 1 h results in further
interesting modifications of the film morphology. Under crossed
polarizers, the films exhibit a maximum of birefringence at 45
orientation ofcpro With respect to the polarizer, indicating that
the preferential orientation induced by epitaxial crystallization
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Figure 4. (a) Bright field (BF) TEM image of an oriented PFO thin
film after annealing at 210C and slow cooling to room temperature
at 0.5°C/min. (b) AFM topographic image. The PFO chain direction
is indicated by an arrow. (c) Dark field image corresponding to
diffracted electrons of the most intense 0.415 nm reflection (see Fig-
ure 5).

(cprd|Crer) is maintained. Contrary to earlier suggestions,
annealing of the PFO films at 210C is not sufficient to
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(3) Space Group Determination In an earlier report, Chen
et al. have proposed for the crystal structure of PFO a unit cell
with space grouf2;2;2;.1 This space group determination was
based on a single SAED pattern corresponding to the [0 0 1]
zone of a PFO domain. Whereas the unit cell parameters
determined by Chen et al. are in agreement with those
determined from our ED patterns (only a slighly shodexis
of 3.24 nm is observed in our case), the additional diffraction
evidence gathered in the present investigation makes it possible
to refine more precisely the space group of the crystal structure
by using additional SAED patterns. To do so, we have prepared
PFO thin films with different orientations on various substrates,
keeping the processing history identical. Using the cell param-
eters of the orthorhombic unit cell by Chen et al., it is possible
to index the SAED pattern in Figure 5 obtained for a thin film
grown on a TCB substrate. This pattern is characteristic of the
[1 0 O] zone. Crystalline PFO films with a different orientation
were prepared by drop-casting on a freshly cleaved mica
substrate followed by annealing at 231G and slow cooling
(0.5°C/min) to RT. As seen in Figure 7, it was possible to find
areas corresponding to the characteristic [0 0 1] zone that yield
SAED patterns identical to those obtained by Chen et al. for

Figure 5. Electron diffraction pattern of a PFO thin film oriented by PFO films on glass S_ubs_tra]té. .
directional epitaxial crystallization in TCB and subsequently annealed ~ The carefull examination of the SAED pattern of Figure 7
at 210°C (10 min) and slowly cooled to RT at 0°&/min. The inset yields following reflection rules:

corresponds to the defocused diffraction image in proper relative

orientation to the electron diffraction pattern and corresponding to the hOO: h=2n 1)
diffracting area.

0kO: k=2n (2)
eliminate the processing history of oriented sampte! As . ) .
seen in Figure 6a, optical microscopy in phase contrast reveals Assuming that the extended PFO chain has a planar zigzag
lozenge-shaped domains and sectors. The sectors range from 81 helical conformation (see inset in Figure 1), Chen et al.
to 20um in size and the obtuse angle has a characteristic and@ssumed the additional reflection rule:
constant value in the range 13213%. Within the lozenge- 001: | =2n )
shaped domains, we observe a regular and periodic striped '
substructure. These striped domains are observed to radiate out The authors concluded that PFO crystallizes in an orthor-
of well-defined nucleation centers (marked by white arrows in hombic unit cell withP2;2;2; space group and with eight PFO
Figure 6), but they tend to remain oriented perpendicular to the chains per cell. In fact, reflection rule (3) is observed in the
average PFO chain axis direction. The average width of the electron diffraction pattern corresponding to the [1 0 0] zone.
stripes amounts t&-0.5—1.0um, whereas their apparent length  Indeed, in Figure 7b we observe the absence of feflections
reaches 18620 um. The stripes are oriented essentially perpen- with odd values of. The SAED pattern in Figure 7b allows to
dicular to the PFO chain direction. Further details concerning identify one additional reflection rule. Indeed, in this projection,
the morphology are obtained by AFM. The AFM topographic Wwe observe the absence ofK(0) layer lines with odd values of
and phase mode images (Figure 6b,c) provide a close look atk- Hence, the additional reflection condition can be written as
the surface of the domains and reveal the origin of the periodic . .
striped morphology. Inside the lozenge-shaped domains, elon- Okl: k=2n 4)

gated and faceted domains form a “factory roof” type of This additional reflection rule suggests a space group different
structure. The facethg per|0d|.0|ty is in thg range 5800 NM,  from the one intially proposed by Chen et'&alThe two first
in good agreement with the stripe periodicity obtained by optical space groups which are compatible with all four reflection rules

microscopy. The slope of the factory roof structure is small and |isted above ar&222, and Pnt2;.2” The C222, space group
does not exceed°5The surface of the facets shows a terraced implies one additional reflection rule, namelyk 0 reflections

structure similar to the one observed for a shorter annealingwith h + k = 2n. As seen from Figure 7, this selection rule is
time with similar step heights. In polyethylene, similar topog- not observed in the SAED pattern corresponding to the [0 0 1]
raphies have been described as corrugations. zone. Hence, this space group can be discarded. The space group

The typical morphology of Figure 6 differs from the classical Pnk2; implies also one additional reflection rule, namely
spherulite because of the uniform birefringence observed within hol: h+1=2n )
the lozenge-shaped domains, which results from the uniform )
c-axis orientation within the domains. The structures here  To check whether this reflection rule applies, it would be
resemble more the axialites observed by Chen and co-wéfkers necessary to prepare samples with a stanbliagis orientation.
but with one important difference. In the PFO axialites, the Unfortunately, we did not manage to obtain the standixis
c-axis direction rotates progressively in-plane when moving from orientation. To rule out the space groups with a higher symmetry
the center to the exterior of the axialites. This is not observed thanPnk2;, we recorded additional projections using a rotation-
in the present case because the initial orientation of the PFOtilt stage in order to verify the absence of additional reflection
chains is maintained by epitaxy via the TCB substrate. rules concerning generalk | reflections. Typically, we tilted
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Figure 6. (a) Phase contrast optical microscopy image obtained for a PFO thin film grown by directional epitaxial crystallization and subsequently

annealed al = 210°C for 1 h and slowly cooled to RT (0.8C/min). Corresponding topographic (b) and phase mode (c) images of the annealed
PFO thin film.

the oriented samples either around ¢kexis or around the-axis following, this space group accounts for all the observed SAED
and recorded characteristic projections at specific tilt angles. patterns.

When rotated around the chain axis directiorrakis), a (4) Tentative Molecular Model of the Crystal Structure
representative projection is obtained for a tilt an@le= 42 + of PFO. The main pieces of information related to the

1° (Figure 8). Using the unit cell parameters of the ortho- identification of thePnk2; space group are the following. The
rhombic cell, we indexed the most intense reflections and found unit cell contains four symmetry-related positions. Accordingly,
that this projection is characteristic of the [1 1 0] zone. The in order to generate eight PFO chains in the cell, one must
expected tilt angle of 42 calculated from the unit cell consider a structural unit made of two PFO chains. When
parameters of the orthorhombic structure, matches perfectly theconstructing this two-chain unit, the strong intensity of the (0 0
experimental tilt angle. When tilted around tleeaxis, a 8) reflection suggests that the two PFO chains are translated
characteristic projection was observed for a tilt angle o218 by half the monomer repeat length along the PFO chain
1°. The observed ED pattern corresponds to the f41)zone. direction. Now the question arises: what distinguishes the two
Considering the SAED patterns of the [1 1 0] and the 41 PFO chains of the pattern? Two main possibilities may be
zones, we could not identify additional reflection rules for the considered. The first possibility, initially suggested by Chen et
generalh k | reflections, supporting the identification of al., is that the conjugated backbone of the PFO chains bears
Pnk2; as the most probable space group. As shown in the some intrinsic helicity, giving the possibility to distinguish left-
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chain. It is thus possible to distinguish both left- and right-
handed PFO chains for the tetraradial conformation.

A second possibility for the structure of the two-chain unit
can be the presence of a typical pairing of two chains into a
tightly interdigitated dimer-like structure. In such a pair of PFO
chains, the chains are likely to be linked through a symmetry
operation such as an inversion center. In the following, we have
decided, admittedly somewhat arbitrarily, to consider a pair of
PFO chains related through an inversion center and with a
relative shift along the-axis by half the length of the monomer
unit, i.e., 0.41 nm to obtain an interdigitated pattern. Morevoer,
for the sake of simplicity, we have restricted our investigations
to both the tetraradial and the biradial conformations of the
lateral n-octyl side chains, as depicted in Figure 9. Similar
molecular conformations were proposed by Winokur et al. for
poly(di-n-alkylsilane)’s, e.g., poly(dir-butylsilane)3 In the case
of the tetraradial configuration, we have considered that the side
chains can be inclined with respect to the orientation of the

Figure 7. SAED pattern obtained for a PFO thin film grown on a pOIyﬂyorene baCkbo.ne’ as. suggested by .the results of Grell et
mica substrate. Using the orthorhombic structure, it can be indexed as@l- USing computer simulations on a 9,9-dioctylfluorene mono-

[0 0 1] zone

the [0 0 1] zone. mer? In the case of the tetraradial configuration, thectyl
side chains are fixed in an all-trans conformation.
and right-handed PFO chaifs.A twisting angle of 144 A first set of positions for the PFO chains in the unit cell

between the planes of successive fluorene moieties has beefyas obtained by considering a fluorene polymer chain with a
evidenced experimentally in various fluorene-based oligo- planar zigzag conformation (21 helix, see inset in Figure 1)
mers?329and a 5-helix was identified for the parent compound  withoutn-octyl side chains. The polyfluorene chains are oriented
poly(9,9-bis(2-ethylhexyl)-fluorene-2,7-diyl) from the analysis parallel to the c-axis. Once the best agreement between
of a X-ray diffraction fiber patterf® However, the presence of  calculated and experimental SAED pattern corresponding to the
a 5-helix can be excluded in the present case from the carefull [0 0 1] zone was obtained for the simplified polyfluorene chains,
analysis of the [1 0 0] zone SAED pattern in Figure 8. Moreover, the n-octyl side chains were added to the conjugated fluorene
a helical structure of the PFO backbone is difficult to reconcile backbone. The refinement of the structure was obtained by
with an ordered crystal packing of timeoctyl side chains. As  successively optimizing (i) the agreement between calculated
a matter of fact, the structure by Chen et al. lacks any ordered and experimental SAED patterns of the [1 0 0], [0 0 1], [1 1 0],
packing of alkyl side chains. We were thus led to use a different and [4 0—1] zones and (ii) minimizing the number of close
approach. We do not calculaepriori a backbone conformation  contacts in the unit cell. An iterative trial-and-error method was
for an isolated PFO chain and build the crystal, but rather we implemented by modifying at each step the positions of the two
consider that the crystallization of PFO is controlled to a large PFO chains of the dimer in the unit cell. In Figure 10, we depict
extent by the organization and crystal packing of thectyl the calculated SAED patterns for the [1 0 0], [0 0 1], [1 1 0],
side chains which can enforce the planarization of the conjugatedand [4 0 —1] zones giving the best agreement with the
backbone. In other words, the conformation calculated for an experimental patterns. As a matter of fact, the best agreement
isolated PFO chain is believed to be significantly different from was obtained for the tetraradial conformation of the PFO chains.
that of a PFO chain in the crystal, contrary to what is usually The refined crystal structure is illustrated in Figure 11, which
observed for more classical polymers, e.g., polyolefins. The shows thec-axis projection as well as the interdigitation of the
possibility to observe either planar or helical conformations of n-octyl side chains in the PFO “dimer”.

the polyfluorene backbone, depending on the structure of the - rpe first remark is that the simulated patterns do indeed
alkyl side chains, is not really surprising. A similar dependence reproduce the positions of the observed layer lines in the
has been evidenced in poly(aalkylsilane)s. For instance, poly- yiterent SAED patterns, supporting the proposed space group.
(di-n-butylsilane) and poly(dirpentylsilane) are observed 10 gacong, even though a few short contacts are present in the
adopt a 73 helical conformaticfiwhereas poly(diethylsilane) structure, we observe globaly a very good correspondence
and poly(din-hexylsilane) are almost always observed in anear- peyyeen the intensities of the calculated and the simulated

planar conformatioft: patterns. This is particularly true for the intensities of the
In the present case, the fact that the length ofthgis equals reflections in the calculated ED pattern for the [1 0 0] zone
four fluorene residues implies that the twist between successivewhich are matching very well those in the observed SAED
fluorene monomers in the chain equals/2 (n is an integer). pattern (see Figure 8). Concerning the [0 O 1] zone, the most
In agreement with earlier repoft8°the most probable confor-  intense (2 0 0), (1 4 0), and (5 2 0) reflections are nicely
mation of the PFO backbone in the crystalline structure is reproduced in the calculated pattern. For the [1 1 0] zone, the
believed to be the planar zigzag conformation illustrated in the strong (0 0 8), 1 1 0), and 3 3 0) reflections are well
inset of Figure 1. A planar backbone conformation does however reproduced. Of course, the agreement between calculated and
not exclude the possbility for handedness of the PFO chain asexperimental SAED patterns is not perfect. Discrepancies
a whole. In Figure 9, we depict the conformation of the between calculated and experimental ED patterns are mainly
“tetraradial” PFO chain obtained by optimization of the mo- visible for the [1 1 0] and the [4 6-1] zones. They underline
lecular geometry but imposing a planar conjugated backBbne. both the limitations of the present approach based on a rotation-
The twon-octyl side chains of a given fluorene monomer have tilt experiment and the important structural complexity of the
different conformations and confer handedness to the whole PFOPFO chains. In particular, the present analysis cannot identify
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[100] zone

Tilt around

b axis
0,=18°

4
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C axis

v

Figure 8. Rotation-tilt experiment on a PFO thin film grown by epitaxial directional crystalliation and subsequent annealing@t(200min)

and slow cooling (0.5C/min). The [4 0—1] zone is obtained for a til#, = 18° around theb-axis. The [1 1 0] zone is obtained for a Wit = 42°
around thec-axis.

Biradial Tetraradial
Figure 9. Projections of the PFO chain conformation along ¢rexis
for the biradial and tetraradial configuration of th@ctyl side chains.
The hydrogen atoms have been omitted for the sake of clarity.

a possible departure from a perfectly planar backbone confor- Figure 10. (a) c-axis projection of the refined PFO crystal structure.

mation of the PFO chains in the crystal. ) ~ The hydrogen atoms are not shown for the sake of clarity. (b) Projection
Even though the present crystal structure is clearly tentative, of the two-chain pattern along the 21 0] direction.

the comparison with the crystal structure proposed by Chen et

al. is instructive. First, the helical conformation of the PFO of the unit cell. Interestingly, the unit cell of PFO contains four
backbone assumed by Chen et al. clearly prevents an efficientgroups of PFO “dimers”. The two PFO chains of a dimer share
packing of then-octyl side chains. Instead, looking at the 0 0 the same handedness, and the planes of their conjugated
1 projection of our model, we can observe a preferential backbones are parallel one to another. The distance between
orientation of then-octyl side chains along the- and b-axes the PFO backbones of the two chains in the dimer motif amounts
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Figure 11. Calculated SAED patterns for various zone axes using the refined crystal structure of PFO (see Figure 10).

to ~5.2 A vs 7.3 A in the structure by Chen et!aThe 5.2 A (1 00) plane of TCB, i.e., (1 0 8}d|(1 O O)rcs. Moreover, the
distance is too large to allow for significamtoverlaps between  PFO chains are oriented parallel to thexis of TCB, i.e.,
adjacent PFO chains in the “dimer”, which should prevent an bped|crce. These observations strongly suggest that an epitaxial
efficient interchain transport in the crystal structure, as opposed interaction is a play at the PFO/TCB interface. In the direction
to P3HT for which ther stacking distance between adjacent parallel to the PFO chains, a 3.8% mismatch is observed
chains is~3.8 A. Each PFO dimer is surrounded by four dimers between thd-axis of TCB, namelbrcg = 0.395 nm, and the
of opposite handedness. This peculiar arrangement of PF00.41 nm repeat distance between the layersadtyl side chains
chains having opposite handednesses is not unusual. It isof PFO. A similar situation has been reported for P3HT oriented
observed in various polymer crystal structures, e.g., in the by directional epitaxial crystallization on TC82! In the
tetragonal structure of isotactic poly(4-methylpentené-and direction perpendicular to the PFO chain axis, a 12% mismatch
in the orthorhombic structure (form 111) of isotactic polybutene- is observed betweenbZeg = 2.64 nm andopro = 2.32 nm.
135 The originality of the present PFO structure stems from Even though this mismatch is still compatible with 2D epitaxy,
the fact that the handedness of the whole PFO chain is notwe suggest that, similarly to P3HT, 1D epitaxy is at play in the
related to the helical conformation of the backbone, but to the case of PFO on TCB. The fact that PFO is readily oriented by
conformation of the lateral alkyl side groups. The difference in epitaxy on TCB further supports the present crystal structure
backbone chain conformation with respect to the nonplanar poly- of PFO for which an ordered packing of theoctyl side chains
(9,9-bis(2-ethylhexyl)-fluorene-2,7-diyl) probably results from is proposed. Such a high level of orientation of PFO on TCB
the higher efficency of the packing of the longeoctyl side would be hardly compatible with a relatively disordered side
chains in the trans conformation which are likely to favor chain structure as proposed by Chen étal.
interchain interactions in the PFO crystal. A similar effect of )
side-chain length on the backbone conformation has been!V. Conclusions
reported in the case of poly(di-alkylsilane)s3®? This study has uncovered novel structure and morphology
(5) Origin of Epitaxy. The tentative structure proposed herein aspects of highly crystalline PFO thin films grown by directional
for PFO, showing an ordered packing of alkyl side chains, epitaxial crystallization. First, PFO can be readily oriented, even
suggests an explanation based on epitaxy for the orientation ofwithout an underlying orienting substrate such as a rubbed
PFO on the TCB substrate. Indeed, as seen above, the orientegolyimide, by using directional epitaxial crystallization with
PFO films have a well-defined (1 0 0) contact plane on the TCB as a solvent and substrate for epitaxy. This result
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demonstrates that the method of directional epitaxial crystal- (11) Chen, S. H.; Chou, H. L.; Su, A. S.; Chen, S.Macromolecules

lization, recently used to orient various regioregular poly(3-

alkylthiophene)s, can be extended to more rigid conjugated

2004 37, 6833.

(12) Chen, S. H.; Su, A. C.; Su, C. H.; Chen, S.Macromolecule2005

38, 379.

systems, e.g., polyfluorenes. The PFO chains are oriented(lg) Chen, S. H.: Su, A. C.: Su, C. H.: Chen, SMacromolecule€006

parallel to the stacking direction of the TCB moleculeg:§).

39, 9143.

The thin films are composed of oriented nanocrystalline domains (14) Chen, S. H.; Su, A. C; Han, S. R; Chen, S. A; Lee, Y. Z

separated by grain boundaries. Both the crystallinity and the

orientation of the films are effectively improved by annealing
to 210°C and slow cooling to room temperature. A new space

group was identifed for the crystal structure of PFO, based on

Macromolecule2004 37, 181.

(15) Redecker, M.; Bradley, D. D. C.; Inbasekaran, M.; Woo, EABpI.
Phys. Lett.1999 74, 1400.

(16) Grell, M.; Bradley, D. D. C.; Inbasekaran, M.; Woo, E Alv. Mater.
1997, 9, 798.

the indexation of representative SAED patterns obtained by (17) Sakamoto, K.; Usami, K.; Uehara, Y.; UshiodaAppl. Phys. Lett.

electron diffraction and rotation-tilt experiments. PFO is found
to crystallize in an orthorhombic unit cell and space group
Pni2;. Simulations of the SAED patterns corresponding to

2005 87, 211910.

(18) Misaki, M.; Ueda, Y.; Nagamatsu, S.; Yoshida, Y.; Tanigaki, N.; Yase,
K. Macromolecule2004 37, 6926.

(19) Wittmann, J.-C.; Smith, MNature (London)1991 352, 414.

different zone axes yields a tentative PFO chain conformation (20) Brinkmann, M.; Wittmann, J.-CAdw. Mater. 2006 18, 860.

as well as positioning the PFO chains in the unit cell. A planar
backbone conformation with a tetraradial configuration of the
n-octyl side chains is proposed. Contrary to poly(9,9-bis(2-
ethylhexyl)fluorene-2,7-diyl) which adopts a helical conforma-
tion, the ordered packing of threoctyl side chains in the crystal

(21) Brinkmann, M.; Rannou, FAdv. Funct. Mater.2007, 17, 101.

(22) Miyaura, K.; Suzuki, AChem. Re. 1995 95, 2457.

(23) Atlas of Polymer MorphologyWoodward A. E., Ed.; C. Hanser
Verlag: Munich, 1989; pp 106111.

(24) Wang, W.; Lieser, G.; Wegner, ®lacromoelcules1994 27, 1027.

(25) Wang, W.; Lieser, G.; Wegner, Gig. Cryst.1993 15, 1.

is believed to enforce the planarization of the conjugated o) (a) Lieser, G.; Oda, M.; Miteva, T.; Meisel, A.: Nothofer, H.-G.; Scherf,

backbone of PFO. Moreover, we propose that the ordered

packing ofn-octyl side chains in the PFO structure is gine
gua nonecondition for its epitaxial orientation on TCB.
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