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ABSTRACT: Presented are transmission electron microscopic observations of micron-sized single crystals
of poly(9,9-di-n-octyl-2,7-fluorene) (PFO) prepared from thin films in the melt state. A preliminary
determination of unit cell dimensions and molecular packing (orthorhombic, a ) 2.56 nm, b ) 2.34 nm,
c ) 3.32 nm, 8 chains, with space group P212121 and density 1.041 g mL-1) was made via combined
considerations of the selected-area electron diffraction (SAED) pattern obtained along the [00l] zone of
the single crystals, the SAED “fiber” pattern obtained from shear-oriented films, and the “powder” pattern
from X-ray diffraction of melt-crystallized thick films in the absence of preferred orientation. In this
model, PFO backbones are generally separated by transversely extended alkyl side chains, consistent
with the dominance of single-chromophore emissions and the general lack of interbackbone delocalization
of PFO chains in this ordered state as indicated by earlier photophysical studies. In addition, microscopic
evidence for the presence of a vast number of nanograins was presented, and its implications in the
crystallization process of semirigid PFO chains were discussed.

Introduction

Both poly(2-methoxy-5-(2′ethylhexyl)-1,4-phenylene-
vinylene) (MEH-PPV) and poly(9,9-di-n-octyl-2,7-fluo-
rene) (PFO, see inset of Figure 2c for chemical structure)
have become the two representative light-emitting
polymers that are subjected to extensive studies for
elucidating the general photophysical nature of the light
emission process and possible morphological effects
involved.1-3 It has been recently shown that MEH-PPV
and its close homologues are typically mesomorphic,
with only minor development of crystallinity.4-7 In
contrast, PFO is clearly crystalline with a melting
temperature around 160 °C, above which a nematic (N)
mesophase exists up to ca. 300 °C.8-12 There may also
exist a metastable â mesophase upon solvent vapor
treatment or extensive thermal cycling in a subambient
temperature range.12-14 As these phases may be rather
selectively maintained via proper selection of processing
parameters (such as thermal history, solvent vapor
treatment, and orientation in the nematic state by use
of a rubbed polyimide substrate),8,13,14 the resulting
“morphological effects” in light-emission properties of
PFO have been extensively examined in the liter-
ature.15-18 However, the exact ways of molecular pack-
ing in these phases have remained obscure.14,17 This
renders earlier attempts to establish correlation be-
tween photophysical properties and morphological fea-
tures imprecise.

In the pioneering X-ray diffraction (XRD) study of
PFO by Grell et al.,14 fiber patterns of the crystalline
(R) phase (as well as those characteristic of mesomorphic
â and N phases) have been obtained without further
delineation of the crystal structure. This is understand-
ably due to the apparent complexity of the fiber pattern
as well as the lack of further evidence to narrow down
the range of possible crystallographic choices. Here we
present results of our recent transmission electron
microscopic (TEM) observations over submicron-sized

single crystals of PFO obtained via melt crystallization
of thin films19-21 cast on glass substrates. A combination
of the selected-area electron diffraction (SAED) pattern
along the [00l] zone as well as the “fiber” pattern
obtained from shear-oriented specimens have thus
allowed for preliminary determination of molecular
packing in the R phase.

Methods

Experimental Details. The PFO sample used here was
purchased from American Dye Source, Quebec, Canada (cat.
no. ADS129BE). The weight-average molecular mass was 65
kDa and polydispersity index PDI ) 2.6 as determined via
GPC using polystyrene standards. Transmission electron
microscopic (TEM) studies were performed using a JEOL 3010
instrument under an acceleration voltage of 200 kV, at which
the combined factor of wavelength and camera length has been
carefully calibrated using (111), (200), (220), and (311) reflec-
tions from vapor-deposited Al thin film. As the lifetime of
selected-area electron diffraction patterns (SAED) of PFO
single crystals in our specimens is generally less than 10 s
under electron beam irradiation, special care was exercised
via prefocusing at a neighboring region, repositioning of the
specimen, followed by immediate taking of the SAED pattern.
Relative intensities of the [00l] zonal spots were measured via
combined use of MATLAB 6.1 and PhotoImpact 8 software,
in which the intensity count for each spot was estimated by
reading the peak height minus background. Surface topo-
graphic features were examined via secondary electron images
(SEI) obtained by use of a field-emission scanning electron
microscope (JEOL JSM-6330TF) under an accelerating voltage
of 10 kV. Optical absorption (UV-vis) and photoluminescence
(PL) spectra of the film specimens were obtained by use of a
Hong-Ming MFS-230 instrument. A Bruker D8 Advance
diffractometer equipped with a copper target (KR line, with
wavelength λ ) 0.154 nm), a graphite collimator, and a
vacuumed high-temperature stage (Anton Paar TTK-450) was
used (under a step-scan rate of 0.05° per 3 s in the scattering
angle range of 2θ ) 1°-41°) to obtain “powder” X-ray diffrac-
tion (XRD) profiles of thick-film specimens in the absence of
preferred orientation.
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Specimens for TEM studies were cast from dilute (ca. 0.1%
or lower) solutions of PFO in toluene on glass substrates. The
as-cast films were then routinely vacuum-dried (in excess of
4 h at ca. 80 °C), melt-crystallized at an elevated temperature
(typically in the range of 135-150 °C), followed by quenching
in ice water and floating off the glass substrate using a dilute
HF solution. In the case of oriented specimens, a manual
shearing procedure (i.e., sweeping a blade over the melted thin
film) was adopted prior to the heat-treatment step of melt
crystallization. These specimens were then vapor-deposited
with carbon or shadowed (with an incidence angle of 60° from
plane normal) with a combined Pt/C source prior to TEM
examinations. This procedure is in accordance with those19-21

reported for semicrystalline polymers in general, except for
slight modifications in minor details. Films for XRD studies
were cast from more concentrated solutions (ca. 0.2% or
slightly higher) for greater thickness and enhanced XRD
signals.

Molecular Simulation. Molecular simulation studies were
made on an O2 workstation equipped with the Cerius2
package (version 4.6, Accelrys). Among the five force fields
built within Cerius2, the Universal force field22 (UFF, version
1.02) was selected as it best reproduced experimental mono-
meric repeat length4 for MEH-PPV (as a model polymer of
conjugated backbone). A cutoff distance of 1.10 nm for non-
bonded ver der Waals potentials was consistently adopted
throughout the molecular simulation process. For visualization
and presentation purposes, the WebLab ViewerPro (version
4.0, Molecular Simulations, Inc.) software was used.

The simulation procedure involved two stages. First, the
single-chain conformation in a vacuum was determined via
energy minimization of a PFO chain containing 50 repeating
units. Chain conformation in the central section, presumably
free of chain-end effects, was used as the “initial guess” of chain
structure. This resulted in a perfect match of 0.83 nm in the
length of repeating unit. The first-guess structure for the four
repeat segments was then transposed to an orthorhombic unit
cell with periodic boundary conditions and prescribed P212121

space group, in which c ) 3.32 nm (as dictated by XRD and
SAED results) but a ) 25.6 nm and b ) 23.4 nm (i.e., 10 times
that of the corresponding experimental values). The latter
dimensions were then stepwise shortened (several percent in
earlier steps but less than 1% in later steps) and energy-
minimized under UFF in each step. This was continued until
both a- and b-dimensions match the experimental values of
a ) 2.56 nm and b ) 2.34 nm. Minor adjustments in the
position and the azimuthal orientation of chains (as viewed
along the c-axis) were then made manually (followed by further
energy minimization under UFF) on a trial-and-error basis to
fine-tune for optimal fit of the calculated to the experimental
[00l] pattern. Dynamic effects in electron diffraction were not
included in the calculations.

Results

Morphological Observations. In the case of single-
crystal observations, carbon-coated specimens generally
showed weak contrast in bright field images (BFI). The
contrast was therefore enhanced via Pt shadowing.
Representative BFI of melt-grown PFO single crystals
on Pt-shadowed specimens are shown in Figure 1a,b
with the corresponding SAED patterns as insets. Note
that there exist a large number of nanocrystals on top
of the sub-microsized single crystals; as these nano-
crystals are rather thin and more or less randomly
oriented, they contribute insignificantly to the [00l] zone
patterns. Figure 1c shows a comparatively clear [00l]
zone pattern that was obtained from a separate carbon-
coated specimen without Pt shadowing (whose BFI
contrast is low due to absence of shadows and hence
not shown here; we emphasize here that this SAED
pattern is in full agreement with the insets in Figure
1a,b although the latter are weaker in intensity). A

representative BFI of shear-oriented specimen and the
corresponding “fiber” pattern are shown in Figure 2a,b.
Note that the latter is consistent with the XRD fiber
patterns previously presented by Grell et al.14

Figure 1. Representative bright field images and the corre-
sponding SAED [00l] zone pattern of single crystals in PFO
specimens heat-treated at 280 °C for 1 min and melt-crystal-
lized at 148 °C for 12 h before quenching in ice water, showing
(a) faceting along (100) and (210) planes and (b) more
frequently observed faceting along (100) and (110) planes.
Given in (c) is the clearest [00l] zone pattern obtained that
was subsequently used in the structure determination for the
R-phase.
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From Figure 1c, we have identified a total of 25
diffraction spots (including three meridional reflections)
that are mirrored in the four quadrants defined along
the two orthogonal reciprocal axes a* and b*. The
diagram was indexed by a rectangular unit cell with
dimensions a ) 2.56 nm and b ) 2.34 nm. Reflections

in the fiber pattern (Figure 2b) were then indexed and
found to consistent with an orthorhombic unit cell where
c ) 3.32 nm along the fiber axis. The unit cell dimen-
sions were consistent with the powder pattern given in
Figure 2c. For the [00l] zone pattern, one may observe
the systematic absence of odd reflections in (h00) and
(0k0) series up to (700) and (070), respectively, whereas
systematic absence of odd reflections in the (00l) series
up to (009) is clearly identified in the fiber pattern.
These observations indicate the presence of three 2-fold
screws running along the a-, b-, and c-axes, respectively.
We therefore assigned the space group as P212121.
Combined considerations over the symmetry operations
involved, the length of the repeating unit (ca. 0.83 nm
as given previously), and the plausibility of the derived
density led us further to assume the presence of eight
chains, each with four repeating units, in the unit cell;
this gives a theoretical density value of 1.041 g/mL.

Molecular Packing. Energy-minimized packing of
PFO chains via molecular simulation in the orthorhom-
bic unit cell is shown in Figure 3a-c. The corresponding
[00l] SAED zone pattern (cf. Figure 3d and Table 1) and
powder XRD pattern (Figure 3e, simulated by assuming
crystalline dimensions of 80 × 80 × 40 nm) calculated
from this computer-generated structure reproduce rather
well the main features of the experimental patterns
shown in Figures 1c and 2c. A direct comparison
between the simulated and experimental fiber patterns
was not made, as many of the arcs in the latter (Figure
2b) overlap significantly with one another.

We note first that the fluorene repeat unit is not
collinear: the inter-ring C-C bonds at both ends form
an angle of ca. 160° (due to locking of the two phenylene
rings by the bridgehead carbon at position 9), as first
pointed out by Grell et al.13 and confirmed in our
molecular simulation. In addition, repulsion between
the hydrogen atoms located at ortho positions of neigh-
boring fluorene rings forbids strict coplanarity: neigh-
boring fluorene units are typically twisted to form
dihedral angles ranging from 15° to 24° (cf. Figure 3c).
The lacking of both intramonomer collinearity and
intermonomer coplanarity results in a low-symmetry
backbone conformation, as reflected in the fact that four
monomer repeats are required in the unit cell along the
c-axis. Note that the limited backbone coplanarity is
consistent with the relatively large band gap (ca. 3
eV)2,23 for PFO to emit blue light.

Although the alkyl side chains are preferentially in
the trans conformation and tend to stretch transversely
to the backbone axis (cf. Figure 3b), they do not pack in

Figure 2. Representative (a) BFI and (b) SAED “fiber”
pattern of PFO specimens shear oriented at 250 °C, followed
by crystallization at 135 °C for 1 h before quenching in ice
water; arrows in (a) and meridian in (b) correspond to the
shear direction. The powder profile in (c) was obtained from a
highly crystalline thick-film specimen after extended heat
treatments at elevated temperatures and stepwise cooled to
room temperature.

Table 1. Relative Intensities in the Experimental and
Calculated [00l] Zone Patterns Shown in Figures 1c and

3d, Respectively

(hkl) Iobs Icalc (hkl) Iobs Icalc

(020) 5 (410) 25 23
(110) 42 40 (060) 13 10
(200) 100 100 (330) 25 22
(120) 11 14 (420) 30 25
(210) 48 45 (600) 20 20
(040) 8 5 (160) 12 13
(130) 8 14 (250) 21 18
(220) 6 15 (430) 20 16
(310) 47 50 (520) 44 44
(400) 12 10 (610) 28 27
(140) 50 50 (440) 7 13
(230) 18 18 (530) 18 16
(320) 20 16 (620) 18 19
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a particularly ordered manner as viewed along the
c-axis (Figure 3a). Each pair of the alkyl side chains
from a given monomer unit embraces a neighboring
PFO backbone and serve to keep the backbones from
direct close contact (the center-to-center interbackbone
distance generally exceeds 0.6 nm) between parallel
arrays of fluorene segments. This is consistent with the
observation that crystalline PFO emission is dominated
mainly by single-chromophore excitons;13-18 earlier at-
tributions to interchain species such as excited-state
complexes (excimers) have been limited to the case of
solvent-induced â-phase16-18 or films quenched from the
nematic state.24

Discussion

On the basis of the shadow width (cf. parts a and b of
Figure 1) of a large number of single crystals, the

thickness of PFO single crystals observed is estimated
to be 30 nm. (The shadow width yielded thickness values
mostly in the range of 15-25 nm, depending on tem-
perature and time of crystallization.) The use of a higher
estimate is to compensate for the possible underestima-
tion as these single crystals generally sit on a matrix
and could be partially buried. Attempts to obtain “clean”
single crystals using thinner films failed to give single-
crystal lamellae; instead, as indicated by BFI micro-
graphs in Figure 4, nanocrystalline domains (ca. 10 nm
in size) arrayed into rodlike features were observed.
Similar features have been reported25,26 for crystalline
polyfluorene thin films via near-field scanning optical
microscopy (NSOM), in which the conjugated backbone
is shown to align transversely to the rod’s long axis. Our
preliminary small-angle X-ray scattering (SAXS) results
on thick PFO specimens crystallized for 6 h at a lower

Figure 3. Proposed model of molecular packing in the crystalline phase of PF8: energy-minimized structure (backbones in red)
as viewed along (a) the c-axis and (b) the b-axis; (c) an expanded view with side chains hidden to demonstrate twisting of the
backbone; (d) calculated SAED [00l] zone pattern and (e) calculated XRD powder profile (assuming 80 × 80 × 40 nm in crystallite
size, with cutoff intensity of 7.5%). A few selected pairs of n-octyl side chains are highlighted in green in (a) and (b) to allow for
easier identification.
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temperature of 130 °C (to reach sufficient crystallinity
for adequate SAXS contrast) indicated a long period of
ca. 10 nm, with crystalline layer thickness of ca. 4 nm
(i.e., ca. 40% in crystallinity), suggesting that our
estimated thickness of 30 nm (which corresponds to ca.
36 monomer units) for the PFO single crystals is indeed
reasonable.

Upon correction of the PS-calibrated molecular mass
values by a factor of (2.7)-1 (as determined by Grell et
al.13 via light-scattering measurements), chain lengths
of the present PFO sample correspond to a weight-
average degree of polymerization Xw ) 63 and its
number-average counterpart Xn ) 24. An assumption
that only the shorter chains are responsible for forma-
tion of single crystals would allow for packing of fully
extended PFO chains in the single crystals and avoid
the need for chain folding. However, with this assump-
tion, it is difficult to explain the predominant presence
of nanocrystalline domains of ca. 10 nm (which corre-
sponds to only 12 monomer repeats) in size in Figure 4.

We would like to point out further that the “nano-
grains” features are not limited to thin films and are
quite generally observed in various crystallization con-
ditions of PFO. Given in Figure 5 are representative SEI
images showing surface topography of crystalline PFO,
in which regions of stringlike features, stacks of slender
crystals (or “ribbons”), and submicron single crystals
may be identified. Note the presence of nanometer-
scaled grainy features in all three topographic regions.
In fact, nanodomains are quite generally observed in
other conjugated polymers under a variety of circum-
stances. Examples include our earlier reports on MEH-
PPV and its homologues of different side-chain struc-
tures.5-7 Recent spectroscopic evidence27 also indicated
highly aligned intramolecular geometries in isolated
MEH-PPV chains deposited on glass surface.

In view of the small size involved, these “nanobeads”
or “nanograins” must be composed of essentially single
(or at most a few) chains, indicating general lack of
interchain entanglements during its formation. Monte
Carlo simulations on conformation of collapsed semirigid
chains in general28 or MEH-PPV with tetrahedral
defects in particular29 have indicated a variety of
possible morphological features ranging from toroids,
bundles, to defective bundles. We consider these latter

Figure 4. Representative bright field images for thin PFO
specimens melt-crystallized at 135 °C for 12 h before quench-
ing into ice water, showing (a) stringlike features that cor-
respond to arrays of nanobeads ca. 10 nm in size as shown
more clearly in (b), the blow-up view of the framed region
in (a).

Figure 5. (a) Representative SEI of specimens crystallized
at 145 °C for 12 h before quenching to 0 °C. Several single
crystals, submicron in size, may be observed in the central
region. Note also the stringlike features on the right-hand side
and stacks of slender lamellae (or “ribbons”) on the left. (b)
Blow-up view showing the presence of “nanograins” in all three
topographic regions.
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features highly relevant to the nanograin morphology,
as previously proposed by Mehta et al.27 in their single-
molecule spectroscopic study. One may envision the
collapse of the isolated semirigid chains upon increase
in polymer concentration (yet still below the overlap
threshold) due to the rodlike nature, which encourages
phase separation at a very low concentration according
to Flory’s classical nematic polymer solution theory.30

Certain form of folds must therefore be present. It is
generally accepted that chemical defects do exist in
conjugated polymers;13,31,32 the chemical defects are
therefore the most likely sites for folding to occur.27,29

Effects of chemical defects are well demonstrated in
chain conformation of conjugated polymers in the solu-
tion state. Reported persistent lengths (determined via
small-angle scattering) of conjugated polymers in dilute
solutions ranged from 2.8 nm (which translates to ca. 7
repeating units) for alkylated poly(thiophene), 8.5 nm
(ca. 10 monomer units) for PFO,13 to 15 nm (ca. 27
phenylene ethynylene repeats) for an alkylated poly-
(phenyleneethynylene).33 The increasing trend with
increasing backbone collinearity implies additional con-
tributions from inherent rotational freedom. It should
be emphasized here that the presumed folds in the
present case of nanograins, however, are unlikely to be
tight (as in classical examples of folds in polyethylene
single crystals) but rather loopike, as demonstrated by
results of Monte Carlo simulations.27-29

On the basis of the nanograin picture given above,
the development of the submicron-sized PFO single
crystals is unlikely to follow the classical (regime I)
picture of stem-by-stem folding on the crystal front, but
rather to occur first within each single nanograins. This
is supported by the vast number of thin nanocrystals
on top of the sub-microsized single crystals in Figure
1a,b; coalescence (presumably through micro-Brownian
motion34,35) and thickening at the elevated temperature
of crystallization of these nanocrystals should then
follow, as indicated by irregularities in shape, presence
of necks, and differences in shadow width (i.e., thick-
ness) for these thin nanocrystals.

As a final remark, we add that folding of conjugated
chains in the crystalline state has also been suggested36

recently for σ-conjugated poly(di-n-butylsilane), al-
though no comments on the fold structure were made.
Details of the presently suggested mechanism of folding
around chemical defects await further experimental
clarification.
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