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Axialitic Morphology of Poly(9,9-din-octyl-2,7-fluorene)
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ABSTRACT: Morphological features of melt crystallized poly(9,9rdoctyl-2,7-fluorene) (PFO) were examined

by means of polarized light microscopy, scanning electron microscopy, and transmission electron microscopy.
Upon step-change of temperature from a nematic state at@36 a supercooled melt & = 140 or 145°C,
crystallization of PFO proceeds in 3 stages: (1) nucleation to form micrometer-sized leaf-like entities comprising
fibrils of slender lamellae, (2) preferred longitudinal fibrillar growth and branching to give axialites, and (3)
filling of the “eyes” (formed due to hindered transverse growth) via nucleation of new patches of locally aligned
lamellae that are distinctively oriented from the existing axialitic structure. Results of selected-area electron
diffraction indicate generally that PFO backbones tend to orient in-plane and perpendicular to the fibrillar axis
as a result of preferred growth along the crystallograp¥agis. However, with decreasing film thickness, axialitic
growth is inhibited; formation of facetted flat-on single crystals (to avoid increasingly unfavorable exposure of
lateral surfaces) becomes a more competitive mode of crystallinity development.

Introduction We show that melt-crystallization of PFO generally results in

As one of the “fruit flies” in the study of semiconducting @xialites with the longitudinal axis determined by preferred
polymers, poly(9,9-di-octyl-2,7- fluorene) (PFO, chemical growth along the crystalllogra'pmaa?qs. The degree of ma}chmg
structure shown as inset in Figure 3f) has been extensively P€tween crystallographic orientation and molecular orientation
studied in terms of the phase behavior and the subsequent effectt)! the nematic melt at the growth front exerts strong effects on
on optoelectronic propertiés® One particularly interesting e apparent growth rate. With decreasing film thickness,
aspect of PFO is its clear tendency toward development of long- a_X|aI|t|c growth eventually becomes inhibited _such that flat-_on
range 3D crystalline order. This renders PFO an ideal vehicle _smgle crystals may develop. All these observations are explained
for the elucidation of not only molecular factors affecting I teérms of the strong preference for PFO crystal growth along
molecular packing in conjugated polymers but also to the generalthe b-axis.
crystallization behavior of semirigid chains. Phase transforma-
tion and molecular packing in crystaline PFO have been Experimental Section
examined by diffraction techniques with assistance from mo-

. s O . e
lecular simulatiorf: ¢ Despite different suggestions on side-chain Source, Quebec, Canada (Cat. No. ADS129BE). The weight-

ponformaﬂon, it is generally agreed tk:at PFO is nemat|c above average molecular masi¥l() was 65 kDa and polydispersity index

its melting temperatureTg,) of ca. 160°C, below which PFO  pp)) 2.6 as determined via GPC using polystyrene standards. Using

crystallizes readily into an orthorhombic structure of large unit g correction factor of 0.3%the trueM,, value is estimated to be

cell size @ = 2.56 nm,b = 2.34 nm,c = 3.32 nm, 8 chains), 24 kDa. Polarized light microscopic (PLM) observations were made

where the slightly noncollinear repeating units are arranged in by use of a Nikon Eclipse E400-POL microscope equipped with a

approximately 2-helical fashion with moderate deviations of water-cooled hot stage (Linkman THMS-600, connected to a TMS-

aromatic rings from coplanarity:6 91 temperature controller) under protective nitrogen atmosphere.
At a greater scale, earlier near-field scanning optical micro- Surface topographic features were examined via secondary electron

scopic studies by Teetsov and Vanden B8an film morohol- im_ages (SEI) obtained by use of a field-emission scar_ming electron
ogypof PEO andyits close homologues indicated fornﬁation of Microscope (JEOL JSM-6330TF) under an accelerating voltage of

ibbonlik " fter h hei Ti 10 kV. Transmission electron microscopic (TEM) studies were
riobonlike entities aiter heat treatment at their respecliye performed using a JEOL 3010 instrument under an acceleration

These ribbons were ca. 200 nm wide, in which PFO  yqjtage of 200 kV at which the combined factor of wavelength
backbones lay in-plane and transverse to the ribbon axis. Ourand camera length has been carefully calibrated using (111), (200),
own electron microscopic observatidmsdicated a broad range  (220), and (311) reflections from a vapor-deposited Al thin film
of morphological features from strings of nanobeads to flat-on standard.

and edge-on lamellar crystals upon melt crystallization of PFO  Films of submicrometer thickness were drop cast from dilute
films. Here we extend our earlier studies of melt crystallized (ca. 0.3 w/v %) solutions of PFO in toluene on glass substrates. In
PFO single crystals to morphological development in the the case of TEM specimens, a flow-cast procedure by tilting the

micrometer scale, i.e., the formation of axialites in PFO films. glass substrate to an upright orientation was adopted; this decreases
the film thickness to ca. 100 nm. The as-cast films were then

vacuum-dried (in excessfd h at ca. 80°C) before further heat

The PFO sample used here was purchased from American Dye

UnJiere‘raspig/”me”t of Materials Science and Engineering, National Dong Hwa e aiments at elevated temperatures. These were routinely started

* Department of Chemical Engineering, National Tsing Hua University. PY @ brief 1-min treatment at 250 or 210 to eliminate previous

8 Institute of Materials Science & Engineering and Center for Nano- Pr0035$ing history. This was followed by jumping to a melt
science & Nanotechnology, National Sun Yat-sen University. crystallization temperatureT{) of 140 or 145°C for different
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durations (from minutes to hours to facilitate observations over lamellae are further enhanced due to differences in orientation
different extents of crystallinity development) before subsequent of sheath lamellae from neighboring axialites. Note also the
quenching into liquid nitrogen. Note that this translates to a fairly presence of micrometer-sized baby-axialites in the upper right
large supercoolingAT = ca. 34 or 39°C) from its equilibrium corner: these are also aligned parallel to the mature axialites
melting temperaturé&,,®* = 179°C. All heat treatments were made and with more rugged lower quadrants.

in the PLM hot stage. For shear-oriented specimens, a manual S Fili fC I Fi 3sh holoaical
shearing procedure (i.e., sweeping a blade over the melted thin film) pace-Filling of Crystallites.Figure 3 shows morphological

was adopted prior to the heat treatment steps. The PLM specimensféatures after prolonged melt crystallization. The PLM micro-
as-cast on the glass substrate, were first examined without a coveldraphs (Figure 3a,b) demonstrate large (ca—&D um in
slide; these were then sputter-coated with Pt for SEM observations.diameter) but blurred spherulite-like features with generally
The TEM specimens were detached from the glass substrate usingnegative birefringence. Under high-magnification SEM (Figure
a dilute HF solution, followed by shadowing (at*6ffom plane 3c), one observes that these spherulite-like entities essentially
normal) with a combined Pt/C source prior to TEM examinations. comprise locally aligned fibrils that appear either as branches
developed from the initial axialitic structure or as disoriented
Results patches. The latter are particularly abundant in (but not limited
o ] ) ] ) to) the “eye” regions of the basic axialitic structure. This implies
Axialitic Growth. Given in Figure 1 are morphological  {hat during the extended period of melt crystallization, new
features of PFO films after short-term (i.e., 6 min) melt- gyiajites are nucleated but confined to interstitial space or in
crystallization at 145C and subsequent quenching in liquid = {he “eyes” of existing axialites. At this stage, the clear preference
nitrogen. From PLM micrographs (Figure 1a,b), elongated (with tqr 5.axis to align in the film normal direction in the early stage
optically negative birefringence) spherulite-like entities ap- ot crystallization can no more be identified: various orientations
proximately 20um in size may be identified from the nematic  4re now observed, as demonstrated in Figure@Neverthe-
background. As further revealed by secondary electron imagesjess, the general trend for backbones (or the crystallographic
(SEI, Figure 1c,d), these asymmetrically developed “spherulites” c-axis) to lie in-plane persists even to this later stage of
turn out to be composed of crystalline “fibrils” (or more crystallization.
precisely, slender edgg-on crys.tallin.e Iamellae) with apparent “Efacts of Decreasing Film ThicknessGiven in Figure 4
preference for growth in the axial direction. These are hence 4o particular observations around a bubble (dewetted during
more appropriately referred to asialiteshereafter. One may g casting), which serve as convenient demonstrations of film
note from Figure 1d that the retarded transverse growth is yhickness effects. In Figure 4a,b, the PFO matrix exhibits

accompanied by protuberance due to gradual tiling and cpaacteristic space-filled axialites (more clearly identifiable with
edgewise growth of the sheath lamellae. In the lower left comer gy nqym plate inserted). As film thickness decreases toward the
of Figure 1e, baby-axialites (can in size, which apparently iy hubble boundary, nucleation density (per plan-view area)

nucleated later in time than the well developed axialite at the yecreases, leaving coarse treelike axialitic texture (Figure 4c,d).
center of view) may be identified. Under higher magnification | he interstitial region between the “tree-branches,” flat-on

(Figure 1f), the leaf-like baby-a_lxialites already exhibit preferred single crystals are allowed to develop (Figure 4e.f) in the
growth along the central podium as well as protuberances of ypgance ‘of competition from axialitic nucleation. As we have

sheath lamellae due to limited degree of branching. Hence theseg, i previously, these flat-on single crystals of PFO give clear

characteristics of axialitic growth may be traced back to the () zone pattern, i.e., PFO backbones (and the crystallographic
very infant stage. It is then interesting to note that, during this c-axis) lie along film normal. In addition, these single crystals

stage of axialitic development, crystalline lamellae are generally ;.o sjender. sword-like in shape with clear faceting D00
oriented with thec-axis lying in-plane (and transverse to the and{110 planes, in agreement with previous TEM observations

“fibrillar” axis) where thea-axis along the film normal. Thisis ., pro single crystafs.n other words, growth along the
demonstrated by a representative bright-field image (Figure 1) .y stallographid-axis is preferred, consistent with the asym-
and the corresponding selected area electron diffraction patternotric growth habit in the axialites. Figure 4g shows the

(Figure 1h, taken from the encircled central region in Figure 5qnified view of a single crystal of incomplete faceting. Note

19). ) . ) the grainy features in the scale of ca. 10 nm.
Effects of Shear Orientation. To elucidate further the

preference for in-plane backbone orientation weiixis pointing
toward film normal in PFO axialites, shear-oriented specimens
were examined. As shown in Figure 2a,b, these shear oriented Preferred Growth along the Crystallographic b-Axis. From
specimens are characterized by a background of extendedour observations above, it may be concluded that one of the
nematic domains (each about Afh in width) running along key characteristics in the melt crystallization of PFO is the
the shear direction. As judged from the birefringence color, preferred growth (whether in single crystals or in axialites) along
backbone axes are not exactly aligned in the shear directionthe crystallographid-axis. Origin of this growth habit is not

but are alternatively tilted from the shear direction in neighbor- yet clear but the previously proposed mddef molecular

ing domains. It is then interesting to note that the long axes of packing may provide some hints. In the model, PFO backbone
axialites formed in these specimens are generally aligned to theare stretched along tleeaxis whereas alkyl side chains are fully
backbone orientation within each nematic domains. This results extended transverse to the backbone; each pair of the alkyl side
in encouraged growth in quadrants where the backbone orienta<chains from a given monomer unit embraces a neighboring PFO
tion in the nematic state coincides with the crystallinexis as backbone. It turns out that this paired embracement propagates
well as retarded development of the opposite quadrants, as morealong thea-axis: assuming this embracing is kinetically slow
clearly demonstrated in the blown-up view (Figure 2c). Corre- to achieve, preferred growth along thexis would be a natural
sponding SEI (Figure 2d) shows that the better-developed consequence.

guadrants are characteristically lower in surface ruggedness as Preferred Crystal Orientation. On the premise of preferred
compared to the retarded quadrants. For these densely arrayedrowth alongb-axis, two possible crystal orientations bear
axialites, topographic features of protuberances from sheafadvantage in the competition for crystal growth in films. In O&SV

Discussion
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Figure 1. Axialitic morphology of PFO films melt-crystallized for 6 min at 148, followed by quenching in liquid nitrogen: (a,b) PLM micrographs

without or with gypsum plate inserted, <€) SEI at several locations under different magnifications, and (g) a representative BFI and (h) the
corresponding SAED pattern. The axialites first appear as leaf-like entities (f), which grow and splay mainly in the axial direction (d) and become
less anisotropic with transversely nucleated branches (c). A representative BFI image (g) and the corresponding SAED pattern (h, taken from the
axialite at the central view, slightly rotated to aligi-axis with the meridian) indicate that molecular chains run transverse to the long axis of
fibrillar features that correspond to slender edge-on crystalline lamellae. Note the presence of a junior-axialite in the upper right corger of part

case, the backbones (and thaxis) lie in-plane: with preferred  possibility is that the backbones lie along film normal, this
in-plane crystal growth along theaxis, thea-axis is automati- agrees with the single crystal case. Deviations from these two
cally oriented toward film normal. This agrees with what we configurations will result in limited space for crystal develop-
have basically observed in the axialitic development. The other ment in these relatively thin films. The observed transitiorbiBV
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Figure 2. Enhanced nucleation in oriented PFO films manually sheared at@5Melt crystallized at 140C for 6 min, followed by quenching

in liquid nitrogen: A high density of axialites with their long axes lying perpendicular to the shear direction are easily identified in PLM nisrograp

(a) without or (b) with gypsum plated inserted. In the background are slender arrays of nematic domains running aler®divedtion of shear

action. Details of the asymmetric quadrant development are shown by a blown-up view (c) and SEI (d, shear direction indicated by the two-way
arrow), giving finer features of encouraged vs hindered quadrant development due to chain orientation in the nematic domains. Note the micrometer-
sized baby-axialites in the upper right corner of part d; these are also aligned parallel to the adult-axialites in the central view.

morphological preference from axialites to single crystals with
decreasing film thickness, however, remains to be explained.
We offer our explanations below, emphasizing effects from
preferred growth and geometrically confined development of
PFO crystals in these moderately thin films.

Preparation of polymer single crystals from thin films in the
melt state is in fact a well adopted practice for preparation of
TEM specimens for crystallographic analyXis!? Traditional
wisdom dictates that formation of single crystals in the 3D melt
state is difficult as elastic force from entangled network results
in resistance to the reeling-in of crystallizing chains from the

normal) have limited space for growth along thexis and
hence are less competitive in reaching discernible size. This
also explains the minor appearance of off-orientation patches
of axialites in interstitial regions where “properly oriented”
lamellae failed to fill the space after prolonged melt crystal-
lization. Note that a similar observation of growth rate-
determined crystal orientation has been repdbtatthe case

of confined-space crystallization in amorphewsystalline
diblock copolymers of layered morphology.

Increased Nucleation Density in Sheared SpecimenSome
comments are in order on the apparent increase of nucleation

melt pool to the growth front?!4 competing processes from  density in sheared specimens (Figure 2b vs Figure 1b). This
(primary or secondary) nucleation may then prevail, resulting may include contributions from not only shear-enhanced
in polycrystalline aggregates such as spherulites. However, with nucleation as one would generally expect but also the highly
preferred growth along the-axis, axialites of PFO in thin films  selective growth along thie-axis on the basis of the following
would correspond to very limited-dimension and hence be  arguments. As we have noted earlier, within the present range
subjected to large penalty (per volume basis) from the exposedof film thickness, mechanical shear resulted in slender arrays
b—c surfaces. This explains the inhibited growth of PFO of alternatively tilted (from the shear direction) nematic domains
axialites toward the periphery of bubble: formation of mi- that are ca. 1@m in width. Axialitic growth of a quadrant is
crometer-sized single crystals that, if developed flat-on, are muchencouraged if backbone orientation of the nematic matches that
lower in free energy penalty from lateral surfaces and hence in this particular quadrant and vice versa (Figure 2c). The
thermodynamically preferred. preferred growth within a particular nematic domain eventually
It follows that orientation of nuclei should bear little relevance leads to the growth front to reach a neighboring domain, which
in the early stage of axialitic development: it is growth rate retards axialitic growth as molecular orientation therein deviates
that determines the crystal orientation. Nuclei oriented improp- significantly from the preferred crystal growth direction. Hence,
erly (that is, with thea-axis deviating significantly from film alternative orientations in arrays of nematic domains eventlt:aB)(/
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Figure 3. PLM micrographs (a) without or (b) with gypsum plated inserted, showing space-filled axialites in PFO films melt crystallized for 1 h
at 145°C, followed by quenching in liquid nitrogen. SEI in part ¢ shows that space-filling is achieved by fibrils nucleated and grew within the
“eye” regions in the later stage of melt crystallization. These space-filling fibrils run nearly perpendicular to the axialitic fibrils. Repivesent
BFls (d,f) and corresponding SAEDs (e,g) indicate preference persistsaiis to lie in-plane, but different orientations @f andb-axes are now

identifiable.

serve to constrain axialitic development to ca. 20 (within allows for the nucleation and (similarly constrained) growth of
the present range of observation time), as may be observed inyounger axialites, which would contribute at least partly to the
Figure 2b. The temporarily halted growth of existing axialites apparently increased plan-view density of axialites. cDV
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Figure 4. With decreasing film thickness, flat-on single crystals tend to develop. This is shown by PLM micrographsatal SEI (e-g) near

the edge of a dewetted pore in a PFO film melt crystallized at°Ctfor 14 h, followed by quenching in liquid nitrogen. Instead of fine axialitic
texture in the bulk matrix, there are coarse treelike features around bubble periphery as a result of decreased nucleation density (per plpn-view are
of space-filling axialitic patches. In regions between “tree-branches,” single crystalg 1ith and {110 facets develop upon prolonged melt
crystallization (e,f). Note the grainy features of these single crystals under high magnification (g).

General Comments on Morphology of Conjugated Poly- traditional polymers of flexible backbones. Intuitively, the
mers. In view of the backbone rigidity, conjugated polymers fringed-micelle picture appears appropriate and the crystals are
are believed to crystallize in a manner quite different from likely to be limited in size; this is indeed born out in ear Vv
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