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Abstract This account provides a state of the art overview of polyfluorene structure and
phase behaviour in solutions and the solid state. This review covers key aspects of the
hierarchical intra- and intermolecular self-assembly starting at the molecular level and
extentding up to larger length scale structures. This includes crystallization, alignment on
surfaces and texture. Many Central ideas are highlighted via structural archetypes. Recent
theoretical treatments for understanding these structural properties are discussed and the

implications for opto-electronics and photophysics are described.
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Abbreviations
C12Es

CP

DOS

ED

F2/6

E8

F8BT

F8T2

F80x

GIXRD
Hex
HMW
IXS

LC
LMW
MCH
MEH-PPV
Nem
NEXAFS
NLO
PANI
PBS-PFP
PF

PF6

PF7

PF8 or PFO
PF9
PF10
PF12
PF2/6
PFB

PDMOF
PMMA
PPP
PT
PTFE
SAED
SANS
SAXS
ssDNA
SNOM
TFB
TFT
XRD
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Pentaethylene glycol monododecyl ether

m-Conjugated polymer

Density of states

Electron diffraction

9,9-Bis(2-ethylhexyl)fluorene

9,9-Dioctylfluorene
Poly(9,9-dioctylfluorene-co-benzothiadiazole)
Poly(9,9-dioctylfluorene-co-bithiophene)
Poly{2,7-(9,9-dioctylfluorene)-co-1,4-(2,5-bis-(methyl-4’-(6-(3-methylox-
etan-3-yl)methoxy)hexyloxy)benzene)}
Grazing-incidence X-ray diffraction

Hexagonal

High molecular weight

Inelastic X-ray scattering

Liquid crystal

Low molecular weight

Methylcyclohexane
Poly(2-methoxy-5-(2-ethylhexoxy)-1,4-phenylenevinylene)
Nematic

Near edge X-ray absorption fine structure

Nonlinear optics

Polyaniline
Poly{1,4-phenylene-(9,9-bis(4-phenoxy-butylsulfonate))fluorene-2,7-diyl }
Polyfluorene

Poly(9,9-dihexylfluorene)

Poly(9,9-diheptylfluorene)

Poly(9,9-dioctylfluorene)

Poly(9,9-dinonylfluorene)

Poly(9,9-didecylfluorene)

Poly(9,9-didodecylfluorene)
Poly(9,9-bis(2-ethylhexyl)-fluorene-2,7-diyl)
Poly(9,9-dioctylfluorene-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-
1,4-phenylenediamine)
Poly{2,7-(9,9-bis((S)-3,7-dimethyloctyl))fluorene}
Polymethylmethacrylate

Poly(p-phenylene)

Polythiophene

Polytetrafluoroethylene

Selected area electron diffraction

Small-angle neutron scattering

Small-angle X-ray scattering

Single stranded DNA

Scanning near-field optical microscope
Poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine)
Tetrahydrofuran

X-ray diffraction
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1
Introduction

In recent years conducting (or conjugated) polymers have become a key
building block in the development of device technologies such as flat displays
used in mobile phones and televisions. These materials are finding applica-
tions in areas as diverse as artificial muscles, electronic noses, plastic solar
cells, corrosion inhibition, biosensors, electronic textiles, and nerve cell com-
munications. This rapid evolution is based on the widespread advancements
in (1) chemical synthesis of new materials, (2) new optoelectronics applica-
tions and (3) novel processing (e.g. ink jet printing). Consequently, the main
streams of CP research comprise of synthetic chemistry as well as photo and
device physics. However, the complex structures formed by these polymers
are not thoroughly understood but this ordering underlies virtually all of the
centrally important optical and electrical properties. Whether for enhancing
a fundamental understanding of the optoelectronic properties, guiding the
development of new device applications or providing new insight into the
molecular design of new materials, it is critical to better understand their
structural aspects and key structure-property relationships [1-3].

Apart from the emerging applications, the self-assembly of CPs is itself
a fascinating subject. From the electronic perspective, these CPs represent
a low-dimensional solid with strong covalent bonds along the molecular
backbone and much weaker interchain interactions in orthogonal directions.
The transport is therefore highly anisotropic and involves self-localized elec-
tronic excitations (e.g., solitons, polarons). Alternatively, from the structural
perspective, the CPs are soft matter and belong to the class hairy-rod ma-
terials with a rigid backbone and flexible side chains [4]. Without the add-
ition of functionalizing side chains the range of potential applications is
limited. Linear, unsubstituted CPs (e.g., polyacetylene) exhibit very small
increases in conformational entropy on dissolution or melting as well as
a strong aggregation tendency. Consequently most of these materials are
infusible and insoluble in common solvents. Functionalization via a side
chain addition to the backbone forcibly dissolves the polar main chain in
the surrounding matrix of a bound solvent and thus effects an attractive
interaction between polymer and solvent. This leads to melting point depres-
sion and solution processability. In this context, the structural behavior of
conjugated hairy-rods is understood in terms of self-organizing block copoly-
mers [5] with rigid backbone and flexible side chains representing distinct
blocks and forming microphase-separated domains. From another perspec-
tive these hairy-rods can be viewed in terms of thermotropic liquid crys-
tals [6], and this liquid crystallinity stems from the highly anisotropic shape
of the molecule.

There is an amazingly rich variety of CPs dependent on the choice of back-
bone and side chains and the nature of these two constituents has a major
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Fig.1 Chemical structure of PF

influence on the phase behavior and resulting electronic and optical proper-
ties. Among the many reported CPs the PF family (Fig. 1) represents a cen-
tral class of materials [7-10]. This emphasis stems from a combination of
desirable qualities including facile synthesis, good environmental stability,
excellent processing characteristics and efficient blue emission bands. There
have been widespread efforts towards understanding, controlling and ma-
nipulating structures of PFs in both bulk and at surfaces. Not surprisingly,
these advances have been exploited in a broad array of new polymeric tech-
nologies (for these optoelectronic aspects, the reader is referred to other
reviews in this volume). These concerted efforts span multiple fields and
those focusing on the structure attributes are widely distributed. No broad
review of PF structure, assessing both the sold-state and solution, currently
exists.

This review article focuses on the many levels of structural hierarchy
ranging from the specifics of single PF molecules to those of aggregates in
crystallites. The length scales span from Angstroms to tens of nanometers
and beyond. The outline of the current review is as follows. First, we intro-
duce the key structural attributes within single PF molecules. Next, we discuss
the individual molecules and their aggregates in solution. Then we consider
solid state and distinguish intra- and intermolecular structures including the
higher levels of structural order in bulk, aligned fibers and aligned thin films.
We also deal with similarities and differences between oligomers and poly-
mers. Finally, we summarize and speculate on future studies. Overall this
work spans the many landmark contributions in this quest to better under-
stand PF structure.

2
Single Molecules

One of the guiding principles underlying much of the physics in conventional
polymers is that many macroscopic macromolecular properties, not least the
structure formation, can be satisfactorily understood even when the details
of single molecules are ignored [11]. As is discussed later in this review, this
idea still remains relevant for the intermolecular self-organization of hairy-
rod PFs and for their macroscopic alignment. However, much of the behavior
seen in PFs (and virtually all other electronic polymers as well) is an excep-
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tion to this simplification because all optical and transport phenomena derive
from the quantum mechanical properties of the base fluorene monomer and
the near-neighbor coupling both along a single chain (i.e., intramolecular)
and between chains (i.e., intermolecular).

While both intramolecular and intermolecule properties have relevance, it
is often difficult to measure each independently. Two important settings that
allow for direct observation of the single chain attributes are when isolated
single polymers are dispersed on surfaces [12] or after dissolution of sep-
arated, uncorrelated chains in dilute solution. This latter topic is discussed
in detail in the next section. The heterogeneous nature of the single chain
structure in tandem with an overt sensitivity to the surrounding environment
can, at times, make these very challenging systems to study. We expect that,
with the advent of X-ray free electron lasers, direct structure studies of single
molecules will become possible and this will resolve many key questions that
still remain.

Single molecule spectroscopy of polyfluorenes [12] is discussed elsewhere
in this volume and therefore we will limit our discussion of this matter.
Many articles adopt the view that structure phase behavior and spectroscopic
features can be strongly correlated. Clearly if a polymer chain is highly dis-
ordered one would expect there to be rather poorer transport properties and
rather broad absorption and emission signatures. Parallels can be made to
conventional diblock polymers in which highly ordered structures appear
at relative large length scales but they still can be amorphous at nanometer
distances. On the other hand in highly ordered materials the optoelectronic
properties should be reflecting this fact [13, 14]. However, most conjugated
polymers, PFs included, are intermediate between these two extremes and so
the actual molecular level relationships are often subtle [15].

This subtlety is immediately apparent in direct comparisons of the chemi-
cally similar PF derivatives PF2/6 and PF8. PF2/6 (vide infra) is mesomorphic
but the overall changes in the observed optical spectroscopy are quite modest.
PF8 is also polymorphic but, in this case, there are very striking changes in
the optical absorption and emission bands. Some of these may be associated
with the formation of semi-crystalline phases and others not.

For both PF2/6 and PF8 the aforementioned main chain characteristics are
essentially identical and so any pronounced differences are likely to originate
in secondary structural characteristics of the functionalizing side chains. PF8
studies by Bradley and coworkers [16] first identified the unusual spectros-
copic emission band now conventionally referred to as the “ phase”. The
hallmark signature of this peculiar chain structure is a relatively sharp se-
ries of emission bands red shifted some 100 meV from those seen when the
polymer is prepared in a glassy state. w-Conjugated polymers have strong
electron-phonon coupling and so, in addition to the 7-7* emission, there
is a manifold of vibronic overtones spaced approximately 180 meV apart and
red-shifted from the dominant w-7* emission band.
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The full PL envelope may be modeled using the Franck-Condon expression,
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where n(w) is the refractive index, hwy the w-7* transition energy, and hwy
vibrational mode energies for each mode k with n; =0, 1, 2, ... overtones.
Sk is the Huang-Rhys coefficient (i.e., reflecting the strength of the electron-
phonon coupling) and I" is the lineshape operator (this is a function of the
density of states, temperature and oscillator strengths) [17]. A similar expres-
sion may be used for photoabsorption but here the effects of heterogeneous
broadening are more pronounced.

Modeling of the alkyl side chains in the two respective cases gives dis-
tinctly different outcomes (Fig.2). On average the PF8 main chain adopts
a more planar conformation and, additionally, one can differentiate three dis-
tinct families (denoted as Cy, Cg, and C,) of conformation isomers [17, 18]
and correlate them with the variations in the observed PL spectra. In this

10

Relative conformer energy (kJ/mol per monomer)

| \ \ |
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Mean fluorene—fluorene torsion angle (deg.)

N

Fig.2 Low-energy PF8 conformations (referenced to the Cg isomer). Each symbol cor-
responds to a single, unique tested conformation. Cy, Cg, and C, correspond to the
conformer families. The inset shows the model of the Cg isomer highlighting side chains.
Reprinted with permission from [17]. © (2005) by the American Physical Society
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Fig.3 Examples of PF8 PA and PL spectra from the three conformational isomer families
in combination with calculated PL fits to the data using Eq. 1. Reprinted with permission
from [17]. © (2005) by the American Physical Society

picture each family corresponds to a different ensemble average fluorene-
fluorene torsion angle. As illustrated in Fig. 3 this trifurcation into confor-
mational isomer families fully reproduces the PL experimental data when
Eq. 1is integrated with a tight-binding Frenkel-type exciton model. Guha and
coworkers [19,20] have shown that the differences in the side chain confor-
mations are present in Raman scattering data and correlate well with ab ini-
tio quantum chemical calculations. From the perspective of single molecule
spectroscopy each polymer chain is independently studied and its structure
reflects one specific stochastic ensemble of main chain and side chain con-
figurations in a self-consistent correspondence to the conformational energy
surface topology.

3
Solutions

3.1
Structural Order of Polyfluorenes in Solution

PF solution studies are interesting for two chief reasons. First, PFs can be
easily processed from solution and any structures adopted in solution will im-
pact those that evolve in the subsequent processing. As might be expected,
the solvent plays a major role in establishing the large length-scale morph-
ology of solvent-processed PF thin films [21]. Second, the composition may
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be continuously varied from isolated single molecules, in the dilute case, all
the way to macrophase-separated domains and this provides a broad platform
for pursuing studies of the fundamental physics.

Deciphering the main structural aspects of PF solutions is viewed as im-
portant but, so far, the published literature remains relatively sparse. Ex-
amples include PF8 [22], PF2/6 [23-25], F2/6 oligomers [26], and poly(9,9-
dialkylfluorene-co-fluorenone) copolymers [27] in toluene as well as PDMOF
in tetrahydrofuran [28].

The solution behavior of PFs may be subdivided in terms of three phe-
nomenological variables—the nature of the solvent, the fraction of polymer,
and the nature of the side chain. An additional parameter which becomes
dominant in oligomers is the length of the molecule [26]. Once again PF8
can be highlighted as a prime example of a rich and variegated material.
Its chain morphology has been detailed in different organic solvents such
as chloroform, toluene, TFT and cyclohexane [29] and this work documents
the striking structural diversity arising from the quality of the solvent, the
first parameter in our discussion. For example, PF8 forms sheet-like par-
ticles in 1% (~ 10 mg/mL) solution in the poor solvent MCH but exhibits
an isotropic phase of rod-like polymers at otherwise identical conditions in
the better solvent, toluene [25,30]. In addition, if the second parameter, the
polymer fraction is increased from 1% to 3-7% (w/v) in toluene, individual
PF8 molecules aggregate and form a large network-like structure [31]. A simi-
lar phenomenology is observed for F2/6 oligomers which adopt a rigid rod
conformation in dilute toluene solution [26]. However, at concentrations in
excess of 30 wt. %, a second dynamic process in the isotropic scattering func-
tion relates to clusters of rather spherical overall shape [26]. The effect of side
chain length, the third variable, has been also studied for PFs in MCH at con-
centrations 1-5% (w/v) [32]. It has been found that the aggregation tendency
of PFs decreases with increasing side chain length so that at room tempera-
ture PF10 with ten side chain beads adopts an isotropic phase. The limit of
aggregation can be, once again, controlled by solvent quality. For example, the
aggregation is prominent only for PF6 with six side chain beads if a better
solvent, such as toluene is utilized [33].

Binary PF mixtures manifest several levels of structural hierarchy. The
torsion angle between the monomer units represents the first level of this hi-
erarchy. Wu et al. [28] studied PDMOF in THF and found a structure wherein
each monomer unit adopted, at random, four rotational states. These were
right- and left-handed torsional rotations of approximately 35 and 144° (con-
sistent with either a 5/1 or 5/2 helices) and modest bond angle fluctuating
(c.f., Fig. 4). At much larger distances, Rahman et al. [31] identified, in PFS8,
extended domain networks. The average distance between these aggregate
domains is of the order of 60 nm (c.f., Fig. 5).

When mixed with MCH, PFs functionalized with linear n-alkyl side chains
establish even greater levels of hierarchy. At room temperature, PF6, PF7, PF8,
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CHs, HsC

H;C

Fig.4 Chemical structure of PDMOF and geometry of a polyfluorene derivative chain.
Reprinted with permission from [28]. © (2004) by the American Chemical Society

Fig.5 Schematic representation of the aggregate domains (shaded area) tying the PF8
chains to form a cluster. The overlap of the unassociated chains in the cluster as well as
in the bulk of the semi-dilute solution generates a dynamic network with the character-
istic mesh size of £;. Reprinted with permission from [31]. © (2007) by the American
Chemical Society

and PF9 form large (> 10 nm) sheet-like assemblies (thickness of 1-3 nm)
which represent solution structure. Interestingly, the larger length scale struc-
tures of these sheets display a distinctive odd-even dependence on the side
chain length—the PF6 and PF8 sheets are broader and thinner, whereas
PF7 and PF9 sheets are thicker with a putative double layer structure. PF10
does not follow this sequence. Only a very small fraction of the polymer
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assembles into a sheet-like structure and the rest remains dissolved at the
molecular level (Fig. 6). Apart from PF10 these PE/MCH mixtures contain,
at a shorter length scale, ordered “microcrystalline” structures having an in-
ternal period corresponding to the intermolecular periodicity of the solid
state B phase of PF8. These domains may also act as nodes for establishing

a network-like structure at large distances. The overall idea is illustrated in
Fig.7.

oblique view
PF6/MCH PF7/MCH PF8/MCH PF9/MCH PF10/MCH

Fig.6 Schematics of the proposed layer self-organization of PFs in MCH. Reprinted with
permission from [32]. © (2007) by the American Chemical Society

V cross-linked
) microcrystallite
\‘?\9"/ for n=6-9

PFn g "%xial view:
layer
il
%736‘%

Fig.7 Schematics of the possible structures of PFn with n = 6.9 in MCH. Loose lamellae

correspond to those shown in Fig. 6. Reprinted with permission from [32]. © (2007) by
the American Chemical Society
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3.2
Water Solutions of Polyfluorenes

Water-soluble PFs are a new advance and these materials have opened the
path for many new applications. These water-soluble CPs may be used with
non-noxious, biocompatible solvents and have uses ranging from chemosen-
sors [34] and biosensors [35] to inkjet processing [36]. Conferring water
solubility to PFs is a challenging topic with few examples. One common
strategy employed in order to achieve appreciable water solubility is the in-
troduction of neutral or charged hydrophilic functionalities at the terminal
position of the PF backbone. Development of this type of PFs has been pi-
oneered by Bazan et al. [37-41] and they have used a number of different
charged ammonium groups. This functionalization not only enhances solvent
formation but also facilitates molecular recognition of biomolecules such as
DNA and peptide nucleic acids. These PFs can be dissolved in high concen-
trations.

Wang et al. [42] have demonstrated that PFs with charged ammonium
groups tethered at the end positions of the side chains, poly(9,9-bis{3'-
((N,N-dimethyl)-N-ethylammonium }-propyl)-2,7-fluorene dibromide) are
water soluble at concentrations as high as 100mg/mL, cf., Fig. 8. Co-
solvents such as methanol can be employed to ensure the uniformity of
the solutions [43]. Another strategy for enhancing the solubility of PFs
is to incorporate a surfactant layer separating the polymer from water

Fig.8 Left: A chemical structure of poly(9,9-bis{3’-((N,N-dimethyl)-N-ethylammonium}-
propyl)-2,7-fluorene dibromide) (P2). Right: A photograph of P2 with different concen-
trations in water (left). A photograph showing emission of light from P2 with differ-
ent concentrations in water, the photograph was taken under irradiation with light at
365nm (right). (a) Dilute solution (1 x 1073 mg/mL), (b) 50 mg/mL, (c) 100 mg/mL.
Reprinted with permission from [42]. © (2007) by Wiley-VCH Verlag GmbH & Co.
KGaA
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Fig.9 Top: Contact angle (solid squares) and surface tension (open squares) of PBS-PFP
in aqueous Cy2Es as a function of molar ratio of surfactant over monomer unit x. The
dotted lines distinguish tentative phase regimes I-III. T = 20 °C. Bottom: Corresponding
PL maxima. Monomer concentration was 5 x 107 M for all x. The dotted lines distinguish
phase regimes I-III for which different solution structures are obtained. Reprinted with
permission from [48]. © (2006) by the American Chemical Society

molecules [44]. The interaction between polymer and surfactant can arise
from hydrophobic-hydrophilic effects [45], charge transfer [46], or molecular
recognition [47].
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Direct structural studies of these systems are scarce. In one example [48]
PBS-PFP was studied in aqueous Ci2Es as a function of molar ratio of sur-
factant to monomer unit, x, when the surfactant concentration was above
the critical micelle concentration of aqueous Cj>E5 under conditions which
corresponded to the isotropic liquid L; phase regime of the binary water—
Ci2Es system. Under these conditions, the following phase behavior is found
by surface analyses (Fig. 9) and SANS (Fig. 10). The ternary solution is re-
ported to be homogeneous when the polymer concentration is 5x 1074 M
and the molar ratio of surfactant to monomer, x, is close to 1. This defines
the first phase boundary. Elongated objects (of mean length ~ 90 nm) with
near circular cross section (~ 3 nm) are observed for 1 < x < 2. At sufficiently
high surfactant concentrations, at x = 4, an interference maximum appears at
g ~0.015 A~1 in the SANS spectra and is indicative ordering by the micelles
with a characteristic separation distance of 40 nm. This defines the second
phase boundary. It is suggested that this ordering is due to electrostatic repul-
sion rather than steric hindrance.

Interesting analogies can be made with poly{9,9-bis(6-(N,N-trimethylam-
monium) hexyl)fluorene-co-1,4-phenylene} iodide mixed with aqueous
C12Es5 [49]. Al Attar and Monkman [50] probed the optical properties of this
copolymer in the presence of ssDNA. In the system they found that poly-
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Fig.10 SANS data of PBS-PFP copolymer with C;;Es surfactant in D20. The monomer
concentration was 5x 10# M and the ratio of surfactant over monomer x = 2.0. Also
shown are fits by flexible cylinder model (solid line) and stiff cylinder (dashed line).
Reprinted with permission from [48]. © (2006) by the American Chemical Society
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mer aggregation occurs only after the surfactant breaks down. They also
observed that in solutions with low ssDNA concentrations the surfactant re-
duces quenching of the complex by preventing charge transfer processes.
Charge transfer processes are sensitive to even small distance variations. They
suggested that the reduced quenching stems from increasing the distance be-
tween the polymer and ssDNA by incorporation of polymer into aggregates.
At high ssDNA concentrations the quenching actually increased sharply. This
was attributed to the increase in the electrostatic force destroying the micelle’s
structure around the polymer.

4
Solid State

4.1
Intra- and Intermolecular Structures

4.1.1
Branched Side Chain PF2/6

Among the many PF derivatives that have been synthesized in recent years
the branched 2-ethylhexyl functionalized polyfluorene, or PF2/6 [24, 51-56],
clearly stands out as one of the two most heavily studied PF structural
archetypes in both bulk and thin film form. The paper by Lieser et al. [51] is
key and this work gives evidence for the formation of 5-fold helices through
a combination of XRD, ED and molecular modeling. Additional support for
this proposed main chain conformational motif is reported in follow up stud-
ies of PF2/6 [52, 53] and F2/6 [18, 57].

The modeling of [51] also emphasizes a very important PF intramolecular
structural attribute; attention should be placed on the rotation between
repeat units. In contrast to ladder-type PPPs [7] in which all phenylene
rings are fused, PFs are representative of a “step-ladder” and this allows
for a sterically hindered rotation between the repeat units. There is a well-
defined competition between m-bonding, which lowers the total energy
through planarization of the phenylene rings, and a steric repulsion of the
o-hydrogens between adjacent monomers. Apart from a probable exception
at very high pressures [58], PF2/6 usually adopts a stiff helical conform-
ation of the main chain marked by a single ensemble average distribution
of conformational isomers. Thermal cycling of PF2/6 leads to mesomor-
phic phase behavior with the presence of nematic, hexagonal and isotropic
phases.

Modeling indicates the presence of multiple 2-ethylhexyl conformational
isomers with nearly degenerate ground-state energies and a broad range of
fluorene-fluorene torsion angles approximating the 144° angle necessary for
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5-fold helix

S

hexagonal
symmetry

Fig. 11 Intra and intermolecular self-organization of PF2/6 polymer from 5-fold helices to
a three chain ensemble and, finally, into an ordered hexagonal array. Adapted from [3]

a 5/2 helix (i.e., two full turns of the helix for every five monomers). Simi-
lar results are seen by Marcon et al. [18] in a molecular dynamics study. This
heterogeneity leads to a PF material whose photoabsorption and photolumi-
nescence of PF2/6 are, to first order, independent of the specific structural
phase and subsequent processing.

In this picture the 5-fold helices constitute a base structure that self-
organizes into triangular ensembles of three chains and these subsequently
pack onto a hexagonal lattice at sufficiently high PF molecular weight and low
enough temperature [24] (Fig. 11). This yield a semi-crystalline Hex phase
with equatorial coherence lengths (i.e., the interchain packing) exceeding
20 nm.

An underlying issue with these helices is that the underlying 5-fold sym-
metry is incommensurate with the observed hexagonal unit cell and must
introduce appreciable frustration. This latter effect will impact the crystalline
perfection and any deviation from perfect periodicity introduces systematic
effects in the Bragg scattering peak widths (and lineshape). Follow-up fiber
XRD studies [24] identify a systematic trend in the observed scattering peak
width consistent with the presence of paracrystallinity. Moreover, highly ori-
ented PF2/6 fiber XRD data contains reflections which do not quite fit the
nominal chain repeat specified by a 5-fold helix. Knaapila et al. [59] suggest
that PF2/6 actually forms helices comprised of 21 monomers as opposed to
the 5-fold helices, (i.e., in a 4 x 5 content) (Fig. 12). The 21-mer helical model
would better accommodate the 3-fold rotational symmetry of the three chain
unit cell and explain previously non-indexed reflections.

In regards to the intermolecular self-organization much can be learned
from the physics of hairy-rod polymers [60] and PFs, especially PF2/6, are
excellent model systems. As is the case in diblock polymers, a deceptively
simple model parameterization of the key underlying interactions yields
semi-quantitative predictions of the structural phase behavior. These model
calculations can be directly compared to the experimental phenomena. The
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Fig.12 Schematics of the helix form and side chain packing of PF2/6. In the proposed 214
helix the link atom is at the helical axis, around which the main chain and two side chains
revolve quite like in a triple helix. The helical pitch P is defined by one complete turn of
the backbone. The 21-helicity realizes 3-fold rotation symmetry. The right drawing shows
possible arrangement of the side chains. The dashed areas correspond to sites unoccupied
in this particular monomer layer. Reprinted with permission from [59]. © (2007) by the
American Chemical Society

most extensive work describes the phase behavior of PF2/6 [24, 54, 55], as
functions of both temperature and molecular weight, through a classic mean-
field analysis of the free energies.
The main transition of interest in PF2/6 is a crossover from the Hex phase
at high molecular weight to a Nem phase at low molecular weight, cf. Fig. 13.
In the mean-field analysis the free energy of the Nem phase is estimated as

4
f + kgTVcln 4 , (2)
e .QN

Fy~ kB TVcln

where the first and second terms, respectively, correspond to the translational
and orientational entropy. Here kgT is the Boltzmann factor, V volume of
the sample, ¢ concentration of hairy-rod molecules, f the volume fraction of
the backbone in the molecule, and e is the Euler number. The quantity £2y
describes the degree of overall (uniaxial) alignment: The smaller 2y is, the
more aligned the system.

In contrast, the Hex phase has negligible translational entropy and the in-
teraction between ordered molecules due to the inhomogeneous distribution
of side chain ends becomes dominant. The resulting free energy is

Fy~ kgTVcln 4 - kgTV Y s (3)
QH UolzKlu

where v and Ix are, respectively, the volume and Kuhn length of a side chain,
I, is the distance between two consecutive grafting points (the length of the
repeat unit), and vy is the volume of one repeat unit of the hairy-rod.

The concentration c is directly related to M,, through ¢ = M,,/voM,, where
M, is the weight per repeat unit. For a given molecular weight and tempera-
ture, the phase with the lower free energy is more favorable. Thus, a threshold
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Fig.13 Above: Schematics of a hairy-rod polymer consisting of a stiff backbone and
flexible covalently connected side chains. N, Ik, and v are the number of segments, the
segment length (the Kuhn length), and the volume of the beds of the side chains, respec-
tively; M, Iy, L, and d are the number of the repeat units, distance between grafting points
(the unit length) and the length and diameter of the rod, respectively. Below: End-on
schematics of (a) nematic (Nem) and (b) hexagonal (Hex) phase of hairy-rod molecules.
Adapted from [24]

value, M}, is obtained when the two free energies are equal

Bl, e
M~ M, u1 N (4)
fu

Equation 4 implies that for M, > M}, the Hex phase should be observed.
Approximating £2y ~ 2y which is justified near the glass transition tempera-
ture, the threshold molecular weight is given as

N Bl, e
Mo~ My < ¥ In ;e (5)

The relation between molecular weight and degree of alignment can be es-
timated as follows [55]. PF2/6 is regarded as a hairy-rod molecule in which
each chain consists of stiff segments of diameter d and length IR, where
KR js the Kuhn length of the rod (Fig. 14). The Kuhn segments are assumed

to align independently, the total orientational configurational space for the
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Fig. 14 The illustration of the alignment in 3D consideration. The vectors z and ¢ repre-
sent the alignment direction and the backbone of a rigid molecule, respectively. Reprinted
with permission from [55]. © (2005) by the American Chemical Society

chain being

; (6)

d Mnlu/MulgR
Qi(t) ~ (ZHR (1 + C,'t))
K

where t = T - Tg is the temperature measured from the glass transition tem-
perature Ty and C; is a phenomenological coefficient which describes the
change in the orientational freedom of a single segment with temperature.
Subindices i = N, H refer to “Nem” or “Hex”, respectively. When alignment
between phases (£2;) is considered, the equation for the binodal T vs. M, can
be linearized to yield ¢ as

M*
t*%A(l— ”0) , (7)

where A incorporates all the phenomenological constants.

The implications of this theory are as follows: Eq. 4 yields a threshold weight
separating a LMW, M,, < M}, from HMW, M,, > M, regime. Equation 6 depicts
the degree of alignment as a function of T and M,. Equation 7 gives an ap-
proximate expression for the Hex-Nem coexistence line above Tg. When the
experimental dimensions of the molecule are introduced into the theory, the
Hex-Nem phase transition is predicted as a function of M,. When T* ~ T,
Eq. 5 predicts this transition at M, ~ 10 kg/mol for PF2/6 [24]. The limit in
the case M, > M, is obtained by the constant A extracted from experiment.
Finally, the binodal, Eq. 7, is an interpolation between these limiting cases.

The phase diagram plotted in Fig. 15 compiles the theoretical result along-
side experimental data for T > Tg [24]. For lower M, only the Nem phase is
possible above T. At lower T the Nem-Hex transition as a function of M, is
seen at M} whereas the Hex-Nem transition as a function of temperature is
observed for HMW materials. As seen in Fig. 15 the experimental data are in
surprisingly good agreement with the theory although the theory only con-
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Fig.15 Theoretical phase diagram of PF2/6 as a function of M, for T > T and the com-
pilation of the corresponding experimental results. M}, defines low (LMW, M,, < M};) and
M, high (HMW, M,, > M};) regimes. The solid line shows the theoretical Nem-Hex phase
transition. The Hex-Nem transitions based on DSC and XRD measurements are marked
by solid triangles and open circles, respectively. The grid-lines correspond to the M, of
experimentally studied materials. The vertical bar at 90-130 °C for M,, = 8 kg/mol shows
the position of occasionally seen Hex traces. Reprinted with permission from [24]. ©
(2005) by the American Physical Society

siders monodisperse chains whereas experiment contains polydisperse rods.
What is not explicitly considered in this theory is the important fact that the
hexagonal unit cell does not contain one but three polymer chains; a fea-
ture which stems from the 5-fold symmetry of the chain helical conformation.
This suggests that the energy scale relating to the formation of three chains
per unit cell is a comparatively small quantity. The mean-field approach it-
self is quite general and, with appropriate modifications, it is likely other CPs
systems can be similarly understood.

Various PFs [61-63] and their pyrrole analogues [64] functionalized with
chiral side chains exhibit NLO character and it is not clear how the chirality,
helicity and NLO character are related. Because PF2/6 has become a model
test system in the study of helical PFs, fully understanding its intramolec-
ular structure can serve as a reference point for further comparisons. The
molecular level heterogeneity intrinsic in the single chain structure of PF2/6
insures a high level of frustration and thus it represents a model polymer for
paracrystals and paracrystallinity [24].

The near 5-fold helical symmetry of the main chains suggests a near pentag-
onal shape to the polymer chain and, with respect to interchain self-assembly
of the Hex phase, the three-chain per unit cell is the basic packing motif for soft
pentagons. This can be contrasted with the small two-fold reconstruction one
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observes in packing of rigid pentagons (cf. [65]). Finally, we note that the above
phase diagram holds only at ambient pressures and this is not the whole pic-
ture. Guha et al. [58, 66] have studied PF2/6 at high pressures by spectroscopic
methods and found a phase transition involving a potential planarization of
the chains at 20 kbar for the bulk and 35 kbar in thin film samples.

41.2
Linear Side Chain PF8

Linear side chain PF8 (or PFO) [17, 19, 20, 22, 67-76] represent another heav-
ily investigated PF archetype and can be considered a counterpart to PF2/6.
Apparent in all the reported findings to date is the conspicuous physical dif-
ference between these two materials despite their close chemical resemblance;
they have a similar chemical stoichiometry and structure. The major dis-
tinguishing structural characteristics are the chain morphology and phase
behavior. PF2/6, as already discussed, appears to be helical with nematic,
hexagonal and isotropic phases. Single chain conformational studies indi-
cate a broad distribution of conformational isomers whose inter fluorene-
fluorene dihedral twist is approximately 45° [53]. Thus, photoabsorption and
photoluminescence of PF2/6 are essentially phase independent. In contrast, as
described in the single molecule section, PF8 is both more planar and more
diverse, exhibiting upwards of three distinct conformational isomer families
(denoted as Cy, Cg, C,) each with a different conjugation length and mean
torsional angle between the monomers [17]. These intramolecular variations
are paralleled by an increased level of interchain structures. PF8 is decidedly
polymorphic with a crystalline o phase and meta stable crystalline o’ phase,
as well as amorphous, glassy, nematic and isotropic phases. Accordingly, the
isomers and different “phases” of PF8 show significant photophysical differ-
ences despite their identical chemical make up.

In intermolecular (crystallographic) terms, the nematic and isotropic phase
can occur at high temperatures (transitions at ~ 160 °C and ~ 300 °C, respec-
tively) while it is generally accepted that at the room temperature the solid state
is dominated by a stable crystalline o phase. This was first proposed to mani-
fest a zigzag conformation with the fiber periodicity of 33.4 A corresponding
to four monomer units [67]. Later on, an orthorhombic lattice of eight chains
with the space group P2;2;2; and lattice parameters a = 25.6 A, b=234 A,
and ¢ = 3.36 A (crystallographic c axis being along the polymer backbone) and
theoretical density 1.041 g/cm? was proposed [73] (c.f., Fig. 16). This proposed
picture was recently challenged by an alternative model based on a tetraradial
construction of the side chains and a unit cell space group Pnb2; [76]. This
model is illustrated in Fig. 17 and employs the following logic. At the onset
PF8 was constrained to a planar zigzag conformation with, after accounting
for the n-octyl sidechains, a four monomer periodicity along the ¢ axis. In
this model the planar backbone does not preclude the possibility of a left/right
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Fig.16 Proposed model of molecular packing in the crystalline phase of PF8: energy-
minimized structure (backbones in red) as viewed along a the ¢ axis and b the b axis;
¢ an expanded view with side chains hidden to demonstrate twisting of the backbone.
A few selected pairs of n-octyl side chains are highlighted in green in (a) and (b) to allow
for easier identification. Reprinted with permission from [73]. © (2004) by the American
Chemical Society

Biradial Tetraradial

Fig.17 Above: a c axis projection of the refined PF8 crystal structure. b Projection of the
two-chain pattern along the 1-1-0 direction. Below: Projections of the PF8 chain con-
formation along the c-axis for the biradial and tetradial configuration of the n-octyl side
chains. The hydrogen atoms are omitted for clarity. Reprinted with permission from [76].
© (2007) by the American Chemical Society



248 M. Knaapila - M.]. Winokur

handedness for each PF8 chain and so, by invoking a systematic sequencing of
either biradial and tetraradial side chain conformations [2], an efficient space
filling packing of the n-octyl chains could be realized. Brinkmann [76] sys-
tematically examined a series of postulated packing schemes and found that
the simulated SAED patterns compared most favorably with the tetraradial
construction whose refined structure is shown in Fig. 17.

Another crystalline form, metastable ', is comprised of a slightly modi-
fied orthogonal lattice along the b axis (b =23.8 A) [75]. Non-crystalline
room temperature phases include an (optically isotropic) amorphous phase
and a metastable so-called g “bulk” phase (not to be equated with the Cg
conformer and B-type optical emission). The overall phase behavior also in-
cludes a glassy g phase [12]. Even as complicated as this picture appears it
still may be viewed as an oversimplification. A general depiction of the phase
behavior is illustrated in Fig. 18.

Some special attention should be placed on the B (bulk) phase as well.
Although this form is often reported as being non-crystalline, it gives rise
to sharp Bragg reflections commensurate with lamellar order with a long
period of 12.3 A [74] and fiber periodicity of 16.6 A (which corresponds to
two monomer units) [67]. Thus, it differs from “real” crystals in the sense
that it is mesomorphic. This phase also includes the presence of absorbed sol-
vent and may be obtained by extended exposure to solvent vapor or solvent
(cf., the solvent section). In particular, it has been found to appear as an in-
termediate step in the transformation from the solvent induced clathrate-like
structure to the solvent-free well-ordered « phase [74]. The « and 8 (bulk)
phases may coexist and are closed related to one another but are still struc-
turally incompatible.

Free Energy

TQN

mE Tw
50 100 150 200 250 300
Temperature (°C)

Fig. 18 Schematic free energy diagram, showing relative thermodynamic stabilities of var-
ious phases of solid state PF8. Reprinted with permission from [74]. © (2005) by the
American Chemical Society
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In regards to the intramolecular structure (as discussed in detail in the
single molecule section) there may well be inhomogeneities in local struc-
ture arising from the side chain conformational isomerism (with either anti
or gauche alkyl chain conformations). The three aforementioned conforma-
tional isomer families [17] reflect mean fluorene-fluorene torsion angles be-
tween adjacent fluorene monomers of approximately 135, 160, and 150° [17]
(or 138, 165, and 155° [19]). Of these, it is the 150° (i.e., C, ) conformer that is
most likely to be incorporated into thermally annealed PF8 polymer samples
(and thus be incorporated into the « crystal phase). Brinkmann’s [76] planar
model has many attractive structural qualities and the scattering data is note-
worthy but this work includes no spectroscopic measurements and, without
corroborating optical emission data, the backbone conformation in the PF8
crystal cannot be genuinely shown to be truly planar. It is also worth noting
that the order-disorder transition observed at 80 °C (cf, Fig. 18) involves the
loss of intra and interchain structural ordering [70].

413
Other Polyfluorenes

Apart from the above two examples, PF2/6 and PF8, the molecular structures
and phase behavior of other PFs are known in far less detail. Two fluorene-
thiophene copolymers, F8BT [77] and F8T2 [78], have been found to form
lamellar semi-crystalline structures. An example of GIXRD data from a thin
film F8BT sample is depicted in Fig. 19. Elsewhere the nature of the intra-
and intermolecular interactions in F8BT have been studied by spectroscopic
methods at elevated pressure [79]. As a general trend, by changing the side
chain length, the interlayer spacing of a lamellar PF could be systematically
changed [80].

Another interesting example is PF6 [81,82]. Qualitatively PF6 exhibits
many similarities to PF8 and the corresponding crystal phases are identified
by Su et al. [81]. However, the structure is not identical and, while the & and o’
phases of PF8 are both orthorhombic, the « and « phases of PF6 are, respec-
tively, monoclinic and triclinic. Interestingly, the analogous 8 “bulk” phase is
characterized by a interlamellar periodicity of 14 A and this is larger than that
in PF8. The phase transition temperatures are also shifted and, while the ne-
matic phase of PF8 appear at around 160 °C, the nematic phase of PF6 is not
observed until at 250 °C [81].

414
PF Oligomers

Systematic structural studies of PF monomers and oligomers provide com-
plementary structural information. Single crystal studies by Leclerc et al. [83]
of 2,7-dibromo-9,9-dioctylfluorene-chloroform (or just the monomer it-
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Fig.19 GIXRD data for F8BT with molecular weight 255 kg/mol (A-C) and with molecu-
lar weight of 9 kg/mol (D-F). (A and D) Pristine, (B and E) annealed to Ty and slowly
cooled, and (C and F) annealed to T, and slowly cooled. The inner and outer rings in
(A) correspond to the (001) and (004) reflections, respectively. The most likely orienta-
tions of the polymers with respect to the substrate is shown in (G), with the 7-stacking
direction indicated by arrows. Reprinted with permission from [77]. © (2005) by the
American Chemical Society

self [84]), the base monomer of PF8, observe a planar fluorene core with
the octyl side chains adopting an all anti conformation. A crystallographic
study of the thiol-capped F6 monomer, 2,7-di(2-thienyl)-9,9-dihexylfluorene,
by Destri et al. [85] yields similar results. This contrasts with the presence
of gauche conformations in the PF polymers. With oligomers one can em-
ploy monodisperse samples and step-wise study the effect of increasing chain
length of any number of properties.

Oligofluorenes studies have been performed by Wegner and coworkers
[18,57,86,87] and others [88,89]. The packing frustration evident in the
PF2/6 polymer is already present in the chains as short as a trimer [89]. Even
at this short length thin films exhibit mesotropic-type phases [89] as opposed
to the crystalline monomer samples.

A representative result is plotted in Fig.20. While the intramolecular
characteristics approximate those of high (molecular weight) PF2/6, the inter-
molecular assemblies of low molecular weight PF2/6 and F2/6 differ. As
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Fig.20 The single crystal structure of (7,7’ -dibromo-9,9,9',9'-tetrakis(2-ethylhexyl)-2,2’-
bifluorene) (or DBBF): A the aromatic framework shown without the aliphatic side-
chains; B the chain packing showing the relation among the different molecules in the
unit cell. € The 3D packing, projected along the molecular long axis. Note that the con-
formational angle between the two fluorene moieties in DBBF is 144.2°. Reprinted with
permission from [57]. © (2005) by Wiley-VCH Verlag GmbH & Co. KGaA

discussed in the section above, LMW PF2/6 forms a nematic phase [24]. In con-
trast F2/6 oligomers develop a smectic B phase [57]. This difference arises from
the fact that the PF2/6s are polydisperse whereas oligomers are monodisperse.

Another structural attribute that can be achieved in branched side chain
PF oligomers are samples containing a single chiral enantiomer [88,89].
These samples are intrinsically chiral and thus are optically active and can
produce circularly polarized emission. Chiral functionalized PFs exhibit anal-
ogous properties [62, 63, 90].

Oligomers with n-alkyl functionalization have also received attention.
A particularly intriguing question is in regards to the unusual g phase confor-
mational isomer isolated PF8 and its presence in F8 oligomers. Tsoi et al. [91]
confirm the presence of the § phase in very short oligomers but, by monitor-
ing the emission energy as a function of chain length, estimate that its con-
jugation length actually extends up to 30 £ 12 monomers in longer oligomer
samples. This observation of S-type emission in short oligomers reinforces
the notion that the polymer crystal phases may not be directly correlated with
the local conformational state of the polymer backbone.

4.2
Macroscopic Alignment of Polyfluorene Chains and Crystallites

4,21
Alignment

Achieving controlled macroscopic alignment of PF films is important for
a wealth of reasons. Oriented samples exhibit anisotropic charge transport
properties with enhanced mobilities and PF examples include F8BT [92],
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PF8 [93], and F2/6 oligomers [94]. Major consequences also appear in the op-
tical properties. In PFs the w—7* transition dipole is arrayed nearly parallel to
the chain axis and, in oriented samples, it is possible to achieve polarized EL
or PL. This was demonstrated very early on in PF2/6 [95] and PF8 [96]. Here
ellipsometry is an extremely useful analytical method and the optical con-
stants of spin cast PF2/6 [97,98] and F8BT [99] thin films have been widely
measured. As-spun films exhibit strong optical anisotropy when probed with
light having in-plane and out-of-plane polarization. S-Polarized light (i.e., in
the plane of the films) undergoes a large absorption with a highly dispersive
refractive index. Light polarized normal to the film surface experiences very
low absorption and a weakly dispersive refractive index. These observations
are consistent with a picture that within the as-cast films the polymer back-
bones are parallel to the surface but randomly oriented in this plane (i.e.,
a classic planar-type structure). Thermal annealing of PF films atop rubbed
polyimide [97] lead to appreciable uniaxial alignment of the polymers paral-
lel to the rubbing direction and this reorients the optic axis along the rubbing
direction. This situation is also manifested in stretch-aligned PF fibers that
have been prepared by mechanical drawing at temperatures above the glass
transition temperature [24,59,67]. An interesting variation of this method
employs mechanical stretching of a blend [100] (see the discussion of mi-
crofibers in the next section).

Advanced procedures to assess the extent of PF uniaxial alignment have
been forwarded by Bradley et al. [101] but the nematic morphology intrin-
sic to PFs introduces significant secondary complications [102]. Although the
majority of PF literature generally focuses on macroscopic alignment of the
chain axes, it should be noted that large-scale structural anisotropy of CPs
extends to directions [52,103] orthogonal to the chain axis.

There are notable instances in which improvements in the structural char-
acterization of aligned fibers has led to better understanding of the underly-
ing optical properties. Galambosi et al. [104], for instance, were able to relate
fiber XRD of PF2/6 to IXS and thereby present a unified theoretical and ex-
perimental treatment and the DOS arising from both the backbone and side
chains. With aligned fibers they were able to identify directional components
of IXS spectra and DOS.

Although uniaxial alignment within “bulk” fibers often provides a use-
ful setting for more fundamental studies, a more technologically import-
ant format is that of a thin film. The presence of multiple interfaces and
a large surface to volume ratio often introduces greater structural com-
plexities and these derive from the surface interactions. In thin, uniaxi-
ally aligned PF films the stiff PF backbones collectively align locally into
a domain and this ensemble, on average, lies in the plane of the film and
the director points along a preferred in-plane axis. In the simplest case
there is an oriented nematic phase. If, however, the PF chains also in-
clude long-range meridional and/or equatorial translational order, there can



Structure and Morphology of Polyfluorenes in Solutions and the Solid State 253

be aligned smectic or crystalline phases. This leads to opportunities for
a secondary alignment and is referred to as biaxiality. Biaxially aligned PFs
manifest higher structural hierarchies in their textured crystallites (vide
infra).

A common method for achieving uniaxial alignment of PF thin films is
based on simply spin-casting of the CP onto a templating substrate (typic-
ally a rubbed polyimide layer). In regards to PFs, Miteva et al. [95,105-109]
performed much of the original work. Polyimide is electrically insulating and
so if charge transport through the alignment layer is a necessity (i.e., in an
LED device) the alignment layer can also be doped with an electroactive ma-
terial [110]. The presence of a second component in the templating layer
modifies the substrate/polymer interface and thus the nature of the unaxial
alignment. The degree of chain alignment is a very strong function of system
and process parameters. These include solvent [21] and polymer molecular
weight [111].

Alternative methods, including friction transfer [71] and directional epi-
taxial crystallization [76], have also been used successfully in the alignment of
PFs. In the friction transfer method one provides a crystalline templating sub-
strate, (e.g., PTFE) and then applies a CP over layer. As in the case of a rubbed
substrate, the CP does not significantly impact the orienting ability of the
aligned substrate. This process is commonly referred to as graphoepitaxy.

Directional epitaxial crystallization requires a crystallizable solvent that is
heated above its melting point and then exposed to a spatial thermal gra-
dient that sequentially recrystallizes the solvent. As the temperature drops
below the melting point the crystallizing solvent front conveniently functions
as both a nucleating and orienting surface [76].

Anisotropic orientation of PFs may also have been achieved in LB films
and by LB film transfer methods [112] but in this case uniaxial alignment
has not as yet been achieved. Alignment can also be achieved using a top
down approach rather than a bottom up strategy. Samuel and coworkers [113]
used a rubbed polyimide surface coated with an intervening thermotropic li-
quid crystal layer to produce uniaxial orientation starting at the top surface of
a PF2/6 LED device.

4,22
Aligned Films of PF2/6

PF2/6 films, depending on the explicit PF2/6 material and environmental
conditions, can manifest uniaxial [54, 114] or biaxial alignment [52, 55, 115].
Figure 21 plots schematically an example of the uniaxial chain alignment
(parallel to the substrate surface) and equatorial patterning (perpendicular
to the surface) by LMW and HMW PF2/6 thin films atop templating rubbed
polyimide substrates. In keeping with the terminology introduced above, the
experimental observations are as follows.
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Frozen-in nematic phase, M <M * X

a well aligned nematic layer
a layer with tilted polymers
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Fig.21 Experimental geometry and schematics of the aligned PF2/6 films. Above: Uniaxi-
ally aligned frozen-in nematic PF2/6 microstructures. Below: Biaxially aligned hexagonal
PF2/6 microstructures with crystallite types I-III. Assuming chain alignment (i.e., the
c axis) along the rubbing direction, then the equatorial and meridional directions may
be defined by the (xy0) plane and z-axis, respectively. See [114, 115] for details

Case 1: M, < M. The structure of uniaxially aligned LMW PF2/6 has
been recently studied by combination of optical spectroscopy, NEXAFS and
GIXRD, Fig. 22 exhibits a representative NEXAFS data and the subsequent
analysis. These data support a structural model in which there is a graded
morphology such that the top and bottom surfaces exhibit extensive planar,
uniaxial alignment while the film interior is less well oriented and includes
both planar and tilted (i.e., non-planar) PF2/6 chains [114].

Case 2: M,, > M;,. Once the molecular weight exceeds a threshold value,
M, [24], PF2/6 forms hexagonal unit cells [51]. In this case the structure
displays secondary effects due to the thin film geometry and the presence
of interfacial forces. Here, there is a pronounced equatorial anisotropy with
a measurable contraction of the lattice constants in the out-of-plane direc-
tion [52]. These surface interactions also give rise to a distinctive biaxial
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Fig.22 Example NEXAFS data from an aligned PF2/6 film spin cast on rubbed PI. “Paral-
lel Geometry” refers to E-field parallel to the rubbing direction. € is the angle between

surface normal and electric field vector of the incident light in conjunction with the
rubbing direction of the polyimide substrate. See [114] for details

alignment marked by uniaxial (meridional) chain alignment and a multi-
modal equatorial anisotropy. In this situation the c axis is defined as the
direction along the rod-like backbone (see GIXRD data in Fig. 23). The two
dominant equatorial crystallite orientations, type I and II, have their re-
spective a axes parallel and perpendicular to the surface normal [52]. These
orientations form a mosaic texture and, in thin films, the crystallites extend
through the entire thickness of the film [55]. These two equatorial orienta-
tions (i.e., type I and II crystallites) are also found to exhibit almost identical
meridional orientation distributions [115] (Fig. 24). The equatorial ordering
includes similar paracrystalline attributes in both the type I and II crystal-
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Fig.23 GIXRD images from the PF2/6 film studied. a (xy0) plane, ¢ = 0° and b (x0z)
plane, ¢ = 90°. The GIXRD patterns were measured with the incident beam along the z-
and y-axes, respectively. Blue and red indices show the primary reflections of the types I
and II, respectively. Reprinted with permission from [115]. © (2007) by the American
Chemical Society
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Fig.24 Integrated intensities of the second hexagonal GIXRD reflections of aligned PF2/6
film corresponding to the sample of which the data is shown in Fig.23. a Type L
b Type II. ¢ Type IIL. Solid lines are corresponding Gaussian fits. Reprinted with permis-
sion from [115]. © (2007) by the American Chemical Society
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lites. A small fraction of equatorial scattering is superimposed on a back-
ground of hexagonal phase polymer with a cylindrically isotropic orientation,
denoted as type III [115]. This third type is most prominent in doped aligned
films [116]. The overall model is thus summarized in Fig. 21.

The uniaxial PF2/6 alignment can be quantified in terms of the mean-field
theory discussed previously. The degree of alignment in equilibrium (£2) is
a function of the number-averaged molecular weight (M,,) as described by
Eq. 6. This prediction has been studied by photoabsorption in [55] and there
it has been shown that the solid angle §2 is expressed in terms of the dichroic
ratio in absorption (R) as

2 2
~ _+0(R?), 8
4T R ( ) ®
where R is defined as
R= |E\|/EL s 9)

where E| and E| are the maximum values of the absorbance for light polar-
ized parallel and perpendicular to the z axis (cf., Figs 14 and 25). In a perfectly
aligned sample the z axis is parallel to the molecular c axis.

Equations 6, 8, and 9 illustrate the relationship between phase behavior
and £2 as a function of M,,. In particular, they imply that if £2 increases ex-
ponentially with M, then, correspondingly, R decreases exponentially.

Figure 26 plots R from the PF2/6 films as a function of M,, when the uniax-
ial alignment has been allowed to reach saturation (at elevated temperature)
in the Nem phase regime (cf., Fig. 15). The overall picture for the alignment
under similar conditions is that the degree of alignment first increases (R lin-
early) and then drops (R exponentially) with M;-. So LMW PF2/6 behaves
quite differently than the HMW material, not only in terms of self-assembly
but also in terms of the overall alignment.

&

Fig.25 The illustration of the alignment in a 2D consideration. The vectors z and c repre-
sent the alignment direction and the backbone of a rigid molecule, respectively. Reprinted
with permission from [115]. © (2007) by the American Chemical Society
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Fig.26 Dichroic ratios in absorption (R) as a function of M, as measured at 380 nm. The
open squares correspond to the samples annealed at 80 °C for 10 minutes and the solid
squares those at 180 °C for 18 h. A dotted line shows M, the Nem-Hex transition point
of PF2/6. An inset shows the region of an exponential drop between M, = 10*-10° g/mol
and a linear fit. Reprinted with permission from [55]. © (2005) by the American Chemical
Society

The maximum degree of alignment as a function of M, is achieved at the
boundary of these regimes, at around M ~ 10 kg/mol. These regimes have
been characterized as follows [55].

e M, < M;: The small LC regime, regime 1. Because the lengths of molecules
in the regime 1 are approximately twice the persistence length [23],
flexibility is not dominant and therefore the alignment increases with
M, [117].

e M, > M;: Chain flexibility now becomes important. If inflexible, the
molecules in the melt would align perfectly apart from thermal fluctu-
ations. As predicted by Eq. 6, the flexibility changes the 2 scaling as
2 ~ (const.)Mn, An exponential increase in §2 implies an exponential de-
cay in R. This is experimentally confirmed between 10-100 kg/mol in the
inset of Fig. 26.

e M, > M;: R reaches its minimum (i.e., it cannot decrease further from
unity).

Although the alignment is discussed under the assumption of a Nem phase,
the same progression holds for the Hex phase with one exception. There is no
regime 1 because the Hex phase does not exist when M, < M.

These above concepts do not differentiate between which crystallite types
actually exist in PF2/6 films (see Fig.21). The connection between uniaxial
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and biaxial orientation of crystallites has been described in [115]. In this ex-
ample R is first related to the 2D orientational order parameter s with
R-1
s= .
R+2
The order parameter s links R to the mosaic distribution of the azimuthal
rotation angle about the surface normal (¢). The former is measured using
optical absorption spectroscopy whereas the latter is measured separately for
each crystallite types using GIXRD. In this task it has been assumed that the
rod-like molecules are always parallel to the (0yz) plane (i.e., perfectly planar
alignment) and a two-dimensional order parameter can be given as

(10)

s=<2c0329—1>=/f(9)c0329d9. (11)

At a high degree of orientation, this may be simplified by cosa =~ 1 - &?/2
s~1-202, (12)

where 6y = \/ (6%) may be physically interpreted as the angle accessible for the
rotational motion of a molecule (see Fig. 25).

In one experimental test case [115] R corresponded to measured values
6 = 11°-15°. These numbers were then compared to those obtained by
GIXRD. For the three crystallite types I-III respective values of 6} = 8.8 £0.2°,
O(I)I =9.940.2° and O(I)H =15+ 1° were observed. The difference between the
GIXRD and optical measurements stems from the fact that GIXRD is pref-
erentially sensitive to crystalline material. To reconcile this difference it was
necessary to include a non-crystalline volume fraction of gn. 2~ 0.06...0.12;
a value which was comparable to the value estimated from diffuse scattering
(~ 10%).

4.3
Surface Morphology

The surface and interfacial morphologies within CP films and their blends
are clearly an extremely important aspect of many device applications in
which charge generation and energy transfer are key (e.g., see [118-120]).
The morphology of many PFs is well-known and PF8 surfaces, for example,
often consist of nanometer-sized crystalline grains [73,76]. Ample studies
have shown that the surface quality of the PF films is a strong function of both
the processing conditions and the explicit functionalization. The molecular
level attributes already discussed, such as chain length, side chain branching,
and molecular weight, are equally important in establishing the interfacial
structure.

Teetsov and Vanden Bout [121-123] have used SNOM to study linear side
chain PFs as a function of side chain length. These authors found polymer-
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Fig.27 2 x 2 pum SNOM images of annealed films of PF6 (a and d), PF8 (b and e), and
PF12 (c and f): topography (a—c¢) and SNOM fluorescence anisotropy (d-f). Reprinted with
permission from [122]. © (2002) by the American Chemical Society

Fig.28 Tapping mode AFM phase images of a thin PF8 deposit on mica. The area is
1.0 x 1.0 um. Reprinted with permission from [124]. © (2002) by the American Chemical
Society

specific ribbon-like domains 15-30 nm in size. An example is shown in
Fig. 27. As a result they concluded that it was the molecular scale interchain
interactions that were ultimately responsible for these systematic variations in
the morphology.
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Surin et al. [124] studied several PF films on mica and reported that the
microscopic morphology is also strongly correlated with the molecular archi-
tecture. PFs with branched side chains revealed a smooth featureless surface
down to the nanometer scale whereas PFs, with linear side chains, formed
networks of fibrillar structures in which the chains are closely packed. An
example of PF8 fibrilles is shown in Fig. 28.

Fig.29 Axialitic morphology of PF8 films melt-crystallized for 6 min at 145 °C , followed
by a rapid cooling: a,b Polarized micrographs without or with gypsum plate inserted,
c—f Secondary electron images at several locations under different magnifications, and
g a representative BFI and h the corresponding SAED pattern. The axialites first ap-
pear 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 cen-
tral view, slightly rotated to align the b*-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 corner of
(9). Reprinted with permission from [125]. © (2006) by the American Chemical Society
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The surface morphology of aligned F8BT [111] and PF2/6 [56] films have
been studied as a function of molecular weight. In the case of PF2/6 there
is a crossover in the surface morphology between smooth (Nem phase with
M,, < M) and rough (Hex phase, M,, > M) at the threshold molecular weight
M, [56]. The domains at the PF2/6 surface appear as aligned furrows and
ridges with dimensions comparable to the crystallite size as obtained by XRD.

The examples reported in [56, 111] were of samples achieving a high level
of uniaxial alignment. These films were annealed for several hours over which
it was assumed that equilibrium had achieved. Far more variegated features
are seen to develop during thermal annealing. Chen et al. [125] studied PF8
films from rapid quenching up to some minutes of thermal annealing. They
identified a rich interplay of asymmetrically growing spherulites or axialites.
These objects were composed of slender edge-on crystalline lamellas with the
preference of growth in the axial direction (see the richly textured images in
Fig. 29).

4.4
Higher Levels of Complexity—Nano and Microscale Assemblies

441
“Bottom-Up” Nanostructures

There is a wide range of so-called bottom-up methods for achieving complex
structural hierarchies within polyfluorene nanostructures. Synthesis of block

Ty

2

-':‘}"I:'

Fig.30 AFM images (tapping mode) of thin films of the PF-b-PANI triblock copolymers.
PF is equipped with 3,7,11-trimethyldodecyl and PANI with undecyl side groups, which
have been spin-coated from two different solvents: (left) chloroform and (right) toluene.
Reprinted with permission from [126]. © (2005) by Elsevier
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copolymers represents one obvious approach for introducing additional com-
peting interactions at the molecular level. Examples of microphase-separated
structures of PANI/PF/PANI and PT/PF/PT triblock copolymers have been
reported by Scherf and coworkers [126]. The polymers formed segregated do-
mains of sizes ranging from 50 to 300 nm. One example is shown in Fig. 30.
In these films the segregation can be controlled by the solvent. This allows se-
lective tuning of the photoluminescence quenching [127]. Elsewhere, Jenekhe
and coworkers [128] have combined PF2/6 with poly(y-benzyl-L-glutamate).
These three articles represent just a small slice of the types of materials that
can be synthesized and self-assembled.

PF blends provide another clear route for controlling the nanoscale do-
main architecture. Unlike block copolymers, in which phase separation is
constrained by chemical bonds, with blends one can adjust the conditions all
the way from complete miscibility to macrophase separation. Examples of dir-

F8BT-rich

N
: 4

Interface L i . %
»

between phases —»
AN LS

=

A

Fig.31 AFM images for thin films of PFB/F8BT blends with ratios: a 1:5, b 1:1, and
¢ 5:1. d 3D schematic representation of blended polymer film. The PFB-rich phase is
represented by the volume within the dark gray cylinder and the F8BT rich phase is repre-
sented by the hollow box on the outside of the dark gray cylinder. Photogenerated charges
within a thin cylindrical shell (light gray region) about the interface between the two
mesoscale phases (dark gray cylinder), become collected charge at electrodes. ¢ is the film
thickness, d is the average diameter of the circular phase, and Ar is the distance over
which charge can migrate, within the minor phase, to reach the interface. Reprinted with
permission from [119]. © (2002) by the American Chemical Society
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ect imaging of this segregation include a blend of PF8 and polystyrene [129],
PF8 and PMMA [130], F8BT and PFB [131], F8BT, PFB, and TFB [132] or
PF8 and F8BT [133-135]. A prominent example of the technological im-
plications is shown in work by Friend et al. [119]. Here they analyzed the
impact of varying composition and segregation in a PFB/F8BT blend in a se-
ries of photovoltaic devices. Examples of the observed morphological struc-
tures are shown in Fig. 31. The PFB and F8BT, respectively, function as hole-
and electron-acceptors in the photovoltaic device and the quantum yield is
strongly composition dependent. Moreover, Friend and coworkers showed
that charge-transport was the main factor limiting the device performance
and, additionally, demonstrated that this can be optimized by controlling the
microphase separation.

There are examples demonstrating higher level structural order in PF net-
works through solution chemistry and gel formation (c.f.,, Fig. 5). In these
cases the assemblies are based on cross-linked microcrystallites and physical
bonding [31]. Covalently cross-linked PFs have also been introduced in the
solid state [136-138]. Cross-linking, by means of photopolymerization of F3
or F7-containing LC oligomers, has been used to control charge carrier mobil-
ities [137]. A cross-linkable F80x copolymer has been used in the fabrication
of multilayer LEDs [136]. In this example the cross-linkable layer was uti-
lized in multilayer fabrication to separate poly(3,4-ethylenedioxythiophene)
and F8BT. Although extensive structural studies are not yet reported, we be-
lieve this is certainly another topic area in which in-depth structure studies
would be beneficial.

44.2
“Top-Down"” Nanostructures

Complementing the bottom-up methods which rely on competing molecu-
lar interactions are a number of “top-down” approaches for producing
PF nanostructures. An intriguing microporous template-based method has
been developed by Redmond and coworkers using either F8T2 [139] or
PF8 [140-142] to prepare nanowires. In this method the bulk polymer, PF for
example, is deposited onto the surface of a porous anodic alumina membrane
having a typical pore size of a few hundred nanometers. Then the system is
thermally annealed, often with applied pressure, to induce pore filling. Excess
polymer is removed mechanically after it solidifies on cooling. Thereafter,
the PF nanowires are released by soaking the template (typically in aqueous
NaOH which etches away the template). Finally, the wire residue is washed
with water and suspended in decane. Examples of these nanowires are shown
in Fig. 32. Optical emission studies can identify polarized emission indicat-
ing that the PF chains tend to align parallel to the wire axis. This method can
allow also for preparation of hollow PF nanotubes [142] (c.f., Fig. 33). These
kinds of nanowires can be subsequently aligned on films. These authors have
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Fig.32 a SEM image of a melt wetted PF8 nanowire array following template removal.
b Tapping-mode AFM image of nanowires on a glass substrate. ¢ High-resolution bright-
field TEM image of a nanowire region. d 2D FFT of the region of the image indicated by
the white rectangle in (c). e Lower magnification TEM image of the wire. Reprinted with
permission from [140]. © (2007) by Elsevier

Fig.33 SEM image of a PF8 nanotube. Reprinted with permission from [142]. © (2008)
by the American Chemical Society
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Fig.34 SEM images of PF8/PMMA blend electrospun nanofibers with a 10 and b 50 wt. %
of PF8. Reprinted with permission from [145]. © (2007) by the American Chemical Soci-

ety

also shown the nanowires can exhibit a large fraction of S-type phase when
PF8 is used [141]. It may well be that by placing PF8 into confined geometries
one can achieve some degree of additional control over the phase that forms.

PF nanofibers are a second example of a top-down nanostructure. These
fibers are conveniently prepared by electrospinning [143, 144], a technique
applied to PFs in work by Chen et al. [145] and Jenekhe et al. [146]. An ex-
ample of PF8 nanofibers is shown in Fig. 34. In this study various different
PFs were blended with PMMA and depending on the molar ratio and mother
solution used, either uniform or core-shell structures were obtained. PF ag-
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gregation in the electrospun fibers appears to be much smaller than that
in the spin-coated films due to the geometrical confinement of the electro-
spinning process and this leads to higher luminescence efficiency. The fibers
with PMMA demonstrate a full light-emitting spectrum as a function of com-
position [145]. Moreover, a blend of PF8 and MEH-PPV is utilized in the
fabrication of field-effect transistors [146].

5
Conclusions and Outlook

PFs, and conducting polymers in general, exhibit an enormously complex
range of structural behavior with a polymer specific hierarchal self-assembly
spanning many different length scales. In a few archetypal systems, primarily
PF2/6 and PF8, it has been possible to provide both a theoretical or mod-
eling framework for understanding the origin of some of these structural
forms and the phase behavior. At times it is necessary to analyze the struc-
ture starting at the molecular level but, in some cases, a coarser grain analyses
has proven effective in providing appreciable insight. Ideally one would like
a generalizable and self-consistent methodology that could scale from micro-
scopic to macroscopic length scales given that much CP behavior originates
at nanometer distances. Moreover such methods would greatly improve the
strategies available for efficient molecular design and engineering. At the
larger length scales PFs are necessarily influenced by both the device environ-
ment and operation. Thus, there should be an increased emphasis on in-situ
investigations. The current range of structural studies has already given crit-
ical input for many areas of PF research, synthetic chemistry in particular
has benefited. These studies also continue to have major implications for op-
toelectronic applications. Examples include photovoltaic cells, LEDs, FETs,
and biosensors. As already noted, the many reports in this review represent
only the tip of the proverbial iceberg in terms of what has and what can be
achieved. We expect that structure studies will continue to play a key role in
the years to come.
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