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Structure, photophysics, and the order-disorder transition to theb phase
in poly„9,9-„di-n,n-octyl…fluorene…

M. J. Winokur,* J. Slinker,† and D. L. Huber
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

~Received 26 November 2002; published 12 May 2003!

X-ray-diffraction, UV-vis absorption, and photoluminescence~PL! spectroscopies have been used to study
the well-known order-disorder transition~ODT! to the b phase in poly~9,9- ~di-n,n-octyl!fluorene! ~PF8!
thin-film samples through a combination of time-dependent and temperature-dependent measurements. The
ODT is well described by a simple Avrami picture of one-dimensional nucleation and growth but crystalliza-
tion, on cooling, proceeds only after molecular-level conformational relaxation to the so-calledb phase. Rapid
thermal quenching is employed for PF8 studies of purea-phase samples while extended low-temperature
annealing is used for improvedb-phase formation. Low temperature PL studies reveal sharp Franck-Condon
type emission bands and, in theb phase, two distinguishable vibronic subbands with energies of'199 and 158
meV at 25 K. This improved molecular-level structural order leads to a more complete analysis of the higher-
order vibronic bands. A net Huang-Rhys coupling parameter of just under 0.7 is typically observed but the
relative contributions by the two distinguishable vibronic subbands exhibit an anomalous temperature depen-
dence. The PL studies also identify strongly correlated behavior between the relativeb-phase 0-0 PL peak
position and peak width. This relationship is modeled under the assumption that emission represents excitons
in thermodynamic equilibrium from states at the bottom of a quasi-one-dimensional exciton band. The crys-
talline phase, as observed in annealed thin-film samples, has scattering peaks which are incompatible with a
simple hexagonal packing of the PF8 chains.

DOI: 10.1103/PhysRevB.67.184106 PACS number~s!: 81.30.Hd, 61.10.2i, 78.66.Qn, 82.35.Cd
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I. INTRODUCTION

Conjugated oligomers and polymers continue to attr
worldwide attention because of the great promise of lo
cost, small-format optical and electronic devi
applications.1,2 This goal is heavily reliant on new materia
based, in part, on the synthetic addition of solubilizing s
chains and the facile processing technology that follows3,4

These chemical modifications have also created a vast we
of new structure/property relationships which modify impo
tant physical properties including both photophysics a
charge transport and, as a consequence, those of fabri
devices. Much current research is aimed simply at und
standing the impact that even simple postsynthesis proc
ing treatments have on observed polymer properties.

Especially interesting are conjugated polymers incor
rating poly(p-phenylene! based backbones. These materi
possess relatively large band gaps and are considered
able for applications requiring blue emission.5–8 Of these,
polyfluorene~PFO’s! derivatives are known9–11 for having
excellent quantum efficiencies, good electron mobilities, a
exceptional thermal and chemical stabilities in inert enviro
ments. Recent work12 has focused on the properties of
small number of linear and branched dialkyl-substituted fl
renes. Poly~9,9-~di-n,n-octyl!fluorene!, or PF8 as schemati
cally shown in Fig. 1, has received extra attention becaus
exhibits mesomorphic behavior and multiple crys
phases.13–18 On heating of PF8 thin films one generally o
serves transitions from a crystalline state to a liqu
crystalline mesophase followed by melting to an isotro
phase. Consequently, there are special opportunities19–22 for
studying the response of electronic and optical propertie
0163-1829/2003/67~18!/184106~11!/$20.00 67 1841
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systematic changes in the molecular-level ordering. Me
morphic behavior is seen in many other conjugated polym
families containing alkyl side chain substituents23–25 al-
though the exact details are both backbone and side c
specific. It also extends to oligomers and oligofluorenes b
ing chiral side chain substituents26–28 and these show very
rich phase behavior.

The mesomorphic behavior of the PF8 polymer correla
with the existence of at least two distinct backbo
conformations16,29 referred to as the ‘‘a ’’ or ‘‘ b ’’ phase.30

These two forms are distinguished by an approximate 0.1
difference31 in the interbandp-p* transition and this effect
is seen in both optical absorption and emission spectra.
mation of theb-type conformer is facilitated by exposure
good solvents~such as toluene!. The shorter wavelengtha
form is claimed to have increased conformational disorde
less planar backbone structure and, with respect to the in
chain packing, is often reflective of a glassy-type state. S
pression of theb form can be achieved in solvent castin
~e.g., from chloroform! or by variations in the thermal pro
cessing. These varying conditions alter the micromorpholo
and lead to strong variations in the observed photophysic32

FIG. 1. A sketch of the poly~9,9-~di-n,n-octyl!fluorene! or the
PF8 polymer.
©2003 The American Physical Society06-1
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The explicit backbone conformations are still unknown.
branched side chain polyfluorene derivative, poly~9,9-
di~ethylhexyl!fluorene! or PF2/6, only exhibits optical prop
erties relating to thea form. Diffraction studies by Lieser
et al.33 are therefore somewhat surprising because this p
mer clearly adopts a well-ordered structural phase with g
evidence for 51 or 52 fluorene helices.

At temperatures above 80 °C, the PF8 polymer underg
a reversible order-disorder transition~ODT! to a polymer
liquid-crystal ~PLC! phase consisting entirely of thea
conformation.16 On cooling, the polymer reverts back to th
b-type conformer although a substantial fraction of thea
form persists. In bulk PF8 samples16 this more ordered stat
has been associated with crystallization. Thin films a
manifest signatures of this ODT but they also exhibit x-r
scattering patterns indicative of a completely different un
cell structure.34 Formation of theb-type conformer is also
observed in very dilute PF8/polystyrene blends16 upon expo-
sure to toluene vapor. While the ODT clearly occurs at te
peratures above the cited 75 °C glass transition tempera
there are reports of increased conversion to theb form and
improvements in the photophysical properties from samp
cycled from 300 K down to 77 K and back to roo
temperature.17

Beyond the unresolved questions concerning the fun
mental relationship between the ODT, crystallization and f
mation of the so-calledb phase there are a wealth of oth
important issues. PFO’s typically include significant hete
geneity and disorder and both optical and transport d
clearly reflect consequences of these effects. Compare
short oligomers most polymer optical data include ve
broad spectral features, an effect termed inhomogene
broadening, and this property further complicates interpre
tion of these data in many instances. To circumvent this li
tation, and to better understand the nature of the photop
ics, both time-resolved and site-selective spectroscopies
used.35–38 It has also proven useful to investigate isolat
oligomers while frozen within various inert organ
matrices.37 Ultimately one is interested in discerning intrins
properties of the polymers from those which are simply
flective of residual molecular-level disorder.

This paper addresses the nature of the ODT in the
polymer and its relationship to formation of theb phase and
crystallization. Our most important result in this respect is
demonstrate that formation of theb phase has propertie
consistent with a simple picture of nucleation and on
dimensional growth but that overt crystallization occurs a
secondary process and, depending on the temperature,
much longer characteristic time frames. A second, seemin
fortuitous result demonstrates that much of the lo
temperature spectral broadening in the PF8 polymer is
extrinsic property that relates only to the processing hist
Emission spectra, from cast films having reduced disor
exhibit a marked vibronic structure at low temperatur
These enable a better overall analysis of the Franck-Con
type vibronic signatures and a clearer assessment of the o
all impact of processing history in temperature-depend
studies.
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II. EXPERIMENTAL METHOD

Synthesis of the poly~9,9-~di-n,n-octyl!fluorene! is re-
ported elsewhere.39,40 The PF8 polymer used in this wor
was acquired from American Dye Source~polymer BE129!
and used as received. An unfiltered 1%w/w solution of poly-
mer in tetrahydrofuran~THF! was prepared and then place
in an ultrasonic bath for over 1 h to maximize dissolution.
Some reduction in the molecular weight may ha
occurred,41 but the absorption and emission maxima we
comparable to previously published values. For optical st
ies the solution was initially drop cast or spin coated on
100-mm-thick sapphire substrates. Because toluene is c
sidered to be a good solvent, the 1% solution was sub
quently diluted to ca. 0.5%w/w by addition of toluene. A
third solution, 0.5%w/w of PF8 in toluene, was also pre
pared and drop cast or spin coated~at 3000 rpm for 60 sec!.
All polymer films were dried in air at ambient conditions an
then mounted for further study. Thick films appeared soft a
‘‘gummy’’ for extended periods after casting suggestive
significant residual solvent. In this paper we include resu
from just three different samples:~A! a drop-cast film from
the 1% PF8w/w THF solution,~B! a drop-cast film from the
0.5% PF8w/w in toluene,~C! a spin-cast film from the 0.5%
PF8w/w in toluene.

Steady-state UV-vis absorption~Abs! and photolumines-
cence~PL! spectroscopies were performed using a custo
built spectrometer equipped with a vacuum oven/cryos
chamber. This chamber also included a nozzle port that co
direct a pressurized jet of CO2 spray onto the sapphire sub
strate forin situ quenching experiments. Cooling rates dow
to a base temperature of ca.250 °C were estimated to b
well in excess of 25 °C/sec. Once quenched, samples c
be further cooled using a cryostat cold finder~either liquid
N2 or, less frequently, a closed-cycle He displex!. A single-
array spectrometer@Ocean Optics USB2000, range 200–8
nm with better than 2.8-nm full width at half maximum res
lution# was used to sequentially acquire both absorption
PL spectra from superimposed illumination areas. For ex
tation, a 150-W Xe lamp~Oriel 4220! was coupled to a pri-
mary monochromator~JobinYvon HT 20! and then focused
to give a 0.430.8 mm2 spot on the polymer film. A focusing
fiber-optic cable was configured to pipe white light~from the
Xe lamp! onto the sapphire substrate from behind. T
sample chamber was equipped with a manually opera
X-Y-Z translation stage.

All sapphire substrates included areas that were k
polymer-free. These locations were then used as a refer
point for the absorption measurements. Absorption variati
of less than 0.002 could be reproducibly resolved. Spin-c
films required additional treatment to obtain a polymer-fr
area. This was achieved by dipping the substrate halfw
into pure toluene multiple times. The dipping was arrang
so that there was always an intermediate strip with mu
reduced film thickness. Typical PL or Abs spectra require
sec or less of data acquisition time. Because both absorp
and PL were acquired the PL data could be corrected
self-absorption. Even in the worst cases~i.e., ‘‘thick’’
samples in thea phase! the overall effects of this correction
6-2
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STRUCTURE, PHOTOPHYSICS, AND THE ORDER- . . . PHYSICAL REVIEW B 67, 184106 ~2003!
at energies below 3.0 eV were relatively minor. Data t
include self-absorption corrections are indicated in the
spective figure captions.

X-ray data were recorded using a powder diffractome
based on an Inel CPS-120 position sensitive detector
mounted to a 15-kW rotating anode x-ray generator (Cua
51.542 Å). All beam paths were He gas filled to minimi
absorption and air scatter. For this work the goal was sim
to reproduce as closely as possible the conditions used in
optical spectroscopy while compensating for the limited s
sitivity of the x-ray diffractometer in transmission mode g
ometry. Because of the weak scattering signal from the p
mer it was necessary to increase the film thickness by d
casting between 10 and 20 times onto the same spot are
minimize absorption effects the polymer was cast o
'5 mm thick mica supports instead of sapphire. The fin
film was rather inhomogeneous and had an estimated th
ness of 5mm. The sample was mounted onto a Pelt
equipped sample stage~for temperatures ranging from
235 °C to 120 °C). Data acquisition times ranged from 2
8 h per data set.

III. RESULTS AND DISCUSSION

In Fig. 2 we show a typical series of PL emission da
and, in the inset, the two limiting absorption spectra from
THF-only solution~sampleA) drop-cast PF8 film recorde
on cooling~ca. 3 K/min! from 350 K to 25 K. The majority
of these data are comparable to previously published rep
At temperatures above 130 K the PL is dominated by th
moderately broad emission features and, at 350 K, these
centered near 2.87, 2.68, and 2.52 eV. They correspon
singlet exciton decay and, within a simple Franck-Cond

FIG. 2. Progression of PF8 sampleA photoluminescence spectr
on cooling from 350 K (lEx5390 nm). All PL curves are self-
absorption corrected and offset for clarity. Inset: Two correspond
absorption spectra with arrows indicating theb-phase 0-0, 0-1, and
0-2 vibronic bands.
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~FC! picture, are indicative of 0-0, 0-1, and 0-2 vibron
transitions between the lowest level in the first excited el
tronic state to various vibronic levels within the electron
ground-state manifold. There is a weak shoulder near 2.3
and it is likely dominated by the 0-3 vibronic band trans
tions. In support of this we note that this shoulder exhib
temperature-dependent energy shifts which parallel thos
the more intense vibronic peaks. Emission at chemical
fects is also a possibility. The presence of keto-type defec
thought to be low in this sample because its characteri
emission42,43 is typically centered near 2.3 eV and there
little or no fixed ~i.e., temperature-independent! emission at
this energy. The FC-type features appear to be superimp
on an extremely broad emission ‘‘band’’ which is center
near 2.4 eV. This underlying background originates from
variety of potential experimental sources including resid
a-phase emission, unresolved vibronic replicas and in
chain excitations42,44 in addition to the chemical defects jus
discussed. The background profile can also be mo
dependent.45

Intrachain exciton migration46 is always present so tha
the prompt PL~Ref. 47! is strongly dominated by emissio
from fluorene segments with the longest effective conju
tion lengths. Interchain energy-transfer processes can als
significant.48 Absorption, at sufficiently short incident wave
lengths, occurs throughout the polymer and so better refl
the average conformational structure~assuming, of course
that all interband absorption cross-sections are nearly eq!.
At 350 K there is only a weak shoulder at 2.95 eV, associa
with the interband absorption from theb conformer, and a
much broader absorption centered at 3.38 eV character
of thea form. On cooling there is a significant increase~not
shown! in the b-phase absorption and, at 25 K, the tw
higher-energy FC vibronic bands, again a 0-1 and 0-2,
resolved. In this case the transition is between the gro
state and vibronic levels within the first excited electron
state manifold. Although the PL is always dominated
b-type contributions the absorption spectra always indic
that a large proportion of fluorene backbones remain trap
in the more disordereda form.

The low-temperature PL is far more interesting. The m
notable feature that develops is an excessive narrowing
the b-phase peaks. After correcting for the finite 18-me
instrumental resolution, and then assuming a simple con
lution of Gaussians,49 we arrive at an estimated (1
61)-meV 0-0 overall linewidth for the PF8 polymer at 25 K
This width is many times narrower than is typically seen
other PFO’s and, as far as we are aware, is only rivaled
prior polyfluorene studies that have utilized site-select
fluorescence~SSF! spectroscopy50 and a few recent photo
physics studies.32,51 In addition there are also new, relative
weak peaks at 2.93 and 2.73 eV. This paper will later sh
that these features are due to emission from 0-0 and
bands in residuala-type regions of the polymer and, in th
case of the 2.73-eV peak, a superposition with a very w
0-1 b-phase vibronic subband.51

At this sharply reduced width, both the 0-1 and 0-2 ph
non bands manifest a pronounced subband structure with
and three distinguishable components, respectively. Split

g
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of the 0-1 band is resolved in SSF studies50 as well. Vestiges
of the 0-3 subband structure also appear. The overall PL
shape of this polymer bears a striking resemblance to h
resolution studies of small phenylene vinylene oligomer52

~OPV’s! and this aids in the identification of the variou
salient features. The more intense 0-1 subband,
2.618(60.002) eV, is identified with an in-plane deform
tion mode of the backbone and its;199 meV offset from
the 0-0 band, at 2.817(60.002) eV, matches the energy of
very strong and well isolated 1600-cm21 Raman band.20 The
less intense 0-1 subband is about 10% broader and cen
at 2.659(60.002) eV for an offset energy of'158 meV.
Because there are a multitude of Raman modes in the v
ity of 1300 cm21 a unique assignment is not possible~al-
though there is a particularly strong band near 1280 cm21).
More likely it represents a superposition of modes with
strongest Huang-Rhys coupling parameters. To repre
these ‘‘two’’ subbands we follow the nomenclature of Gie
schneret al.52 and specify the two peaks, with approxima
offsets of 160 meV and 200 meV, asa1 and b1 modes, re-
spectively. A much weaker third vibronic subband has be
unambiguously identified in a recent work by Ariuet al.51

and noted in earlier studies46,53 as well. This feature is la-
beled asc1.

Assignment of the three subband features in the 0-2 b
is now straightforward. These correspond to the three p
sible linear combinations of thea1 and b1 modes,a11a1 ,
b11b1, and the mixed modea11b1 or, equivalently,a2 , b2
anda1 , b1 and absolute energies of'2.50 eV, 2.42 eV, 2.46
eV. The most intense of these belongs to the mixed-m
band and this attribute is also seen in the recent OPV stud52

The 0-3 subband structure is only weakly resolved and
band consists of, at a minimum, four major subbands~i.e.,
a3 , a21a1 , a11b2, andb3). Quantitative assessment of th
FC vibronic band line shapes and positions clearly wo
best if there is prior knowledge of the underlying subba
structure. A simple analysis and comments on the ther
evolution of this subband structure will be presented late

A. Structure and spectroscopy of the order-disorder transition

The discussion now shifts to the nature of the 80 °C O
and its relationship to theb phase. Structural phase trans
tions in polymers can be very sluggish and the transform
tion from thea phase to theb phase on cooling is no ex
ception. In this case a spin-coated sample was first heate
115 °C while maintaining the sample in a N2/toluene vapor
environment and then moderately cooled~ca. 6 °C/min) to a
final temperature of (4061) °C. Heating to 115 °C guaran
teed that all PFO chains were initially in ana-type confor-
mation and the toluene vapor facilitatedb-phase formation.
Thereafter the time evolutions of both the PL and Abs w
alternately recorded. Figure 3 contains a small subset of
sampleC results. These specific data are taken from lig
incident on the thinned~see Sec. II! narrow strip between the
polymer-free region and that of the full thickness spin-coa
film. We also observe a dependence of the ODT kinetics w
varying PF8 polymer film thickness. This will not be di
cussed further except to note that thinner films appea
18410
e
h-

at

red

n-

e
nt

n

d
s-

e
.
is

s
d
al

T

-

to

e
he
t

d
h

to

havefasterkinetics in contradiction to the behavior seen
thin-film s-conjugated polysilanes.54,55

Initially the PL consists mainly of very weaka-phase 0-0
and 0-1 FC bands superimposed on the broad backgro
assumed to be from a variety of possible causes. New, tel
emission indicative of theb phase is resolved shortly afte
~'2 min! reaching the thermal set point. PL from the 0-
0-1, 0-2, and the 0-3 FC bands increases smoothly with t
while the originala-phase emission gradually decreases. T
underlying broadband~BB! background emission also ap
pears to increase slightly. The positions of all three ma
b-phase vibronic bands redshift'25 meV with time. The
majority of this change occurs at early times. This effect
consistent with a general increase in the backbone plana
and, concomitantly, enhancement in the effective conjuga
length.

In the case of absorption the changes are far less dram
and only the low-energyb-phase 0-0 band is measurab
resolved. All together these data are consistent with a sim
two-phase coexistence framework. There are other not
effects. Not only does PL emission from theb phase precede
its appearance in the absorption data but the PL inten
increases at a more rapid pace. This result is comparab
the progression seen in solution studies56 of MEH-PPV
@poly~2-methoxy,5-(28ethyl)-hexyloxy-p-phenylene vi-
nylene!#, in which the solvent quality was stepwise varied
induce both aggregation and PPV backbone planarizat
Because the excitation wavelength is fixed to 3.11 eV~400
nm! absorption occurs throughout allb-phase portions and
to a lesser extent, ina-phase regions as well. A probab
explanation32 for the anomalous PL intensity increase is th
it is simply due to efficient energy migration of exciton
along the polymer backbone and interchain energy tran
from regions havinga-type conformations to regions ofb
phase.

FIG. 3. Selected absorption~right! and photoluminescence~left,
lEx5400 nm) spectra from PF8 sample C with respect to chan
in time ~at 40 °C) after cooling from the thermotropic mesopha
~to 115 °C). Inset: Relative fraction of theb-phase emission and
absorption versus time~see text! in comparison with fits to Avrami-
type expression,I (t)512exp(2btn).
6-4
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For a more quantitative analysis the followingad hocpro-
cedure was implemented: The relative proportion ofb-phase
PL with time, f b,PL(t), was approximated by

f b,PL~ t ![
I PL~ t,E!2 f a~ t !I PL~ t50,E!

I PL~ t5500 min,E!2 f a~ t !I PL~ t50,E!
,

where I PL is the PL intensity at an energyE which corre-
sponds to the time-dependent intensity maximum of
b-phase 0-0 peak andf a(t) is the relative remaining fraction
of a phase. Since PL emission at 3.00 eV is dominated
the a phase, this fraction is roughly given byf a(t)
[I PL(t,3.00 eV)/I PL(t50 min,3.00 eV). The fraction of
b-phase absorption,f b,Abs(t), was specified as

f b,Abs~ t ![
I Abs~ t,2.90 eV!2I Abs~ t0,2.90 eV!

I Abs~ t5500 min,2.90 eV!2I Abs~ t0,2.90 eV!
,

wheret0 is the timet50. This approximation does not ac
count for the time-dependent energy shifts in the 0-0 in
band transition and so its intrinsic accuracy is lower.

A plot of these normalized fractional components
shown in the Fig. 3 inset in conjunction with a simp
Avrami-type fitting function, f (t)512exp(2btn). This
simple expression is often used to assess nucleation
growth.55,57,58 The best-fit coefficientsb,n are ~0.055, 0.8!
and ~0.0035, 1.08! for the PL and Abs curves, respectivel
An exponent ofn51 is consistent with athermal nucleatio
followed by one-dimensional growth. In this case the grow
direction occurs along the chain axis. The overall increas
the effective conjugation length with time~as inferred from
the redshift in the FC peak positions! would be qualitatively
consistent with this scenario. The value ofb is associated
with specific details of the local environment. In terms of t
overall ODT this is still an ongoing process even after 10
have elapsed.

The fit to the absorption data is clearly more consist
with the Avrami expression and this likely reflects the fa
that all PL spectra include an additional emission contri
tion from excitons that have migrated froma-phase regions
The overt PL curve shape change seen in the vicinity
100 min may simply indicate the onset of competition b
tween adjoiningb-phase domains for excitons which orig
nate ina-phase regions. Any increase in the relative prop
tion of b phase thereafter serves only to reduce the effec
exciton migration path in thea-phase necessary for reachin
b-type regions. A less likely explanation for this pronounc
PL onset could be thatb-phase regions which achieve th
best structural order actually form first. These sites wo
then function as the deepest system traps and thus the
PL efficient sites would actually form at early times in th
ODT.

By altering the energy of the excitation line it is possib
to use PL spectroscopy as a spatially sensitive probe of
ODT. The limited spectrometer resolution is problematic b
useful results are still possible. Figure 4 contains optical d
using an identical thermal history as that in the preced
paragraphs except, in this case, the excitation line is n
2.91 eV~427 nm!. This guarantees that virtually all absor
18410
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tion is restricted to regions having transformed to theb
phase. Thus, att50, there is little or no PL signal except fo
scattering of stray light from the excitation line. Once aga
the PL emission precedes that ofb-phase absorption. Energ
migration will take place within theb phase and so this
result is not unexpected. In these spectra the PL curves
clude only the three most intense FC bands, 0-0, 0-1,
0-2, the broad background and a much weaker 0-3 b
emission as well. Interestingly the data suggest a stron
time-dependent red shift in the 0-0 band in comparison
that of the 0-1 and 0-2 bands. The reason for this behavio
unknown. One clear advantage is that each mode can
individually fit using a Gaussian profile and, subsequen
this intensity can be plotted as a function of time. Fitting
the 0-0 peak was not expected to be accurate because o
obvious overlap with the excitation line but good resu
were obtained nevertheless. Now that all optical absorp
has been restricted solely to regions ofb phase all three PL
band intensities~and Abs curve as well! track the Avrami
expression extremely well. The coefficients are listed
Table I and these results are similar to those obtained pr

FIG. 4. Selected photoluminescence~left, lEx5427 nm) and
absorption~inset, leading edge only! spectra from PF8 sampleC
~thin spot! with time ~at 40 °C) after cooling from the thermotropi
mesophase~to 115 °C). At right: Relative fraction of theb-phase
FC vibronic band emission and absorption versus time~see text! in
comparison with fits to Avrami-type expression,I (t)51
2exp(2btn).

TABLE I. Coefficients from Avrami-type fit to expressionI (t)
512exp(2btn) for sampleC as detailed in Fig. 3~number 1! and
Fig. 4 ~number 2!.

Trial b n

Number 1 Abs 0.0035 1.08
PL (lEx5400 nm) 0.055 0.80

Number 2 Abs 0.0057 0.99
PL 0-0 (lEx5427 nm) 0.031 0.72
PL 0-1 0.019 0.77
PL 0-2 0.030 0.68
6-5
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ously. Since this ODT proceeds relatively slowly a
smoothly we suggest that higher-resolution time-resolved
SSF studies can yield further insight into this general proc
of energy migration within ‘‘heterogeneous’’ media. A
though the ODT kinetics are slow at 40 °C they beco
progressively more rapid as the level of undercooling
creases. This is a general phenomenon in polymers59,60and it
continues until a glass transition is approached at wh
point the kinetics once again become more sluggish. T
property has major implications for processing of PF8 t
films. Although thermal cycling has been often used to i
prove the conversion to theb phase one may expect th
only a narrow temperature range is actually important
achieving this effect.

To adequately address this issue it was first necessa
identify the lowest-temperature range in which the PF8 O
can proceed. Some difficulties were initially encountered
the CO2 quenching stage appears to have effectivelysup-
pressedformation of theb phase. Figure 5 displays a seri
of PL and Abs spectra onwarming ~ca. 2 °C/min) of a pre-
viously quenched/anneal spin-cast film~sampleC) after first
heating to 390 K~before the quench! in a N2/toluene vapor
atmosphere. This sample most closely corresponds t
quenched nematic glass.32 The 110-K PL spectra contai
little or no traces of theb phase. At this temperature th
frozen a-phase sample clearly exhibits a pronounced
bronic FC progression with 0-0, 0-1, and 0-2 modes cente
at the indicated positions. The 0-1 and 0-2 subband struc
is not resolved but its presence is inferred from the une
energy spacing of the 0-1 and 0-2 phonon bands. At temp

FIG. 5. Photoluminescence~left, lEx5400 nm) and absorption
~right! spectra from PF8 sampleC ~at a thick spot! on heating after
quenching from thermotropic mesophase (a phase! and then cool-
ing to 110 K. The bold arrow identifies the 0-0b-phase absorption
band. All curves have been offset for clarity and the PL data h
been corrected for self-absorption. The anomalous absorption
ture at 3.3 eV is an artifact due to changes in the light sou
intensity.
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tures below 240 K the overall PL line shape and intens
variations resemble those of the branched PF2/6 polym
The loss of PL signal from the frozena phase on warming is
quite striking. Dramatic change is observed in the PL em
sion after passing through 250 K. By 260 K there has bee
sharp increase in the PL intensity from chains now in theb
phase. A well-defined shoulder is seen at 3.00 eV and
indicates the presence of limited residual emission from
remaininga-phase regions. Further study of the kinetics
necessary to better characterize this transition. The dispa
in PL output between the two phases qualitatively sugge
that the PL yield from theb phase is significantly highe
~although quantitative studies imply otherwise51!. At this
temperature there is also a very light hint ofb-phase absorp-
tion, as indicated by the bold arrow, but the actual proport
of the b-phase regions is quite low. Additional warming h
no major effects except that the fraction of theb-phase con-
tinues to increase somewhat. The largestb phase 0-0 emis-
sion intensity actually occurs in the 270-K spectrum. Long
annealing times would be necessary to further reduce
relative proportion ofa-type emission. Overall these da
indicate that temperatures below 250 K are of no importa
for conversion to theb phase.

So far no data or discussions have addressed the rela
ship of crystallization and changes in interchain packing
the PF8 ODT. The only relevant facts contained in the Fig
data are that the actual proportion ofb phase is small and
that the molecular-level conversion to theb phase occurs
without significant changes in the broad background em
sion. Figure 6 contains a series of x-ray-diffraction profil
from a PF8 film first on warming, after the initial castin
followed by slow cooling and then on warming after a mo
rapid cooling ~but not a CO2 spray quench!. The overall
statistics are poor but the main intention in this study was
keep the film as thin as possible for comparison purpose
the optical spectra. The as-cast film, initially cooled
235 °C, exhibits relatively poor structural order with only
single sharp peak at 2u56.82° and a broader feature ce
tered near 20.4°. These features are not consistent with
lier fiber data.16 They do, however, match results from
recent grazing-incidence~GI! thin-film study34 and, on the
basis of limited information, the GI paper has proposed
triangular packing of the PF8 chains. By 40 °C there is we
indication of peaks at 13.1° and 15.3° but absolutely no p
intensity is detectable at eitherA3 or 2 times the wave vecto
of the fundamental 2u56.82° peak. This strongly sugges
that the PF8 polymer does not adopt a hexagonal colum
type packing in this ordered phase. Continued heat
through the known thermotropic 80 °C transition to a PL
phase is paralleled by a complete loss of all sharp scatte
features. There is noticeable hysteresis and the crysta
phase does not reappear on cooling until 50 °C. This att
to the very slow ordering kinetics for forming crystallin
phases. A long-time scan~8 h! at 35 °C reveals a series o
Bragg peaks and these are listed in Table II. Indexing
these peaks proved difficult and, without knowing exac
which are equatorial and nonequatorial, we cannot ten
tively assign an appropriate unit cell. The large, 13 Åd spac-

e
a-
e
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ing likely corresponds to packing of the PF8 chains and
broad 4.3-Å feature arises from scattering by the alkyl s
chains. Once again a triangular lattice appears to be inc
sistent with the data. On even modest cooling from the P
phase crystallization can be fully suppressed. Both
210 °C and 10 °C diffraction profiles exhibit no traces
crystallization. Only after warming to 30 °C does the order
phase return. This temperature is substantially less than
75 °C reported PF8 glass transition temperature but any
sidual solvent in this film could function as a plasticizer a
thereby lower this value. We suggest that the reported g
transition corresponds only to temperatures at which in
molecular translational motions become possible. Intram
lecular conversion to theb phase occurs even at marked
lower temperatures. Samples annealed at temperatures
below the nominal 10 °C threshold can develop a signific
fraction of b-phase absorption. We therefore conclude t

FIG. 6. X-ray powder-diffraction profiles from a thick film~cast
from 0.5% PF8w/w toluene onto mica,'5 mm thick! on warming
and cooling as indicated.

TABLE II. Ordered phase 2u angles andd spacings as indicated
on the 35 °C diffraction profile in Fig. 6.

2u d spacing~Å! 2u d spacing~Å!

6.78 13.04 15.3 5.78
7.87 11.24 17.6 5.03
8.85 9.99 19.2 4.62

12.04 7.35 20.7 4.29
13.1 6.76
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conversion to theb phase is a local, single-chain relaxation
process that will typically precede crystallization in the P
polymer. For these PF8 films the presence of theb-phase
conformation is a likely prerequisite for initiating crystall
zation. This underlying single chain response is a like
cause for reported improvements in light-emitting diode p
formance when annealing other polymers at temperatures
low their respective glass transition temperatures.61 A high
degree of interchain order is not essential for enhanced p
mer emission properties.

B. Temperature-dependent Franck-Condon vibronic structure

We now return to the discussion of the main FC vibron
bands, the twoan andbn subbands and the overall temper
ture evolution. Because two distinct vibrational sub-ban
are resolved, all 0-n peaks are fit assuming a constrain
superposition of these two sub-bands,an and bn ~using
Gaussian line shapes!, and all relevant cross terms. The mo
ideal case shown is that of sampleC, as seen in Fig. 7 with
the stated thermal history, and this sample exhibits very li
~if any! a-phase emission. At 110 K the net emission at 2
eV is less than 2% of that of theb-phase 0-0 maximum. In
all other respects it matches the sampleA PL in Fig. 2 except
for a minimal redshift. Thea1 , b1 subband contributions to
the 0-1 line shape remain distinct even at 110 K and hig
temperatures. For curve fitting the intensity ratio of the th

FIG. 7. SampleC photoluminescence~from a thin spot! on
warming from 110 K to 250 K in comparison with PL data o
sampleA ~at 110 K! and, in addition, the various indicated mode
ing profiles from fit to 110-K spectra~dashed lines after a 50%
reduction!. In this instance sampleC was first heated to 380 K~in a
N2/toluene atmosphere!, quenched to240 °C, annealed ca. 1 hr a
10 °C and then annealed ca. 1 hr at 40 °C. These PL data
include self-absorption corrections. The sharp feature at 2.650 e
a detector artifact.
6-7
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requisite 0-2 components approximates 1:2:1. The rela
intensities do change with temperature and the two unmi
subbands~i.e., a2 andb2) parallel the intensity variations in
the 0-1 subbands. For the four 0-3 subbands a nominal r
of 1:3:3:1 was seen.62 In all cases a smooth, slowly varyin
background curve was necessary. This is labeled ‘‘BB’’ in t
figure and it originates from a variety of possible effects~as
mentioned earlier in the text!. Finally, we note that it was
also necessary to separately include the contribution from
weakc1 peak centered about 2.76 eV. The major PL respo
to heating are the systematic changes in all peak widths
positions combined with a gradual loss of the FC emissi
In terms of the subband structure only variations in the re
tive 0-1 subband intensities are of real quantitative sign
cance and, surprisingly, these are strongly temperature
pendent. At the lowest temperature theb1 : a1 intensity ratio
is about 3:2 whereas, at 260 K, the curve fitting require
near 1:1 ratio. This progression may imply subtle underly
changes in the Huang-Rhys coupling to the various vibro
states or, more likely, the effects of cross coupling and
harmonicity. Recent Raman scattering studies63 of the PF2/6
derivative report a systematic increase in the 1600-cm21

band intensity on cooling in qualitative agreement with the
PF8 PL results.

Changes in temperature also strongly affect both the
PL peak line shape and position. At lower temperatures em
sion occurs increasingly at chain segments having the sm
est interbandp-p* transition energies. This causes both
strong red-shift and narrowing of the 0-0 in PFO polymers17

One qualitative and often cited explanation is that the fre
ing out of low-energy librational and vibration modes i
creases the effective conjugation length. A cogent cou
argument,37 based on the observation that polymer emiss
strongly resembles that of the oligomers, discounts
mechanism and states that this behavior simply reflects
temperature dependence of electronic relaxation proces
The actual thermal evolution is sensitive to both the cho
of polymer53 and the physiochemical processing history. F
ure 8 displays the peak position of the 0-0 band versus t
perature for a variety of different PF8 samples and ther
preparation conditions. Thermal history clearly has a v
strong impact. In the best cases we observe a large li
temperature dependence of 1.531024 eV/K. In many in-
stances, however, there are deviations from linearity wit
far more complicated temperature dependence.

Comparisons to the 0-0 peak width progression are e
more striking because the temperature dependence of
sample strongly tracks that of its own peak position sh
After accounting for the finite spectrometer resolution ev
the magnitudes of these changes have a near one-to-one
respondence. Large net shifts are observed and, in the ca
sampleA, a (5062)-meV displacement occurs over the 3
K temperature range. The evolution of the 0-0 absorpt
peak position is generally much weaker and its peak wi
remains nearly constant. If net increases in the effective c
jugation were dominant then one should expect a qua
tively similar response. This strong temperature-depend
PL behavior is ostensibly more consistent with the electro
relaxation hypothesis.
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A strong correlation between PL width and position c
be modeled by assuming that emission originates from e
tons in thermodynamic equilibrium in states at the bottom
an exciton band. Thus emission is proportional to a prod
of the density of states weighted by the oscillator strength@or
D(«)] times a Boltzmann factor to giveD(«)exp(2«/kBT) in
close analogy to emission from organic molecu
crystals.64,65 In this case we expect that intrachain, not inte
chain, interactions should dominate the exciton band. An
pression with this form will produce noticeable asymme
in the 0-0 line shape and this attribute can be observed in
experimental data.66 A correlated linear dependence of th
peak widths and positions requires a power-law density
states and, in this case, we find that an express
A(T) T25/2«3/2exp(2«/kBT) qualitatively reflects the experi
mental results whereA(T) incorporates the temperature d
pendence of the integrated intensity and the factor ofT25/2

provides normalization. An exponent of3
2 yields a shift in

peak position equal to32 kBT and thus the full width at half
maximum is 3kBT. This result is in approximate agreeme
with the data shown in Fig. 8. Extrapolation to zero wid
gives a threshold energy«T52.80060.003 eV, so the full
expression, ignoring the effects of instrumental resolut
and polymer inhomogeneities, becomes

PL~«,T!5A~T!T25/2 ~«2«T!3/2exp@2~«2«T!/kBT#

FIG. 8. b-phase 0-0 PL and Abs peak positions~bottom! and
width ~top, full width at half maximum! versus temperature fo
selected samples and thermal histories. They are as follows:d,
sampleA ~see Fig. 2!; l, sampleC ~using conditions stated in the
Fig. 7 caption!; h sampleB ~number 1, in vacuum, heat to 390 K
cool briefly to ca. 273 K, three days at 293 K!; s, sampleB ~num-
ber 2, ca. 24 hr after casting at 293 K!; 3, sampleB ~number 3, in
vacuum, heat to 390 K, five days at 270 K, 24 hr at 293 K!. With
the exception of sampleA all data are recorded during warmin
from low temperature.
6-8
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for when «>«T . Comprehensive analysis would require
composite function incorporating a distribution of chain co
formations to reflect residual disorder and the presence
additional low-energy FC vibrational modes38,67~on the low-
energy side!. A threshold value of 2.80 eV is still more tha
0.13 V higher than the 0-0 peak position in the planariz
ladder-type poly(p-phenylene! polymers46 and therefore we
conclude that even in theb phase the PF8 backbone adop
on average, a nonplanar conformation.

The existence of a 2.80-eV threshold from theb-phase PL
is also consistent with the absorption results when they
extrapolated to zero temperature. In this case we observe
the b-phase 0-0 absorption peaks at 2.87 eV and has a
width at half maximum of 0.06 eV. The onset of this inte
band absorption occurs at 2.870–0.060 eV or 2.81 eV wh
is just above the emission energy threshold. All toget
these results and the modeling reinforce the claim that m
of the bathochromic shift, at temperatures below 260
originates from electronic relaxation processes.

Better resolution of the underlying subband structure
cilitates more general interpretations of the 0-1 and high
order vibronic peaks. For example, if the relative intens
variations between the two resolved subbands are not ta
into account then one would obtain temperature-depen
changes of the 0-1 position which are anomalous. This ef
may be, in part, responsible for the differing 0-0 and 0
slopes as reported in Ref. 53. In our samples we observe
very small temperature-dependent shifts of the 0-1b1 sub-
band energy~at top in Fig. 9! with a coefficient of no more
than '131025 eV/K. This result isvery sensitive to the
exact form of the fitting function. An increase in the subba
energy with reduced temperature is consistent with an
crease in ‘‘stiffness’’ of the surrounding media.In situ Ra-

FIG. 9. Above: Energy ofb-phaseb1 subband versus tempera
ture for samplesA andC ~see Figs. 2 and 7 for conditions!. Below:
Frozena-phase~i.e., sampleC after quench! 0-0 peak width~full
width at half maximum! and position as a function of temperatur
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man measurements generally show a gradual increase in
mode energies with reduced temperature22 as well.

A slightly more rigorous analysis of the relative pea
widths is also possible. Figure 10 shows the evolution of
underlying 0-n subband peak widths versus temperatu
from the two trials that obtained a uniformly linear respon
All peaks widths are comparable and generally exhibit
same linear trend on warming. At temperatures below 200
where the individual subband peaks can be distinguished
intrinsic 0-0, 0-1, and 0-2 component peak widths are ty
cally within 20% of one another. Anomalous behavior~i.e.,
in which the 0-1 and 0-2 widths are less than that of the
peak! is attributed to artifacts in the curve analysis due
uncertainties in the broad background line shape45 and the
non-Gaussian profile of the 0-0 emission band. Alternative
one can rigidly specify the 0-0 peak position, a net Huan
Rhys~HR! coupling parameter, a single subband peak wid
and the relative HR subband contributions for the two
solved subbands~plus their positions! for a total of only six
free parameters. With only minor modifications to accou
for systematic effects~e.g., the'10% width difference be-
tween thea1 and b1 subbands! and a slowly varying back-
ground profile we obtain almost equally good fits to the e
perimental data~not shown!. For sampleC, at 110 K, an HR
parameter of 0.6360.03 is obtained and it increases grad
ally to '0.8 at temperatures near 300 K. This progression
similar to that reported for the PF2/6 polymer53 although the
PF2/6 polymer conformation is morea-phase-like.

The PL temperature-dependent behavior of the frozen
a-phase film~i.e., sampleC after quenching! can be ana-
lyzed as well using the aforementioned treatment and th
results are shown in both Figs. 9 and 10. In this case the

FIG. 10. Underlying vibronic 0-n subband widths~full width at
half maximum! versus temperature for sampleA b phase~bottom,
see Fig. 2 for conditions!, sampleC in theb phase~middle, see Fig.
7 for conditions!, and quenched sampleC in the a phase~top!.
6-9
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peak position shift is not linear over the accessible temp
ture range and the net width change is more than twice
great as that of the energy shift. At temperatures near 25
the point at which rapid conversion to theb phase initiates,
there is increased uncertainty in the curve fitting beca
there is some indication that there may be more than
spectral feature comprising the 0-0 PL peak. Including
subband structure in the curve fitting gives, at 110 K , a b1
offset energy of 205(65) meV. This value is somewha
higher than that of theb phase. Raman studies20 have re-
ported a small drop from 1605 cm21 to 1602 cm21 on PF8
crystallization; a result that is qualitatively consistent w
this observation. Naively one might expect crystallization
increase the elastic constants. The 0-1 PL peak width
gression is relatively linear and its magnitude is'3
31024 eV/K; a value approximately twice that of theb
phase. The HR parameter is close to 0.75 at 110 K and
parameter also increases somewhat with temperature. W
out narrower 0-n line shapes, better knowledge of the bro
background and more clearly resolved FC modes in the
sorption spectra further interpretation is unwarranted.

IV. CONCLUSIONS

The presence of mesomorphic behavior in conjuga
polymers provides a unique opportunity for probin
structure/property relationships and their influence on b
charge transport and photophysics. This claim must
strongly tempered by the fact that both residual disorder
the intrinsic nature of this phase behavior can genera
diverse set of results. In the PF8 polymer it is the slugg
nature of the ODT and the persistence of processing rel
heterogeneities which create significant obstacles for exp
mental studies.

Through a combination of temperature- and tim
dependent studies we have documented many of these e
and have gained additional insight into the nature of the O
in PF8. By approaching the ODT on both cooling and he
ing it is possible to fully isolate the effects of local intracha
relaxation at the molecular level from those that pertain
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interchain motion and subsequent crystallization. Quench
experiments unambiguously show that formation of theb
phase corresponds first and foremost to intrachain relaxa
Once the polyfluorene chains have adopted this more pla
conformation then interchain ordering and crystallization c
progress. Similar behavior is seen in alkyl-substitut
polysilanes.68 On heating through the ODT the loss of intr
chain and interchain structural ordering is well correlated

Samples with improved structure order at the molecu
level have enabled a more complete description of the
vibronic progression in the emission spectra. Higher-orde
n bands include strong contributions by the mixed-mo
cross terms and this behavior parallels that of recent O
studies. Analysis of the 0-0 PL peak shows features ind
tive of emission from excitons which are thermally equi
brated. This result is very strong evidence in support of pr
claims that electronic relaxation processes are the domi
mechanism for bathochromic shifts in conjugated polym
PL at lower temperatures. However, the evidence prese
in this work is identified with an electronic band and, if th
behavior truly arises from intrachain interactions, therefo
highlights a polymeric attribute. Analysis of the 0-0 da
could be further extended in future studies to directly extr
the quasi-one-dimensional exciton band dispersion for co
parison withab initio quantum chemical methods69 which
can derive excited-state geometries.
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