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ABSTRACT: We present a study of isotropic and uniaxially ori-

ented binary blend films comprising �1 wt % of the conjugated

polymer poly(9,9-dioctylfluorene) (PFO) dispersed in both ultra-

high molecular weight (UHMW) and linear-low-density (LLD)

polyethylene (PE). Polarized absorption, fluorescence and

Raman spectroscopy, scanning electron microscopy, and X-ray

diffraction are used to characterize the samples before and

after tensile deformation. Results show that blend films can be

prepared with PFO chains adopting a combination of several

distinct molecular conformations, namely glassy, crystalline,

and the so-called b-phase, which directly influences the result-

ing optical properties. Both PFO concentration and drawing

temperature strongly affect the alignment of PFO chains during

the tensile drawing of the blend films. In both PE hosts, crystal-

lization of PFO takes place during drawing; the resulting

ordered chains show optimal optical anisotropy. Our results

clarify the PFO microstructure in oriented blends with PE and

the processing conditions required for achieving the maximal

optical anisotropy. VC 2014 The Authors. Journal of Polymer

Science Part B: Polymer Physics Published by Wiley Periodi-

cals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2015, 53, 22–38

KEYWORDS: blends; conjugated polymers; crystallization; orien-

tation; polyethylene; polyfluorene)

INTRODUCTION Molecular semiconductors are distinct from
elemental and compound inorganic semiconductors in a
number of important ways. One key feature is the option of
low temperature processability that derives from relatively
weak (typically van der Waals) intermolecular bonding; this
allows the molecules in solid form to be readily separated in
solution or melt and then reassembled in, for example, films
on a device substrate. It is an enabling characteristic for
printable/plastic electronics and has attracted major inter-
est since the first report of solution-processed conjugated
polymer light-emitting diodes (LEDs).1 A consequence of
relatively weak inter-molecular bonding is, however, that
the solid-state microstructure can be sensitive to processing
conditions and, therefore, complex. As a result, a range of
amorphous/glassy, liquid-crystalline (LC) and (semi-)crys-
talline phases are found for many conjugated polymers.

This feature has been widely documented for the prototyp-
ical fluorene-based polymer, poly(9,9-dioctylfluorene)

(PFO) and, therewith, provides an excellent research space
within which to explore the influence of microstructure on
photophysical and other functional properties.2–6 The
solid-state structure of PFO has been reported to include
“glassy,” “crystalline,” and “b-phase” chain conforma-
tions,7–15 the main differences between which are shown
schematically in Figure 1. Spin-coating PFO films from low
boiling point solvents, such as chloroform or tetrahydrofu-
ran, typically yields glassy films2,11,15 that are isotropic
within the plane. The corresponding chain geometry, usu-
ally also referred to as “glassy” in the literature, is worm-
like with a broad distribution of intermonomer torsion
angles, resulting in a featureless, inhomogeneously broad-
ened absorption spectrum. Crystalline PFO2,11,12 formed
during crystallization from the melt possesses a more
extended chain conformation, generally evidenced by a
shoulder at �425 nm in the corresponding absorption
spectrum, with some variation seen for different crystalli-
zation conditions. The b-phase conformation2,7,9,10,15 refers
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to a rigid planar-zigzag chain geometry, characterized by
the intermonomer torsion angle / 5 180�, that can be
introduced in solid-state PFO by, most commonly, exposure
to moderately good solvents. The b-phase conformation is
metastable2,13,15 with a relatively low melting tempera-
ture, Tm 5 80�; its well-defined geometry results in distinct
absorption features with a sharp peak at �435 nm. We
emphasize that the different chain conformations
described above can in fact be adopted by discrete chain
segments and in a relatively high molecular weight poly-
mer as used in this study, a single chain can contain seg-
ments possessing different conformations. While there are
further subtleties to the PFO microstructural space arising
from, for example, crystallization conditions,12 macromo-

lecular orientation14–17 and blending with other poly-
mers,18–20 for the sake of clarity we will adopt the
simplified nomenclature presented above and in Figure 1.

With respect to uniaxial order, direct orientation of PFO
chains has been demonstrated via heating films into their
thermotropic LC state on a variety of rubbed alignment
layers including polyimide, poly(p-phenylenevinylene)
and poly(3,4-ethylenedioxythiophene)/polystyrene-sulpho-
nate.14,15,17,21,22 Friction-transfer deposition23,24 and direc-
tional epitaxial crystallization25 have also been used. The
resulting film structure can be controlled to be predomi-
nantly glassy (after rapid quenching from the LC melt) or
crystalline (after slow cooling from the LC melt or following
friction transfer and epitaxial crystallization) and b-phase
chains can be subsequently generated by the usual post-
deposition treatments.15,22,26 Oriented PFO films prepared by
these methods exhibit attractive properties such as improved
hole mobility,16 enhanced optical gain,27 and anisotropic light
emission with polarization ratios �50 achieved for LEDs
based on oriented films.17,26 They also demonstrate a large
anisotropy in refractive index that allows highly polarized,
reduced linewidth photoluminescence (PL) emission from
microcavity structures.28,29

Another approach to achieving uniaxial chain alignment is
based on incorporation of the conjugated polymer as a guest
within an inert polymer matrix, followed by tensile drawing
of the blend. The resulting films have proven very useful for
investigations of the anisotropic aspects of conjugated poly-
mer photophysics30–33 and as performance enhancing, polar-
izing, photoluminescent color filters for LC displays.34–36

Ultra-high molecular weight polyethylene (UHMWPE) is par-
ticularly suited as the matrix polymer for such studies as,
when appropriately processed, it allows for extraordinarily
high degrees of uniaxial alignment. Films of UHMWPE so-
called “gel-processed” from semi-dilute solution can be easily
stretched to over 100 times their original length due to the
polymer’s high molecular weight, absence of branches and a
reduced density of entanglements.37–39

There have been several reports published on polyfluorenes
(PFs) oriented in gel-processed blends with UHMWPE. He
et al.40 reported a maximum PL emission anisotropy of 58
from oriented samples containing 0.5 wt % of low molecular
weight (Mn 5 9000) PFO. King et al.32 used similar blends to
study the orientation of transition dipole moments for
poly(9,9-bis(2-ethylhexyl)fluorene) (PF2/6) while Knaapila
et al.41 investigated the microstructure of these blends. How-
ever, there are numerous ambiguities arising from these pre-
vious studies. In particular, green emission, in the form of a
so-called “g-band” PL component,42 was observed for both
undrawn and/or drawn32,40,41 blend films. While the precise
origin of the g-band remains the subject of debate,42–45 its
presence is uniformly agreed to signal the oxidation of 9,9-
dialkylfluorene to 9-fluorenone moieties, a process that can
affect both the PL spectral characteristics and degree of
polarization. The effect of phase-separation between the pol-
yfluorene and PE blend components on optical anisotropy is

FIGURE 1 Area-normalized absorption spectra of PFO thin

films in as-spin-coated glassy state (blue line 1 open triangles),

and with crystalline (black line 1 filled circles), and b-phase (red

line 1 semifilled squares) chain segment fractions introduced

by the appropriate treatments (see Experimental section). The

differences between the three chain conformations are pre-

sented in terms of their intermonomer torsion angle / and

basic thermal properties (note that the given values can vary

somewhat depending on the details of film processing and

polymer molecular weight). Alkyl side-chains of PFO (C8H17)

are omitted for clarity. Schematic representations of the

respective chain segment conformations, as used later in the

manuscript, are shown in the column on the right.
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another issue that needs to be more fully understood.
Finally, He et al.40 reported data that show that their
undrawn UHMWPE-PFO blends contain a moderate fraction
of chains in the b-phase conformation, while the drawn films
contain both crystalline and b-phase PFO chains.40 Both of
these chain conformations strongly influence the photolumi-
nescent behavior of PFO due to efficient excitation transfer;
however, neither their origin nor their relative effect on the
optical anisotropy in drawn blend films appear to be well
understood.

With this background in mind, we have undertaken a study
of the photophysical properties of undrawn and oriented
samples of both (i) gel-processed PFO-UHMWPE blends (as
studied by He et al.40,46) and (ii) melt-processed blends of
PFO with a linear-low-density polyethylene (LLDPE). Melt-
processed blends of LLDPE with conjugated polymers have
previously been shown to have a microstructure that differs
substantially from that of gel-processed UHMWPE
blends,47,48 but we are not aware of any studies of the aniso-
tropic optical properties of oriented LLDPE blends with PFO.
In this article, we investigate the evolution of PFO micro-
structure and chain conformation following tensile drawing
in the two different PE hosts and the corresponding effect
on the optical anisotropy and PL depolarization. We also
examine the ways in which processing parameters such as
drawing temperature, drawing method and PFO concentra-
tion in the blend need to be optimized for maximal optical
anisotropy of the drawn blend films.

EXPERIMENTAL

Materials
PFO was supplied by the Sumitomo Chemical Company Ltd
and used as received. Synthesized by the Suzuki route, it
was subjected to careful purification prior to shipment.
Polystyrene-equivalent gel permeation chromatography
measurements yielded a weight-average molecular weight
Mw 5 2.493 105 g/mol and polydispersity index5 2.5. As a
consequence of the chain stiffness of PFO, the absolute
molecular weight is a factor of �2.7 lower than the polysty-
rene equivalent value,15 yielding an estimate of �190 repeat
units in an average PFO chain for this polymer batch. Ultra-
high molecular weight polyethylene (UHMWPE; StamylanTM

610, Mw 5 8.73 106 g/mol) and LLDPE (DowlexTM

NG5056G, q 5 0.921 g/cm3, commercial pellets containing a
minor fraction of the standard antioxidant) were obtained
from DSM and the Dow Chemical Company, respectively, and
used as received. Decahydronaphthalene (decalin; reagent
grade, mixture of cis- and trans isomers) was purchased
from Sigma-Aldrich, and used as received.

Fabrication of Blend Films
UHMWPE-PFO blends were “gel-processed”37–39 by quench-
ing semi-dilute solutions of both polymers in decalin. A 1 wt
% total solute to solvent weight fraction was targeted.
Approximately 5 g of UHMWPE were added to 450 g of dec-
alin in a round-bottomed flask along with 1 wt % (based on

the UHMWPE content) of Irganox 1010 antioxidant (BASF).
After degassing, the mixture was placed in an oil bath at 135
�C and stirred under nitrogen until a clear solution formed.
It was then left to equilibrate for a further 45 min. The
required amount of PFO was dissolved in 50 g of decalin;
the flask was placed into the same oil-bath to aid dissolu-
tion. The two solutions were next combined and stirred for a
further 10 min under nitrogen. The PFO dispersed homoge-
neously in the mixture as readily demonstrated by illumina-
tion with a UV lamp, yielding spatially homogeneous PL. The
mixed solution was then poured into a mold and allowed to
cool, thereby forming a gel. Finally, after drying for several
days under ambient conditions, blend films of �250 lm
thickness were obtained.

To prepare the LLDPE-PFO blends, the required amounts of
LLDPE and PFO were fed into a recycling co-rotating twin-
screw mini-extruder (Eindhoven University of Technology,
The Netherlands) in which they were melt-mixed at 210 �C
for 10 min under nitrogen prior to extrusion. The solidified
extrudate was placed between two aluminum plates and
compression-molded in a hot press: initially at 230 �C for
10 min to melt the polymer blend and subsequently at 5 �C
to consolidate the films. The resulting blend films were
�250 lm thickness.

Tensile-drawing was carried out using an Instron model
5864 tensile tester equipped with a temperature-
programmable chamber. A constant elongation rate, deter-
mined by the cross-head speed, was used for all experi-
ments. Drawing by the hot-pin method was carried out in air
over a Kofler bench preheated to 130 �C.

Fabrication of Reference Thin Films
Reference glassy PFO films were spin coated on fused silica
substrates from toluene solution (10 mg/mL) at 2000 rpm
to yield �100 nm thick films. Both solution and substrates
were placed on a hot-plate at 100 �C for 2 min immediately
prior to spin-coating in order to fully avoid the formation of
b-phase in the films. Reference films containing a fraction of
b-phase chain segments were prepared by exposing glassy
films to saturated toluene vapour at 45 �C for 2 h. As is evi-
dent from Figure 2(c), the relative fraction of b-phase seg-
ments induced by this method is somewhat lower than in
previous reports, likely due to the higher molecular weight
polymer used in this study.9,10 Reference crystalline PFO
films were prepared by cooling PFO films at 5 �C/min from
the nematic melt at 230 �C under nitrogen atmosphere.

Characterization
All measurements were carried out at room temperature in
ambient atmosphere. Absorption spectra were measured
with a dual beam Shimadzu UV-2550 spectrophotometer. An
ultra-broadband wire-grid polarizer (NT68–750, Edmund
Optics) was used for polarization measurements. Samples
were clamped between two fused silica slides in order to
reduce light scattering losses due to film corrugations. The
polarizer was kept in a fixed alignment while the samples
were rotated to measure absorption spectra parallel/
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perpendicular to the orientation axis. A baseline correction
file was generated for the polarizer and the two fused silica
slides by recording their absorption spectrum. The absorp-
tion spectra of the drawn blend films were further corrected
by subtracting the spectra measured for the corresponding
neat polyethylene films of similar draw ratio and thickness.
PL spectra were recorded in reflection geometry using a
Jobin Yvon Horiba Fluoromax-3 spectrofluorimeter (excita-
tion wavelength kex5 390 nm unless stated otherwise).
Films were mounted flat on a washer and wire-grid polar-
izers (as above) were placed before and after the sample,
with the incident excitation polarization aligned parallel to
the film orientation axis and the PL emission polarizer
rotated about the beam axis to measure PL spectra polarized

parallel/ perpendicular to the orientation axis. The perpen-
dicularly polarized PL spectra were multiplied by the G1 fac-
tor,49 which corrects them for the polarization preference of
the detection system. The G1 factor was determined here for
the 390–650 nm wavelength range using polarized PL meas-
urements on dilute Coumarin 440 and Coumarin 500 laser
dye solutions in ethanol, both of which are expected to be
isotropic emitters. Raman spectroscopy measurements were
performed using a Renishaw inVia Raman microscope in
back-scattering configuration. The response of the system
was calibrated using the 520 cm21 peak of silicon. Linearly
polarized emission from a HeNe laser at 633 nm was used
as the excitation; its polarization direction was rotated by a
k/2-plate to measure Raman spectra parallel/perpendicular
to the orientation axis. Detection of the scattered light was
not polarized. Excitation light was focused with a 503 objec-
tive; exposure time was 3 s. No detectable photodegradation
of samples occurred under these conditions. Following acqui-
sition, the spectra were corrected by subtracting a flat dark-
count background and further corrected for the polarization
response of the spectrometer. The latter correction was
obtained from performing the same polarized measurements
on an in-plane-isotropic spin-coated PFO thin film. Wide-
angle X-ray diffraction (WAXD) was performed on an Oxford
Instruments Xcalibur PX diffractometer with Mo-Ka radiation
(0.71 Å wavelength). For scanning electron microscopy
(SEM) the films were sputter-coated with a thin layer of
platinum and imaged using a JEOL JSM-6010LA microscope.

RESULTS AND DISCUSSION

Optical Spectroscopy of PFO-UHMWPE Blend Films

Unoriented Films
Blend films of PFO-UHMWPE were gel-processed from deca-
lin solutions as described in the Experimental section. Figure
2 presents the optical spectroscopy results for undrawn
PFO-UHMWPE blend films; Figure 2(a) shows the UV–vis
absorption spectrum (centered on the S0-S1 HOMO-LUMO
transition of PFO) for an undrawn blend film containing 0.1
wt % PFO. Comparison with the absorption spectrum of a
100 nm thickness spin-coated and solvent vapor annealed
PFO film reveals a narrower HOMO-LUMO peak for the blend
sample. The linewidth is expected to depend principally on
the degree of inhomogeneous broadening, with the difference
plausibly attributed to a reduced broadening for the blend
film as a consequence of its long (�5 day) drying time. Slow
solvent loss may assist molecular relaxation, limiting the
scope for kinetically trapped nonequilibrium chain geome-
tries that can easily occur in spin-coated films due to very
rapid solvent evaporation. It is also evident, just as for the
reference thin film, that the PFO-UHMWPE blend samples
contain a small fraction of b-phase chain segments, yielding
a characteristic b-phase peak, which appears here at
432 nm.

Figure 2(b) shows PL emission spectra of UHMWPE-based
blends with PFO concentrations of 0.01–1 wt %. For the
samples comprising 1 wt % PFO, the PL spectrum

FIGURE 2 (a) Peak-normalized absorption spectra of an unor-

iented PFO-UHMWPE blend film containing 0.1 wt % PFO (solid

black line) and a spin-coated PFO thin film containing �3%

b-phase chain segments (dashed red line). (b) Peak-normalized

PL spectra of unoriented PFO-UHMWPE films containing 1 (red

line 1 filled circles), 0.1 (black line), and 0.01 wt % (blue line-

1 open triangles) PFO.
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corresponds closely to that for b-phase-rich spin-coated
films4,9 but with a reduced magnitude and apparent sharp-
ening of the shortest wavelength S1-S0 0-0 vibronic peak due
to strong self-absorption. It is known that adoption of the b-
phase chain conformation can be enhanced in slow-drying
films spin-coated from high boiling point solvents such as
cyclopentanone50 or in the presence of high boiling point
additives such as diiodooctane.51 Hence, the appearance of
b-phase chains in PFO-UHMWPE blends cast from decalin
solutions and dried over several days is expected. As the
PFO concentration in the blend reduces, the dominance of
the b-phase PL component decreases. This is despite there
still being clear evidence of a b-phase absorption peak [see
Fig. 2(a)], under which circumstances for spin-coated films
the b-phase PL component normally still dominates.51,52 This
suggests that dilution of PFO in the blend may hinder the
normal, highly efficient, excitation energy transfer to b-phase
chains. It is also noted that the vibronic peaks in the PL
spectrum for the most dilute sample with 0.01 wt % PFO
are comparable to those of PFO solutions prepared with
standard solvents.53 The variations in local dielectric envi-
ronment are expected to play a role in this. Heterogeneity in
the dispersion of PFO within the matrix polymer may also
be in part responsible for the increase in inhomogeneous
broadening that limits the PL vibronic peak resolution for
the 0.01 wt % PFO samples.

We also note that, contrary to previous reports for polyfluor-
enes in gel-processed blends with UHMWPE,32,40,41 we do
not observe any g-band PL emission for any of the PFO-
UHMWPE blend films. The presence of 1 wt % (based on the
UHMWPE content) Irganox 1010 antioxidant in our samples
may be the key factor here; its use was not reported in pre-
vious studies. Use of the antioxidant did not lead to any
observable changes in the absorption and PL spectra of PFO
in the blends. We cannot, however, extrapolate with com-
plete confidence that this implies that no oxidation of 9,9-
dialkylfluorene to 9-fluorenone moieties occurred during
processing; g-band emission can also be avoided in blend
films if any oxidized segments are sufficiently dispersed to
prevent excimer formation.20

Oriented Films
Oriented PFO-UHMWPE blend films were prepared through
tensile deformation at a constant elongation rate as
described in the Experimental section. Most of the data pre-
sented below is for 1 wt % PFO-UHMWPE blend films
(where 1 wt % refers to the weight fraction of PFO in the
blend) because this relatively high PFO concentration allows
for the broadest range of characterization measurements
to be conducted. A detailed investigation of more dilute
(�0.1 wt % PFO) blend films is presented in section
“Crystallization of PFO during Tensile Drawing.”

To better understand the influence of drawing temperature,
T, we studied 1 wt % PFO-UHMWPE blend films oriented in
two different temperature regimes: (i) T> 120 �C, corre-
sponding to the optimum37–39 drawing temperature regime

for UHMWPE and (ii) at a lower temperature, T5 65–68 �C,
chosen to be above the bulk PFO glass transition tempera-
ture Tg

PFO 5 62 �C but below the onset melting temperature
of the b-phase, Tm

b 5 80 �C.13 Hereafter for simplicity, films
drawn at temperatures above/below Tm

b will be referred to
as hot-/cold-drawn, respectively.

Figure 3 shows the evolution of absorption spectra for hot-
and cold-drawn PFO-UHMWPE films with increasing draw
ratio K, where K represents the ratio of sample lengths after
and before drawing. For both hot- and cold-drawn films
there is a spectral distinction between parallel- and
perpendicular-polarized absorption; the perpendicular spec-
tra more closely resemble the spectrum of a blend film
before drawing whilst the parallel-polarized spectra are red-
shifted, consistent with uniaxial alignment of PFO chains
allowing greater electronic delocalization along the chain
axis. The overall optical dichroism (ratio between parallel
and perpendicular absorption) increases with draw ratio
from 1 (undrawn films) to �12 and 8 for K 5 100 hot- and
cold-drawn films, respectively.

For hot-drawing [see Fig. 3(a), top panel] the intensity of
the characteristic b-phase absorption peak seen for
undrawn blend films (see Fig. 2) reduces rapidly with draw
ratio due to the drawing temperature exceeding Tm

b. This is
consistent with previous reports on oriented PFO-UHMWPE
blends where drawing temperatures T5 902 100 �C were
used,40,48 corresponding to hot-drawing conditions, which
explains the observed loss of b-phase chain segments dur-
ing drawing.40 Close inspection of the spectra reveals the
appearance of a poorly resolved absorption shoulder cen-
tered at �430 nm, most clearly visible in parallel-polarized
spectra, which we attribute to absorption by PFO chains
crystallized during the drawing process. The origin and rel-
ative orientation of these crystalline PFO chains is explored
in detail in section “PFO Dispersion and Microstructure in
the Blends.”

As can be deduced from the spectra in Figure 3(a), lower
panel, cold-drawn films retain a fraction of b-phase chains,
as evidenced by the peak centered at �438 nm in both par-
allel- and perpendicular-polarized spectra, due to the draw-
ing taking place at temperatures below the bulk melting
temperature of the b-phase. However, despite this fact, the
relative intensity of the b-phase absorption peak is found to
gradually reduce with draw ratio. For example, the inset in
the lower panel of Figure 3(a) shows that for the perpendic-
ular polarized spectra the ratio of absorption intensities
recorded at 438 nm (predominantly b-phase) and 360 nm
(predominantly glassy), which approximately quantifies the
fraction of b-phase chain segments in the sample, decreases
with K. This indicates that, along with elevated drawing tem-
peratures, chain motion also contributes to removing the
b-phase conformation.

At this point, it is worth closely examining the nature of the
glassy and b-phase conformations to understand their rela-
tive susceptibility to orientation by tensile drawing in a
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UHMWPE matrix. It is interesting to note that the relative
fraction of the b-phase, that is, the intensity ratio of b-phase
and bulk PFO absorption peaks, is always higher for the
perpendicular-polarized absorption spectra of drawn blend
films—an observation that is supported by the correspond-
ing PL data (see Fig. 4). For example, the b-phase peak is
lost from the parallel-polarized spectrum for hot-drawing
even at a relatively low draw ratio of 10, at which the peak
is still clearly visible in the perpendicular-polarized spec-
trum. We advance the following explanation [see Fig. 3(b)]:

1. Tensile drawing forces the wormlike glassy PFO chains to
orient along the drawing axis; thus the apparent intensity

of the bulk PFO absorption increases/decreases for paral-
lel-/perpendicular-polarized excitation, respectively.

2. The b-phase chain segment conformation of PFO is charac-
terized by a unique inter-monomer torsion angle2,11 (see
Fig. 1) that would make a b-phase segment analogous to a
1D crystal embedded in a disordered matrix. Hence, it
becomes clear that the existing metastable b-phase chain
segments cannot be easily aligned because any adverse phys-
ical motion of the chain might disrupt the well-defined con-
formation of the b-phase segment, converting it into a
wormlike glassy segment. The removal of b-phase by chain
motion would occur isotropically, that is, irrespective of the
relative chain orientation, and thus the magnitude of the b-
phase absorption peak decreases equally for both parallel-
and perpendicular polarized spectra. We note that this
explanation is fully consistent with previous reports on ori-
ented b-phase PFO thin films, in which b-phase was invaria-
bly introduced by postprocessing.15,22,26

The combined result is a higher relative fraction of b-phase
in the perpendicular-polarized spectra. For additional details
and spectroscopic evidence, see Figure S1, Supporting
Information.

Figure 4 presents the PL spectra for 1 wt % PFO-UHMWPE
blend films hot- and cold-drawn to K 5 70, obtained under
parallel-polarized excitation (incident E-vector oriented along
the drawing axis) and for both parallel- and perpendicular-
polarized detection. Both of the hot-drawn blend film PL
spectra (with vibronic peaks at 433, 457, and 488 nm in the
parallel- and at 436, 457, and 487 nm in the perpendicular-
polarized detection data) are a superposition of the glassy
PFO PL spectrum (with vibronic peaks at 421, 447, and
476 nm as measured for a reference spin-coated glassy film)
and the PL of crystalline PFO. The spectroscopic signature of
crystalline PFO in hot-drawn blend films was already
observed as a shoulder at �430 nm in the corresponding
absorption spectra [see Fig. 3(a), top panel]. PL spectrum of

FIGURE 3 (a) Absorption spectra of (top panel) hot- and (bot-

tom panel) cold-drawn 1 wt % PFO-UHMWPE blend films,

recorded with the incident light polarized parallel (solid lines)

and perpendicular (dashed lines) to the drawing axis and nor-

malized by the peak absorption of the respective parallel-

polarized spectra. Data are shown for films with draw ratios

K 5 10 (black lines), 30 (blue lines 1 filled circles), and 100 (red

lines 1 open triangles). The arrow in the lower panel indicates

the position of the b-phase absorption peak (438 nm). The

inset in the lower panel shows the percentage ratio, q, of

absorption intensities measured for the perpendicular-

polarized spectra at 438 (b-phase) and 360 nm (predominantly

glassy). (b) Schematic illustration of the effect of drawing on

the absorption and relative fraction of the b-phase chains, fb,

of PFO in undrawn (solid black line) and drawn (dashed red

lines, polarizations indicated) blends with UHMWPE. Arrows

indicate the direction of changes to the spectrum at the main

PFO p-p* HOMO-LUMO peak and at the long wavelength b-

phase peak.
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crystalline PFO chains in hot-drawn blend films is obtained
by direct photoexcitation at this absorption shoulder and fea-
tures a well-defined vibronic progression with peaks at 435,
461, and 492 nm (see Fig. S2, Supporting Information).

The PL spectrum of the cold-drawn blend film comprises a
superposition of the typical b-phase PL spectrum (with
vibronic peaks at 440, 465, and 500 nm9) and that of the hot-
drawn blend film. This observation is consistent with the
retention of a b-phase absorption peak at high draw ratios, as
shown in Figure 3(a) (lower panel). The fact that the b-phase
PL does not totally dominate the PL spectrum here indicates
that excitation energy transfer is more limited in the blend
than it would be in a PFO thin film with a similar fraction of
b-phase chain segments. Whether this is a signature of hetero-
geneity, or a change in excitation dynamics remains to be
resolved. We also note that the b-phase PL contribution is
stronger for the perpendicular-polarized PL spectrum which
is consistent with the higher relative fraction of the b-phase
for chain orientation perpendicular to the drawing axis (see
Fig. S1, Supporting Information). We further note that
parallel-polarized excitation tends to downplay this effect.

The deduced variation in emission anisotropy is presented in
Figure 5 as a function of draw ratio for both hot- and cold-drawn
1 wt % PFO-UHMWPE blend films. To allow direct comparison
with the data of He et al.40 we have used a simplified PL emis-
sion anisotropy ratio, R, calculated as the ratio of integrated
intensities for the PL spectra polarized parallel and perpendicu-
lar to the drawing axis, in both cases under parallel-polarized
excitation.54 In essence, R quantifies the degree of PL emission
depolarization following parallel-polarized excitation.

We observe from Figure 5 that for hot-drawn films R
increases up to K 5 70 and then begins to saturate. For cold-
drawn films, the increase in R is linear up to the highest draw

ratios with no apparent saturation, albeit that the increase
with draw ratio has a shallower slope. The cold-drawn films,
for which the PL spectra have a substantial b-phase emission
component, show markedly lower R values than hot-drawn
blend films for which there is no b-phase emission. This latter
situation, at first sight, appears to be at odds with the previ-
ously demonstrated higher natural emission anisotropy of the
b-phase conformation associated with its more axial transition
dipole moment.15 The reasons for this are related to the
inability of the existing b-phase chain segments to be oriented
by tensile drawing (as discussed above and in section “PFO
Dispersion and Microstructure in the Blends” below), which
in turn means that their presence in drawn films contributes
strongly to PL emission depolarization thereby leading to a
reduction of the corresponding R value.

At this point, we conclude the description of the evolution of
microstructure and PL anisotropy with draw ratio for PFO-
UHMWPE blend films. Given the complexity of the observed
behavior, we sought to explore in greater detail the microstruc-
ture of the drawn blends as well as the other factors that limit
the optical anisotropy of these blends. Section “Factors Influ-
encing Optical Anisotropy and Photoluminescence Depolariza-
tion in Drawn PFO-UHMWPE Blend films” considers the role of
drawing temperature and method on optical anisotropy and
explores the relationship between the blend film microstruc-
ture, PFO crystallization, and PL emission depolarization.

Factors Influencing Optical Anisotropy and PL
Depolarization in Drawn PFO-UHMWPE Blend Films

Drawing Mechanics: Tensile Tester versus Hot-pin
Methods
The absence of branching in UHMWPE implies that orienta-
tion of the guest PFO polymer during tensile drawing pro-
ceeds primarily through shear forces and, possibly, epitaxial

FIGURE 4 Polarized PL spectra of 1 wt % PFO-UHMWPE blend

films hot- (black lines) and cold-drawn (red lines 1 filled circles)

to draw ratio K 5 70 showing emission polarized parallel (solid

lines, peak normalized) and perpendicular (dashed lines) to the

drawing axis.

FIGURE 5 PL emission anisotropy ratio, R, for hot- (filled black

circles) and cold-drawn (open red circles), 1 wt % PFO-

UHMWPE blend films as a function of draw ratio, K. Represen-

tative error bars are shown for films with draw ratios K 5 50

and 100.
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phenomena. With respect to shear forces, alignment of the
guest within the UHMWPE matrix is expected to depend on
the drawing mechanics. In this section, we present a brief
comparison between two of the main uniaxial tensile draw-
ing techniques.

In previous studies on oriented UHMWPE-polyfluorene
blends,32,40,41 drawing of films was carried out by a “hot-
pin” method. This typically involves manual stretching of the
films over a heated plate or bar, such as a Kofler bench, held
at the required temperature. In our study, however, we used
a tensile tester fitted with a temperature programmable
chamber. The subtle, yet important, difference between these
two methods is readily understood in terms of the relation-
ship between rate of elongation and incremental strain rate,
with the latter defined as

de
dt

5
d

dt

l22l1
l1

� �
5

d

dt

Dl
l1

� �
(1)

where l2 and l1 are the sample lengths following and prior
to incremental drawing, e is the incremental strain and Dl is
the incremental elongation.

In the case of “hot-pin” drawing, l1 is defined by the length
of sample contact with the hot plate and thus remains con-
stant. Assuming also an approximately constant rate of elon-
gation, it can be seen from (1) that the strain rate, and
hence the orienting stress applied to the guest polymer, does
not vary with draw ratio.

However, for drawing with a tensile tester using a constant
elongation rate (i.e., constant Dl per unit time), it can be
seen from (1) that the strain rate decreases with increasing
sample length. A reduced strain rate at high draw ratios is
expected to decrease the efficiency of guest orientation by
making chain recoil/relaxation more favorable. This fact may
contribute to the observed saturation of PL anisotropy at
high draw ratios for the 1 wt % PFO-UHMWPE blend films
hot-drawn with the tensile tester (see Fig. 5).

We confirmed the influence of drawing method through a
direct comparison of samples oriented by tensile tester
and “hot-pin” drawing techniques. Table 1 reports the
results for two samples cut from a single undrawn blend
film and then hot-drawn (at 130 �C) (i) using the tensile
tester and (ii) over a Kofler bench (hot-pin). Whilst the
final draw ratios, 50 and 40, respectively for the tensile
tester and Kofler bench, were of a similar magnitude, a

constant strain rate was maintained for the hot-pin draw-
ing. Drawing by the hot-pin method led to a significant
improvement in PFO orientation, as evidenced by a 1.4-
fold increase in emission anisotropy relative to the K 5 50
tensile-tester drawn sample. Polarized Raman measure-
ments (see section “Drawing Temperature: Hot- versus
Cold-Drawing” below) showed a similar 1.2-fold increase
in the 1605 cm21 PFO aromatic ring stretching mode ani-
sotropy. We note that this improvement in PFO orientation
for the K 5 40 hot-pin drawn film has been achieved
despite the somewhat lower Raman anisotropy of the
1130 cm21 PE symmetric CAC stretching mode, which
confirms that the lower draw ratio of this film relative to
that of the tensile-tester drawn sample corresponds to a
lower uniaxial order parameter.

Drawing Temperature: Hot- versus Cold-Drawing
Temperature is known to strongly affect the drawability of
polyethylenes. Studies on melt-crystallized linear polyethyl-
ene55 showed that maximum, efficient deformation is possi-
ble only within a relatively narrow temperature window.
Similarly, although gel-processed UHMWPE films could be
drawn even at room temperature,56 their drawability was
found to be significantly improved for temperatures closer to
the polymer melting temperature, Tm.

38 This is explained by
temperature-enhanced chain mobility facilitating chain align-
ment under the applied tensile stress.

Raman Spectroscopy
The relative alignment of PFO and UHMWPE polymer chains
in hot- and cold-drawn films was studied using polarized
Raman spectroscopy, a technique that relies on (i) there being
spectrally separated characteristic vibrational modes associ-
ated with specific subunits of molecular structure and (ii)
these modes having vibrational displacement vectors linked to
the local molecular structure and its orientation. Molecular
orientation can then be probed by the spectrally resolved,
polarization selective excitation and detection of Raman scat-
tered light.57–59 UHMWPE and PFO both have specific vibra-
tional modes characterized by a uniaxial Raman scattering
tensor, the principal axis of which is closely aligned with the
polymer backbone. In the case of PFO it is the 1605 cm21

CAC ring-stretching mode that we use,57,58 whereas for
UHMWPE, it is the symmetric CAC stretching mode at
1130 cm21.59

Figure 6 presents Raman anisotropy data as a function of
draw ratio for the 1130 and 1605 cm21 vibrational modes

TABLE 1 Comparison of the Influence of Drawing Methods on the PL Emission and Raman Scattering Anisotropies of 1 wt % PFO-

UHMWPE Blend Films

Method Temperature

(�C)

Draw

Ratio K
PL Anisotropy

Ratio R

Raman Anisotropy

1605 (cm21) 1130 (cm21)

Tensile Tester 130 50 10.0 13.3 8.7

Hot-Pin 130 40 14.4 15.9 8.0
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measured for 1 wt % PFO-UHMWPE blend films following
hot- and cold-drawing. Raman anisotropies were calculated
as the ratio of maximum intensities for Voigt fits to the two
Raman peaks measured with incident light polarized parallel
and perpendicular to the drawing axis. Representative spec-
tral data is included in Figure S3 of the Supporting
Information.

It is clear from Figure 6 that uniaxial alignment of UHMWPE
chains proceeds far less efficiently in the 65–68 �C cold-
drawing regime than in the 125–140 �C hot-drawing regime.
Alignment of the matrix will strongly affect alignment of the
PFO guest and it is then no surprise that PFO chains are less
well aligned for the cold-drawn samples. The fact that the
anisotropy of the 1130 cm21 mode is lower than that of the
1605 cm21 mode for both hot- and cold-drawing is consist-
ent with the 1130 cm21 mode not being fully aligned along
the polyethylene chain axis.59

We also note that the 1605 cm21 Raman mode anisotropy
for both hot- and cold-drawn films appears to saturate
beyond K 5 70. This is different to the corresponding PL
emission anisotropy data (see Fig. 5) where we see a similar
saturation of R for hot-drawn films but not for cold-drawn
films, for which R increases with draw ratio over the entire
range. This discrepancy in the emission and Raman anisot-
ropy data for the cold-drawn films is explained by the funda-
mental difference between the two measurements: Raman
anisotropy measurements probe the molecular orientation of
the entire ensemble of chains in the sample, while emission
originates from a subset of chains within the low energy tail
of the density of states, following excitation energy transfer
from the ensemble. Energetically low lying sites are expected
to be those with more extended conjugation60 and/or those

situated within a more polarizable local environment. As will
be shown in section “PFO Dispersion and Microstructure in
the Blends”, the degree of orientation of the minority low-
energy crystalline and b-phase chain segments can be sub-
stantially different to that of the bulk glassy chain ensemble.

The combined PL emission and Raman anisotropy measure-
ments show that macroscopic chain orientation is not the
only factor determining the optical anisotropy of the drawn
blend films and indicate that PFO microstructure in the
blends is likely to be of key importance. Due to this complex-
ity of behavior and morphological heterogeneity of the sys-
tem we refrain from presenting the usual macroscopic chain
order parameter calculations57,58 which, in this case, would
be expected to be inexact and misleading.

X-Ray Diffraction and SEM
WAXD and SEM results, summarized in Figure 7, provide fur-
ther insight into the differences in microstructure for PFO-
UHMWPE blends drawn in the two temperature regimes.
The equatorial WAXD data for the blend films [see Fig.
7(a,d)] shows that in hot-drawn films UHMWPE very rapidly
adopts a double chain orientation39,61 as evidenced by the
systematic absence of the (200) and (210) peaks and a con-
comitant enhancement of the (020) peak intensity, even for
draw ratios as low as 10.

Double orientation of UHMWPE films means that, in addition
to near-perfect alignment of c-axis in the drawing direction
(i.e., fiber orientation), the b- and a-axis are also well-
oriented parallel and perpendicular to the film plane, respec-
tively. Such morphological perfection is characteristic of
(near) single-crystalline order and signifies a very high
degree of chain alignment and order. Complete double orien-
tation is not, however, observed for cold-drawn films even
for draw ratios up to 100, which, in agreement with the
Raman anisotropy results presented in Figure 6, indicates a
lower degree of chain alignment. We note that, due to its
low concentration in the blend, we could not observe any
diffraction signal from PFO in the WAXD data for the blend
films.

The SEM micrographs of K 5 100 blend films [see Fig.
7(b,c,e,f,)] show that hot-drawn film has a smooth film sur-
face with few defects in the highly regular fibrillar texture.
The striations that appear approximately perpendicular to
the drawing axis, seen most clearly in Figure 7(c), are the
kink bands typically observed in highly oriented PE samples.
Splicing of the film along the drawing axis is evident, result-
ing from near-perfect chain orientation reducing the number
of tie chains. However, the cold-drawn film surface exhibits a
large number of imperfections; comparison with the SEM
micrograph of an undrawn blend film (see Fig. S4 in the Sup-
porting Information) suggests that the irregularities in the
texture of the cold-drawn film are the residual unoriented
regions of UHMWPE. Their presence is easily understood to
be the result of reduced chain mobility of PE in the cold-
drawing regime preventing the complete orientation of
entangled regions. As will be shown in the following section,

FIGURE 6 Draw ratio dependence of the anisotropy of PFO

1605 cm21 (circles) and UHMWPE 1130 cm21 (triangles) Raman

modes measured for hot- (filled black symbols) and cold-

drawn (open red symbols) 1 wt % PFO-UHMWPE blend films.

Representative error bars are shown for films with draw ratio

K 5 70.
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the distinct microstructure of PFO located within these unor-
iented regions leads to stronger PL depolarization for the
cold-drawn films.

PFO Dispersion and Microstructure in the Blends
The degree of dispersion of a conjugated polymer guest in a
PE matrix is known to strongly affect its orientation behavior
during tensile drawing. Previous work by Montali et al. dem-
onstrated that phase-separation between the guest and host
obstructs the achievement of high optical anisotropy for the
guest polymer.35 These authors studied poly(2,5-dioctyloxy-
1,4-diethynylphenylene-alt-2,5-bis(2’-ethylhexyloxy)-1,4-phen
ylene) (EHO-OPPE) in gel-processed blends with UHMWPE
and found that efficient alignment of the EHO-OPPE chains
along the drawing direction occurs only following dispersal
of any phase-separated clusters existing within the undrawn
film. This is expected to apply equally to PFO-UHMWPE
blends. Another consideration for PFO is the presence of
lower HOMO-LUMO transition energy crystalline and/or b-
phase conformations which, following efficient excitation
transfer from the bulk glassy chains, dominate the PL emis-
sion properties of blend films.

Polarized PL excitation (PLE) spectroscopy provides a versa-
tile technique for observing the changes in PL emission ani-

sotropy as a function of excitation wavelength and, hence,
the different conformational and microstructural subsets of
polymer chains that are excited at different wavelengths. In
a typical measurement, the excitation wavelength, kex, is
scanned across the absorption spectrum of the sample while
the PL intensity is monitored at a fixed wavelength. The
polarization of the excitation light is parallel to the drawing
axis, while the PL is detected with polarizations both parallel
and perpendicular to the drawing axis. PLE anisotropy, calcu-
lated from the ratio of the PL intensities polarized parallel
and perpendicular to the drawing axis, provides information
about the relative PL depolarization across the density of
states, recognizing of course that (due to the off-axis compo-
nent of the optical transition dipole) parallel-polarized exci-
tation can also excite perpendicularly oriented chains.
Despite its potential, we are not aware of any polarized PLE
data previously reported for oriented UHMWPE—conjugated
polymer blends.

Polarized PLE spectra are presented in Figure 8 for 1 wt %
PFO-UHMWPE blend films hot- and cold-drawn to draw ratio
K 5 70. The PLE spectra were measured for emission at 457
and 465 nm for hot- and cold-drawn films corresponding to
their respective S1-S0 0-1 vibronic peaks (see Fig. 4). Typi-
cally, for a homogeneous uniaxially oriented ensemble of

FIGURE 7 (a,d) Equatorial WAXD patterns of 1 wt % PFO-UHMWPE blend films with draw ratios K indicated. (b,c,e,f) Scanning

electron micrographs of K 5 100 blend films with (b, e) 50 lm and (c, f) 10 lm scale bars. The data is shown for hot- (upper pan-

els) and cold-drawn (lower panels) films.
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conjugated polymer chains, excitation of the lowest energy
chromophores limits depolarizing energy transfer, resulting
in maximized values of PLE anisotropy at the red edge of the
excitation spectrum.62 Interestingly, we do not observe this;
for both hot- and cold-drawn films (see Fig. 8), PLE anisot-
ropy is constant over a large part of the excitation spectrum
but then drops abruptly for kex � 425 nm. The position of
the down-step for hot-drawn films closely matches the posi-
tion of the shoulder observed for both PLE and absorption
spectra [see Fig. 3(a), top panel] at �430 nm and attributed
to a fraction of PFO chains that crystallized during the draw-
ing process. For cold-drawn films, there is a lower overall
PLE anisotropy, consistent with the PL emission anisotropy
data presented in Figure 5. The onset of the drop in PLE ani-
sotropy occurs in the region of S0-S1 0-0 b-phase absorption
[see Fig. 3(a), bottom panel], where the PLE spectra them-
selves also show, albeit rather indistinctly, a shoulder due to
the presence of b-phase segments.

The PLE anisotropy data suggest that the crystalline and b-
phase chain segments found in hot- and cold-drawn 1 wt %
PFO-UHMWPE blend films are relatively poorly aligned with
respect to the drawing axis. This is a concern in relation to
optical anisotropy, since the normally efficient excitation
energy transfer that occurs from other chain segments will,
as a consequence, tend to reduce the PL anisotropy.

We propose that the poor relative alignment of crystalline
and b-phase PFO chain segments in drawn 1 wt % PFO-
UHMWPE blend films is a consequence of the initial phase-
separated microstructure of the undrawn blend film (cf.
schematic illustration in Fig. 9). Thermal analysis data shows
no evidence for the miscibility of PFO and PE (see Fig. S5 in
the Supporting Information for further details), which is
expected due to thermodynamic incompatibility of most
macromolecules.47,48 Casting their mixture from dilute solu-
tion followed by slow evaporation of solvent results in a
phase-separated microstructure for the dried blend film. As
the solvent evaporates and the concentration of PFO in the
cast solution exceeds the value required for chain overlap,63

gelation of PFO will occur. This is known from the litera-
ture15,63,64 to feature (i) the formation of physical cross-links
and (ii) the adoption of the b-phase conformation by a frac-
tion of chain segments. The microstructure of the undrawn
blend films is schematically illustrated in Figure 9(a), the
key element being the existence of a fraction of PFO chains
in phase-separated b-phase-rich clusters.

Hot-drawing the 1 wt % PFO-UHMWPE blend films results
in an efficient and homogeneous orientation of the UHMWPE
matrix. However, the PFO used in this study melts with onset
at 160 �C and this temperature does not change upon its
incorporation into the PE matrix (see Fig. S5, Supporting
Information). From previous reports on similar blends we
expect that, since the drawing temperature is below Tm of
bulk PFO, the dispersion of phase-separated PFO clusters
during drawing would proceed solely through mechanical
interaction with the orienting UHMWPE chains.48,65 The
resulting inefficient dispersal of PFO clusters, combined with
the reduction of strain rate at higher draw ratios (see section
“Drawing Mechanics: Tensile Tester versus Hotpin Methods”),
implies that clusters of poorly oriented PFO chains can exist
even in highly drawn 1 wt % PFO-UHMWPE films [cf. sche-
matic illustration in Fig. 9(b)]. At the same time, since the
drawing temperatures are greater than the bulk Tg of
PFO,2,12,14 crystallization of PFO should take place provided
confinement effects are not severe.66 Such crystallization
would occur most rapidly in PFO-rich clusters. Under these
circumstances, excitation energy transfer to the poorly ori-
ented crystalline PFO chains contained within these clusters
would indeed lead to PL depolarization, as demonstrated in
Figure 8(a). Conversely, drawing temperatures above Tm

b

ensure that no b-phase PFO chain segments are present in
the hot-drawn blend films.

In the case of cold-drawn films, we consider that the lower
mobility of UHMWPE chains at reduced temperatures
ensures that a fraction of poorly-aligned regions [cf. Fig.

FIGURE 8 PLE spectra (black lines, left ordinate) of (a) hot- and

(b) cold-drawn, K 5 70, 1 wt % PFO-UHMWPE blend films for

emission polarized parallel (solid lines) and perpendicular

(dashed lines) to the drawing axis taken under parallel-

polarized excitation. Also shown (red lines 1 filled circles, right

ordinate), in each case, are the corresponding PLE anisotropy

spectra.
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7(e,f)] remain, wherein there can exist phase separated PFO
clusters retaining a fraction of b-phase chain segments, as is
schematically illustrated in Figure 9(c). Tensile stress cannot
be fully transferred to the PFO chains contained within these
clusters, limiting both their dispersal within the UHMWPE
host and their alignment. Moreover, since the b-phase seg-
ments have a lower-lying first electronic excited state than
glassy PFO, we expect that they will be the preferred desti-
nation for rapid excitation energy transfer from, conceivably,

better oriented glassy chains, thereby also contributing to
the PL depolarization observed in Figure 8(b).

Crystallization of PFO During Tensile Drawing
To further study crystallization of PFO during tensile draw-
ing, we prepared more dilute PFO-UHMWPE blends contain-
ing 0.1 and 0.01 wt % PFO, which were subsequently hot-
and cold-drawn to draw ratio K 5 50. PLE anisotropy spectra
for the oriented films are shown in Figure 10. In stark con-
trast to the results for oriented blend films with higher PFO
concentration (cf. Fig. 8), it is immediately clear that PLE
anisotropy increases at the red-edge of the excitation spec-
trum. This suggests that (i) phase-separated PFO clusters
present in the corresponding undrawn films are more readily
dispersed during drawing and/or (ii) PFO clusters that
remain are less readily populated by excitation energy trans-
fer from well-aligned chains, at least to the degree that they
no longer strongly influence the resulting optical proper-
ties.48 Whereas poorly oriented PFO clusters are believed to
remain even in highly drawn 1 wt % PFO-UHMWPE films, in
the more dilute 0.1 wt % PFO-UHMWPE films the dispersal
of PFO clusters is considered more likely due to their
smaller size, proportional to the PFO concentration in the
blend. We also note that, as for blend films with higher PFO
concentration, the PLE anisotropy values of the drawn 0.1
wt % PFO-UHMWPE films are higher for the hot-drawing
conditions due to more efficient orientation of the UHMWPE
matrix.

The PL spectra (not shown) of PFO-UHMWPE blend films
containing 0.1 and 0.01 wt % PFO drawn to K 5 50 were
found to be a superposition of PL spectra from two emitting
species:

FIGURE 9 Schematic illustration of chain dispersion and micro-

structure in 1 wt % PFO-UHMWPE blend films: (a) undrawn, (b)

hot-drawn, and (c) cold-drawn. PE and glassy PFO chains are

represented by gray and blue lines, respectively. PFO clusters

containing crystalline and b-phase chain segments are repre-

sented by paired black zig-zag lines and red straight lines,

respectively. The relative fractions of crystalline and b-phase

chain segments are exaggerated.

FIGURE 10 PLE anisotropy spectra of 0.1 wt % PFO-UHMWPE

blend films hot- (solid black line) and cold-drawn (solid red

line 1 filled circles) to draw ratio K 5 50. The PLE anisotropy of

an even more dilute (0.01 wt % PFO) blend film hot-drawn to

draw ratio K 5 50 is also shown for reference (dashed black

line).
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1. Glassy PFO chains, as found for glassy films spin-coated
from solutions in good solvents.9

2. Crystalline PFO chains, the PL spectrum of which is clearly
revealed by direct photoexcitation at 432 nm, correspond-
ing to the spectral position where absorption by crystal-
line chains is prevalent.4,12

We note that no b-phase PL contribution was detected for
these drawn films, suggesting that b-phase-rich PFO clusters
present in the undrawn blend film are dispersed, thereby turn-
ing off excitation energy transfer to b-phase chain segments
and/or eliminating the b-phase conformation altogether. The
latter finding is consistent with the proposal that chain motion
during drawing removes the b-phase conformation. The low
PFO fraction and consequently small optical density of these
drawn films prevents us from using absorption spectroscopy to
confirm the absence of b-phase segments.

To investigate the nature of the crystalline PFO chains and
their effect on optical anisotropy, we have used a simple PL
deconvolution method to determine the relative contributions
of crystalline PFO to the overall PL emission spectra and cor-
related these results with PL emission anisotropy ratios R
measured for the same films; the results are summarized in
Table 2. For details of the PL deconvolution, the reader is
directed to Figure S6 of the Supporting Information.

The most important observation is that the PL crystalline
fraction is invariably higher in the emission spectra polarized
parallel to the drawing axis, which is strong evidence
for PFO crystallization under strain, whereby the polymer
chains crystallize with their long axis preferentially oriented
in the direction of the uniaxial mechanical deformation. The
fact that the overall PL emission anisotropy of the drawn
blend films, quantified by R, is proportional to the PL
crystalline fraction in their respective parallel-polarized spec-
tra confirms our proposal that PFO crystallizes during the
drawing process, yielding the most well-oriented subset of
chains.

On a cautionary note, we should mention that, since we are
dealing with PL measurements, additional effects due to con-
centration dependent and anisotropic excitation energy trans-
fer cannot be ruled out. For example, the data in Table 2 also
appears to suggest that the relative anisotropy of the PL crys-

talline fraction is higher for the most dilute 0.01 wt % PFO-
UHMWPE blends. This is likely to be a result of increasing
chain dilution limiting the occurrence of depolarizing excita-
tion energy transfer following parallel-polarized excitation,
which in turn leads to underestimation of the crystalline frac-
tion in the perpendicular-polarized PL spectra. For the same
reason, the smaller size of crystalline PFO domains in cold-
drawn relative to hot-drawn films (for a given concentration),
resulting from reduced chain mobility at lower temperatures,
may also be responsible for the increase in crystalline PL frac-
tion anisotropy due to more limited depolarizing excitation
energy transfer within the smaller crystallites. Despite these
nuances, we consider that it remains highly plausible that
PFO crystallization occurs under strain in these blends; our
interpretation of polarized PL and PLE data here is further
supported by absorption dichroism measurements performed
on oriented PFO-LLDPE films in section “Optical Spectroscopy
of PFO-LLDPE Blend Films.”

Finally, we wish to outline the basic thermodynamics of PFO
crystallization during drawing in UHMWPE-based blends and
the implications thereof. The mechanical stretching of worm-
like glassy PFO chains “dissolved” in UHMWPE strongly
reduces their conformational entropy, thus also reducing the
entropic penalty of crystallization. At the same time, the
chemical similarity between PE and the alkyl side-chains of
PFO implies that well-oriented UHMWPE fibers can provide
a nucleation surface for side-chain-driven epitaxial crystalliza-
tion of PFO. Epitaxial crystallization of PFO has already been
observed in friction-transferred oriented films following
thermal annealing.23 In this case, such crystallization would
be influenced by the usual parameters, including concentra-
tion and temperature. As shown by the results in Table 2,
for a given concentration the crystalline PL fraction was
lower for the cold-drawn samples, likely due to the reduced
chain mobility hindering efficient crystal growth. Crystalliza-
tion of PFO during drawing in PFO-UHMWPE blends and its
effect on the resulting optical properties certainly deserve
further exploration. For example, it is very likely that, due to
stronger interchain bonding within the crystal, crystallization
of PFO during drawing can prevent chain relaxation and
thus allow optimal alignment to occur. Such a situation also
occurs in the drawing of precursor-route poly(p-phenylenevi-
nylene)—further complicated by plasticization with

TABLE 2 Summary of PL Anisotropy and PL Crystalline Fraction Results for 0.1 and 0.01 wt % PFO-UHMWPE Blend Films Drawn

to K 5 50

PFO Concentration

in the Blend (wt %)

Hot/Cold

Drawing

Regime

PL Emission

Anisotropy Ratio

R (kex 5 390 nm)

PL Crystalline Fraction

Parallel-Polarized

(%)

Perpendicular-Polarized

(%)

Parallel/Perpendicular

Ratio

0.1 Hot 14 59 47 1.3

0.01 Hot 12 44 27 1.6

0.1 Cold 10 39 27 1.4

0.01 Cold 9 26 15 1.7

Excitation was polarized parallel to the drawing direction and deconvolution results are reported for parallel- and perpendicular-polarized emission.
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dialkylsulfide leaving groups—and leads to unexpectedly
high anisotropies for modest draw ratios.67,68

Optical Spectroscopy of PFO-LLDPE Blend Films
Melt-processed LLDPE-PFO blends containing 0.1 wt % PFO
were prepared as described in the Experimental section. The
resulting films were subsequently drawn at 80 �C, above the
PFO glass transition temperature, to the maximum draw
ratio (K 5 10) achievable for this LLDPE molecular weight.
Absorption and PL spectra for both undrawn and drawn
blend films are presented in Figure 11.

The absorption spectrum of the undrawn film shown in Fig-
ure 11(a) is reminiscent of that of crystalline PFO thin films,
featuring a HOMO-LUMO absorption band with a more pro-
nounced red-edge than that for spin-coated glassy PFO
films.4,12 Closer inspection of the spectrum, confirmed by its
negative numerical second derivative,31 also reveals the pres-
ence of a weak absorption shoulder at �431 nm, which we
attribute to absorption by crystalline PFO chains. Crystalliza-
tion of PFO is expected from the sample processing history,
since the blends were annealed at 230 �C, that is, within the
PFO nematic melt temperature range,2,5,12,14 followed by
cooling in the cold-press. The corresponding PL spectrum, as
shown in Figure 11(b), features vibronic peaks at 436, 459,
and 489 nm. Its vibronic structure comprises a superposition
of the PL emission spectra of (i) glassy PFO and (ii) crystal-
line PFO chains, consistent with the observed absorption fea-
tures in Figure 11(a). Interestingly, the crystalline PL from
the blend film, revealed by direct photoexcitation of crystal-
line chains at 432 nm, features vibronic peaks at 436, 461
and 490 nm, redshifted by �3 nm from the corresponding
vibronic positions for crystalline PFO in both melt-
crystallized neat thin films4,12 and hot-drawn PFO-UHMWPE
blend films. While at this stage it is hard to unambiguously
identify the origin of this redshift, it is plausibly related to
crystals with longer c-axis coherence length formed as a
result of either (i) the specific nucleation by LLDPE and sub-
sequent epitaxial crystallization of PFO or (ii) crystallization
occurring under strain due to material flow during melt
compression molding. We note that b-phase features are
absent from both absorption and PL spectra here due to the
solvent-free processing of the blend film at temperatures in
excess of Tm

b.

Tensile drawing of the blend film results in distinctive
changes in both absorption and PL spectra as shown in Fig-
ure 11(a,b), respectively. The PL spectra are redshifted, with
well-resolved vibronic peaks at 437, 462, and 493 nm for
both parallel- and perpendicular-polarized spectra. The red-
shift and improved resolution of the spectra are due to
higher PFO crystallinity in the drawn films and an associated
increase in PL contribution from crystalline chains relative
to glassy chains (see Fig. S7, Supporting Information for addi-
tional details). The PL emission anisotropy ratio, R5 4, is lim-
ited by the relatively low draw ratio of these blend films. The
main absorption band in the parallel-polarized spectrum of
the drawn blend film is narrowed and slightly red-shifted

FIGURE 11 Normalized (a) absorption and (b) PL spectra of an

undrawn 0.1 wt % PFO-LLDPE blend film (red line 1 filled

circles) and the same film drawn to K 5 10 (black lines) with

the parallel- and perpendicular-polarized spectra shown by

solid and dashed lines, respectively. (c) Peak-normalized polar-

ized absorption spectra of the 0.1 wt % PFO-LLDPE blend film

drawn to K 5 10 (as above) and the absorption spectrum of an

undrawn blend film subjected to the thermal protocol of draw-

ing without the application of tensile stress (blue line 1 open

triangles).

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 53, 22–38 35



relative to the undrawn film. The peak absorption is at
397 nm and a significant shoulder at �431 nm, attributed to
absorption by an increased fraction of crystalline PFO chains,
is seen.

With respect to PFO crystallization, tensile drawing repre-
sents a superposition of two effects, namely temperature
and strain, with both influencing the crystallization behav-
ior of the guest polymer. Figure 11(c) shows peak-
normalized absorption spectra for the drawn film and a ref-
erence undrawn blend film that has been subjected to the
thermal protocol of drawing but without the application of
tensile stress. Comparison between these spectra shows
that:

1. The relative magnitudes of the red-edge crystalline should-
ers match for the parallel-polarized and reference film

spectra because PFO crystallization takes place at the
same temperature. Taking into account the fact that the
absorption spectrum of the reference film also features
the contribution from perpendicular oriented chains
implies that the relative fraction of crystalline PFO is
higher in the drawn film, consistent with strain-enhanced
crystallization.

2. The main absorption bands agree more closely for the
perpendicular-polarized and reference film spectra because
PFO crystallization occurs in both cases under quiescent
conditions, that is, without the influence of strain.

The redshift and higher relative intensity of the crystalline
shoulder in the parallel-polarized absorption spectrum com-
pared with the perpendicular-polarized spectrum confirm
anisotropic crystalline chain orientation and suggest prefer-
ential crystallization of PFO along the drawing axis under
applied tensile stress.

The effect that PFO crystallization under strain has on the
optical anisotropy of oriented PFO-LLDPE blend films
is illustrated in Figure 12. The absorption dichroism, D,
calculated as the intensity ratio of parallel- and
perpendicular-polarized absorption has a spectrum [see
Fig. 12(a)] that peaks at 431 nm, coinciding with the
spectral position of the crystalline absorption shoulder. In
addition, the PLE anisotropy spectrum, monitored at
457 nm corresponding to the S1-S0 0-1 vibronic peak,
shows the expected increase at the red-edge of the excita-
tion spectrum. Both of these observations confirm that the
PFO chains crystallized under strain exhibit a higher
degree of uniaxial orientation than the majority disordered
chains. Due to their more extended conjugation length and
efficient excitation energy transfer from the majority, dis-
ordered chains, PL from crystalline PFO chains contributes
�90% to the overall emission spectrum. A reasonably
large PL anisotropy, R5 4, is attained, given the modest
K 5 10 draw ratio.

Comparison of the results obtained for both UHMWPE- and
LLDPE-based blends shows that PFO crystallizes during
drawing in both matrix PEs. In the absence of coarse
phase-separation in the undrawn films, which, as suggested
by previous publications on similar blends,47,48 can be
achieved by sufficient guest dilution and melt-quench
blending for UHMWPE- and LLDPE-based blends respec-
tively, PFO chains crystallized under strain exhibit enhanced
optical anisotropy compared with the glassy or b-phase
chains. Regarding the b-phase, we note that the melt-based
fabrication of LLDPE-PFO blend films prevents the forma-
tion of b-phase chain segments, that in oriented PFO-
UHMWPE blend films are poorly aligned by drawing and
consequently lead to PL emission depolarization following
excitation energy transfer. Finally, the observation of a
�3 nm relative shift in PL emission from PFO chains crys-
tallized under strain in UHMWPE- and LLDPE-based blends
suggests that there may be interesting, and as yet unex-
plored, differences between epitaxial crystallization of PFO
in the two blend types.

FIGURE 12 Polarized (a) absorption and (b) PLE spectra of a

0.1 wt % PFO-LLDPE blend film drawn to K 5 10 (black lines,

left ordinate) with the parallel- and perpendicular polarized

spectra shown by solid and dashed lines respectively. Also

shown (red lines 1 symbols, right ordinate) are the correspond-

ing (a) dichroism and (b) PLE anisotropy spectra.
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CONCLUSIONS

We have demonstrated that the interplay between PFO con-
centration and chain conformation, blend microstructure and
processing conditions strongly influences the optical anisot-
ropy of PFO in tensile-drawn gel-processed blends with
UHMWPE.

A major obstacle for efficient uniaxial alignment of PFO
during tensile drawing is its existence in phase-separated
clusters in the undrawn blend films resulting from thermo-
dynamic incompatibility of the two polymers. As a result,
tensile stress cannot be efficiently transferred to PFO chains
located within these clusters leading to their poor orienta-
tion and consequent PL emission depolarization. Reducing
the concentration of PFO in the blend also reduces the size
of these clusters, thus allowing for their dispersal at moder-
ate draw ratios and subsequently enabling optimal chain
alignment to occur.

Drawing at temperatures above 120 �C leads to optimal
alignment of UHMWPE, with its double chain orientation sig-
nifying an extremely high degree of chain ordering. Drawing
at �65 �C leads to a less efficient orientation of the
UHMWPE matrix and preserves minor regions of residual
poorly oriented chains. PFO chains within these regions, con-
sequently, also remain poorly oriented and retain a fraction
of the b-phase segments found in the undrawn films. Due to
their quasi-1D-crystalline structure, b-phase chain segments
of PFO are erased by both (i) drawing temperatures exceed-
ing the b-phase melting temperature of 80 �C and (ii) physi-
cal chain motion. The relationship between chain motion and
the removal of the b-phase chain segments remained unclear
from previous publications;13 our results seem to confirm
the link between the two processes, with the implication
being that the pre-existing b-phase chain segments cannot
be oriented by tensile drawing. Retaining unoriented b-phase
segments in oriented PFO-UHMWPE blends leads to PL emis-
sion depolarization due to efficient exciton migration from
the better-oriented, but higher HOMO-LUMO transition
energy, glassy, and crystalline chain segments.

With regards to the drawing method, we have determined
that maintaining constant elongation rather than strain rate
during drawing results in less efficient guest alignment due
more preferential chain relaxation at high draw ratios.

We have also observed that PFO crystallization occurs dur-
ing tensile drawing. Following dispersal of phase-separated
PFO clusters, the crystallized PFO chain segments are
closely aligned with the drawing axis as a result of their
crystallization taking place under strain. Due to their
extended conformation and, hence, a lower energy electronic
state relative to glassy chains, PL emission occurs preferen-
tially from the crystalline chain segments, yielding optimal
PL emission anisotropy for these blends. The chemical simi-
larity between PE and the alkyl side-chains of PFO may ena-
ble side-chain-driven epitaxial crystallization of PFO to
occur.

In addition, melt-processed PFO-LLDPE blends were fabri-
cated and characterized for the first time. Due to the melt-
based fabrication, no b-phase chain segments survive here
and the PFO chains are more-optimally dispersed in the
undrawn blend films, leading to efficient orientation during
tensile drawing. Finally, our findings for crystallization of
PFO during tensile drawing of these melt-processed PFO-
LLDPE films are fully consistent with the corresponding
observations for gel-processed PFO-UHMWPE blends.
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