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ABSTRACT: Poly(9,9-dioctylfluorene) (PFO) is a blue-light-emitting polymer
exhibiting two distinct phases, namely, the disordered “glassy” phase and a more
ordered β-phase. We investigate how a systematic increase in the fraction of β-phase
present in PFO films controls chain conformation, photoluminescence quantum
efficiency (PLQE), and the resonant energy transfer from the glassy to the β-phase. All
films are prepared by the same technique, using paraffin oil as an additive to the spin-
coating solution, allowing systematic tuning of the β-phase fraction. The PFO films
exhibit high PLQE with values increasing to 0.72 for increasing fractions of β-phase
present, with the β-phase chain conformation becoming more planar and including
more repeat units. Differences in Förster radii calculated from the overlap of steady-
state absorptance and emission spectra and from time-resolved ultrafast photo-
luminescence transients indicate that exciton diffusion within the glassy phase plays an
important role in the energy transfer process.

Semiconducting conjugated polymers are a rising class of
materials offering tunable electrical and optical properties

combined with the attractive prospect of low-cost and large-
scale device fabrication.1−5 One widely explored polymer in
this context is poly(9,9-dioctylfluorene) (PFO), a member of
the family of fluorene-based polymers that have found
widespread use in a range of applications including organic
light emitting diodes (OLEDs),6−8 transistors,9 and lasers.10,11

PFO features desirable photo- and electroluminescence7,12,13

as well as high optical gain and respectable charge-carrier
mobilities.14 It is known to adopt two distinct phases, namely,
the disordered “glassy” phase and the more crystalline β-
phase,15−19 which differ by the angles adopted between
neighboring fluorene units. For the glassy phase, these angles
vary randomly within a large spread of possible values, while
they take a set value of 180° in the β-phase, corresponding to a
coplanar, extended, and more rigid chain conformation.16,19

Inclusion of polymer chains that have adopted β-phase
conformation appears to have a beneficial impact on
optoelectronic properties of PFO films, such as improved
spectral stability for emission20 and efficient photolumines-
cence (PL).8,13 While the absorption spectrum of PFO films
typically reflects the sum over the distinct spectral contribu-
tions from glassy and β-phase conformations present, the
emission spectrum is typically dominated by contributions
from the β-phase, even for relatively minor inclusions. This
observation led Ariu et al.18,21 to the conclusion that, following
excitation, energy is transferred efficiently from glassy-phase
chain segments to β-phase chain segments. Such energy
transfer was indeed found to occur on a sub-picosecond time
scale for a PFO film with ∼25% β-phase content,22 and it has
since been a subject of further study.23−25 However, a
conclusive investigation of how such energy transfer depends

on β-phase content for a reliably and widely tuned range of β-
phase fractions is still outstanding.
High photoluminescence quantum efficiency (PLQE) is an

essential requirement for the efficient use of conjugated
polymers as light emission materials in display, lighting, and
laser applications. A better understanding of the fundamental
material properties determining PLQE is therefore of great
importance. PFO provides a versatile platform for such studies,
given the variation in polymer chain conformations that can be
induced and explored. The introduction of some β-phase
extended chain segments in PFO films has been found to
improve emission performance.7,8,12,13 Moreover, it has
recently been observed that the PLQE of PFO films strongly
depends on the fraction of β-phase chain segments
contained,8,13 with a record high PLQE measured for modest
fractions (∼5−15%) of β-phase.8,13,26 However, such studies
have so far suffered from the use of different preparation
methods employed along a series of films within a given range
of β-phase fractions, which may have resulted in an undesirable
influence of altered microstructure and defect content on
PLQE. The use of one single preparation technique
throughout the series, as in the study presented here, is
therefore crucial in order for the effect of β-phase content on
optoelectronic properties to be clearly isolated and inves-
tigated. The key reasons why the PLQE of PFO films depends
on the fraction of β-phase chain segments13 are therefore still a
matter of some debate, with possible factors including
alterations in film microstructure27,28 and chain conformation,
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changes in the energy transfer mechanisms,23,24,26 and their
potential interplay.29

In this Letter, we explore how the fraction of β-phase chains
present in PFO thin films affects the nature of the electronic
states, the chain conformation, PLQE, and the Förster
resonant energy transfer (FRET) from glassy to β-phase
chain segments. To ensure consistency of results, we prepared
PFO films with varying content of β-phase through one single
preparation method. First, we probe changes in the electronic
states and thereby the film microstructure by examining
emission and absorptance spectra of films with varying β-phase
fraction. An analysis of the PL spectra suggests that the length
of the β-phase chain segments and/or their planarity increases
as the β-phase fraction grows, enhancing the value of the
PLQE. Second, we study the influence of the β-phase fraction
on resonant energy transfer between glassy and β-phase chain
segments. To this end, we determine Förster radii from
spectral overlap calculations based on steady-state spectro-
scopic measurements, as well as from time-resolved ultrafast
PL up-conversion spectroscopy. We show that resonant energy
transfer does not become more efficient but is an overall faster
process with increasing β-phase content. By comparing the
values obtained from the two different methods, we find that
the Förster radius is enhanced by exciton diffusion within the
glassy phase occurring prior to energy transfer.
We prepared a series of PFO thin films with varying β-phase

fractions by employing a novel technique recently proposed by
Zhang et al.,8 which uses paraffin oil as an additive to the
solutions of polymer in toluene from which thin films are
produced via spin-casting. Small amounts of paraffin (ranging
between 0 and 0.4 vol % in toluene) were found to allow
tuning of the fraction of β-phase content in the film between
0% and 25.6% (see Supporting Information Section 1 for full
fabrication details). Importantly, this method enables the
fabrication of a series of PFO films with widely varying β-phase
content through one single technique. Such an approach is
decisive for the comparability of measurements from films with
a range of β-phase content, which has been identified as a
concern in previous studies.13 We determine the fraction of β-
phase chain segments within the films from absorptance
spectra (Figure S1) by deconvolution of the total absorptance
spectra into contributions from the glassy and β-phase chain
segments, from which the β-phase emission spectrum was
obtained by subtraction of the normalized contribution from
the glassy phase (Figure S3).17,30 A detailed description of the
method used to determine the fraction of β-phase chain
segments in the films is given in Section 2 in Supporting
Information.
We begin by exploring potential changes in chain

conformation with increasing β-phase fraction in PFO films,
by carefully examining their absorptance and emission spectra.
In Figure 1a we show the normalized steady-state PL spectra
for our PFO film series collected following illumination with
380 nm wavelength light, which predominantly excites the
glassy phase. On the one hand, evidently the emission only
resembles the spectrum expected for the glassy phase of PFO,
when no substantial (≤0.5%) β-phase is detectable in the
corresponding absorptance spectra. For all films containing
more than 0.5% β-phase, on the other hand, the PL spectra are
dominated by the red-shifted emission from the β-phase, in
accordance with previous observations,13,21 and suggesting
almost complete channeling of excitations from the glassy to
the β-phase. The observed peak positions are consistent with

previous reports,8,13,21 with the β-phase emission peak around
437 nm assigned to the S1→ S0 0−0 vibronic transition.13,15,21

Interestingly, closer examination of the PL spectra
dominated by β-phase emission reveals that all vibronic
peaks shift to the red with increasing fraction of β-phase
chain segments in the film. The peak position of the 0−0 peak

Figure 1. (a) Normalized time-integrated PL spectra for PFO films
containing different fractions of β-phase chains ranging between 0%
and 25.6%. The approximate positions of the vibronic emission peaks
of the glassy and the β-phase are indicated by the dotted and dashed
lines, respectively. All films were excited with light of wavelength 380
nm and intensity 200 μW. The arrows indicate the observed red shift
and the peak narrowing as the β-phase fraction increases. (b) Huang−
Rhys parameter, obtained from the ratio of the 0−0 and 0−1 PL peak
heights. (c) PLQE (blue triangles, right axis), radiative (red squares,
left axis) and nonradiative (red circles, left axis) PL decay rates. The
rates were deduced from the PL lifetimes measured by TCSPC and
the PLQE values, as described in Section S5.1 in the Supporting
Information.
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shifts by 5 nm from 435 to 440 nm, as the β-phase fraction
increases from 6.4% to 25.6%. Even though shifts in PL peak
position with β-phase content have been observed pre-
viously,8,13,27 they have not yet been examined in detail8,27

and considered to be an artifact caused by self-absorptance
and/or changes in microstructural heterogeneity.13 We may
rule out self-absorption as the cause of the red shift here,
because these shifts are also present for the 0−1 vibronic peak
(located at wavelengths at which the films do not absorb), and
they can as well be observed in the corresponding absorptance
spectra (vide infra). Instead, we attribute the peak shift to a
change in the excited electronic states with increasing β-phase
content. Concomitantly, the vibronic emission peaks are found
to become spectrally narrower with increasing β-phase content
in the film (Figure S5 in Supporting Information). We suggest
that both the shift of the emission peaks to lower energies and
the decrease in spectral broadening arise from an increase in
conjugation length and a more delocalized excited state.31,32

Planarization33 and an increase in oligomer length34 in π-
conjugated poly- and oligomers has been shown to result in
red-shifted emission, which is a consequence of a highly
delocalized excited state that is also less susceptible to
energetic disorder arising from variations in conjugation
length. Hence, our observations suggest that the β-phase
chain segments become more planar and/or include more
repeat units with increasing β-phase fraction in the film.
This conclusion is further supported by the associated trend

in the Huang−Rhys parameter S, deduced from the intensity
ratio of the 0−0 and 0−1 PL peaks and depicted in Figure 1b
as a function of β-phase fraction. We observe a decrease in S
with increasing β-phase content, which signifies a decrease in
displacement from the ground-state equilibrium to the lowest
excited-state geometry, with respect to the configuration
coordinate associated with the C−C bond separation. Upon
photoexcitation, the C−C bond alternation changes along the
polymer backbone, as π-electrons are redistributed in a way
that planarizes the backbone in the excited state. As a result,
more planar geometries may yield smaller changes in
conjugation coordinate upon excitation (decreased S). Studies
of phenylenevinylene oligomers35 and fluorene oligomers36

have indeed shown that chain planarization leads to enhanced
electronic delocalization and a concomitant reduction in
configurational coordinate change per oscillator strength,
resulting in a decrease in S with increasing oligomer length.
We therefore conclude that, as the β-phase content in PFO
films is increased, β-phase chain segments exhibit a more
planar geometry and comprise a higher number of fluorene
units associated with increased effective π-conjugation.
In addition to the emission spectra, we analyzed the changes

in absorptance spectra of the PFO films that occur as the β-
phase content is varied (Figure S1, S2). We observe that some
of the trends are similar to those in emission, with the 0−0
absorption peak of the β-phase fraction clearly red-shifting with
increasing β-phase fraction. However, we find that, whereas all
β-phase emission spectra show a well-defined vibronic
progression, the absorptance spectra seem to have broader
emission beyond the 0−0 peak, and for the lower-phase
fractions only the 0−0 peak is well-resolved (Figure S2). A
possible reason for the apparent broadening of the β-phase
absorption spectra lies in the method by which these were
determined, which is commonly used across the field. The
spectra are obtained by subtraction of the absorptance
spectrum of a purely glassy reference film from the absorptance

of a film containing both phases. A slight distortion in the
obtained β-phase absorptance in a mixed film might arise if the
reference spectrum does not exactly represent the glassy-phase
absorptance in a mixed film. Small changes might, for example,
be introduced by strain induced by the presence of the β-phase
or selective conformation-dependent conversion of certain
glassy to β-phase polymer chains (see further discussion in
Supporting Information Section 2.3). We highlight that this
would mainly be prominent at the onset of the glassy-phase
absorption and not influence the 0−0 peak, which we used for
the calculation of the Förster radius outlined below. As an
alternative, these effects may result from small random
fluctuations in the torsion angle between fluorene units within
the β-phase, which have been shown to result in broadening in
the absorption spectrum.37,38 Both explanations highlight a
strong dependence of the optical properties on film micro-
structure and therefore also emphasize the possibility that
these may depend significantly on the preparation methods
used.39

The possibility to enhance the PLQE of PFO thin films by
tuning the β-phase fraction13 provides a motive to further
study the variation in PLQE for a set of samples, as prepared
here, with systematically varying fraction. For each β-phase
fraction, we experimentally determined the PLQE and PL
lifetime, from which we derived the radiative and nonradiative
decay rates of the exited state, as plotted in Figure 1c (details
given in the Supporting Information). We find that, while the
radiative decay rate increases as a function of increasing β-
phase, the nonradiative rate decreases. The PLQE shows an
increasing trend with increasing β-phase content in the film,
with the PLQE value of 0.72 deduced here for the 25.6% β-
phase sample being the highest PLQE value reported for a
PFO film.
A change in PLQE with varying β-phase fraction has been

observed previously,8,13,26 with some authors8,13 finding an
increase with increasing β-phase content, followed by a
decrease in PLQE at a β-phase content in excess of ∼10%,
while others26 reported no initial increase but still a decrease at
higher β-phase fractions. While the reasons for such trends in
PLQE as a function of β-phase content in PFO films were not
fully explained, it has been assumed that both the β-phase
fraction itself and the degree of dispersal of the β-phase chain
segments within the glassy phase may play an important role.13

Thus, film microstructure, which may also depend on the film
preparation method, will influence the photophysical proper-
ties of PFO films. The range of PLQE values obtained by
different authors8,13,26 using different batches of polymer
handled in different ways to prepare films and using different
measurements therefore suggests that it is not only the β-phase
percentage in the film that determines photophysical proper-
ties but that indeed the dispersion and arrangement of the β-
phase chain segments may influence the observed trends with
β-phase fraction. Importantly, we here use a single method for
the preparation of a series of PFO films with varying β-phase
content. We therefore believe that the changes we observe are
closer to the intrinsic conformational changes resulting from
this method. In particular, we propose that the increase in
radiative and decrease in nonradiative decay rate may be
closely linked to the planarization and enhancement in
conjugation length we observe with increasing fraction of β-
phase. With increasing conjugation length of the β-phase
segments we expect an enhancement of oscillator strength,
while planarization of the backbone may lead to a reduced
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intersystem crossing rate, possibly caused by the resulting
decoupling of p and 2s orbitals, as reported for other π-
conjugated molecules.40 Therefore, the enhancement of the
PLQE with increasing β-phase content may be directly linked
with the accompanying conformational changes of the β-phase
segments.
To unravel how the conformational changes with increasing

β-phase content impact the energy transfer from glassy-phase
chain segments to β-phase chain segments, we directly
observed the dynamic of such transfers and analyzed it in
terms of Förster theory. Originally developed by Theodor
Förster to explain fluorescence depolarization in solu-
tions,41−43 this resonance energy transfer approach is based
on dipole−dipole interactions between an energy donor (here,
glassy-phase chain segments) and an energy acceptor (here, β-
phase chain segments). The theory predicts an expected rate of
energy transfer in terms of the Förster radius R0, defined as the
distance between donor and acceptor at which excitation
energy transfer from the donor to the acceptor is as likely to
happen as any other de-excitation of the donor.42,43

We first derive the apparent Förster radius from direct
measurements of the PL decay transients, which reflect the
actual transfer dynamics that may include additional processes,
such as exciton diffusion within the host preceding the energy
transfer. We then contrast these values of R0 with those
expected from the spectral overlap between donor emission
and acceptor absorption according to Förster theory, which
takes into account dipole−dipole coupling between donor and
acceptor only. Both methods have been applied in isolation to
PFO.22,23,25 However, as the two approaches differ in their
underlying assumptions, contrasting them for a single set of
films enables us to examine directly the extent to which exciton
diffusion and possible arrangement of the transition dipoles
influence the energy transfer in the films. In addition, the use
of a well-defined series of PFO films with a wide range of β-
phase fractions, fabricated through a single processing method,
allows us to gain new insights into how energy transfer in PFO
films is affected by the conformational changes occurring with
increasing β-phase content.
As the first step, we used time-resolved PL measurements to

determine R0 from the decay of the PL originating
predominantly from the glassy phase. We measured the PL
transients using the PL-upconversion technique, which enabled
us to capture the ultrafast energy transfer dynamics in PFO
with a 300 fs time resolution22,44 (see Section S6 in the
Supporting Information for full experimental details). From the
resulting transients, shown in Figure 2a, we find that the
amount of β-phase in the film determines the PL intensity
decay rate. For the film containing only the glassy phase of
PFO, the PL intensity was observed to be nearly constant over
the first 17 ps of the excitation decay, which is in agreement
with time-correlated single-photon counting (TCSPC) meas-
urements showing a PL lifetime τg on the order of nanoseconds
(see Supporting Information Section 5 for measurement of τg).
In contrast, the presence of β-phase segments leads to a rapid
energy transfer from the glassy-phase segments as evident from
the fast decay of the PL collected near the peak emission of the
glassy phase, consistent with observations reported in other
studies for individual samples containing a specific β-phase
fraction.21,22 By extracting the value of R0 from these data, we
are able to investigate systematically how such varying β-phase
fractions affect the energy transfer. We note that such an
investigation is virtually impossible to perform from simple

analysis of the PL emission spectra alone (Figure 1) given that
transfer of excitations from the glassy to the β-phase clearly
occurs with close to 100% efficiency even when only small
percentages of β-phase are present.
The Förster radius R0 can be derived from the PL transients

by considering an ensemble average over all possible energy
transfers from donors to acceptors, which are assumed to be
spatially evenly distributed through the film.42,45,46 Under the
assumption of a dipole−dipole nature of the resonance energy
transfer, R0 is given by the following expression:

i

k
jjjjjj

y

{
zzzzzzR

c
3

20 3/2
d

1/3

π

τ γ
=

β (1)

Here, τd denotes the excited-state lifetime of the donor (glassy
phase) in absence of the acceptor (β-phase), which we
determine from TCSPC measurements on a purely glassy
sample (see Supporting Information Section 5), cβ is the
density of β-phase chromophores, estimated from the
chromophore density in a glassy-spin-coated film cg

47 (see
Supporting Information Section 6) and the fraction of β-phase
within the film (β, see Supporting Information Section 2) as

c c
1 g

β
β

=
−β

(2)

Figure 2. (a) Normalized transients of PL emitted at 419 nm from
PFO films with varying β-phase content and detected by PL-
upconversion following excitation at 405 nm, plotted with a fit
obtained by using eq 4 based on Förster theory. (b) Fitting parameter
γ reflecting the energy transfer dynamics from glassy to β-phase,
plotted as a function of β-phase percentage. The dashed line is a guide
and represents a linear variation through the origin.
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The parameter γ captures the effective rate with which
energy transfer occurs and is therefore obtained from analysis
of the donor emission decay dynamics shown in Figure 2a. The
films were excited at a wavelength of 405 nm, and the PL decay
was recorded at 419 nm. At this wavelength, emission is
dominated mostly by the donor glassy phase, leading to the
observed rapid decay. However, to account for some spectrally
overlapping contributions from the β-phase, we model the PL
intensity as a sum of contributions from both glassy and β-
phase chain segments:

I C n C nPL d d a a= + (3)

Here, in addition to the excited donor/acceptor populations
nd/a, the excitation and detection wavelengths influence the
strength of the contributions to the PL intensity from each of
the two phases, accounted for by Cd and Ca. From our emission
data (Figure 1a), we expect a small contribution from the β-
phase chain segments. In energy transfer studies, direct
excitation of the acceptor molecules is often neglected
according to an assumption that the acceptor concentration
is small or that the acceptor does not absorb at the excitation
wavelength. However, in our case we must account for direct
acceptor excitation in our derivation, as there is a considerable
amount of acceptors present in the film, and they absorb at 405
nm because of the vibronic progression (0−1, 0−2 peaks)
above the 0−0 peak. Under these assumptions, the following
expression is obtained for the total PL intensity (see
Supporting Information Section 6.1.2 for a full derivation):

I t A t B( ) exp( 2 )PL γ= − + (4)

with A = (Cd − Ca)Nd, and B = Ca(Nd + Na), where Nd and Na
denote the initial excited population of donors and acceptors,
respectively. The PL intensity IPL(t) shows a square-root
dependence on time, which accounts for the shape of the PL
transients and is characteristic for resonant Förster energy
transfer (see Supporting Information Figure S11) in a spatially
random three-dimensional distribution of donor and acceptor
dipoles. Fitting eq 4 to the transients hence allows for the
extraction of γ, from which R0 may be determined through eq 1
for every PFO film containing a given β-phase fraction.
Figure 2a shows the PL transients together with the

corresponding fits, with the extracted variation of γ shown in
part (b) as a function of β-phase fraction. As expected, γ tends
to zero for low β-phase fraction; no energy transfer occurs in a
purely glassy sample. We also observe an approximately linear
relationship between γ and increasing β-phase content in the
film. The increase in γ represents a more rapid PL decay
consistent with faster energy transfer from glassy chain
segments to β-phase chain segments for higher β-phase
fractions. The Förster radius derived from these data takes
into account both γ and the concentration of β-phase chain
segments in the films, resulting in the slightly decreasing trend
for R0 with increasing β-phase content displayed in Figure 4
(blue open squares).
To assess how these Förster radii compare with those

expected from Förster’s theory of resonance energy transfer,
we used the following expression to calculate R0 from the
overlap between the donor emission and the acceptor
absorption:32,48

i

k
jjjjjj
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κ ϕ

π
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(5)

where NA is Avogadro’s constant, ϕd is the PLQE of the glassy
sample, n is the refractive index (set to n = 1.649,50), J =
∫ Id(λ)ϵa(λ)λ4 dλ is the overlap integral of the normalized
donor fluorescence and the molar extinction coefficient of the
acceptor, and κ denotes the geometric orientation factor of the
donor and acceptor dipoles, defined as

÷ ◊÷÷ ÷◊÷ ÷ ◊÷÷ ÷ ◊÷÷÷÷÷ ÷◊÷ ÷ ◊÷÷÷÷÷
R R3( )( )d a d da a daκ μ μ μ μ= · − · · (6)

Here, Rda ⃗ is the normalized vector along the donor−acceptor
separation direction, and μa ⃗ and μd⃗ are the directions of the
transition dipole moments of the acceptor and donor,
respectively. In our calculation, we used 0.845 2/3κ = × ,
which corresponds to random but fixed relative orientations of
donors and acceptors in a film.45,51 The expression in eq 5 is
derived for through-space resonant energy transfer based on
Coulombic point dipole−dipole interactions between the
energy donor and the acceptor32,45,48 (see Supporting
Information Section 6.2.1 for full details of these calculations).
Energy conservation requires that the normalized donor
fluorescence and the molar extinction coefficient spectra of
the absorber overlap for the excitation energy transfer to be
possible. We note that the red-shift of the β-phase peak of the
molar extinction coefficient with increasing β-phase content
causes a reduction of this overlap (Figure 3), because the 0−0

peak of the β-phase absorption shifts to wavelengths longer
than that of the 0−0 peak of the glassy-phase absorption. This
small reduction in the overlap integral hence leads to a slight
decrease in the calculated Förster radius with increasing β-
phase fraction (see red diamonds, Figure 4).
We proceed to discuss the β-phase dependence of the

resonant energy transfer and to compare the Förster radii
obtained from spectral overlap and PL transients, displayed in
Figure 4. For both calculation methods, we find that the value
of R0 decreases with increasing β-phase content as expected
from our above computation of R0 from spectral overlap.
These correlations confirm that the changes in spectral overlap
indeed cause R0 to decline as the percentage of β-phase is
increased, signifying that the resonance condition for the
energy transfer between glassy and β-phase chain segments
alters with varying β-phase content. However, despite the good
agreement between general trends in R0 as a function of β-
phase content in the film, we find that the actual values of R0

Figure 3. Overlap between the normalized emission (fluorescence, Id)
of the glassy phase and the absorption (molar extinction coefficient,
ϵa) of the β-phase in thin films of PFO, shown for a range of different
β-phase fractions.
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derived from the PL transients are substantially higher than
expected from the spectral overlap. We discuss below two
possibilities for this discrepancy, which are the diffusion of
excitons within the glassy matrix prior to energy transfer and a
local alignment or correlation between transition dipole
moments.
For the former mechanism, a dynamic migration of excitons

within the glassy matrix may bring them effectively into closer
proximity to β-phase segments than would be estimated from
the β-phase segment concentration alone. We assume in our
calculation of R0 that the energy transfer occurs from an
acceptor that was directly excited by the laser. An additional
multiple-step exciton diffusion on or between glassy-phase
chain segments (donors) prior to the energy transfer will
increase the effectively experienced Förster radius32 by
allowing excitations to diffuse to within the capture radius of
an acceptor. Exciton diffusion is captured in the PL dynamics
only and can therefore account for the higher values of R0
obtained from the PL transients. Exciton diffusion either
occurs between segments on the same polymer chain
(intrachain) or between chains (interchain), which both
increase the Förster radius. Exciton diffusion in PFO films
has also been observed elsewhere23−26 and is therefore highly
likely to contribute to the enhancement of Förster radii
effectively experienced. We note that on-chain as well as
interchain exciton diffusion processes are expected to be
sensitive to small variations in chain conformation and film
microstructure,29,39,52 which again are susceptible to details of
film preparation methods.53,54

As a second possible contribution, the difference in R0 could
be caused by some degree of local alignment between the
donor and acceptor dipoles. We recall that we had assumed the
transition dipoles to be oriented randomly when calculating R0

from spectral overlap, using a value of 0.845 2/3κ = × for
the geometric orientation factor. This value was derived by
Maksimov and Rozman51 for fixed donors and acceptors in
random positions and with randomly orientated transition
dipole moments within a solid. However, the second
assumption will not hold if some alignment or correlation
between the orientation of adjacent chains exists. In the
limiting case that all transition dipoles of donors and acceptors
are oriented parallel to each other (still assuming random

positions), the geometric orientation factor would take a value
of 0.943 2/3κ = × ,51 which would increase R0 by 0.2 to
0.25 nm. However, such a slight increase is too small to
account for the much larger differences we observe between
the values of R0 derived from transients, and those expected
from spectral overlap calculations (see Figure 4). We also note
that such alignment of donor and acceptor dipoles would
require a degree of local ordering, which is unlikely to be
substantial inside these thin polymer films. For example, there
is no evidence that isolated domains of locally aligned chains
form, with the glassy and β-phase in PFO having been reported
to be well-intermixed,23,28 in agreement with the complete
energy transfer we observe here. It is theoretically possible that
a glassy-phase chain segment formed adjacent to a β-phase
segment as part of the same chain exhibit a local correlation
between transition dipole orientation. However, intrachain
energy transfer will be less efficient than interchain transfer,
because of the closer proximities in the latter case. Either way,
such local correlations between dipole orientations will only
give rise to minute increases in the expected Förster radii,
making it unlikely that they can account for the observed boost
in R0. We therefore conclude that the enhancement of the
observed energy transfer must originate from the assistance of
exciton diffusion within the glassy phase prior to energy
transfer.
Finally, we note that, while both the PLQE (Figure 1c) and

the energy transfer parameter γ (Figure 2b) similarly increase
with β-phase content of the PFO film, these two trends are not
directly linked. As the PL spectra of the films (Figure 1a) show,
the energy transfer efficiency is close to 100% even for films
containing a low percentage of β-phase; no glassy-phase
emission can be detected. Therefore, while the speed of
transfer increases with increasing β-phase fraction, almost all
excitations still transfer from the glassy to the β-phase before
they are able to recombine. The rise in PLQE with β-phase
fraction is therefore governed exclusively by the planarization
and extension of β-phase chromophores as the fraction of β-
phase in the film is increased, as discussed above.
In conclusion, we have investigated how the fraction of β-

phase chains present in PFO thin films affects the nature of the
electronic states, chain conformation, and the Förster resonant
energy transfer from glassy to β-phase chain segments. We
ensured consistency among PFO films by employing the same
fabrication technique to obtain a wide range of β-phase
fractions. We demonstrated that such comparability is of great
importance, as photophysical properties of PFO films are very
sensitive to film microstructure and therefore to film
preparation. All PFO films fabricated exhibited high (>0.6
for the films containing β-phase) PLQE, peaking at a value of
0.72 at 25.6% β-phase content. We observed that, with
increasing β-phase content, the emission peaks of the β-phase
red-shift and narrow, while the associated Huang−Rhys factor
decreases. These findings suggest that the conformation of β-
phase segments changes with increasing fraction, adopting a
more planar structure and/or including a larger number of
repeat units. The red-shift also affects the resonance condition
for energy transfer between glassy-phase and β-phase chain
segments resulting in a slight decrease in Förster radius with
increasing β-phase fraction. Comparing the Förster radii
obtained from spectral overlap calculations to those extracted
from measurements of transient PL dynamics, we find that the
Förster radius is enhanced by exciton diffusion within the
glassy phase occurring prior to energy transfer. The insights

Figure 4. Förster radii for energy transfer between glassy and β-phase
chains in PFO, plotted as a function of β-phase percentage. Values
were derived from transient data (blue squares) and from the spectral
overlap between glassy-phase (donor) emission and β-phase (accept-
or) absorption (red diamonds).
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obtained from this systematic study deepen the understanding
of the fundamental photophysical properties of PFO films,
which is essential for the further development of light-emitting
materials and applications.
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S.; Becker, S.; Marsitsky, D.; Müllen, K. Effects of Aggregation on the
Excitation Transfer in Perylene-End-Capped Polyindenofluorene
Studied by Time-Resolved Photoluminescence Spectroscopy. Phys.
Rev. B: Condens. Matter Mater. Phys. 2001, 64, 195203.
(46) Powell, R. C.; Soos, Z. G. Singlet Exciton Energy Transfer in
Organic Solids. J. Lumin. 1975, 11, 1−45.

(47) Stevens, M. A.; Silva, C.; Russell, D. M.; Friend, R. H. Exciton
Dissociation Mechanisms in the Polymeric Semiconductors Poly(9,9-
dioctylfluorene) and Poly(9,9-dioctylfluorene-co-benzothiadiazole).
Phys. Rev. B: Condens. Matter Mater. Phys. 2001, 63, 165213.
(48) Medintz, I., Hildebrandt, N., Eds. FRET-Förster Resonance
Energy Transfer; Wiley-VCH Verlag GmbH & Co.KGaA: Weinheim,
Germany, 2014.
(49) Macdonald, E. K.; Shaver, M. P. Intrinsic High Refractive Index
Polymers. Polym. Int. 2015, 64, 6−14.
(50) Campoy-Quiles, M.; Heliotis, G.; Xia, R.; Ariu, M.; Pintani, M.;
Etchegoin, P.; Bradley, D. D. Ellipsometric Characterization of the
Optical Constants of Polyfluorene Gain Media. Adv. Funct. Mater.
2005, 15, 925−933.
(51) Maksimov, M.; Rozman, I. On Energy Transfer in Solid
Solutions. Opt. Spectrosc. USSR 1961, 12, 337−338.
(52) Collini, E.; Scholes, G. D. Coherent Intrachain Energy
Migration in a Conjugated Polymer at Room Temperature. Science
2009, 323, 369−373.
(53) Perevedentsev, A.; Stavrinou, P. N.; Smith, P.; Bradley, D. D. C.
Solution-Crystallization and Related Phenomena in 9,9-Dialkyl-
Fluorene Polymers. II. Influence of Side-Chain Structure. J. Polym.
Sci., Part B: Polym. Phys. 2015, 53, 1492−1506.
(54) Reichenberger, M.; Kroh, D.; Matrone, G. M. M.; Schötz, K.;
Pröller, S.; Filonik, O.; Thordardottir, M. E.; Herzig, E. M.; Bas̈sler,
H.; Stingelin, N.; et al. Controlling Aggregate Formation in
Conjugated Polymers by Spin-Coating Below the Critical Temper-
ature of the Disorder-Order Transition. J. Polym. Sci., Part B: Polym.
Phys. 2018, 56, 532−542.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.9b00483
J. Phys. Chem. Lett. 2019, 10, 1729−1736

1736

http://dx.doi.org/10.1021/acs.jpclett.9b00483

