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Abstract
We have measured the temperature-dependent photoluminescence quantum
yields (PLQYs) of poly(9, 9-dioctylfluorene) (PFO) films with four
morphologies, namely as-spin-coated (SC) glass, quenched nematic glass,
crystalline, and vapour-treated SC glass containing a fraction of 21 helix
conformation (β-phase) chains. We find that the room temperature PLQYs
of the as-SC, crystalline, and quenched films all increase as the temperature is
reduced. However, the PLQY of the film containing β-phase chains decreases
at temperatures below 150 K. Via temperature-dependent photoinduced
absorption measurements, we show that the polaron population in films
containing β-phase PFO chains grows as the temperature is reduced, and is
significantly larger than in films with any of the other morphologies. Because
of the smaller HOMO–LUMO (highest occupied molecular orbital–lowest
unoccupied molecular orbital) energy gap of the β-phase chains compared
to chains in the surrounding glassy PFO matrix, they act as recombination
sites for excitons, and as traps for polarons. Hence at low temperatures, the
polarons become strongly localized on these chains, where they quench the
singlet excitons and reduce the PLQY.

Conjugated polymers are a class of materials that has been widely studied as regards
applications in light-emitting diodes and displays [1–9]. The electroluminescence efficiency
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Figure 1. (a) The chemical structure of poly(9, 9-dioctylfluorene), (b) the 21 helical conformation
or β-phase chain structure, (c) the chemical structure of a related ladder poly(p-phenylene), namely
Me-LPPP where R = 1, 4-C6H4-n-C10H12 and R′ = n-C6H13.

of such devices is fundamentally limited by the radiative recombination efficiency of singlet
excitons. It is thus of significant importance to understand the nature of the non-radiative
channels that compete with radiative emission. By gaining a full understanding of the nature of
emission quenching processes, it may be possible to design and synthesize new materials having
higher fluorescence efficiencies, and perhaps create optoelectronic devices with increased
electroluminescence efficiency.

Our previous work using a scanning tunnelling microscope to inject charges into
a conjugated polymer demonstrated that the efficiency of exciton generation and thus
electroluminescence emission intensity varied strongly over length scales of a few
nanometres [10]. This observation suggested that the local molecular order and conformation
played a key role in determining the processes surrounding both charge transport and exciton
radiative recombination. Such conclusions are in accord with other reports in the literature [11–
13]. To gain further insight into the effect of molecular conformation on the photoluminescence
quantum yield (PLQY), we have studied the emission efficiency of the polymer poly(9, 9-
dioctylfluorene) (PFO) (see the chemical structure in figure 1(a)). This material is particularly
interesting for the study of photophysical processes, as it can be prepared in a number of distinct
morphologies using either thermal or vapour exposure protocols. A comparison of the PLQYs
of PFO films that differ only as regards their morphology allows us to eliminate the influence
of chemical composition (which would be important when comparing the PLQYs of different
polymers). We can thus more readily identify the effects of morphology on non-radiative
channels. As we demonstrate below, strong nanoscale inhomogeneity in the energy gap of
polymer chains can result in the stabilization of electron and hole polarons, which quench the
PLQY of PFO at low temperatures.

PFO films were prepared for PLQY measurements with four different morphologies:
namely as-spin-coated (SC) glass, quenched nematic glass, crystalline, and vapour-treated SC
glass containing a fraction of 21 helix conformation (β-phase) chains (see [14] and [15] for
a detailed discussion on the different structural forms of PFO). SC glass films were prepared
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by dissolving PFO at 20 mg ml−1 in chloroform and then spin-coating to create a glassy
film 350 nm in thickness. Chloroform was used as a solvent instead of toluene or xylene
(as in our previous work [15, 16]). It was found that chloroform completely suppresses the
β-phase formation whilst when other solvents were used a small concentration of β-phase was
formed even in the fresh SC films. For photoinduced absorption (PA) measurements it was
necessary to use much thicker films to detect a significant change in absorption. This was
achieved by drop-casting a PFO solution from chloroform to create a film having a thickness
of 5 ± 0.5 µm. Quenched nematic glass films were prepared by heating as-SC films into their
nematic mesophase and then rapidly cooling to 77 K. Crystalline films were prepared by heating
as-SC films to 220 ◦C and then slowly cooling them (at 0.1◦C min−1) to room temperature.
β-phase chain conformations were induced in as-SC glassy films by exposing them to toluene
vapour. This exposure causes a swelling stress to be applied to the film, which induces an
elongation in a fraction of the polymer chains, causing them to adopt a 21 helix conformation.
The structure of fibres drawn from the nematic melt, quenched, and then subjected to vapour
exposure was studied by x-ray diffraction [14, 17] and it was found that β-phase chains are
highly extended with a conjugation length of approximately 30 monomer units. The 21 helix
conformation has a pitch that corresponds to two monomer units; i.e. the angle between the
plane of two adjacent fluorene units is 180◦ (see figure 1(b)). The structure is thus similar
to that of the ladder polymer Me-LPPP, whose structure is shown in figure 1(c). Note that
in Me-LPPP, the planarity of the polymer is locked in as a result of the chemical structure of
polymer backbone.

The quenched nematic glass, crystalline, and β-phase morphologies have been induced in
the drop-cast films using the same procedure as described above for the as-SC glass film. We
believe that the drop-casting process does not introduce any significant structural difference in
the film compared to the as-SC glass: wide-angle x-ray diffraction measurements on drop-cast
films do not show any crystallization peak caused by slow solvent evaporation. Furthermore,
the slow solvent evaporation that occurs during the drop-casting is analogous to the vapour
exposure treatment performed to induce the β-phase. We therefore conclude that the β-phase
SC glass and the β-phase drop-cast films are very similar. In the case of the drop-cast nematic
glass and crystalline morphologies, the films are driven into the nematic liquid phase and thus
they lose any possible memory of structures induced by the drop-casting process.

We have measured the PLQY and PA spectra of PFO films in the four different
morphologies, as a function of temperature between 298 and 10 K. A schematic diagram
of the PA apparatus used is shown in figure 2(a). The films were optically pumped using the
351 nm line of an argon-ion laser (130 W m−2) chopped mechanically at 300 Hz. Standard
phase-sensitive detection was used to measure the change in transmission of the light from a
tungsten lamp through the sample. Note that this experiment detects states whose order-of-
magnitude lifetime accords with the inverse modulation frequency, namely those with lifetimes
in the range 10 µs � τ � 100 ms. The PLQY of PFO was measured at room temperature
using a nitrogen-gas-filled integrating sphere as previously described [18]. Films were excited
at 354 nm using a HeCd laser having a power density of 100 W m−2 (very similar to that
used in the PA measurements). Fluorescence was collected using a fibre-bundle link from the
integrating sphere to a scanning monochromator with a photomultiplier (PMT) detector. The
optical response (in terms of volts per photon) of the integrating sphere and monochromator
with PMT detector system had been previously calibrated with reference to a standard lamp
calibrated by the National Physical Laboratory. We estimate the systematic error in our PLQY
determination to be ±10%.

To measure the PLQY at low temperature, the PFO films were placed in a cryostat and
photoluminescence was excited using a HeCd laser (see the schematic diagram in figure 2(b)).
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Figure 2. Schematic diagrams of the apparatus used to measure (a) PA spectra and (b) PLQYs at
low temperature. Key: L = lens, F = UV filter, IRF = infrared rejection filter, PD = photodiode,
Mono = monochromator, in and ref. = input and reference channels of the lock-in amplifier,
PMT = photomultiplier.

The photoluminescence was collected at one angle (≈45◦) from the surface normal using a fibre
bundle, and then delivered to the monochromator with the PMT detector. Three photodiodes
were used to monitor the incident laser power (L0), and the power of the excitation light either
reflected from (L R) or transmitted through (LT ) the PFO film. This allowed the power of
the laser light absorbed by the PFO to be directly calculated. The relative number of photons
emitted by the PFO as a function of wavelength (I (λ)) can then be related to the PLQY using

QY = Ne

Na
= C

∫
I (λ) dλ

L0 − LT − L R
(1)

where Ne is the number of emitted photons, Na is the number of absorbed photons, and
C is a geometrical constant which accounts for the fact that only a small fraction of the
photoluminescence from the PFO was collected by the fibre bundle. The constant C was
determined by firstly measuring the PLQY of a PFO thin film at room temperature using the
integrating sphere, and then transferring the PFO film to the cryostat which was also held
at room temperature, and then measuring

∫
I (λ) dλ, L0, L R , and LT . Measurements of the

PLQY were then made as the temperature was reduced from 300 to 10 K.
Our method assumes that the geometric constant C remains unchanged as a function of

temperature. It has been argued, however, that in certain circumstances this is not a good
approximation [19–21]. In particular, if the species that emits at room temperature is different
from that which emits at low temperature, the spatial distribution of photoluminescence is
likely to change as a result of the dipole moments of the two emitting species having different
orientations. We consider that this is not the case in our thin films of PFO. As we show below, the
photoluminescence emission does not indicate the existence of a new emissive species for any
of the different film morphologies at low temperature. In addition, ellipsometry measurements



The photoluminescence quantum efficiency of poly(9, 9-dioctylfluorene) 9979

250 300 350 400 450 500 550 600

RT
10K

R
el

at
iv

e 
A

bs
or

ba
nc

e 

P
L

 (arb.units)

Wavelength (nm)

   

 

                

250 300 350 400 450 500 550 600

RT
10K

R
el

at
iv

e 
A

bs
or

ba
nc

e 

P
L

 (arb.units)

Wavelength (nm)

(b)

250 300 350 400 450 500 550 600

RT
10K

P
L

 (arb.units)

Wavelength (nm)

(c)

(a)

R
el

at
iv

e 
A

bs
or

ba
nc

e 

250 300 350 400 450 500 550 600

RT
10K

R
el

at
iv

e 
A

bs
or

ba
nc

e

P
L

 (arb.units)

Wavelength (nm)

(d)

Figure 3. The absorption and PL spectra measured at room temperature and at 10 K for PFO
films with four different morphologies, namely (a) as-SC glass, (b) quenched nematic glass,
(c) crystalline, and (d) vapour-treated SC glass containing a fraction of β-phase chains.

have shown that SC PFO films are highly homogeneous [22]. Crystalline PFO films are likely
to be less homogeneous but AFM measurements indicate that the crystallites are randomly
oriented (we are not dealing here with aligned films). We thus expect, even for crystalline
films, the total anisotropy to be very small. Note also that the PL was collected from an
area of the sample (3 mm2) that was very much bigger than the typical crystallite dimensions
(100 nm). We thus believe that the difficulties discussed in [19] and [21], that relate to PLQY
measurements on ultrathin, highly ordered films of crystalline oligomeric materials, do not
apply in this case.

Figures 3(a)–(d) show the absorption and photoluminescence spectra, measured both at
room temperature and at 10 K, of PFO films prepared in each of the four morphologies. It can
be seen that the as-SC glass film has a relatively narrow absorption band peaking at 380 nm,
with a full width at half-maximum (FWHM) of 70 nm. The absorption spectrum of the PFO
film that contains the β-phase chains shows an additional well-resolved absorption peak at
436 nm, which has been assigned to the 0–0 absorption band of the 21 helix conformation [23].
This peak occurs at a slightly lower energy than the HOMO–LUMO transition peak of the
non-helical PFO chains forming the bulk of the film. The fraction of chains in the helical
conformation can be estimated from the relative contribution of the red-shifted absorption
peak. For this sample we estimate a fraction of 13%. A PFO film containing the highly
conjugated β-phase chains can thus be viewed as a ‘self-doped’ system where a fraction of
chains with a lower energy gap are intimately dispersed in a ‘matrix’ of polymer chains with a
larger energy gap. We find that almost all of the excitons generated in the ‘matrix’ transfer to
the lower-energy-gap β-phase chains, even if the film contains only a 1 or 2% fraction of these
chains. This energy migration is evident if one compares the PL emission spectrum of the film
containing the β-phase chains (figure 3(d)) with that of a typical as-SC film (figure 3(a)). It can
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Figure 4. The temperature dependences of the PLQYs for PFO films with four different
morphologies.

be seen that the two PL spectra are quite different: the β-phase film shows a red-shift of ≈17 nm
in its peak emission wavelength compared to that of the as-SC film. The emission spectrum
of the β-phase-containing film is also characterized by relatively narrow emission peaks: the
FWHM of the 0–0 transition of the β-phase-containing film is 5 nm at 10 K compared to 13 nm
for the as-SC film at the same temperature. The relative narrowness of the 0–0 emission peak
mirrors the situation found for Me-LPPP, consistent with a molecular conformation that has a
high degree of structural rigidity.

The absorption spectra of PFO films, for both the nematic glass and crystalline
morphologies, display a small red-shift in absorption compared to the as-SC film, and both
have a significantly broader linewidth (FWHM = 120 nm). Broadening and red-shift of
the absorption can be explained by changes in conjugation length of a fraction of polymer
chains in the film and also by increases in the dielectric constant due to the higher film
density of the nematic glass and the crystalline phase with respect to the as-SC glass film.
At present we cannot conclusively discriminate between these two effects. It is clear that a
deeper understanding of the electronic properties of such films will only be gained via detailed
molecular modelling which is able to account for intermolecular interactions. In both of these
morphologies, it can be seen that the absorption tail extends to significantly longer wavelengths.
We believe that this feature results from increased scattering in the films rather than from direct
absorption. The assignment of scattering within the films is further confirmed by their slightly
frosted appearance.

Figure 4 shows the PLQY for each of the four different film morphologies as a function of
temperature. The room temperature PLQYs for the different films are as follows: � = 53%
for the as-SC film, 55% for the β-phase-containing film, 63% for the crystalline film, and 78%
for the nematic glass film. Previous measurements of PLQY for as-SC films of PFO are in
broad agreement with the value measured here [16, 24]. The PL decay lifetimes measured at
the 0–0 peak for the four morphologies are as follows: 430 ± 10 ps for both the as-SC glass
and the β-phase-containing film, 540 ± 10 ps for the crystal, and 490 ± 10 ps for the nematic
glass. The increase in the quantum efficiency for the glass and the crystal is thus accompanied
by an increase in the observed fluorescence decay time. This indicates that differences in room
temperature PLQY between the different morphologies can be understood on the basis of
changes in the non-radiative decay channels rather than significant differences in the radiative
rate. At present we cannot quantitatively explain why the crystalline and glassy phases have
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relatively enhanced quantum efficiencies with respect to the other two phases. However, it
is interesting to note that the nematic glass film has a higher PLQY than the crystalline film.
It may be that grain boundaries in the crystalline film act as non-radiative quenching sites, as
has been observed in other molecular systems [11–13].

As the temperature is reduced from room temperature to 10 K, the PLQYs of the nematic
glass and crystalline films rise by 13 and 28% respectively, while the PLQY for the as-SC film
rises by 55%. In contrast, the PLQY of the film containing β-phase chains reduces by 20%.
Increases in the PLQY in polymeric films can be explained by hindered exciton migration at low
temperature and/or freezing out of a thermally activated process. It has been shown that energy
transport in disordered organic semiconductors occurs by a two-step process, involving both
dipole–dipole coupling (Förster transfer) and thermally assisted migration [25, 26]. Hence at
low temperature the volume of space that an exciton can sample is reduced, which reduces the
probability for interaction with non-radiative traps or defects. Such defects can be oxidized (or
otherwise degraded) segments of a polymer chain, chain ends, or trapped charges [27]. The
reduced interaction volume at low temperature is reflected in an increase of the PLQY.

It is interesting to note that at temperatures approaching 10 K, the PLQYs of the
nematic glass, crystalline, and as-SC films appear to approach very similar limiting values,
� = 85 ± 10%. It therefore appears that at low temperatures, the thermally assisted exciton
migration in films with each of these morphologies is reduced to the point that the excitons are
sufficiently localized to be unlikely to reach a quenching site within their radiative lifetime. In
this limiting case, the ‘intrinsic’ PLQYs of each of the film morphologies are approximately
the same.

It is clear that a different process is important in PFO films containing β-phase polymer
chains. As the chemical compositions and polymer characteristics (degree of polymerization,
polydispersity, etc) of the samples used to prepare each of the PFO films are identical, the
additional non-radiative processes observed in the β-phase appear to originate from the effects
of the polymer film nanostructure. We summarize the possible non-radiative exciton decay
channels as follows:

(a) Decay at structural and chemical defects.
(b) Singlet–singlet annihilation.
(c) Intersystem crossing:

S1 → Tn + phonons → T1 + phonons → S0 + phonons.

(d) Singlet–triplet quenching:

S1 + Tn → S0 + T1 + phonons → S0 + phonons.

(e) Singlet–polaron quenching:

S1 + P± → S0 + P± + phonons.

Here S1 refers to the first excited singlet exciton state, S0 to the ground singlet state, Tn to a triplet
exciton in the nth excited state, and P± to a hole (+)/electron (−) polaron [28]. We can exclude
the possibility of channel (a) being responsible for the additional non-radiative channels in the
β-phase-containing film, since the PFO used to fabricate this sample was chemically identical
to that used to make the films with the other morphologies. In addition, we do not anticipate
channel (b) to be important, as the volume excitation rate at which the PLQY measurements
were performed was ≈1021 photons cm−3 s−1. At this low excitation density the PL grows
linearly with the excitation power, consistent with monomolecular recombination. We rule
out channel (c), as we only detect a shift of 8 eV in the energy separation between the triplet
and the singlet levels at low temperature with respect to room temperature, and thus we do not
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Figure 5. (a) The 77 K PA spectrum of a film containing β-phase chains. The inset shows the
dependence of the polaron PA signal at 1.93 eV on the excitation modulation frequency. (b) The
temperature dependence of the polaron PA signal at 1.93 eV. The solid curve is shown as a guide
to the eye.

anticipate significant changes in the intersystem crossing rate. Moreover, were intersystem
crossing a thermally activated process, it would become less important at low temperature
rather than more important. We also note that earlier PA studies demonstrated that the triplet
population at 70 K is some 8 times larger in as-SC glassy films than in films containing β-phase
chains [23]. Thus, were channel (d) to be a dominant quenching mechanism, we would expect
the PLQY of the as-SC film to be significantly lower than that of the β-phase film. As this
is not observed, the only remaining possibility is that channel (e) (quenching by polarons)
is the dominant additional non-radiative channel that becomes activated in low-temperature
β-phase-containing PFO films.

To further investigate the importance of polaron quenching and its temperature
dependence, we performed PA measurements on PFO films prepared with each of the four
morphologies. These films were 5 ± 0.5 µm thick and were prepared by drop-casting rather
than spin-coating. Figure 5(a) shows the 77 K PA spectrum measured for the β-phase-
containing PFO film. The PA spectrum is characterized by two peaks, positioned at 1.93
and 1.43 eV. On the basis of previous work [23], we assign the transitions at 1.43 and at
1.93 eV to excited state absorption of triplet excitons and polarons respectively. We are able
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to observe the triplet–triplet transition in our PA measurements on all four PFO morphologies
(data not shown here). However, we only observe the polaron transition in films containing
β-phase chains. It thus appears that the quasi-cw polaron population in β-phase-containing
films is significantly higher than for any of the other film morphologies, and we propose that
the β-phase chains stabilize polarons by acting as low-energy trapping sites. The polaron
absorption does not appear in measurements on the other morphologies, presumably because
the mobility of the polarons is much higher (due to the absence of traps), and this facilitates
rapid polaron–polaron recombination. We note in this respect that polaron absorption has been
previously observed in ultrafast pump–probe studies of as-SC PFO films. The polarons were
found to have fast recombination dynamics, with a polaron lifetime of ≈80 ps [29]. This short
lifetime is consistent with our observations.

Figure 5(b) plots the temperature dependence of the modulus of the in-phase and out-
of-phase PA components (|−�T/T |) at 1.93 eV for the β-phase-containing film. It can be
seen that the polaron population increases monotonically as the temperature is decreased. It is
instructive to calculate the polaron density on the β-phase chains from the PA measurement:
we estimate the polaron population (n) from the change in transmission (−�T/T ) at 1.93 eV
using

−�T

T
= ndσ (2)

where d is the film thickness and σ the cross section for polaron absorption. Theoretical
calculations have shown that the optical cross section for singlet excitons is comparable to
that for polarons and low-lying triplets [30]. Given that the peak absorption coefficient for
an as-SC film of PFO is α = 2.2 × 105 cm−1, we can estimate the singlet ground state cross
section using

σ = α

N
(3)

where N is the number density of ground states. If we assume that each monomeric segment
has an associated ground state, we can calculate N using

N = ρ

mw

NA (4)

where ρ is the film density, mw is the molecular weight of the monomer, NA is Avogadro’s
number. For PFO, mw = 388 and ρ = 1 g cm−3; we calculate σ = 1.4 × 10−16 cm2. A
value for the polaron absorption cross section in an MEH-PPV derivative has recently been
measured as 7.5 × 10−17 cm2 [31]. This is within a factor of two of our estimate for PFO. The
thickness d in equation (2) has to be regarded as the thickness of the film region where the
absorption takes place. Therefore it depends on the penetration depth of the laser and it may
not coincide with the effective thickness of the sample. The extinction coefficient at 354 nm
is approximately half of that calculated for the absorption maximum. This gives a penetration
depth for the pump laser as about 100 nm. Taking into account exciton migration (a few tens
of nanometres), we can estimate that all the absorption is taking place within half a micron of
the surface, i.e. approximately one tenth of the total film thickness. In the deeper region of the
film the pump laser intensity will be lower than 1% of the total, and therefore the absorption
processes in this region can be neglected. Substituting our estimate for the cross section in
equation (2), and using a PFO thickness of 5 × 10−5 cm for the drop-cast film that we have
studied, gives a polaron density of 3.1 × 1015 cm−3 at 10 K.

This value however certainly underestimates the actual polaron population: it has been
shown that the decay lifetime of polarons inβ-phase-containing PFO films has two components:
a fast component having a lifetime of 300 µs,and a slow component with a lifetime of 7 ms [32].
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Our PA measurements were performed at a chopping frequency of 300 Hz (τchop = 3.3 ms),
and thus the lock-in technique used here is not sensitive to the polaron population having
the long decay lifetime. The inset to figure 5(a) shows a previous measurement [32] of the
in-phase |−�T/T | signal as a function of chopping frequency ω. The frequency dependence
for �T/T assuming a monomolecular recombination process is given by∣∣∣∣�T

T
(ω)

∣∣∣∣ ∝
[

1

1 + (ωτ)2
− i

ωτ

1 + (ωτ)2

]
G(ν)στd (5)

where τ is the lifetime of the species detected, G(ν) is the polaron generation rate at the
pump energy, d is the film thickness, and σ is the polaron absorption cross section. The first
term in equation (5) is the frequency dependence of the in-phase signal used to fit the data in
the inset to figure 5(a). A reasonable fit is obtained assuming the polaron population decays
with two characteristic lifetimes of 7 and 0.4 ms. We can thus extrapolate the steady-state
�T/T (ωτ � 1), and we calculate that our measurement of the polaron population made
at 300 Hz underestimates the actual polaron population by a factor of 3.6. We also assume
that the polaron population that we detect is all located on β-phase chains since we do not
detect any appreciable polaron population in quasi-cw PA measurements on as-drop-cast films.
Noting that only 13% of the PFO chains adopt a β-phase conformation, we assume that the
local density of polarons on β-phase chains is ≈7.7 times larger than is indicated by the bulk
PA measurement. Combining these factors, we estimate that at 70 K, the polaron population
on the β-phase chains is ≈8.6 × 1016 cm−3.

To interpret the significance of this measurement, we note the result of List et al [33], that
for the related polymer Me-LPPP, a polaron population of 1017 cm−3 will quench the singlet
excitons at a rate (k pol) equal to the radiative rate of the singlets (krad), i.e. k pol = krad . We
can estimate the polaron quenching rate in β-phase PFO films at low temperature using our
quantum efficiency measurements. The PLQY at temperature T is given by

�T = krad

krad + kT
nr + kT

pol

(6)

where knr is the quenching rate due to other non-radiative channels, and the superscript indicates
temperature. We first assume that quenching by polarons is only important at low temperature.
We are confident that this assumption is valid, since our PA measurements do not detect any
polaron absorption at room temperature within the sensitivity of our experimental set-up (see
figure 5(b)). Thus the only polaron quenching term that is not equal to zero is kβ 10 K

pol , where
the additional superscript, β, denotes the morphology of the PFO film. We also make the
common assumption that the radiative rates at room temperature and at low temperature are
identical [33]. It is trivial to show that for the as-SC film

kSC 298 K
nr

kSC 10 K
nr

=
[

1
�SC 10 K − 1

]
[

1
�SC 298 K − 1

] = 4.0. (7)

Thus as anticipated from the PLQY measurements, the non-radiative channels in the
as-SC PFO film decrease as the temperature is lowered due to hindered exciton migration
to non-radiative quenching sites. Whether the same model can be applied to excitons in a
β-phase-containing film is not clear. To a first approximation, we assume that the excitons
created on the polymer chains in the glassy matrix surrounding the β-phase chains transfer
to them much more rapidly than they explore the rest of the matrix and find a non-radiative
defect. This scenario is supported by the steady-state PL spectra (see above) that show almost
complete exciton transfer to the lower-energy-gap β-phase chains, even if the film contains
only a 1 or 2% fraction of these chains. Once an exciton has transferred to a β-phase chain, it is
effectively localized, and thus any changes in the non-radiative rates that occur for the matrix
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chains due to thermally assisted exciton migration to defect sites are no longer especially
significant. Our model might at first seem to neglect changes that could occur in the non-
radiative rates associated with defect states on β-phase chains. However, the presence of a
defect on a β-phase chain would have the effect of increasing the HOMO–LUMO gap of that
chain segment and effectively rendering it no longer an effective exciton trap. Indeed, the
emissive β-phase chains must by definition be defect free. We can thus write kβ RT

nr ≈ kβ 10 K
nr ,

which implies

kβ 10 K
pol

krad
= 1

�β10 K
− 1

�β 298 K
≈ 0.5. (8)

We thus estimate that a polaron population of 5 × 1016 cm3 is sufficient to cause the 20% drop
that we observe in the PLQY of the β-phase PFO film as the temperature is reduced from room
temperature to 10 K. It can be seen that this is in very reasonable agreement with our estimation
of the polaron population at 10 K in the β-phase (8.6 × 1016 cm−3) that we determine from
PA measurements.

We therefore propose the following picture for PLQY quenching in the β-phase-containing
samples at low temperature: the β-phase chains are uniformly dispersed in a glassy matrix
of polymer chains with shorter conjugation lengths. Excitons photoexcited on the glassy
matrix polymer can transfer via thermally assisted migration and via Förster transfer to β-
phase chains, from whence they decay radiatively [25, 26]. This transfer process is almost
complete even at low temperature, since dipole–dipole coupling is temperature independent.
When an exciton transfers onto a β-phase chain it has excess energy and can dissociate via
a charge-transfer process to form a polaron pair. At room temperature, polarons can easily
escape from the β-phase chains back to the surrounding matrix, where they can combine with
polarons of the opposite charge to reform an exciton. At low temperatures however, polarons
become localized on the β-phase chains as the rate of backscattering to the matrix is reduced.
The spatial coincidence between the stabilized polarons and relaxed excitons on the β-phase
chains results in a significant quenching of fluorescence and thus a reduction in the PLQY.
Because of the long polaron lifetime, which is estimated to be 7 ms at 77 K for as-SC PFO
films [32], one polaron is able to quench many excitons before it recombines with a polaron
of the opposite charge.

In conclusion, we have studied the influence of morphology on the temperature-dependent
PLQY of PFO. Films with four different morphologies, namely ‘as-SC glass’, ‘quenched
nematic glass’, ‘crystalline’, and ‘vapour-treated SC glass containing a fraction of 21 helix
conformation (β-phase) chains’. We find significant differences in PLQY between these
morphologies of PFO and show that whilst in the first three cases, the PLQY increases as
the temperature decreases, for the films containing β-phase chains, the PLQY decreases with
decreasing temperature. The increase in PLQY in the crystalline, nematic glass, and as-SC
films can be explained as a consequence of hindered exciton migration towards quenching
sites at low temperature. The corresponding PLQY reduction for the films containing β-phase
chains is attributed to the annihilation of singlet excitons by polarons that become trapped on
these highly conjugated polymer segments.
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