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Experimental methodology
Solutions were prepared by dissolving 3 mg
of polymer in 1 mL of toluene (spectroscopic
grade, Sigma Aldrich) and stirring at 70◦C
overnight. The solution was then heated to
100◦C immediately prior to spin-coating to en-
sure that only glassy phase polyfluorene was
formed. Spin-coating was at 1000 rpm onto
a cleaned fused silica substrate in a nitrogen
filled glovebox, giving films 20 − 30 nm thick.

∗To whom correspondence should be addressed
†Institute for Photonics and Quantum Sciences,

School of Engineering and Physical Sciences, SUPA,
Heriot-Watt University, Edinburgh EH14 4AS, United
Kingdom
‡Physics Department and Center for Optoelectronics

and Photonics Paderborn (CeOPP), Universität Pader-
born, Warburger Strasse 100, 33098 Paderborn, Ger-
many
¶Organic Semiconductor Centre, SUPA, School of

Physics and Astronomy, University of St. Andrews,
North Haugh, St. Andrews, Fife KY16 9SS, United
Kingdom
§Department of Chemistry and Institute for Poly-

mer Technology, Wuppertal University, 42097 Wupper-
tal, Germany

A top fused silica window was placed over the
film to encapsulate it and the sandwich was
secured in a holder to ensure that air could
not penetrate into the film and to enable ro-
tation of the film to avoid photodamage. Ul-
trafast luminescence was measured with an up-
conversion setup, FOG100 by CDP Systems.
Briefly, the 100 fs (full-width half-maximum)
800 nm, 80 MHz output of a Ti:Sapphire laser
was fed into the setup where 400 nm second
harmonic was generated to form the excita-
tion pulse. Residual 800 nm light was directed
through a delay line to act as a gating pulse.
Luminescence from the polyfluorene film at a
detection wavelength of 475 nm was collected
and collimated before being focussed into a sum
frequency BBO crystal along with the 800 nm
gating light. The sum frequency light generated
was spatially and spectrally filtered before be-
ing detected with a photomultiplier tube. Fluo-
rescence dynamics parallel (I‖) and perpendicu-
lar (I⊥) to the excitation were measured by use
of a Berek compensator placed in the 400 nm
excitation path before the sample. Rotation of
the compensator enabled the pump polarisation
to be aligned parallel or perpendicular to the
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detection polarisation, which remained fixed.
This methodology has the advantage of ensur-
ing that the G-factor (the detection efficiency of
parallel versus perpendicular emission) is unity
as the detection polarisation is fixed.
Rotation of the Berek compensator introduced
a small delay in time between detected paral-
lel and perpendicular emission and this was de-
termined by measuring the Raman signals of
a solution cuvette filled with water. The shift
between parallel and perpendicular was 44 fs
- all traces and anisotropy data shown have
been corrected for this temporal shift. Mea-
suring the water Raman signal also enabled
the instrument response function (IRF) to be
recorded, and was found to be 380 fs FWHM.
Having measured fluorescence dynamics paral-
lel and perpendicular to the excitation polar-
isation the polarization anisotropy can be re-
constructed, where the anisotropy, r, is defined
as:

r =
I‖ − I⊥
I‖ + 2I⊥

. (1)

Fitting of the depolarisation kinetics was
performed using the impulse reconvolution
method1 which enables deconvolution of the
instrument response function from the decay.
The fitting methodology involves convolving a
sum of exponentials with the IRF of the de-
nominator of equation (1) of the article, which
represents the ”magic angle” dynamics, i.e. the
dynamics of the total population independent
of rotational effects that can be observed if
the excitation polarisation were to be set to
54.7◦ with respect to the detection. In our
work the magic angle signal is reconstructed
from the parallel and perpendicular data using:
m = (I‖+2I⊥)/3. The best-fit of the magic an-
gle kinetics can then be convolved with a trial
function representing the depolarisation and
also convolved with the IRF. Iteration of the
trial function to give a good fit to the numera-
tor of equation (1) of the article (the so called
difference fit) enables the depolarisation to be
fitted with full account taken of the instrument
response function. In order to estimate the
error on the fits coming from the noise in the
experimental data, we have repeated this pro-

cess with other fast decay time constants. We
obtained two misfits for the lower and higher
limits of the error interval. The best fit and
these two misfits are represented in figure 1
Residuals are shown below the main plot for
each fit, indicating that poor fitting is achieved
with the 300 fs and 1 ps decay components,
leading us to place error bounds of 680± 300 fs
and 4.8± 2 ps.
Experimental time-resolved spectra were ac-
quired with a synchroscan Hammamatsu uni-
versal streak camera coupled to a Princeton
spectrograph. The PF8 film was excited at
343 nm with the third harmonic of the 1030
nm amplified output of a Pharos regenerative
amplifier by Light Conversion at 5 kHz. Ex-
citation densities were kept low to avoid any
exciton-exciton annihilation. 343 nm was cho-
sen as the excitation wavelength to ensure that
the full PF8 PL spectrum could be recorded,
free from observing any pump light or mal-
formation of spectra by cut-off filters. The
instrument response function was measured
with laser scatter to be on the order of 2 ps
full-width half-maximum.

Film densities of the polyfluorene materi-
als were measured using the following method.
Thin films were spin-coated on clean rectan-
gular silicon wafers with identical deposition
conditions as those used for time-resolved fluo-
rescence measurements. After spin-coating, the
four edges of the wafers were cleaved to ensure
uniform thickness across the whole wafer and
the size of the post-cleaved wafer (≈ 12x12 mm)
was measured precisely with vernier callipers.
The thickness of these films and optical con-
stants of the polymer were then measured by a
variable angle spectroscopic ellipsometry using
a J.A. Woollam Co. Inc. M2000-DI ellipsome-
ter. The thickness of the oxide layer on the top
of the silicon wafers (a few nm) was taken into
account during optical modelling. The film was
then dissolved in a cuvette filled with known
volume of toluene and the absorbance of the
solution was measured with a Cary 300 UV-Vis
spectrophotometer. The wafer was measured
with the ellipsometer again to make sure the
polymer film was fully dissolved in the solvent.
When comparing the absorbance of the solution
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derived from the film to a solution of known
concentration we can then calculate the mass
of the thin film; and thereby the film density.

Spectral overlap between two chro-
mophores The spectrum of a single chro-
mophore is taken as the sum of Lorentzian
line shapes weighted for the vibrational peaks.
These Lorentzian lines have a width γ, the
homogeneous broadening. The calculated ab-
sorption spectrum of the film, integrated over
all polarisation directions, is the sum of these
Lorentzian line-shapes over the chromophore
ensemble:

A(~ω) = ~ω
∑
i

Ai, (2)

Ai = L(Eabs
i , ~ω) +

∑
k

αvib
k L(Eabs

i + δEvib
k , ~ω). (3)

αvib
k and δEvib

k are the strength and energetic
offset of the k-th vibrational level respectively
and L(x, ~ω) a normalized Lorentzian. The
emission spectrum is time-dependent, reflecting
the exciton dynamics, and is calculated as:

E(~ω, t) = ~ω
∑
i

Ii(~ω, t), (4)

with Ii the time- and energy-dependent inten-
sity emitted by chromophore i:

Ii(~ω, t) = n1
i (t) Ei(Eem

i , ~ω) + n0
i (t) Ei(Eabs

i , ~ω),
(5)

where Ei(x, ~ω) is the emitted spectrum for the
i-th chromophore,

Ei(x, ~ω) = L(x, ~ω) +
∑
k

αvib
k L(x− δEvib

k , ~ω).

(6)

To calculate the spectral overlap for the hop-
ping rates between the i-th and j-th chro-
mophores in Eqns. (9) and (10) (of the ar-
ticle), g00ij and g01ij , we use the calculated chro-
mophore absorption and emission spectra from
Eqn. (2). It is important to note that in the
most general case, g0pij 6= g0pji and V 0p

ij 6= V 0p
ji ;

however the conservation of the exciton prob-

ability during hopping is ensured by the fact
that Rout,0p

ji np
i = Rin,0p

ij

(
1− n1

j − n0
j

)
for all i, j.

Parameter specification
A number of quantities are necessary to predict
the exciton dynamics in a specific film from the
above model. The Förster mechanism requires
knowledge of the morphology of the sample and
of the transition dipole moments and lengths
to calculate the interaction energies, and some
knowledge of the global spectral properties to
infer the individual absorption and emission
energies of each chromophore and to calcu-
late the spectral overlaps. In the following, we
discuss how all these parameters are fixed, ei-
ther using theoretical or experimental results.
Wherever possible, in our approach, we only
use parameters which are supported by inde-
pendent experimental measurements.

Morphology simulation
In this study we model spin-coated polyflu-

orene (PF8) films. We assume a conjugation
length of eight monomers in agreement with
previously published studies2,3. Therefore we
choose to take oligofluorene octamers as the
typical PF8 chromophore and represent the
film as a closely packed ensemble of octamer
molecules. We have checked, and show in figure
3, that the choice of octamers is judicious in
that using longer chromophores leads to essen-
tially the same results. To achieve the correct
volume density of chromophores in our mod-
eled film the octamers are initially positioned
on a tetragonal lattice and then their locations
randomly displaced by up to one third of the
lattice spacing to mimic the amorphous film.
The lattice constant in the ~z direction, the di-
rection of stacking of the layer, is taken to be
a = 0.9 nm, unless specified otherwise. Each
(~x, ~y) layer is initially a square lattice, of lattice
constant b = 2.55 nm, so that the average vol-
ume density of the film is the measured value of
0.88± 0.03 g/cm3. The rods are each randomly
oriented in the (~x, ~y) plane, but their projection
on the ~z plane cannot be more that the z-lattice
constant a. In this way, the chromophores are
preferentially lying in the (~x, ~y) plane, as we
would expect for a spin-coated film. However,
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Table 1: Dipole lengths (nm) and transition dipole moments (eÅ) for absorption and
emission in oligofluorenes O6, O8 and O10, obtained by (TD)-DFT calculation using
B3LYP, 6-31G.

Length
Abs.

Dipole
Length

Emiss.
Dipole
Length

Abs.
Dipole

Moment

Emiss.
Dipole

Moment

O6 4.98 3.9 3.5 3.96 4.30
O8 6.64 5.4 4.3 4.65 4.74
O10 8.30 6.8 4.9 5.30 5.02

as shown in figure 3, where the lattice spacings
are changed (but keeping the film density con-
stant), the calculated fluorescence anisotropies
are essentially the same. To take into account
the finite width of the chromophores, the min-
imum distance between the two rods is 0.3 nm.
This means that if two chromophores are at
any point at a distance closer than 0.3 nm one
of these two chromophores is repositioned and
reoriented randomly again until they are sepa-
rated by at least 0.3 nm, to take into account
the actual width of the chromophores and make
the ensemble realistic.
A representation of our ensemble of packed
chromophores is shown in figure 4. It is im-
portant to note that we have checked that
by taking a minimum molecular separation of
0.2 nm or 0.4 nm, we obtained the same fluores-
cence anisotropy decay as for 0.3 nm, showing
an insensitivity of the results to this parameter
for realistic values. Similarly a maximum (ran-
dom) movement of either a quarter or a half
of the tetragonal lattice spacing gives virtually
identical results as for a third. Periodic bound-
ary conditions are used to repeat the ”box”
of model chromophores, so that excitons can
hop from one side of the ”box” to the opposite
side, thus eliminating interface effects. There-
fore, even if the geometrical parameters, from
chromophore lengths to molecular arrangement
details, are not known exactly, this does not
weaken the results we present, as these param-
eters have very little effect.
The simulations include 125 000 chromophores.
Each chromophore can interact within the
cuboid centered on it, with edges of 7 lat-
tice spacings (making 73 − 1 = 342 nearby

chromophores); any interaction involving a
Förster rate slower than 200 ps is neglected
in calculating the dynamics. This number of
chromophores and interacting neighbours guar-
antees convergence of the dynamics - any two
runs with randomly assigned geometries and
energies but otherwise identical parameters are
found to give the same results.
Figure 3 shows the results of fluorescence
anisotropy calculations for different lattice
spacings (a), chromophore length (b) (the
parameters use are summarized in table 1)
and three different excitation wavelengths
(c). The wavelengths we have chosen are
375 nm (3.30 eV), 400 nm (3.10 eV), and 425 nm
(2.92 eV), compared to the absorption peak at
3.07 eV. We have checked that the magic angle
results follow the same trends as the fluores-
cence anisotropy in any of these cases.

Spectral Parameters
The absorption energy, homogeneous (dephas-
ing time) and inhomogeneous broadening are
obtained by reproducing the experimental ab-
sorption and emission spectra with the model
calculations (see the inset of figure 1(b) of the
article) . The spectrum for an individual chro-
mophore consists of a sum of three Lorentzian
functions of the same width, to mimic the low-
est three vibrational peaks of PF8. We found
that for a fixed homogeneous broadening, only
one value of inhomogeneous broadening can
give a good fit between the theoretical and ex-
perimental absorption spectra. The electronic
emission peak, the vibrational peak position
relative to the electronic peak, and strength
are obtained by fitting the computed emission
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spectra at 10 ps to the experimental spectra.
The vibrational parameters are the same for all
chromophores. Each chromophore has its own
emission energy, linked by a linear relationship:
Eem

i = 0.48Eabs
i + 1.50, to its absorption en-

ergy. The slope of this linear relationship is
obtained by linear fit of the absorption ener-
gies with emission energies for various oligomer
lengths, using the theory values calculated by
Schumacher et al.2 The intercept is obtained by
placing the calculated emission peak at the ob-
served experimental emission peak. This rela-
tionship implies that the inhomogeneous broad-
ening of the emission is half of the inhomoge-
neous broadening of the absorption. We have
noticed, by comparison with the experimental
spectra, that the inhomogeneous broadening
indeed needs to be smaller in emission that in
absorption. This can be explained physically
by the fact that an exciton self-trapping process
occurs in polyfluorenes.2 Thus the exciton is lo-
calised on a smaller part of the chromophore in
emission than in absorption, it is less sensitive
to chromophore geometry distortions than in
absorption, resulting in a reduced inhomoge-
neous broadening.
We observe that for a chosen value of inho-
mogeneous broadening, we can tune the ho-
mogeneous broadening to obtain a satisfying
fit of the experimental absorption spectra (see
figure 5). However, we also notice from this fig-
ure 5 that the only pair of inhomogeneous and
homogeneous broadening values which gives
a reasonable fit simultaneously for both ab-
sorption and emission spectra between theory
and experiments is a homogeneous broadening
of T2 = 20 fs (leading to γ = 33 meV) and
σ = 70 meV. The influence of these differ-
ent pairs of broadenings on the fluorescence
anisotropy decay and magic angle are shown in
figure 6 (a). To study the separate influence of
the inhomogeneous and homogeneous broaden-
ings of the fluorescence depolarisation results,
we have also produced a series of calculations
with different values for the broadenings, when
only one of broadening value has been changed
(thus the resulted computed absorption -and
emission- spectra does not fit the experimen-
tal absorption -and emission- spectra). The

results are displayed in figure 6 (b) and (c).
We observe that increased values of homoge-
mous broadening decreases the fluorescence
anisotropy decay time, because the hopping
constants from high energy chromophores to
low energy ones are becoming comparable to
the hopping back constants. However, when the
inhomogeneous broadening increases, the depo-
larisation is faster, because there are more low
energy chromophores for the excitons to trans-
fer to. Overall, we do observe a limited but
noticeable influence of these spectral broaden-
ing parameters on the fluorescence anisotropy
decay. Nevertheless, it is important to keep in
mind that the spectral parameters we use in the
rest of this work are obtained from fits to the
experimental absorption and emission spectra.

For the fluorescence lifetime, we use the ex-
perimental value of τ r = 100 ps, taken from the
experimental data published by Shaw et al.4

The relaxation from the S0 to S1 geometry in
the excited state is taken to be τx = 100 fs, a
typical time for such systems5. This value is
not known exactly, but we have checked that a
range of values from τx = 10 fs to τx = 1 ps does
not significantly change the presented results.
The dipole moments and dipole lengths of the
fluorene octamers in absorption and emission
geometries (table 1) have been calculated using
Time Dependent-Density Functional Theory
(TD-DFT) calculations for oligomers, at the
B3LYP 6-31G level of theory3, as implemented
in Gaussian096.
The ensemble is excited by a linearly polar-
ized pulse of defined wavelength and temporal
width and perpendicular to the plane of the
film. Except from the diffusion runs, excitation
is spatially uniform across the sample. The
temporal full width at half maximum (FWHM)
of the Gaussian input pulse intensity is 100 fs
(corresponding to 41 meV or about 5 nm around
the 400 nm excitation wavelength), and three
different excitation wavelengths are used in
the theoretical calculations: 375 nm (3.30 eV),
400 nm (3.10 eV), and 425 nm (2.92 eV) (the
absorption peak being at 3.07 eV).

Fluorescence anisotropy calculation
From this model, one can calculate the time-
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dependent fluorescence anisotropy r and the
magic angle m. Here we show how these quan-
tities are derived from our calculations of the
time-dependent exciton probabilities. m is de-
fined as m = (I‖ + 2I⊥)/3, where I‖(I⊥) is the
fluorescence intensity parallel (perpendicular)
to the pump, and so m is the total intensity
emitted by the sample. Anisotropy is defined
as r = (I‖ − I⊥)/3m and reflects any change
of the average orientation of the fluorescing
dipoles. For a perfectly random sample of
chromophores, without rotation of the transi-
tion dipoles, we have r = 0.4. The emitted
intensity in the perpendicular and parallel di-
rections I⊥ and I‖ are calculated separately by
reconstructing their emission spectra. We have:

I‖ ∝
∑
i

Ii(~ω, t)d‖i
2
, (7)

where d
‖
i is the emission dipole component of

chromophore i parallel to the pump and simi-
larly for perpendicular emission. As in the ex-
periments, a Gaussian spectral filter of stan-
dard deviation σdetect = 7meV and centered
at the emission peak is applied to the calcu-
lated emission spectra. This integrated emis-
sion intensity then is convoluted by the instru-
ment response function of the experimental de-
tection device, and, finally, the time origin is
determined using the same algorithm as for
the experimental results, so that the compar-
ison between theoretical and experimental re-
sults is meaningful. This material is avail-

able free of charge via the Internet at http:

//pubs.acs.org/.
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Figure 1: Time-resolved kinetics (open circles)
of difference data (I‖ − I⊥) as shown in Figure
1 of the main text, with the best-fit of 680 fs
and 4.8 ps shown as a solid red line and instru-
ment response function as a dotted line. Addi-
tional mis-fits are shown, representing fast com-
ponent decays fixed at 300 fs (blue line) and
1 ps (green line). Residuals are shown below
the main plot for each fit, indicating that poor
fitting is achieved with the 300 fs and 1 ps decay
components.

Figure 2: Plot of nine individual anisotropy
traces (small coloured dots) and overall average
(red line) for PF8 film measured with upconver-
sion spectroscopy, showing the even scattering
of individual traces above and below the aver-
age value.
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Figure 3: Computed fluorescence anisotropy.
(a) results for different configurations of the
tetragonal lattice. The values give the lat-
tice spacing perpendicular to the sample in ~z-
direction. The film density is kept constant. (b)
For different lengths of model chromophores.
(c) For different excitation wavelengths.
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Figure 4: Illustration of a small portion (less
than 1%) of the molecular ensemble used in the
calculations. Note the geometrical anisotropy
in the spin-coated film, with chromophores ly-
ing preferentially in the (x-y) plane.
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Figure 5: Comparison of the computed absorp-
tion (solid lines) and emission spectra (dashed
lines) for different pairs of inhomogeneous and
homogeneous broadenings with the experimen-
tal spectra (black lines). We observe that while
all pairs give reasonably good fits to the ab-
sorption spectra, the emission spectra is prop-
erly described by only one pair, the one used in
the rest of the article, where γ = 33 meV and
σ = 70 meV.
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Figure 6: Computed fluorescence anisotropy
and magic angles (insets). (a) Results for dif-
ferent pairs of homogenous and inhomogeneous
broadenings (b) for different values of the ho-
mogeneous broadening γ (c) for different values
of the inhomogeneous broadening σ.
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