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1 Sample Preparation

We prepared a series of thin films of poly(9,9-dioctylfluorene) (PFO) with varying content
of p-phase chain segments. The PFO thin film samples (PFO received from Cambridge
Display Technology® with peak molecular weight, M, = 133000 g mol™!) were deposited on
pre-cleaned quartz substrates by spin-coating (2000 rpm for one minute). Both, solutions
and substrates, were pre-heated at 80 °C for 5 minutes immediately prior to deposition. Fol-
lowing deposition, the substrates were annealed for 1 minute at 120 °C to remove any traces
of solvent. The [-phase chain segment fractions were tuned from 0% (all glassy phase) to
25.6% (as demonstrated in Ref.?) by adding 100 pL aliquots of increasing concentration (0 pL
to 80 pL per mL) of paraffin oil (Edwards? Ultragrade 19) in toluene solutions to 1.9 mL por-
tions of a baseline 13.5 mg per 1 mLL PFO in toluene solution. This procedure yields mixtures
with 0 to 0.4 vol% paraffin oil. Samples were prepared with different S-phase fractions (see
Table 1), which we determined from the relative strength of the duly weighted (to correct for

the known oscillator strength increase), integrated absorption contribution (see Section 2).

We measured the thickness of each film using a Dektak profilometer (Table 1). The

percentage of S-phase chain segments in the films is also listed in Table 1 and has been

Table 1: Sample Overview and Thicknesses

Sample Name [-phase (%) ¢ (nm)

Sample 1 0 131
Sample 2 ca 0 139
Sample 3 0.5 130
Sample 4 6.4 125
Sample 5 7.4 122
Sample 6 10.9 126
Sample 7 12.4 134
Sample 8 14.0 134
Sample 9 18.6 137
Sample 10 22.4 130
Sample 11 24.5 125
Sample 12 25.6 135




determined for each sample from the film thickness and absorption data (see Section 2 for

the data and more details on the method).

To ensure the stability of the samples over the time span they were investigated, we per-
formed photoluminescence (PL) measurements after each experiment. The spectral shape of
the PL differs considerably with changing S-phase content (see Section 3) and we therefore
consider this to be a good indication for conformational changes within the films that may
have occurred over time. Sample 4 was partially damaged after the PLQE measurement.

Consequently, no time-resolved could be measured for this sample.

In addition to the 12 samples presented above, the same method was used to fabricate
samples with higher S-phase content. However, vol% of paraffin oil in excess of 0.75 vol%
led to the fabrication of soft polymer films whose large surface roughness and poor consis-
tencies made the films unsuitable for optical measurements. We attribute this threshold to
a quantity of paraffin oil in solution large enough to hinder the spin-coating process. We
found that an intermediate 13th sample with a S-phase content of 33.4% was the last sample
to allow suitable measurements. While already showing a significant increase in thickness
(161 nm) compared to the other twelve samples, it presented a surface of sufficient quality
to still permit optical measurements. The measurements from this sample are in agreement
with the overall trends for increasing S-phase content of the study; red-shift of the emission
and absorption peak, lower Huang Rhys parameter, high PLQE (0.71), increase in radiative
decay rate, slight increase in nonradiative decay rate (in line with the trend for the other
samples of the series), rapid PL decay caused by the resonant energy transfer with a square-
root dependence on time and a decrease in Forster radius determined from both, transient

data and spectral overlap calculations.



2 Absorption Spectra and Determination of S-Phase

Content

In this section we provide the experimental details of the absorption measurements and

outline how we use these to determine the 3-phase content of the PFO films.*

2.1 Experimental Details

We recorded absorption spectra with a dual-beam Shimadzu UV-2600 spectrophotometer
equipped with a diffuse reflectivity (integrating sphere) attachment, allowing the absorption
spectra to be corrected for reflection and scattering losses. Transmittance 7', specular re-
flectance sR and diffuse reflectance dR were recorded over a wavelength range of 300 nm to

500 nm in steps of 1nm. The absorptance A is obtained from the data as:

Azl—(T+SR+dR>:1—T—RtOt (1)

2.2 Absorptance Spectra

The resulting absorptance spectra are shown in Fig. 1. The absorptance spectra are con-
sidered to be a linear superposition of contributions from glassy phase and g-phase chain
segments in the films. The disordered glassy phase chain segments contribute a broad absorp-
tion peak centered at around 380 nm, whereas the contribution of the on a molecular level
more geometrically confined S-phase chain segments is manifested as a much narrower 0-0
peak around 430 nm followed by a vibronic progression.” At low 3-phase content, the peak
develops as a shoulder on the red edge of the total absorption and becomes more distinct

with increasing S-phase content in the film.



2.3 [(-Phase Fraction and Absorptance Spectra

The absorption data were used to determine the percentage of chain segments in [-phase
conformation, Byqction and we will in the following give a brief derivation of the expression

we used.* 6 Bfraction 1s defined as

C
6fracti0n = cs _f ng (2)

where cg and ¢, are the concentrations of the S-phase and glassy phase chain segments in the
film, respectively. Concentration ¢ and absorption are linked through the Beer-Lambert law,
which is expressed in terms of the molar extinction coefficient ¢(A) and the sample thickness

t as:

I(A) = Io(A) 107V <7, (3)

where Iy(A) and I(A) denote the intensities entering and leaving the film in the absorption
experiment. The molar extinction coefficient €(\) is related to the (napierian) absorption
coefficient a(\):

() = 2 o), ()

c

which we obtain from the experimental data at each recorded wavelength \ as:

1 T
a = —— In(

; g (5)

A spectral integration of the molar extinction coefficient over wavenumbers v provides the

oscillator strength f:

f = const x /6(1/) dv = const X /a(u) dv = const x SA, (6)

c C

which is a measure of the strength of the electronic transition underlying the absorption pro-

cess. SA denotes the spectral area and is by the above equation defined as SA = [ a(v)dv.



Using the oscillator strength, we can rewrite the concentrations in Eq. 2 in terms of the spec-
trally integrated areas of the glassy phase and the S-phase chain segments SA, 3 and f, 3.
The constant term from Eq 6 cancels out and by expanding the equation with fz we arrive

at the following expression for the S-phase fraction:

(7)

S A

Bfraction = f .
f_ﬁ x SA, + SAs

g

The oscillator strengths of the glassy phase and #-phase chain segments differ in value. Their
ratio has been derived by Huang et al.® using time-dependent density functional theory to
be == = 1.08, which we use here.

Therefore, in order to obtain the fraction of S-phase chain segments for each film, the
contributions of the glassy phase and of the S-phase chain segments to the total absorption
of the film need to be separated. This is achieved by scaling the absorption spectrum of
a glassy film with comparable thickness (termed “glassy equivalent”, abbreviated “ge”) to
the total absorption spectrum of the investigated film at wavelengths below 350 nm. In the
wavelength range of 300nm to 350 nm, the contribution of S-phase chain segments to the
total absorption has been found to be negligible.”® We assume that the total absorption in
this wavelength range only stems from glassy phase chain segments and that each glassy
chain absorbs the same amount of energy. We introduce a scaling factor F' and can write

the following equations for the absorption coefficients:
age = g X (1=F) (8)

Oé?gtof?)SO — Oé{?;OOfSSO X (1 . F), (9)

where oy, a4 and o4, denote the glassy, glassy equivalent and total-absorption coefficients
and the superscript in Eq. 9 refers to the wavelength range in which the equation holds. We

fit Eq. 9 to the absorption data in the wavelength range from 300 nm to 350 nm to obtain



the scaling factor F'. We further determine the “glassy spectral area” SA, from Eq. 8 and
the definition of SA. The “B-phase spectral area” SAg is determined by subtraction of SA,
from the total spectral area. We then use Eq. 2 to determine the S-phase fraction for each
film. The resulting values are given in Table 1. The total absorptance spectrum and the
contributions from the glassy and [-phase are shown in Fig. 3 for each -phase containing
sample individually. The [g-phase absorptance as a function of S-phase percentage in the

film is depicted in Fig. 2.

The S-phase main-peak dispersal ranges from 425 nm to 433 nm, showing a red-shift (to-
wards higher wavelengths) with increasing [-phase content. This observation is discussed
in Section 3. Compared to other studies,?* the main peak of the B-phase absorptance is
slightly blue-shifted and the resolution of the vibronic progression and the appearance of
the -phase peak in the total absorption are seen at higher (-phase contents only. This
could be caused by the blue-shift of the peak, as there is more overlap with the broad glassy
absorption peak at lower wavelengths. In comparison with the PL spectra, the absorption
spectra appear to be broader, in particular beyond the 0-0 peak. The origin of this might be
related to the method used for determining the S-phase absorptance spectrum (as outlined
above), relying on the subtraction of the “glassy equivalent” absorptance spectrum from the
total absorptance of a film containing some [-phase. If the “glassy equivalent” absorptance
spectrum does not fully accurately represent the actual glassy phase absorption in the film
containing some [-phase, the subtraction of this spectrum may lead to slight distortions
in the resulting [-phase spectrum. There are two possible reasons for this to be the case.
First, polymer chains in a particular conformation or local environment may be more likely
to convert to S-phase, which means that the sub-set of unconverted glassy phase chains left
differs from the ensemble found in an all glassy film. Second, the presence of S-phase in
the film might introduce strain on the glassy phase, slightly shifting its energetic landscape.

Given the dependence of S-phase presence on strain and local order, both of these scenarios



are plausible. Such differences would be most prominent at the onset of the glassy phase
absorption, where changes in energetic disorder will lead to a sharpening or broadening of
the onset. For the calculation of the Frster radii (see Section 6.2), we determine the spec-
tral overlap between glassy phase emission and [-phase absorption, which however mostly
includes the 0-0 peak of the pS-phase absorption, which is sufficiently red-shifted from the
absorption onset of the glassy phase. Additionally, the spectral deconvolution method might
introduce a small inaccuracy on the -phase percentage. However, the trend of increasing
[-phase percentage is very clear and small deviations will not change any of the discussions

and conclusions we present.

10
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Figure 1: Absorptance spectra for all films. The spectra are a superposition of contributions
from the glassy and g-phase chain segments. The spectra are corrected for spectral and
diffuse reflectance.
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Figure 2: (-phase absorptance spectra of the films containing some (> 6.4%) -phase chain
segments. The spectra were obtained by subtraction of the contribution of the glassy chain
segments from the total absorptance, using the fitting method described in the text.
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Figure 3: Total absorptance spectra (blue) and contributions of the glassyphase (red) and of
the g-phase (black). The decomposition procedure is described in the main text of the SI.
The spectra are presented for each sample containing some (> 6.4%) S-phase. The [-phase
content of the sample is indicated in the respective heading.
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3 Time-Integrated Photoluminescence Spectra

In this section, we outline the experimental details and provide additional analysis of our

PL measurements in support of the discussion of Fig. 1 in the main text.

3.1 Experimental Details

We measured time-integrated PL spectra for all samples using a monochromator (Jobin
Yvon: Triax 190) and a nitrogen-cooled charge coupled device (CCD) silicon detector (Jobin
Yvon: Symphony). The samples were kept under vacuum and were excited at a wavelength

2 and we used

of 380nm with a power of 4 pW, an excitation spot area of roughly 0.1 mm
an integration time of 3s. The spectra are corrected for the instrumental response of the

system.

3.2 PL Peak Position

The normalized PL spectra are shown in Fig. 1la. The PL spectra of the films containing
zero to very low (< 0.5%) f-phase (henceforth called “glassy films”) feature vibronic peaks
located at 426 nm, 451 nm and 480 nm. The films containing some (> 6.4%) [-phase chain
segments show emission peaks around wavelengths of 437 nm, 465 nm and 496 nm. The peaks
red-shift with increasing [-phase content. The shift is further quantified in Fig. 4, which
also shows that the shift occurs not only for the 0-0 but also for the 0-1 vibronic peak, ruling

out self-absorption as the main cause of the shift (see Fig. 1 for the absorption spectra).

3.3 Peak Narrowing

In addition to the shift in peak position, the PL peaks become spectrally narrower with
increasing [-phase content. Fig. 5 shows the averaged FWHM (full width at half maximum)
of the 0-0 peak and the 0-1 peak as a function of S-phase variation. These data were acquired

by fitting a sum of Gaussian peak profiles to each of the peaks. As the inset of Fig. 5 shows,

13
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Figure 4: Position of the S-phase PL peaks (0-0 peak in red, 0-1 peak in blue) as a function
of B-phase percentage. Both peaks show a red-shift with increasing [-phase percentage.
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Figure 5: FWHM of the S-phase 0-0 (red) and 0-1 (blue) PL peaks as a function of S-phase
percentage, obtained by fitting of a sum of Gaussian peak profiles to each peak. Both peaks
narrow with increasing [-phase percentage. The insert shows the peak width of the 0-0 peak
including the glassy film.

14



the 0-0 peak of the glassy films is much broader than the 0-0 peak of the S-phase films. The
0-0 peak of the glassy samples stems from emission from disordered chain segments and is
therefore by the same argumentation as above expected to be broader than the 0-0 peak
of the [-phase films, which stems from emission from the geometrically more rigid S-phase
chain segments. Again, observing the narrowing not only for the 0-0 but also the 0-1 peak
indicates that the peak narrowing with increasing S-phase content is not mainly caused by

self-absorption.

3.4 Huang-Rhys Parameter

The Huang-Phys Paramenter S is related to the conformational relaxation energy in the
excited state. It can be seen as a measure of geometric reorganization energy upon an
electronic transition (S oc AQ?, the square of the displacement in conjugation coordinate).®

The parameter can be assessed as S = % from the ratio of the peak intensities [y_; and

T
Iy_1 of the 0-0 and 0-1 transitions, which are associated with the C-C stretch vibration
replica.

We have deduced the Huang-Rhys parameter for each sample from the intensity ratio
of the 0-0 and 0-1 PL peaks, which were graphically extracted from Fig la of the main
manuscript. At low temperatures the 0-1 peak is known to consist of two spectrally over-
lapping peaks.!? However, at higher temperatures, only one peak can be observed and as
they are no longer distinguishable this does not change the trend we discuss here. The

Huang-Rhys parameter (shown in Fig. 1c of the main manuscript) decreases with increasing

[-phase content (discussion in main manuscript).

15



4 Photoluminescence Quantum Efficiency

4.1 Experimental Details

We measured PLQE using a Jobin Yvon Horiba Fluoromax 4 spectrofluorometer equipped
with a diffusely reflecting integrating sphere (Quanta-phi). We used an excitation wavelength
of 390nm. The experimental and calculation methods used here were identical to the ones

presented in Ref. 4.
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5 Lifetimes and Decay Rates

5.1 Experimental Details

The PL lifetimes and decay rates were determined by time correlated single-photon counting
(TCSPC) using a single-photon avalanche diode detector, which allows for a time-resolution
of 40 ps.!! The samples were excited at a wavelength of 405nm (glassy sample) or 432nm
(samples containing some [-phase, further discussion below) at a power of 200 pW and an
excitation spot area of roughly 0.1 mm?. The excitation decay was observed at 425nm (for
the excitation at 405nm only), 438 nm, 450 nm and 464 nm. The samples were kept under
vacuum during the experiment.

Emission from samples containing -phase (even a small amount) stems overwhelmingly
from [-phase chain segments, regardless of the excitation wavelength, because the transfer
of excitation energy from glassy phase to S-phase chain segments is ultrafast and complete.
This conclusion is experimentally supported by the observed dominance of S-phase spectral
features in the time-integrated PL (see Fig. 1la of the main manuscript) and the ultra-fast
(picoseconds time scale) energy transfer, which is completed before significant photon emis-
sion has occurred. Therefore, the S-phase can be excited in two ways: 1. direct excitation
(at 432nm) and 2. excitation through energy transfer from the glassy phase chain segments
(at 405nm). Both excitation wavelengths should yield the same PL-lifetimes. Analyzing the
data, we initially found a slight disagreement in lifetimes for the two excitation wavelengths.
However, this discrepancy was resolved upon illuminating some of the samples alternatively
from the back through the quartz substrate. On these samples we performed 4 measure-
ments for each detection wavelength: exciting at 405 nm and 432nm from the front as well
as through the back. In doing so, we found that the PL lifetimes for 1. 432nm front il-
lumination, 2. 405nm back illumination and 3. 432nm back illumination yield the same
results for PL lifetimes and only the 405 nm front illumination results in slightly different PL

lifetimes. On the basis of this result, we attribute the observed differences in PL lifetimes

17



from front and back illumination at 405nm to the presence of impurities/traps at the sur-
face of the PFO films. At the wavelength of 405 nm the penetration depth is shorter than
at 432 nm, making the 405 nm excitation more prone to surface impurities. No difference in
PL lifetimes was observed when illuminating the samples at 432 nm from front and back and
we therefore chose the excitation wavelength to be 432 nm (direct excitation of S-phase) for
further analysis and excited the samples from the front. For all measurements, the detection
wavelength does not alter the resulting PL lifetime, which can be seen in Fig. 6, showing the
decay rates obtained from different detection wavelengths, as well as an average decay rate
over all detection wavelengths. The decay rates presented here are obtained by averaging

over all detection wavelengths.

In order to extract the natural lifetimes 7, a single exponential time decay e~(*~%)/7 ig
fitted to the measurement data from 0.5 ns to 2ns, where ¢y is chosen for each sample to be
at 50% signal strength in the rise of signal upon excitation. Exemplary fits are shown for all
samples in Fig. 7 for a detection wavelength of 450 nm.

From the lifetimes 7, the total, radiative and nonradiative decay rates ko, krqq and

knonraq are calculated for each sample using the following set of relations:

ktot = ]_/T
ktot = krad + knonrad (10)

krad = PLQE X ktot-

18
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Figure 6: Total decay rate for each sample obtained by a mono-exponential fit to TCSPC
data. The rates calculated for the different detection wavelengths and an average over these
wavelengths are shown.
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Figure 7: Experimentally determined PL lifetime decay (blue) and mono-exponential fits
(red, fitted to 0.5 ns to 2ns). The S-phase content of each sample is indicated in the respective
heading. The lifetime decay was measured at 450 nm.
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6 Forster Radii

Forster resonant energy transfer is based on dipole-dipole interactions between an energy
donor (here, glassy phase chain segments) and an energy acceptor (here, [-phase chain
segments). It is used to express the rate of energy transfer in terms of the Forster radius
Ry, which is 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. 213 The Foérster radius can be obtained in several ways.'* We determined the Forster
radius from i) time-resolved PL decay (Section 6.1) and ii) the spectral overlap between
donor emission and acceptor absorption (Section 6.2). The primary discussion of our results
can be found in the main article. We will in this section provide additional derivations and

background on using Forster theory as well as information on the experimental details.

6.1 Calculation of Forster Radius from PL Dynamics
6.1.1 Experimental Details

Up-conversion spectroscopy enables ultrafast measurement of PL with a femtoseconds range
time-resolution, allowing experimental investigation of fast energy transfer dynamics. 17
The technique is based on frequency mixing in a non-linear dielectric material (optical gat-
ing). %19 All samples were excited at 405 nm with an excitation pulse generated by a mode-
locked Ti:Sapphire laser at a repetition rate of 80 MHz, having a pulse duration of 80 fs and
an excitation spot area of roughly 0.1 mm?. The subsequently emitted PL was collected and
spatially and temporally overlapped with a synchronous “gate” beam within a beta-barium-
boronate (BBO) crystal. Sum-frequency (“up-converted”) photons are created only when the
gate and PL pulses are simultaneously incident on the BBO crystal. The gate beam there-
fore acts as a temporal pass gate to the PL in the experiment. The up-converted signal was

collected and dispersed in a monochromator. Finally, the signal was detected by a nitrogen-

cooled CCD silicon detector, which was set to detect the signal stemming from sample PL

21



at 419 nm, of which the main contribution is expected to be attributed to the PL-decay of
the glassy phase.!® The samples were kept under vacuum to avoid photo-oxidation. For each
sample, four decay traces were consecutively recorded, with the time delay swept forwards
for the first and third measurement and backwards for the second and forth measurement
to monitor and ensure sample stability during experimentation. The fundamental limit of
the time-resolution of the upconversion-system is the pulse duration. However, there will be
temporal broadening due the finite width of the non-linear crystal used for “up-converting”
the signal, which causes the group velocity to disperse.?? Our upconversion system has a
time-resolution of approximately 300 fs. The averaged and normalized traces are depicted in

Fig. 2 of the main manuscript.

6.1.2 Calculation of the Forster Radius

The time-resolved PL data can be used for deduction of the Forster Radius Ry. The ex-
pression for Ry is derived by considering an ensemble of donors and acceptors, which are
assumed to be evenly distributed in space. An average is taken over all possible energy
transfers from a donor to an acceptor, assuming that the energy transfer is governed by

6,12,16,21,22 (

dipole-dipole interactions more detailed derivation below):

e ﬁ”)w’ ()

o3 cg

where 7, denotes the excitation lifetime of the donor, here the glassy phase chain segments,
~ relates the Forster radius to the donor emission and is determined from PL-upconversion

(see Eq. 29) and cp is the density of f-phase chromophores.

Excitation lifetime of the glassy phase chromophores, 7,: We determined 7; by
TCSPC (see Section 5) to be 526 ps. This lifetime represents the total lifetime rather than

the radiative lifetime only.
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Analysis of the PL-upconversion transients, v: A brief derivation of the equations
used for the analysis of the PL-upconversion data is given below, based on Refs. 12, 16,
22-24: If interactions between the excitations can be neglected (low density regime), the
following rate equations for the number of excited donors/acceptors ng/, characterize the

energy transfer dynamics:

dnd 1

G = Calt) = —nat) — kau(t)nalt) (12)
Do = Gul) + FaalDnalt) = aft) (13)

Here, G4(t) represents the direct excitation rate of the donors and G,(t) refers to direct
excitation of acceptor molecules, 74/, are the excitation lifetimes of the donor/acceptor and
kqo(t) is the energy transfer rate. The rate equations as presented in Egs. 12 and 13 hold
for energy transfer from a donor to an acceptor ensemble. The nature of the energy transfer
determines the transfer rate ky,(t). For Forster-type resonant energy transfer, which assumes
that the energy transfer is governed by dipole-dipole interactions, and in the case of an even

spatial distribution of the acceptors in 3 dimensions we can write: 1622

kao(t) = (14)

S

with
_ 2 g (15)
Y= 3 \/7Td 0

Here, ¢, denotes the acceptor concentration and Ry is the Forster radius. Using the initial

conditions Ga/q(t) = Ng/q 0(0) (delta-like excitation at ¢ = 0) and ng/,(0) = 0 (no excited

donors/acceptors at t = 0) the rate equations are solved by:

—1
ng = Ny exp(T— — 29V/1) (16)
d
—t

Me = Na{¥(5 +9VE) = W(5)} exp(—), (17)
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where we have introduced,

9 = [t =1, (18)

N, = N, + N, ﬂw)%exp(%f (19)

and ¥(zx) denotes the error function:

U(z) = % /O ey, (20)

We model the PL intensity data as a sum of contributions from both, glassy phase and
[-phase chain segments:

IPL = Cdnd + Cana, (21)

where in addition to the excited donor/acceptor populations n4/,, the excitation and detec-
tion wavelengths influence the strength of the contributions to the PL intensity (accounted
for by Cyq and C,) from each of the two phases. Khan et al.’® have argued that at 419 nm
the S-phase emission is negligible. However, from our emission data (Fig. la of the main
manuscript), we expect a non-negligible but small contribution from the -phase chain seg-
ments. Direct excitation of the acceptor molecules is often neglected, based on a small
acceptor concentration or the acceptor not absorbing at the excitation wavelength. In our
case, there is a considerable amount of acceptors (S-phase chain segments) present in the
film, which absorb at 405 nm, which is why we include direct excitation of the acceptors in
the derivation, although we still expect this contribution to be small. In order to derive an
expression for Ipy(t), we note that 7,, >> t over the timescales t of our energy transfer
measurements, because the excitation lifetime of the donor (glassy phase) and the acceptor
(B-phase) are of the order of ns, whereas the energy transfer dynamics are investigated on

a ps timescale. Mathematically we can therefore assume 7,;, — 0o, we and rewrite Eqgs. 12,
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13 as:

% = Gd(t) — kda(t)nd(t)
dn,
5= Galt) + kaa(t)na()

Adding these two equations, we find

dng dng,
and for t > 0
dnyg dn,
— =0
dt * dt ’

which is solved by

na(t) + nq(t) = const,

(22)

(23)

(24)

(25)

(26)

implying that the total number of excited donors plus excited acceptors does not change

over time, which is to be expected as we are assuming that there are no decay pathways for

the excitation (74, — 00) other than transferring from the donor to the acceptor. Using the

initial conditions, this also implies const = Ny + N,. Eqgs. 22, 23, 26, are thus solved by:

ng = Ny exp(-2yV1)

Ng = Na + Nd(l—exp(—2fy\/¥))

and the total PL intensity Ip.(t) then takes the following form:

Ipp(t) = Aexp(-29Vi) + B,

(27)

(28)

(29)

where A = (Cy—C,) Ngand B = C, (Ng+ N,). Eq. 29 was fitted to the transient data to

obtain v, A and B. For sample 5 (7.4%), the amplitude A was limited to obtain a sensible
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KWW Plot of the Transients
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Figure 8: KWW plot of the PL-upconversion transient data with the constant offset Ig
subtracted from it. The colors indicate the S-phase percentage in the film. A line with slope
a = 0.5 is fitted to the data.

fit (see discussion in Section 6.1.3). The fits for each sample, together with the data, are
displayed in Fig. 9, showing that the experimental data can be well described using Eq. 29.

To provide further argumentation for using Forster theory and therefore the v/t-term in
Eq. 29, we plotted the transient data (subtracting the constant offset B) in a Kohlrausch-
Williams-Watts (KWW) representation in Fig. 8. In a KWW representation, the logarithm
of the ratio of the initial PL intensity I3, and the PL intensity Ipr(¢) is plotted versus
time on a log-log scale.?> We assume the PL intensity, representing the surviving exciton

population at a time t and therefore the excitation decay, to follow a power law:

I(t) = I e/ (30)

The slope in Fig. 8 thus represents the value for the exponent a. A slope of a = 0.5 fits the

data well, supporting the v/# fit and therefore the use of Forster theory for the analysis.

26



Transients 25.6% Transients 24.5%

5 1500.0 : e Data 5 L e Data
© : — Fit © — Fit
3 . 3 2000.0 .
N N
© 1000.0 ©
E £ )
g . S 1000.0
— 500.0 = .
< . <
S 5 ;
B 0.0mw » 0.0
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
Time (ps) Time (ps)
Transients 22.4% Transients 18.6%
;3000'0 ! e Data ; o e Data
g i — Fit g — Fit
ﬁ 2000.0 é} 2000.0 .
© . ©
£ £ .
© © ‘
c C
=) e k=] .
B 0.0weed »  0.00w
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
Time (ps) Time (ps)
Transients 14.0% Transients 12.4%
. 2000.0 — 3000.0
S k e Data 5 ) e Data
g 1500.0f ° — Fit g — Fit
X 20000
© . T
£ 1000.0 g
o o .
£ s000 - £ 10000
© © .
) ; 5 .
7] 0.0pww* 1] 0.0nne?
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
Time (ps) Time (ps)
Transients 10.9% Transients 7.4%
; . e Data ; . e Data
5 200001 . — Fi S 2000.0 — Fit
[0 (9} .
N N
z : :
5 1000.0 S 1000.0f -
£ . £
T < .
S . 5 .
B 0.0 »  0.0mar
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
Time (ps) Time (ps)

Figure 9: PL-upconversion transients for each measured sample (f-phase content indicated
in respective header): Experimental data in blue and a fit of Eq. 29 to the data in red.
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Density of S-phase chromophores, csg: The S-phase chromophoremdensity is estimated
as (see Eq. 2):
ﬁfraction (31)

cCg = —— C
o - 6fraction 7

where Bfrqction denotes the fraction of total chromophores in S-phase, which has been de-
termined from absorption data (see Section 2) and ¢, is the chromophore density in glassy
spun-cast film, which was determined by Stevens et al. to be 2 x 10 cm™32.2% Other au-
thors ' have at this point also introduced a factor to account for the changes in chromophore
density in an all glassy film compared to a film containing some S-phase chromophores. How-
ever, this is already incorporated into our initial calculation, as we take a change in glassy

chromophore numbers into account when calculating the fraction of S-phase chromophores.

6.1.3 Results from Time-Resolved Data

To examine whether our fits are sensible, we investigated the ratio of the fitting parameters
A and B (Fig. 10), defined through Eq. 29. A rough estimate of B/A can be done from
absorption and PL spectra. The absorption spectra reflect how much of the initial excitation
is absorbed by glassy phase and by S-phase chain segments (N, and Ny) at the excitation
wavelength. Fig. 2 shows that the higher the -phase fraction the more is absorbed by (-
phase chain segments, leading to an increase in B/A. The PL spectra contain information
on C, and Cy. Due to the red-shift in PL, C, decreases with increasing S-phase, leading
to a decrease in B/A. The effects from changes in PL and absorption spectra with varying
p-phase fraction on B/A therefore compete. We performed a rough estimate of B/A from
the absorption and PL spectra and found that the estimated values indeed agree with the
range of values in Fig. 10. Only for sample 5 (7.4%), the amplitude A was limited to a
realistic maximum value during the fitting process to obtain a sensible value for B/A.

The resulting Forster radii are noted in Table 2. We find a decreasing trend with in-
creasing [-phase percentage. The magnitude of our Ry values obtained from transient data

is in agreement with the work of Khan et al.,'® who determined Ry = 8.2 & 0.6 nm from
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PL-transients for one sample containing roughly 25% [-phase, using however a different

sample preparation method and a different method to estimate the S-phase content and the

chromophore densities.
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0.1

0.0

B / A as a Function of g-phase Percentage

10

15

20 25
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Figure 10: The fitting parameters B/A obtained from fitting Eq. 29 to the transient data
(Fig. 2a of the main manuscript).

Table 2: Forster Radii from PL Transients obtained by Eq. 11.

p-phase (%) Rp (nm)
7.4 8.05
10.9 7.54
124 7.47
14.0 7.63
18.6 7.29
22.4 6.67
24.5 6.82
25.6 6.74
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6.2 Calculation of Forster Radius from Donor Emission and Ac-

ceptor Absorption Spectra

A second way of calculating the Forster radius is from donor emission and acceptor absorption

spectra. The experimental details and the spectra are presented in Sections 2 and 3.

6.2.1 Calculation of the Forster Radius

The following expression was used to estimate Ry: %1427

9 1n(10) K2 ¢g R o . 4 n1/6
Ry = Ty(N)ea (M)A dA = 0.02108 J) 32
o= (ot [ 1ate) (2 s ) (32)
where N, is Avogadro’s constant, x denotes the geometric orientation factor of the donor

and acceptor dipoles, ¢4 is the PLQE of the glassy sample, n the refractive index and J

is the overlap integral between donor (glassy phase chain segments) emission dynamics and

dm3nm*

mol cm

acceptor ([-phase chain segments) absorption spectra in units of in order to obtain

Ry in nm.

Geometric orientation factor x: «k accounts for the relative geometric orientation of the

donor and the acceptor dipoles:

K = fig - e — 3(5a - Raa)(tT - Raa), (33)

where Ry, denotes unit vector of the the donor-acceptor separation, i, and g are the
normalized transition dipole moments of the acceptor and donor respectively. k takes values
ranging from 0 for mutually perpendicular arrangement to 2 for collinear alignment.® In our
initial calculation, we used k = 0.845 X \/ﬁ, which corresponds to a random, but fixed
orientation of donors and acceptors randomly placed in the film.!6:2%29 The choice of & is

further discussed in the main article.
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PLQE, ¢4: Including the PLQE of the glassy sample in the expression for R, and using
the total lifetime when calculating the Forster radii from PL-dynamics in Eq. 11 ensures that
the results are comparable. This means that the Forster radius is referring to the distance
at which energy transfer is as likely to occur as any other de-excitation of the donor (as
opposed to the distance at which energy transfer is as likely to happen as any other radiative
de-excitation, which is sometimes used for the calculation of the Forster radius and is termed

“effective Forster radius”).

Refractive index, n: We assumed the PFO films to have a refractive index of n.s¢ = 1.6,

30-34

which is a typical value for w-conjugated polymers. This factor is kept constant for all

samples and therefore does not influence any observed trends.

Overlap integral, J: J describes the overlap of the normalized donor fluorescence I; and

the molar extinction coefficient €, of the acceptor, which is linked to its absorption:?!*

J = / Ti(N)ea(MN)A*dA. (34)

In order to obtain I, the fluorescence spectrum of the glassy sample (see Section 3) was
normalized to the integrated area below the emission curve. This was achieved by using
a spline-interpolation on the data and approximating the integral as Zf\il f(z;) Az, using
steps of Az = 0.0001 nm. It was checked that the approximation of the integral converges
as Az becomes smaller (convergence is achieved at much higher values of Ax).

The molar extinction coefficient was calculated as defined in Eq. 4, using the molar

density of the S-phase chain segments (see Eq. 31 for cg):

6f7“action

Chrotar = Cﬁ%NA = 0.03321 x 1—ﬁf y

x mol L. (35)
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The resulting molar extinction coefficients ¢, as a function of wavelength are displayed in
Fig. 11.
Care needs to be taken to ensure the use of the right units in Eq. 32. I; is a unit-less

3 . . . . . .
m‘irflcm if the thickness is entered in cm and the concentration in mTOl

quantity, €, has units of
The value of J was calculated again by approximating the integral as a sum, where d\ was

taken in 1 nm steps corresponding to the resolution of the absorption data.

6.2.2 Results from Time-Integrated Data

The resulting Forster radii are displayed in Table 3. There is a weakly decreasing trend for

Ry with increasing (-phase content, which is discussed in the main article.

Table 3: Forster Radii from Absorption and Emission

p-phase (%) Ry (nm)

7.4 5.92
10.9 6.18
124 5.96
14.0 6.2

18.6 5.75
224 5.7

24.5 5.68
25.6 5.62
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Molar Extinction Coefficient
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Figure 11: Molar extinction coefficient of the g-phase samples, obtained from the [-phase
absorptance spectra using Eq. 4.
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