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In recent years, the dielectric constant () of organic semiconductors (OSCs) has been of interest in the
organic photovoltaic (OPV) community due to its potential influence on the exciton binding energy.
Despite progress in the design of high ¢ OSCs and the accurate measurement of the ¢, the effects of
the synthetic strategies on specific (opto)electronic properties of the OSCs remain uncertain. In this
contribution, the effects of ¢ on the optical properties of five new C,q derivatives and [70]PCBM are
investigated. Together with [70]PCBM, the derivatives have a range of ¢ values that depend on the
polarity and length of the side chains. The properties of the singlet excitons are investigated in detail
with steady-state and time-resolved spectroscopy and the exciton diffusion length is measured. All six
derivatives show similar photophysical properties in the neat films. However, large differences in the
crystallinity of the fullerene films influence the exciton dynamics in blend films. This work shows that
design principles for OSCs with a higher ¢ can have a very different influence on the performance of
traditional BHJ devices and in neat films and it is important to consider the neat film properties when

Received 16th February 2022,
Accepted 19th April 2022

DOI: 10.1039/d2cp00791f

rsc.li/pccp investigating the optoelectronic properties of new materials for OPV.

Published on 17 May 2022. Downloaded by University of Groningen on 8/8/2022 2:42:55 PM.

1 Introduction

Since the first use of [6,6]-Phenyl-C61-butyric acid methyl ester
([60]PCBM) in bulk heterojunction (BHJ) solar cells," the full-
erene derivative and its C,, analogue ([70]JPCBM) have been
used extensively in organic photovoltaics (OPVs) and other
organic electronic devices. The main benefit of using PCBM
compared to the parent fullerene is its enhanced solubility
in organic solvents, allowing for films to be processed from
solution rather than through vacuum deposition. Furthermore,
PCBM shares many of the properties of its parent fullerene,
such as high electron mobility together with a low lying lowest
unoccupied molecular orbital (LUMO) and unusual 3D structure;
allowing it to be a favourable electron acceptor and exhibit n-type
semiconductor behaviour. These properties contributed to its
establishment as a work horse of the early OPV community.
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Much of the physics underlying the processes occurring in
organic solar cells was established from experiments on the proto-
typical poly(3-hexylthiophene-2,5-diyl) (P3HT):[60]JPCBM bulk
heterojunction system, that can achieve an optimised power
conversion efficiency (PCE) of 5.4%.> Other fullerene deriva-
tives with various aryl groups, side chains and end groups, as
well as bis-adducts have been investigated in BHJs, in particular
with the aim of controlling the open circuit voltage (V,.) and
hence improving PCEs.®> However, although time resolved
spectroscopic studies have been carried out on PCBM films,*®
spectroscopic investigations of other Cq and C,, derivatives are
rare in the literature.

As part of our ongoing efforts to design high dielectric
constant (¢,) organic semiconductors (OSCs), with the aim of
moving away from BH]J solar cells towards single semiconduc-
tor organic photovoltaics (SSC-OPVs), we decided to investigate
how the choice of side chains in our fullerene derivatives may
influence the photophysical properties specifically. We chose to
study C5, derivatives as they absorb more strongly in the visible
range of the spectrum compared to Cgo due to the reduced
symmetry of the higher fullerene which relaxes the symmetry-
forbidden nature of the electronic transitions. Furthermore, C,,
derivatives have been investigated as the main component in
dilute-donor solar cells where they exhibit ambipolar charge-
transport behaviour®'® and also remain important components
of high efficiency ternary blend solar cells."*

Phys. Chem. Chem. Phys., 2022, 24,13763-13772 | 13763
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Although the dielectric properties of OSCs are a significant
research topic, much remains to be understood about the effect
of ¢, on the photophysics and optoelectronic properties of OSCs
in the solid state. With regard to OPVs, due to the nature of
electrostatic forces, the ¢, of the active layer may directly affect
the exciton binding energy, the singlet-triplet gap and both
geminate and non-geminate recombination in OPV devices."*"?
One strategy that has been explored for increasing ¢, is the use
of side chains with embedded permanent dipoles that can
reorient in the film. This technique changes the ¢. of the
material in the so called low-frequency regime (<10° Hz) with
movement of the dipoles occuring on time scales of 1 ps to 1 s.
A wide range of OSCs with various side chains have been
synthesised and the low-frequency dielectric constant (el
measured.''° However, the use of these modified & OSCs in
BH] solar cells has not directly correlated to improvements in
the PCE.

In contrast, Xu et al. investigated a series of donor polymers
with and without polar cyano-groups in the side chains, and
found that the cyano-groups were detrimental to the PCE of
BH]J devices based on blends of the polymer and [70]JPCBM."”
The reason was determined to be a decrease in the hole
mobility of the polymers with cyano-groups caused by trap-
states formed by the local dipoles in the film. In another study,
Hughes and coworkers compared the performance and recom-
bination dynamics of a glycolated Cg, derivative, TEG-[60]PCBM
where TEG refers to triethylene glycol, and [60]PCBM in BH]
solar cells.'® They found an increase in Shockley-Read-Hall
(trap-assisted) recombination and a decreased dissociation
efficiency for the solar cells with TEG-[60]PCBM and concluded
that small differences in &, did not significantly reduce the loss
processes in the BHJs.

Meanwhile in neat films, some small molecule materials
with ethylene glycol (EG) side chains have shown improved
external quantum efficiency (EQE) relative to their lower &,
analogues with alkyl side chains.'® Furthermore, several studies
have shown that in neat films, the hole (electron) mobility of
glycolated donor (acceptor) materials has remained the same
relative to the reference material, or even improved.'*'* Since
morphology is a key factor in the PCEs of BH]J solar cells, it
remains a question whether high ¢, materials with dipolar side
chains have very different processing requirements for optimised
performance or whether the permanent dipoles themselves cause
fundamental problems in device performance.

It is also worth noting that it is unclear which frequency
regime is most important for considering the effects of ¢ on
OPV performance.*® Whilst carrier transport occurs in the micro-
second-nanosecond range, for exciton dynamics, the timescales
are often on the order of picoseconds (~10~"%). The rise of high
efficiency non-fullerene acceptors (NFAs) with their large
planar 7 -systems has led to renewed discussion on the role
of the polarisability or the so called optical/high frequency
£0Pt (1012_1014 HZ)‘21—23

To learn more about the effects of changing &, we investi-
gated the photophysical properties of [70]PCBM and five new
C, derivatives with different side chain lengths and polarities.
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After characterisation of the dielectric properties, the materials
were studied with steady state and time-resolved spectroscopy
and the exciton diffusion length was measured. We focus on
the singlet exciton dynamics for this study and find that
although the polarity of the side chains influences the dielectric
properties, the properties of the singlet exciton are largely
uninfluenced.

2 Results and discussion

To investigate the influence of the side chain polarity on the
properties of the C, fullerene core, we synthesised five new C,
derivatives (Fig. 1 and Scheme S1, ESIT). The materials can be
separated into two groups with [70]JPCBM and BC10-2 on one
side with their non-polar side chains, and PCBM-TEG, BDEG-2,
BTEG-2 and BTrEG-2 all containing various lengths of polar EG
side chains. PCBM-TEG was synthesised in one step through
transesterification of the commercially available [70]PCBM.
The other four derivatives, BnEG-2 (n = 2-4) and BC10-2 were
synthesised in two steps: first the desired malonate was
obtained through Steglich esterification of malonic acid, and
then reacted with C-, via the Bingel reaction. It is important to
note that unlike the case of Cg, the reactive [6,6] double bonds
in C;, are not geometrically equivalent which may result in a
mixture of isomers for the mono-adduct. In the case of the
methanofullerene [70]PCBM, the resulting product consists
principally of the a-isomer (88%) and the two B-type diaster-
omers (12%).>* Although some studies have been carried out on
the performance of the separated isomers on OPV devices,”
[70]PCBM is generally used as an isomeric mixture due to the
difficulty of separation. In contrast, the Bingel reaction is very
selective and results exclusively in one isomer, which could be
confirmed from the 'H NMR data (Fig. S3-S7, ESIt) and is
known in the literature.>®>” For this reason we investigate both
polar and non-polar derivatives of both families of fullerene

n=2 [70]BDEG-2
n=3 [70]BTEG-2
n=4 [70]BTrEG-2

Fig. 1 Chemical structures of the five C;q derivatives synthesised for this
study together with [70]PCBM. For BDEG-2, BTEG-2, BTrEG-2 and BC10-
2, the ‘B’ refers to the Bingel reaction.

[70]BC10-2

This journal is © the Owner Societies 2022
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Table 1 Material properties of the fullerene derivatives studied in this work

Material Erumo” [eV] 0Pt elf EPPP [ev] 202X [nm eV 7™ [ps] opr, [meV]
[70]PCBM —3.9¢ 3.8-4.9 4.75 + 0.15° 1.71 708/1.75 550 ~25
PCBM-TEG —-3.75 3.5-4.6 4.8 £ 0.2 1.71 710/1.75 550 ~25
BDEG-2 —3.72 3.5-4.7 6.6 + 0.6 1.74 699/1.77 550 ~25
BTEG-2 —-3.75 3.2-4.3 7.0 = 0.5 1.74 698/1.78 550 ~25
BTrEG-2 —3.77 3.3-4.4 7.8+ 0.3 1.74 700/1.77 550 ~25
BC10-2 —3.66 3.1-4.3 3.9+0.2 1.76 689/1.80 550 ~25

“ Estimated from CV measurements in solution with ferrocene as reference. ? Determined from the onset of absorption in the UV-vis absorption

spectra of neat films. ¢ From literature.**The £2P*

has been calculated from the complex refractive index using the relation & = n> — x° the

maximum and minimum values from the spectral range (400-1700 nm are given). & is given as the average value of the devices measured with

impedance spectroscopy, with the standard deviation as the uncertainty.

adducts in this work, rather than comparing a ‘non-polar’
methano-fullerene to a ‘polar’ Bingel adduct.

After full characterisation of the synthesised fullerenes, with
'H NMR, “C NMR, HR-MS, FT-IR and LC-MS (ESIf), the
dielectric properties were investigated. Since ¢, is frequency
dependent, both the & using impedance spectroscopy and
the high frequency ¢2** using ellipsometry were measured. For
impedance spectroscopy, parallel plate capacitors were fabri-
cated with the device architecture ITO/PEDOT:PSS/fullerene
(100-150 nm)/Al. This sandwich type structure was used so as
to emulate conditions in conventional OPV devices. However,
in order to obtain clear results, no reactive interlayers, such as
LiF, that might dope the fullerene layer were used.*® Furthermore,
the surface morphology was checked for each sample using AFM
and devices of different thickness, with low root mean square
roughness (orms) values were tested in order to minimise the
effects of surface roughness on the measured capacitance.?

The capacitance was obtained from the measured impe-
dance by equivalent circuit fitting, and ¢, was calculated using
the parallel plate capacitor equation (Section S6.1, ESIT). In
accordance with our expectations and previous work, introduc-
ing permanent dipoles into the side chain increases the (&l) of
the films (Table 1 and Fig. 2). For the methano-fullerenes,
[70]PCBM and PCBM-TEG, the effect of the EG chain was very
small. However, for the Bingel series, BC10-2 with alkyl side
chains had a much lower ¢ than the BrEG-2 series with EG side
chains. Similarly to our work on the Cg Bingel series,*
increasing the length of the side chains also lead to a gradual
increase in the ¢lf, albeit much smaller in the case of the Cy,
Bingel series.

The ¢P* of the C,, derivatives in neat films was also
measured using ellipsometry. In the optical frequency range,
the ¢, is related to the optical constants of the material: the
refractive index (n) and extinction coefficient (k). n and
represent the real and imaginary part of the complex refractive
index (771) and are related via the Kramers-Kronig relations. The
optical constants for the different C,, derivatives were obtained
by fitting the ellipsometry data using a dispersion model
constructed using the WVASE software (Section S6.2, ESIT).
This involved fitting the extinction coefficient spectrum with
multiple Gaussian functions to model the optical transitions in
the material, with an approach similar to the work of Aboura
et al.>* The optical constants represent the real and imaginary

This journal is © the Owner Societies 2022
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Fig. 2 Dielectric properties of the C;q derivatives. (a) The low frequency e,
obtained by measuring the capacitance with impedance spectroscopy,
(b) the optical ¢ calculated from the optical constants of neat films
measured by ellipsometry and (c) a correlation plot showing the average
&' and &2 at 600 nm (2.06 eV or 5 x 10'* Hz).
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part of the complex refractive index, 7i = n + ix which can be
related to & through Maxwell’s relations giving & = 7. The
dispersion model was first tested with the data for [70]JPCBM
and the values obtained for the refractive index were in line
with previous literature reports.>'** Overall, it was found that
increasing the length and number of side chains lead to a lower
refractive index across the measured spectral range and hence
lower &2P". For the EG series, this meant that increasing length
of the side chains, and hence increasing the e led to a decrease
in the £2P". Since our measurement techniques probe the bulk
behaviour of the fullerene films, this relationship shows that in
line with theoretical work,?® when varying the volume fraction
ratio of the polarisable conjugated system to the permanent
dipole containing aliphatic side chains, in practise there is a
trade off between & and £2P' in the bulk film. Although the
change in &' is much smaller in comparison to the effect of
the increasing length of EG chain on the ¢!, the balance may be
an important consideration in the design of OSCs. The results
are concluded in Fig. 2 and Table 1.

Despite the large variations in ¢,, the steady state absorption
and photoluminescence spectra of the six derivatives were very
similar (Fig. 3). The absorption onset in solution of the metha-
nofullerenes was red shifted compared to the Bingel adducts,
and the absorbance peak at ~375 nm is more pronounced,
perhaps due to the higher symmetry of the latter or due to the
contribution of molecular orbitals delocalised onto the phenyl-
ring in the former. Moving from solution to solid state, the
peaks are broadened and absorption is enhanced in the visible
range (500-700 nm) due to intermolecular interactions.
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The photoluminescence (PL) was then measured in solution,
in a poly(methyl-methacrylate) (PMMA) matrix and in neat
films using an excitation wavelength (1ex.) of 550 nm. (Fig. 4
and Fig. S10, ESIt) The PL emission was weak, with a maximum
at ~700 nm (1.77 eV), which has been shown to correspond to
emission from the S;-S, transition in fullerene derivatives.**
The solution and PMMA dispersions exhibited very similar PL
spectra, showing a lack of influence from conformational
changes to the PL of the fullerenes in solution.** There is a
small blue shift (~0.05 eV or 10 nm) in the emission of the
Bingel series relative to the methano-fullerenes, both in
solution and in the films, with the largest blue shift in the
case of BC10-2 (Fig. 3). This shift indicates a reduced delocal-
isation, perhaps due to differences in the electron-withdrawing
effect of the adduct group, which has been shown to influence
the distribution of the frontier molecular orbitals in theoretical
calculations.” The larger blue shift in the neat films may addi-
tionally suggest weaker intermolecular interactions between
the fullerenes in the solid state. Since the strengths of dipole-
dipole interactions and London dispersion forces depend on
the ¢, of the medium and the polarisability of the molecules,
this shift may also be a consequence of the changing dielectric
properties.

Moving to time-resolved spectroscopy, the excited state dyna-
mics of the fullerene derivatives were measured in solution,
dispersed in PMMA and in neat films (Fig. 4 and Fig. S11, ESIf).
The fluorescence lifetimes (tf) were obtained by integrating the
PL map across the measured spectral range (1.4-2 eV) and
fitting the resulting PL transient with a mono-exponential decay

wavelength [nm]

b 550 600 650 700 750 800 850 900
1.0} — PCBMCF
PCBM-TEG CF
—— BDEG-2 CF
_, 08 BTEG-2 CF
a ~—— BTrEG-2 CF
el R — -
2 06 BC10-2 CF
©
c
0.2
0.0 L Ll 5
22 21 20 19 18 17 16 15 14
energy [eV]
wavelength [nm]
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1.0 —— PCBM
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—— BDEG-2
0.8 BTEG-2
~—— BTrEG-2
0.6 y — BC10-2

0.4
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0.2
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energy [eV]

Fig. 3 UV-Vis absorption and fluorescence spectra of the C; derivatives in solution (a and b) and in neat films (c and d). The solution spectra were

measured in 10 um chloroform (CF) solutions.
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identical and are depicted in Fig. S10 and S11 (ESI).

function convoluted with a Gaussian apparatus function. The
PL of all six derivatives exhibited mono-exponential decay, with
values of 1 ~ 800 + 50 ps in solution/PMMA matrix and
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|
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77 ~ 550 £ 50 ps for the neat films (Fig. S11, ESIf). No
correlation to the dielectric properties was observed.

Furthermore, the energetic disorder extracted from the PL
mean energy shift (Fig. 5) over time was very low (~25 meV,
on the order of kz7) and no significant difference occured when
the polarity of the side chain was changed. It has been
postulated that side chains with permanent dipoles lead to
lower PCE in OPV devices due to increased energetic disorder,"”
however, in the case of the C-, derivatives studied in this work,
no correlation is seen between the EG chains and the energetic
disorder, at least at room temperature.

After fully characterising the photophysical and dielectric
properties, we turned our attention to the exciton diffusion
length (Lp), another important parameter for organic photo-
voltaics. The technique of choice for determining the exciton
diffusion length was the PL volume-quenching method, in
conjunction with Monte-Carlo simulations. For this technique,
the material of interest is mixed with a small amount of
another material that behaves as an exciton quencher. The PL
decay is then measured, and an acceleration in the PL decay is
observed due to diffusion-limited dynamic quenching of the
excitons. This method alleviates the difficulties involved in
controlling the thickness of the films and intercalation at the
interface, which is necessary in the case of surface/bilayer
quenching techniques.®® Best results are obtained for amor-
phous or polycrystalline films where the assumption that the
quencher is miscible and randomly distributed throughout the
material of interest holds.

The quencher molecule chosen should have energy levels
suitable for quenching of the excited state by electron (hole)
transfer in the case of donor (acceptor) type materials and
should not absorb at the excitation wavelength so that excitons
can selectively be generated in the host material (in this case
the fullerene) only. Furthermore, minimum absorption at the
emission wavelength of the host simplifies data analysis as
otherwise the effects of energy transfer must also be taken into
account.*>*® For our system we chose to use tris(4-(5-phenyl-
thiophen-2-yl)phenyl)amine (TPTPA), a star shaped triaryl-
amine that was designed as a donor material for BHJ solar
cells, and has previously been used to elucidate the exciton

©

PCBM BDEG| "PCBMTEG|

Energy (eV)
E B

o

o

©

=

>

Energy (eV)

1.5 1
0 200 400 120018000 200 400 120018000 200 400 12001800
Time (ps) Time (ps) Time (ps)

Fig. 5 Normalized PL maps for neat films of the six C;o derivatives (left) and the PL mean energy shift as a function of time is shown by red lines for the
experimental data (right). The black lines denote the MC simulated data for [70]JPCBM, PCBM-TEG and BDEG-2. The MC simulations were not carried out
for the mixed films of derivatives without PL quenching (BC10-2, BTEG-2 and BTrEG-2).
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diffusion length in C,, films.>”*® The weight ratios of the
blended films were adjusted initially using [70]PCBM until ratios
were found where the quenching efficiency increased in distinct
steps. Finally, blended films with weight ratios of fullerene:
quencher varying from 864:1 to 8:1 (0.0012-0.13 wt%) were
fabricated and the time resolved PL was measured. An excitation
wavelength of 550 nm was used where TPTPA does not absorb
(Fig. S12, ESIY).

The results of the PL-quenching experiments separated the
six materials into two groups. For [70]PCBM, PCBM-TEG and
BDEG-2, the PL decay showed the expected trend: as the
quencher concentration was increased, the PL decayed faster
due to quenching of the exciton by hole transfer at the full-
erene: TPTPA interfaces®® (Fig. $16, ESIt). The PL quenching
efficiency (Q) was calculated using eqn (1):

‘[PLblenddZ

Q =1- IPanatdI

For the mixed blends of [70]PCBM, BDEG-2 and PCBM-TEG, the
Q increases to nearly 100% with increase in quencher concen-
tration (Fig. 6). In contrast, for BC10-2, BTEG-2 and BTREG-2 no
change in the rate of PL decay was seen relative to the neat
films implying a lack of quenching.

The exciton diffusion length for PCBM, PCBM-TEG and
BDEG-2 could be determined by using Monte-Carlo simulations
to model the PL dynamics (Section S4.1, ESI{).>® Exciton dyna-
mics in disordered organic systems are inherently characterized
by a two step process. Initially, the exciton undergoes spectral
diffusion towards lower energy sites until a quasi-equilibrium
is reached at —a?/kgT below the centre of the Gaussian density
of states (DOS), after which exciton diffusion proceeds via a
thermally activated hopping mechanism.?®> The energetic dis-
order, ¢ ~ 25 meV was obtained experimentally from the PL
mean energy shift (Fig. 5) and the exciton hopping time was used
as the only fitting parameter for the Monte Carlo simulations and
determined to be ~2 ps. With these values, the experimental
results were satisfactorily reproduced and an exciton diffusion
length of ~10 nm was calculated from the exciton displacement
distribution (Fig. 6b). The diffusion coefficient (D) was initially
~6.5 x 10~ " cm® s but stabilised at D ~ 5 x 10" cm” s~ " after
the initial fast downhill migration through the DOS in the first
300 ps (Fig. 6¢). The small magnitude of the initial drop is a result
of the small energetic disorder which at ~25 meV lies on the
order of kg7. These values are in agreement with previous
measurements for [70]PCBM.>®4%4!

For the other three derivatives, additional films were fabri-
cated with fullerene:quencher ratios of 4:1, 2:1 and 1:1 but
even at 50% quencher loading, the PL transients still showed
mono-exponential decay with the same lifetime as the neat
films. UV-Vis absorption spectra of the blend films confirmed
that TPTPA was in fact present in the films, and there were no
signs of new bands appearing in the spectra due to ground-
state interactions (Section S4.2, ESIY).

We hypothesised that the lack of PL quenching could arise
due to phase separation between the quencher and the fullerene
derivative, negating the assumption that we are measuring
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Fig. 6 (a) PL quenching efficiency versus TPTPA content for [70]PCBM,
BDEG-2, PCBM-TEG and BC10-2/BTEG-2/BTrEG-2. The symbols repre-
sent the experimental data whereas the solid lines represent the results of
the MC simulations. (b) The simulated exciton displacement distribution
and (c) exciton diffusion coefficient for the [70]PCBM, BDEG-2 and PCBM-
TEG films. The first 300 ps before the exciton reaches the quasi-
equilibrium at —a?/kgT are shown in logarithmic scale.

homogeneous films. To gain more insight, atomic force micro-
scopy (AFM) was used to measure the surface morphology of
the films. The images of the blend films containing TPTPA
show that whilst the films of [70]JPCBM, PCBM-TEG and BDEG-
2 (Fig. S20, ESIt) appear amorphous, the films of the other
fullerene derivatives contain clear structural features in the
morphology when the TPTPA concentration is increased
(Fig. 7). Due to the similar photophysical properties of these
three fullerenes to the others, it is reasonable to expect a
similar Lp, which helps to rationalise the observed lack of
quenching in the blend films since we see features in the film
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Fig. 7 AFMimages of BTEG-2, BTrEG-2 and BC10-2 films containing an increasing amount (left to right) of TPTPA. The fullerene: TPTPA weight ratios are

given.

morphology much larger than ~10 nm. Furthermore, in the
AFM images of the neat fullerene films, the micro-crystallinity
can already be observed in the films of BTEG-2 and BC10-2.
This suggests that the lack of PL quenching in these mixed
films is caused by the crystallinity of the fullerene derivatives
which drives self assembly rather than allowing for intermixing
with the TPTPA molecules. Since the fullerene domains within the
film are much larger than the expected exciton diffusion length,
there is a very low probability of an exciton meeting an interface
with the quencher during the course of its random walk.

In an attempt to minimise phase separation, we fabricated
films using a variety of spincoating conditions and solvents for
BTEG-2 and BTrEG-2, with the same results (Fig. S17, ESIT).
Furthermore, to test if a mismatch in the polarities of TPTPA
and the fullerenes was an influencing factor, two new quencher

This journal is © the Owner Societies 2022

molecules, BDT-PhTEG and 0T*? were tested with BTEG-2 and
BC10-2. BDT-PhTEG contains polar EG chains like BTEG-2
whereas 0T contains alkyl solubising chains like BC10-2. The
structure of the quenchers and their UV-Vis absorption spectra
are shown in Fig. S12 (ESI{). Both in the case of matched and
mismatched polarities, no quenching of the fluorescence of
the fullerene was detected (Fig. S19, ESIt). The presence of the
quencher in the fabricated films was confirmed by measuring
the absorption spectra of the films (Fig. S14 and S15, ESIY).
The AFM images of the blend films with BDT-PhTEG or 0T
also showed clear structural features on the film that were
much larger than the predicted order of magnitude of Lp.
The films are clearly micro-crystalline, and in the case of 0T,
distinct aggregates appear in the blend films (Fig. S21 and
S22, ESIY).
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Differential scanning calorimetry (DSC) was measured on
powder samples of all six derivatives, and for all the Bingel
adducts, except BTrEG-2, clear endothermic/exothermic peaks
could be observed that indicate reversible formation of crystal-
line phases. In contrast, the methano-fullerenes showed amor-
phous behaviour (Fig. S25, ESIt). The higher crystallinity of the
Bingel adducts could arise due to the higher symmetry of their
structure, as well as the fact that they are not regioisomer
mixtures like [70]PCBM. In the case of BTrEG-2, although no
distinct phase transitions appeared in the DSC measurement, it
is likely that the length of the side chains begins to influence
the exciton dynamics. In previous work, we saw as well that EG
chains of length n = 4 (tetraethylene glycol) and longer begin to
influence the charge carrier mobility of symmetrical Bingel
adducts.*

An alternative method for measuring L which can be applied
to neat films involves measuring the efficiency of exciton-exciton
annihilation (EEA).*® For this technique, the PL of the material is
measured with increasing excitation power and once the exciton
density reaches a value such that the average exciton distance is
on the order of the exciton diffusion length, the PL decay begins
to accelerate with further increase in power due to exciton-
exciton annihilation. The diffusion coefficient can then be
calculated from the measured annihilation rate constant.
We measured the PL decay of BTEG-2, BTrEG-2 and BC10-2
with a range of excitation power from 10-200 pW, where 200 pW
was the maximum power achievable with the experimental set-
up at 550 nm. Within this range, no EEA was observed so that
we could estimate an upper limit of ~30 nm on the exciton
diffusion from the exciton density (Section S3.1, ESIY).
We repeated these experiments with higher pulse energy at
the excitation wavelength of 405 nm which allowed us to lower
the no-EEA range down to 14 nm (Section S3.1, ESIt). The
further increase of excitation fluence was limited by sample
photodegradation which was more prominent at 405 nm than
at 550 nm. Therefore, the EEA experiments place the singlet
exciton diffusion length of BTEG-2, BTTEG-2 and BC10-2 within
the same range as [70]PCBM.

3 Conclusions

Five new C,, derivatives were synthesised containing either
polar (EG) or non-polar (alkyl) side-chains in order to study the
link between the dielectric properties and the photophysics of
the organic semiconductors. Although the ¢! changed substan-
tially, no correlation was found between the polarity of the side
chains and the steady state absorption/emission, singlet exci-
ton lifetime and the energetic disorder. Furthermore, the
exciton diffusion length was measured and found to be the
same as [70]PCBM for PCBM-TEG and BDEG-2, whilst for
the others it was not possible to accurately measure the Lp
with the volume-quenching method due to the microcrystalline
nature of the films. Nevertheless, an upper bound on the Lp
could be estimated which lies in the same order of magnitude
as PCBM. These results emphasise the difficulty in correlating
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the properties of neat materials with the results of measure-
ments in blend films. Since small changes in the length/
polarity of side chains can have large effects on the crystallinity
and morphology of different OSCs, comparison of new design
principles for OSCs in terms of the PCE and performance of
BH]J devices may give misleading results unless the morphology
is analysed and accounted for. Regarding the effects of ¢, future
work would involve studying the effect of the side chain polarity
on the triplet state photophysics, the charge carrier mobility/
lifetime and on the performance of single semiconductor solar
cells,*® where it is unclear whether the micro-crystallinity
observed in some of the C,, derivatives would be beneficial or
detrimental.

4 Experimental

Materials

The detailed synthesis of BDEG-2, BTEG-2, BTrEG-2, BC10-2
and PCBM-TEG is described in the ESLt C;, and [70]PCBM
were purchased from Solenne B.V. (Groningen). TPTPA was
purchased from LumTec Corp. and used as received. 0T** and
BDT-PhTEG** were synthesised following the procedure from
the literature.

Impedance spectroscopy

The following procedure was carried out in the clean room.
Commercially available glass substrates patterned with indium-
tin-oxide (ITO) were used for all capacitors. The substrates were
scrubbed with soapy water, rinsed with de-ionised water, soni-
cated in acetone (10 min) and isopropanol (15 min), spin dried,
further dried in an oven at 140 °C for 10 minutes and subjected
to 20 minutes of UV-ozone treatment before use. PEDOT:PSS
water dispersion (VP AI4083, H. C. Stark) was filtered through
PTFE filters (0.45 pm), spin-cast in ambient conditions and
annealed in the oven at 140 °C for 10 minutes. All fullerene
derivatives were spin-cast from anhydrous solutions under an
N, atmosphere in the glovebox, the spincoating program was
varied to achieve different thicknesses. Aluminium top electro-
des were deposited by thermal evaporation at a pressure less
than 10~® mbar. The impedance was measured in a two elec-
trode configuration using a Solartron 1260 impedance analyser
with an applied AC voltage signal of 10-20 mV. The series
resistance of the cables was fitted in the equivalent circuit used
for data analysis and varied from 20-100 Q. The thickness was
measured using a DEKTAK profilometer, after scratching the
films with a glass pipette. The PEDOT:PSS thickness was
obtained from an extra ITO/PEDOT:PSS sample that was pre-
pared on the same day as the capacitor devices, and substracted
to obtain the thickness of the fullerene layer.

Film preparation

Glass substrates (17 mm x 13 mm) were cleaned by scrubbing
with soapy water (Extran MA 02, Sigma Aldrich), rinsing 3x with
demi water, sonicating in acetone (10 min) and in isopropanol
(15 min). After this, the substrates were dried individually with a
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nitrogen gun, placed in the oven for 10 minutes at 120 °C and
treated with O, plasma for three minutes. The films were spin-
coated in the clean room but under ambient conditions using
a two step program: (1) 500 rpm, 1000 rpm s ', 40 s then
(2) 1000 rpm, 1000 rpm s~ , 10 s. For the EEA measurements
with excitation at 405 nm, the samples were prepared following
the same procedure but on quartz substrates instead (10 mm X
10 mm).

The solutions for the neat films varied in concentration
between 6-12 mg mL™'. The blend solutions were made by
mixing a 16 mg mL ™" fullerene solution with a solution of the
quencher in a 3:1 ratio in order to keep the concentration of
the fullerene fixed at 12 mg mL~". The concentration of the
quencher solution was varied to achieve the desired ratio,
e.g. for an 8:1 ratio a 6 mg mL " solution of the quencher
was used. The solvents used were spectroscopy grade.

Ellipsometry

Ellipsometry measurements were carried out on a J. A. Woollam
VB-400 spectroscopic ellipsometer with a HS-190 control unit/
monochromator. Each sample was measured in two different
spots at three incident angles in the spectral range 400-1700 nm.
The back of the glass substrates was covered in black tape so as
to prevent reflection from the glass-air interface at the back of
the sample, allowing us to assume no back reflection from the
bottom interface for our optical model. The optical models were
constructed and fitted using J. A. Woollam’s WVASE software
with the Cauchy or GenOsc material model.

Spectroscopic measurements

UV-Vis absorption spectra in solution and of the blend films
were measured on a Jenway 6715 UV/Vis spectrophotometer.
The neat film absorption spectra were measured in reflectance
mode on a JASCO V-570 UV-Vis-NIR spectrometer fitted with an
integrating sphere.

Time resolved photoluminescence data were acquired using a
streak camera (C5680 from Hamamatsu) equipped with a spectro-
graph. The excitation wavelength was obtained by focusing the
output from the mode-locked Ti:sapphire laser (Mira 900) into
the Newport SGC-800 hollow fiber and selecting the portion of the
white light with a band pass filter of 550 nm central wavelength
and FWHM of 10 nm. The excitation power was 50 pW. A long
pass filter (OG 610) was placed before the spectrograph to filter
residual excitation light. For the EEA experiments, the second
harmonic of the fundamental radiation (wavelength 405 nm) was
also used. The experimental time resolution was ~10 ps.

Film morphology

AFM images were measured using a Bruker Multimode in
Scanasyst mode with Scanasyst-Air tips.
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