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ABSTRACT: The dielectric constant (¢,) of organic semiconductors is
a key material parameter for improving device performance in the field
of organic electronics. However, the effect of the dielectric constant on
the electronic and optoelectronic properties of materials remains unclear
due to the scarcity of known organic semiconductors with an &, value
higher than 6. Herein, the optical and electronic properties of a
homologous series of fullerene derivatives with high &, are studied. The
low frequency (<10° Hz) ¢, is extracted from the capacitance measured
using impedance spectroscopy, and the effect of length (n) and
geometrical arrangement of the polar ethylene glycol (EG) side chains is
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investigated. The ¢, is found to correlate with length for the symmetrical

Bingel adducts, whereas for the unsymmetrical branched-EG chain adducts there is no significant difference between the two EG
chain lengths. For BTTEG-2, the ¢, reaches 10, which is an unprecedented value in monoadduct fullerene derivatives. These materials
open up new possibilities of studying the effect of & in organic electronic devices such as organic photovoltaics, organic

thermoelectrics, and organic field-effect transistors.

B INTRODUCTION

Organic semiconductors have great potential as a class of
materials for electronic applications, due to their large variety
of possible and tunable properties, such as flexibility,
biodegradability, and solution processability. The tunability
through structural design allows widespread applicability and
has led to the development of different “design rules”
depending on the target electronic device, whether it be
organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), organic thermoelectrics (OTEs), or
organic photovoltaics (OPVs).

One main difference between organic and inorganic
semiconductors lies in their dielectric properties. In most
presently known organic semiconductors, the relative dielectric
constant (¢,) is low (¢, ® 3—4) and as a result, charges in the
material are poorly screened and experience relatively strong
Coulombic forces." This can have a profound effect on charge
transport, recombination kinetics, and device performance.”
For instance, at high carrier densities such as found in OFETs,
simulations suggest that Coulomb interactions between charge
carriers significantly reduce their mobility.” Meanwhile, in
doped organic semiconductors, the low permittivity leads to
the formation of Coulomb traps that decrease their effective
conductivity.* In organic photovoltaics, the low &, is
particularly significant as it brings about the formation of
bound electron—hole pairs, similar to localized Frenkel
excitons.” This hinders the separation of photogenerated

© 2020 American Chemical Society
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electrons and holes, limiting the power conversion efficiencies
that can be obtained in working devices comprising one active
semiconductor.

Recently, tailoring the dielectric constant of organic
semiconductors has gained attention after being proposed as
a design strategy for high-efficiency OPVs by Koster et al.’ In
their theoretical study, the authors showed that increasing the
permittivity of organic semiconductors in a model bulk
heterojunction (BHJ) device could largely alleviate many of
the problems of OPV devices by lowering the exciton binding
energy and reducing both geminate and nongeminate
recombination losses.” Furthermore, an &, of 10 could
theoretically lower the exciton binding energy to below k,T
(~25 meV), effectively allowing for the generation of free
charge carriers in an organic semiconductor at room
temperature. Further theoretical work illustrated that polar
side chains which increase the ¢, can lower the Coulomb
attraction and stabilize charge-separated states.””®

Efforts to increase the & of organic semiconductors
synthetically have focused on adding polar groups to known
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conjugated organic materials.” Reorientation of the dipoles in
the presence of an electric field increases ¢, in the low-
frequency regime, (<10° Hz) and by incorporating these
groups in side chains, the dielectric properties can be tuned
while leaving the core structure of the material unchanged.
Ethylene glycol (EG) chains have been shown to be a
particularly apt choice, due to the low barriers for rotation,
which allows for flexibility of the chain even in the solid
state.'”"" The flexibility also improves 7—7 stacking which is
beneficial for charge carrier mobility in thin films.'” A range of
polymers,"”"*~'* small molecules,'°™'* and fullerene deriva-
tives'” with EG side chains showing increased &, have been
reported.

Experimentally, the role of the increased &, of these
glycolated organic semiconductors in working devices remains
vaguely understood. In one case, the addition of EG chains to
[60]PCBM (Figure 1) led to higher recombination rates in

/—CQ /f\/o>\

n =2 BDEG-2

n =3 BTEG-2 n =3 bBTEG-1
n =4 BTrEG-2 n =4 bBTrEG-1
n =5 BPEG-2

Figure 1. Structure of the new (top row) and previously reported
(bottom row) fullerene derivatives studied in this work.

bulk heterojunction solar cells, which was attributed to the
increased amount of trap states.”” Furthermore, the time scales
of dielectric response required to affect the performance of
organic materials in a device are still under debate.”’ However,
some initial studies show promising results. Recently Armin et
al”” and Liu et al.'” reported higher values for the static
dielectric constant of two glycolated small molecule acceptors
and investigated single semiconductor OPV devices. Both
groups found external quantum efficiencies (EQE) of 4—5%
for these devices, whereas the EQE response of the reference
alkylated materials was negligible, showing that the enhanced
dielectric constant of the active layer has an effect on charge
extraction.

Furthermore, Liu et al. recently showed that in organic
thermoelectric devices, the electrostatic interactions between
the host material and dopant have an effect on the doping
efﬁciencgf and conductivity of fullerene films doped with n-
DMBL>® They found that for PTEG-1 (e, = 5.7) the doping
efficiency was higher and that the activation energy for charge
generation was lower than for [60]PCBM (e, = 4). They
postulated that the charge transfer complexes between host
and dopant formed during the doping process were more likely
to dissociate due to interactions between the polar environ-
ment created by the EG chain around the fullerene and the
charge-transfer complex.
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However, a thorough investigation of the potential of high &,
organic semiconductors in OPV, organic thermoelectrics, and
other electronic devices remains limited by the rarity of
materials with &, surpassing 6 in the solid state. Furthermore,
side-chain geometry can often have a profound effect on device
performance, but its effect on the &, of fullerene derivatives
remains unclear. Inspired by our previous work'""" we
continued our investigation of fullerene adducts with polar
side chains. We focus on fullerene derivatives as they are an
interesting class of molecules, with good charge carrier
mobilities and potential uses not only in OPVs but also as
electron-transporting layers in hybrid perovskite’* and other
types of PV cells, and as materials for n-type thermoelectric
devices.”

In this work, we report on a homologous series of Bingel
adducts of Cg having an increasing number of EG units in the
side chains. We also vary the geometry by making two
unsymmetrical adducts containing branched EG chains. We
find that for the symmetrical adducts, the low frequency &,
increases with chain length, reaching ¢, = 10.2 for BTtEG-2 (n
= 4) after which the value appears to saturate. In contrast, for
the branched EG chains we did not see a clear difference when
the chain length was increased. To the best of our knowledge,
this is the highest dielectric constant measured to date for
monoadduct fullerene derivatives, and the value close to 10 has
significant implications for the nature of excitons in the film.
Aware of the challenges involved in measurin§ the ¢, of organic
materials with impedance spectroscopy,””>” we have taken
rigorous steps to ensure correct and accurate measurements
and interpretations in order to obtain solid &, values for the
intrinsic (undoped) semiconductor materials (details in the
Supporting Information).

B EXPERIMENTAL DETAILS

General. The synthesis of the Bingel adducts studied in this
work is described in the Supporting Information. PTEG-2 was
synthesized according to a previously reported procedure.'
[60]PCBM was purchased from Solenne BV and used without
further purification.

Device Fabrication. Commercially available glass sub-
strates patterned with indium—tin—oxide (ITO) were used for
all capacitors, and standard 3 cm X 3 cm glass substrates were
used for the electron-only devices. The substrates were
scrubbed with soapy water, rinsed with deionized water,
sonicated in acetone and isopropyl alcohol, spin dried, further
dried in an oven at 140 °C for 10 min, and subjected to 20 min
of UV—ozone treatment before use. PEDOT:PSS water
solution (Clevios P VP AI4083) was filtered through PTFE
filters (0.45 pm), spin-cast in ambient conditions, and
annealed in the oven at 140 °C for 10 min. All fullerene
derivatives were spin-cast from anhydrous solutions under N,
atmosphere in the glovebox. Aluminum top/bottom electrodes
and LiF/Ca were deposited by thermal evaporation at a
pressure less than 107° mbar.

Film Characterization. Device thicknesses were measured
using a DEKTAK 6 M Stylus Profiler and taken as an average
from different locations on the substrate area. AFM images
were captured in ScanAsyst mode using a Bruker MultiMode
AFM-2 with Scanasyst-Air tips. Impedance measurements were
carried out under N, atmosphere in the dark using a Solartron
1260 impedance gain-phase analyzer and an AC drive voltage
of 10—15 mV. For the variable-temperature measurements, the
N, flow into the substrate holder was cooled using liquid

https://dx.doi.org/10.1021/acs.jpcc.0c01390
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Table 1. Properties of the Fullerene Derivatives and [60]PCBM Given as Reference

material EY2 14 EY2 2 estimated LUMO level [eV]?
[60]PCBM —111 ~1.50 —3.69
BDEG-2 —1.08 —1.46 —-3.72
BTEG-2 —1.08 —1.46 -3.72
BTrEG-2 —1.10 —1.45 -3.70
BPEG-2 —-1.09 —1.46 -3.71
bBTEG-1 —1.04 —1.44 -3.76
bBTrEG-1 —1.06 —1.45 —-3.74

“In V, measured relative to ferrocene Fc/Fc+. YEstimated relative to the ferrocene standard using the formula —(E;/§

s, [em®V1s71]e erd (10-10° Hz) g, at 10* Hz

1.0 x 1073 3.9 + 0.1

1.8 x 1073 7.1 (0.4, 15 devices) 6.4 (0.4)
2.1 %1073 7.5 (0.8, 20 devices) 7.2 (0.4)
1.1 x 107* 10.2 (0.8, 16 devices) 9.3 (0.7)
1.0 x 10™* 9.8 (0.6, 20 devices) 9.2 (0.5)
6.5 x 1073 9.0 (0.6, 7 devices) 8.5 (0.9)
8.4 x 107* 9.2 (0.3, 8 devices) 8.4 (0.7)

2 + 4.8) eV. “Measured using

the SCLC method (see Supporting Information). “The &, is given as the average value of the devices measured with the standard deviation and the
number of devices measured given in brackets. The ¢, at 10* Hz follows the same trend as the average.

nitrogen, and the temperature was monitored using a
thermocouple. The temperature stability was +1—2 degrees
throughout the measurement. The current—voltage (J—V)
curves for the single carrier devices were measured under N,
atmosphere in a glovebox in the dark using a Keithley 2400
source meter.

B RESULTS AND DISCUSSION

Synthesis. The symmetrical series of fullerene adducts
(Figure 1) with varying lengths of EG chains were synthesized
in two steps (Scheme S1). First, the esterification of malonic
acid with the desired length EG-monomethyl ether was carried
out under Steglich conditions using EDCI (N-(3-
(dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride)
as the coupling reagent and DMAP (4-(dimethyl amino)-
pyridine) as the catalyst. The resulting malonic esters were
reacted with Cg, via the Bingel reaction to afford the four
fullerene derivatives (B1—B4) in yields of 49—52%. The
esterification was also attempted using DCC (dicyclohex-
ylcarbodiimide) but this was unsuccessful under a variety of
conditions. For BPEG-2 (B4) some problems were encoun-
tered with the precipitation, as the solid was very sticky and it
was not possible to transfer the product without dissolving it.
For fullerenes derivatives BS and B6 (Figure 1), the synthesis
of the asymmetrical malonate was achieved in four steps:
starting with the synthesis of the branched EG chain, according
to the literature procedure,'” then esterification of the
unsymmetrical malonic acid monomethyl ester obtained by
hydrolysis of dimethyl malonate*® (Scheme S2). This was then
reacted with Cy, under the same conditions for fullerene
derivatives B1—4.

Material Characterization. The structures of BDEG-2,
BTEG-2, BTrEG-2, BPEG-2, bBTEG-1, and bBTrEG-1 were
confirmed by '"H/"*C NMR spectroscopy, FT-IR spectroscopy,
and high-resolution mass spectrometry (see Supporting
Information). The signal of the sp® hybridized carbon directly
attached to the C, in the Bingel adducts was very weak in the
13C NMR spectra. However, we were able to locate it at ~52
ppm by measuring on a 600 MHz instrument. The highly
symmetrical character of derivatives B1—B4 is confirmed by
the few signals (14 peaks in the aromatic region) seen for the
fullerene carbon atoms. In contrast, for the branched
derivatives, the symmetry is reduced and two peaks were
seen corresponding to the different carbonyl carbons and 26
peaks for the fullerene carbon atoms. All four derivatives are
highly polar and showed an enhanced solubility in a variety of
solvents compared to Cg and [60]PCBM. The enhanced
solubility in more polar solvents is welcomed as it opens up the
possibility of fabricating devices from green solvents.

8635

UV—vis absorption spectra in chloroform solutions show the
typical absorption characteristics of fullerene Bingel adducts.
(Figure S1) The lowest energy transition can be seen as a weak
absorption peak at 687—688 nm. The low intensity of this
band arises from the symmetry forbidden nature of this low
energy transition in fullerene derivatives.”” In the spin-cast
films the absorption spectrum is broadened and loses sharp
features and the onset of absorption is red-shifted. No
significant difference is seen in the absorption characteristics
within the series. (Figure S1). The electrochemical properties
were studied in solution using cyclic voltammetry (Figure S2).
The first and second half-wave reduction potentials were
determined by measurements in 1 mM solutions relative to
ferrocene (Table 1). All derivatives showed the characteristic
three reduction peaks of the fullerene cage seen for [60]PCBM
as well. The lowest unoccupied molecular orbital (LUMO)
level was estimated by using ferrocene as an internal standard.
The shifts in the LUMO level within the series were small.

Impedance Spectroscopy. The low-frequency dielectric
constant of the symmetrical fullerene derivatives was measured
using impedance spectroscopy. Parallel plate-type capacitors
with the device structure glass/ITO/PEDOT:PSS/fullerene/
aluminum were fabricated. Apart from PEDOT:PSS, which
serves as a hole transport and planarization layer at the ITO
electrode, other interlayers were omitted to prevent any effects
of bulk doping caused by interlayer migration which could
undermine the validity of the measured dielectric properties.”’
The fullerene-derivatives were spin-cast from several solvents
(chloroform, ODCB, chlorobenzene, and THF). Spin-casting
from chlorobenzene generally gave the best results for uniform
film coverage of the substrate. The surface roughness, a crucial
parameter in the accurate determination of &, from “parallel
plate” capacitors, was quantified from atomic force microscopy
(AFM) ima§es of the film surface morphology (Figures S3—54,
Table S1).°

The impedance was measured over the frequency range 1—
10° Hz at constant DC bias, and the capacitance was obtained
by equivalent circuit fitting. (Figure S8) After measuring the
thickness, the apparent &, could then be obtained. We then
calculated the roughness parameters and the roughness
correction factor.”® (Figure S7, Tables S1). In our case, the
calculated RMS roughnesses were small, and the roughness
correction factor was close to one for all films (Table S1). For
this reason we chose not to apply the correction and to use the
raw capacitance results. The final values, taken as the average
of the devices measured with the standard deviation as the
error, for each compound were 7.1 + 0.4 (15 devices), 7.5 +
0.8 (20 devices), 10.2 + 0.8 (16 devices), and 9.8 + 0.6 (20
devices) for BDEG-2, BTEG-2, BTrEG-2, and BPEG-2,
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respectively (Table 1, Figure 2). We note that the standard
deviation gives an idea of the spread of the values measured

20 ——— ————rr
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Figure 2. Dielectric constant vs frequency for one representative
device of each of the Bingel adducts investigated in this work,
measured at 295 K, at 0 V DC bias.

which arises due to variations in the quality of spin-cast films
and errors in the measurement of the thickness, the
capacitance, and the fitting model used.

In Figure 2, it can be seen that the capacitance increased
gradually at frequencies below 10* Hz for all four Bingel
adducts, leading to a variable dielectric constant across the
frequency range measured. Furthermore, as can be seen in the
capacitance vs frequency graphs, (Figures S10—S13) the
equivalent circuit fitting gives an average value across the
frequency range and does not fit the data well at lower
frequencies when the capacitance increases. For this reason we
report the €, at 10* Hz alongside the average values in Table 1.
One hypothesis is that this may be due to co-operative
movement/reorientation of the permanent dipoles in the EG
side chains becoming more probable at longer time scales. To
gain further insight, the impedance of BTEG-2 was measured
at different temperatures. The movement of the EG chains
should be hindered at lower temperatures as rotation about the
bonds is a thermally activated process with an energy barrier."'

As can be seen in Figure 3 the slope of the capacitance vs
frequency graph is reduced dramatically when the measure-
ment is carried out at 200 K. [60]PCBM and PTEG-2 (see
Figure 1 for structure) were also measured for comparison. In
the case of [60]PCBM, the changes in the spectra upon
cooling were very small. Since this molecule contains only one
relatively inflexible permanent dipole (the carbonyl group), the
larger part of the contribution to the capacitance is attributed
to the electronic polarization of the delocalized 7 electrons of
the fullerene cage which occurs at optical frequencies (~10"
Hz) and is unaffected by changes in temperature. In contrast,
PTEG-2 also shows distinct changes to the capacitance as the
temperature is decreased. This suggests that the EG chains are
not only contributing to the capacitance increase at lower
frequencies for the Bingel adducts, but also for other fullerene
derivatives. The difference in the temperature range measured
is much greater in the case of the Bingel adducts than with
PTEG-2, which may suggest higher flexibility of the side chains
in the film. Further investigations into the cause of this
frequency dependence are currently ongoing in our lab.

Another reason for the increase in capacitance at lower
frequencies may be “unintentional doping” arising from
impurities in the material from the synthesis and/or
purification steps or from reactive interlayers used in the
device stack. To test this, capacitance—voltage measurements
were carried out at fixed frequencies (Figure S16). A Mott—
Schottky plot*”*" of the data did not show a clear straight-line
region at forward bias from which we could extract a doping
density. The capacitance remains stable until the applied
voltage exceeds the built-in voltage and the device begins to
conduct (Figure S16). For this reason, we conclude that no
significant doping effects are present and that the measured
dielectric constant values are intrinsic to the material.

Seeing as the &, of the Bingel adducts was much higher than
our previously measured fullerene derivatives PTEG-1 and
PTEG-2,"" we speculated that the orientation of the EG
chains, in this case extending in two directions, may affect the
packing and hence flexibility of the dipoles at room
temperature under an applied electric field. As a more direct
comparison, the asymmetric fullerene Bingel adducts bBTEG-1
and bBTTEG-1 were synthesized and investigated. The same
device structure and measurement methods were used to
measure the dielectric constant, giving final values of 9.0 + 0.6
(8 devices) and 9.2 + 0.3 (7 devices) (Table S2, Figures S14
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Figure 3. Capacitance vs frequency plots for three different fullerene derivatives with (PTEG-2 and BTEG-2) and without ([60]PCBM) TEG
chains at 200 K (left) and 280 K (right), measured at 0 V DC bias and an applied AC voltage of 15 mV.
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and S15). In contrast to the symmetrical adducts, no distinct
difference in the measured &, was seen when increasing the
length of the branched chain from n = 3 to 4. Furthermore, the
problem of pinholes arose in the spin-cast films, which may be
due to the amphiphilic nature of the asymmetric adducts.
(Figure S4)

These results show that increasing the length of the EG
chain in the symmetrical Bingel adducts leads to an increase in
the dielectric constant until n = 4, with BTrEG-2 having the
highest dielectric constant of all fullerene derivatives measured
in our group to date.'”*” At even longer chain lengths, the &,
saturates, and it becomes difficult to work with the material.
For the branched Bingel adducts, the ¢, is still high but does
not show a clear dependence on length for the two different
side-chain lengths studied.

Charge Carrier Mobility. To check if the electronic
properties of the fullerene films are affected by the side chains,
the electron mobility was measured using the space charge
limited current technique (SCLC). The J—V curves of single
carrier devices were fitted with the Murgatroyd equation
according to the protocol developed by Blakesley et al.”> We
found that the Bingel adducts with EG chain lengths of four or
larger exhibited electron mobilities around an order of
magnitude lower than the Bingel adducts with the shorter
EG side chains and the reference compound, [60]PCBM
(Table 1). This suggests that when increasing the &, using side-
chain engineering, it is important to find the right ratio
between flexible polar side chains (EG) and the semiconductor
“backbone” (fullerene) to maintain high charge carrier mobility
in the film. Nevertheless, the electron mobility is still within
the range typically measured for fullerene derivatives and other
OSCs using the SCLC method (107°—107° cm® V™' s7').

B CONCLUSIONS

We have synthesized a series of fullerene derivatives with
increasing lengths of oligoethylene glycol chains via the Bingel
reaction. The low frequency dielectric constant was measured,
and we found that for the symmetrical derivatives, the value
correlates with chain lengths up until n = 4, after which the €,
saturates. In contrast, for the unsymmetrical derivatives,
bBTEG-1 and bBTrEG-1, there is no clear difference when
increasing the chain length from n = 3 to 4. All six fullerene
derivatives have a high &, with BTrEG-2 having an average &, of
10.2 + 0.8 which is more than twice that of the reference
compound [60]PCBM. Furthermore, with this compound we
have for the first time achieved the synthesis and measurement
of a fullerene-based semiconductor material with a double-digit
dielectric constant. This property has important implications
for the nature of excitons and polarons in the material, and we
look forward to using these high &, molecular semiconductors
in furthering our understanding of increased permittivity in
organic electronic devices including solar cells and organic
thermoelectrics.
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