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Fullerene derivatives with oligoethylene-glycol side chains:
an investigation on the origin of their outstanding transport
properties

Fullerene derivatives functionalized with ethylene glycol side
chains were successfully employed to prepare organic field
effect transistors. Key to the transport properties of these
materials are their ordered layered structures, elucidated
using molecular dynamics simulations and grazing incidence
X-ray diffraction. The reported structure-property relationship
will enable future researchers to design fullerene derivatives
with enhanced opto-electronic applications.
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Introduction

Fullerene derivatives with oligoethylene—glycol
side chains: an investigation on the origin of their
outstanding transport propertiesy
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For many years, fullerene derivatives have been the main n-type material of organic electronics and
optoelectronics. Recently, fullerene derivatives functionalized with ethylene glycol (EG) side chains have
been showing important properties such as enhanced dielectric constants, facile doping and enhanced
self-assembly capabilities. Here, we have prepared field-effect transistors using a series of these
fullerene derivatives equipped with EG side chains of different lengths. Transport data show the
beneficial effect of increasing the EG side chain. In order to understand the material properties, full
structural determination of these fullerene derivatives has been achieved by coupling the X-ray data with
molecular dynamics (MD) simulations. The increase in transport properties is paired with the formation
of extended layered structures, efficient molecular packing and an increase in the crystallite alignment.
The layer-like structure is composed of conducting layers, containing of closely packed Cgp balls
approaching the inter-distance of 1 nm, that are separated by well-defined EG layers, where the EG
chains are rather splayed with the chain direction almost perpendicular to the layer normal. Such a
layered structure appears highly ordered and highly aligned with the Cgg planes oriented parallel to the
substrate in the thin film configuration. The order inside the thin film increases with the EG chain length,
allowing the systems to achieve mobilities as high as 0.053 cm? V71 571 Our work elucidates the
structure of these interesting semiconducting organic molecules and shows that the synergistic use of
X-ray structural analysis and MD simulations is a powerful tool to identify the structure of thin organic
films for optoelectronic applications.

solution, for the fabrication of a new generation of electronic
and optoelectronic devices, characterized by mechanical flex-

For a long time, [60]fullerene (Ceo) and its derivatives have been
at the core of the development of the organic electronics field.
This is the field that for a couple of decades has advocated the
use of organic molecules and polymers, mostly processed from
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ibility, lightweight properties and cheap fabrication technology.
In this community, these carbon allotropes have been praised
not only because of their fascinating structural and physical
properties but also because, initially, they were one of the few
molecular systems that could display substantial n-type trans-
port due to their strong electron affinity. However, in its
pristine form, the Cg, molecule has very low solubility and
cannot give the flexibility of use that was initially envisioned.
The development of fullerene chemistry," and the multitude of
solution-processable derivatives that were synthesized using
those methods were the definitive boost for their use and for
the enthusiasm of a large community of scientists and engi-
neers for these molecules. At that point, fullerenes became a
common building block of many types of devices, one of the
most popular being the phenyl-Ce;-butyric acid methyl ester
(PCBM) derivative,”> not only together with other organic
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compounds like in organic solar cells,>* but also used on top of
silicon and GaAs.””” Nowadays, while being still very popular in
organic solar cells together with the new generation of organic
acceptors called non-fullerene acceptors,® fullerenes have also
found a large space in metal halide perovskite solar cells as
electron-transport layers and passivating agents.’ Furthermore,
they are key in organic thermoelectrics'®"" and have been
investigated for medical applications."*"

When looking at the transport properties of fullerene deri-
vatives, it is rather obvious that the side chains and the
functional groups are not simply innocent spectators. It has
been widely reported and accepted that many fullerene deriva-
tive thin films have layered structures with high crystallinity
and orientation.’®'® On this basis, side branches are found to
play a key role in the film structure and thus have an impact on
the transport properties. In 2005, Chikamatsu et al. studied
the long-chain alkyl-substituted Cg, derivative, Cgo-fused
N-methylpyrrolidine-meta-C12 phenyl (C¢oMC12), and found
that the self-assembling ability of the side chains is crucial
for the formation of highly ordered crystalline films.'® Later,
the same research group reported that the side chain orienta-
tion is also very important.'” By comparing Cgo-fused
N-methylpyrrolidine-ortho-C12 phenyl (Cs,0C12), CeeMC12,
Ceo-fused N-methylpyrrolidine-para-C12 phenyl (C¢,PC12), and
Ceo-fused N-methylpyrrolidine-C12 (CgoC12), CgoMC12 was
found to have the best performance with an electron mobility
as high as 0.09 cm”® V™' s, which is more than one order of
magnitude higher than the others; furthermore, a current
on/off ratio up to 4 x 10° was observed. Side chains different
from alkyl ones have also been used. For instance, the use of
polar ethylene glycol (EG) side chains has also been explored.**
EG-substituted fulleropyrrolidines have been advertised as the
next-generation acceptors for organic solar cells.*® The expecta-
tions stemmed from a predicted increased dielectric constant
related to the dipoles of the polyether side chains that can
rotate and align, increasing the local response to electric
fields.'®™2° Aside from the dielectric constant, the effect of the
side chains on the film morphology is also substantial. Periodic
dipoles easily aid crystallization, resulting in better structural
order and a consequent suppressed electronic disorder in the
nanomaterials.’**'?*® Moreover, the polarity of the EG side
chains allows for good solubility and better miscibility with
molecular dopants, which leads to a higher doping efficiency
that enables conductivity values as high as 2.3 S cm ™" and the
successful use of C4(—EG derivatives as thermoelectric materials
(power factor values up to 23 pW K> m™')."* Furthermore, the
high electron density of these Cgq, derivatives has been shown to
be instrumental in passivating surface defects in metal halide
perovskite solar cells.”””*®

Despite the interest in Cg-EG derivatives for different
applications, their exact molecular packing remains unknown
and their use in electronic devices such as transistors remains
unexplored. In this work, we focus on the investigation of the
structure and properties of a series of soluble Cg, derivatives
equipped with oligoethylene-glycol (EG) side chains of differ-
ent lengths, namely n = 2 (PDEG-1), n = 3 (PTEG-1), n = 4
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(PTeEG-1) and n = 5 (PPEG-1). All the molecules are soluble in
various organic solvents, such as chloroform, and thus they are
very suitable for solution processing. The transport properties
of the solution-processed thin films are studied in n-channel
organic field effect transistors (OFETs), showing high charge-
carrier mobility values (approaching 10" em” V' s7') that
increase with increasing side chain length. The observed mobi-
lity increase is explained on the basis of high-resolution struc-
tural information. With a synergistic use of molecular
dynamics (MD) and X-ray investigation, a clear link between
the thin-film crystalline structure and order and the transport
properties is established.

Materials and method

Materials

The synthesis of the PTEG-1 and PPEG-1 has been reported
previously."*'® PDEG-1 and PTeEG-1 have been synthesized
following the procedure reported in the ESI.{ After purification,
the compounds were dried and stored in a nitrogen-filled
glovebox.

Device fabrication and characterization

Bottom-gate/bottom-contact field-effect transistors were fabri-
cated on Si/230 nm SiO, wafers carrying lithographically pat-
terned 5 nm/35 nm ITO/Au electrodes. The fullerenes were
deposited from 10 mg mL™" chloroform solutions by spin
coating (film thickness 40-50 nm). The devices were dried in
a vacuum and measured using a Keithley 4200 Semiconductor
Analyzer on a probe station inside a nitrogen-filled glovebox
(<1 ppm O,, <1 ppm H,0). Multiple devices with the same
geometry (20 pm x 1 cm channels) were measured to increase
the certainty. Devices with a substantial gate current were
excluded from the analysis. Electron mobility values were
extracted from the saturation regime curves following the
gradual channel approximation and assuming a parallel plate
gate capacitance. The average and the range of mobilities of 2-3
devices on the same substrate were used for the discussion. The
samples were stored under an inert atmosphere for the aging
experiment. The exact same devices were analyzed for compar-
ability. Samples for structural characterization were prepared
by spin-coating the fullerene derivatives from chloroform
solution on polished Si/SiO, wafers.

X-Ray diffraction (XRD)

XRD measurements were performed using a D8 discovery
Bruker instrument. The X-ray wavelength is 0.15413 nm. Thin
films of the material were measured in reflection theta-theta
geometry. The probed angular range is 5° to 60° and the profiles
were acquired using a 0.02 degree/step resolution.

Grazing incidence wide angle X-ray scattering (GIWAXS)

GIWAXS measurements were performed both in the laboratory
and at the European synchrotron radiation facility (ESRF),
Grenoble (France). For the ESRF measurements, the X-ray

This journal is © The Royal Society of Chemistry 2021
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wavelength was set to 0.103 nm (£ = 12 keV). The beam size at
the sample position was 300 pm. The GIWAXS patterns were
acquired using a Frelon CCD camera placed 17.38 cm away
from the sample and with a pixel size of 46 pm x 46 pm. The
incident angle (o;) used was 0.2° and the exposure time was 1
min per frame. Images were corrected for the detector dark
current and the detector efficiency (flat field correction),
and the air background was subtracted. The beam center
position and the angular range were calibrated using the
known position of diffraction peaks from a standard silver
behenate sample.

For the laboratory, GIWAXS measurements were acquired at
the MINA instrument in Groningen. The instrument is built on
a high flux rotating anode X-ray source (wavelength of
0.15413 nm, E = 8 keV). The patterns were acquired using a
Vantec500 Bruker detector placed 10 cm away from the sample
and with a pixel size of 136 pm x 136 um. The incident angle
(o) used was 0.15° and the exposure time was 30 min per frame.
Images were corrected for detector geometrical distortion and
detector efficiency (flat field correction). The beam center
position and the angular range were calibrated using the
known position of diffraction peaks from a standard silver
behenate sample.

GIWAXS patterns are plotted against the horizontal g, and
quasi-vertical g, scattering vector scale, where

g = 2}—“(005(2&) cos(or) — cos(x;))

L

2w, .
q= gy = 7n(sm(20f) cos(ar))

2, . .
q: = 7(sm(oq) + sin(oy))
GIWAXS patterns were further analyzed using the GIXSGUI
Matlab package.”®

Molecular dynamics

The force fields necessary for the MD simulations were adapted
from the non-polarizable PTEG-1 force field recently developed
by Sami et al.>* Briefly, the force field uses Lennard-Jones (L])
parameters from the GROMOS 54A6 parameter set,”® based on
previous work,> which is improved by the derivation of
bonded parameters (bond, angle, and dihedral parameters)
from quantum chemical calculations, following the Q-Force
procedure.**** Force fields for the remainder of the Cgy-EG
series were generated by adding or removing EG chains from
the PTEG-1 force field.

Using the layered structure indicated by the GIWAXS data as
a basis, MD simulations were performed in order to obtain
atomistic configurations for the two molecules in a tetragonal
unit cell, as similarly done recently for another fullerene
derivative.”® For the body-centered tetragonal unit cell
(the PDEG-1 case), the 2-molecule unit cell was duplicated in
the ¢ direction to have 4 molecules. Periodic boundary condi-
tions were applied in three directions. The MD simulations
were carried out in several steps to maximize sampling.
The three unit-cell parameters, a, b, and ¢, were allowed to fully
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relax during the MD simulations. The simulations were repeated
360 or 720 times until the mean of the lattice cell parameters
reached the desired convergence (standard error < 0.002 nm).
Diffraction patterns were computed using Dans_Diffraction.*
Additional simulation details can be found in the ESLf}

Results and discussions

OFETs have been prepared using four different soluble Cgo
derivatives equipped with pendant EG chains (Cg-EG) of
different lengths (n = 2 for PDEG-1, 3 for PTEG-1, 4 for
PTeEG-1 and 5 for PPEG-1, where n is the number of EG units;
see Fig. 1a). Moreover, a transistor using a PCBM thin film was
also prepared for comparison, as PCBM has been extensively
studied in OFETs as an n-type material.>*~°

All devices showed unipolar n-type behavior: clear linear and
saturation regimes are observed in the output curves in the first
quadrant (Fig. 1b). Large differences between the different
molecules are displayed by the IV characteristic. Somehow
counterintuitively, the chain length seems to have an inverse
effect on the saturation current: the longer the chain, the
higher the current (see Fig. 1c). The hysteresis appears to be
lower in the EG-functionalized materials compared with PCBM,
especially in the PTeEG-1 and PPEG-1 devices (Fig. 1c).

Electron mobility values were extracted from the saturation
regime curves following the gradual channel approximation
and assuming a parallel plate gate capacitance. The plotted
values are shown in Fig. 1d (the data points represent the
average, and the error bar derives from a range of 2-3 nomin-
ally identical devices); the mobility increases with the side
chain length, as expected from the increasing current. The side
chain engineering leads to average mobilities spanning a two-
orders-of-magnitude range. The 2- and 3 unit side chain
molecules show a similar mobility to the PCBM reference,
namely, around 10°® cm® V' s!, while the values for
PTeEG-1 (4 unit) and PPEG-1 (5 unit) approach and exceed
102 em®* Vv sl

When comparing the mobility of freshly prepared and one-
week-aged samples (see Fig. 1d), we found that the mobility
increases upon aging, suggesting a coarsening of the thin films
over time. The coarsening hypothesis is confirmed by perform-
ing grazing incident wide-angle X-ray scattering (GIWAXS)
measurements (Fig. S1, ESIt). After deposition, the PPEG-1 film
is observed to be crystalline and shows good crystallite align-
ment, but the off-specular reflections (g, and g, # 0) appear to
be quite broad, suggesting small average crystallite dimen-
sions. After one week of storage in an inert atmosphere, the
thin film undergoes an increase in the crystallite size (coarsen-
ing) as can be inferred by the sharpening of the diffracted off-
specular spots. A more refined structure with a larger crystallite
size gives rise to lower electronic disorder and increased inter-
molecular coupling, enabling the higher charge mobility.

Given the lack of chemical differences between the full-
eropyrrolidine series, the differences in the transport properties
can only be explained by structural factors. Film crystallinity

J. Mater. Chem. C, 2021, 9,16217-16225 | 16219
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Fig. 1 Transport properties in thin films of fullerene derivatives with different side-chain lengths. (a) Molecular structure of the studied materials: R = CH3
for PDEG-1 and CH,CHs for all the other samples; (b) output curves measured in as-prepared PCBM and PPEG-1 transistors in a saturation regime
showing a unipolar n-type characteristic and molecule-dependent conductance; (c) comparison of the transfer characteristics measured in the
as-prepared OFETs using the different materials; and (d) mobility values extracted from the as-prepared and aged devices, where the error bars represent

one standard deviation.

plays an important role in the quality of transport in fullerene
derivatives,'®*> and thus can account for the observed changes.
Here, it is important to underline that the thin films were
fabricated using chloroform and we expect that even higher
mobilities can be obtained using solvents with a lower vapor
pressure, which could favor the crystallization process.

In order to study the molecular packing, crystallinity and
crystallite orientation within the Cg-EG thin films, a full
GIWAXS study was performed. Fig. 2 shows the GIWAXS
patterns for the thin films deposited on the Si/SiO, substrate
and acquired using an incident angle of o; = 0.2°.

All the Cg-EG thin films show crystalline behavior as
evidenced by the presence of sharp diffraction signals in the
GIWAXS patterns. Nevertheless, some differences can be high-
lighted. For instance, the angular spreading of the GIWAXS
signals changes dramatically between the different samples.
We reiterate that the nature and the angular spreading of the
GIWAXS signals are indicative of the sample morphology and
crystallite orientation. Thin films composed of highly oriented
crystallites show well-defined diffraction spots, while thin films
composed of isotopically oriented powder-like -crystallites

16220 | J. Mater. Chem. C, 2021, 9, 16217-16225

exhibit homogeneously distributed Debye-Scherrer diffraction
rings. The PCBM thin film hardly shows any anisotropic signals
and the GIWAXS pattern is dominated by Debye-Scherrer rings,
indicating the polycrystalline nature of the film, where the
crystallites are randomly oriented with respect to the substrate.
Remarkably, the addition of the EG side chains induces a
different structure and provides the system with the ability to
spontaneously assemble during spin coating with the prefer-
ential alignment of the crystallites with respect to the substrate
surface.

The PDEG-1 and PTEG-1 films show diffraction arcs, rather
spread along the azimuthal angle, especially for PTEG-1, indi-
cating a lower degree of orientation. Moreover, in the GIWAXS
patterns of the PDEG-1 and PTEG-1 films, the diffraction arcs
partially overlap with isotropic diffracted rings, suggesting that
a certain portion of the crystallites is randomly aligned through
the films. On the contrary, discrete diffraction spots appear for
the molecules with the longest EG chains, namely PTeEG-1 and
PPEG-1.

Several high intensity reflections are observed along the
vertical g, direction perpendicular to the substrate both in

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 GIWAXS patterns for the Cgo—EG derivatives spin coated from chloroform solutions. The GIWAXS for a PCBM thin film is also reported for
comparison. Note that the PPEG-1 sample was measured using the lab X-ray instrument, while all the others were measured at the synchrotron.

the GIWAXS patterns (Fig. 2) and in the thin film XRD profiles
(Fig. 3d). The positions of these reflections are g*, 2¢q*, 3g* etc.,
suggesting a layer-like arrangement of the molecules with the
00/ diffraction planes parallel to the substrate surface. The
interlayer spacing can be calculated as 2mn/g*. All the GIWAXS
patterns except the for PDEG-1 can be indexed using a tetra-
gonal primitive unit cell of axis a x b x ¢ (see Fig. S2 and Table
S1, ESIt). In the case of PDEG-1, the GIWAXS pattern is better
indexed using a body-centered tetragonal unit cell. We found
that a = b ~ 1 nm for all the samples, independent of the EG
chain length. Considering that the C4, diameter is 1 nm, this
means that a strong n-n overlap between the Cgo units must
exist. By contrast with a and b, the value of the interlayer
spacing (and thus the ¢ axis) varies with the number of EG
units in the pendant chain, as reported in Fig. 3a. Such a
layered structure made by alternating fullerene and EG layers is
expected on the basis of a spontaneous phase separation
between the fullerene moieties and the polar -CH,CH,O-
chains. A similar layered structure has been observed for
long-chain alkyl-substituted Ceo."® The confinement of the Cq
molecules in discrete, well-aligned layers is responsible for the
good transport features discussed above and for the observed
improved charge transport when compared with PCBM.

The evolution of the interlayer spacing with the number of
EG units in the side chain (reported in Fig. 3a as blue squares)
shows a close to linear growth of about 0.1 nm per EG unit. This
value is much smaller than the length of a single EG unit
(~0.3-0.4 nm). Thus, EG chain interdigitation, bending, and
coiling are expected. The interlayer spacing measured for
PTeEG-1 of 2.35 nm is comparable to that of 2.32 nm reported
for the alkyl-substituted Cq, derivative with a dodecyl side
chain, as the two side chains are of comparable length.'®
In this case, ordered interdigitating of the dodecyl side chains
was reported. It is interesting to note how the structure of these

This journal is © The Royal Society of Chemistry 2021

thin films differs from the one adopted by the same materials
in single bilayers.”® For instance, PTEG-1 bilayers have been
reported to have a fullerene-fullerene distance of 3.3 nm,
sensibly larger than the 2.23 nm found here for the multilayers
in the thin films.

Unfortunately, little information can be retrieved from the X-
ray data on the arrangement and packing of the fullerene
moieties and the EG side chains and on the overall atomic
positions in the unit cell for these thin films. In order to learn
more about the side chain packing and to resolve the layered
nature of the Cg,—EG thin film structure, atomistic MD simula-
tions were performed. The number of molecules in the unit cell
and the approximate relative size of the lattice parameters were
inferred from the XRD data (Fig. 3a) and were used as the
starting point for the MD simulations. Both lattice parameters
(a, b, ¢) and atomic positions were then fully relaxed and more
than 300 different realizations of the unit cells were generated
for each molecule. Further information on the procedure can
be found in the Methods section and the ESI.{

Inspection of the simulated structures provides immediate
support for the layered structure inferred by GIWAXS for all
of the fulleropyrrolidine derivatives (see Fig. 3c). The close
staggered arrangement of the fullerene moieties observed in
the MD simulations results in an in-plane distance of ~1 nm
between the fullerene moieties for all the molecules
(see Fig. 3b). This value is in excellent agreement with the
GIWAXS data reported in Table S1 (ESIt). The close proximity
of the fullerene moieties also results in a significant n-n
orbital overlap, responsible for the good mobility values exhib-
ited by these molecules. Approximately, the size of the Cg,
phase in the ¢ axis is 1.4 nm and the EG phase grows from
0.6 nm to 0.8, 0.9 and 1.0 nm for PDEG-1, PTEG-1, PTeEG-1,
PPEG-1, respectively. Consequently, the interlayer spacing also
grows accordingly.

J. Mater. Chem. C, 2021, 9,16217-16225 | 16221
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Fig. 3 Comparison of X-ray and MD characterization of Ce¢o—EG derivative thin films. (a) Interlayer spacing extracted from the XRD data and obtained
from the MD simulations. Orange circles correspond to the interlayer spacing of tetragonal primitive unit cells (2 molecules in the unit cell) and the green
triangle corresponds to the interlayer spacing (half of the c lattice parameter) for a body-centered tetragonal (BCT) unit cell (4 molecules in the unit cell);
(b) representative view of the Cgg molecules along the c axis, other atoms not shown (similar for all molecules); (c) representative structures for the
Ceo—EG series from the MD simulations along the a or b axis; (d) experimental thin film XRD and MD simulated diffraction patterns corresponding to the
representative unit cells from (c); and (e) experimental GIWAXS and MD simulated patterns along the g, direction.

Comparison of the simulated interlayer spacing shows
excellent agreement with the XRD data. For n = 3-5 samples,
the interlayer spacing of the primitive tetragonal two-molecule
unit cells obtained from MD simulations (orange circles in
Fig. 3a) is in perfect agreement with the XRD data while n = 2
(PDEG-1) overestimates it. However, using a body-centered
tetragonal (BCT) four-molecule unit cell that is replicated in
the ¢ direction (green triangle in Fig. 3a) results in a smaller

16222 | J Mater. Chem. C, 2021, 9, 16217-16225

interlayer spacing that is in agreement with XRD, indicating
that better packing was possible due to the additional freedom
provided by the larger unit cell. This enforces the better
suitability of the BCT unit cell for PDEG-1, as has also been
shown based on the GIWAXS and simulated diffraction
patterns of the {10/} family of planes (Fig. S2, ESIt).
Furthermore, structural information, namely the arrange-
ment of the EG chains for the Cg,-EG series, can also be

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Structural analysis of the unit cells of Cgo—EG derivatives from atomistic MD simulations. (a) 2D histogram of the normalized length of the EG
chains (L) against the angle (0) between the direction of the EG chain (L vector) and the c axis for all molecules obtained from the MD simulations. L is
normalized, as also depicted in (d), so that it corresponds to 1 for the fully extended case and to O for the fully folded case (0.34 nm, based on van der
Waals radii). For 0, as also depicted in (e), 0° means that the EG chain is aligned parallel to the c axis, leading to a chain-end that enters the Cgq phase with
a large enough L (depicted in (c)), and 90° means that the EG chain is aligned perpendicular to the c axis, leading to an EG that remains in between
the two Cgo phases (depicted in (b)). The histograms are normalized together, meaning that the highest occurrence (the darkest color) corresponds

to the one among all molecules.

extracted from the MD simulations. The flexible nature of the
EG chains provided by the low torsional barrier results in an
ensemble of similar configurations instead of a unique one.”*
Consequently, in order to analyze their arrangement, the dis-
tribution of two descriptors among all realizations is investi-
gated (see Fig. 4a). The first descriptor is the normalized length
of the EG chain (L) that gives 1 for the fully extended side chain
and 0 for the fully folded one (see Fig. 4d for their depiction).
The second one is the angle (6) between the direction of the EG
chain (L vector) and the ¢ axis (see Fig. 4e for their depiction)
that gives 0° when the chains are aligned parallel to the ¢ axis
and 90° when they are aligned perpendicularly. Regarding the
extension of the EG chains (L), the large majority of the
realizations for all molecules have 0.4 < L < 0.8, meaning
that the chains are partially extended but almost never
fully extended. Regarding the angle with respect to the ¢ axis
(0), 0 > 45° becomes more prominent as the number of EG

This journal is © The Royal Society of Chemistry 2021

units increases, meaning that they are closer to a perpendicular
arrangement. In particular, PDEG-1 has a large number of
configurations with 0 < 45°. Combination of a partially
extended side chain (L > 0.4) together with a near parallel
alignment of the side chain with the ¢ axis (0 < 45°) leads to
penetration of the EGs into the Cg, phase (depicted in Fig. 4c,
corresponding to the blue circled region). In all other cases,
EGs remain between the two Cg, phases, forming an EG phase
(depicted in Fig. 4b). This penetration, calculated from the
distance of EG chain ends to the fullerenes in the ¢ axis
(see Fig. S4, ESIf), occurs much more prominently for the
shorter side chain molecules (46% and 26% for PDEG-1 and
PTEG-1, respectively) compared with the longer side chain
molecules (18% and 12% for PTeEG-1 and PPEG-1, respec-
tively). In addition, the average distance between the center of
mass of fullerenes has been computed (Table S3, ESIY).
This distance does not depend on the side chain length, in
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agreement with the very similar spacing of the unit cell in the a
and b directions (see Table S1, ESIt), which is determined by
the size of Cgy and the C¢,—Cyg( distance. Finally, the molecules
with the longer EG chains show the narrowest distribution of
configurations, while PDEG-1 and PTEG-1 appear to have the
broadest, indicating an increased tendency for structural dis-
order when EG is too short, in agreement with the presence of
randomly aligned crystallites for the shorter EG chains, as
observed by GIWAXS (Fig. 2).

Theoretical structural predictions appear to align well with
the experimentally observed structural and transport property
trends for the C4,—EG series reported here (Fig. 1) and also with
previous data published by Liu et al'* Interestingly, the
increasing electron mobility with the increase of n also agrees
with the growing size of the EG phase predicted by the MD
simulations. This suggests that a thicker EG phase could
improve the in-plane mobility by reducing the Coulombic
interaction of charge carriers between different Ce, layers due
to increased spacing. Additionally, the higher penetration of
the EG molecules in the Cq, phase for the shorter EG chain
molecules, as shown in Fig. 4, may also be responsible for the
lower charge transport, as these penetrating EG molecules
would hinder the transport between the fullerenes.

Conclusions

In this work, we have studied the transport properties and the
structure of thin films of fullerene derivatives with oligoethy-
lene-glycol side chains (Ceo-EG) of different lengths, from n =2
to n = 5, where n is the number of EG units in the side chain.
Field effect transistors have been successfully prepared using
the full series of fullerene derivatives and they show high values
of mobility that increases with increasing the side chain length.
The observed increase in mobility was explained here on the
basis of high-resolution structural information obtained
through the synergistic use of experimental X-ray data and
MD computational methods.

X-ray structural results reinforced by MD simulations have
revealed that the growth of the interlayer spacing with the
number of EG units in the side chain, n, corresponds to the
growth of the EG layer, where the EG chains are splayed rather
than perpendicular to the fullerene layers. As a result of these
layered structures, fullerene moieties pack closely and form
efficient electron-transport layers that are oriented parallel to
the substrate surface. Increasing the number of EG units above
3 causes an increase in the molecular packing and crystallite
orientation, boosting the mobility up to an average value of
0.053 cm® V' s~ " for the best device with PPEG-1 (n = 5), which
is more than one order of magnitude higher than the value
exhibited by PCBM in this study.

The synergistic use of high-resolution XRD and advanced
GIWAXS methods together with MD simulations seems to be a
perfect tool to understand the transport properties of fullerene-
based thin film devices and can be used to drive the chemical
design of fullerene derivatives in the future.

16224 | J Mater. Chem. C, 2021, 9, 16217-16225

View Article Online

Journal of Materials Chemistry C

Author contributions

G. P. designed and supervised research. J. D. performed the
GIWAXS measurements under the supervision of G. P. The
computational experiments were performed by S. S., and S. S.
and R. A. devised the computational protocols; both of these
were done under the supervision of S.J. M., R. W. A. H and G. P.
The electrical measurements were performed by D. M. B. under
the supervision of M. A. L. The materials were synthesized by F.
J. and L. Q. under the supervision of J. C. H. The data were
analyzed by J. D., S. S., D. M. B, R. A, R. W. A, H. and G. P. The
manuscript was conceived and written by J. D., S. S., M. A. L.,
and G. P. All the authors read and approved the manuscript
before submission.

Conflicts of interest

The authors declare that they have no competing interests.

Acknowledgements

J. D. gratefully acknowledges the China Scholarship Council
(CSC No. 201606340158) for supporting his PhD studies. S. S.
thanks J. Antoja-Lleonart for insightful discussions on simulat-
ing the X-ray diffraction patterns. Part of the work was spon-
sored by NWO Exact and Natural Sciences for the use of
supercomputer facilities (Contract no. 17197 7095). Regarding
S.S.,R.A,,R.W.A. H,,J. C. H.,, and M. A. L,, this is a publication
by the FOM Focus Group ‘‘Next Generation Organic Photovol-
taics”, participating in the Dutch Institute for Fundamental
Energy Research (DIFFER). The ESRF is acknowledged for
providing the beamtime. J. D. and G. P. are grateful to the
BM26B staff for their great support during the beamtime. M. A.
L., D. M. B. are grateful for the financial support of the
European Research Council via a Starting Grant (HySPOD,
No. 306983).

References

1 M. Prato, J. Mater. Chem., 1997, 7, 1097-1109.

2 J. C. Hummelen, B. W. Knight, F. Lepeq, F. Wudl, ]J. Yao and
C. L. Wilkins, J. Org. Chem., 1995, 60, 532-538.

3 Y. H. Huh, L.-G. Bae, H. G. Jeon and B. Park, Opt. Express,
2016, 24, A1321.

4 D. Chi, S. Qu, Z. Wang and J. Wang, J. Mater. Chem. C, 2014,
2, 4383-4387.

5 J. H. Seo, D. H. Kim, S. H. Kwon, Y. C. Park, H. H. Jung,
H. W. Lee, J. D. Kwon, S. G. Park, K. S. Nam, Y. Jeong,
S.Y. Ryu, J. W. Kang and C. S. Kim, Phys. Chem. Chem. Phys.,
2013, 15, 1788-1792.

6 G. Tchutchulashvili, K. P. Korona, W. Mech, S. Chusnutdinow,
M. Sobanska, K. Klosek, Z. R. Zytkiewicz and W. Sadowski,
J. Nanopart. Res., 2020, 22, 1-9.

7 M. Ahmetoglu, A. Kirsoy, A. Asimov and B. Kucur, The
electrical properties of Au/MEH-PPV:PCBM/n-type GaAs
Schottky barrier diode, OAM-RC, 2016, vol. 10.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc02753k

Open Access Article. Published on 18 August 2021. Downloaded on 7/19/2025 8:13:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

8

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

C.Yan, S. Barlow, Z. Wang, H. Yan, A. K. Y. Jen, S. R. Marder
and X. Zhan, Nat. Rev. Mater., 2018, 3, 1-19.

S. Shao and M. A. Loi, Adv. Mater. Interfaces, 2020,
7, 1901469.

M. Bharti, A. Singh, S. Samanta and D. K. Aswal, Prog. Mater.
Sci., 2018, 93, 270-310.

G. Zuo, Z. Li, E. Wang and M. Kemerink, Adv. Electron.
Mater., 2018, 4, 1700501.

N. Gharbi, M. Pressac, M. Hadchouel, H. Szwarc,
S. R. Wilson and F. Moussa, Nano Lett., 2005, 5, 2578-2585.
F. Y. Hsieh, A. V. Zhilenkov, I. I. Voronov, E. A. Khakina,
D. V. Mischenko, P. A. Troshin and S. H. Hsu, ACS Appl.
Mater. Interfaces, 2017, 9, 11482-11492.

J. Liu, L. Qiu, G. Portale, S. Torabi, M. C. A. Stuart, X. Qiu,
M. Koopmans, R. C. Chiechi, J. C. Hummelen and
L. J. Anton Koster, Nano Energy, 2018, 52, 183-191.

F. K. C. Leung, F. Ishiwari, T. Kajitani, Y. Shoji, T. Hikima,
M. Takata, A. Saeki, S. Seki, Y. M. A. Yamada and
T. Fukushima, J. Am. Chem. Soc., 2016, 138, 11727-11733.

M. Chikamatsu, S. Nagamatsu, Y. Yoshida, K. Saito, K. Yase
and K. Kikuchi, Appl. Phys. Lett., 2005, 87, 1-3.

M. Chikamatsu, A. Itakura, Y. Yoshida, R. Azumi, K. Kikuchi
and K. Yase, J. Photochem. Photobiol., A, 2006, 182, 245-249.
R. Ganesamoorthy, G. Sathiyan and P. Sakthivel, Sol. Energy
Mater. Sol. Cells, 2017, 161, 102-148.

F. Jahani, R. C. Chiechi and J. C. Hummelen, Chem. Com-
mun., 2014, 50, 10645-10647.

L. J. A. Koster, S. E. Shaheen and J. C. Hummelen, Adv.
Energy Mater., 2012, 2, 1246-1253.

H. D. De Gier, F. Jahani, R. Broer, J. C. Hummelen and
R. W. A. Havenith, J. Phys. Chem. A, 2016, 120, 4664-4671.
P. H. Wobkenberg, J. Ball, F. B. Kooistra, J. C. Hummelen,
D. M. De Leeuw, D. D. C. Bradley and T. D. Anthopoulos,
Appl. Phys. Lett., 2008, 93, 13303.

T. D. Anthopoulos, C. Tanase, S. Setayesh, E. J. Meijer,
J. C. Hummelen, P. W. M. Blom and D. M. De Leeuw, Adv.
Mater., 2004, 16, 2174-2179.

S. Sami, R. Alessandri, R. Broer and R. W. A. Havenith, ACS
Appl. Mater. Interfaces, 2020, 12, 17783-17789.

S. Rousseva, H. Den Besten, F. S. Van Kooij, E. L. Doting,
N. Y. Doumon, E. Douvogianni, L. J. Anton Koster and
J. C. Hummelen, J. Phys. Chem. C, 2020, 124, 8633-8638.

J. Liu, B. van der Zee, R. Alessandri, S. Sami, J. Dong,
M. L Nugraha, A. J. Barker, S. Rousseva, L. Qiu, X. Qiu,
N. Klasen, R. C. Chiechiy D. Baran, M. Caironi,
T. D. Anthopoulos, G. Portale, R. W. A. Havenith, S. J. Marrink,
J. C. Hummelen and L. J. A. Koster, Nat. Commun., 2020, 11, 1-9.

This journal is © The Royal Society of Chemistry 2021

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Paper

B. G. H. M. Groeneveld, M. Najafi, B. Steensma,
S. Adjokatse, H. H. Fang, F. Jahani, L. Qiu, G. H. Ten Brink,
J. C. Hummelen and M. A. Loi, APL Mater., 2017, 5, 76103.
S. Adjokatse, S. Kahmann, H. Duim and M. A. Loi, APL
Mater., 2019, 7, 31116.

Z. Jiang, J. Appl. Crystallogr., 2015, 48, 917-926.

C. Oostenbrink, A. Villa, A. E. Mark and W. F. Van Gun-
steren, J. Comput. Chem., 2004, 25, 1656-1676.

L. Qiu, J. Liu, R. Alessandri, X. Qiu, M. Koopmans,
R. W. A. Havenith, S. J. Marrink, R. C. Chiechi, L. J. Anton Koster
and J. C. Hummelen, J. Mater. Chem. A, 2017, 5, 21234-21241.
S. Sami, Q-Force: Quantum mechanically augmented mole-
cular force fields, 2021, https://www.github.com/selimsami/
qforce.

S. Sami, M. S. F. J. Menger, S. Faraji R. Broer and
R. W. A. Havenith, Q-Force: Quantum mechanically augmented
molecular force fields, J. Chem. Theory Comput., 2021, 17,
4946-4960.

D. Porter, DanPorter/Dans_Diffraction v1.8.2. Zenodo, DOIL:
10.5281/zenodo.3859501.

C. Waldauf, P. Schilinsky, M. Perisutti, J. Hauch and
C. J. Brabec, Adv. Mater., 2003, 15, 2084-2088.

M. Morana, P. Koers, C. Waldauf, M. Koppe, D. Muehlbacher,
P. Denk, M. Scharber, D. Waller and C. Brabec, Adv. Funct.
Mater., 2007, 17, 3274-3283.

P. H. Wobkenberg, D. D. C. Bradley, D. Kronholm,
J. C. Hummelen, D. M. de Leeuw, M. Colle and
T. D. Anthopoulos, Synth. Met., 2008, 158, 468-472.

T. D. Anthopoulos, D. M. De Leeuw, E. Cantatore,
S. Setayesh, E. ]J. Meijer, C. Tanase, J. C. Hummelen and
P. W. M. Blom, Appl. Phys. Lett., 2004, 85, 4205-4207.

J. M. Ball, R. K. M. Bouwer, F. B. Kooistra, J. M. Frost, Y. Qi,
E. B. Domingo, J. Smith, D. M. De Leeuw, J. C. Hummelen,
J. Nelson, A. Kahn, N. Stingelin, D. D. C. Bradley and
T. D. Anthopoulos, J. Appl. Phys., 2011, 110, 14506.

Y. Zhong, K. Suzuki, D. Inoue, D. Hashizume, S. Izawa,
K. Hashimoto, T. Koganezawa and K. Tajima, J. Mater.
Chem. A, 2016, 4, 3335-3341.

P. Vanlaeke, A. Swinnen, I. Haeldermans, G. Vanhoyland,
T. Aernouts, D. Cheyns, C. Deibel, J. D’Haen, P. Heremans,
J. Poortmans and J. V. Manca, Sol. Energy Mater. Sol. Cells,
2006, 90, 2150-2158.

E. Verploegen, R. Mondal, C. J. Bettinger, S. Sok, M. F. Toney
and Z. Bao, Adv. Funct. Mater., 2010, 20, 3519-3529.

X. Qiu, V. Ivasyshyn, L. Qiu, M. Enache, ]J. Dong,
S. Rousseva, G. Portale, M. Stohr, J. C. Hummelen and
R. C. Chiechi, Nat. Mater., 2020, 19, 330-337.

J. Mater. Chem. C, 2021, 9,16217-16225 | 16225


https://www.github.com/selimsami/qforce
https://www.github.com/selimsami/qforce
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc02753k



