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Functionalizing molecules with ethylene glycol (EG) side chains has become
a prominent strategy to improve the electronic properties of organic materi-
als. While these properties are known to be closely tied to molecular structure
and morphology, determining the molecular packing experimentally in poly-
crystalline films remains challenging. In this chapter, two case studies are pre-
sented where the molecular packing in such films is resolved through a syner-
gistic use of spectroscopic and theoretical methods, with the aim of gaining fur-
ther insight into the intimate relationship between molecular structure, mor-
phology, and electronic properties. In the first case study, a molecularly n-doped
fullerene derivative is reported for organic thermoelectric applications. This
material exhibits an excellent electrical conductivity and an ultra-low thermal
conductivity, leading to a record figure of merit ZT of 0.34 (at 120 °C) among
all reported single-host organic thermoelectric materials. The key factor to its
performance is the use of ‘arm-shaped’ EG side chains, whose packing is re-
solved by atomistic molecular dynamics (MD) simulations and is revealed to
form alternating layers of fullerenes and EGs. In the second case study, a series
of fullerene derivatives with different number of EG units (n = 2 – 5) is studied
as organic field effect transistors. It is shown that the side chain engineering
leads to average electron mobilities spanning two orders of magnitude, with
n = 2, 3 showing similar electron mobilities to the commonly employed PCBM
reference, while the values for n = 4, 5 exceed 10−2 cm2V−1s−1. The structural or-
der, as determined by both spectroscopic and theoretical methods, highlights
the correlation between morphology and electronic properties, showing bet-
ter packing for n = 4, 5. Additionally, MD simulations reveals that the growth
of the c-axis spacing with n corresponds to the growth of the EG layer, which,
with its high dielectric constant, could play a role in improving the charge trans-
port by reducing the interaction of charge carriers between different layers of
fullerenes.

6.1. Introduction

Side chain engineering by using ethylene glycols (EGs) has become a prominent

strategy to improve the performance of organic electronics. 31,34–49 EGs, due to their large

dipole moments and high flexibility, 182 have been extensively associated with increased

dielectric constants. 34–36,38–42 For organic thermoelectrics (OTEs), their use has led to

improved device performances, both due to increased molecular doping efficiencies and
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improved device nanostructures. 31,37,43–45 These improvements have also been linked

to the polar environment of EGs, 37 likely related to the increased dielectric constant.

Similarly, for organic field effect transistors (OFETs), 41,48,49 replacing alkyl with EG chains

has also been shown to improve device performances, connected with the improved

morphologies. In this chapter, the effect of such EG chains on the electronic and structural

properties of organic electronics is investigated in two case studies; one for OTEs and one

for OFETs.

Thermoelectric materials can be used as a solid-state and green energy technology

for converting waste heat into electricity or directly using electrical power for cooling

and heating. 171,207,208 The thermoelectric performance is defined by the figure of merit

Z T = S2σT /κ, where S, σ, T, and κ represent the Seebeck coefficient, the electrical

conductivity, the temperature and the thermal conductivity, respectively. 171,208 After ex-

tensively studying p-type organic thermoelectric (OTE) materials, 171,208,209 the scientific

community has recently turned its focus to the more challenging n-type counterparts

because both efficient p- and n-type OTE materials are required for practical applica-

tions. A large variety of organic semiconductors, including conjugated polymers and

small molecules, have been utilized for n-type OTEs. 31,37,43,44,210–214 While most organic

materials intrinsically have the desired low thermal conductivity, 30 most n-type OTEs ma-

terials exhibit a low electrical conductivity of < 2 S cm−1. As such, the quest for improved

electrical conductivity becomes crucial for further development of the OTE field.

Field effect transistors, being the most widely manufactured devices in history, form

the backbone of most electronic devices, ranging across displays, memory devices, and

microprocessors. 215 Organic field effect transistors (OFETs) offer an alternative to the

commonly employed inorganic devices as wearable and stretchable electronic circuits,

flexible or large area displays, and wearable sensors. 216–218 The performance of OFETs is

closely tied to the main figure of merit, the charge carrier mobility (µ), which corresponds

to the electron and hole mobility for the n- and p-channel transistors, respectively. Sub-

stantial progress has been made in recent years in charge carrier mobilities by means of

new materials, improved device structures, and optimized fabrication processes. 219–222

However, analogous to OTEs, the performance of n-channel transistors lagged behind p-

channel ones for OFETs. Therefore, the search for better performing n-channel transistors

with higher electron mobilities is crucial for the realization of many organic electronic

applications which benefit from the availability of both p- and n-channel OFETs. 215

As the electronic properties of organic electronics are closely tied to their molecular

structure and morphology, 223,224 resolving the packing at a molecular level would provide

insight to the detailed nature of this relationship. Such an insight is likely to lead towards

better performing devices. To this end, in this chapter, two case studies are presented

where this relationship is investigated through a synergistic use of spectroscopic and

theoretical methods that enables resolving the molecular packing of polycrystalline films:
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In the first case study, a molecularly n-doped fullerene derivative with meticulous design

of the side chain is reported with the aim of improving electrical conductivity of OTEs.

This material exhibits an excellent electrical conductivity of > 10 S cm−1 and an ultra-low

thermal conductivity of < 0.1 Wm−1K−1, leading to the best figure of merit ZT = 0.34 (at

120 °C) among all reported single-host organic TE materials. The key factor to achieving

the record performance is the use of ‘arm-shaped’ EG side chains, whose packing are

resolved by atomistic molecular dynamics (MD) simulations and is revealed to form

alternating layers of fullerenes and EGs. In the second case study, a series of fullerene

derivatives with different number of EG units (n = 2 – 5) are studied as organic field

effect transistors. It is shown that the side chain engineering leads to an average range

of electron mobilities spanning two orders of magnitude, with n = 2, 3 showing similar

electron mobilities to the commonly employed PCBM reference, while the values for n =

4, 5 exceed 10−2 cm2V−1s−1. The structural order, as determined by both spectroscopic

and theoretical methods, highlights the correlation between morphology and electronic

properties, showing better packing for n = 4, 5. The c-axis spacing of the layered structure

is shown to be in good agreement for all the molecules in the series between the X-

ray diffraction measurements and the theoretically resolved unit cells, validating the

simulated unit cells. Additionally, MD simulations reveal that the growth of the c-axis

spacing with n corresponds to the growth of the EG layer, which, with its high dielectric

constant, could play a role in improving the charge transport by reducing the interaction

of charge carriers between different layers of fullerenes.

6.2. Results and discussion

6.2.1. Case study 1: Fullerene derivatives with ethylene glycol side chains

as n-type organic thermoelectrics

Exploiting side-chain variations of fullerene derivatives. Aiming to maximize the

figure of merit (ZT) for OTEs, we varied the side chains of fullerene derivatives in order

to improve molecular order. As a starting point, fullerene derivatives (PTEG-1, PPEG-1,

F2A, and PTEG-2) with four different types of side chains were chosen, as shown in Figure

6.1a. PTEG-1 and PPEG-1 have linear EG side chains and differ from each other by the

number of EG units in the side chain. The former has three, whereas the latter has five

EG units in the side chain moiety. Distinctly, PTEG-2 is functionalized with ‘arm-shaped’

double-triethylene-glycol-type side chains, which differ from the side chain of PTEG-1 in

terms of the number of EG chains and their position on the benzene ring (para in PTEG-1

and meta in PTEG-2). F2A has an alkyl side chain with the same geometry as the side

chain in PTEG-2.

The four types of fullerene derivatives were n-doped by solution coprocessing with
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Figure 6.1 | (a) Chemical structures of different fullerene derivatives (PTEG-1, PPEG-1, PTEG-2, and F2A), and
dopant (n-DMBI); (b)Electrical conductivity at room temperature as a function of the annealing temperature
for different fullerene derivatives doped at a concentration of 8 wt% n-DMBI; (c) figure of merit, ZT at various
operating temperatures for the optimized PTEG-2 film at a 5 wt% doping concentration.

8 wt% n-DMBI. The resulting films were sequentially annealed at various temperatures

for one hour before the electrical conductivity was measured by the standard four-probe

method. 225 Figure 6.1b displays the room-temperature electrical conductivity as a func-

tion of the annealing temperature for doped films of various fullerene derivatives. Increas-

ing the annealing temperature from 75 to 120 °C, enhanced the electrical conductivity of

all four of the doped fullerene derivatives. This result is likely due to either formation of

local spatial arrangements of host/dopant molecules, thereby increasing the number of

intimate contacts, a thermally activated doping process (specific to n-DMBI), 226 or both.

Further increasing the annealing temperature above 120 °C produced barely observable

changes in the electrical conductivity for doped PTEG-1. The electrical conductivity of

PPEG-1, which has more EG units than PTEG-1, decreased with the annealing tempera-

ture above 120 °C. The doped F2A showed a much lower maximum conductivity of 1 S

cm−1 over the temperature range than the fullerene derivatives with EG side chains under

the same doping conditions. However, we observed a slight conductivity enhancement

after annealing above 150 °C. In stark contrast, the electrical conductivity of the doped

PTEG-2 film at room temperature started to increase when the annealing temperature

was above 120 °C and reached 6.5 ± 0.6 S cm−1 at an annealing temperature of 150 °C.
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This behavior corresponded to an enhancement in the electrical conductivity by a factor

of 4 over that of the sample annealed at 120 °C. In fact, for the optimized PTEG-2 film with

5 wt% dopant (see Figure 4 in Ref. 227), an excellent electrical conductivity of > 10 S cm−1

and an ultra-low thermal conductivity of < 0.1 Wm−1K−1 is obtained, leading to a ZT of

0.34 at 120 °C (Figure 6.1c), which is the highest reported result among any single-host

organic thermoelectrics.

Given the differences in the side chains among the four fullerene derivatives, the

conductivity enhancement observed in the doped PTEG-2 by annealing above 120 °C most

likely stems from the unique geometry of the side chain rather than the relatively large

number of EG units. Therefore, in the following subsection we investigate the molecular

packing of PTEG-2 by combining spectroscopic and computational approaches.

Molecular packing of PTEG-2. The effects of thermal annealing on the microstruc-

tures of the pristine and doped PTEG-2 films were investigated by two-dimensional

grazing incidence wide-angle X-ray scattering (2D-GIWAXS). Figures 6.2a-d show the

GIWAXS patterns and linecuts of pristine PTEG-2 films annealed at 120 °C and 150 °C.

For both samples, three strong reflections that are focused along the near out-of-plane

qz direction are visible in the low angle region. These signals correspond to the (001)

family of reflections, suggesting that PTEG-2 mainly adopts a layered structure along the

substrate normal direction. The spacing extracted from the (001) peak position for the

pristine PTEG-2 thin film is 2.7 nm and is not affected by the annealing process. Annealing

at a higher temperature of 150 °C leads to a significant increase in the (001) intensities

along qz and a decrease along the qy direction as a result of a reduction in the angular

spreading of the (001) reflections. This result suggests increased orientational ordering of

the crystallites due to the annealing process at T = 150 °C. Along the in-plane qy direction,

we observed peaks at 0.22 and 1.25 Å−1 for the pristine PTEG-2 film annealed at 120 °C,

which correspond to a (001) signal associated with an interplanar distance of 2.83 nm, and

a (020) peak, which is associated with a spacing of 0.50 nm, respectively. The dimension of

the c axis (c-axis spacing) measured by GIWAXS suggests that the EG type side chains are

oriented vertically with respect to the layer plane that contains the fullerene molecules.

Interestingly, after annealing at 150 °C, the (001) peak in qy direction is considerably

suppressed, and the (020) peak is considerably enhanced, because of the increased crystal

orientation. These results indicate that annealing at a higher temperature predominately

impacts the molecular order along the in-plane direction, which is highly relevant for the

charge transport. Moreover, upon annealing at 150 °C, clear off-specular and out-of-plane

peaks appear, suggesting that the molecules are packed into a more crystalline structure.

A similar trend is observed for the doped PTEG-2 samples (see Figure S4 in Ref. 227). The

increased crystallinity driven by annealing at a higher temperature agrees well with the

phase transition process detected by spectroscopic ellipsometry (see Figure 2 in Ref. 227),

yielding a plausible explanation of the origin of the enhanced electrical conductivity.
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Figure 6.2 | (a and b) 2D-GIWAXS patterns for the films annealed at 120 °C (a) and at 150 °C (b); (c and d) the
corresponding linecuts of pristine PTEG-2 films together with the simulated scattering linecuts (the simulated
linecuts are plotted on a linear scale in both cases) (e) representative snapshot of the PTEG-2 molecular packing,
as resolved by MD simulations; the unit cell is highlighted in blue.
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We resolved the molecular packing in the unit cell of PTEG-2 using atomistic MD

simulations. Based on the layered structure inferred from the 2D-GIWAXS data, a bias is

imposed on the MD simulations for the fullerene moieties to be in contact. Other than

that, the three unit cell parameters (a, b, and c) are able to fully relax during the MD

simulations, and thus we obtain distributions of the final cell parameters as the outcome

of 240 simulations (see Methods section and Figure 6.7 for details). The resulting average

c-axis spacing of 2.72 ±0.01 nm is in very good agreement with the c-axis spacing ob-

tained from the 2D-GIWAXS measurements (2.70 ±0.02 nm). The a- and b-axes spacings

are 1.01 ±0.01 nm, accommodating C60 and the slightly tilted pyrrolidine moiety. The

simulated scattering linecuts (Figures 6.2c-d, grey lines) further confirm the resolved unit

cell: the (001) family of reflections is visible in the low angle region along qz , while the

(002) peak is clearly visible along qy . A few characteristics of the experimental spectra

are missing in the simulated scattering linecuts. This is likely due to the fact that the

simulated crystals are perfect, whereas the experimental morphology includes some level

of disordered and misaligned crystal domains. A sample representation of the unit cell,

taken from among the lowest energy configurations that are computed by periodic density

functional theory calculations, is shown in Figure 6.2e. A common feature of the multiple

configurations obtained from the MD simulations is a staggered arrangement for the C60

bilayers interposed by the EG phase. However, the MD simulations do not converge all

into one specific configuration of the EG chains, but rather give an ensemble of similar

ones. The convergence into a single EG configuration is likely prevented by the fact that

the EG chains are quite flexible due to the low energy barriers between their different

configurations. 182

6.2.2. Case study 2: Charge transport and structure in thin films of fullerene

derivatives with ethylene glycol side chains

Transport properties. Aiming to investigate the effect of the EG side chain length on

the transport and structural properties, organic transistors have been prepared using four

different P(X)EG-1 molecules with the number of EG in the pendant chain n being 2 for

PDEG-1, 3 for PTEG-1, 4 for PTTEG-1 and 5 for PPEG-1 (see Figure 6.3a). Notably, the side

chain of PDEG-1 terminates with a methyl group, while the others terminate with an ethyl

group. Moreover, a transistor using a PCBM thin film was prepared for comparison. All

devices showed unipolar n-type behavior; the square root of the current increases linearly

with the gate voltage (Figure 6.3b) and clear linear and saturation regimes are observed in

the output curves (see inset of Figure 6.3b). The data show strong differences between the

different molecules. The chain length seems to have an inverse effect on the saturation

current: the longer the chain, the higher the current. The hysteresis appears to be lower

in the EG-functionalized materials compared to PCBM, especially in the PTTEG-1 and
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PPEG-1 devices (Figure 6.3c).

R

, R = H
, R = CH3
, R = CH3
, R = CH3

a b

c d

Figure 6.3 | Transport properties in thin films of fullerenes with side chains of different lengths: a) molecular
structure of the studied materials; b) transfer curves measured in the transistors in saturation regime showing a
unipolar n-type characteristic and molecule-dependent conductance (selected output curves are plotted in
the inset showing the same effect); c) comparison of the transfer characteristics measured using the different
materials; d) extracted mobility and threshold voltage values, the error bars represent one standard deviation.

Electron mobility and threshold voltage values were extracted from the saturation

regime curves following the gradual channel approximation and assuming a parallel plate

gate capacitance. The values are plotted in Figure 6.3d; the mobility increases with the

side chain length as expected from the increasing current. The side chain engineering

leads to average mobilities spanning a range of two orders of magnitude. The 2- and 3-

unit side chain molecules show similar mobility to the PCBM reference, i.e., around 10−3

cm2/Vs, while the values for PTTEG-1 and PPEG-1 approach and exceed 10−2 cm2/Vs.

The threshold voltage gradually increases for n = 3 – 5, while an out of trend and maximal
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value is obtained for n = 2, possibly caused by the differences in the terminal groups.

When the same devices are measured after being stored for a week in inert atmosphere,

the fundamental behavior of the devices remains unchanged, but different mobility and

threshold values are extracted. The mobility increases over time, up to an average of

0.053 cm2/Vs for the best devices, i.e. PPEG-1. The threshold voltages obtained from the

fulleropyrrolidine samples shift towards 0 V, while the values measured for PCBM shift to

negative.

Given the lack of significant chemical differences along the P(X)EG-1 series, the

differences in the transport properties can only be explained by structural factors. Crystal-

lization plays an important role in the quality of transport in fullerene derivatives, 228 and

thus could be expected to play a role in the observed changes. The increasing mobility

upon storage suggests coarsening that frequently occurs in semi- and polycrystalline

materials over time. A more refined structure with larger crystallite size gives rise to

lower electronic disorder and intermolecular coupling, enabling higher charge mobil-

ity. Interestingly, the differences between the members of the series remain visible after

coarsening, suggesting that the difference in the crystal structures may play an important

role. In order to investigate the differences in the crystal structures of the P(X)EG-1 series,

spectroscopic and computational approaches are applied in the following subsections.

Determination of the crystallinity. The thin film structure for the P(X)EG-1 series has

been studied by means of GIWAXS. Figure 6.4 shows the GIWAXS patterns for the thin films

deposited on Si/SiO2 substrates acquired using an incident angle of αi = 0.2°. All samples

show crystalline behavior as evidenced by the presence of sharp diffraction signals in the

GIWAXS patterns. Nevertheless, some important differences can be highlighted.

The angular spread of the GIWAXS signals vary dramatically between the different

samples. We remind the reader that the angular spreading of the GIWAXS signals is in-

dicative for the sample morphology and crystallite orientation. Highly oriented structures

show well defined diffraction spots, while isotropically oriented powder-like samples

exhibit homogeneously distributed Debye-Scherrer diffraction rings. PCBM hardly shows

anisotropic signals and the GIWAXS pattern is dominated by Debye-Sherrer rings, indicat-

ing the polycrystalline nature of the film, where the crystallites are oriented randomly with

respect to the substrate. Discrete diffraction spots appear for the PTTEG-1 and PPEG-1

thin films. On the contrary, the PTEG-1 and PDEG-1 films show diffraction arcs, rather

spread along the azimuthal angle. Based on these GIWAXS measurements, the alignment

of the crystallites in the films can be ordered as PTTEG-1 > PPEG-1 > PTEG-1 PDEG-1.

The highly crystalline nature of the films, and the high quality and well defined

GIWAXS patterns allowed us to solve the crystallographic structure of the samples in the

thin films. All the patterns can be indexed using an orthorhombic unit cell of axis a×b×c .

We found that a = b = 1.05 nm for all the samples within the resolution of the GIWAXS

measurements. On the other side, the c-axis spacing varies with the number of EG units
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PCBM PDEG-1

PTTEG-1

PTEG-1

PPEG-1

Figure 6.4 | GIWAXS patterns for the P(X)EG-1 series spin coated from chloroform solutions. The GIWAXS for a
PCBM thin film is also reported for comparison.

in the pendant chain as reported in Figure 6.5a-b. Several high intensity reflections along

the vertical direction qz perpendicular to the substrate are observed both in the XRD

patterns and in the GIWAXS images. The positions of these reflections are q∗, 2q∗, 3q∗ etc.

suggesting a layer-like arrangement of the molecules. The thin films show texture with

good crystallite alignment exhibiting the (001) planes parallel to the substrate. This is a

positive feature when employed in devices such as OFETs. Inspection of Figure 6.5b (black

symbols) shows close to a linear growth of the c-axis spacing with about 0.1 nm per EG

unit. This value is much smaller than the length of an EG unit (∼ 0.3−0.4 nm). Thus, EG

chain interdigitation, bending and coiling is expected. Unfortunately, little information

can be retrieved from X-rays on the arrangement of the EG side chains and the overall

atomic positions in the unit cell. In order to learn more about the side chain packing

and to resolve the layered nature of the thin film structure, MD simulations have been

performed.

Resolving the molecular packing. Molecular packing of the P(X)EG-1 series was

resolved using atomistic MD simulations. The number of molecules in the unit cell and

the approximate relative size of the lattice parameters (c-axis spacing 2-3 times larger

than a- and b-axes spacings) were inferred from XRD data (Figure 6.5a-b) and were used

as the starting point for the MD simulations. Both lattice parameters (a, b, and c) and

atomic positions were then fully relaxed and more than 300 different realizations of the
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PDEG-1 PTEG-1 PTTEG-1 PTEG-1
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002

Figure 6.5 | a) XRD profiles for the P(X)EG-1 thin films. The first reflection in each profile is the 002 reflection.
The stars indicate the location of the higher order 00l reflections for each sample. b) C -axis spacing extracted
from the XRD data and obtained from the MD simulations. Blue data points correspond to all simulated unit
cells, while green ones correspond to where both pyrrole rings are in the C60 phase. PDEG-1 (E) corresponds to
the molecule with an ethyl as the terminal group of the EG side chain, in line with the other molecules in the set.
c) Representative structures for the P(X)EG-1 series from the MD simulations. d) C -axis spacing histogram for
the PDEG-1 molecule. The data shows a bimodal distribution and a lower c-axis spacing is obtained for unit
cells where both pyrrole rings are in the C60 phase (green data points, and left inset figure) compared to when
they are in the EG phase (brown data points, right inset figure). The unlabeled fourth color corresponds to the
overlap between green and brown distributions.
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unit cells were generated for each molecule. The results discussed below are based on

the average or the distribution of these different realizations. Further information on the

procedure can be found in the Methods section.

Inspection of the simulated structures provides immediate support for the layered

structure observed by GIWAXS for all of the fulleropyrrolidine derivatives (see Figure 6.5c).

The close staggered arrangement of the C60 fullerenes observed in the MD simulations

results in an in-plane distance of ∼1 nm between the C60 fullerenes for all molecules. This

value is in agreement with the GIWAXS data showing a- and b-axes spacings of 1.05 nm.

The close proximity of the C60 fullerenes also results in a significant π−π orbital overlap,

responsible for the good mobility values exhibited by these molecules. Approximately,

the size of the C60 phase in the c axis is 1.4 nm and the EG phase grows from 0.6 nm to 1.0

nm with intervals of 0.1 nm for the molecules PDEG-1, PDEG-1 (E) (n=2, R=CH3), PTEG-1,

PTTEG-1, PPEG-1. Consequently, the c-axis spacing also grows accordingly. Comparison

of the simulated c-axis spacing shows excellent agreement with the XRD data for n = 3−5

samples (blue symbols in Figure 6.5b). However, at a quick glance, MD simulations appear

to overestimate the c-axis spacing of PDEG-1, with n = 2.

A closer look at the c-axis spacing distributions for PDEG-1 unveils that it exhibits

bimodality. Structural analysis reveals that the two modes are based on the positioning

of the pyrrole rings in the unit cell: Unit cells where both pyrrole rings are in the same

plane as the C60 molecules result in a lower mean c-axis spacing (green distribution in

Figure 6.5d) which is in excellent agreement with XRD data (green symbols in Figure

6.5b). This allows us to conclude that the remaining data points, i.e., ones where either

one or both pyrrole rings are in the EG phase (brown distribution in Figure 6.5d), do not

correspond to the experimentally observed crystal structures, meaning that pyrrole rings

are in the C60 phase. Making this distinction has negligible effects on the c-axis spacing of

the remainder of the molecules, mostly because much fewer realizations have the pyrrole

rings in the EG phase for these molecules, indicating that this is energetically much less

favorable.

Further structural information, namely the arrangement of the EG chains for the

P(X)EG-1 series, can also be extracted from the MD simulations. The flexible nature of

the EG chains due to their low torsional barriers 182 results in an ensemble of similar con-

figurations instead of a unique one. Consequently, in order to analyze their arrangement,

the distribution of two descriptors among all realizations is investigated (see Figure 6.6a).

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 Figure 6.6b for the depiction).

The second one is the angle (θ) between the direction of the EG chain (L vector) and

the c axis that gives 0° when the chains are aligned parallel to the c axis (EGs enter the

C60 phase with a large enough L) and 90° when they are aligned perpendicularly (EGs

remain between the two C60 phases). For all molecules, the majority of the realizations
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have 60° < θ < 90°, meaning that EGs prefer to form an EG phase between the two C60

phases. θ < 60°, where EGs enter the C60 phase, loses prominence for the molecules with

more EG units. Interestingly, θ < 60° configurations correspond exclusively to cases where

pyrrole rings are in the EG phase (brown distribution from Figure 6.5d), indicating that the

limited space between the fullerenes is occupied by either EGs or pyrroles and not both.

Regarding the extension of the EG chains (L), the large majority of the realizations for all

molecules have 0.5 < L < 0.8, meaning that the chains are partially extended but almost

never fully. Combining the information from the two descriptors, it can be concluded

that for the P(X)EG-1 series, the EG chains are likely forming an EG phase between two

C60 phases with chains perpendicular to the c axis and partially extended. Comparing the

molecules in the series, PTTEG-1 appears to have the narrowest distribution of config-

urations while PDEG-1 and PTEG-1 appear to have the broadest, indicating increased

tendency for structural disorder.

L ~ 0

L = 1 (fully extended)

θ = 90°

θ = 0°

c-axis
(fully folded)

a

b c

Figure 6.6 | a) 2D histogram of the normalized length of the EG chains (L) against the angle (θ) 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 b), so that it corresponds to 1 for the fully extended case and to 0 for the fully
folded case, which means a distance of 0.34 nm that is the sum of the van der Waals radii of the two carbon
atoms at the two ends of the vector. For θ, as also depicted in c), 0° means that the EG chain is aligned parallel
to the c axis, leading to a chain-end that enter the C60 phase with a large enough L, and 90° means that the
EG chain is aligned perpendicular to the c axis, leading to an EG that remain in between two C60 phases. The
histograms are normalized together, meaning that the highest occurrence (darkest color) corresponds to the
one among all molecules.
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Theoretical structural predictions appear to align well with the experimentally ob-

served structural and transport property trends for the P(X)EG-1 series. Structural order

of the EGs for the series from MD simulations (PTTEG-1 > PPEG-1 > PDEG-1 ∼ PTEG-1)

that is shown in Figure 6.6 agrees perfectly with the GIWAXS measurements (Figure 6.4).

This order seems to be well correlated with the macroscopic conductivity among the

studied samples (PTTEG-1 > PPEG-1 > PDEG-1 > PTEG-1). 229 Both experimentally and

theoretically shown improved packing of PTTEG-1 and PPEG-1 compared to PDEG-1 and

PTEG-1 is also in agreement with the electron mobility measurements (Figure 6.3), where

higher mobilites were obtained for n = 4, 5. 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 larger EG phase, possibly due to their high dielectric

constant, 34,182,206 may function as a dielectric spacer between the electron transporting

C60 layers by reducing the interaction of charge carriers between different C60 layers, and

consequently improving the mobility.

6.3. Conclusions

In conclusion, we have functionalized fullerene derivatives with EG side chains in

two case studies in order to improve electronic properties and we have resolved the

molecular packing in polycrystalline films of these molecules through a synergistic use

of spectroscopic and theoretical methods in order to obtain high-resolution structural

information. In the first case study, we have resolved the molecular packing of the PTEG-2

molecule with ‘arm-shaped’ double EG side chains through such synergistic approaches

and have revealed that it forms alternating layers of fullerenes and EGs. This n-doped

fullerene derivative has been shown to exhibit excellent thermoelectric properties (with

σ > 10 S cm−1 and κ < 0.1 Wm−1K−1), resulting in the best ZT = 0.34 (at 120 °C) among

reported single-host organic thermoelectric materials, shedding light on how molecular

design can lead towards high-ZT thermoelectrics. Furthermore, the studied fullerene

derivative with excellent thermoelectric properties could be potentially used to form

composites with other promising TE materials (such as carbon nanotubes and inorganic

crystals) for tunable thermoelectric properties.

In the second case study, we have shown that for a series of fullerene derivatives with

single but different length of EG chains (n = 2 – 5) average electron mobilities span two

orders of magnitude; with n = 2, 3 showing similar electron mobilities to the commonly

employed PCBM reference, while the values for n = 4, 5 exceed 10−2 cm2V−1s−1. The

structural order, as determined by both spectroscopic and theoretical methods, highlights

the correlation between morphology and electronic properties, showing better packing

for n = 4, 5. Finally, MD simulations have revealed that the growth of the c-axis spacing

with n corresponds to the growth of the EG layer, which, with its high dielectric constant,
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could play a role in improving the charge transport by reducing the interaction of charge

carriers between different layers of fullerenes.

6.4. Computational methods

Using the layered structure inferred by the GIWAXS data as a basis, MD simulations

were performed in order to obtain atomistic configurations for the two molecules in an

orthorhombic unit cell. Periodic boundary conditions 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 c were allowed to fully relax during the MD simulations.

The simulations were repeated many times (see below for the number for each molecule)

until the mean of the lattice cell parameters reached desired convergence (standard error

< 0.002 nm).

Computational protocol details for case study 1. The following 6 MD simulation

steps were carried out in series 240 times on starting configurations with unit cell di-

mensions of about 1×1×5 nm3: 1) 698.15 K, 200 bar, harmonic restraint of 500 kJ mol−1

nm−2; 2) 298.15 K, 200 bar, harmonic restraint; 3) 298.15 K, 1 bar, harmonic restraint; 4)

298.15 K, 1 bar; 5) 598.15 K, 1 bar; 6) 298.15 K, 1 bar. This leads to a total of 6 ns of MD

simulations (1 ns per step). The harmonic restraint, when present, keeps the centers of

mass of the two C60 units at a distance of 1 nm. In this first part of the protocol, due to

the limited size of the unit cell, shorter cutoffs must be used for Lennard-Jones (LJ) and

Coulomb interactions (0.45 nm). Then, the unit cells obtained were replicated 5 times

along the a and b directions and 3 times along the c direction, leading to simulation boxes

of about 5×5×8 nm3. Three further MD simulations were then carried out: 7) 298.15

K, 100 bar 1 ns; 8) 298.15 K, 1 bar, 1 ns; 9) 298.15 K, 1 bar, 5 ns. Including the 6 ns of

steps 1)-6), this leads to a total of 13 ns of MD simulations. For steps 7)-9), the default

cutoff of 1.4 nm for LJ interactions and the Particle Mesh Ewald (PME) 191 method for

electrostatic interactions were used. Weak coupling schemes 193 were used in steps 1)

to 8) to maintain pressure, in an anisotropic way and with a compressibility of 5×10−6

bar−1, and temperature at the different stages of the MD protocol (see above): coupling

parameters were of 1 ps and 0.5 ps in the temperature and pressure cases, respectively.

The Nose-Hoover thermostat 230,231 and the Parrinello-Rahman barostat 232 were used to

maintain temperature (coupling parameter of 1 ps) and pressure (coupling parameters of

5 ps, anisotropic), respectively, in step 9). The outcome of the simulations, the a-, b-, and

c-axes spacings (which allow to compute the density) were extracted from the last 4 ns

of step 9) and are plotted as histograms in Figure 6.7 which contains 240 independent

runs using the above procedure. The presented unit cell parameters were the mean of

the distributions in these histograms. The MD simulations were performed using the

GROMACS 2016 software package. 100
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Figure 6.7 | Distribution for the a-, b-, and c-axes spacings (nm) obtained from 240 MD simulations of the unit
cell of PTEG-2 (simulation box size of about 5×5×8 nm3). The density (g cm−3) is also plotted.

Periodic density functional theory calculations were performed using the PBE func-

tional with a 6-31G** basis set and 36 k-points on the 125 out of the 240 final MD conforma-

tions that were within 0.05 nm of the MD average c-axis spacing of 2.72 nm. CRYSTAL14

software 97 was used for these calculations.

Computational protocol details for case study 2. The following 4 MD simulation

steps were carried out in series on starting configurations with unit cell dimensions of

2×2×4.5 nm3: 1) 2000 K, flat-bottom restraint, 2 ns; 2) 2000 K, 2 ns; 3) gradual cooling

from 2000 to 298 K over 2 ns; 4) 298 K, 2 ns. This leads to a total of 8 ns of MD simulations

(2 ns per step). Due to the small size of the unit cell, shorter cutoffs were used for LJ

and Coulomb interactions (0.45 nm). However, PME method was used for both LJ and

Coulomb interactions to account for interactions beyond this cutoff. Weak coupling

schemes 193 were used for both temperature and pressure. The pressure was maintained

at 1 bar anisotropically for the three lattice cell parameters, a, b, and c with a compress-

ibility of 5×10−6 bar−1. Coupling parameters were 1.0 and 0.5 ps for temperature and

pressure, respectively. The flat-bottom potential during the first step kept the two C60

moieties at the top and bottom of the unit cell with respect to the c axis based in order

to keep the c-axis spacing the longer one, in accordance with experimental X-ray mea-

surements. The MD simulations were performed using the GROMACS 2018.5 software

package. 100 Following the protocol above, 564, 348, 292, 360, and 868 independent MD

simulations were run on PDEG-1, PDEG-1 (E), PTEG-1, PTTEG-1, and PPEG-1, respec-

tively. Results presented are either distribution or the mean of these independent runs,

for each molecule. C -axis spacing distributions for the P(X)EG-1 series are given in Figure

6.8.

Force fields. The force fields necessary for the MD simulations were adapted from

the non-polarizable PTEG-1 force field recently developed by Sami et al. 182 Briefly, the

force field uses Lennard-Jones (LJ) parameters from the GROMOS 54A6 parameter set, 102

based on previous work, 233 which is improved by the derivation of bonded parameters

(bond, angle, and dihedrals parameters) from quantum chemical calculations, following



6

116 6. Resolving the Crystal Structure in Organic Thin Films

a

b

Figure 6.8 | Distribution of the c-axis spacing together with the mean (µ) and the standard deviation (σ) for all
molecules. a) corresponds to all data points while b) corresponds to ones where pyrroles are in the C60 phase
(see Figure 6.5 caption for the detailed description).

the Q-Force procedure (chapter 3 of this thesis). The PTEG-2 force field was realized by

adding an extra identical TEG chain to the above described force field. Force fields for the

remainder of the P(X)EG-1 series were generated by adding or removing EG chains from

the PTEG-1 force field.

Simulated scattering. The z components of the atom coordinates along the c axis

obtained from the MD simulations were binned into a one-dimensional histogram. The

unit cell (containing 2 molecules) was replicated 25 times along the c axis. 1024 data

points in real space were used, evenly separated along a 1024 Å length. This occurrence

histogram was then convolved with a Lorentzian function with full width at half maximum

of 0.2 Å, to smear out the point scatters obtained from the atom coordinates, in this way

accounting for the missing electron density. The convoluted histogram was then Fourier

transformed by using a Fast Fourier transform algorithm, giving the scattering wave ψs in

the reciprocal space (q)

ψs (q) =
N∑

j=1
f j e−i qR j (6.1)

where f j is the form factor of atom j, and R j is its coordinate in Z. Hydrogen atoms

were skipped during this process and the form factor f j was considered equivalent for the
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remainder of the atoms. The scattering intensity (I) is then obtained by multiplying the

scattering wave with its complex conjugate:

I (q) =ψs (q)×ψ∗
s (q) (6.2)

These scattering intensities were obtained for the 240 unit cells obtained from the

MD simulations and averaged. The final simulated scattering linecut along qz is obtained

by convolving this average with a Gaussian function with standard deviation of 0.02 Å,

which adds a minimal amount of heterogeneity, hence slightly smoothening the resulting

average linecut, in line with the standard deviation of the different unit cells. The same

procedure was repeated but now using the y component of the atom coordinates along

the b axis to obtain the linecut along qy .
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