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2 1. Introduction

1.1. Climate change and the road to carbon neutrality

Climate change is agreed, with an overwhelming consensus (95-100%) among climate

scientists, 1–4 to be caused by human activities. The most perilous activities have been

the emission of greenhouse gases (like carbon dioxide, methane, etc.) and deforestation

which has caused the carbon dioxide concentration in the atmosphere to rise by 25% in

the last 150 years, 5 setting a 800,000 year record (see Figure 1.1a). These gases, through

what is called the greenhouse effect, trap part of the heat that is radiated from Earth back

towards space, causing global temperature increases. This has already resulted in the

average global temperature to rise by 0.8 °C in the same 150 years 6 (see Figure 1.1b).

Both climate change and habitat destruction also have severe impacts on the biodi-

versity of Earth. Roughly one million species of plants and animals are facing extinction

within decades due to human activities. 7 The current rate at which species go extinct

is about 100-1000 times higher than the “normal rates” throughout geological time, but

similar to the five previous mass extinction events in history. 8–10 Therefore, the sixth mass

extinction event is considered to be an ongoing event. 10–12

Based on the projections presented by the Intergovernmental Panel on Climate Change

(IPCC), 13 the average global temperature increase is very likely to reach 2.0 °C by the

end of the 21st century in many of the scenarios and even pass 4.0 °C in more extreme

scenarios, depending on the steps taken to reduce future greenhouse gas emissions and

positive and negative climate feedback mechanisms that are not fully understood yet.

IPCC also stated that a 1-3 °C rise in global temperatures has a medium to high risk of

reaching climate tipping points which have large and irreversible consequences, 7,14 such

as the melting of the permafrost and the ice sheets in the cryosphere, and the decline

of Amazon and boreal forests. 15 The direness of the situation has been emphasized in a

recent article 16 entitled “World Scientists’ Warning to Humanity: A Second Notice” and

co-signed by a record number of more than 15,000 scientists:

“We have unleashed a mass extinction event, the sixth in roughly 540 mil-

lion years, wherein many current life forms could be annihilated or at least

committed to extinction by the end of this century. (...) Soon it will be too

late to shift course away from our failing trajectory, and time is running out.

We must recognize, in our day-to-day lives and in our governing institutions,

that Earth with all its life is our only home.”

While the situation is dire, it is not past a point of no return yet. However, economically

cost effective transitions and national pledges with no penalties are not likely to keep

the temperature rise below 3.0 °C, 15 which could already be well beyond the predicted

tipping points. The sheer impact of this situation (i.e., existential threat to civilization)

requires an adequate response (i.e., a global climate emergency): Carbon neutrality must

be reached in the nearest future.
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(a)

(b)

Figure 1.1 | (a) Atmospheric carbon dioxide concentrations (parts per million) based on ice core data for the
past 800,000 years 17,18 and more recent direct measurements 5 show that we have reached the highest carbon
dioxide concentrations in the last 800,000 years. (b) The global mean temperature relative to the 1951-1980
mean for the last 2000 years (data from tree rings, corals, ice core) 6 highlight the sudden rise in the temperature
in the last 150 years, which is well correlated with the carbon dioxide data from (a). Lightly shaded region
indicates 95% confidence interval, while the darker region indicates 68% confidence interval. The black line
indicates the observational estimates from 1850 to 2018.
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Carbon neutrality refers to reaching a net zero carbon footprint. It requires minimiz-

ing carbon dioxide emissions by transitioning to a low-carbon economy by phasing out

fossil fuel based power generation in favor of low-carbon energy sources such as solar,

hydroelectric, wind, geothermal, and nuclear energy while also balancing the remaining

emissions with either carbon offsetting or carbon removal technologies.

Carbon offsetting is the compensation of the emissions by other means, such as

investment in energy efficiency or forestation projects. This approach has already been

widely adopted by many companies in response to governmental regulations and also by

private individuals who, for example, can pay an additional fee to offset the emissions

caused by personal air travel. However, carbon offsetting has sometimes been criticized

as an easy way for companies (and people) to buy their way out instead of committing to

real change. 19,20

Carbon removal refers to the large-scale removal of carbon dioxide and other green-

house gases from the atmosphere. While currently not sufficiently developed, it presents

the opportunity in the future for negative carbon emissions which might be necessary in

the case where climate goals have not been realized in time. Some of the investigated

methods are storing captured greenhouse gases in deep geological formations or weath-

ering (breaking down) of silicate or carbonate minerals, which results in net negative

carbon dioxide.

The main efforts for the transition to a low-carbon economy have been in the devel-

opment and improvement of low-carbon and renewable energy sources such as wind,

solar and hydroelectric. According to the International Renewable Energy Agency’s 2018

report, 21 the global renewable capacity has reached 2,351 GW, which is mostly shared by

hydro (50%), wind (24%), and solar (20%) energy. Interestingly, 84% of the growth in 2018

came from solar and wind installations. Especially, the solar energy capacity has grown by

24% that year. The potential of solar energy is also acknowledged in International Energy

Agency’s 2040 predictions 22 where they have argued that solar energy can surpass both

coal and gas in terms of global power generation capacity if its growth rate is sustained.

While the low-carbon energy sources have shown tremendous growth in the last years,

they still only account for about 15% of the world’s energy production. 23 With many

countries legislating, pledging, or discussing to become carbon neutral between the years

of 2030 and 2050, there is an increasing need for technological advances that can facilitate

this transition. This thesis deals with the pursuit of such technological advances in the

field of organic electronics which has applications ranging from TVs and smartphones

that we interact with on a daily basis to electricity generation based on solar energy or

even body heat.
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1.2. Photovoltaics

Photovoltaic devices (solar cells) convert the energy of light into electricity: The

absorbed light (photon) creates negatively (electron) and positively (hole) charged particle

pairs. These oppositely charged particles are then separated and transported to different

electrodes and extracted to an external circuit to generate electricity. The efficiency of

such a process is often measured by the power conversion efficiency, which is the ratio of

how much power the solar cell produces with respect to a standardized power it receives

in the form of light. The technological advances in the field of photovoltaics are centered

around maximizing this efficiency while maintaining a low cost and a long device lifetime

(stability).

Another metric that is important in the context of carbon neutrality is the energy

payback time of a solar panel. It takes energy to make energy - Energy payback time

is the time it takes for the solar panel to produce as much energy as it took to make,

transport and install it. It can vary from several months up to a few years depending on

the technology. Energy payback time, together with the lifetime of the device and its

recyclability, determine how green a solar technology is.

A traditional solar cell contains a single semiconductor material with a specific band

gap (i.e., the energy difference between its valence and conduction bands) which is what

determines whether a material is a conductor, semiconductor or an insulator. Since the

solar spectrum has photons with a large range of energies, photons with energies lower

than this band gap are not absorbed and for the ones with higher energies, the energy

difference is lost as thermalization (i.e., as heat). This is the main limiting factor for

the efficiency of photovoltaics and the main reason why an optimal band gap (1.34 eV)

exists for such traditional solar cells for which a maximum efficiency of 33.7% cannot be

surpassed. This is known as the Shockley-Queisser limit. 24

The Shockley-Queisser limit is founded under the assumptions that (1) only two

charge carriers (one electron and one hole) are generated per incoming photon; (2) ther-

mal relaxation occurs for photons with higher energy than the band gap; (3) concentrators

are not used in order to focus the sun light. Some of the prevalent approaches to cir-

cumvent this limit are: Multi-junction solar cells where multiple materials with different

band gaps are combined in order to better capture the solar spectrum, light concentrators,

up conversion where two photons with insufficient energy are combined to reach the

band gap of the material, down conversion where a high energy photon is split into two

to reduce thermalization losses. So far, only the multi-junction solar cells approach has

managed to surpass the Shockley-Queisser limit.

Semiconductors can be split further into direct and indirect band gap semiconductors.

In the case of a direct band gap, the top of the valence and bottom of the conduction

bands correspond to the same crystal momentum. This is not the case for an indirect
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band gap where absorption of light requires not only energy (photon) but also a change

in the momentum (phonon). The later case makes the absorption of light harder and less

probable. Consequently, photovoltaic materials with indirect band gaps tend to be orders

of magnitude thicker than their direct band gap counterparts, in order to absorb the same

amount of light despite the lower probability. The thin-film technologies in the field of

photovoltaics refer to direct band gap materials where the thickness of the light-absorbing

“active” layer need only be in the order of a few microns to absorb sufficient light.

Photovoltaic technologies have been dominated by crystalline silicon since the very

beginning. With their high efficiency (record of 26.1%) 25 and stability, currently, 95% of

the solar energy production comes from such devices. 26 While historically silicon solar

cells have been an expensive technology (100 USD/Wp) to compete with non-renewable

energy sources, nowadays, this price has been driven down (0.2 USD/Wp) to have a

lower cost for electricity than non-renewable sources in many countries. 21 This decline

has been attributed to the learning curve of the silicon solar cells (see Figure 1.2) which

negatively correlates the cost of a technology to its cumulative amount of production. An

important downside of crystalline silicon solar cells is that its production is quite energy

intensive due to the requirement of high processing temperatures (up to 1500 °C). That,

combined with the fact that high amounts of material are required due to its indirect

band gap, leads to crystalline silicon having more than double the energy payback time of

all other solar cell technologies. 26 Currently, this corresponds to 0.7-2 years depending

on the location, 26 which is arguably still low considering a 20-year lifespan.

Figure 1.2 | Learning curve for the photovoltaics (Swanson’s law). The exponential decrease of the cost of a PV
module is correlated with the exponential increase of the installed PV modules. First data point corresponds to
1976 and the final one corresponds to December 2018. 27
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The learning curve that allowed crystalline silicon solar cells to become competitive

in the energy market also makes it harder for any new solar cell technology to catch

up with it. The commercial competitors of crystalline silicon, also known as the second

generation solar cells, therefore aimed to improve on the main deficiency of the crystalline

silicon: Its indirect band gap. This resulted in a variety of thin-film solar cell technologies

that instead of having to only directly compete with crystalline silicon, can also have

niche applications due to their added benefits of being lightweight, flexible and semi-

transparent. As of 2019, these technologies contribute to 5% of the global solar energy

production. 26 Cadmium telluride (CdTe) and copper indium gallium selenide (CIGS), with

similar record efficiencies (22.1% and 23.4%, respectively) 25 share the large majority of

this contribution. Amorphous silicon, once a prominent thin film technology, has lost its

market share in the last years due to its low efficiency (14%). 25 Gallium arsenide (GaAs),

a high cost - high efficiency (highest efficiency for a single-material solar cell - 29.1% 25)

material, is mostly used in multi-junction devices for space applications where the most

important metric is the weight to efficiency ratio and not the cost.

Finally, third generation (or emerging) photovoltaic technologies refer to thin-film

technologies that are currently in early/ongoing research stages and have no/limited

commercial availability. These technologies often tend to be solution processable, and

sometimes even printable, to allow low-cost and large-scale production. Another com-

mon characteristic of these technologies is that they often have tunable (by different

means) band gaps which makes them ideal for tandem devices to more efficiently capture

a wider range of the solar spectrum. Quantum dots, which are semiconductor parti-

cles of a few nanometers in size, are one such technology where the band gap can be

tuned by adjusting the size of these particles. They currently hold a record efficiency of

16.6% 25 and are still in the early stages in terms of application. Perovskite solar cells are

currently the fastest developing solar cell technology with their efficiency having been

risen to 25.2% 25 in less than 10 years. This low-cost and highly efficient technology is very

promising for future applications provided that its two main criticisms are solved, namely,

their long-term stability, and the use of lead, which is known to be toxic, in their most

successful devices. 28 Organic photovoltaics are also one such emerging photovoltaics

technology with a record efficiency of 17.4%. 25 The vast amount of organic materials to

choose from offers both an opportunity for continuous improvement but also a challenge

for these type of solar cells. These will be discussed in detail in the next section, as organic

photovoltaics constitutes one of the main topics of this thesis.
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1.3. Organic electronics

Organic electronics are semiconductors that are constructed from organic molecules,

that is, molecules that contain mostly carbon and hydrogen atoms. These molecules can

have sizes varying from a few atoms to thousands of atoms. Moreover, used as sub-units,

they can be intermixed or repeated many times in order to form even larger molecules,

known as polymers. Evidently, this creates a virtually unlimited chemical space which

scientists can use to create molecules with properties that are tailored for each and every

specific application. This is strongly in contrast with the limited number of traditional

inorganic semiconductor types (such as silicon-based).

The ability to have tailor-made properties allows organic electronics, if desired, to

be thermally stable, mechanically flexible, thin, lightweight, semi-transparent, wearable

and bio-integrable. Moreover, they often have the possibility to be solution processed

at low temperatures or even printed, which allows them to be produced at large scale

for low cost and by environmentally friendly methods. These benefits have resulted

in various research fields for organic electronics applications. Organic light-emitting

diodes (OLEDs) that are used in displays are the only application that has been a broad

commercial success so far. Various other applications are currently under development.

In this thesis, we deal with two of these applications, namely, organic photovoltaics and

organic thermoelectrics.

The virtually unlimited chemical space, while offering the possibility of a perfect

molecule for each application, also makes it ever more challenging to find this molecule.

In many cases, there are no clear pathways to systematically improve the desired proper-

ties. Moreover, aside from the choice of the molecule(s), the morphology can also have an

important effect on the desired properties. In the two extremes, morphology can signify

the perfect repetition/arrangement of the molecules, resulting in a crystalline structure;

or a completely random arrangement, resulting in an amorphous structure. The reality,

determined both by the choice of molecule(s) and processing conditions, can also be in

between these two extremes: For example, crystalline domains in an overall amorphous

morphology.

This strong dependence of the desired properties on both the molecule(s) and their

morphology makes a strong collaboration between experiments and theory fundamental:

Theory, having access to molecular resolution (nanometer lengthscale) and extremely

quick movement of these molecules (femtosecond timescale), can provide insight that

is not accessible experimentally. These insights can then be used to guide experiments

towards better molecules and morphologies, which results in the improvement of the

desired properties. Some of the theoretical methods available for this endeavor are

discussed in section 1.5.
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Organic photovoltaics are a class of photovoltaics which has seen tremendous im-

provement in the last 20 years, rising from a record efficiency of 2.5% to 17.4%. 25 They

have advantages that are mostly shared with other thin-film photovoltaic technologies

such as being lightweight, printable, semi-transparent, and suitable for providing triple

green energy (manufacturing, energy production, recycling). While nowadays they are

mostly considered for niche applications that make use of these advantages, a break-

through in the field could also make them competitive with the current commercial

photovoltaic technologies.

The working principle of photovoltaics was earlier (in section 1.2) described as:

The absorbed light (photon) creates negatively (electron) and positively (hole)

charged particle pairs. These oppositely charged particles are then separated

and transported to different electrodes and extracted to an external circuit to

generate electricity.

This process has an added step/challenge in the case of organic photovoltaics: Stronger

attraction between the electron and hole (due to the low dielectric constant of organic

materials, as explained in the next section) prevents the direct separation of these particles

and instead causes the creation of a strongly bound electron-hole pair that is called an

exciton. In order to separate the exciton into a “free” electron and a “free” hole, a driving

force becomes necessary. The most common approach to this end is the use of (electron)

donor and acceptor molecules and intermix them in what is called a bulk heterojunction

device.

In a bulk heterojunction device (schematic device architecture and the charge sepa-

ration process shown in Figure 1.3), (1) a photon is absorbed and an exciton is created

either on the donor or acceptor material; (2) this exciton first diffuses to a donor-acceptor

interface; (3) then, at this interface, the acceptor molecule takes the electron and the

donor molecule takes the hole and these charges are transported away from each other (=

charge separation), towards the opposite electrodes. Tuning the size of these donor and

acceptor regions/domains and finding the right balance also has serious effects on the

efficiency of organic photovoltaics: Too large domains hinder the excitons from reaching

a donor-acceptor interface due to their limited lifetime, and too small domains hinder

the transport of the separated charges to the electrodes.

A small subset of donor (in red) and acceptor (in blue) molecules that are used in

organic photovoltaics are shown in Figure 1.3. Donor molecules are often chosen to

be polymers (such as PDCBT) while acceptor materials have historically been mostly

fullerene derivatives (such as PCBM). Nowadays, the highest efficiency devices are com-

posed of what are called “small molecules” (such as ITIC). A common characteristic

among all these molecules is their conjugated bonds (originating from the alternating

double and single bonds) which gives the molecule both a rigid backbone and delocalized

electrons. Delocalization of an electron, meaning that it resides over multiple atoms, is
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 +-
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1

2

3
3

PTEG-1

P3HT

ITIC

PDCBT

PCBM

Figure 1.3 | Top left: Bulk heterojunction that is used in OPVs, with red domains corresponding to donor and
blue domains to acceptor molecules. Top right: Charge separation process in OPVs (further explained in the
text). Rest: Some of the common donor (red) and acceptor (blue) molecules that are used in OPVs.
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fundamental to have charge transport in organic electronics. Aside from the conjugated

backbone, another common characteristic of these molecules is their flexible side chains.

If one considers the backbone of the molecule as its spine/core that is limited in move-

ment, then these side chains correspond to the limbs that can move much more freely.

While their main purpose is to make the molecule soluble, they can also have additional

purposes, for example those with polar functional groups, as will be described in the next

section.

Organic thermoelectrics generate electricity using the temperature difference within

an organic material through what is called the Seebeck effect. As natural heat is a ubiq-

uitous source of energy that is generated by solar, geothermal, and biochemical (body

temperature) means, making use of this energy using thermoelectric devices becomes

very attractive. In contrast to some inorganic thermoelectrics, organic thermoelectrics

are exclusively aimed for low-temperature thermoelectric applications, meaning that

these devices are expected to operate close to room temperature, making use of small

differences in temperature.

The inherent advantages of organic electronics, such as being mechanically flexi-

ble, light weight and bio-integrable make organic thermoelectrics a good candidate for

wearable/portable devices such as various sensors and health monitoring devices. Even

though power requirements for such devices are often not high, the low thermoelec-

tric performance of current organic materials prevented the commercialization of such

products.

As schematically shown in Figure 1.4, a thermoelectric device contains two dissimilar

semiconductors that are either negatively (n-type) or positively (p-type) doped, meaning

that they contain excess amounts of electrons or holes, respectively. A temperature

gradient between the hot and the cold sides of the device results in the diffusion of these

excess electrons and holes towards the cold side and generation of voltage.

P-type

N-type

+

+ +

+++++

+
+
+

+
+

+
+
+

+

H
ot
 s
id
e

C
old side

+
+

+
+
+

-----

-
-
-
-
-
-
-
-
-
-
-
-
-

- -
- -

-

+ -
Voltage

Figure 1.4 | A schematic representation of a thermoelectric device where both electrons and holes diffuse from
the hot to the cold side for n- and p-type materials, respectively.

The performance of a thermoelectric device depends on three properties: 29 High

voltage generation with respect to the temperature gradient (high Seebeck coefficient,

S), ability to easily transport charges (high electrical conductivity, σ), and low heat flow

through the material to preserve the temperature gradient (low thermal conductivity, κ).
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These criteria result in the figure of merit quantity called Z T where Z =σ×S2/κ and T is

the temperature.

Since the thermal conductivity of organic materials is intrinsically low, 29 what is

left to be optimized for high performing organic thermoelectrics is σ×S2, also known

as the power factor. However, the interdependence of all these parameters makes any

optimization attempt very challenging. 30 Moreover, a successful thermoelectric device

requires good performance (high Z T ) from both its n-type and p-type components.

While p-type organic thermoelectric materials have obtained significant progress with

conjugated polymers, n-type doping is more challenging and therefore progress with

n-type organic thermoelectric materials lags behind. 31

1.4. High dielectric constant organic electronics

The dielectric constant of a material scales down the strength of the electrostatic

(Coulombic) interactions between (partially) charged particles. For example, the attrac-

tion between an electron (-) and a hole (+) will be ten times weaker in a material with

a dielectric constant of ten, compared to the interaction that would have been if these

particles were in vacuum. The electric field that is generated by these charges is dimin-

ished/screened by the response of the material. In the linear response regime, the strength

of the response (polarization, P ) to this electric field (E ) summed with the vacuum dielec-

tric constant of one gives the dielectric constant of a material (ε= 1+4πP/E).

There are different responses that a material can give which contribute to the dielectric

constant: The electronic contribution originates from the polarization of electron clouds

in response to the electric field generated by the charges; the nuclear contribution on

the other hand, originates from the displacement or reorientation of (partially) charged

atoms, polar functional groups, or whole molecules in response to the same electric field.

The dielectric response of electrons and nuclei, as one would expect, does not occur

at similar time scales. This is why the dielectric constant is referred to as a frequency-

dependent property: At high frequencies (that is, when the molecule has a very short

time to respond) only the electrons can respond to the electric field, resulting in the

electronic (or optical) dielectric constant, whereas at low frequencies all contributions to

the dielectric constant become active, resulting in the static dielectric constant.

Aside from the frequency dependence, the dielectric constant is also a temperature-

dependent quantity. The nuclear contribution to the dielectric constant is especially

susceptible to the temperature differences since the responsible nuclear motion can be

active or inactive based on the amount of thermal energy available. Therefore, it is of

interest to identify the dielectric constant of materials over the temperature range that

they are expected to operate in.

Organic electronics materials have notoriously low electronic dielectric constants.
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While for most organic materials, it varies between 2-3, highly conjugated molecules

are able to raise this value to a maximum of 4-5. The close relation of the electronic

dielectric constant to the band gap of the molecule 32 reduces its tunability for organic

electronics applications. For reference, inorganic materials such as silicon and GaAs have

electronic dielectric constants of 11 and 12, respectively. The static dielectric constant on

the other hand can reach 100 for organic molecules. However, this is only true for liquids,

where whole molecules can easily reorient in response to an electric field. Having high

static dielectric constants for organic solids (as are organic electronics) is much more

challenging due to the limited movement of atoms: The molecule not only needs to have

polar functional groups but also these groups should have high flexibility in order to

still be able to reorient in the constrained solid phase. With contradictory requirements

for maximizing the electronic (rigid and conjugated molecules) and static (flexible and

polar functional groups) dielectric constants, it is important to determine the dielectric

contribution that is relevant for the specific organic electronics application of interest.

One strategy that has been consistently successful and has become the preeminent

way to obtain high static dielectric constant organic electronics is the use of ethylene glycol

side chains. 33 These side chains have been added to fullerene derivatives, 31,34–37 small

molecules, 38,39 and polymers 40–49 and have in turn resulted in static dielectric constants

ranging from 5 to 10. These kind of molecules have been applied to various organic elec-

tronics fields such as organic photovoltaics, 34–36,38–42 organic thermoelectrics, 31,37,43–45

organic electrochemical transistors, 46,47 and organic field effect transistors. 41,48,49

Organic photovoltaics have charge separation processes that are of excitonic nature,

meaning that absorption of a photon leads to a bound electron-hole pair, called an exciton

(as explained in section 1.3). This is argued to be due to the low dielectric constant of

organic electronics 33,50–52 as the strength of the interaction between these bound particles

(exciton binding energy) is approximated to be inversely proportional to the dielectric

constant. Additionally, a high dielectric constant material in organic photovoltaics would

also reduce recombinations that occur between already separated charges originating

from different excitons (non-geminate recombination) while they are being transported

to the electrodes.

Koster et al. 53 have shown theoretically that increasing the effective dielectric con-

stant of organic photovoltaics can reduce their exciton binding energy and consequently

increase their efficiency. Thus the question follows: What is the effective dielectric con-

stant for organic photovoltaics, the electronic or the static one? This is a question that so

far has not been answered. The ethylene-glycol-containing photovoltaic materials with

high static dielectric constants have thus far not lead to higher efficiency devices 33,54 and

their effect on the exciton binding energies has not been reported.

Organic thermoelectrics, on the other hand, have already seen successful applica-

tions of ethylene-glycol-containing high static dielectric constant organic materials. It
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has been shown that this type of molecules can improve the thermal stability, doping

efficiency and power factors of organic thermoelectrics. 31,37,43–45 This improvement has

been attributed to the polar environment of ethylene glycols, 37 relating closely to their

high dielectric constant.

1.5. Multiscale Modeling of organic electronics

Organic electronics are multiscale by nature. For example, in an organic photovoltaic

device: Absorption of a photon and the subsequent creation of an exciton occur at a

femtosecond time and nanometer length scale; diffusion of this exciton to the nearest

donor-acceptor interface for charge separation takes hundreds of picoseconds in donor

and acceptor domains that are ten to hundreds of nanometers in size; transport of the

separated electron and hole to their respective electrodes occur for up to several microsec-

onds, over a device that is hundreds of nanometers in thickness; assembly of this device,

through solvent evaporation methods, lasts for up to several seconds. Evidently, all of

these processes that occur at such drastically different time and length scales cannot be

modeled by a single computational method. Instead, various computational methods are

required and their simultaneous use results in what is called multiscale modeling.

Time/length scale

Ac
cu

ra
cy

Quantum 
chemistry

Molecular 
dynamics

Coarse grain 
dynamics

~10$ atoms
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~10' atoms
~10%( seconds

~10) atoms
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Figure 1.5 | Schematic representation of the accuracy of various computational chemistry methods together
with the approximate time and length scales that are often treated with them. The leftmost figure is a single
PTEG-1 molecule (see Figure 1.3 for its chemical structure); the central figure is a unit cell containing 150 of these
molecules (from chapter 4), and rightmost figure is a bulk heterojunction morphology of PTEG-1 and P3HT (see
Figure 1.3 for its chemical structure) molecules, generated by simulated solvent evaporation methods. 55
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Computational chemistry often suffers from a dilemma, as represented in Figure 1.5,

between reaching high accuracy and high applicability (i.e., simulating large systems

for long time). Methods that can treat the intricate quantum nature of electrons and

optionally also nuclei (quantum chemistry) are computationally very demanding, even

more so when interested in their time evolution, meaning that they are very limited in

the time and length scales that they can treat. As the systems and time scales of interest

grow in size and length, one has to let go of these quantum mechanical treatments and

solve the dynamics of the system classically, by Newton’s second law of motion (molecular

dynamics). As the need in size and time scales grow even further, one eventually has

to even stop treating each atom separately but instead, approximate multiple atoms as

one larger particle (coarse-grain molecular dynamics). The best method for a specific

application is often the simplest one that can describe the necessary physics. Modeling of

organic electronics makes use of all the approaches in Figure 1.5, because the necessary

physics vary per property of interest.

Quantum chemistry* often makes use of the (Born-Oppenheimer) approximation

that treats the motions of electrons and nuclei separately, because these particles have

drastically different masses and move at very different time scales. This implies that one

can formulate two different (but coupled) Schrödinger equations, one for the electrons

and one for the nuclei. In the Schrödinger equation for the electrons, the nuclei are

in a static conformation and their quantum nature is neglected. Much can be learned

already from solving only this equation where only electrons have to be treated quantum

mechanically. However, electron correlation (i.e. the motion of each electron is affected by

the presence of all the other electrons) makes even that challenging. In fact, the electronic

Schrödinger equation cannot be solved exactly for systems containing more than a single

electron. Therefore, a lot of advances in the field of quantum chemistry have been focused

on accounting for this correlation energy and thereby approaching the exact solution to

Schrödinger equation in a computationally feasible manner.

Density functional theory (DFT) brings a uniquely feasible way of tackling the electron

correlation problem. For this reason, it has been the workhorse of quantum chemistry

for any system that is too large, or any time scale that is too long to be treated with more

accurate methods, including most organic electronics applications. Axel Becke, one of

the pioneers of DFT, has described its appeal as: 56

Its basic premise, that all the intricate motions and pair correlations in a

many-electron system are somehow contained in the total electron density

alone, is so compelling it can drive one mad.

Indeed, DFT shows that the ground state properties of a system are uniquely deter-

mined by its electron density but offers no way to connect these two. A way around

*Detailed discussion of the quantum chemical methods used in this thesis can be found in the theory section of
chapter 2.
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this problem (Kohn-Sham theory) 57 is to find the correspondence between these two

quantities for the hypothetical case of non-interacting electrons and use a correction

term (exchange-correlation functionals) to account for the neglected interactions. The

lack of a systematic way for improving this correction term, and therewith the accuracy

of DFT has often been its main criticism. However, recently it has been shown that by

adding a higher level of physics to the design of these functionals, one can consistently

get more accurate results, albeit at a higher computational cost. 58

Molecular dynamics† (MD) simulations let go of the quantum mechanical treatment

of electrons and nuclei in favor of classical mechanics (Newton’s second law of motion,
~F = m ×~a). In fact, most MD approaches only consider the permanent distribution of

the electrons over the atoms (partial charges) and assume them to be static throughout

the simulation. Complete neglect of electron dynamics (induced polarization) is often

considered to be the biggest source of error in MD simulations. However, successful and

ubiquitous application of MD over a wide range of biophysical and materials science

fields, despite its lower level of theory and added sources of error, acknowledges that the

simplest approach that satisfies the necessary physics ends up being the prevalent one.

Force fields in MD simulations are what determines the interaction of each atom

with all the other atoms. Accurate sets of force field parameters must be found for each

molecule (and between molecules) beforehand. This is called force field parametrization.

There are two main components of a force field: Bonded and non-bonded terms. Bonded

terms are used exclusively for interactions within a molecule (intramolecular), usually

only between the nearest neighbors: Bonds between two atoms, angle between three

atoms, and torsion (out of plane motion) between four atoms. Non-bonded terms include

the electrostatic (Coulombic) interactions due to the partial charges on each atom, the

repulsion term that causes atoms to repel each other at very short distances, and the

attraction term that mimics the instantaneous polarization of electrons (dispersion). Ac-

curate parametrization of force fields is an important challenge for successful application

of MD. This is discussed thoroughly in chapter 3 of this thesis.

Polarizable force fields can be used when the static partial charge representation of

electrons proves to be insufficient for the property of interest (as is the case in chapters 4

and 5). Polarizable force fields mimic the induced polarization of electrons by allowing the

effective partial charge of atoms to change in response to its environment. Evidently, this

adds extra force field terms (atomic polarizabilities) that need to be parametrized. MD

simulations with polarizable force fields, while more accurate, tend to be computationally

significantly more demanding than the traditional “fixed-charge” MD approaches. This is

partly due to additional terms that need to be computed but also because of the lesser

amount of time spent on optimizing MD software for this kind of simulations. Recently

polarizable force fields have been gaining a lot of interest in the MD community and quite

†Detailed discussion of the molecular dynamics methods used in this thesis can be found in chapter 3.
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promising work is being done to minimize the computational overhead of performing

polarizable simulations. 59,60

Coarse-grain MD simulations take a step in the opposite direction than polarizable

simulations in the accuracy-applicability dilemma: Instead of treating each atom, multi-

ple atoms are grouped into a single particle (bead). These beads can have various sizes,

ranging from 3-4 atoms per bead 61 to complete molecules as beads. 62 As the size of

the bead increases so does the computational gain, however, at the cost of chemical

specificity.

Computation of the static dielectric constant for organic electronics also requires

a multiscale approach in order to account for both its electronic and nuclear contribu-

tions. The electronic dielectric constant can be computed with high accuracy using DFT

methods (as shown in Chapter 2) or by polarizable MD simulations (as shown in chapters

4 and 5) that have been parametrized based on DFT methods (as described in chapter 3).

The static dielectric constant is often computed by traditional “fixed-charge” MD

simulations. 63 This is often the wrong approach quantitatively and always so conceptually.

Such simulations can only account for the nuclear contribution to the dielectric constant

due to the lack of electronic polarization. It neglects not only the electronic contribution

(which could be accounted for separately by DFT methods) but also the coupling between

the electronic and nuclear contributions which, as shown in chapter 4, can be significantly

large. In fact, in many such force fields partial charges of atoms are overestimated on

purpose in order to match experimental static dielectric constants while only considering

the nuclear contribution. This approach has recently been shown to be quite inaccurate. 64

In this thesis, we show that polarizable MD simulations are particularly suitable for

accounting for all three of these contributions in an accurate way (see chapters 4 and 5).

1.6. Aim and Outline of this Thesis

Functionalizing organic molecules with polar side chains, often with the aim of in-

creasing the dielectric constant, has become a ubiquitous strategy in the search for the

next generation organic electronics. The performance of these materials, however, varies

drastically between seemingly similar molecules and different applications. This thesis

elucidates, by advancing and applying computational methods, what happens at the

molecular level by the inclusion of polar side chains and provides a deeper understanding

of the interplay between molecular structure, and dielectric and electronic properties with

the aim of guiding the field towards engineering better performing devices. Additionally,

the multiscale approach introduced in this thesis, which is readily applicable in vari-

ous materials science and biophysics studies, allows approaching quantum mechanical

accuracy by using computationally much more feasible molecular dynamics simulations.

The increase of the dielectric constant of organic photovoltaic devices has been
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linked to increased power conversion efficiencies. However, the distinction is often

not made which dielectric constant, i.e., electronic or static, would lead to improved

efficiencies. In chapter 2, the effect of functionalizing molecules with polar side chains

(with the aim of increasing their static dielectric constant) on the electronic dielectric

constant is investigated. Periodic coupled perturbed Kohn-Sham calculations and the

followed methodology have shown to lead to a good agreement between the computed

and experimental electronic dielectric constants, when available. The results reveal an

important undesirable outcome when manipulating the side chain to maximize the static

dielectric constant: In all cases, the electronic contribution to the dielectric constant

decreases as the side chain increases in size. This means that maximizing one contribution

to the dielectric constant sacrifices the other. Consequently, the relevance of the static

dielectric constant must be investigated in order to determine which contribution to

maximize. This is done in chapters 4 and 5 by means of polarizable molecular dynamics

simulations, after the development of the necessary methodology described in chapter 3.

The quality of the molecular dynamics simulations depends strongly on the accuracy

of the underlying force fields that determine all intra- and intermolecular interactions of

the system. Commonly, transferable force field parameters are determined based on a

representative set of small molecules. However, such an approach sacrifices accuracy in

favor of generality. In chapter 3, an alternative approach is presented, where the standard

transferable force fields are augmented with molecule-specific force field parameters

that are derived from the results of quantum mechanical calculations. The described

automated workflow, named Q-Force, enables the generation of these parameters for

novel molecules with minimal effort, and in a transparent and reproducible way. The

generated Q-Force force field can be used at the same computational cost as transferable

force fields, but with near quantum mechanical accuracy. The aforementioned accuracy

is demonstrated on a set of small molecules as a proof-of-concept. Then, complex state-

of-the-art molecules in the field of organic photovoltaics are studied, where it is shown

that the use of Q-Force can improve the potential energy surface drastically in one case,

and the HOMO/LUMO energy level distributions in blends of donor-acceptor molecules

in another. In the following chapters, force fields generated with the Q-Force methodology

are used to study the dielectric and structural properties of organic materials.

Incorporating ethylene glycols into organic semiconductors has become the preemi-

nent strategy to increase their static dielectric constant. However, as also demonstrated

in chapter 2, ethylene glycols’ contribution to the dielectric constant is due to nuclear re-

laxations and therefore, its relevance for various organic electronic applications depends

on the time scale of these relaxations, which remains unknown. In chapter 4, by means

of a new computational protocol based on polarizable molecular dynamics simulations

and by using a force field generated with the methodology from chapter 3, the time- and

frequency-dependent dielectric constant of a representative fullerene derivative with
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ethylene glycol side chains is predicted, and the origin of its unusually high dielectric

constant is explained. The extracted dielectric relaxation time suggests that ethylene

glycols may respond too slowly to provide Coulombic screening in organic photovoltaics

but are likely fast enough for organic thermoelectrics with much lower charge carrier

velocities.

After establishing the protocol for the computation of the static dielectric constant in

chapter 4, what remains to be investigated is how seemingly similar molecules exhibit

highly different dielectric constants and gain insight on how the dielectric response can

be further enhanced and accelerated. This is done in chapter 5 by studying a carefully

selected series of fullerene derivatives with EG side chains. The selection allows studying

the dielectric response in terms of both the number and length of the ethylene glycol

chains, and also the choice of the group connecting the fullerene to the ethylene glycol

chain. The computed time- and frequency-dependent dielectric responses reveal that the

experimentally observed rise of the dielectric constant within the kilo/megahertz regime

for some molecules is likely due to the highly stretched dielectric response of ethylene

glycols: The initial sharp increase over the first few nanoseconds is followed by a smaller

but persistent increase in the range of microseconds. Additionally, the computational

protocol allows the separation of different factors that contribute to the overall dielectric

constant, providing insight to make several molecular design guides for future organic

materials in order to enhance their dielectric constant further.

Aside from increasing the dielectric constant, functionalizing molecules with ethylene

glycol side chains has also become a prominent strategy to improve the electronic proper-

ties of organic materials. 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 chapter 6, two case studies are presented where

the molecular packing in such films is resolved through a synergistic use of spectroscopic

and theoretical methods for fullerene derivatives with ethylene glycol side chains, with the

aim of gaining further insight into the intimate relationship between molecular structure,

morphology, and electronic properties. This approach revealed that these molecules

form alternating layers of fullerenes and ethylene glycols. Such highly ordered structure is

linked in the first case study to record n-type thermoelectric performance. In the second

case study, molecular packing and transport properties of transistors are studied as a

function of the number of ethylene glycol units, which has shown that the improvement of

the transport properties with the increase of the number of ethylene glycols is correlated

to the growth of the ethylene glycol layer. This suggests that the ethylene glycol layers

might be functioning as dielectric spacers between electron conducting fullerene layers.

Finally, in chapter 7, potential future developments of the three main topics that

are covered in this thesis, namely, computation of the dielectric properties of organic

semiconductors (chapters 2, 4, and 5), the methodology for quantum mechanically
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augmented force fields (chapter 3), and resolving crystal structures by a combination of

theoretical and spectroscopic approaches (chapter 6), are discussed.
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The low efficiency of organic photovoltaic devices has often been attributed
to strong Coulombic interactions between electrons and holes, impeding the
charge separation process. Recently, it has been argued that by increasing the
dielectric constant of materials used in OPVs, this strong interaction could be
screened. In this work, we report the application of periodic density functional
theory together with the coupled perturbed Kohn-Sham method to calculate
the electronic contribution to the dielectric constant for fullerene C60 deriva-
tives, a ubiquitous class of molecules in the field of organic photovoltaics. The
results show good agreement with experimental data when available, and also
reveal an important undesirable outcome when manipulating the side chain
to maximize the static dielectric constant: In all cases, the electronic contri-
bution to the dielectric constant decreases as the side chain increases in size.
This information should encourage both theoreticians and experimentalists
to further investigate the relevance of contributions to the dielectric constant
from slower processes like vibrations and dipolar reorientations for facilitat-
ing the charge separation, because electronically, enlarging the side chain of
conventional fullerene derivatives only lowers the dielectric constant and con-
sequently, their electronic dielectric constant is upper-bound by the one of C60.

2.1. Introduction

Organic photovoltaic (OPV) devices, while currently lacking the high efficiencies of

their inorganic counterparts, have key advantages that make them a promising candidate

as an important renewable energy source for the future. The low manufacturing costs by

using printing tools, suitability to be a triple green (manufacturing, energy production,

recycling) energy source, flexibility and low weight are among these advantages. Even

though the efficiency of OPV devices has increased from 2.5% 65 in 2001 to 17.4% 25 in

2020, these devices are still in need of a breakthrough in order to compete with silicon PV

that is currently dominating commercially with its efficiencies going over 26%. 66

The lower efficiency of OPV devices has been attributed to their excitonic nature: 33,51,67

Absorption of light leads to strongly bound electron-hole pairs called excitons. To create a

driving force towards charge separation in spite of this strong interaction, a commonly

employed method is the use of bulk heterojunctions, which are comprised of domains of

donor and acceptor materials. In such devices, excitons must diffuse to a donor-acceptor

interface where the charge separation can occur. The size of these donor and acceptor

domains is an important consideration for such devices since too large domains prevent
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the excitons to reach an interface during their limited lifetime whereas too small domains

prevent the successful transport of separated charges to their respective electrodes. 68,69

Instead of circumventing the problem of strongly bound excitons by the use of bulk

heterojunctions, an alternative approach suggested by Koster et al. 53 is to search for high

dielectric constant materials in order to solve it. The reasoning is that a higher dielectric

constant would provide a higher screening of the Coulombic interactions between the

charges and therewith effectively decrease the exciton binding energy and increase the

exciton lifetime. Most solids consisting of organic molecules have low dielectric con-

stants (εr ∼ 2-4), compared to silicon (εr ∼ 12). 70 Koster and co-workers have argued

that increasing the dielectric constant would make solar cells with power conversion

efficiencies of 20% feasible and that with a large enough dielectric constant (εr ∼ 9), the

exciton binding energy would reduce to the thermal energy available at room temperature

(kbT). This would make bulk heterojunctions no longer necessary since the absorption

of photons would directly lead to the creation of free electrons and holes, essentially

bridging the gap between organic and inorganic PVs.

The dielectric constant is a frequency dependent property. A system can polarize

in response to an electric field through different processes at different timescales. At

high frequencies (femtosecond timescale), only electrons are able to respond to a rapidly

oscillating electric field. This constitutes the electronic or optical dielectric constant (ε∞).

In the infrared region, small movement of nuclei (changing bond lengths, angles) can

also relax the system in response to an electric field, giving the vibrational contribution

to the dielectric constant. At a lower and wider range of frequencies, more elaborate nu-

clear movements can take place such as molecular reorientations and torsional rotations,

contributing to the dipolar part of the dielectric constant. While large molecular reori-

entations often only occur in liquids and gases, some degree of torsional rotations can

also occur in solids depending on the flexibility of these molecules. The static dielectric

constant (ε0) is the low frequency dielectric constant where all of these contributions are

active.

Experimental work has been done in order to increase the static dielectric constant of

donor and acceptor materials that are commonly used in OPV devices. 33–36,38–42,71 One

recurring method is to introduce a flexible and polar ethylene glycol chain to fullerene

derivatives, small molecules and polymers. These studies have mostly been focused on

maximizing the static dielectric constant. However, considering that silicon’s high dielec-

tric constant is fully electronic, it is surprising that the relevance of the static dielectric

constant (i.e., importance of vibrational and dipolar contributions) to the field of OPVs

is a topic not often discussed. We believe that more attention must be given to check

whether these slower processes that involve nuclear motion are fast enough to facilitate

the charge separation in solids. Furthermore, recent work by Torabi et al. 72,73 shows

that experimental determination of dielectric constants in thin films can be susceptible
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to effects of doping and surface roughness, which can add a degree of uncertainty and

unreliability to the obtained results. While a computational approach to calculate the

dielectric constant is not without challenges, a successful method could provide the

much-needed insight into how to systematically increase the dielectric constant to the

point where the excitonic behavior of OPVs could be overcome. Moreover, it could also

help identify the dielectric contributions that are relevant for OPVs.

Aside from the timescale discussion, the lengthscale relevance of the dielectric con-

stant has also been questioned. The dielectric constant, being a bulk property, becomes

relevant when two charges are separated by a medium large enough that the screening of

electrostatic interactions becomes proportional to 1/ε. Van Duijnen et al. 74 have shown

that a separation in the order of a nanometer is too small for this to occur. However, for

OPVs, Bakulin et al. 75 have shown that upon absorption of a photon, short-lived delocal-

ized states help the initial separation of the hole and the electron. Therefore, Coulombic

interactions become important at larger separations where also the dielectric constant

can be assumed to be relevant.

On the modeling side, Few et al., 76 also interested in the applications to OPVs, used a

coarse-grained theoretical model in which each fullerene derivative is treated as a single

polarizable site, allowing to investigate large systems, be it at a rather low theoretical detail

and chemical specificity of the molecules. Heitzer et al. 77–80 used 2D periodic density

functional theory (DFT) to perform dielectric constant calculations on monolayers of

substituted alkene chains, which are of interest for organic field effect transistors (OFETs),

obtaining impressive dielectric constants up to 13 for these simple molecules. While such

large values are quite encouraging, we briefly show in the theory section an inherent

problem with calculation of the dielectric constant in 2D periodic systems that can

easily result in large overestimations. Caleman et al. 63 performed molecular dynamics

simulations on a large number of small organic molecules in order to calculate the

vibrational and dipolar contribution to the dielectric constant using various force fields.

Their work evidenced the problems of standard force fields in reproducing static dielectric

constants even for simple organic molecules.

In this study, we focus on the calculation of ε∞. We use 3D periodic DFT as it allows a

full quantum mechanical treatment of the bulk system. After optimizing the geometry

and the lattice parameters, the dielectric constant is obtained by the coupled perturbed

Kohn-Sham method, which calculates the analytical second derivative of the energy with

respect to an external electric field to obtain the polarizability. 81 The polarizability (α) is

subsequently related to the dielectric constant (ε) by

ε= 1+4π
α

V
(2.1)

for bulk systems, where V is the volume of the unit cell. 81,82 Further discussion of the

theory and methods can be found in later sections, 2.4 and 2.5, respectively.
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For the calculation of ε∞, fullerene C60 derivatives have been chosen as they are among

the most commonly used acceptor materials due to their optical and electronic properties

and relatively high electron mobility. Increasing the dielectric constant of these materials

while retaining their optical properties can lead to more efficient solar cells. Fullerene

derivatives used in this study are shown in Figure 2.1. Phenyl-C61-butyric acid methyl

ester (PCBM) is a well-known and frequent choice for organic solar cells. Recently, Jahani

et al. 34 have synthesized the fulleropyrrolidines with one and two triethylene glycol (TEG)

chains PTEG-1 and PTEG 2, respectively, and also the reference molecule PP without the

TEG side chain. They have shown that PTEG-1 and PTEG-2 have increased dielectric

constants with respect to the reference PP molecule. [6,6]-Phenyl-C61-butyric acid benzyl

ester (PCBBz) and [6,6]-phenylC61-butyric acid 2-dimethylamino-5-nitrobenzyl ester

(PCBDN) are two molecules that have been theoretically investigated by De Gier et al.: 83

While PCBBz has a methyl group replaced by a phenyl group compared to PCBM, PCBDN

has also the electron withdrawing NO2 and electron donating NH2 groups in para position

on the phenyl ring in order to create a large dipole moment. Two PCBM derivatives with

added dipolar functional groups were also investigated: PCBSF 84 containing a sulfone

group and PCBTE-OH 85 containing a TEG chain with a terminal OH group. Another

strategy is to incorporate atoms with a high polarizability like bromine and iodine into

the side chain. To investigate the effects of such atoms, calculations on PCBM-5Br and

PCBM-3I have also been performed. Five bromine and three iodine atoms have been

chosen to retain similar molecular weights. These atoms were added to the phenyl ring as

shown in Figure 2.1.

The size of the fullerene derivatives (∼100 atoms per molecule) limits the number of

molecules in the unit cell which allows a computationally feasible optimization of the

atomic positions and lattice parameters, which is the most expensive step in our method.

Therefore, we suggest to calculate the dielectric constant using only one molecule in the

unit cell, which implies the restriction that all molecules are translation symmetry equiva-

lent. To validate the use of a single molecule per unit cell, we performed calculations on

the dielectric constant of ethylene carbonate, which is chosen for its size, using different

numbers of molecules per unit cell, which also yields different degrees of amorphous-

ness. We shall show that the number of molecules per unit cell has a minor effect on the

calculated dielectric constant and that the small variation in the dielectric constant is

mostly due to different densities. Using this knowledge, we then proceed to calculate

the dielectric constant of the previously introduced fullerene derivatives. We show that

the dominant effect of adding bulkier side chains is to reduce the electronic dielectric

constant of fullerene derivatives and we discuss the implications.
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Figure 2.1 | Fullerene derivatives studied in this work.
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2.2. Results and Discussion

2.2.1. Method validation on ethylene carbonates

Ethylene carbonate was used to test the effect of the number of molecules per unit

cell on the computed ε∞ – going from a single to 2, 8 and 36 molecules as shown in

Figure 2.2 in the same order. Having a unit cell with many molecules allows multiple

mutual orientations in a way to represent an amorphous system, as in the case of 36 and 8

molecules. When the number of molecules is decreased, the system is forced to resemble

more and more to a crystalline structure. The two-molecule unit cell corresponds to the

experimental crystal structure 86 where the two molecules are pointing in the opposite

directions from each other. In the case of 1 molecule per unit cell, all molecules point in

the same direction.

a

b c d

Figure 2.2 | Unit cells of ethylene carbonate containing 1 (a), 2 (b), 8 (c) and 36 (d) molecules. Molecules from
the neighboring unit cells are shown with thinner lines.

The effect of having different number of ethylene carbonate molecules per unit cell

on the computed ε∞ is shown in Table 2.1. The ε∞ is calculated to be ∼2 for all of the

different systems. From these results, we conclude that whether it is an amorphous

system, a crystalline one, or whether it is a crystal with all dipoles pointing in the same

direction or being canceled out by each other, the isotropic ε∞ seems to be mostly unaf-

fected. This observation encourages and justifies the use of small unit cells to reduce the

computational costs when working with fullerene derivatives.

The results also show a clear linear correlation between the density and ε∞, as pre-

sented in Figure 2.3. This correlation can be understood by looking at eq. 2.1: For a given

molecule (constant polarizability), ε∞ should a have a linear dependence on the volume,

and consequently also on the density. A higher density leads to larger ε∞ which suggests

that tightly packed systems are ideal for maximizing the electronic dielectric constant.
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Table 2.1 | Number of molecules per unit cell (#), density (ρ, g/cm3) and ε∞ for the systems in Figure 2.2.

# ρ ε∞

1 1.320 1.90
2 1.537 2.11
8 1.483 2.06
36 1.417 1.97
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Figure 2.3 | ε∞ vs density plot obtained from various calculations on ethylene carbonate performed with the
same functional/basis set. Different densities obtained by both different number of molecules per unit cell
and by optimizing the lattice parameters with different scaling factors for the dispersion correction (More
information about the data points can be found in section 2.6).

2.2.2. Obtaining accurate densities for fullerene derivatives

After having validated the methods to be used in this work, more complicated systems,

namely the fullerene derivatives, were investigated. Optimizing the lattice parameters for

fullerene derivatives using the conventional DFT-D2 scaling factor for B3LYP (1.05) led

to extremely high densities (∼1.75 g/cm3). This is consistent with what was previously

reported for large carbon systems such as C60. 87 Therefore, the scaling factor was adjusted

in order to reproduce the experimental crystal structures for PCBM 88 and C60, 89 which

are the only two molecules in this study with known crystal structures (as shown in Figure

2.4) and densities. A scaling factor of 0.60, as shown in Table 2.2, was found to give

densities that are in good agreement with the experimental densities and thus this scaling

factor was used in the subsequent calculations on the fullerene derivatives. More detailed

information of how the density depends on the scaling factor can be found in section 2.6.
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ba

Figure 2.4 | (a) PCBM and (b) C60 crystal structures used in this work

Table 2.2 | Crystal densities (ρ) with scaled dispersion correction factor (f) and the experimental densities.

f: 1.05 f: 0.60 Expt.

C60 crystal 1.754 1.644 1.649 89

PCBM crystal 1.774 1.646 1.620 88

2.2.3. Dielectric constant of fullerene derivatives

The dielectric constants of various fullerene derivatives were calculated using the

methods outlined above. Results are shown in Table 2.3. The good agreement of the

computed density and ε∞ for PCBM between the one molecule unit cell and the unit cell

based on the experimental crystal structure further corroborates the suitability of using

small unit cells. From all the molecules studied, C60 has the highest ε∞. This confirms

that the high polarizability of fullerene derivatives is governed by the polarizable nature of

the delocalized π electrons of the C60 moiety. Furthermore, as shown in Figure 2.5a, there

is a clear trend between the size and ε∞ of the fullerene derivatives: The larger the side

chain, the lower ε∞ will be. Here the dielectric constant is plotted against the volume of

the unit cell. Considering that the C60 occupies the same volume in each case, the change

in the unit cell volume can be fully attributed to the side chain.

A similar trend is also seen for the density in Figure 2.5b. C60 has the highest den-

sity amongst the molecules that do not contain heavy atoms (Br, I) and as the density

decreases, ε∞ also decreases. The density decreases for fullerene derivatives due to the

mixing of high density C60 with lower density side chains and also because the packing

becomes worse compared to a C60 crystal structure. In the case of PCBM-5Br and PCBM-

3I, densities much higher than the one of C60 are observed, while their ε∞ is comparable

to the rest of the molecules. This is because even though heavy atoms contribute a lot to

increasing the density, their electron density is mostly due to core electrons, which have a

minimal effect on the polarizability. When the side chain size is plotted against ε∞ (Figure
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Table 2.3 | Dielectric constants of fullerene derivatives. a) density (g/cm3). b) Electronic contributions (ε∞)
are calculated. c) Static dielectric constants (ε0) are experimental values. d) The final column is the difference
between the two previous columns which can be used to approximate the vibrational and dipolar contributions.

ρ ε∞calc ε0
exp ε0

exp −ε∞calc

C60 1.644 3.83 3.61, 90 4.08, 91 4.4±0.2 92 -0.22, 0.25, 0.57±0.2
PP 1.598 3.66 3.6±0.4 34 -0.06±0.4
PCBM crystal 1.646 3.57 3.9±0.1 34 0.33±0.1
PCBM 1.645 3.57 3.9±0.1 34 0.33±0.1
PCBBz 1.569 3.37 - -
PCBSF 1.551 3.21 3.9±0.1 84 0.69±0.1
PCBDN 1.496 3.13 3.9±0.2 85 0.77±0.2
PCBTE-OH 1.529 3.22 5.0±0.1 84 1.78±0.1
PTEG-1 1.545 3.31 5.7±0.2 34 2.39±0.2
PTEG-2 1.435 2.95 5.3±0.2 34 2.35±0.2
PCBM-5Br 1.790 3.00 - -
PCBM-3I 1.935 3.29 - -

a b

Figure 2.5 | ε∞ plotted against (a) the unit cell volume and (b) density of the system for the fullerene derivatives
in Table 2.3. For (b), best fit and R2 are calculated without PCBM-3I (orange diamond) and PCBM-5Br (blue
diamond)

2.5a), these molecules are also in line with the other fullerene derivatives. This shows

that no special behavior is observed by adding heavy atoms such as iodine or bromine to

fullerene derivatives.

Experimental measurement of ε∞ by ellipsometry for the PCBM molecule was done

by Guilbert et al. 93 Their result of 3.4 is in good agreement with our obtained value of 3.57.

For C60, there are two ellipsometry measurements with somewhat different values (3.6, 90

4.08 91) and our calculated ε∞ lies in between these two measurements (3.83). Another

experimental value of 4.4 ±0.2 92 for C60 has been obtained by capacitance measurements.

This value is higher than the ones from ellipsometry measurements. Ren et al. 91 argue

that this difference is due to the inclusion of the contributions from phonon absorption

in the infrared region with the capacitance measurements.
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Finally, we focus on the difference between the calculated ε∞ and the experimental ε0

values when available. ε0 measurements were done at low frequency so that on top of the

electronic contribution, one would also expect vibrational and dipolar contributions to

the dielectric constant. Therefore, the difference column in Table 2.3 would be a good

approximation for the vibrational and/or dipolar contribution to the dielectric constant.

It can be seen that for PP which has the smallest side chains, the difference is within the

error margin, showing that there is no or a very small vibrational/dipolar contribution.

If we compare PCBM with PCBDN or PCBSF, both possessing dipolar functional groups,

we see that the difference increases from 0.33 to 0.77 and 0.69 respectively. However,

most intriguingly, for molecules containing the highly flexible TEG chain (PTEG-1, PTEG-

2, PCBTE-OH), there is a large difference between ε∞ and ε0 (∼2). It could be argued

that, while for the other molecules only vibrational motion contributes to the dielectric

constant, for TEG-containing molecules, due to their flexibility, larger scale dipolar reori-

entations give an increased contribution to the static dielectric constant. The difference

between ε∞ and ε0 was also shown experimentally for TEG containing small molecules, 38

where ε0 decreases from 8-10 to 3-4 at high frequencies. This dipolar contribution can

also be computed using molecular dynamics simulations and is the subject of further

studies.

2.3. Conclusions

Using 3D periodic DFT calculations, the electronic dielectric constant (ε∞) of fullerene

derivatives were calculated. It was shown that ε∞ decreases as the side chain size increases.

Furthermore, the difference between theoretical ε∞ and the experimental static dielectric

constant (ε0), which can be considered to be mostly the vibrational/dipolar contribution

to the dielectric constant, increases when flexible molecules containing TEG chains are

used. From these observations, it could be argued that to get a high static dielectric

constant, side chains should as much as possible be constituted by groups that contribute

to the vibrational/dipolar part, so that any sacrifice in ε∞ due to the “dilution” of C60 is

compensated by an increase of vibrational/dipolar contribution to ε0. However, such an

approach would only be successful under the assumption that the vibrational/dipolar

contributions occur at a timescale that is relevant for the working principles of OPVs.

If that is not the case, then smaller side chains would be the ideal choice to maximize

the electronic dielectric constant, which would also mean that the relevant part of the

dielectric constant of conventional fullerene derivatives is upper bound by the one of C60.

Subsequent work for this study is the calculation of the vibrational/dipolar contribu-

tions to the dielectric constant for fullerene derivatives by molecular dynamics simula-

tions in order to get insight into the timescale of these contributions and to look for ways

for accelerating these processes to a timescale more beneficial for facilitating the charge
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separation. These topics are discussed in chapters 4 and 5.

2.4. Theory

In the coupled perturbed method, the effect of an external static electric field (E0) is

added perturbatively to the Hamiltonian. Expanding the total energy as a perturbative

series of the electric field components gives

Vtot =V 0
tot −

∑
t
µt E 0

t −
1

2!

∑
t ,u
αtuE 0

t E 0
u − 1

3!

∑
t ,u,v

βtuv E 0
t E 0

uE 0
v + ... (2.2)

where µ, α, β are the dipole moment, polarizability and hyperpolarizability tensors

respectively.

While higher orders can also be calculated, for the purpose of computing the dielectric

constant, eq. 2.2. is truncated at the second order. Furthermore, the dipole moment µ

and thus the polarization P is ill-defined in a bulk sample and not used in the periodic

directions. On the other hand, one can define the change in polarization ∆P as a macro-

scopic property and many bulk properties (polarizability, piezoelectricity, ferroelectric

polarization) can be calculated with respect to a perturbation. 94,95 For the coupled per-

turbed method, ∆P with respect to an electric field will result in the second derivative

αtu
81,82

V tu
tot =αtu =−2

∑
a,b

D t
abΩ

u
ab (2.3)

where Dt is the first derivative of the unperturbed density matrix with respect to the t

component of the perturbation andΩu is the u component of the perturbation matrix.

WhileΩu matrix elements can be obtained from the eigenvalues and eigenvectors of the

unperturbed system at almost no computational cost, calculation of the derivative of the

density matrix Dt is done with an iterative self-consistent field procedure.

Polarizability is then linked to the dielectric constant as

ε∞tu = δtu +4π
αtu

V
(2.4)

which differs from eq. 2.1 only by the tensor notation for an anisotropic system where

δtu is the Kronecker delta.

As discussed in the introduction, the dielectric constant becomes relevant at large

separations between the hole and electron and at such separations, one could also look

at the isotropic dielectric constant, instead of the anisotropic contributions:

ε∞ =
ε∞xx +ε∞y y +ε∞zz

3
(2.5)
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The electronic dielectric constant ε∞ can also be calculated using the finite field

method, i.e. by applying an electric field. 96 To apply an electric field in periodic directions,

a saw-tooth potential is used. With this method, a supercell that is 3-4 times the size of

the unit cell is necessary to guarantee the convergence of the response field, which makes

the calculation significantly more expensive. At convergence, the finite field method gives

results that agree with the coupled perturbed method, albeit at a much higher cost. This

makes coupled perturbed Kohn-Sham theory the preferred method, since it allows the

investigation of much larger systems.

The dielectric constant can also be calculated in a 2D periodic system as was done by

Heitzer et al. 77–80 for monolayers. In the non-periodic direction, the equation relating the

polarizability to the dielectric constant takes a different form due to the surface charges

that are not present in a 3D periodic system:

ε2D = 1

1−4π
α

V

(2.6)

Using this method, Heitzer et al. 78 found substituted alkenes with dielectric constants

up to 13. The main difference between eqs. 2.1 and 2.6 is that at higher dielectric constants,

the denominator in eq. 2.6 approaches zero, making the equation very sensitive to

changes in polarizability and volume. This sensitivity is then coupled to the need to

decide on the length of the molecule in the non-periodic direction, and consequently the

volume, since the length in the non-periodic direction is not straightforward to define.

For their monolayers, Heitzer et al. have chosen this length to be the distance between

the terminal nuclei of the alkenes, thereby neglecting the electron density beyond the

terminal nuclei. Especially with large atoms such as iodine this is not an obvious choice.

Using their definition of the length, Heitzer et al. have obtained dielectric constants

between 5-13 for different substituted alkenes. We show in section 2.6 that by adding a

Van der Waals radius to each terminal atom while defining the length, all these substituted

alkenes give dielectric constants between 3-4. This shows that attempting to maximize

the dielectric constant using eq. 2.6 can be perilous due to its sensitivity, especially at the

high values that might be of interest in the field of organic electronics.

2.5. Methods

Periodic quantum chemical calculations have been performed with the CRYSTAL14 97

software using atom centered Gaussian type basis sets. While the ethylene carbonate

calculations were done using DFT with the GGA functional PBE, for fullerene derivatives,

the hybrid functional B3LYP was used. GGA functionals are known to overestimate the

polarizability for large conjugated systems such as fullerenes and the inclusion of some

Hartree-Fock exchange is known to balance this problem. 98 All ethylene carbonate calcu-
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lations were done with the 6-31G(d,p) basis set and for fullerene derivatives, geometry and

lattice parameter optimizations were done with 6-31G(d,p) and the subsequent cheaper

and more basis set dependent polarizability calculations were done using the 6-311G(d,p)

basis set. For iodine and bromine atoms only the 6-311G(d,p) basis set was used due

to the unavailability of the smaller basis set. The effect of different basis sets on the

optimized geometries was found to be negligible. For molecules containing heavy atoms

(Br, I), relativistic effects on the polarizability were investigated to check whether the

use of non-relativistic methods is justified for the calculation of the dielectric constant

and we found that they have a negligible effect on the results (see section 2.6). All ε∞

calculations were done with the coupled perturbed Kohn-Sham method. Grimme’s D2

dispersion correction 99 was used for geometry and lattice parameter optimizations. In

DFT-D2 theory, every functional has a different factor that is commonly used to scale the

dispersion energy. Due to the overbinding tendency of the D2 dispersion correction for

large carbon systems such as C60 as seen from our results and also reported by Grimme

et al., 87 this scaling factor was altered to obtain experimental densities. A 4x4x4 k-point

mesh was used in all calculations with fullerene derivatives.

Units cells containing 1, 2, 8, and 36 ethylene carbonate molecules (shown in Figure

2.2) were used to test the effect of the number of molecules per unit cell on ε∞ . The start-

ing point for the two-molecule unit cell is an experimental crystal structure 86 whereas

initial geometries for the larger unit cells were obtained by molecular dynamics (MD) sim-

ulations following the scheme introduced at the end of this section. The MD and crystal

structure geometries and lattice parameters were taken as an initial structure for further

optimization with QM methods in the cases of 1, 2 and 8 molecules per unit cell. The

unit cell with 36 molecules was not further optimized with QM methods due to the high

computational cost of the optimization. More information on the computational details

for ethylene carbonate and the dependence of ε∞ on using different DFT functionals or

the Hartree-Fock method can be found in section 2.6.

After establishing the computational methods with ethylene carbonate, a similar

approach was followed for the fullerene derivatives shown in Figure 2.1. From these

molecules, only PCBM 88 and C60
89 have known crystal structures (as shown in Figure

2.4), which were optimized using periodic DFT calculations. For the rest, calculations

were performed using unit cells containing only a single fullerene molecule obtained

by MD and later optimized with the same QM methods. It must be emphasized that

the aim of such an approach is not to (re)produce experimental crystal structures, but

instead, to obtain structures with reasonable molecular packing that can be used to

calculate the dielectric constant. This approach is justified by the fact that our results do

not significantly depend on the choice of the unit cell, not only for ethylene carbonate

(section 2.2.1) but also for PCBM (section 2.2.3), where we find matching computed

densities and ε∞ between the unit cell based on the experimental crystal structure and
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the one molecule unit cell.

When crystal structures were not available, initial geometries for unit cells were

obtained from MD simulations using the software GROMACS 5.0.7. 100 Molecules were

placed in a large unit cell and at a large separation from each other. The system was

then compressed with a high pressure NPT simulation, allowing the molecules to form a

favorable morphology, followed by a relaxation at 1 atm. Topologies for these simulations

were obtained from the automated topology builder (ATB) 101 for GROMOS 53A6 force

field. 102 Since these geometries are subsequently quantum mechanically optimized, the

quality of the automatically created topology was sufficient for this purpose.

2.6. Appendix: Method Details

2.6.1. Ethylene carbonate computational details

In Table 2.4 , we show how the data points in Figure 2.3 were obtained. These calcula-

tions were all done with the PBE functional and the 6-31(d,p) basis set.

Table 2.4 | Computational details of the calculations done on EC. # = Number of molecules in the unit cells, DC
= Dispersion correction. For atom-only optimizations, as the density cannot change, the reported density value
corresponds to the ones obtained from either MD or experimental crystal structures.

# optimization type K-points ρ (g/cm3) ε∞

36 none - using MD structure 1x1x1 1.417 1.97
8 atoms-only 1x1x1 1.483 2.06
5 atoms-only 1x1x1 1.320 1.91
1 atoms-only 8x8x8 1.320 1.90
2 atoms-only 8x8x8 1.537 2.11
1 atoms + lattice param. without DC 8x8x8 1.397 1.98
2 atoms + lattice param. without DC 8x8x8 1.485 2.04
1 atoms + lattice param. with DC 8x8x8 1.712 2.28
2 atoms + lattice param. with DC 8x8x8 1.808 2.34
1 atoms + constant volume lattice param. 8x8x8 1.345 1.92
2 atoms + constant volume lattice param. 8x8x8 1.513 2.07

2.6.2. Effect of different DFT functionals and Hartree-Fock method on

ethylene carbonate results

The effect of using different functionals on ε∞ was investigated and the results are

shown in Table 2.5. All previously mentioned calculations on ethylene carbonate were

performed with the PBE functional. Here, DFT calculations with the local density approx-

imation (LDA) and the hybrid functional PBE0 which contains HF exchange, and a HF
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calculation, were performed for the 1 molecule unit cell at the same density, with opti-

mized geometries. It can be seen that HF gives a band gap (Eg ) of 17.2 eV compared to 6.1

and 6.3 eV for LDA and PBE, respectively. Consequently, while PBE/LDA give very similar

ε∞ (∼1.90), the HF calculation results in a lower ε∞ (1.70). PBE0, which uses partial HF

exchange, falls in between HF and LDA/PBE for both Eg (9.2) and ε∞ (1.82), as expected.

The HF method is shown to have a large discrepancy with the DFT results. A similar

observation was made by Orlando et al. 103 and in their case experimental band gaps

were available to show that it was HF that was highly overestimating the band gaps and

consequently highly underestimating ε∞. This makes DFT a more appropriate method for

calculation of ε∞. Range separated functionals can also be used for the calculation of ε∞.

S Maekawa et al. 104 have shown that this could slightly reduce the error with respect to

the experimental polarizabilities. This was not tested in this work, because ε∞ calculation

with range separated functionals is not implemented in CRYSTAL14. 97

Table 2.5 | Computed band gaps (Eg , in eV) and electronic dielectric constants (ε∞) for different DFT functionals
and HF method.

Method Eg ε∞

LDA 6.1 1.91
PBE 6.3 1.90
PBE0 9.2 1.82
HF 17.2 1.70

2.6.3. Density with different dispersion correction scaling factors

Different scaling factors were tested with the B3LYP functional for C60 and PCBM

molecules (Figure 2.6). For PCBM, not all data points were calculated due to the high

computational cost, but the trend can still be clearly seen. For both molecules, there is a

steady decrease of the density as the scaling factor is decreased. For the work on fullerene

derivatives the scaling factor of 0.60 was chosen because of the match with experimental

densities (as shown in 2.2).

2.6.4. Relativistic effects for Iodine/Bromine containing fragments

Polarizability of heavy atom (Br/I) containing fragments (Figure 2.7) from PCBM-5Br

and PCBM-3I molecules were calculated with and without scalar relativistic effects in

order to check the use of non-relativistic methods in periodic DFT calculations. Results

in Table 2.6 show that the effect of relativity on polarizability is less than or equal to 0.5%,

making it negligible.

For this test, the polarizability was calculated using linear response theory at the
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Figure 2.6 | Density of C60 and PCBM molecules with different scaling factors.

Table 2.6 | Diagonal components of the polarizability (bohr3) tensor with non-relativistic (NR) and relativistic
(X2C) methods and their % difference for the two fragments in Figure 2.7 with different basis sets.

Molecule Basis set Components αN R αX 2C % Difference

C6Br5CH3 VTZ xx 239.97 240.26 0.12
yy 222.29 222.63 0.15
zz 104.43 104.75 0.31

s-aug-VTZ xx 250.01 250.41 0.16
yy 232.08 232.51 0.19
zz 114.98 115.40 0.37

C6I3H2CH3 VTZ xx 232.28 233.34 0.46
yy 233.73 234.73 0.43
zz 109.96 110.20 0.22

s-aug-VTZ xx 241.42 242.63 0.50
yy 242.33 243.43 0.45
zz 123.62 124.02 0.32
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DFT level as implemented in the DIRAC17 program package. 105 The non-relativistic

and the relativistic exact 2-component (X2C) methods were used. 106 Dyall’s relativistic

all-electron basis sets of triple-zeta quality were employed 107,108 with diffuse functions

added in an even-tempered fashion. The B3LYP exchange correlation function was used.

SCF convergence was obtained with a convergence criterion of 10−6 on the electronic

gradient. The threshold for convergence of the linear response functions was 10−5.

a b

Figure 2.7 | Fragments of PCBM-5Br and PCBM-3I used for the relativistic calculations. (a) C6Br5CH3 and (b)
C6I3H2CH3

2.6.5. Sensitivity of the dielectric constant to the chosen length of the

molecule for 2D periodic calculations

In the theory section (2.4), we discuss the extreme sensitivity of the 2D dielectric

constant equation (eq. 2.6) to the chosen length of the molecule. We argue that ε values

between 5 and 13 published by Heitzer et al. 78 for molecules shown in Figure 2.8 all

decrease to values between 3-4 when the Van der Waals (VdW) radii is added to their

choice of molecular length in the non-periodic direction, which is the distance between

the terminal nuclei. This choice neglects the electron density beyond the nuclei, especially

important in the case of heavy atoms (I/Br).

 
R1: H, F, CH3, OH, SH, Br, I.  

Di-I: R1-2: I.  
Tri-I: R1-3: I 

 Figure 2.8 | Molecular structures corresponding to the functional groups in Table 2.7.

In Table 2.7, we provide the adjusted ε values. This adjustment is done by adding VdW

radii 109 to the length of molecules chosen by Heitzer at al. 78 (Figure 2.8). Since neither

their choice of the length of the molecule nor their obtained polarizability was disclosed,

we use the following scheme to obtain the corrected ε:

• Estimate the length of each molecule by using GaussView 110 as a drawing tool to
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compute the largest distance between two atoms in the molecule.

• Solve eq. 2.6 for polarizability using the published ε values and the length obtained

in the previous step (note that the area in the periodic direction is given by Heitzer

et al. 78)

• Solve eq. 2.6 with the obtained polarizability and the new length (VdW radii added)

to obtain the adjusted ε.

In the first step, we pick the length for the case where the backbone of the molecule is

parallel to the non-periodic direction. Since these molecules could have also been tilted

in the original work, we also calculate ε for the case the length is 2 Å shorter and observe

that the results are not sensitive to our choice of length. Actually, we find that ε would

have been smaller if the molecules were tilted.

Table 2.7 | Published 78 and adjusted dielectric constants with lengths (Å) and polarizabilities(Å3) obtained
according to the scheme described above. Corresponding molecular structures are in Figure 2.8.

Group L εpubl i shed α VdWadded Lnew εnew
par a εnew

ti l ted

H 12.95 5.09 24.78 2.40 15.35 3.10 2.93
F 13.21 5.07 25.24 2.67 15.88 3.01 2.84
CH3 14.17 5.78 27.91 2.40 16.57 3.42 3.23
OH 14.00 5.89 27.67 2.40 16.40 3.43 3.24
SH 14.56 7.59 30.11 2.40 16.96 3.93 3.69
Br 13.70 7.11 28.04 3.05 16.75 3.37 3.14
I 13.89 8.69 29.27 3.18 17.07 3.57 3.31
Di-I 13.88 9.51 29.57 3.18 17.06 3.68 3.40
Tri-I 13.74 12.98 30.20 3.18 16.92 3.99 3.65
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The quality of molecular dynamics simulations strongly depends on the accu-
racy of the underlying force fields (FFs) that determine all intra- and intermolec-
ular interactions of the system. Commonly, transferable FF parameters are de-
termined based on a representative set of small molecules. However, such an
approach sacrifices accuracy in favor of generality. In this work, an alterna-
tive approach is presented, where the standard transferable FFs are augmented
with molecule-specific FF parameters that are derived from quantum mechan-
ical (QM) calculations. We provide an automated workflow, named Q-Force,
that enables the generation of these parameters with minimal effort, and in
a transparent and reproducible way. The automated fragmentation procedure
allows treatment of large molecules (> 200 atoms) with minimal computational
cost. The generated Q-Force FF can be used at the same computational cost as
transferable FFs, but with near-QM accuracy. We demonstrate the aforemen-
tioned accuracy on a set of small molecules as a proof-of-concept and then
move on to complex state-of-the-art molecules in the field of organic photo-
voltaics where we show that the use of Q-Force can improve the potential en-
ergy surface drastically in one case, the HOMO/LUMO energy level distribu-
tions in blends of donor-acceptor molecules in another.

3.1. Introduction

Computational chemistry often suffers from a dilemma between reaching high ac-

curacy and high applicability (i.e., simulating large systems for long time). Quantum

mechanical (QM) methods that can treat the intricate quantum nature of electrons (and

nuclei) are computationally very demanding, even more so when their time evolution is

of interest. Therefore, for many materials science and biophysics applications that require

simulating thousands/millions of atoms for nano/micro seconds, classical molecular

mechanics (MM) following Newton’s law of motion is used instead, at the cost of com-

putational accuracy. Such MM models, make use of a set of parameters, known as force

fields (FFs), that are based on the topological features of the molecule (e.g., distances, and

angles) in order to approximate its potential energy surface (PES). 111 In this work, an au-

tomated method to match the MM PES of the molecule to the QM one is discussed, which

allows MM models to approach the accuracy of QM, without additional computational

cost after the initial re-parametrization.

The traditional approach to making FFs, as it is done by the commonly used GRO-

MOS, 102,112–114 OPLS, 115,116 CHARMM, 117–120 and AMBER 121,122 FFs, relies on atom types
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and their assumed transferability: Parameters for a set of small molecules are fitted rig-

orously to both experimental (such as mass densities, enthalpies of vaporization, and

free energies of hydration), and QM (such as dipole moments, electrostatic potentials,

and torsional barriers) data in order to generate a set of tabulated parameters for each

atom type based on their chemical environment (e.g., akyl carbon, ether carbon, and

ester carbon). In this manner, a significant portion of the chemical space can be cov-

ered by only tens to hundreds of atom types. This approach is favorable since it allows

non-expert users to generate FFs for their molecules of study with ease and without FF

developers needing to attempt the impossible task of parametrizing the whole chemical

space in advance. However, the use of atom types clearly sacrifices accuracy in favor of

generalization. The popularity of these transferable FFs is not only a testament to the

validity of the transferability assumption to some extent, but also to the importance of

having a simple procedure to determine FF parameters for any new molecule. The latter

allowed them to be available to a much wider scientific community. Automated tools that

assign atom types to given molecular structures and provide a FF based on these atom

types, such as ATB 123 for GROMOS, CGenFF 124,125 for CHARMM, and LigParGen 126 for

OPLS, have been crucial for the widespread use of these transferable FFs.

An alternative approach to the atom types based FF parametrization that has gained

a lot of attention in recent years is to derive molecule-specific FF parameters for each

studied molecule. 127–132 This could be done using both experimental and QM data,

however the former is often not available for novel molecules. Such an approach has the

advantage that for each molecule the best possible FF for a given MM functional form

can be created. On the other hand, its disadvantage is that several QM calculations and

fitting of every FF parameter must be done for that molecule. This can be a daunting and

error-prone task without having automated tools at the disposal. Such tools, however,

started to appear in the last few years, though their use has not become commonplace

yet. Some prominent examples are QMDFF 127 and xTB-FF 128 from the Grimme group,

SFAM 129 from the Reiher group, and QUBEKit 130 from the Cole group.

An important choice when it comes to designing a tool for molecule-specific au-

tomated FFs is the MM functional form. A complex functional form, as employed by

QMDFF, xTB-FF, and SFAM, yields a highly accurate FF, yet it is orders of magnitude more

expensive than transferable FFs, which limits their applicability drastically. Moreover,

the use of these complex MM functional forms hinders their compatibility to highly

optimized and parallelized molecular dynamics (MD) software such as GROMACS, 100

Tinker-HP, 60 AMBER 133 which limits their applicability even further. Alternatively, a

similar functional form to transferable FFs can be used, as it was done in QUBEKit, which

allows MD simulations that are at comparable computational cost but ideally at higher

accuracy than their transferable FF counterparts. Such an approach allowed QUBEKit to

successfully study a selected biophysical system. 134
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The main bottleneck for the derivation of molecule-specific FFs is the cost of the

QM calculations such as geometry optimizations, Hessian calculations, and relaxed

dihedral scans that are needed for the parametrization. As the size of the molecule grows,

performing QM calculations on the whole molecule becomes increasingly difficult. This is

especially true for dihedral scans since the number of dihedrals to be scanned often grows

significantly with the size of the molecule. Therefore, a fragmentation scheme that divides

the molecule into chemically meaningful smaller fragments becomes fundamental when

dealing with large molecules (e.g., larger than 50-100 atoms). Such fragmentation schemes

have been implemented in the QMDFF, xTB-FF and SFAM tools.

Existing molecule-specific FF approaches have either introduced new non-bonded

interaction terms or have reparametrized the coefficients of the standard Lennard-Jones

and/or Coulomb terms. However, for these altered non-bonded interactions, thermo-

dynamic properties (which strongly depend on these interactions), if at all validated,

are often done so for pristine systems and not for mixtures. Therefore, it is still an open

question how well the thermodynamic properties are preserved when non-bonded inter-

actions are derived in a molecule-specific manner. In contrast, considerable amount of

effort has gone into making sure the cross-molecular interactions yield accurate thermo-

dynamic properties in transferable FFs. 63,102,111

The aim of this chapter is to introduce Q-Force, a toolkit to augment existing trans-

ferable FFs with molecule-specific FF parameters that are derived from QM calcula-

tions. This is done while retaining the non-bonded parameters of these transferable

FFs and consequently also their rigorously tested thermodynamic properties . In other

words, Q-Force can produce a QM-matched FF for a given molecule that can be com-

bined with other molecules in the user’s choice of FF family (e.g., OPLS, GROMOS, AM-

BER, CHARMM). Such an approach has the advantage that while novel or non-standard

molecules can easily be augmented with Q-Force, complex molecules which have al-

ready been parametrized rigorously (e.g., DNA, RNA, proteins) do not have to be re-

parametrized. This compatibility allows the easy application of Q-Force to various fields,

such as computer-aided drug design, ligand-binding with biomolecules, and searching

for novel organic semiconductors. The main characteristics of the Q-Force procedure are

outlined below:

• It can be applied to any organic molecule and FFs can be created for their ground

states, ionic states, or excited states. Excited states have so far not been tested

extensively.

• The procedure is automated: For a given molecule and a selected parent FF, a Q-

Force FF can be generated with minimal effort. This automation not only provides

ease-of-use, but also eliminates (non-systematic) human error and allows the

generation of both reproducible and transparently parametrized FFs.
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• Equivalent atoms and FF terms within the molecule are identified automatically

based on their local symmetry (e.g., the three hydrogens and their respective FF

parameters in CH3 being equivalent) which prevents spurious small differences be-

tween chemically equivalent atoms and FF terms, and greatly reduces the number

of fitting parameters in many cases which leads to a more stable fitting procedure

that is less likely to be over-parametrized.

• There are no empirical parameters introduced by the Q-Force procedure. In fact, it

removes many such parameters from the transferable FFs that it augments.

• The fitting procedure consists of two steps: First, bond, angle, and rigid dihedral

terms (i.e., those constrained to a single minimum, e.g., due to conjugated rings or

double bonds) are fitted to match the 3N ×3N (N is the number of atoms in the

molecule) MM Hessian matrix to the QM one. Then, the flexible dihedral terms (i.e.,

those with multiple accessible minima) are fitted by matching the MM dihedral

profile to its QM counterpart.

• Performing relaxed QM dihedral scans was identified as the computational bot-

tleneck of the procedure and a fragmentation scheme was implemented for their

treatment: Dihedral scans are done on chemically meaningful fragments that are au-

tomatically identified and the result of the QM calculations are added to a database.

If this fragment/scan pair is identified again in a different molecule, it is retrieved

from the database, preventing additional QM calculations.

• Molecules containing up to 200 atoms have been tested and larger systems are still

computationally feasible thanks to the fragmentation scheme.

• The validation of the FF is done on-the-fly: The fitting quality with respect to the

QM reference for both the Hessian matrix and each of the scanned dihedrals is

provided during the run. Therefore, the user always knows how well the fitting

procedure has been performed and whether any further action is necessary.

Two major cases where we foresee the use of Q-Force to show significant improvement

over the existing transferable FFs are: (1) Complex/non-standard molecules that are not

covered in the initial parametrization (training set) of the transferable FFs. While most

simple functional groups are covered in the training set and perform quite well with the

transferable FFs, especially (complex) conjugated ring systems and their combinations

with different functional groups often require case-by-case treatment and can benefit

significantly by their FFs being augmented by QM data, as also shown in the results. (2)

A frequently used multiscale approach in computational chemistry is to take snapshots

from MD trajectories and perform QM calculations at higher level of theory on these

snapshots. In these cases, using a FF that has the same minimum energy geometry and
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a closely matched PES to the QM method that will later be used to perform the QM

calculations on the snapshots is highly beneficial to avoid spurious results that are caused

by the mismatch in geometries. 135,136 A case study demonstrating this is also shown in

the results and discussion section.

The structure of the remainder of the chapter is as follows: In the Methods section

(section 3.2), after an initial description of the functional form of the Q-Force FF, the steps

of the Q-Force procedure (as depicted by the flowchart in Figure 3.1) will be explained,

technical and computational details will be shown, and known limitations of the model

will be discussed. In the results and discussion section (section 3.3), the performance of

the Q-Force FF for several small molecules will be benchmarked to a QM reference as a

proof-of-concept and further compared to existing transferable FFs. Then, the importance

of QM augmentation of the FF will be demonstrated for non-standard dihedral profiles,

where the performance of transferable FFs are shown to quickly deteriorate. Finally,

highlights from the first few materials science applications of Q-Force will be given which

will further evidence the impact of augmenting FFs with accurate QM references, in one

case for obtaining accurate PESs, and in another, for obtaining accurate HOMO/LUMO

energy level distributions in blends of donor-acceptor molecules. The Q-Force toolkit and

tutorials on its usage are freely available on GitHub (https://github.com/selimsami/
qforce).

3.2. Methods

Definition of the Q-Force force field. FFs contain bonded and non-bonded terms

that describe the interactions within the molecule (intramolecular) and between multiple

molecules (intermolecular). The total potential energy of the system (Vpot ) is given by the

sum of all these interactions:

Vpot =Vbond s +Vang l es +Vdi hedr al s +VCoul omb +VLennar d−Jones (3.1)

Herein, we describe the functional form of these FF terms that are used in Q-Force.

The bond potentials between atom pairs A and B that form a bond AB are treated with a

harmonic potential

Vbond s =
∑
AB

1

2
k AB

r

(
r AB − r AB

0

)
(3.2)

where kr is the force constant, an r0 is the equilibrium bond length. The bond angle

potentials for atom triplets of A, B, and C that form an angle ABC are treated by

Vang l es =
∑

ABC

1

2
k ABC
α

(
αABC −αABC

0

)+∑
AC

1

2
k AC

r

(
r AC − r AC

0

)
(3.3)

https://github.com/selimsami/qforce
https://github.com/selimsami/qforce
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Coordinates

QM geometry 
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Wiberg bond 
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Identify 
topology (rings, 
connectivity, ...)

Identify terms 
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atoms/terms

Rigid terms

Flexible dihedral 
terms
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QM dihedral 
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LJ parameters 
from parent FF

Add to 
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Check fragment 
in database

Hessian fitting

Dihedral fitting

not found

found

Figure 3.1 | Q-Force flowchart. Gray boxes refer to the input, red ones to the performed QM calculations, and
blue ones to the fitting steps. Further description of this flowchart can be found in the text.

where the first term is a harmonic angle potential for the ABC angle and the second term

is a harmonic bond potential between the A and C atoms which is also known as the

Urey-Bradley term. 137,138

For dihedrals, two different dihedral functions are employed. For rigid dihedrals,
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which are proper and improper dihedrals that are constrained to a single minimum (for

example, due to conjugated rings or double bonds), a harmonic dihedral term given by

Vdi hedr al s−r i g i d = ∑
ABC D

1

2
k ABC D
θ

(
θABC D −θABC D

0

)
(3.4)

is used. For flexible dihedrals, which are dihedrals that have multiple accessible minima,

a Ryckaert-Bellemans type 139 of dihedral function given by

Vdi hedr al s− f lexi bl e (φ) = ∑
ABC D

5∑
n=0

C ABC D
n (cos(φ−π))n (3.5)

is used, where Cn are the six constants that determine the shape and height of each

dihedral profile.

For non-bonded interactions between particle pairs A and B that are more than two

bonds apart, a Coulomb potential given by

VCoul omb = ∑
A<B

qA qB

r AB
(3.6)

is used to account for the electrostatic interactions and a 6-12 Lennard-Jones (LJ) potential

given by

VLennar d−Jones =
∑

A<B

C (12)
AB

r 12
AB

− C (6)
AB

r 6
AB

(3.7)

is used to account for the repulsion and dispersion interactions between the particles. For

non-bonded interactions between atom pairs that are three bonds apart (1-4 interactions),

the treatment of the parent FF is followed, which can be either scaled down interactions

(e.g., OPLS, AMBER) or special pair interactions (e.g., GROMOS).

Identifying the topology and FF terms. The distance matrix of the QM optimized

geometry is used to create a graphical representation of the molecule where atoms are reg-

istered as nodes and bonds correspond to the edges between the nodes of the graph. Such

a graphical representation allows the determination of all the bonds, angles, dihedrals,

and rings in the molecule with ease and is further useful in the fragmentation procedure

that is discussed later. Wiberg bond orders 140 are used to determine conjugated, double,

and triple bonds of the molecule. This information, along with the previously deter-

mined topology of the molecule, are then used for determining the FF terms and their

categorization into rigid (bonds, angles, rigid dihedrals) and flexible (flexible dihedrals)

terms.

While the determination of bonds, angles, and dihedrals in a molecule is quite straight-

forward, automatic categorization of dihedrals into rigid and flexible dihedrals requires

further discussion. A rigid dihedral is recognized in the following cases: (1) the bond order
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between the central atoms of the dihedral is 1.75 or higher, (2) the dihedral is in a ring

and it is planar (non-planarity is smaller than 10°), (3) a special type of rigid dihedral is

necessary (improper dihedral) when previously mentioned types of rigid dihedrals are

not present near an atom that needs to be kept planar (e.g., for a ketone, an improper

dihedral will be necessary, while for a phenol it will not be necessary since the oxygen is

kept planar by the rigid dihedrals originating in the phenyl ring). In the first two cases,

a rigid dihedral term will be added to all combinations of atoms containing the same

central atoms and in the last case, a single improper dihedral will be added.

The remainder of the dihedral terms will be recognized as flexible dihedrals. These

dihedrals are expected to have multiple accessible energetical minima. The first type

of flexible dihedrals is the fully flexible one. These are located in linear chains where a

360° rotation is technically possible. For these dihedrals, a full 360° QM and MM scan

is performed for the fitting. The other type of flexible dihedrals is the constrained one.

These are located in non-planar rings or other types of inversion centers where there

are two minima at +φ and −φ and a full 360° rotation is not possible without breaking

chemical bonds. For these types of dihedrals a limited QM and MM dihedral scan is

performed (e.g., if one minimum is at −30°, the scan is performed from −30° to +50°,

going 20° beyond the second minimum).

Equivalence of atoms and FF terms. Transferable FFs rely on atom types, which

categorize atoms based on their chemical environment (e.g., akyl carbon, ether carbon,

ester carbon), to cover a large portion of the chemical space with a relatively small training

set. Such an approach provides generality at the cost of accuracy: Atoms with somewhat

different environments are mapped to the same atom type even though, for example, not

all ether carbons are equivalent.

For molecule-specific FFs, since the best set of parameters is derived for each atom,

approximating atoms to predetermined atom types is unnecessary. However, it is ben-

eficial to determine the equivalent atoms and FF terms within the molecule for several

reasons: (1) it avoids spurious small differences between chemically equivalent atoms and

FF terms; (2) for most molecules, considering the equivalence of FF terms greatly reduces

the number of fitting parameters for the Hessian matrix which is beneficial for both the

stability of the fitting procedure and for avoiding overfitting; (3) it prevents duplicate QM

dihedral scan calculations for chemically equivalent fragments.

The default approach in Q-Force is to generate an identifier for each atom based on

their first four neighbors (this number can be changed or the equivalent atom identifi-

cation can be turned off by the user). The identifier contains the path to each atom that

is up to four bonds apart. The elements of the atoms and the bond types (i.e., single,

conjugated, double) of the bonds that are within the path are written to that identifier.

The equivalent FF terms are then identified based on the equivalent atoms with special

considerations that are not discussed here (e.g., bond terms between two atom pairs, with
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both pairs having identifiers A and B, are not necessarily equivalent).

Hessian fitting. After the determination of the rigid FF terms, force constants (k)

corresponding to these terms (as shown in eqs. 3.2, 3.3, and 3.4) are determined by

a linear least squares fitting where the squared difference between the QM and MM

Hessians given by ∑
i j

(
HQM

i j −H M M
i j (k, N B)

)2
(3.8)

is minimized with the constraint that force constants have positive values. Here Hi j refers

to the Cartesian matrix elements. While the force constants (k) of the rigid FF terms are

being fitted, the non-bonded (NB) interactions are also accounted for in the MM Hessian

matrix but not fitted. Accounting of the non-bonded interactions during the Hessian

fitting is essential, especially for molecules with strong intramolecular interactions, as

otherwise these non-bonded interactions can affect the parametrization of the bonded

terms and the final parameters can be dependent on the minimum at which the Hessian

calculation is performed.

A Hessian fitting approach like this has originally been used by Dasgupta et al. 141 and

more recently in the QMDFF procedure and has been shown to give accurate harmonic

vibrational frequencies. In our implementation, forces are computed analytically and

the Hessian is computed numerically with a three-point derivative with displacements of

0.003 Å in both directions. The Hessian terms that are smaller than 10−4 kJ mol−1Å−2 are

discarded to improve performance and because they have no effect on the results. The

calculation and fitting of the MM Hessian is extremely fast, taking less than a minute for

molecules containing 200 atoms on an average laptop.

Fitting of flexible dihedrals. While the Hessian matrix contains all the necessary

information for the parametrization of the rigid FF terms at the optimized geometry, for

flexible dihedrals that have multiple minima, the Hessian matrix contains insufficient

information. Therefore, relaxed dihedral scans (i.e., at each scan interval the rest of the

geometry is optimized while the scanned dihedral is frozen) must be performed both

at QM and MM levels to determine the corresponding dihedral energy profiles. An MM

relaxed scan requires a FF, which is available at this stage of the procedure, as seen in

Figure 3.1 (the rigid bonded terms obtained from the Hessian fitting, partial charges

obtained from the QM calculations, and the LJ parameters retained from the parent FF).

Then, the difference between the two profiles, ∆V ,

∆Vpr o f i l e =V QM
pr o f i l e −V M M

pr o f i l e (3.9)

can be fitted to a Ryckaert-Bellemans type of dihedral function (see eq. 3.5) using a least

squares fitting. For the fitting, higher weights (w) are given to data points that are lower
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in energy using

w = exp

(
−0.2×

√
V QM

pr o f i l e

)
(3.10)

where w scales the residuals during the fitting. This weighting step has minor effects on

most of the dihedrals for which a near-perfect fit can be obtained. However, it becomes

highly beneficial for more complicated profiles (as exemplified in the results) where a

perfect fit cannot be obtained. In these cases, prioritizing the accuracy of the lower energy

barriers is sensible as the dynamics are more affected by them (e.g., a 5 kJ/mol error in

a 15 kJ/mol barrier is more detrimental than the same error on a 100 kJ/mol barrier -

both because of the percent error difference and also because a 100 kJ/mol barrier will

be much less visited during a regular MD run). Eq. 3.10, in our experience, has shown to

give a good balance between prioritizing lower energies and not neglecting higher energy

barriers.

A serial relaxed dihedral scan (i.e., the dihedral angle is scanned consecutively in a

single direction), as opposed to single point calculations at each scan interval, is necessary

but not always sufficient to obtain accurate and reliable dihedral energy profiles. A known

problem 142,143 with serial relaxed scans is that in some cases, the starting geometry of

a given step, which is the optimized geometry of the previous step, can guide the opti-

mization towards a spurious local minimum which makes the profile dependent on the

scan direction and causes asymmetries in a dihedral profile that should be symmetrical.

Recently, a step-wise wavefront propagation method, called TorsionDrive, in which extra

relaxed optimizations are performed in reverse and forward directions, has been shown

to avoid these spurious asymmetries, however, at a 3.5-7.5 times increased computational

cost. 143 In Q-Force, already having access to the local symmetry of the dihedral (based on

the equivalence of atoms previously described), the expected symmetries are automati-

cally enforced on the profile, allowing to reach a similar outcome without any additional

computational cost. This approach is exemplified in the results section.

Fragmentation and the fragment database. As the size of the molecule grows, not

only the cost of individual calculations grows, but often so does the number of relaxed

dihedral scans that needs to be performed. For example, assuming a 200 atom molecule

with 25 flexible dihedrals and 15° scan intervals, one would need to do 600 geometry

optimizations on a 200 atom molecule. Clearly, this quickly becomes unfeasible. As

these relaxed QM dihedral scans were identified as the computational bottleneck of the

procedure, a fragmentation scheme was implemented to construct chemically meaningful

fragments for each dihedral that needs to be scanned. This resulted in a drastic lowering

of the computational cost and made Q-Force applicable to very large (> 200 atoms)

molecules. Aside from the computational cost, our experience shows that performing

dihedral scans on smaller fragments also makes the spurious asymmetries discussed in

the previous subsection less likely to happen.
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The automated fragment generation works in the following way: When a flexible

dihedral is identified, the first three neighbors of the central atoms of that dihedral are

by default taken as part of the fragment. Then, the next atoms are removed and the

fragment is capped with a hydrogen atom unless: (1) the bond with the next neighbor

has a bond order larger than 1.75; (2) the bond with the next neighbor is part of a ring;

(3) the current atom has an electronegativity in Pauling scale larger than 3.0 (to prevent

unwanted intramolecular hydrogen bonds, e.g., an O-C bond is not replaced by a O-H). If

one of these cases holds true, the next atom is included into the fragment and the same

check is done for the neighbors of the new atom. The process is repeated in all paths until

either breakable bonds are identified or the end of the paths are reached. Two illustrations

to the automated fragment generation are given in Figure 3.2.

Figure 3.2 | Two examples of the automatic fragmentation procedure. It is shown that fragments are not
terminated in the middle of a ring or when a highly electronegative atom has to be capped with a hydrogen.

As identical molecular fragments can exist in multiple molecules, we have also imple-

mented a database (currently only stored locally) where previously scanned fragments (to-

gether with the employed computational method) are stored. And if these fragments are

ever identified on a new molecule again, the scan results are retrieved from the database,

preventing additional calculations. The identification of the fragments is done by using

the previously discussed graphical representation of the molecule and its fragments. Two

fragments are considered identical if they have the same connectivities between the same

elements, and with matching bond orders and lone pair electrons. Bond orders and lone

pair electron counts are obtained from a Wiberg bond order analysis. 140

Validation on-the-fly. An important but sometimes lacking ability when using auto-

mated and (semi-)black-box procedures is to be aware of when the procedure performs

well and when it performs sub-optimally. In Q-Force, the validation of the FF is done on-

the-fly: In the case of the Hessian fitting, QM and MM vibrational frequencies are plotted
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and the mean percent error of the MM vibrational frequencies is given. Moreover, MM

vibrational modes are also written to a file in a format that can be visualized by VMD 144

and be compared to their QM counterparts. In the case of dihedral fitting, for each flexible

dihedral, QM and MM dihedral profiles are plotted together and the r-squared value of

the fitting is given as an indication of how well the fitting went. A warning is given if any

fitted data point has an error larger than 2 kJ/mol, prompting the user to check if the

results have the desired accuracy. These on-the-fly validations allow users to be always

aware of the accuracy of the generated FF in order to decide whether a further action is

necessary.

Limitations. Some known, and likely not exhaustive, limitations of the Q-Force

procedure are discussed below:

• The choice of the functional form of the Q-Force FF enables treatment of large

systems, however, at the same time it limits its accuracy compared to more complex

functional form FFs (QMDFF, xTB-FF, etc.). Bond breaking, bond forming and

bond order changes cannot occur with the current functional form. Organometallic

complexes and metal clusters are outside the scope of this work. Similarly, electro-

statics are currently only treated by point charges and charges cannot polarize each

other during the simulation. A polarizable version of the Q-Force FF is currently in

progress.

• It is well known that some neighboring flexible dihedral profiles are mutually de-

pendent. In such cases two-dimensional dihedral profiles can be assigned to neigh-

boring dihedrals, often referred to as CMAP correction. 111,145,146 Identification and

special treatment of these co-dependent dihedrals, and CMAP potentials are cur-

rently not implemented in Q-Force. However, their implementation is currently in

progress.

• The fragmentation scheme has only been implemented for the treatment of flexible

dihedrals and not for the calculation of the Hessian matrix. Consequently, treatment

of extremely large molecules (> ∼400 atoms) will be limited by the computational

cost of the geometry optimization and Hessian calculation of the whole molecule

(unless a cheaper method, such as DFTB, is used for the parametrization). The

problem with fragmentation before a geometry optimization is that it relies on

accurate input geometries and in many cases it can result in wrong bond orders

and consequently wrong bonds being cut during the creation of the fragments.

Technical details. The default choice for the QM reference is density functional theory

with the PBE functional and 6-31+G* basis set. The PBE functional is chosen because its

Hessian matrix does not need empirical scaling as with some other functionals to match

experimental frequencies. 127 However, the user has the choice to use other functionals
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and scale their Hessian accordingly as the scaling is implemented. For example, for excited

states different functionals may be more preferable. 147,148 Currently the compatible QM

softwares are Gaussian09 149 and Gaussian16. 150 Further compatible QM software will

be added in the near future. The FF is generated in GROMACS format, which is also

readily compatible with OpenMM 151 and can easily be converted to AMBER or CHARMM

formats using the ParmEd software. 152

3.3. Results and discussion

Vibrational frequencies of small molecules. We first look at how Q-Force performs

for small molecules with respect to two very commonly used automated topology builders

for transferable FFs, namely ATB for GROMOS FFs and LigParGen for OPLS FFs. In Figure

3.3, results are shown comparing the vibrational frequencies of these two transferable

FFs and Q-Force to the QM reference for a molecule set comprising of 15 small organic

molecules (see the figure caption for the list of the molecules), ranging from 4 to 36

atoms. Q-Force outperforms both transferable FFs for every tested molecule with a mean

absolute deviation (MAD) in vibrational frequencies of 3.8% (27.7 cm−1) compared to

OPLS/LigParGen with 8.7% (88.2 cm−1) and GROMOS/ATB with 12.16% (115.0 cm−1). It

is also important to keep in mind that these transferable FFs have been parameterized

for this kind of small molecules - the accuracy of these methods is expected to further

decrease for more complex molecules that were not covered in the initial parametrization,

as also observed in the following subsections.

A closer look to Figure 3.3 also helps to identify systematic errors in transferable FFs.

For example, for the GROMOS/ATB FF, frequencies in the range of 400-700 cm−1 have

been consistently underestimated. Many of these data points correspond to aromatic

ring out-of-plane bending modes, resulting in GROMOS aromatic rings being much less

planar than they are supposed to be. This behavior has been previously noticed and

sometimes these parameters are empirically scaled up to make them “stiffer”. 153 The use

of QM-derived FFs such as Q-Force can also help to identify and correct such systematic

errors in existing transferable FFs by means of optimizing the parameters of existing atom

types and identifying when extra atom types are necessary.

While performed on a different set of small molecules, QMDFF and SFAM, which

have much more complicated and computational demanding functional forms of the

FF, reported MADs of 44 cm−1 127 and 66.5 cm−1, 129 respectively. QUBEKit, on the other

hand, with a similar functional form to Q-Force, reported a MAD of 6.3%. 130 This shows

that the Q-Force FF (with a MAD of 3.8% or 27.7 cm−1) gives, if not better, comparable

vibrational frequencies to the existing molecule-specific FFs, even to those with more

complex functional forms.
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Figure 3.3 | QM vs MM (GROMOS/ATB, OPLS/LigParGen, Q-Force) vibrational frequencies for 15 small
molecules, with a total of 494 vibrational frequencies. The red line corresponds to perfect agreement be-
tween QM and MM. Mean absolute deviation in vibrational frequencies are 3.8% (27.7 cm−1) for Q-Force, 8.7%
(88.2 cm−1) for OPLS/LigParGen and 12.16% (115.0 cm−1) for GROMOS/ATB. The molecules are: propane,
isobutane, acetic acid, trans-2-butene, acetonitrile, dimethyl ether, diglyme, methane thiol, pyrazine, thiophene,
ethene, benzene, toluene, naphthalene, pentacene.

Dihedral profiles of small molecules. After demonstrating the accuracy of the Q-

Force vibrational frequencies, the next step towards obtaining accurate MM PESs is

having accurate dihedral profiles for the flexible dihedrals. In fact, the performance of the

flexible dihedral functions around the global minimum is also evident in the vibrational

frequencies shown in Figure 3.3. The frequencies below ∼300 cm−1 correspond to these

kind of low-energy displacements of the flexible dihedrals and they are also shown to

be in good agreement with the QM reference. However, since the Hessian contains

no information about other possible minima, the complete dihedral profile must be

investigated to obtain accurate PESs.
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To this end, QM and Q-Force dihedral profiles are compared in Figure 3.4 for all

of the flexible dihedrals of the same 15 small molecules from Figure 3.3. For all dihe-

drals, a very good agreement (r-squared of the fitting is above 0.99 for all dihedrals) is

obtained between the QM and MD profiles using the automated procedures in Q-Force.

This shows that the Q-Force procedure is also able to accurately reproduce the QM di-

hedral profiles. Moreover, due to the database of dihedral profiles in Q-Force, if these

molecules/fragments are identified in another molecule in the future, they would be

identified automatically and no new calculations would be necessary.
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Figure 3.4 | QM (dots) vs Q-Force (lines) dihedral profiles for all of the flexible dihedrals of the molecules in
Figure 3.3, with a total of 12 dihedrals. R-squared of the fitting is above 0.99 for all the dihedrals.

Treatment of problematic dihedral scans. As discussed in the Methods section, serial

relaxed dihedral scans can sometimes result in spuriously asymmetric dihedral profiles.

This is exemplified in Figure 3.5 for the 4- and 2-pyridiniophenolate molecules where

the QM profiles (in gray) suffer such asymmetry, especially around the transition region

of 90° and 270° even though 0-90°, 90-180°, 180-270°, 270-360° quadrants are expected

to be equivalent or mirrored based on the molecular symmetry. The reason behind this

asymmetry is that during the scan, the improper dihedrals between the two rings deviate

from planarity into a pyramidal structure and are stuck at a local minimum due to the high

pyramidal inversion energy barrier until the point where the sharp drop in energy occurs.

This clearly indicates a hysteresis effect, possibly due to the neglect of multireference
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effects in the wavefunction. Evidently, using these asymmetric profiles for the subsequent

fitting of the FF parameters would introduce errors. Therefore, in the Q-Force procedure,

the symmetry around the dihedral is identified based on the equivalent atoms in the

molecule and the profile is automatically symmetrized, taking only the lower energy data

points from the equivalent quadrants, as shown in Figure 3.5 (in red). A similar molecule

with a similar asymmetry problem was studied with the TorsionDrive method 143 and

following their procedure, they have obtained a very similar symmetrized profile. Note

that there is no additional computational cost in the approach implemented in Q-Force,

unlike the TorsionDrive method, which, while being a more rigorous approach, resulted

for the similar molecule in a ∼ 4 times increase in the number of performed relaxed scans.

N

O

N
O

(a)

(b)

Figure 3.5 | QM, symmetrized QM, Q-Force, GROMOS/ATB, and OPLS/LigParGen dihedral profiles for (a)
4-pyridiniophenolate, and (b) 2-pyridiniophenolate. The molecules and the scanned dihedral are indicated in
the inset figures.

The fitting of the Q-Force dihedral profiles then makes use of the symmetrized QM
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profile and as a result, a profile that is symmetrical and in good agreement with the QM

profile is obtained for both molecules. The effect of the weighting function from eq. 3.10

can also be seen here: The more important lower energy points are reproduced with high

accuracy at the cost of some level of accuracy for the high energy points. GROMOS as well

as OPLS FFs, both of which clearly were not trained based on these types of molecules, fail

drastically to reproduce the dihedral profiles for both molecules. This clearly illustrates

the limitation of transferable FFs - that they cannot be expected to work accurately for

the type of molecules that were not covered in the original fitting of the FF.

QM vs MM potential energy surfaces. Having shown that the Q-Force procedure

leads to both an accurate Hessian and dihedral profiles, the next question is whether

this accuracy will lead to a good agreement between the QM and MM PESs. In order

to test the PES of the Q-Force FF and the fragmentation procedure on a large molecule,

we have chosen the ITIC molecule (186 atoms). This molecule 154,155 and its family of

molecules 156,157 have been shown to lead to record power conversion efficiencies for

organic photovoltaics applications. For this molecule, 200 snapshots were taken from gas

phase MM simulations of ITIC with Q-Force, GROMOS/ATB, and OPLS/LigParGen FFs,

then QM single-point energy calculations were performed on these snapshots and the

potential energies from the corresponding geometries were compared.

Results of this approach are shown in Figure 3.6. MAD between the QM and MM

energies are 20.2, 91.0, and 93.7 kJ/mol for Q-Force, GROMOS, and OPLS FFs, respectively.

Both transferable FFs, with slopes of the trendline of 1.659 and 1.550, are shown to

significantly and systematically underestimate QM energies, up to several hundred kJ/mol

in the extreme cases, meaning that they visit high energy configurations that would not

have been visited in a QM-based simulation. On the other hand, Q-Force reproduces the

QM PES extremely well, with a slope of the trendline of 1.006. MM energies, in this case,

closely match the QM ones for the corresponding snapshots, with no significant outliers.

This demonstrates the ability of Q-Force to sample much more accurate configurations

for complex molecules during an MD simulation, compared to the transferable FFs that it

has augmented, which is very promising for future applications in both materials science

and biophysics.

Importantly, the improvement of the PES with Q-Force comes with no additional

computational cost during the MD simulations; as the simulations with three different FFs

were completed in comparable amounts of compute time. For the initial parametrization,

the geometry optimization and the calculation of the QM Hessian took less than a day

on 32 CPUs. Dihedral scans, due to the fragmentation scheme, took significantly less

time than that. Overall, the whole procedure took less than 15 minutes of manual labor.

This demonstrates that much larger systems are within the capabilities of the Q-Force

procedure.
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Figure 3.6 | QM vs MM potential energies for the 200 snapshots taken with each FF. For each FF and method,
the minimum energy configuration is set to zero. MAD between the QM and MD energies are 20.2, 91.0, and
93.7 kJ/mol for Q-Force, GROMOS, and OPLS FFs, respectively. The slope of the trendline with a (0, 0) intercept
for the three FFs are 1.006, 1.659, and 1.550, respectively.

Case study: Charge carrier energy levels of organic photovoltaic blends. Organic

photovoltaics (OPVs) make use of blends of donor and acceptor molecules in order to

facilitate charge separation and transport. In these blends, frontier orbital energies,

namely, HOMO of the electron donor and the LUMO of the electron acceptor, determine

the open-circuit voltage (Voc ) of the device. Maximizing the Voc is crucial in order to

improve the power conversion efficiency of these devices. Therefore, having theoretical

methods that can predict the energy levels of OPV blends provides the ability to perform

computational high-throughput screening of a multitude of different blends in order to

identify the promising ones.

In this case study, the effect of the choice of the FF on the computed energy levels of

these blends is shown. Blends of PCBM (acceptor) and P3HT (donor), two commonly
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studied molecules in the field, are created using a solvent evaporation methodology 55

with the coarse-grain Martini 61,158 FF and these morphologies are then backmapped 159

to atomistic detail, for which atomistic FFs are created with Q-Force, GROMOS and

“GROMOS-stiff”. After relaxing the system with these three FFs, energy levels are then

computed for every molecule in the system separately in the gas phase using DFTB

and in the case of the blend, a 2 nm radius around the molecule is considered using

microelectrostatic calculations. GROMOS-stiff is an adapted version of the GROMOS FF

where the backbone dihedral potentials of P3HT were stiffened to better preserve the

planarity of thiophene, whose necessity was explained in the “Vibrational frequencies of

small molecules” subsection. For further computational details, we refer to the original

work. 153

In Figure 3.7a, the choice of FF is shown to be strongly affecting both the mean and

the spread (energetic disorder, σ) of gas phase HOMO energies for P3HT. Going from

GROMOS, through GROMOS-stiff, to Q-Force distributions, both the energetic disorder

and the mean of the energy levels decrease. The narrowing of the distribution can be

explained by the stiffening of the originally too flexible backbone dihedrals, which leads

to geometries that correspond more to the QM ones. In the case of Q-Force, unlike

both GROMOS FFs, the molecule is vibrating around the QM-minima, which might be

responsible for the additional narrowing. The narrowing also appears to be coupled to

the stabilization of the HOMO levels. PCBM gas phase LUMO energies are much less

affected by the choice of FF, as seen in Figure 3.7b. This is understandable considering

that the LUMO of PCBM is dominated by the C60 moiety, which is not very affected by the

choice of FF due to its rigidity. Finally, it is shown in Figure 3.7c for the PCBM:P3HT blend

that the inclusion of the environment results in the significant increase of the energetic

disorder for both the P3HT HOMO and the PCBM LUMO.
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Figure 3.7 | Distribution of the gas phase (a) HOMO energy levels of P3HT and (b) LUMO energy levels of PCBM
for geometries that are generated with the GROMOS, GROMOS-stiff, and Q-Force FFs. (c) HOMO of P3HT and
LUMO of PCBM in the donor-acceptor blend with geometries that are generated with the Q-Force FF. Standard
deviation of the distributions (σ) are provided in the legends in eV.
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Gas phase P3HT HOMO energetic disorder of the three FFs can be compared to the

experimental and theoretical neat-film ones, keeping in mind that additional disorder is

expected in the condensed phase, as also shown in Fig. 3.7c for the blend. The experi-

mental and theoretical disorders, in agreement with each other, range from 0.05 to 0.11

eV, 160 which are already mostly lower than the gas phase disorders of both GROMOS

FFs (0.13 and 0.10 eV). This means that GROMOS FFs are overestimating the energetic

disorder caused by the different configurations of P3HT. Gas phase Q-Force energetic

disorder (0.03 eV) is lower than the experimental neat-film values, which is encouraging

considering the expected broadening in the condensed phase. P3HT HOMO energetic

disorder in the P3HT:PCBM blend with Q-Force (0.18 eV) is still higher than the range of

experimental values, which could be due to an increased disorder in the blend compared

to the neat film. The condensed phase energetic disorder of PCBM LUMO with Q-Force

(0.19 eV) is in line with previous theoretical work, if not slightly higher (0.13 161 and 0.16

eV 162). This case study reiterates 135,136 the importance of generating snapshots with

accurate FFs for obtaining accurate properties from the succeeding QM calculations. It

also demonstrates that Q-Force can be used successfully for this purpose, meaning that it

provides accurate geometries suitable for use in consecutive QM calculations.

3.4. Conclusions

In this chapter, we presented the Q-Force procedure that has the aim of augment-

ing existing transferable FFs with molecule-specific, QM-derived FF parameters. The

automation of the procedure enables the derivation of the FF parameters in a transparent

and reproducible manner, eliminates (non-systematic) human error, and minimizes man-

ual labor. The on-the-fly validation enables the careful evaluation of the quality of the

generated FF. The fragmentation of large molecules allows the parametrization of large

systems with significantly reduced computational cost, making the treatment of large

molecules (>200 atoms) feasible. The procedure can be applied to any organic molecule

in their ground, ionic, or excited states.

The accuracy of the Hessian fitting procedure was demonstrated with a set of small

molecules where the Q-Force procedure obtained a MAD of 3.8% (27.7 cm−1) in vibra-

tional frequencies (Figure 3.3), with respect to the QM reference, significantly better than

the reference transferable FFs of GROMOS (12.16%, 115.0 cm−1) and OPLS (8.7%, 88.2

cm−1). For the same set of molecules, the fitting procedure for the flexible dihedral terms

was shown to give high accuracy with an r-squared of the fitting that was above 0.99

for all dihedrals (Figure 3.4). The automated treatment of more problematic dihedral

profiles was also discussed and shown to give good accuracy (Figure 3.5). Then, for a

large molecule (186 atoms), it was demonstrated that having an accurate Hessian and

dihedral profiles indeed do lead to an accurate PES (Figure 3.6): The Q-Force-based
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PES had a trendline with a slope of 1.006 and a MAD of 20.2 kJ/mol with respect to the

QM reference, showing excellent agreement between the energetics of the QM and MM

structures. The reference transferable FFs, on the other hand, were shown to significantly

and systematically underestimate the QM energies (slopes of 1.659 and 1.550), resulting

in the access of wrong configurations during the MD simulations (MADs of 91.0, and 93.7

kJ/mol). Finally, the significant consequences of the choice of the FF on the energy levels

of molecules in OPV blends were shown (Figure 3.7).

The Q-Force toolkit, with an intuitive and easy-to-use interface, and together with rele-

vant tutorials, is freely available on GitHub (https://github.com/selimsami/qforce).

The functional form of the Q-Force FF bears no additional computational cost after the

initial parametrization, making it available to any MD application that was previously

treated with transferable FFs. Additionally, as the non-bonded interactions of the parent

FF is preserved, compatibility can be expected with molecules already parametrized with

the parent FF, such as complex biological molecules (e.g., DNA, RNA). Hence, Q-Force is

easily applicable to various materials science and biophysics applications.
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Incorporating ethylene glycols (EGs) into organic semiconductors has become
the preeminent strategy to increase their dielectric constant. However, the en-
hancement of the dielectric constant by EGs is due to nuclear relaxations and
therefore, its relevance for various organic electronic applications depends on
the time scale of these relaxations, which remains unknown. In this work, by
means of a new computational protocol with predictive power based on polar-
izable molecular dynamics simulations, the time- and frequency-dependent di-
electric constant of a representative fullerene derivative with EG side chains are
calculated, the origin of its unusually high dielectric constant is explained, and
design suggestions are made to further increase it. Additionally, a dielectric re-
laxation time of 0.5 ns is extracted, which suggests that EGs may be too slow to
reduce the Coulombic screening in organic photovoltaics but are definitely fast
enough for organic thermoelectrics with much lower charge carrier velocities.

4.1. Introduction

The excitonic nature of organic semiconductors (OSCs), namely the generation of

bound electron-hole pairs instead of free charges upon photon absorption, has been

attributed to their low dielectric constant. 33,50–52 Koster et al. 53 argued that high dielectric

constant OSCs can reduce the exciton binding energy and consequently increase the

efficiency of organic photovoltaics (OPVs), provided that the energy offset required to

enable charge transfer between acceptor and donor is minimized. Since then, addition of

ethylene glycol (EG) side chains to fullerene derivatives, 34–36 small molecules, 38,39 and

polymers 40–42 has become the preeminent strategy for enhancing the dielectric constant

of OSCs. 33 However, increased dielectric constants have not resulted in higher power

conversion efficiencies so far 33,54 and the effects on the exciton binding energy have not

been reported. On the other hand, for organic thermoelectrics (OTEs), the use of EGs has

shown to improve the thermal stability, doping efficiency, and power factors. 31,37,43–45

This effect is attributed to the polar environment of EGs, 37 likely related to the increased

dielectric constant.

An important aspect that often receives little to no attention is that the dielectric

constant enhancement of EGs is due to nuclear relaxations. 38,40 It should be noted that

this is different for nonexcitonic silicon solar cells where the full dielectric constant of ∼ 12

is electronic. 70 This raises the question whether the slower EGs can provide additional

Coulombic screening in OSC applications, as their response (i.e., their reorientation)
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would need to be faster than the mobility of the charge carriers. In other words, if the

charge carriers change their environment faster than the environment can respond, no

additional screening can be expected from the nuclear relaxation of the environment.

It has been shown that the dielectric relaxation time for two EG containing molecules

(diglyme and tetraglyme) in liquid is in the range of 10-20 ps. 163 Additionally, the nuclear

contribution to the dielectric constant has also been shown to mostly vanish in the solid

state for pristine EGs, which leaves them with a dielectric constant below 3.5. 164 Therefore,

it is of interest to understand if and how this contribution persists in solid state organic

semiconductors and identify its time scale.

1 nm

Figure 4.1 | PTEG-1 molecular structure and a sample snapshot from a simulation box. Different molecular
fragments, as used in this work, are highlighted in different colors.

In the present work, we study the dielectric constant of a fulleropyrrolidine with a

single EG side chain named PTEG-1 (Figure 4.1) which has been recently synthesized

and shown to have a static dielectric constant ranging between 4.5-6.5. 34,84 As this is

higher than the solid state dielectric constants of both C60 (∼ 4) 165 and EGs (∼ 3.5), 164

there is clear evidence for a synergistic effect that is not fully understood yet. We employ

our new computational protocol (see Methods section 4.4) to calculate its both time-

and frequency-dependent dielectric constant. Having an atomistic resolution, we are

able to pinpoint the different dielectric contributions (electronic, dipolar, induced) to

different fragments of the molecule and identify the molecular response that is causing the

unusually high dielectric constant. Our calculations yield accurate static and electronic

dielectric constants and allow us to predict the time scale of the nuclear relaxations which

are then used to investigate the relevance of the dielectric constant increase due to EGs

for OSC applications.
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4.2. Results and Discussion

In Figure 4.2, the dielectric constant versus both time (blue) and frequency (red) is

presented. Static and electronic dielectric constants of 4.66 and 3.31 are calculated, respec-

tively. The static dielectric constant falls within the admittedly large range of experimental

values (4.5 to 6.5), 34,84 which is caused by a roughness problem at the electrodes. 73 How-

ever, as the roughness always introduces excess capacitance, 73 it is possible that the lower

range of the experimental values corresponds to the material’s real dielectric constant.

The electronic dielectric constant is in good agreement with previous theoretical work 165

performed with periodic coupled perturbed density functional theory. The dielectric

relaxation time of the system is computed to be 0.5 ns from the fit function (see Methods

section). The relaxation time is about 30 times slower than both experimental 163 and

computed (with the same methodology, see Appendix) relaxation times for similar EG

chains in liquid (10-20 ps). The high stretch of the fit function (β= 0.22) indicates that

there is a large distribution of dielectric relaxations occurring in the material, as it can be

expected in amorphous solids where each molecule has a slightly different environment.

This stretch results in the lowering of the transition frequency to 0.3 MHz, which is several

orders of magnitude smaller than the pure liquid transition frequency of the similar EG

chains (4-10 GHz, see appendix). The increase in the response times and the decrease in

the transition frequency compared to the liquid EGs can be linked to the reduced flexibil-

ity in the solid phase. Dependence of the relaxation time and the transition frequency

on different molecular features and different morphologies—potentially resulting from

different processing conditions 55—is currently under investigation. We anticipate that

our computational protocol can be highly beneficial to help the endeavor of engineering

molecules with faster dielectric responses.

In order for OSCs to benefit from the static dielectric constant, the charge carriers

would need to change their environment at a slower rate than the dielectric relaxation

time of 0.5 ns. Using the electron mobility and internal electric field in OPV devices one

could approximate the electron-hopping rate as ∼ 2 ns−1 *. It has also been argued that the

actual charge carrier motion in OPV devices is orders of magnitude faster than what would

be expected based on their mobilities 168–170 due to the non-equilibrium nature of OPVs,

which would result in correspondingly higher electron-hopping rates. This suggests that

the nuclear response of EGs could be too slow to influence the Coulombic screening for

OPVs. On the other hand, for OTEs, the much smaller electric field in the devices results

in an approximate electron-hopping rate of 2 µs−1 †, which is orders of magnitude slower

*The electron mobility of PTEG-1 (2×10−7 m2V−1s−1) 34 multiplied with the approximate internal electric field
in OPV devices (107 V/m) 166,167 results in a drift velocity of 2 nm/ns, which, with the hopping distance as the
distance between two C60 moieties (1 nm), results in an approximate electron hopping rate of 2 ns−1.

†With an electric field of 104 V/m (Seebeck voltage of ∼ 1 mV 171–173 divided by the device thickness of 100
nm 37), an approximate electron hopping rate of 2 µs−1 can be calculated in a similar way.
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Figure 4.2 | Computed dielectric constant versus time (blue) and frequency (red) at 25°C. ε0 and ε∞ refer to the
static and electronic dielectric constants, for which the experimental 34,84 and theoretical 165 references are
4.5-6.5 and 3.3, respectively. Dashed orange line is the fitting function described in the methods and given by eq.
4.2. Imaginary part of the dielectric constant is shown in Figure 4.8.

than the dielectric relaxation time. Moreover, in such doped organic semiconductors the

ionized dopants are essentially static, allowing EGs to permanently screen their charges.

These results are in line with the current performance of EG containing OSCs in these

respective fields: While no improvement to OPV efficiencies has been made due to the

inclusion of EG side chains, 33,54 for OTEs, inclusion of EGs has been shown to enhance

device performance. 31,37,43–45 This indicates that it is crucial to look carefully at the

dielectric response time and that the static dielectric constant should not be taken by

default as the effective dielectric constant for OSC applications.

The computational protocol presented here further allows, as shown in Figure 4.3,

a clear-cut decomposition of the dielectric constant (see Methods sections 4.4) into

contributions of molecular fragments (as defined in Figure 4.1) and dielectric processes

(electronic, dipolar, induced). The electronic contribution is due to the response of the

electrons before any nuclear motion occurs. Then the nuclear response is split into

dipolar and induced contributions: the former is the dipolar alignment of the molecule

due to the partial charges on each atom, while the latter is the additional electronic

polarization due to the dipolar alignments, i.e., a contribution that is coupled between

the electronic and the nuclear parts. The importance of a polarizable molecular dynamics

(MD) simulation becomes apparent at this point, as from a classical “fixed-charge" MD

simulation 174 only the dipolar contribution could have been obtained. The results show
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that the electronic contribution is dominated by C60 as it has a highly polarizable electron

cloud. This shows that increasing the size of the side chain would result in an overall

reduced electronic dielectric constant, as was also concluded in previous work. 165 The

dipolar contribution can be almost fully attributed to the EG groups, implying a significant

reorientation of the EG dipoles, which is clearly shown later in Figure 4.4. On the contrary,

the induced contribution is dominated by the C60 fragment, which occurs as the result of

highly polar EGs inducing dipoles on highly polarizable C60 moieties. We argue that these

favorable interactions are an important reason for the synergistic increase of PTEG-1’s

dielectric constant (4.66) compared to its C60 (∼ 4) and EG (∼ 3.5) components in the

solid state. The total contributions show that the group connecting C60 to EG, named

“connection", provides very little contribution overall, meaning that minimizing its size

can be a design rule for increased dielectric constants. While the EG contribution is

about half as much compared to the one from C60, its contribution per volume is much

more significant considering that the EG chain is much smaller than the C60 fragment.

However, since different fragments are responsible for maximizing the electronic and

nuclear contributions, the trade-off and the need for focusing on the more relevant

contribution for OSCs become even more apparent.
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Figure 4.3 | Decomposition of the dielectric constant into contributions from molecular fragments and from
dielectric processes. Total of each bar is shown in bold type. Difference of 1 between the contributions shown
here and the static and electronic dielectric constants from Figure 4.2 corresponds to the vacuum dielectric
constant (see eq 4.1).
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We now further analyze whether the dipolar contribution coming from the EGs is

indeed due their significant reorientation in response to the electric field. To this end, the

order parameter P1 (cosθ) is calculated for each of the EGs as a function of time, where θ

is the angle between the direction of the applied field and the COC vector, as shown in

Figure 4.4. An order parameter P1 = 0 means random orientation of the EGs, and P1 = 1

means perfect alignment with the direction of the field. Before the electric field is applied

(t=0), all EGs are randomly oriented as one would expect in an amorphous system. With

the sudden application of the field, EGs orient in the direction of the field at a similar time

scale as the dielectric relaxation time (Figure 4.2), which, together with the results from

Figure 4.3, shows that the alignment of the EG groups is indeed responsible for the high

dielectric constant. Moreover, it can be seen that the EG group directly connected to the

benzene ring aligns the least with the field, while that at the end of the side chain aligns

the most. This suggests a dependence of the EG contribution either on the total length

of the chain, i.e., longer chains give higher contributions toward their end, or simply on

the position of the EG within the chain, i.e., the terminal EG has increased flexibility. We

suggest that in the former case EG chains branching towards the end, and for the latter

case multiple short chains could result in increased dielectric contributions.
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Figure 4.4 | P1 order parameters for the individual ethylene glycol (COC) groups. COC vector is defined as
~rC1−O −~rC2−O (see also inset).

Finally, to identify what particular feature of EGs allows them to easily align with the

field even in the condensed phase, we show the energy profile (Figure 4.5) for their two

distinct torsions within the EG fragments: OC-CO (blue) and CO-CC (red), which we

obtain by performing an inverse Boltzmann analysis (see Methods section 4.4) to their
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distributions throughout the simulations. Then the transition rates between the minima

are approximated by transition state theory. For both torsions, a region of approximately

270° with three minima can be seen where the torsional barrier is always below 8 kJ/mol.

Having such a region allows the reorientation of EG at a picosecond time scale, which

clearly is the reason for the high flexibility of EGs.
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Figure 4.5 | Energy profile of the OC-CO (blue) and CO-CC (red) torsions averaged over all such torsions within
the EG fragments all of the molecules and all of the simulations. Numbers accompanied by the arrows indicate
the transition rate over a barrier in the specified direction.

4.3. Conclusions

In summary, we have outlined a computational protocol with predictive power that

can calculate the time- and frequency-dependent dielectric constant of organic solids

with good accuracy. We demonstrated this using the PTEG-1 molecule, which contains

EG side chains that are known to significantly enhance the static dielectric constant even

in the solid state. We showed that this enhancement occurs by the alignment of EGs

with the electric field direction, which is in turn made possible by their low torsional

barrier. We made several design suggestions to maximize the static dielectric constant,

such as minimizing the size of the group connecting C60 to EGs and using shorter or

branched EG chains. Moreover, we identified the dielectric response time of PTEG-1 as

0.5 ns, which was unknown to date. We argued that due to their very different charge

carrier velocities, this response is fast enough to be fully benefited by OTEs, while it

may be too slow to provide additional Coulombic screening in OPVs, which is also in
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agreement with the performance of EGs in these fields. Therefore, the static dielectric

constant, often measured by impedance spectroscopy, is not necessarily the effective

dielectric constant for OPVs, and more efforts should be made on decreasing the response

time of these nuclear contributions or on increasing the electronic dielectric constant

instead of the static one. We believe that the computational protocol described in this

work can be highly beneficial for these efforts, as will be demonstrated by combining it

with experimental results for several state-of-the-art high dielectric constant materials in

the next chapter.

4.4. Methods

Computation of the time and frequency dependent dielectric constant. While the

most common and convenient approach to compute the dielectric constant from MD

simulations is by monitoring the fluctuations of the dipole moment in an equilibrium

simulation, 63,175–177 this approach requires unreasonably long simulation times in the

case of solid systems, making it unsuitable for such applications. Moreover, the fluctuation

method is not able to capture the electronic contribution to the dielectric constant even

when used in conjunction with polarizable force fields as no such fluctuations occur

during the simulation. 178,179

The external field method, 175,176,179,180 as used in this work, allows for much shorter

simulation times, and even though it requires a higher number of simulations, these

are embarrassingly parallel. It also makes it possible to obtain the electronic dielectric

constant when used in conjunction with polarizable force fields. Moreover, having a

nonequilibrium simulation with an applied field allows us to directly look at the molec-

ular response to the electric field, similar to how molecules would respond to the field

generated by charge carriers in OSCs. In this method, an electric field E ext
i is applied in

the direction i and the dipole moment µi (t ) is monitored as a function of time. Then the

time-dependent dielectric constant εi (t ) is given by

εi (t ) = 1+ 4π

V

µi (t )−µi ni t
i

E ext
i

(4.1)

where V is the volume of the simulation box and µi ni t
i is the initial dipole moment before

the electric field is applied. The applied field method also has its own challenges: The

strength of the applied field must be chosen carefully for each system since too small

values make it difficult to distinguish the dipolar response from the statistical noise and at

too large values the linear relationship between the dipole moment and the field strength

no longer holds. 179,181 Furthermore, the usage of this method is much less straightforward

than the dipole fluctuation method, requiring various scripts and steps, which makes it

less accessible for the nonexpert user.



4

72 4. How Ethylene Glycol Chains Enhance the Dielectric Constant of OSCs

For this work, a computational protocol that provides an easy pipeline to compute

the dielectric constant of any system with the applied field method was developed, pro-

vided that the user has an appropriate force field for the system of interest. The applied

field methodology as used by Riniker et al. 179 was combined with a fitting procedure to

extrapolate the simulation to longer time scales. By performing a Fourier transform to

this fit, the frequency-dependent dielectric constant was obtained. The authors provide

the necessary scripts for the use of this protocol with the GROMACS 100 software in the

corresponding article’s supporting information. 182

The time-dependent dielectric response, ε(t), as shown in Figure 4.2 was fitted to a

stretched exponential function (also known as the Kohlrausch-Williams-Watts relaxation

function), 183,184

ε(t ) = (ε0 −ε∞)∗ (1−e−(t/τ)β ) (4.2)

where the three fitting parameters are ε0, τ, and β, which are the static dielectric constant,

the dielectric relaxation time, and the stretching parameter, respectively. ε∞ is the elec-

tronic dielectric constant, which is obtained using eq. 4.1 for t = 0. β= 1 corresponds to

the single exponential relaxation, however, most real materials have non-ideal relaxations

that are not characterized by a single τ, but by a distribution of τ values that results in

the stretching (0 <β< 1) of the dielectric response. 185 This is especially true for highly

disordered systems, such as amorphous morphologies like the one studied in this chapter,

and glassy polymers. 183,186,187 The described fitting procedure enables extrapolating the

dielectric response to convergence without the need to run simulations in the time scale

of milliseconds, which would be computationally extremely unfeasible, especially with

polarizable MD simulations that are employed in this work.

The step-by-step procedure is as follows: (1) Multiple amorphous morphologies are

generated by a simulation protocol that is explained at the end of this section; (2) for

each of the morphologies, an equilibrium simulation is performed and snapshots are

taken with given intervals; (3) for each of the snapshots three new simulations are started

with an applied electric field in the x, y, or z direction; (4) the time-dependent dielectric

constant ε(t ) is computed using eq. 4.1; (5) the average ε(t ) from all of the simulations is

extrapolated to longer time scales using eq. 4.2; (6) this fit is then Fourier transformed

to obtain the frequency dependent dielectric constant; (7) the dielectric constant is

decomposed into dielectric processes and molecular fragments of interest, as further

explained in the next section.

In this work, we used a Drude-based polarizable force field 188 that is based on our

newly developed Q-Force procedure in which force field parameters are derived from

quantum mechanical calculations in an automated way (see Appendix). Three amorphous

PTEG-1 morphologies with 125 molecules in the unit cell were generated, and for each

of them, 30 snapshots were taken with 100 ps intervals after an initial relaxation of 1 ns,

resulting in 280 simulations over which all of the results were averaged.
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Decomposition of the dielectric constant into molecular fragments and dielectric

processes. The electronic dielectric constant was obtained at t = 0 of the simulation by

looking at the difference between the dipole moment before and after the application of

the electric field which is caused by the displacement of the Drude particles. The dipolar

contribution was obtained by recalculating the dipole moment with the Drude particles

put back on top of their corresponding atom. This removed all of the contribution due to

Drude particles, resulting in the contribution that is solely due the reorientation of dipoles

which are originated due to partial charges on the atoms. The induced contribution was

then what remains after subtracting the electronic and dipolar contributions from the

total dielectric contribution, which can be visualized as further polarization of Drude

particles as a function of time, i.e., the coupling between the electronic and the dipolar

contributions.

Decomposition of the dielectric contribution into molecular fragments was done

by considering the dipole moments of the fragments of interest instead of the whole

molecule. It is important to note that since the individual fragments are not necessarily

uncharged, their dipole moment becomes origin dependent. However, for calculation

of the dielectric constant, the quantity of interest is the derivative of the dipole moment

with respect to the applied electric field, which again becomes origin independent. The

MDAnalysis library 189,190 was used to apply the transformations mentioned above.

Torsional free energy barriers and transition rates. Free energy profiles for the CO-

CC and OC-CO torsions were obtained through an inverse Boltzmann analysis of the

torsional distributions that were averaged over all simulations and all torsions of that type.

The relative energy of the torsion with angle α (Eα) is given by

Eα = RT l og
(nα

N

)
−Emi n (4.3)

where R is the gas constant, T is the temperature, nα is the number of occurrences of the

angle α, and N is the total number of data points.

Transition rates were approximated using transition state theory assuming a two-state

free energy difference using

kr ate = kbT

h
e−∆G/RT (4.4)

where kb , h, and R are the Boltzmann, Planck, and gas constants, respectively, T is

the temperature, and ∆G is the free energy difference between the minimum and the

corresponding transition state. It is important to note that this is a crude approximation,

neglecting the coupling between the torsions, and is aimed at only giving an approximate

time scale.

Statistics and the error margin. The statistical error of the static dielectric constant



4

74 4. How Ethylene Glycol Chains Enhance the Dielectric Constant of OSCs

was calculated from the standard error of the mean (SEM) using

SE M = σp
n

(4.5)

where σ is the standard deviation and n is the number of simulations. As seen in Figure

4.9, the standard deviation is 0.29 with the dielectric constant varying between 4 and 5.5.

This means that it is very important to have sufficient simulations to obtain meaningful

results with the applied field method. With the 280 performed simulations, the statistical

error margin becomes ±0.02. It is important to note that there are additional and likely

larger sources of error, such as the choice of force field and the extrapolation of the

dielectric response with eq. 4.2, but it is nontrivial to quantify these errors.

Procedure for generating the initial morphologies. Amorphous morphologies are

generated via a protocol which uses the non-polarizable version of the Q-Force force field,

due to the long simulation times required for this process. First, 125 PTEG-1 molecules

are placed 0.5 nm away from each other, leading to a gas phase simulation box. Then,

a 4 ns NPT simulation is run at 500 bar pressure to obtain a condensed phase system,

followed by 8 NPT simulations of 0.25 ns each to gradually relax the system with pressures

of 400, 300, 200, 100, 50, 10, 5, and 1 bar. Finally, a 10 ns NPT simulation at 1 bar is run to

obtain a fully relaxed system.

Molecular dynamics run parameters. The double-precision version of GROMACS

2018.x 100 software was used for all simulations. The equations of motion were integrated

using a leapfrog algorithm with a time step of 2 fs. The cutoff for Lennard-Jones and

electrostatic interactions was 1.4 nm. The electrostatic interactions beyond the cutoff

were treated by the particle mesh Ewald (PME) method. 191 NPT ensemble was used

in all simulations: The temperature was set to 298 K and the pressure to 1 bar, unless

stated otherwise. The velocity rescale 192 thermostat (coupling parameter = 0.1 ps) and

Berendsen barostat 193 (anisotropic, coupling parameter= 5 ps, compressibility= 4.5·10−5

bar−1) was used. The strength of the applied electric field was 0.25711 V/nm (0.0005 au).

Coordinates along the trajectories were written up to the fifth decimal due to the very

small displacement of Drude particles. Further details can be found in the MD parameter

file in the corresponding article’s supporting Information. 182

4.5. Appendix: Parametrization and validation of the force field

The Q-Force 194 toolkit, as described in chapter 3 is used for the parametrization of

the PTEG-1 molecule. We highlight here choices made during the parametrization for

the polarizable and non-polarizable versions of the force field used in this work. All QM

calculations were done in gas phase with density functional theory (PBE functional and

6-31+G* basis set). The calculations were performed with the Gaussian16 150 software.
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Vibrational frequencies. Bonded force field terms corresponding to bonds, angles

(including the Urey-Bradley term 137,138), and stiff and improper torsions were defined as

harmonic potentials

Vbonded = ∑
ter ms

1

2
kt

(
t − t 0)2

(4.6)

where kt corresponds to their force constant and t − t 0 is the difference to the equilibrium

distance or angle for that term.

In order to obtain the best match between the QM and MD Hessians, the squared

differences between the two are minimized solving the non-linear least squared problem

with an Levenberg-Marquardt algorithm, 195 as implemented in SciPy, with force con-

stants kt given as fitting parameters. We find a very good match between the QM and MD

vibrational frequencies at the end of this procedure, as seen in Figure 4.6, with a mean

percent error of 2.74%.
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Figure 4.6 | QM and Q-Force vibrational frequencies for the PTEG-1 molecule. The mean percent error of the
vibrational frequencies is 2.74%.

Torsional profile fitting. For flexible torsions containing multiple accessible minima,

force field parameters cannot be obtained from the Hessian matrix. For these torsions, a

QM energy profile obtained through a relaxed torsional scan must be compared to the

MD one. The difference between the two profiles is fitted to Ryckaert-Bellemans type

functions, given by:

VRB =
5∑

n=0
Cn(cos(φ))n (4.7)
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Figure 4.7 | QM (blue dots) vs fitted Q-Force (orange lines) torsional energy profiles for all of the flexible torsions
in the PTEG-1 molecule. The number above each plot corresponds to the torsion numbers shown on the side
chain representation below.

In this work, this procedure is applied to all flexible torsions in the molecule. The

accuracy of the EG torsions is especially important for the accurate computation of

the dielectric constant. This procedure is repeated for both the non-polarizable and

polarizable versions of the force field, as the MD profile is slightly affected by the inclusion

of polarizability. The good match between all of the QM and Q-Force torsional profiles is

shown for the polarizable force field in Figure 4.7. The profiles look very similar with the

non-polarizable version of the force field.
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Non-bonded parameters. Point charges were calculated using the Hirshfeld partition-

ing 196 based CM5 method. 197 For the Lennard-Jones parameters, the default GROMOS

54a6 parameters were used for both the polarizable and the non-polarizable versions

of the force field. In case of the polarizable force field, dispersion interactions (C6 pa-

rameters) were scaled down by 20% in order to balance the inclusion of polarizability. 198

This approach is shown in a later subsection to give thermodynamic properties that are

in good agreement with the experimental ones for the test molecules. Lennard-Jones

parameters for the C60 carbons were obtained from the work of Girifalco. 199,200

Polarizability. Drude particles 188 were added to all atoms for the inclusion of polar-

izability in the simulations. Before each MD step, the positions of these particles were

minimized iteratively to polarize the system. We found that the use of the united atom

polarizabilities from Visscher et al. 201 provided consistently low electronic dielectric

constants, therefore, these parameters were scaled up by 20% in order to obtain electronic

dielectric constants that are comparable to the experimental ones, as it will be shown in

the next subsection. Polarizabilities for the C60 carbons were obtained from experimental

results 90 which resulted in an electronic dielectric constant (4.05) for crystalline C60 that

is in good agreement with the same experimental work (4.08±0.05). The combination

of these two different sources for the atomic polarizabilities, together with the same

Q-Force procedure for the remainder of the force field, resulted for amorphous PCBM to

an electronic dielectric constant of 3.39, in excellent agreement with experimental work

(3.4). 93

Test on small molecules. In order to determine the validity of the parameterization

scheme before moving on to PTEG-1, polarizable force fields derived with the exact

same methodology described above were tested on two EG-based molecules diglyme

(CH3O–[–CH2CH2O–]2–CH3) and tetraglyme (CH3O–[–CH2CH2O–]4–CH3). As shown in

in Table 4.1, both the thermodynamic and the dielectric properties for both molecules are

in good agreement with the experimental references. Notably, the dielectric relaxation

times (τ) for liquid EG bearing molecules are much faster than PTEG-1, due to easier

molecular reorientation. Similarly, much higher stretching coefficients (β) are obtained

for these liquid systems, meaning that the dielectric response is much closer to an ideal

single-exponential dielectric response.
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Table 4.1 | Thermodynamic and dielectric properties of diglyme (DG) and tetraglyme (TG). ρ = density (g/cm3),
∆Hvap = enthalpy of vaporization (kJ/mol), ε∞ = electronic dielectric constant, ε0 = static dielectric constant, τ
= dielectric relaxation time (ps), β = stretching coefficient of the exponential fit from eq. 4.2, ωmax = transition
frequency of the dielectric constant (GHz).

Molecules ρ ∆Hvap ε∞ ε0 τ β ωmax

DG (calc.) 895.3 49.7 1.94 7.6 9.4 0.77 10
DG (exp.) 940±2 202 48.0±0.6 203 1.99 204 7.3, 7.4 202 6.9-11.8, 163 - -
TG(calc.) 970.4 80 2.01 7.8 19.5 0.69 4
TG(exp.) 1006±1 202 76.9±2.6 203 2.05 202 7.78 202 12-18.2 163 - -

4.6. Appendix: Additional figures
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Figure 4.8 | Imaginary part of the dielectric constant that corresponds to Figure 4.2.
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4.5. Appendix: Parametrization and validation of the force field

4

79

Acknowledgments

We thank A.H. de Vries, S.J. Marrink, P.Th. van Duijnen, and D.P. Geerke for fruitful

discussions and SURFSara for giving access to the Dutch national supercomputer Carte-

sius. This work was sponsored by the Dutch Research Council (NWO) Exact and Natural

Sciences for the use of supercomputer facilities. R.A. thanks NWO (Graduate Programme

Advanced Materials, No. 022.005.006) for financial support. This work is part of the re-

search programme of the Foundation of Fundamental Research on Matter (FOM), which

is part of NWO. This is a publication of the FOM-focus Group ‘Next Generation Organic

Photovoltaics’, participating in the Dutch Institute for Fundamental Energy Research

(DIFFER).

Author contributions

S. Sami has devised the methodology, performed the research, and drafted the manu-

script under the supervision of R. Broer and R.W.A. Havenith. R. Alessandri, R. Broer, and

R.W.A. Havenith have contributed to the discussion of the research and to the writing of

the manuscript.





5
Strategies for Enhancing

the Dielectric Constant

of Organic Materials

0 1 2 3 4
Time (ns)

3

4

5

6

D
ie

le
ct

ric
 c

on
st

an
t

Increasing
-CH2OCH2-

volume fraction

Chapter based on the manuscript:
S. Sami, R. Alessandri, J. B. W. Wijaya, F. Grünewald, A. H. de Vries, S. J. Marrink, R. Broer, R. W. A. Havenith,
Strategies for enhancing the dielectric constant of organic materials, in preparation.

81



5

82 5. Strategies for Enhancing the Dielectric Constant of Organic Materials

High dielectric constant organic semiconductors, often obtained by the use of
ethylene glycol (EG) side chains, have gained attention in recent years in the ef-
forts of improving device performance for various applications. Dielectric con-
stant enhancements due to EGs have been demonstrated extensively, but vari-
ous effects, such as the choice of the particular molecule, and the frequency and
temperature regime, that determine the extent of this enhancement require
further understanding. In this work, we study these effects by means of polar-
izable molecular dynamics simulations on a carefully selected set of fullerene
derivatives with EG side chains. The selection allows studying the dielectric
response in terms of both the number and length of EG chains, and also the
choice of the group connecting the fullerene to the EG chain. The computed
time- and frequency-dependent dielectric responses reveal that the experimen-
tally observed rise of the dielectric constant within the kilo/megahertz regime
for some molecules is likely due to the highly stretched dielectric response of
the EGs: The initial sharp increase over the first few nanoseconds is followed
by a smaller but persistent increase in the range of microseconds. Addition-
ally, our computational protocol allows the separation of different factors that
contribute to the overall dielectric constant, providing insight to make several
molecular design guides for future organic materials in order to enhance their
dielectric constant further.

5.1. Introduction

The virtually unlimited chemical space of organic molecules offers, in principle, the

possibility of having a perfect molecule for every application, all the while making it

harder to find this molecule. Finding design rules for specific applications helps navigate

through this vast chemical space towards better performing devices with desired proper-

ties. The use of high dielectric constant materials is one such design rule that has attracted

significant attention in the fields of organic photovoltaics (OPVs), 34–36,38–42 organic ther-

moelectrics (OTEs), 31,37,43–45 and organic field-effect transistors (OFETs). 41,48,49

A high dielectric constant weakens the Coulombic forces between the charge carriers.

A weaker attraction between the electron and the hole means lower recombination rates,

which in turn has a positive impact on the charge separation and transport, and the

overall device performance. 33,50–52 Theoretical work from Koster et al. 53 has shown that

increasing the dielectric constant can result in an increased power conversion efficiency

for OPVs and that with a sufficiently high dielectric constant (∼ 10) the excitonic behavior
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of OPVs can be avoided. For OTEs, high dielectric constant organic materials have been

shown to improve thermal stability, doping efficiency and power factors. 31,37,43–45 For

OFETs, it has been shown that strong Coulombic interactions have a detrimental effect

on the charge carrier mobilities. 205

The dielectric constant, despite what its name suggests, is not a constant: It is a

property that is both frequency and temperature dependent. At high frequencies (∼
terahertz), only the electrons are quick enough to respond to the electric field, giving

the electronic dielectric constant. As the frequency decreases (gigahertz and below), the

nuclear response that is due to the reorientation of dipolar groups or whole molecules, can

also contribute to the dielectric constant. In some materials, at even lower frequencies

(kilohertz and below), the accumulation of space charges can result in an additional

increase of the dielectric constant. At the frequency where all of these contributions

are fully active, the static dielectric constant can be obtained. Temperature change can

hinder or unlock nuclear motion, therefore, it can have an important effect on the static

dielectric constant, whereas the electronic dielectric constant is much less affected by it.

An important consequence of the frequency- and temperature-dependence of the

dielectric constant is that for each organic electronics application, there exists a relevant

frequency and temperature regime, and for each material exists an effective dielectric

constant corresponding to those regimes. While the relevant temperature regime is

trivially the operating temperature range of the device, the relevant frequency regime,

i.e., the slowest dielectric response that can still help the screening of charge carriers,

is more elusive. We have previously approximated this threshold to be in the gigahertz

regime for OPVs and megahertz regime for the OTEs. 182 Considering that most nuclear

contributions are activated between these two regimes, the effective dielectric constant

of a material for a specific application can correspond to either its static or electronic

dielectric constant, or to a dielectric constant where the nuclear contributions are only

partially activated. Since the design rules for maximizing the electronic (i.e., highly π-

conjugated rigid backbone and high mass density) and the nuclear (i.e., highly polar and

flexible side chains) dielectric contributions are contradictory, 165,182 it is important to

determine whether the nuclear dielectric contributions (partially or fully) improve the

charge carrier dynamics for a specific organic electronics application while designing

new high effective dielectric constant materials.

A strategy that has been consistently successful and has become the preeminent way

to obtain high static dielectric constant organic electronics is the use of ethylene glycol

(EG) side chains. 33 These side chains have been added to fullerene derivatives, 31,34–37

small molecules 38,39 and polymers 40–49 and have in turn resulted in increased static

dielectric constants. Notably, recent work from Rousseva et al. 206 reached record static

dielectric constants above 10 for fullerene derivatives using the BPEG-2 (see Figure 5.1)

and BTrEG-2 (Figure 5.1, but n = 4) molecules. Rather unusually, the dielectric constant of
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these new fullerene derivatives shows a strong frequency dependence at low frequencies

(below megahertz) which is hypothesized by the authors to be related to the higher

flexibility of the EGs in these new molecules. 206
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Figure 5.1 | Molecules that are studied in this work.

In a recent work, 165 we have outlined a computational protocol that, using polariz-

able molecular dynamics (MD) simulations, can calculate both the time and frequency

dependent dielectric constant for organic solids. Moreover, we have identified the ability

of EGs to partially align in response to the electric field, even in the constrained solid

phase, as the mechanism that increases the dielectric constant. In this work, we apply this

computational protocol to a carefully selected set of fullerene derivatives with EG side

chains (see Figure 5.1) in order to understand their very different experimental dielectric

constants. This selection of molecules allows comparing the effect of 1) having different

number of EG chains (PTEG-1 vs PTEG-2); 2) having different length of EG chains (BTEG-2

vs BPEG-2); and 3) having the same number of EG units with different groups connecting

the fullerene to the EG chain (PTEG-2 vs BTEG-2). Such a selection of molecules, com-

bined with the molecular resolution of the simulations, allows the separation of different

factors that contribute to the overall dielectric constant. Using these results, we are able to

make several molecular design suggestions on how the dielectric constant can be further

enhanced. Additionally, the computed frequency-dependent dielectric response reveals

that the experimentally observed rise of the dielectric constant between the kilo/mega-

hertz regime for some molecules is likely due to the highly stretched dielectric response

of the EGs where the initial sharp increase over the first few nanoseconds is followed by a

small but persistent increase in the range of microseconds. Finally we show that while

the dielectric constant decreases at lower temperatures, most of the nuclear contribution

persists at temperatures that organic electronics can be expected to operate at.
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5.2. Results and discussion

The computed time and frequency dependent dielectric constants of PTEG-1, PTEG-2,

BTEG-2, and BPEG-2 (see Figure 5.1 for the structures) are shown in Figure 5.2. The results

show once again 165 that the electronic contribution (PTEG-1 > BTEG-2 > PTEG-2 > BPEG-

2) decreases as the size of the side chain grows due to the decrease of the volume fraction of

the highly polarizable C60. The opposite is true when the nuclear contributions are added

to the dielectric constant (BPEG-2 > BTEG-2 > PTEG-2 > PTEG-1) where the EG volume

fraction seems to be the determining factor. These differences are further investigated

later by partitioning the dielectric response into molecular fragments. By fitting the

dielectric response to a stretched exponential function (see Methods), the dielectric

response time and the converged dielectric constant can be obtained. Additionally,

by Fourier transforming that fit, the frequency-dependent dielectric constant can be

obtained, as shown in Figure 5.2b. Due to the long extrapolation times, there is some level

of uncertainty of the fit: We have seen that good fits to the dielectric response (Figure

5.2a, black lines) can be obtained for β= 0.22−0.28, where β is the stretching parameter

of the exponential function. Taking this uncertainty into consideration, static dielectric

constants of 4.70±0.13, 5.23±0.20, 6.05±0.24, and 6.76±0.37 are obtained for PTEG-1,

PTEG-2, BTEG-2, and BPEG-2, respectively. Note that the computed static dielectric

constant does not contain the contributions due to space charges, as they are not present

in the simulations. The dielectric response times corresponding to the different fits range

between 0.3 to 1.3 ns and the transition frequencies range between 0.1 to 5 MHz.

The computed dielectric constants are in good agreement with the experimental

values for PTEG-1 (4.5 to 6.5) 34,84 and PTEG-2 (5.4±0.2), 34 while they appear to be lower

for BTEG-2 (7.5±0.8) 206 and BPEG-2 (9.8±0.6), 206 especially for BPEG-2. It is however

difficult to determine the experimental nuclear response for BTEG-2 and BPEG-2, as there

appears to be no plateau over the whole frequency regime, but instead, a linear-looking

(in logarithmic frequencies) increase. The authors suggest that this increase is due to the

higher flexibility of EGs in these molecules. Our results indicate that this hypothesis is

likely correct for the frequencies above 103 Hz. However, as the dielectric response against

the logarithmic frequency does not normally follow a linear increase, we suggest that

this linear-looking response is due to the overlap of two separate responses, dominated

by the response of EGs above 103 Hz and by space-charge responses below 103 Hz. Our

hypothesis that this linear-looking response is a combination of two separate responses

is strengthened when Figure 3 of Rousseva et al., 206 where the capacitance against the

frequency is presented at 200 and 280 K, is carefully looked at: While the capacitance

appears to be linearly increasing over the frequency range at 280K for BTEG-2, at 200

K where the EG contributions have been mostly disabled, only a rise below 103 Hz is

observed, which we argue is due to space-charge effects and not EGs.
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Figure 5.2 | Computed time- (a) and frequency-dependent (b) dielectric constants for the PTEG-1, PTEG-2,
BTEG-2, and BPEG-2 molecules at 298K. Black lines in a) correspond to the best fit with eq. 5.2. ε∞ corresponds
to the computed electronic dielectric constant and ε0 corresponds to the extrapolated (with eq. 5.2) static
dielectric constant. The estimated error margins of ε0 in a), and the spread the dielectric constant over the
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bold lines in b) for each molecule corresponds to best fits with β values of 0.22, 0.24, 0.26, and 0.28 (higher β
leads to higher transition frequency and lower ε0).
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The dielectric contribution of these four molecules can be decomposed into molecular

fragments and dielectric processes (Figure 5.3). In the upper figure, contributions to the

dielectric constant are shown, while in the lower figure, polarizability per molecular

weight (MW) of the fragment is shown. The aim of the lower figure is to have a fair

comparison of how much “work” each fragment in each molecule is doing (i.e., getting

polarized) per MW. In both figures, the contributions are split into electronic and nuclear

contributions (at t = 4 ns). The EG molecular fragments correspond to COC repeating

units on the side chain, which is terminated with an additional CH3 unit in the case of

the PTEG series (PTEG-1 and PTEG-2) unlike the BXEG series (BTEG-2 and BPEG-2). The

part between the C60 and the EG units corresponds to the connection fragment. In terms

of the electronic dielectric constant, the results show that while C60 is responsible for

most of the contribution, its polarizability per MW is rather comparable to other carbon-

heavy fragments (CH3, connection of the PTEG series), suggesting that its high electronic

dielectric constant is mostly because of its high mass density rather than its polarizability.

The nuclear contributions, on the other hand, are clearly dominated by the EG units

for all molecules. The nuclear C60 contribution increases as the EG volume fraction

increases (BPEG-2 > BTEG-2 > PTEG-2 > PTEG-1), indicating that this contribution arises

as a consequence of the EG dipole and C60 induced dipole interactions. The connection

fragment for all molecules under-performs in terms of the dielectric constant, indicating

the importance of minimizing the size of this unit, as was done for the BXEG series.

Next, we look closer at the nuclear EG contributions in Figure 5.3 of the different

molecules. Due to its higher flexibility, the terminal EG unit is shown to have the highest

contribution for all molecules. Interestingly, for all molecules the central EG chain (EG-3

for BPEG-2, and EG-2 for the rest) has the lowest contribution, suggesting that there is

also some flexibility originating from the “connection” end of the side chain. EG units

1, 2, and 4 of BPEG-2 have comparable dielectric contributions, indicating that a longer

side chain does not suffer from diminishing returns and that increasing the length of the

side chain is a good strategy to maximize the dielectric constant. In fact, comparing the

polarizability per MW of the EGs seems to indicate that the “work” each EG unit does

increases as the volume fraction of EG units increases, likely due to the formation of

larger EG domains that are more flexible. While still following this trend, PTEG-2 seems

to somewhat under-perform with respect to its number of EG chains.

In Figure 5.4a, the average order parameter P1 (cosθ) of the EG units (COC) is shown

for each molecule where θ is the angle between the direction of the applied field and

the COC vector. P1 = 0 corresponds to the random orientation of EGs, as it is at t = 0,

which can be expected in an amorphous system. After the sudden application of an

electric field, EGs are shown to align over time in the direction of the applied field in

a similar exponentially decaying manner as the dielectric response that is shown in

Figure 5.2. Relative alignment of each molecule (BPEG-2 > BTEG-2 > PTEG-2 ∼ PTEG-
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center of mass of the two connection carbons in C60. Autocorrelation is obtained from equilibrium simulations
while EG order parameter and C60 rotation are from applied field simulations.

1) follows the same trend as the nuclear polarizability (Figure 5.3b) of the EG units of

these molecules. This demonstrates that the order parameter is a good indication of

the nuclear polarizability of each functional group, also considering the dipole moment

when comparing different functional groups. Computation of this property with cheaper

methods, such as non-polarizable MD, could be incorporated in a future workflow to

approximate the dielectric response of different functional groups.

The alignment of EGs, as shown by the order parameter in Figure 5.4a, could occur

as a consequence of different motions. The dominant contribution is expected to be

the torsional flexibility of EG units, but small molecular tilts could also contribute to the

overall alignment. To this end, we look at; 1) the torsional flexibility of the first, central

(three central ones averaged in the case of BPEG-2), and terminal EG units (Figure 5.4b)

quantified by the average autocorrelation function of the three torsions preceding the

oxygen; 2) the possibility of small molecular tilts quantified by the reorientation of the
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C60 moiety with respect to t = 0, as shown in Figure 5.4c. Note that this is not alignment

but reorientation, as C60 does not align with the electric field. It is shown in Figure 5.4b

that the autocorrelation decays faster for the BXEG series than the PTEG series, indicating

a higher flexibility for the former series. The largest difference between the two series

in terms of the autocorrelation decay is seen for the terminal EG, which suggests that

the additional CH3 group in the PTEG series negatively affects the flexibility and thus

the dielectric contribution. The flexibility of the dihedrals is also shown to increase in

all cases towards the end of the chain as fewer atoms need to take part in the rotation.

Next, looking at the reorientation of the C60 moiety in Figure 5.4c, it can be seen that

there is some amount of flexibility originating in the molecule from the C60. This is much

higher for the BXEG series, indicating that a smaller “connection” group helps to improve

the rotational flexibility of the molecule. BPEG-2 has a slightly lower C60 flexibility than

BTEG-2, which can be due to the longer side chain. While PTEG-1 and PTEG-2 have an

almost identical C60 flexibility during the first 2 ns, PTEG-1 shows increased flexibility

during the next 2 ns, indicating that para or meta positioning of the EG chains on the

benzene ring, or the number of EG chains also have an influence on the C60 flexibility.
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Figure 5.5 | Temperature dependence of the time-dependent dielectric constant for PTEG-2, at 298 and 250K.
ε∞ corresponds to the computed electronic dielectric constant and ε0 corresponds to the extrapolated (as
explained in Figure 5.2 caption) static dielectric constant.

The dielectric constant is known to be a temperature-dependent property. In the case

of PTEG-2, the temperature dependence of the capacitance at frequencies below the MHz

regime has been investigated experimentally and has been shown to drop gradually as the

temperature is lowered (see Rousseva et al. 206 and Figure 5.9). In Figure 5.5, the computed

dielectric response of PTEG-2 at 298 and 250 K is shown. Similarly to the experiments, a

decrease in the dielectric response is observed at the lower temperature, indicating that
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the model can capture the temperature dependence of the dielectric response as well.

Looking more closely in Figure 5.5, a slightly higher electronic dielectric constant can

be observed for 250 K (3.15) compared to 298 K (3.11), which is due to the higher mass

density at the lower temperature. As soon as nuclei start responding to the electric field

(t > 0), the dielectric constant at 298 K overtakes the one at 250 K due the higher available

thermal energy enabling a larger range of nuclear motion. The difference between the

two gradually increases over the simulation time, up to ∼ 0.25 at 2 ns, which corresponds

to about a 15% decrease in the nuclear dielectric response. Based on the extrapolation

method described earlier, we calculate the static dielectric constants to be 5.23±0.20 and

4.85±0.21 for 298 and 250 K, respectively. Considering that 250 K (- 23.15 °C) is among

the lowest temperatures that these devices could be expected to operate at, we can say, at

least for the PTEG-2 molecule, that the dielectric response due to EGs are mostly active at

the low-end of the temperature range of most organic electronics applications.

5.3. Conclusions

We have studied the dielectric response of a carefully selected set of fullerene deriva-

tives with EG side chains by means of polarizable molecular dynamics simulations. The

set enables comparison of different numbers of EG chains (PTEG-1 vs PTEG-2), of differ-

ent lengths of EG chains (BTEG-2 vs BPEG-2) and of having the same number of EG units

but with different groups connecting the fullerene to the EG chain (PTEG-2 vs BTEG-2).

In addition, our computational protocol allows for the separation of different factors

that contribute to the overall dielectric constant, which enabled us to gain the following

insights for the design of future high dielectric constant materials: 1) The first step is

to decide whether a high electronic or high static dielectric constant is of interest, as

these have different molecular design requirements; while the former can be enhanced

by π-conjugated and high mass density systems, the latter benefits from highly dipolar

and flexible side chains; 2) Longer EG chains do not suffer diminishing returns and in fact

we showed that the contribution per EG increases with longer EG chains, therefore longer

EG chains are a good strategy to further enhance the static dielectric constant; 3) The size

of the group connecting the π-conjugated backbone (C60 in this case) to the flexible side

chain (EGs in this case) should be minimized as its contribution to both electronic and

nuclear dielectric constant is not favorable; 4) Some flexibility of the side chain originates

from small molecular tilts and a small connection group has also been shown to improve

the flexibility of the C60 fragment. 5) Terminating the EG side chain with a methyl rather

than ethyl group improves both the flexibility and the nuclear dielectric response.

Additionally, the computed time- and frequency-dependent dielectric response re-

vealed that the experimentally observed rise of the dielectric constant between the kilo-

/megahertz regime for some molecules is likely due to the highly stretched dielectric
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response of the EGs where the initial sharp increase over the first few nanoseconds is

followed by a small but persistent increase in the range of microseconds. Based on these

results, we suggested that the linear-looking increase of the experimental dielectric con-

stant below the MHz regime is due to the overlap of two separate responses that are

dominated by the response of EGs above 103 Hz and by space-charge responses below

103 Hz.

5.4. Methods

Computation of the time and frequency dependent dielectric constant. The method-

ology for the computation of the time and frequency dependent dielectric constant was

described in detail in chapter 4. Here, we briefly go over the main aspects of it. The

external field method, 175,176,179,180 where an electric field E ext
i is suddenly applied at t = 0

in the direction i , was used to compute the time dependent dielectric constant εi (t )

εi (t ) = 1+ 4π

V

µi (t )−µi ni t
i

E ext
i

(5.1)

where µi (t ) is the dipole moment, V is the volume of the simulation box and µi ni t
i is the

initial dipole moment before the electric field is applied. Then, in order to extrapolate

the simulation to the converged response, ε(t) was fitted to a stretched exponential

function 183,184

ε(t ) = (ε0 −ε∞)∗ (1−e−(t/τ)β ) (5.2)

where the three fitting parameters are ε0, τ, and β, which are the static dielectric constant,

the dielectric relaxation time, and the stretching parameter, respectively. Here, β = 1

corresponds to an ideal single-exponential dielectric response while 0 < β < 1 results

in the stretching of the dielectric response due to a distribution of responses instead

of a single one, as often observed in disordered solids. 183,186,187 ε∞ corresponds to the

electronic dielectric constant, which was obtained using eq. 5.1 at t = 0. Finally, the fit

function was Fourier transformed in order to obtain the frequency-dependent dielectric

constant.

A Drude-based 188 polarizable force field, which was generated using the Q-Force

methodology described in chapter 3, was used for performing polarizable MD simula-

tions. The step-by-step procedure for each molecule is as follows: (1) Three amorphous

morphologies with 125 molecules in the unit cell were generated using high pressure

simulations that were described in chapter 4; (2) for each of morphology, 30 snapshots

were taken with 100 ps intervals after an initial relaxation of 1 ns; (3) for each snapshot,

three new simulations were started with an applied electric field in the x, y, or z direction

which resulted in 280 simulations over which all of the results were averaged; (4) the
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time-dependent dielectric constant was computed using eq. 5.1 and was fitted with a

stretched exponential using eq. 5.2; (5) the fitted function was Fourier transformed in

order to obtain the frequency-dependent dielectric constant.

5.5. Appendix: Parametrization and validation of the force fields

The Q-Force 194 toolkit, as described in chapter 3, was used for the parametrization of

the molecules. Additionally, the specific protocols for obtaining both the polarizable and

non-polarizable force fields for the PTEG-1 molecule were described in detail in chapter 4

and these protocols are repeated for the other three molecules. Here, we only describe

the validation of these three molecules, and an additional treatment that was necessary

for the BTEG-2 and BPEG-2 molecules, namely the CMAP protocol. All QM calculations

were done in gas phase with density functional theory (PBE functional and 6-31+G* basis

set). The QM calculations were performed with the Gaussian16 150 software.

Vibrational frequencies. The correspondance of the QM and Q-Force vibrational

frequencies are plotted in Figure 5.6 for PTEG-2, BTEG-2, and BPEG-2 together. As can be

seen, a good match between the two is obtained for all molecules with mean absolute

errors of 2.83%, 3.14%, 3.34% for PTEG-2, BTEG-2, and BPEG-2, respectively.
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Figure 5.6 | QM vs Q-Force vibrational frequencies (orange dots) for PTEG-2, BTEG-2, and BPEG-2. The blue
line corresponds to the perfect agreement between the two methods. Mean absolute errors of 2.83%, 3.14%,
3.34% are obtained for PTEG-2, BTEG-2, and BPEG-2, respectively.

Torsional profile fitting. For all of the flexible torsions in the molecules, both QM

and MM torsional scans are performed in order to match the two profiles, as described in

chapter 3, and as applied in chapter 4. The results of this approach are shown in Figure

5.7 for the BTEG-2 molecule where a good match is obtained between the QM and MD

profiles in all cases. BPEG-2 has almost identical profiles (with a longer chain) to BTEG-2,

and PTEG-2 has very similar profiles to PTEG-1, the latter have been shown in chapter 4.
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The dihedral number 1 shown in the side chain representation in 5.7 is not treated at this

step and will be discussed and validated in the next subsection.
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Figure 5.7 | QM (blue dots) vs fitted Q-Force (orange lines) torsional energy profiles for the flexible torsions of
BTEG-2. The number above each plot corresponds to the torsion numbers shown on the side chain representa-
tion below. Validation of torsion 1 is done at the CMAP subsection.

CMAP protocol. In some cases, two neighboring torsions can be mutually dependent,

meaning that the minimum of one torsion can depend on the current position of the

other torsion. While in some simple cases this dependence is directly captured by the non-

bonded interactions so that no further action is necessary, some more complicated pro-

files require a two dimensional torsional correction map, often called a CMAP. 111,145,146

Such a CMAP was necessary for the BTEG-2 and BPEG-2 molecules for the torsion pair

shown in Figure 5.8. To determine the correction map, these two dihedrals were scanned

both with QM and MM for a BTEG-2 type fullerene derivative with minimal side chains,

as shown in Figure 5.8. Then, the difference between the two profiles was used as the
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correction map. Note that in this approach, the non-bonded interactions of the side

chain (except the terminal carbons) with itself and with the C60 were turned off. The

good agreement between the 2D QM (left) and the corrected MM profile (right) is shown

in Figure 5.8. The mutual dependence of the two torsions can be seen in the profiles;

i) there are four global minima regions (light green), which correspond to one torsion

being perpendicular and one parallel to the C60 and the switch between the pairs of these

minima corresponds to a very small energy barrrier (∼4 kJ/mol). A full 360° rotation of

the torsions is also possible through a concerted movement of both, which has an energy

barrier of ∼12 kJ/mol (dark green).

O

OO

O

C60

1 2

Figure 5.8 | 2D torsional profiles (left: QM, right: MM) for the two torsions depicted in the inset figure. The
correlation between the two torsions can be understood from the fact that the energy landscape of one torsion
strongly depends on the current position of the other.
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5.6. Appendix: Additional figures

Figure 5.9 | Capacitance vs. frequency for PTEG-2 devices with increasing temperature from 200-290K at 0V DC
bias, with an applied AC voltage signal of 15mV. Unpublished work done by S. Rousseva, connected to Rousseva
et al. 206
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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.



6.2. Results and discussion

6

105

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
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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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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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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



6

112 6. Resolving the Crystal Structure in Organic Thin Films

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
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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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Outlook

The computation of the dielectric properties of organic semiconductors (chap-
ters 2, 4, and 5), the methodology for quantum mechanically augmented force
fields (chapter 3), and the determination of crystal structures by a combination
of theoretical and spectroscopic approaches (chapter 6) have been presented in
this thesis. In this final chapter, potential future developments of these fields
are discussed.

Going beyond fullerene derivatives and ethylene glycol side chains. In this thesis,

the computation of the dielectric constant for organic electronics applications was almost

exclusively done on fullerene derivatives with ethylene glycol side chains due to the

availability of reliable 73 experimental data and the opportunity for close experimental

collaboration. While this was a sensible starting point for developing the methodology for

the computation of the dielectric constant, it is important to note that this methodology,

as presented in chapters 4 and 5, is not limited to fullerene derivatives nor ethylene glycols,

but is applicable to any macroscopic system for which a correct force field can be obtained.

Therefore, especially with the use of the Q-Force methodology described in chapter 3,

computation of the dielectric constant can be easily expanded to other organic materials,

such as polymers or non-fullerene acceptors with side chains that differ from ethylene

glycols. One difference of non-fullerene acceptors is that they often contain extended

π-systems. As the molecular polarizability in these molecules is highly anisotropic and

119



7

120 7. Outlook

non-additive, their accurate treatment requires interacting atomic polarizabilities. This

means that induced dipoles of an atom should interact with its first and second neighbors

in a damped 234 manner, as opposed to the exclusion of these interactions.

A multi-step material screening for high dielectric constant organic electronics. In

chapters 4 and 5 of this thesis, a methodology based on polarizable molecular dynamics

simulations is used for the prediction of the time and frequency dependent dielectric

constant for organic electronics. It is important to note that such an approach is compu-

tationally rather expensive and not feasible to be used on hundreds of different molecules

with the aim of screening a large number of molecules. For this goal, it is beneficial to have

a multi-step procedure where initial candidates are pre-screened with computationally

cheaper approaches to identify the promising candidates, which are then chosen for the

next and more accurate screening step(s). For this approach, suggested steps are:

1. Gas phase dipole moment distribution: It is sometimes forgotten that the dielectric

constant is dependent on the sensitivity of the dipole moment to an applied electric

field, rather than the dipole moment itself. Therefore, gas phase quantum mechan-

ical calculations to identify promising replacements for ethylene glycols should

focus on finding molecules with a large distribution of dipole moments, rather

than simply a large dipole moment. One strategy would be to explore the potential

energy surface of the molecule by means of performing either torsional scans on

the flexible torsions of the molecule, or gas phase (ab initio) molecular dynamics

simulations. In either way, the dipole moment distribution of the molecule can be

identified and compared with the relative energy of the corresponding configura-

tions in order to determine their accessibility. Clearly, accessible configurations will

decrease in the condensed phase (thus, the need for the next steps), however this

approach still provides a good first estimate of the flexibility of the molecule and its

dipole moment, which are necessary criteria for high dielectric constant materials.

2. Condensed phase “fixed-charge” molecular dynamics simulations: For the promis-

ing candidates of the first step, “fixed-charge” molecular dynamics simulations,

ideally with force fields created by the Q-Force methodology, can be used in order

to investigate the effects of the condensed phase on the flexibility of the molecule

and its dipole moment. Such an approach would also provide a first estimate for

the dipolar contribution to the dielectric constant. For the electronic contribution,

either periodic DFT calculations can be performed, or more accessibly, the elec-

tronic dielectric constant can be estimated from the Clausius-Mossotti relationship

using the gas phase polarizability of a molecule computed with quantum chem-

istry methods, and its volume in the condensed phase, which is available from the

molecular dynamics simulations.

3. Condensed phase polarizable molecular dynamics simulations: This step is de-
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scribed in chapters 4 and 5 of this thesis. For the promising candidates of the

second step, polarizable simulations can be used in order to accurately study the

time and frequency dependent dielectric constant.

• (optionally) Machine learning approaches: After obtaining enough data with the

preceding steps, machine learning approaches could be used in order to predict the

dielectric constant of molecules by using only the computationally feasible steps,

i.e. steps one and two. Gas phase polarizabilities and dipole moment distributions

from step one, together with the condensed phase flexibility of the molecule and

the approximated dipolar dielectric constant contribution from step two could

be provided in some form as the input layer for the machine learning in order to

predict accurate static dielectric constants.

Organic electronics with high electronic dielectric constants. In chapter 2 of this

thesis, it is shown that maximizing the electronic and static dielectric constants has

opposing requirements. In chapters 4 and 5, it is argued that the static dielectric con-

stant may not be relevant for all organic electronics applications. Therefore, one logical

step is to explore whether the electronic dielectric constant of organic electronics can

be further increased instead of the static one. While large π-conjugated systems and

high mass density lead to high electronic dielectric constants (as shown in chapter 2),

there exists a correlation between the electronic dielectric constant and the band gap

of the semiconductor, 32 which makes it harder to freely tune the electronic dielectric

constant. However, as one is not directly determined by the other, it is still possible to

explore maximizing the electronic dielectric constant for a given band gap. Suggested

methodologies to compute the electronic dielectric constant are: (1) coupled perturbed

Kohn-Sham approach together with the methodology described in chapter 2; (2) the use

of the Clausius-Mossotti relationship where the gas phase polarizabilities are computed

with quantum chemical methods and the volume of the molecule is obtained from a

morphology created by molecular dynamics simulations (as described in chapter 4).

The future of Q-Force. In a time when new drug-like and semiconductor materials

are synthesized almost every day, automated computational procedures, such as Q-

Force, that simplify the creation of accurate models for these novel materials become

increasingly important. While the Q-Force procedure is already applicable to various

fields of biophysics and materials science, further improvements are possible in order to

enhance its accuracy, increase the applicability, and to implement more features. In terms

of enhancing the accuracy, currently, the most important addition to the procedure would

be the treatment of 2D torsions (i.e., two consecutive torsions that are dependent on each

other) through the use of CMAP potentials, 111,145,146 as such torsions are ubiquitous in

molecules relevant to biology or materials science. In terms of increasing its applicability,

the procedure can be made compatible with additional quantum chemistry packages in
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order to make it available to a larger scientific community. In terms of additional features,

a polarizable version of the Q-Force force field, while already possible, can be further

validated before making it available for use.

Resolving crystal structure of crystallites through a combination of spectroscopic

and theoretical approaches. It was shown in chapter 6 that X-ray spectroscopy can be

used to guide molecular simulations to resolve atomic and molecular structures of crys-

tallites in polycrystalline films. The resolved unit cells were then validated by simulating

their X-ray diffraction patterns and comparing them to the experimental ones. In future

work, this kind of back-and-forth of information between spectroscopy and theory can

be taken a few steps further in order to gain deeper insight into the polycrystalline nature

of the films. For example, the size of these crystalline domains could be approximated by

comparing the peak broadening of the X-ray diffraction patterns from the measurements

to the theoretical ones where the size of the crystal domain can easily be manipulated to

fit the experimental spectra. Similarly, the mutual orientation of the crystallites can also

be approximated by comparing the relative peak intensities of the different planes in the

film to the perfectly aligned simulated unit cell.



Bibliography

[1] P. T. Doran and M. K. Zimmerman, Examining the scientific consensus on climate
change, Eos Trans. AGU, 2009, 90, 22.

[2] W. R. L. Anderegg, J. W. Prall, J. Harold, and S. H. Schneider, Expert credibility in
climate change, Proc. Natl. Acad. Sci., 2010, 107, 12107.

[3] J. Cook, N. Oreskes, P. T. Doran, W. R. L. Anderegg, B. Verheggen, E. W. Maibach,
J. S. Carlton, S. Lewandowsky, A. G. Skuce, S. A. Green, D. Nuccitelli, P. Jacobs,
M. Richardson, B. Winkler, R. Painting, and K. Rice, Consensus on consensus: A
synthesis of consensus estimates on human-caused global warming, Environ. Res.
Lett., 2016, 11, 048002.

[4] J. Powell, Scientists reach 100% consensus on anthropogenic global warming, Bull.
Sci. Technol. Soc., 2017, 37, 183.

[5] E. Dlugokencky and P. Tans, National oceanic & atmohpsheric administration, earth
system research laboratory, 2020, www.esrl.noaa.gov/gmd/ccgg/trends.

[6] R. Neukom, L. A. Barboza, M. P. Erb, F. Shi, J. Emile-Geay, M. N. Evans, J. Franke,
D. S. Kaufman, L. Lücke, K. Rehfeld, A. Schurer, F. Zhu, S. Brönnimann, G. J. Hakim,
B. J. Henley, F. C. Ljungqvist, N. McKay, V. Valler, L. von Gunten, and P. 2k Consor-
tium, Consistent multidecadal variability in global temperature reconstructions and
simulations over the common era, Nat. Geosci., 2019, 12, 643.

[7] International Panel on Climate Change, Special report on the ocean and cryosphere
in a changing climate, 2019, https://www.ipcc.ch/srocc/.

[8] S. L. Pimm, G. J. Russell, J. L. Gittleman, and T. M. Brooks, The future of biodiversity,
Science, 1995, 269, 347.

[9] S. L. Pimm, C. N. Jenkins, R. Abell, T. M. Brooks, J. L. Gittleman, L. N. Joppa, P. H.
Raven, C. M. Roberts, and J. O. Sexton, The biodiversity of species and their rates of
extinction, distribution, and protection, Science, 2014, 344, 1246752.

[10] G. Ceballos and P. R. Ehrlich, The misunderstood sixth mass extinction, Science,
2018, 360, 1080.

[11] G. Ceballos, P. R. Ehrlich, and R. Dirzo, Biological annihilation via the ongoing sixth
mass extinction signaled by vertebrate population losses and declines, Proc. Natl.
Acad. Sci., 2017, 114, E6089.

123

http://dx.doi.org/ 10.1029/2009EO030002
http://dx.doi.org/10.1073/pnas.1003187107
http://dx.doi.org/10.1088/1748-9326/11/4/048002
http://dx.doi.org/10.1088/1748-9326/11/4/048002
http://dx.doi.org/ 10.1177/0270467619886266
http://dx.doi.org/ 10.1177/0270467619886266
www.esrl.noaa.gov/gmd/ccgg/trends
http://dx.doi.org/10.1038/s41561-019-0400-0
https://www.ipcc.ch/srocc/
http://dx.doi.org/10.1126/science.269.5222.347
http://dx.doi.org/10.1126/science.1246752
http://dx.doi.org/ 10.1126/science.aau0191
http://dx.doi.org/ 10.1126/science.aau0191
http://dx.doi.org/10.1073/pnas.1704949114
http://dx.doi.org/10.1073/pnas.1704949114


124

[12] A. D. Barnosky, N. Matzke, S. Tomiya, G. O. U. Wogan, B. Swartz, T. B. Quental,
C. Marshall, J. L. McGuire, E. L. Lindsey, K. C. Maguire, B. Mersey, and E. A. Ferrer,
Has the Earth’s sixth mass extinction already arrived? Nature, 2011, 471, 51.

[13] International Panel on Climate Change, Climate change 2013: The physical science
basis, 2015, https://www.ipcc.ch/report/ar5/wg1/.

[14] International Panel on Climate Change, Global warming of 1.5°C, 2018, https:
//www.ipcc.ch/sr15/.

[15] T. M. Lenton, J. Rockström, O. Gaffney, S. Rahmstorf, K. Richardson, W. Steffen, and
H. J. Schellnhuber, Climate tipping points - Too risky to bet against, Nature, 2019,
575, 592.

[16] W. J. Ripple, C. Wolf, T. M. Newsome, M. Galetti, M. Alamgir, E. Crist, M. I. Mahmoud,
W. F. Laurance, and 15,364 scientist signatories from 184 countries, World Scientists’
Warning to Humanity: A Second Notice, BioScience, 2017, 67, 1026.

[17] D. Lüthi, M. Le Floch, B. Bereiter, T. Blunier, J.-M. Barnola, U. Siegenthaler, D. Ray-
naud, J. Jouzel, H. Fischer, K. Kawamura, and T. F. Stocker, High-resolution carbon
dioxide concentration record 650,000–800,000 years before present, Nature, 2008,
453, 379.

[18] D. M. Etheridge, L. P. Steele, R. L. Langenfelds, R. J. Francey, J.-M. Barnola, and V. I.
Morgan, Natural and anthropogenic changes in atmospheric CO2 over the last 1000
years from air in antarctic ice and firn, J. Geophys. Res., 1996, 101, 4115.

[19] Q. Schiermeier, Climate credits, Nature, 2006, 444, 976.

[20] M. Gillenwater, D. Broekhoff, M. Trexler, J. Hyman, and R. Fowler, Policing the
voluntary carbon market, Nature Clim. Change, 2007, 1, 85.

[21] International Renewable Energy Agency, Renewable capacity high-
lights, 2019, https://www.irena.org/publications/2019/Jul/
Renewable-energy-statistics-2019.

[22] International Energy Agency, World energy outlook 2019, 2019, https://www.iea.
org/reports/world-energy-outlook-2019.

[23] BP, Statistical review of world energy, 2019, https://www.bp.com/en/global/
corporate/energy-economics/statistical-review-of-world-energy.
html.

[24] W. Shockley and H. J. Queisser, Detailed balance limit of efficiency of p-n junction
solar cells, J. of Appl. Phys., 1961, 32, 510.

[25] National Renewable Energy Laboratory, Best research-cell efficiencies, 2020, https:
//www.nrel.gov/pv/cell-efficiency.html.

[26] Fraunhofer Institute for Solar Energy Systems, Photovoltaics report, 2020, https:
//www.ise.fraunhofer.de/en/renewable-energy-data.

http://dx.doi.org/ 10.1038/nature09678
https://www.ipcc.ch/report/ar5/wg1/
https://www.ipcc.ch/sr15/
https://www.ipcc.ch/sr15/
http://dx.doi.org/10.1038/d41586-019-03595-0
http://dx.doi.org/10.1038/d41586-019-03595-0
http://dx.doi.org/10.1093/biosci/bix125
http://dx.doi.org/10.1038/nature06949
http://dx.doi.org/10.1038/nature06949
http://dx.doi.org/10.1029/95JD03410
http://dx.doi.org/10.1038/444976a
https://www.irena.org/publications/2019/Jul/Renewable-energy-statistics-2019
https://www.irena.org/publications/2019/Jul/Renewable-energy-statistics-2019
https://www.iea.org/reports/world-energy-outlook-2019
https://www.iea.org/reports/world-energy-outlook-2019
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
http://dx.doi.org/10.1063/1.1736034
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://www.ise.fraunhofer.de/en/renewable-energy-data
https://www.ise.fraunhofer.de/en/renewable-energy-data


125

[27] International Roadmap for Photovoltaic, Results 2019 including maturity report
2019, 2019, https://itrpv.vdma.org/.

[28] A. K. Jena, A. Kulkarni, and T. Miyasaka, Halide perovskite photovoltaics: Back-
ground, status, and future prospects, Chem. Rev., 2019, 119, 3036.

[29] O. Bubnova, Z. U. Khan, A. Malti, S. Braun, M. Fahlman, M. Berggren, and X. Crispin,
Optimization of the thermoelectric figure of merit in the conducting polymer poly(3,4-
ethylenedioxythiophene), Nature Mater., 2011, 10, 429.

[30] H. Wang and C. Yu, Organic thermoelectrics: Materials preparation, performance
optimization, and device integration, Joule, 2019, 3, 53 .

[31] J. Liu, L. Qiu, G. Portale, M. Koopmans, G. ten Brink, J. C. Hummelen, and
L. J. A. Koster, N-type organic thermoelectrics: Improved power factor by tailoring
host–dopant miscibility, Adv. Mater., 2017, 29, 1701641.

[32] C. C. Wang, G. Pilania, S. A. Boggs, S. Kumar, C. Breneman, and R. Ramprasad,
Computational strategies for polymer dielectrics design, Polymer, 2014, 55, 979 .

[33] J. Brebels, J. V. Manca, L. Lutsen, D. Vanderzande, and W. Maes, High dielectric
constant conjugated materials for organic photovoltaics, J. Mater. Chem. A, 2017, 5,
24037.

[34] F. Jahani, S. Torabi, R. C. Chiechi, L. J. A. Koster, and J. C. Hummelen, Fullerene
derivatives with increased dielectric constants, Chem. Commun., 2014, 50, 10645.

[35] S. Torabi, F. Jahani, I. Van Severen, C. Kanimozhi, S. Patil, R. W. A. Havenith, R. C.
Chiechi, L. Lutsen, D. J. M. Vanderzande, T. J. Cleij, J. C. Hummelen, and L. J. A.
Koster, Strategy for enhancing the dielectric constant of organic semiconductors
without sacrificing charge carrier mobility and solubility, Adv. Funct. Mater., 2015,
25, 150.

[36] S. Zhang, Z. J. Zhang, J. Liu, and L. X. Wang, Fullerene adducts bearing cyano
moiety for both high dielectric constant and good active layer morphology of organic
photovoltaics, Adv. Funct. Mater., 2016, 26, 6107.

[37] J. Liu, S. Maity, N. Roosloot, X. Qiu, L. Qiu, R. C. Chiechi, J. C. Hummelen, E. von
Hauff, and L. J. A. Koster, The effect of electrostatic interaction on n-type doping
efficiency of fullerene derivatives, Adv. Electron. Mater., 2019, 5, 1800959.

[38] J. E. Donaghey, A. Armin, P. L. Burn, and P. Meredith, Dielectric constant enhance-
ment of non-fullerene acceptors via side-chain modification, Chem. Commun.,
2015, 51, 14115.

[39] X. Liu, B. M. Xie, C. H. Duan, Z. J. Wang, B. B. Fan, K. Zhang, B. J. Lin, F. J. M. Colberts,
W. Ma, R. A. J. Janssen, F. Huang, and Y. Cao, A high dielectric constant non-fullerene
acceptor for efficient bulk-heterojunction organic solar cells, J. Mater. Chem. A, 2018,
6, 395.

https://itrpv.vdma.org/
http://dx.doi.org/ 10.1021/acs.chemrev.8b00539
http://dx.doi.org/10.1038/nmat3012
http://dx.doi.org/https://doi.org/10.1016/j.joule.2018.10.012
http://dx.doi.org/ 10.1002/adma.201701641
http://dx.doi.org/10.1016/j.polymer.2013.12.069
http://dx.doi.org/10.1039/c7ta06808e
http://dx.doi.org/10.1039/c7ta06808e
http://dx.doi.org/10.1039/c4cc04366a
http://dx.doi.org/ 10.1002/adfm.201402244
http://dx.doi.org/ 10.1002/adfm.201402244
http://dx.doi.org/10.1002/adfm.201600350
http://dx.doi.org/10.1002/aelm.201800959
http://dx.doi.org/ 10.1039/c5cc05853h
http://dx.doi.org/ 10.1039/c5cc05853h
http://dx.doi.org/ 10.1039/c7ta10136h
http://dx.doi.org/ 10.1039/c7ta10136h


126

[40] A. Armin, D. M. Stoltzfus, J. E. Donaghey, A. J. Clulow, R. C. R. Nagiri, P. L. Burn, I. R.
Gentle, and P. Meredith, Engineering dielectric constants in organic semiconductors,
J. Mater. Chem. C, 2017, 5, 3736.

[41] J. Brebels, E. Douvogianni, D. Devisscher, R. T. Eachambadi, J. Manca, L. Lutsen,
D. Vanderzande, J. C. Hummelen, and W. Maes, An effective strategy to enhance
the dielectric constant of organic semiconductors - CPDTTPD-based low bandgap
polymers bearing oligo(ethylene glycol) side chains, J. Mater. Chem. C, 2018, 6, 500.

[42] X. Chen, Z. J. Zhang, Z. C. Ding, J. Liu, and L. X. Wang, Diketopyrrolopyrrole-
based conjugated polymers bearing branched oligo(ethylene glycol) side chains for
photovoltaic devices, Angew. Chem. Int. Ed., 2016, 55, 10376.

[43] D. Kiefer, A. Giovannitti, H. Sun, T. Biskup, A. Hofmann, M. Koopmans, C. Cendra,
S. Weber, L. J. Anton Koster, E. Olsson, J. Rivnay, S. Fabiano, I. McCulloch, and
C. Müller, Enhanced n-doping efficiency of a naphthalenediimide-based copolymer
through polar side chains for organic thermoelectrics, ACS Energy Lett., 2018, 3, 278.

[44] J. Liu, L. Qiu, R. Alessandri, X. Qiu, G. Portale, J. Dong, W. Talsma, G. Ye, A. A.
Sengrian, P. C. T. Souza, M. A. Loi, R. C. Chiechi, S. J. Marrink, J. C. Hummelen, and
L. J. A. Koster, Enhancing molecular n-type doping of donor–acceptor copolymers by
tailoring side chains, Adv. Mater., 2018, 30, 1704630.

[45] R. Kroon, D. Kiefer, D. Stegerer, L. Yu, M. Sommer, and C. Müller, Polar side chains
enhance processability, electrical conductivity, and thermal stability of a molecularly
p-doped polythiophene, Adv. Mater., 2017, 29, 1700930.

[46] A. Giovannitti, C. B. Nielsen, D.-T. Sbircea, S. Inal, M. Donahue, M. R. Niazi, D. A.
Hanifi, A. Amassian, G. G. Malliaras, J. Rivnay, and I. McCulloch, N-type organic
electrochemical transistors with stability in water, Nature Comm., 2016, 7, 13066.

[47] A. Giovannitti, D.-T. Sbircea, S. Inal, C. B. Nielsen, E. Bandiello, D. A. Hanifi, M. Ses-
solo, G. G. Malliaras, I. McCulloch, and J. Rivnay, Controlling the mode of operation
of organic transistors through side-chain engineering, Proc. Natl. Acad. Sci. U.S.A.,
2016, 113, 12017.

[48] R. Kim, B. Kang, D. H. Sin, H. H. Choi, S.-K. Kwon, Y.-H. Kim, and K. Cho,
Oligo(ethylene glycol)-incorporated hybrid linear alkyl side chains for n-channel
polymer semiconductors and their effect on the thin-film crystalline structure, Chem.
Commun., 2015, 51, 1524.

[49] C. Kanimozhi, N. Yaacobi-Gross, E. K. Burnett, A. L. Briseno, T. D. Anthopou-
los, U. Salzner, and S. Patil, Use of side-chain for rational design of n-type
diketopyrrolopyrrole-based conjugated polymers: What did we find out? Phys. Chem.
Chem. Phys., 2014, 16, 17253.

[50] B. A. Gregg and M. C. Hanna, Comparing organic to inorganic photovoltaic cells:
Theory, experiment, and simulation, J. Appl. Phys., 2003, 93, 3605.

http://dx.doi.org/10.1039/c7tc00893g
http://dx.doi.org/10.1039/c7tc05264b
http://dx.doi.org/10.1002/anie.201602775
http://dx.doi.org/ 10.1021/acsenergylett.7b01146
http://dx.doi.org/10.1002/adma.201704630
http://dx.doi.org/10.1002/adma.201700930
http://dx.doi.org/10.1038/ncomms13066
http://dx.doi.org/10.1073/pnas.1608780113
http://dx.doi.org/10.1073/pnas.1608780113
http://dx.doi.org/10.1039/C4CC08381D
http://dx.doi.org/10.1039/C4CC08381D
http://dx.doi.org/10.1039/C4CP02322F
http://dx.doi.org/10.1039/C4CP02322F
http://dx.doi.org/10.1063/1.1544413


127

[51] T. M. Clarke and J. R. Durrant, Charge photogeneration in organic solar cells, Chem.
Rev., 2010, 110, 6736.

[52] R. A. J. Janssen and J. Nelson, Factors limiting device efficiency in organic photo-
voltaics, Adv. Mater., 2013, 25, 1847.

[53] L. J. A. Koster, S. E. Shaheen, and J. C. Hummelen, Pathways to a new efficiency
regime for organic solar cells, Adv. Energy Mater., 2012, 2, 1246.

[54] M. P. Hughes, K. D. Rosenthal, R. R. Dasari, B. R. Luginbuhl, B. Yurash, S. R. Marder,
and T.-Q. Nguyen, Charge recombination dynamics in organic photovoltaic systems
with enhanced dielectric constant, Adv. Funct. Mater., 2019, 29, 1901269.

[55] R. Alessandri, J. J. Uusitalo, A. H. de Vries, R. W. A. Havenith, and S. J. Marrink, Bulk
heterojunction morphologies with atomistic resolution from coarse-grain solvent
evaporation simulations, J. Am. Chem. Soc., 2017, 139, 3697.

[56] A. D. Becke, Perspective: Fifty years of density-functional theory in chemical physics,
J. Chem. Phys., 2014, 140, 18A301.

[57] W. Kohn and L. J. Sham, Self-consistent equations including exchange and correla-
tion effects, Phys. Rev., 1965, 140, A1133.

[58] N. Mardirossian and M. Head-Gordon, Survival of the most transferable at the top of
Jacob’s ladder: Defining and testing the ωB97M(2) double hybrid density functional,
J. Chem. Phys., 2018, 148, 241736.

[59] L. Lagardère, F. Aviat, and J.-P. Piquemal, Pushing the limits of multiple-time-step
strategies for polarizable point dipole molecular dynamics, J Phys. Chem. Lett., 2019,
10, 2593.

[60] L. Lagardère, L.-H. Jolly, F. Lipparini, F. Aviat, B. Stamm, Z. F. Jing, M. Harger, H. Tora-
bifard, G. A. Cisneros, M. J. Schnieders, N. Gresh, Y. Maday, P. Y. Ren, J. W. Ponder,
and J.-P. Piquemal, Tinker-HP: A massively parallel molecular dynamics package
for multiscale simulations of large complex systems with advanced point dipole
polarizable force fields, Chem. Sci., 2018, 9, 956.

[61] S. J. Marrink, H. J. Risselada, S. Yefimov, D. P. Tieleman, and A. H. de Vries, The
MARTINI force field: Coarse grained model for biomolecular simulations, J. Phys.
Chem. B, 2007, 111, 7812.

[62] G. A. Voth, Coarse-Graining of Condensed Phase and Biomolecular Systems (CRC
Press, 2009).

[63] C. Caleman, P. J. van Maaren, M. Y. Hong, J. S. Hub, L. T. Costa, and D. van der
Spoel, Force field benchmark of organic liquids: Density, enthalpy of vaporization,
heat capacities, surface tension, isothermal compressibility, volumetric expansion
coefficient, and dielectric constant, J. Chem. Theory Comput., 2012, 8, 61.

http://dx.doi.org/ 10.1021/cr900271s
http://dx.doi.org/ 10.1021/cr900271s
http://dx.doi.org/10.1002/adma.201202873
http://dx.doi.org/10.1002/aenm.201200103
http://dx.doi.org/ 10.1002/adfm.201901269
http://dx.doi.org/10.1021/jacs.6b11717
http://dx.doi.org/ 10.1063/1.4869598
http://dx.doi.org/ 10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1063/1.5025226
http://dx.doi.org/10.1021/acs.jpclett.9b00901
http://dx.doi.org/10.1021/acs.jpclett.9b00901
http://dx.doi.org/10.1039/C7SC04531J
http://dx.doi.org/ 10.1021/jp071097f
http://dx.doi.org/ 10.1021/jp071097f
http://dx.doi.org/10.1201/9781420059564
http://dx.doi.org/10.1021/ct200731v


128

[64] B. J. Kirby and P. Jungwirth, Charge scaling manifesto: A way of reconciling the
inherently macroscopic and microscopic natures of molecular simulations, J. Phys.
Chem. Lett., 2019, 10, 7531.

[65] S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, and J. C.
Hummelen, 2.5% efficient organic plastic solar cells, Appl. Phys. Lett., 2001, 78, 841.

[66] K. Yoshikawa, H. Kawasaki, W. Yoshida, T. Irie, K. Konishi, K. Nakano, T. Uto,
D. Adachi, M. Kanematsu, H. Uzu, and K. Yamamoto, Silicon heterojunction solar
cell with interdigitated back contacts for a photoconversion efficiency over 26%, Nat.
Energy, 2017, 2, 17032.

[67] S. Gelinas, O. Pare-Labrosse, C. N. Brosseau, S. Albert-Seifried, C. R. McNeill, K. R.
Kirov, I. A. Howard, R. Leonelli, R. H. Friend, and C. Silva, The binding energy of
charge-transfer excitons localized at polymeric semiconductor heterojunctions, J.
Phys. Chem. C, 2011, 115, 7114.

[68] C. J. Brabec, M. Heeney, I. McCulloch, and J. Nelson, Influence of blend microstruc-
ture on bulk heterojunction organic photovoltaic performance, Chem. Soc. Rev.,
2011, 40, 1185.

[69] G. J. Hedley, A. Ruseckas, and I. D. W. Samuel, Light harvesting for organic photo-
voltaics, Chem. Rev., 2017, 117, 796.

[70] W. C. Dunlap and R. L. Watters, Direct measurement of the dielectric constants of
silicon and germanium, Phys. Rev., 1953, 92, 1396.

[71] Y. Z. Lu, Z. G. Xiao, Y. B. Yuan, H. M. Wu, Z. W. An, Y. B. Hou, C. Gao, and J. S. Huang,
Fluorine substituted thiophene-quinoxaline copolymer to reduce the HOMO level
and increase the dielectric constant for high open-circuit voltage organic solar cells,
J. Mater. Chem. C, 2013, 1, 630.

[72] S. Torabi, J. Liu, P. Gordiichuk, A. Herrmann, L. Qiu, F. Jahani, J. C. Hummelen,
and L. J. A. Koster, Deposition of LiF onto films of fullerene derivatives leads to bulk
doping, ACS Appl. Mater. Inter., 2016, 8, 22623.

[73] S. Torabi, M. Cherry, E. A. Duijnstee, V. M. Le Corre, L. Qiu, J. C. Hummelen, G. Palas-
antzas, and L. J. A. Koster, Rough electrode creates excess capacitance in thin-film
capacitors, ACS Appl. Mater. Inter., 2017, 9, 27290.

[74] P. T. van Duijnen, H. D. de Gier, R. Broer, and R. W. A. Havenith, The behaviour of
charge distributions in dielectric media, Chem. Phys. Lett., 2014, 615, 83.

[75] A. A. Bakulin, A. Rao, V. G. Pavelyev, P. H. M. van Loosdrecht, M. S. Pshenichnikov,
D. Niedzialek, J. Cornil, D. Beljonne, and R. H. Friend, The role of driving energy
and delocalized states for charge separation in organic semiconductors, Science,
2012, 335, 1340.

http://dx.doi.org/ 10.1021/acs.jpclett.9b02652
http://dx.doi.org/ 10.1021/acs.jpclett.9b02652
http://dx.doi.org/10.1063/1.1345834
http://dx.doi.org/10.1038/nenergy.2017.32
http://dx.doi.org/10.1038/nenergy.2017.32
http://dx.doi.org/ 10.1021/jp200466y
http://dx.doi.org/ 10.1021/jp200466y
http://dx.doi.org/ 10.1039/c0cs00045k
http://dx.doi.org/ 10.1039/c0cs00045k
http://dx.doi.org/10.1021/acs.chemrev.6b00215
http://dx.doi.org/10.1103/PhysRev.92.1396
http://dx.doi.org/10.1039/c2tc00327a
http://dx.doi.org/10.1021/acsami.6b05638
http://dx.doi.org/10.1021/acsami.7b06451
http://dx.doi.org/ 10.1016/j.cplett.2014.10.003
http://dx.doi.org/ 10.1126/science.1217745
http://dx.doi.org/ 10.1126/science.1217745


129

[76] S. Few, C. Chia, D. Teo, J. Kirkpatrick, and J. Nelson, The impact of chemical structure
and molecular packing on the electronic polarisation of fullerene arrays, Phys. Chem.
Chem. Phys., 2017, 19, 18709.

[77] H. M. Heitzer, T. J. Marks, and M. A. Ratner, First-principles calculation of dielectric
response in molecule-based materials, J. Am. Chem. Soc., 2013, 135, 9753.

[78] H. M. Heitzer, T. J. Marks, and M. A. Ratner, Maximizing the dielectric response of
molecular thin films via quantum chemical design, ACS Nano, 2014, 8, 12587.

[79] H. M. Heitzer, T. J. Marks, and M. A. Ratner, Molecular-donor-bridge-acceptor
strategies for high-capacitance organic dielectric materials, J. Am. Chem. Soc., 2015,
137, 7189.

[80] H. M. Heitzer, T. J. Marks, and M. A. Ratner, Computation of dielectric response in
molecular solids for high capacitance organic dielectrics, Acc. Chem. Res., 2016, 49,
1614.

[81] M. Ferrero, M. Rerat, R. Orlando, and R. Dovesi, The calculation of static polariz-
abilities of 1-3D periodic compounds. The implementation in the CRYSTAL code, J.
Comput. Chem., 2008, 29, 1450.

[82] M. Ferrero, M. Rerat, B. Kirtman, and R. Dovesi, Calculation of first and second
static hyperpolarizabilities of one- to three-dimensional periodic compounds. Im-
plementation in the CRYSTAL code. J. Chem. Phys., 2008, 129, 244110.

[83] H. D. de Gier, F. Jahani, R. Broer, J. C. Hummelen, and R. W. A. Havenith, Promising
strategy to improve charge separation in organic photovoltaics: Installing permanent
dipoles in PCBM analogues, J. Phys. Chem. A, 2016, 120, 4664.

[84] E. Douvogianni, Enhancing the Dielectric Constant of Organic Materials, PhD Thesis
(University of Groningen, 2018).

[85] F. J. Bahnamiri, Synthetic strategies for modifying dielectric properties and the elec-
tron mobility of fullerene derivatives, PhD Thesis (University of Groningen, 2016).

[86] C. J. Brown, The crystal structure of ethylene carbonate, Acta Crystallogr., 1954, 7,
92.

[87] S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, A consistent and accurate ab ini-
tio parametrization of density functional dispersion correction (DFT-D) for the 94
elements H-Pu, J. Chem. Phys., 2010, 132, 154104.

[88] M. Casalegno, S. Zanardi, F. Frigerio, R. Po, C. Carbonera, G. Marra, T. Nicolini,
G. Raos, and S. V. Meille, Solvent-free phenyl-C61-butyric acid methyl ester (PCBM)
from clathrates: Insights for organic photovoltaics from crystal structures and molec-
ular dynamics, Chem. Commun., 2013, 49, 4525.

[89] D. L. Dorset and M. P. Mccourt, Disorder and the molecular packing of C60 buckmin-
sterfullerene: A direct electron-crystallographic analysis, Acta Crystallogr. A, 1994,
50, 344.

http://dx.doi.org/ 10.1039/c7cp00317j
http://dx.doi.org/ 10.1039/c7cp00317j
http://dx.doi.org/ 10.1021/ja401904d
http://dx.doi.org/10.1021/nn505431p
http://dx.doi.org/10.1021/jacs.5b03301
http://dx.doi.org/10.1021/jacs.5b03301
http://dx.doi.org/10.1021/acs.accounts.6b00173
http://dx.doi.org/10.1021/acs.accounts.6b00173
http://dx.doi.org/10.1002/jcc.20905
http://dx.doi.org/10.1002/jcc.20905
http://dx.doi.org/ 10.1063/1.3043366
http://dx.doi.org/10.1021/acs.jpca.5b09279
http://hdl.handle.net/11370/4a1176ec-6893-4dbe-bc49-10159704058d
http://hdl.handle.net/11370/5881b30c-00d7-4f34-8b13-b4ba65fcdaba
http://hdl.handle.net/11370/5881b30c-00d7-4f34-8b13-b4ba65fcdaba
http://dx.doi.org/ 10.1107/S0365110x54000175
http://dx.doi.org/ 10.1107/S0365110x54000175
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1039/c3cc40863a
http://dx.doi.org/ 10.1107/S0108767393012607
http://dx.doi.org/ 10.1107/S0108767393012607


130

[90] P. C. Eklund, A. M. Rao, Y. Wang, P. Zhou, K. A. Wang, J. M. Holden, M. S. Dresselhaus,
and G. Dresselhaus, Optical-properties of C60-based and C70-based solid films, Thin
Solid Films, 1995, 257, 211.

[91] S. L. Ren, Y. Wang, A. M. Rao, E. Mcrae, J. M. Holden, T. Hager, K. A. Wang, W. T. Lee,
H. F. Ni, J. Selegue, and P. C. Eklund, Ellipsometric determination of the optical-
constants of C60 (buckminsterfullerene) films, Appl. Phys. Lett., 1991, 59, 2678.

[92] A. F. Hebard, R. C. Haddon, R. M. Fleming, and A. R. Kortan, Deposition and
characterization of fullerene films, Appl. Phys. Lett., 1991, 59, 2109.

[93] A. A. Y. Guilbert, M. Schmidt, A. Bruno, J. Yao, S. King, S. M. Tuladhar, T. Kirchartz,
M. I. Alonso, A. R. Goñi, N. Stingelin, S. A. Haque, M. Campoy-Quiles, and J. Nelson,
Spectroscopic evaluation of mixing and crystallinity of fullerenes in bulk heterojunc-
tions, Adv. Funct. Mater., 2014, 24, 6972.

[94] G. Ortiz and R. M. Martin, Macroscopic polarization as a geometric quantum phase:
Many-body formulation, Phys. Rev. B, 1994, 49, 14202.

[95] R. M. Martin, Comment on calculations of electric polarization in crystals, Phys. Rev.
B, 1974, 9, 1998.

[96] C. Darrigan, M. Rerat, G. Mallia, and R. Dovesi, Implementation of the finite field
perturbation method in the CRYSTAL program for calculating the dielectric constant
of periodic systems, J. Comput. Chem., 2003, 24, 1305.

[97] R. Dovesi, R. Orlando, A. Erba, C. M. Zicovich-Wilson, B. Civalleri, S. Casassa,
L. Maschio, M. Ferrabone, M. De La Pierre, P. D’Arco, Y. Noel, M. Causa, M. Rerat,
and B. Kirtman, CRYSTAL14: A program for the ab initio investigation of crystalline
solids, Int. J. Quantum Chem., 2014, 114, 1287.

[98] B. Champagne, E. A. Perpete, D. Jacquemin, S. J. A. van Gisbergen, E. J. Baerends,
C. Soubra-Ghaoui, K. A. Robins, and B. Kirtman, Assessment of conventional density
functional schemes for computing the dipole moment and (hyper)polarizabilities of
push-pull π-conjugated systems, J. Phys. Chem. A, 2000, 104, 4755.

[99] S. Grimme, Semiempirical hybrid density functional with perturbative second-order
correlation, J. Chem. Phys., 2006, 124, 034108.

[100] M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith, B. Hess, and E. Lindahl,
GROMACS: High performance molecular simulations through multi-level paral-
lelism from laptops to supercomputers, SoftwareX, 2015, 1, 19.

[101] A. K. Malde, L. Zuo, M. Breeze, M. Stroet, D. Poger, P. C. Nair, C. Oostenbrink, and
A. E. Mark, An automated force field topology builder (ATB) and repository: Version
1.0, J. Chem. Theory Comput., 2011, 7, 4026.

[102] C. Oostenbrink, A. Villa, A. E. Mark, and W. F. Van Gunsteren, A biomolecular force
field based on the free enthalpy of hydration and solvation: The GROMOS force-field
parameter sets 53A5 and 53A6, J. Comput. Chem., 2004, 25, 1656.

http://dx.doi.org/10.1016/0040-6090(94)05706-0
http://dx.doi.org/10.1016/0040-6090(94)05706-0
http://dx.doi.org/10.1063/1.105907
http://dx.doi.org/10.1063/1.106095
http://dx.doi.org/10.1002/adfm.201401626
http://dx.doi.org/10.1103/PhysRevB.49.14202
http://dx.doi.org/ 10.1103/PhysRevB.9.1998
http://dx.doi.org/ 10.1103/PhysRevB.9.1998
http://dx.doi.org/10.1002/jcc.10274
http://dx.doi.org/ 10.1002/qua.24658
http://dx.doi.org/10.1021/jp993839d
http://dx.doi.org/10.1063/1.2148954
http://dx.doi.org/10.1016/j.softx.2015.06.001
http://dx.doi.org/10.1021/ct200196m
http://dx.doi.org/ 10.1002/jcc.20090


131

[103] R. Orlando, V. Lacivita, R. Bast, and K. Ruud, Calculation of the first static hyperpo-
larizability tensor of three-dimensional periodic compounds with a local basis set: A
comparison of LDA, PBE, PBE0, B3LYP, and HF results, J. Chem. Phys., 2010, 132,
244106.

[104] S. Maekawa and K. Moorthi, Polarizabilities from long-range corrected DFT calcula-
tions, J. Chem. Eng. Data, 2014, 59, 3160.

[105] H. J. A. Jensen, R. Bast, T. Saue, L. Visscher, V. Bakken, K. G. Dyall, S. Dubillard,
U. Ekström, E. Eliav, T. Enevoldsen, E. Faßhauer, T. Fleig, O. Fossgaard, A. S. P.
Gomes, T. Helgaker, J. Henriksson, M. Iliaš, C. R. Jacob, S. Knecht, S. Komorovský,
O. Kullie, J. K. Lærdahl, C. V. Larsen, Y. S. Lee, H. S. Nataraj, M. K. Nayak, P. Norman,
G. Olejniczak, J. Olsen, Y. C. Park, J. K. Pedersen, M. Pernpointner, R. D. Remi-
gio, K. Ruud, P. Sałek, B. Schimmelpfennig, A. Shee, J. Sikkema, A. J. Thorvaldsen,
J. Thyssen, J. van Stralen, S. Villaume, O. Visser, T. Winther, and S. Yamamoto,
DIRAC, a relativistic ab initio electronic structure program, release DIRAC17, 2017,
http://www.diracprogram.org.

[106] M. Iliaš and T. Saue, An infinite-order two-component relativistic hamiltonian by a
simple one-step transformation, J. Chem. Phys., 2007, 126, 064102.

[107] K. G. Dyall, Relativistic quadruple-zeta and revised triple-zeta and double-zeta basis
sets for the 4p, 5p, and 6p elements, Theor. Chem. Acc., 2006, 115, 441.

[108] K. G. Dyall, Relativistic double-zeta, triple-zeta, and quadruple-zeta basis sets for
the light elements H–Ar, Theor. Chem. Acc., 2016, 135, 128.

[109] R. S. Rowland and R. Taylor, Intermolecular nonbonded contact distances in organic
crystal structures: Comparison with distances expected from van der Waals radii, J.
Phys. Chem., 1996, 100, 7384.

[110] R. Dennington, T. A. Keith, and J. M. Millam, GaussView, version 6; Semichem inc.,
Shawnee Mission, KS, 2016, https://gaussian.com/gaussview6/.

[111] A. D. Mackerell Jr., Empirical force fields for biological macromolecules: Overview
and issues, J. Comput. Chem., 2004, 25, 1584.

[112] W. R. P. Scott, P. H. Hünenberger, I. G. Tironi, A. E. Mark, S. R. Billeter, J. Fennen, A. E.
Torda, T. Huber, P. Krüger, and W. F. van Gunsteren, The GROMOS biomolecular
simulation program package, J. Phys. Chem. A, 1999, 103, 3596.

[113] L. D. Schuler, X. Daura, and W. F. van Gunsteren, An improved GROMOS96 force
field for aliphatic hydrocarbons in the condensed phase, J. Comput. Chem., 2001,
22, 1205.

[114] N. Schmid, A. P. Eichenberger, A. Choutko, S. Riniker, M. Winger, A. E. Mark, and
W. F. van Gunsteren, Definition and testing of the GROMOS force-field versions 54A7
and 54B7, Eur. Biophys. J., 2011, 40, 843.

http://dx.doi.org/10.1063/1.3447387
http://dx.doi.org/10.1063/1.3447387
http://dx.doi.org/ 10.1021/je500224e
http://www.diracprogram.org
http://dx.doi.org/10.1063/1.2436882
http://dx.doi.org/10.1007/s00214-006-0126-0
http://dx.doi.org/10.1007/s00214-016-1884-y
http://dx.doi.org/ 10.1021/jp953141+
http://dx.doi.org/ 10.1021/jp953141+
https://gaussian.com/gaussview6/
http://dx.doi.org/10.1002/jcc.20082
http://dx.doi.org/10.1021/jp984217f
http://dx.doi.org/10.1002/jcc.1078
http://dx.doi.org/10.1002/jcc.1078
http://dx.doi.org/ 10.1007/s00249-011-0700-9


132

[115] W. L. Jorgensen and J. Tirado-Rives, The OPLS [optimized potentials for liquid
simulations] potential functions for proteins, energy minimizations for crystals of
cyclic peptides and crambin, J. Am. Chem. Soc., 1988, 110, 1657.

[116] M. J. Robertson, J. Tirado-Rives, and W. L. Jorgensen, Improved peptide and protein
torsional energetics with the OPLS-AA force field, J. Chem. Theory and Comput.,
2015, 11, 3499.

[117] B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swaminathan, and
M. Karplus, CHARMM: A program for macromolecular energy, minimization, and
dynamics calculations, J. Comput. Chem., 1983, 4, 187.

[118] A. D. MacKerell, D. Bashford, M. Bellott, R. L. Dunbrack, J. D. Evanseck, M. J. Field,
S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph-McCarthy, L. Kuchnir, K. Kuczera, F. T. K.
Lau, C. Mattos, S. Michnick, T. Ngo, D. T. Nguyen, B. Prodhom, W. E. Reiher, B. Roux,
M. Schlenkrich, J. C. Smith, R. Stote, J. Straub, M. Watanabe, J. Wiórkiewicz-Kuczera,
D. Yin, and M. Karplus, All-atom empirical potential for molecular modeling and
dynamics studies of proteins, J. Phys. Chem. B, 1998, 102, 3586.

[119] K. Vanommeslaeghe, E. Hatcher, C. Acharya, S. Kundu, S. Zhong, J. Shim, E. Darian,
O. Guvench, P. Lopes, I. Vorobyov, and A. D. Mackerell Jr., CHARMM general force
field: A force field for drug-like molecules compatible with the CHARMM all-atom
additive biological force fields, J. Comput. Chem., 2010, 31, 671.

[120] J. Huang and A. D. MacKerell Jr, CHARMM36 all-atom additive protein force field:
Validation based on comparison to NMR data, J. Comput. Chem., 2013, 34, 2135.

[121] W. D. Cornell, P. Cieplak, C. I. Bayly, I. R. Gould, K. M. Merz, D. M. Ferguson, D. C.
Spellmeyer, T. Fox, J. W. Caldwell, and P. A. Kollman, A second generation force field
for the simulation of proteins, nucleic acids, and organic molecules, J. Am. Chem.
Soc., 1995, 117, 5179.

[122] J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, and D. A. Case, Development and
testing of a general amber force field, J. Comput. Chem., 2004, 25, 1157.

[123] M. Stroet, B. Caron, K. M. Visscher, D. P. Geerke, A. K. Malde, and A. E. Mark,
Automated topology builder version 3.0: Prediction of solvation free enthalpies in
water and hexane, J. Chem. Theory and Comput., 2018, 14, 5834.

[124] K. Vanommeslaeghe and A. D. MacKerell, Automation of the CHARMM general force
field (CGenFF) I: Bond perception and atom typing, J. Chem. Inf. Model., 2012, 52,
3144.

[125] K. Vanommeslaeghe, E. P. Raman, and A. D. MacKerell, Automation of the CHARMM
general force field (CGenFF) II: Assignment of bonded parameters and partial atomic
charges, J. Chem. Inf. Model., 2012, 52, 3155.

[126] L. S. Dodda, I. Cabeza de Vaca, J. Tirado-Rives, and W. L. Jorgensen, LigParGen
web server: An automatic OPLS-AA parameter generator for organic ligands, Nucleic
Acids Res., 2017, 45, W331.

http://dx.doi.org/10.1021/ja00214a001
http://dx.doi.org/10.1021/acs.jctc.5b00356
http://dx.doi.org/10.1021/acs.jctc.5b00356
http://dx.doi.org/ 10.1002/jcc.540040211
http://dx.doi.org/10.1021/jp973084f
http://dx.doi.org/10.1002/jcc.21367
http://dx.doi.org/10.1002/jcc.23354
http://dx.doi.org/ 10.1021/ja00124a002
http://dx.doi.org/ 10.1021/ja00124a002
http://dx.doi.org/10.1002/jcc.20035
http://dx.doi.org/ 10.1021/acs.jctc.8b00768
http://dx.doi.org/10.1021/ci300363c
http://dx.doi.org/10.1021/ci300363c
http://dx.doi.org/10.1021/ci3003649
http://dx.doi.org/10.1093/nar/gkx312
http://dx.doi.org/10.1093/nar/gkx312


133

[127] S. Grimme, A general quantum mechanically derived force field (QMDFF) for
molecules and condensed phase simulations, J. Chem. Theory Comput., 2014, 10,
4497.

[128] S. Spicher and S. Grimme, Robust atomistic modeling of materials, organometallic,
and biochemical systems, Angew. Chem. Int. Ed., 2020, 59, 15665.

[129] C. Brunken and M. Reiher, Self-parametrizing system-focused atomistic models, J.
Chem. Theory Comput., 2020, 16, 1646.

[130] J. T. Horton, A. E. A. Allen, L. S. Dodda, and D. J. Cole, QUBEKit: Automating the
derivation of force field parameters from quantum mechanics, J. Chem. Inf. Model.,
2019, 59, 1366.

[131] L. Greff da Silveira, M. Jacobs, G. Prampolini, P. R. Livotto, and I. Cacelli, Develop-
ment and validation of quantum mechanically derived force-fields: Thermodynamic,
structural, and vibrational properties of aromatic heterocycles, J. Chem. Theory
Comput., 2018, 14, 4884.

[132] L.-P. Wang, J. Chen, and T. Van Voorhis, Systematic parametrization of polarizable
force fields from quantum chemistry data, J. Chem. Theory Comput., 2013, 9, 452.

[133] R. Salomon-Ferrer, D. A. Case, and R. C. Walker, An overview of the Amber biomolec-
ular simulation package, WIREs Comput. Mol. Sci., 2013, 3, 198.

[134] J. T. Horton, A. E. A. Allen, and D. J. Cole, Modelling flexible protein–ligand binding
in p38αMAP kinase using the QUBE force field, Chem. Commun., 2020, 56, 932.

[135] O. Andreussi, I. G. Prandi, M. Campetella, G. Prampolini, and B. Mennucci, Classical
force fields tailored for QM applications: Is it really a feasible strategy? J. Chem.
Theory Comput., 2017, 13, 4636.

[136] K. Claridge and A. Troisi, Developing consistent molecular dynamics force fields for
biological chromophores via force matching, J. Phys. Chem. B, 2019, 123, 428.

[137] H. C. Urey and C. A. Bradley, The vibrations of pentatonic tetrahedral molecules,
Phys. Rev., 1931, 38, 1969.

[138] B. M. Pettitt and M. Karplus, Role of electrostatics in the structure, energy and dy-
namics of biomolecules: A model study of N-methylalanylacetamide, J. Am. Chem.
Soc, 1985, 107, 1166.

[139] J.-P. Ryckaert and A. Bellemans, Molecular dynamics of liquid alkanes, Faraday
Discuss. Chem. Soc., 1978, 66, 95.

[140] K. Wiberg, Application of the Pople-Santry-Segal CNDO method to the cyclopropyl-
carbinyl and cyclobutyl cation and to bicyclobutane, Tetrahedron, 1968, 24, 1083
.

http://dx.doi.org/10.1021/ct500573f
http://dx.doi.org/10.1021/ct500573f
http://dx.doi.org/10.1002/anie.202004239
http://dx.doi.org/ 10.1021/acs.jctc.9b00855
http://dx.doi.org/ 10.1021/acs.jctc.9b00855
http://dx.doi.org/10.1021/acs.jcim.8b00767
http://dx.doi.org/10.1021/acs.jcim.8b00767
http://dx.doi.org/ 10.1021/acs.jctc.8b00218
http://dx.doi.org/ 10.1021/acs.jctc.8b00218
http://dx.doi.org/ 10.1021/ct300826t
http://dx.doi.org/ 10.1002/wcms.1121
http://dx.doi.org/10.1039/C9CC08574B
http://dx.doi.org/ 10.1021/acs.jctc.7b00777
http://dx.doi.org/ 10.1021/acs.jctc.7b00777
http://dx.doi.org/10.1021/acs.jpcb.8b10746
http://dx.doi.org/ 10.1103/PhysRev.38.1969
http://dx.doi.org/ 10.1021/ja00291a014
http://dx.doi.org/ 10.1021/ja00291a014
http://dx.doi.org/10.1039/DC9786600095
http://dx.doi.org/10.1039/DC9786600095
http://dx.doi.org/ 10.1016/0040-4020(68)88057-3
http://dx.doi.org/ 10.1016/0040-4020(68)88057-3


134

[141] S. Dasgupta, T. Yamasaki, and W. A. Goddard, The Hessian biased singular value
decomposition method for optimization and analysis of force fields, J. Chem. Phys.,
1996, 104, 2898.

[142] J. Cioslowski, A. P. Scott, and L. Radom, Catastrophes, bifurcations and hysteretic
loops in torsional potentials of internal rotations in molecules, Mol. Phys., 1997, 91,
413.

[143] Y. Qiu, D. G. A. Smith, C. D. Stern, M. Feng, H. Jang, and L. P. Wang, Driving torsion
scans with wavefront propagation, J. Chem. Phys., 2020, 152, 244116.

[144] W. Humphrey, A. Dalke, and K. Schulten, VMD – Visual Molecular Dynamics, J. Mol.
Graph., 1996, 14, 33.

[145] A. D. MacKerell, M. Feig, and C. L. Brooks, Improved treatment of the protein
backbone in empirical force fields, J. Am. Chem. Soc., 2004, 126, 698.

[146] R. B. Best, X. Zhu, J. Shim, P. E. M. Lopes, J. Mittal, M. Feig, and A. D. MacKerell, Op-
timization of the additive CHARMM all-atom protein force field targeting improved
sampling of the backbone φ, ψ and side-chain χ1 and χ2 dihedral angles, J. Chem.
Theory Comput., 2012, 8, 3257.

[147] S. A. Mewes, F. Plasser, and A. Dreuw, Universal exciton size in organic polymers
is determined by nonlocal orbital exchange in time-dependent density functional
theory, J. Phys. Chem. Lett., 2017, 8, 1205.

[148] S. A. Mewes, F. Plasser, and A. Dreuw, Communication: Exciton analysis in time-
dependent density functional theory: How functionals shape excited-state characters,
J. Chem. Phys., 2015, 143, 171101.

[149] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Ki-
tao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark,
J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz,
J. Cioslowski, and D. J. Fox, Gaussian 09, 2009, https://gaussian.com, Gaussian
Inc. Wallingford CT.

[150] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-
man, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V.
Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian,
J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lip-
parini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.

http://dx.doi.org/10.1063/1.471112
http://dx.doi.org/10.1063/1.471112
http://dx.doi.org/10.1080/002689797171300
http://dx.doi.org/10.1080/002689797171300
http://dx.doi.org/10.1063/5.0009232
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/ 10.1021/ja036959e
http://dx.doi.org/ 10.1021/ct300400x
http://dx.doi.org/ 10.1021/ct300400x
http://dx.doi.org/10.1021/acs.jpclett.7b00157
http://dx.doi.org/10.1063/1.4935178
https://gaussian.com


135

Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark,
J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Mar-
tin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian 16, 2016,
https://gaussian.com, Gaussian Inc. Wallingford CT.

[151] P. Eastman, J. Swails, J. D. Chodera, R. T. McGibbon, Y. Zhao, K. A. Beauchamp, L.-P.
Wang, A. C. Simmonett, M. P. Harrigan, C. D. Stern, R. P. Wiewiora, B. R. Brooks,
and V. S. Pande, OpenMM 7: Rapid development of high performance algorithms for
molecular dynamics, PLOS Comput. Bio., 2017, 13, 1.

[152] J. Swails, C. Hernandez, D. Mobley, H. Nguyen, L. Wang, and P. Janowski, Parmed:
Cross-program parameter and topology file editor and molecular mechanical simu-
lator engine, https://github.com/ParmEd/ParmEd.

[153] R. Alessandri, S. Sami, J. Barnoud, A. H. de Vries, S. J. Marrink, and R. W. A. Havenith,
Resolving donor–acceptor interfaces and charge carrier energy levels of organic
semiconductors with polar side chains, Adv. Funct. Mater., 2020, 30, 2004799.

[154] Y. Lin, J. Wang, Z.-G. Zhang, H. Bai, Y. Li, D. Zhu, and X. Zhan, An electron acceptor
challenging fullerenes for efficient polymer solar cells, Adv. Mater., 2015, 27, 1170.

[155] Z. Zheng, O. M. Awartani, B. Gautam, D. Liu, Y. Qin, W. Li, A. Bataller, K. Gundogdu,
H. Ade, and J. Hou, Efficient charge transfer and fine-tuned energy level alignment
in a THF-processed fullerene-free organic solar cell with 11.3% efficiency, Adv. Mater.,
2017, 29, 1604241.

[156] Y. Yang, Z.-G. Zhang, H. Bin, S. Chen, L. Gao, L. Xue, C. Yang, and Y. Li, Side-chain
isomerization on an n-type organic semiconductor ITIC acceptor makes 11.77% high
efficiency polymer solar cells, J. Am. Chem. Soc., 2016, 138, 15011.

[157] A. Wadsworth, M. Moser, A. Marks, M. S. Little, N. Gasparini, C. J. Brabec, D. Baran,
and I. McCulloch, Critical review of the molecular design progress in non-fullerene
electron acceptors towards commercially viable organic solar cells, Chem. Soc. Rev.,
2019, 48, 1596.

[158] S. J. Marrink and D. P. Tieleman, Perspective on the Martini model, Chem. Soc. Rev.,
2013, 42, 6801.

[159] T. A. Wassenaar, K. Pluhackova, R. A. Böckmann, S. J. Marrink, and D. P. Tieleman,
Going backward: A flexible geometric approach to reverse transformation from
coarse grained to atomistic models, J. Chem. Theory and Comput., 2014, 10, 676.

[160] C. Poelking, K. Daoulas, A. Troisi, and D. Andrienko, Morphology and charge trans-
port in P3HT: A theorist’s perspective, in P3HT Revisited – From Molecular Scale to
Solar Cell Devices (Springer Berlin Heidelberg, 2014) pp. 139–180.

https://gaussian.com
http://dx.doi.org/ 10.1371/journal.pcbi.1005659
https://github.com/ParmEd/ParmEd
http://dx.doi.org/10.1002/adfm.202004799
http://dx.doi.org/ 10.1002/adma.201404317
http://dx.doi.org/10.1002/adma.201604241
http://dx.doi.org/10.1002/adma.201604241
http://dx.doi.org/10.1021/jacs.6b09110
http://dx.doi.org/10.1039/C7CS00892A
http://dx.doi.org/10.1039/C7CS00892A
http://dx.doi.org/10.1039/C3CS60093A
http://dx.doi.org/10.1039/C3CS60093A
http://dx.doi.org/10.1021/ct400617g
http://dx.doi.org/10.1007/12_2014_277
http://dx.doi.org/10.1007/12_2014_277


136

[161] N. R. Tummala, Z. Zheng, S. G. Aziz, V. Coropceanu, and J.-L. Brédas, Static and
dynamic energetic disorders in the C60, PC61BM, C70, and PC71BM fullerenes, J. Phys.
Chem. Lett., 2015, 6, 3657.

[162] G. D’Avino, Y. Olivier, L. Muccioli, and D. Beljonne, Do charges delocalize over
multiple molecules in fullerene derivatives? J. Mater. Chem. C, 2016, 4, 3747.

[163] B. A. Kowert, E. M. Thurman-Keup, A. J. Stemmler, T. L. Stemmler, M. J. Fehr, C. V. C.
Caldwell, and S. J. Gentemann, Electron spin resonance studies of the reorientational
motion of Ni(mnt)2

−, J. Phys. Chem. B, 2010, 114, 2760.

[164] N. Koizuim and T. Hanai, Dielectric properties of lower-membered polyethylene
glycols at low frequencies, J. Phys. Chem., 1956, 60, 1496.

[165] S. Sami, P. A. B. Haase, R. Alessandri, R. Broer, and R. W. A. Havenith, Can the
dielectric constant of fullerene derivatives be enhanced by side-chain manipulation?
A predictive first-principles computational study, J. Phys Chem. A, 2018, 122, 3919.

[166] M. Neukom, S. Züfle, and B. Ruhstaller, Reliable extraction of organic solar cell
parameters by combining steady-state and transient techniques, Org. Electron., 2012,
13, 2910 .

[167] I. Hwang and N. C. Greenham, Modeling photocurrent transients in organic solar
cells, Nanotechnology, 2008, 19, 424012.

[168] A. Melianas, V. Pranculis, A. Devižis, V. Gulbinas, O. Inganäs, and M. Kemerink,
Dispersion-dominated photocurrent in polymer: Fullerene solar cells, Adv. Funct.
Mater., 2014, 24, 4507.

[169] R. C. I. MacKenzie, A. Göritz, S. Greedy, E. von Hauff, and J. Nelson, Theory of stark
spectroscopy transients from thin film organic semiconducting devices, Phys. Rev. B,
2014, 89, 195307.

[170] I. A. Howard, F. Etzold, F. Laquai, and M. Kemerink, Nonequilibrium charge dynam-
ics in organic solar cells, Adv. Energy Mater., 2014, 4, 1301743.

[171] O. Bubnova and X. Crispin, Towards polymer-based organic thermoelectric genera-
tors, Energy Environ. Sci., 2012, 5, 9345.

[172] G. H. Kim, L. Shao, K. Zhang, and K. P. Pipe, Engineered doping of organic semicon-
ductors for enhanced thermoelectric efficiency, Nature Mater., 2013, 12, 719 .

[173] B. Kim, H. Shin, T. Park, H. Lim, and E. Kim, NIR-sensitive poly(3,4-
ethylenedioxyselenophene) derivatives for transparent photo-thermo-electric con-
verters, Adv. Mater., 2013, 25, 5483.

[174] S. Riniker, Fixed-charge atomistic force fields for molecular dynamics simulations in
the condensed phase: An overview, J. Chem. Inf. Model., 2018, 58, 565.

[175] M. Neumann, Dipole-moment fluctuation formulas in computer-simulations of
polar systems, Mol. Phys., 1983, 50, 841.

http://dx.doi.org/10.1021/acs.jpclett.5b01709
http://dx.doi.org/10.1021/acs.jpclett.5b01709
http://dx.doi.org/10.1039/C5TC03283K
http://dx.doi.org/10.1021/jp906830y
http://dx.doi.org/10.1021/j150545a007
http://dx.doi.org/ 10.1021/acs.jpca.8b01348
http://dx.doi.org/10.1016/j.orgel.2012.09.008
http://dx.doi.org/10.1016/j.orgel.2012.09.008
http://dx.doi.org/ 10.1088/0957-4484/19/42/424012
http://dx.doi.org/10.1002/adfm.201400404
http://dx.doi.org/10.1002/adfm.201400404
http://dx.doi.org/ 10.1103/PhysRevB.89.195307
http://dx.doi.org/ 10.1103/PhysRevB.89.195307
http://dx.doi.org/10.1002/aenm.201301743
http://dx.doi.org/ 10.1039/C2EE22777K
http://dx.doi.org/10.1038/nmat3635
http://dx.doi.org/10.1002/adma.201301834
http://dx.doi.org/10.1021/acs.jcim.8b00042
http://dx.doi.org/10.1080/00268978300102721


137

[176] M. Neumann, O. Steinhauser, and G. S. Pawley, Consistent calculation of the static
and frequency-dependent dielectric-constant in computer-simulations, Mol. Phys.,
1984, 52, 97.

[177] N. Karasawa and W. A. Goddard, Dielectric properties of poly(vinylidene fluoride)
from molecular dynamics simulations, Macromolecules, 1995, 28, 6765.

[178] T. N. Heinz, W. F. van Gunsteren, and P. H. Hunenberger, Comparison of four
methods to compute the dielectric permittivity of liquids from molecular dynamics
simulations, J. Chem. Phys., 2001, 115, 1125.

[179] S. Riniker, A. P. E. Kunz, and W. F. van Gunsteren, On the calculation of the dielectric
permittivity and relaxation of molecular models in the liquid phase, J. Chem. Theory
Comput., 2011, 7, 1469.

[180] D. J. Adams and E. M. Adams, Static dielectric properties of the Stockmayer fluid
from computer simulation, Mol. Phys., 1981, 42, 907.

[181] J. Kolafa and L. Viererblová, Static dielectric constant from simulations revisited:
Fluctuations or external field? J. Chem. Theory Comput., 2014, 10, 1468.

[182] S. Sami, R. Alessandri, R. Broer, and R. W. A. Havenith, How ethylene glycol chains
enhance the dielectric constant of organic semiconductors: Molecular origin and
frequency dependence, ACS Appl. Mater. Interfaces, 2020, 12, 17783.

[183] G. Williams and D. C. Watts, Non-symmetrical dielectric relaxation behaviour arising
from a simple empirical decay function, Trans. Faraday Soc., 1970, 66, 80.

[184] R. Kohlrausch, Theorie des elektrischen rückstandes in der leidener flasche, Ann. der
Phys., 1854, 167, 179.

[185] E. W. Montroll and J. T. Bendler, On Lévy (or stable) distributions and the Williams-
Watts model of dielectric relaxation, J. Stat. Phys., 1984, 34, 129.

[186] Y. P. Kalmykov, W. T. Coffey, D. S. F. Crothers, and S. V. Titov, Microscopic models for
dielectric relaxation in disordered systems, Phys. Rev. E, 2004, 70, 041103.

[187] G. H. Weiss, J. T. Bendler, and M. Dishon, Analysis of dielectric loss data using the
Williams–Watts function, J. Chem. Phys., 1985, 83, 1424.

[188] J. A. Lemkul, J. Huang, B. Roux, and A. D. MacKerell, An empirical polarizable force
field based on the classical drude oscillator model: Development history and recent
applications, Chem. Rev., 2016, 116, 4983.

[189] R. J. Gowers, M. Linke, J. Barnoud, T. J. Reddy, M. N. Melo, S. L. Seyler, J. Domański,
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Summary

Organic electronics have a wide range of applications, from utilizing the solar energy

for electricity generation to devices that seamlessly integrate with biological surfaces. The

virtually unlimited chemical space of organic molecules, while offering the possibility

of ideal molecules for each of these applications, also makes it more challenging to find

them. A common approach to navigating through this vast chemical space towards better

performing devices is identifying design rules by correlating changes in molecular or mor-

phological structure to the improvement of specific properties. Functionalizing organic

molecules with polar side chains is one such design rule that has become a ubiquitous

strategy in the search for the next generation organic materials. Such functionalization is

often done with the aim of increasing the dielectric constant, which in turn is expected to

weaken the interactions between the charge carriers and reduce their recombination. The

performance of these molecules, however, varies drastically between seemingly similar

molecules and between different applications.

This thesis elucidates, by advancing and applying computational methods, what

happens at the molecular level by the inclusion of polar side chains and provides a

deeper understanding of the interplay between molecular structure and dielectric and

electronic properties, with the aim of guiding the field towards engineering better per-

forming devices. A strong emphasis is given to both the accurate computation of the

frequency-dependent dielectric constant and the understanding of the relevant dielectric

contributions for organic electronics. The thesis also demonstrates how theoretical and

spectroscopic methods can be used synergistically in order to obtain high resolution

structural information of organic films with the aim of improving their thermoelectric

and electronic properties. Additionally, the multiscale approach introduced in this thesis,

which is readily applicable in various materials science and biophysics studies, allows

approaching quantum mechanical accuracy using computationally much more feasible

molecular dynamics simulations.

While increasing the dielectric constant of organic photovoltaic devices has been

suggested as a pathway to improve their power conversion efficiency, it is often unclear

whether the electronic or static dielectric constant will have this effect. In chapter 2, the

effect of functionalizing molecules with polar side chains, often done with the aim of

maximizing the static dielectric constant, on the electronic dielectric constant is investi-
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gated. After establishing the reliability of the employed methodology, which is based on

periodic coupled perturbed Kohn-Sham calculations, the electronic dielectric constant of

various fullerene-based organic semiconductors was computed. The results unveil the

undesirable correlation that the electronic dielectric constant decreases as the side chain

increases in size. An important implication of these results is that one must study carefully

which dielectric constant is the relevant one for the application of interest, as maximizing

one dielectric contribution sacrifices the other. Computation of the time-dependent

dielectric constant and investigation of the relevant time scales for organic electronics

applications is done in chapters 4 and 5 by using molecular dynamics simulations, after

the development of the necessary methodology in chapter 3.

The accuracy of force fields, which specify all intra- and intermolecular interactions

of a system, determines the quality of molecular dynamics simulations. The common

approach of having transferable, atom-types-based force field parameters sacrifices ac-

curacy in favor of generality. In chapter 3, we present an alternative method named

Q-Force, which derives these parameters from quantum mechanical calculations in an

automated manner. First, it is demonstrated for a set of small molecules that a near

quantum mechanical accuracy of the potential energy surface is achieved with these

force fields without extra computational cost after the initial parametrization. Then, two

studies on state-of-the-art molecules in the field of organic photovoltaics are presented,

where the use of Q-Force is shown to improve the potential energy surface drastically in

one case, and the HOMO/LUMO energy level distributions in blends of donor-acceptor

molecules in another. This methodology is used in the following chapters in order to

generate accurate force fields to study the dielectric and structural properties of organic

materials.

The use of polar ethylene glycol side chains has become the preeminent strategy to

increase the static dielectric constant of organic materials. Importantly, the increased

dielectric constant is due to nuclear relaxations whose time scales would therefore de-

termine the relevance of this increase for different organic electronics applications. In

chapter 4, the time- and frequency-dependent dielectric constant of a representative

fullerene derivative with ethylene glycol side chains is predicted using a computational

protocol based on polarizable molecular dynamics simulations and a force field generated

with the Q-Force methodology. Having the atomic resolution, we are able to pinpoint the

different dielectric contributions to different fragments of the molecule and identify the

molecular response that is causing the unusually high dielectric constant. Additionally,

the extracted dielectric relaxation time suggests that ethylene glycol side chains may

respond too slowly to provide Coulombic screening in organic photovoltaics but are

likely fast enough in the case of organic thermoelectrics with much lower charge carrier

velocities.
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Following the establishment of the protocol for the computation of the time- and

frequency-dependent dielectric constant in chapter 4, the highly different dielectric con-

stants of seemingly similar molecules are studied in chapter 5 in order to gain insight on

how the dielectric response can be further enhanced and accelerated. A carefully selected

series of fullerene derivatives with ethylene glycol side chains allowed studying the di-

electric response in terms of both the number and length of the ethylene glycol chains,

and also the choice of the group connecting the fullerene to the ethylene glycol chain.

Such a selection, together with the computational protocol that allowed the separation of

different factors contributing to the overall dielectric constant has enabled us to make

several molecular design guides for future organic materials in order to enhance their

dielectric constant further. The results also reveal that the experimentally observed rise of

the dielectric constant within the kilo/megahertz regime for some molecules is likely due

to the highly stretched dielectric response of ethylene glycols: The initial sharp increase

over the first few nanoseconds is followed by a smaller but persistent increase in the range

of microseconds.

Functionalizing molecules with ethylene glycol side chains has also been applied to

improve the electronic properties of organic materials. As these properties are closely

tied to both molecular and morphological structure, determining these structures is

highly insightful, but on the other hand it remains challenging to do so experimentally in

polycrystalline films. In chapter 6, two case studies are presented where the molecular

packing in such films is resolved through a synergistic use of spectroscopic and theoretical

methods for fullerene derivatives with ethylene glycol side chains. The results highlight

the strength of such an approach that combines theory and experiments in order to gain

insight into the intimate relationship between molecular structure, morphology, and

electronic properties. More specifically, highly ordered and alternating layers of fullerenes

and ethylene glycols are identified in both case studies, which are linked to the record

n-type thermoelectric performance in the first case study and to the improvement of the

transport properties with increasing ethylene glycol layer size in the second case study.

In short, three main topics covered in this thesis are the computation of the dielectric

properties of organic semiconductors (chapters 2, 4, and 5), the methodology for quan-

tum mechanically augmented force fields (chapter 3), and resolving crystal structures

by a combination of theoretical and spectroscopic approaches (chapter 6). Potential

future developments in these three fields are discussed briefly in chapter 7 as an outlook.

Overall, the findings of this thesis contribute to the goal of materials design based on

computational approaches by improving existing models as well as the understanding of

several property-structure relationships.





Samenvatting

Organische elektronica heeft een breed scala aan toepassingen, van het gebruik van

zonne-energie voor elektriciteitsopwekking tot apparaten die naadloos integreren met

biologische oppervlakken. De vrijwel onbeperkte chemische ruimte van organische mo-

leculen, die weliswaar de mogelijkheid biedt om voor elk van deze toepassingen ideale

moleculen te maken, maakt het ook uitdagender om ze daadwerkelijk te vinden. Een

gebruikelijke aanpak om door deze enorme chemische ruimte naar beter presterende ma-

terialen te zoeken, is het opstellen van ontwerpregels door veranderingen in moleculaire

of morfologische structuur te correleren met de verbetering van specifieke eigenschappen.

Het functionaliseren van organische moleculen met polaire zijketens is zo’n ontwerpregel

die een alomtegenwoordige strategie is geworden in de zoektocht naar een volgende

generatie van organische materialen. Zo’n functionalisering heeft ten doel de diëlektri-

sche constante te verhogen, wat op zijn beurt naar verwachting de interacties tussen de

ladingsdragers zal verzwakken en hun recombinatiekans zal verminderen. De prestaties

van deze moleculen variëren echter drastisch tussen schijnbaar vergelijkbare moleculen

en tussen verschillende toepassingen.

Dit proefschrift verduidelijkt door middel van ontwikkeling en toepassing van mul-

tischaal computationele benaderingen, wat er op moleculair nivo gebeurt als polaire

zijketens opgenomen worden. Het werk geeft ook een dieper begrip van het samenspel

tussen moleculaire structuur en diëlektrische en elektronische eigenschappen, met als

doel het veld te leiden naar het ontwerpen van beter presterende materialen. Sterke

nadruk wordt gelegd op zowel de nauwkeurige berekening van de frequentieafhankelijke

diëlektrische constante als het begrip van de relevante diëlektrische bijdragen voor orga-

nische elektronica. Het proefschrift laat ook zien hoe theoretische en spectroscopische

methoden synergetisch kunnen worden gebruikt om structurele informatie met hoge

resolutie van organische films te verkrijgen zodat vervolgens hun thermo-elektrische en

elektronische eigenschappen verbeterd kunnen worden. Bovendien maakt de in dit proef-

schrift geïntroduceerde multischaalbenadering, die direct toepasbaar is in verschillende

materiaalkunde en biofysische studies, het mogelijk om kwantummechanische nauwkeu-

righeid te benaderen met behulp van computationeel veel meer haalbare moleculaire

dynamica simulaties.

Hoewel het verhogen van de diëlektrische constante van organische fotovoltaïsche
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materialen is voorgesteld als een manier om hun energieconversie-efficiëntie te verbe-

teren, is het vaak onduidelijk of de elektronische of statische diëlektrische constante dit

effect zal hebben. In hoofdstuk 2 wordt het effect onderzocht van het functionaliseren

van moleculen met polaire zijketens, vaak gedaan om de statische diëlektrische constante

te maximaliseren, op de elektronische diëlektrische constante. Na het vaststellen van de

betrouwbaarheid van de toegepaste methodologie, die is gebaseerd op storingsrekening

en die bekend staat als “periodic coupled perturbed Kohn-Sham”, werd de elektronische

diëlektrische constante van verschillende op fullereen gebaseerde organische halfgelei-

ders berekend. De resultaten onthullen een ongewenste correlatie: de elektronische

diëlektrische constante wordt kleiner naarmate de zijketen groter wordt. Een belangrijke

implicatie van deze resultaten is dat men zorgvuldig moet bestuderen welke diëlektrische

constante de relevante is voor de betreffende toepassing, aangezien het maximaliseren

van de ene diëlektrische bijdrage ten koste gaat van de andere. Het berekenen van de

tijdsafhankelijke diëlektrische constante en onderzoek naar de relevante tijdschalen voor

organische elektronicatoepassingen wordt gedaan in de hoofdstukken 4 en 5 met behulp

van moleculaire dynamica simulaties, na de ontwikkeling van de benodigde methodologie

in hoofdstuk 3.

De nauwkeurigheid van krachtvelden die alle intra- en intermoleculaire interacties

van een systeem bepalen, is ook bepalend voor de kwaliteit van moleculaire dynamica

simulaties. De algemeen gebruikte aanpak met overdraagbare, op atoomtypes geba-

seerde, krachtveldparameters doet afbreuk aan nauwkeurigheid ten gunste van algemeen-

heid. In hoofdstuk 3 presenteren we een alternatieve methode genaamd Q-Force, die

de krachtveldparameters op een geautomatiseerde manier afleidt uit kwantummecha-

nische berekeningen. Eerst wordt voor een set van kleine moleculen aangetoond dat

een bijna kwantummechanische nauwkeurigheid van het potentiële energieoppervlak

wordt bereikt met deze krachtvelden zonder extra rekenkosten na de initiële parametri-

sering. Vervolgens worden twee studies over “state-of-the-art” moleculen op het gebied

van organische fotovoltaïsche cellen gepresenteerd, waarbij wordt aangetoond dat het

gebruik van Q-Force het potentiële energieoppervlak drastisch verbetert in één geval, en

de HOMO/LUMO-energienivo-distributies in mengsels van donor-acceptormoleculen in

een ander. Deze methodologie wordt in de volgende hoofdstukken gebruikt om nauw-

keurige krachtvelden te genereren om de diëlektrische en structurele eigenschappen van

organische materialen te bestuderen.

Het gebruik van polaire zijketens van ethyleenglycol is de meest vooraanstaande

strategie geworden om de statische diëlektrische constante van organische materialen te

verhogen. Belangrijk is dat de verhoogde diëlektrische constante het gevolg is van kernbe-

wegingen; daarom zouden de tijdsschalen daarvan de relevantie van deze verhoging voor

verschillende organische elektronicatoepassingen bepalen. In hoofdstuk 4 wordt de tijd-
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en frequentie-afhankelijke diëlektrische constante van een representatief fullereenderi-

vaat met ethyleenglycol zijketens voorspeld met behulp van een rekenprotocol gebaseerd

op polariseerbare moleculaire dynamica simulaties en een krachtveld gegenereerd met

de Q-Force methodologie. Met de atomaire resolutie zijn we in staat om de verschillende

diëlektrische bijdragen van verschillende fragmenten van het molecuul te bepalen en

de moleculaire respons te identificeren die de ongewoon hoge diëlektrische constante

veroorzaakt. Bovendien suggereert de geëxtraheerde diëlektrische relaxatietijd dat ethy-

leenglycolzijketens mogelijk te traag reageren om Coulomb afscherming in organische

fotovoltaïsche cellen op te leveren, maar dat ze waarschijnlijk snel genoeg zijn in het geval

van organische thermo-elektrische systemen met veel lagere ladingsdragersnelheden.

Na het opstellen van het protocol voor de berekening van de tijd- en frequentie-

afhankelijke diëlektrische constante in hoofdstuk 4, worden de sterk verschillende dië-

lektrische constanten van schijnbaar vergelijkbare moleculen bestudeerd in hoofdstuk

5, om inzicht te krijgen in hoe de diëlektrische respons verder kan worden verbeterd en

versneld. Een zorgvuldige selectie van een reeks fullereenderivaten met ethyleenglycolzij-

ketens maakte het mogelijk de diëlektrische respons te bestuderen in termen van zowel

het aantal als de lengte van de ethyleenglycolketens, en ook van de keuze van de groep

die het fullereen met de ethyleenglycolketen verbindt. Een dergelijke selectie, samen

met het rekenprotocol dat de scheiding mogelijk maakt van verschillende factoren die

bijdragen aan de algehele diëlektrische constante, heeft ons in staat gesteld verschillende

moleculaire leidraden te geven voor toekomstige organische materialen met verbeterde

diëlektrische constante. De resultaten laten ook zien dat de experimenteel waargenomen

stijging van de diëlektrische constante binnen het kilo/megahertz-regime voor sommige

moleculen waarschijnlijk het gevolg is van de sterk verlengde diëlektrische respons van

ethyleenglycolen: de aanvankelijke sterke toename gedurende de eerste paar nanose-

conden wordt gevolgd door een kleinere maar aanhoudende toename in de volgende

microseconden.

Gefunctionaliseerde moleculen met zijketens van ethyleenglycol zijn ook toegepast

om de elektronische eigenschappen van organische materialen te verbeteren. Aangezien

deze eigenschappen nauw verbonden zijn met zowel de moleculaire als de morfologische

structuur, kan het bepalen van deze structuren veel inzicht opleveren, maar aan de andere

kant blijft het een uitdaging om dit experimenteel te doen in polykristallijne films. In

hoofdstuk 6 worden twee casestudies gepresenteerd waarin de pakking van moleculen

in dergelijke films wordt ontrafeld door een synergetisch gebruik van spectroscopische

en theoretische methoden voor fullereenderivaten met ethyleenglycol zijketens. De re-

sultaten onderstrepen de kracht van een dergelijke aanpak die theorie en experimenten

combineert om inzicht te krijgen in de nauwe relatie tussen moleculaire structuur, mor-

fologie en elektronische eigenschappen. Meer specifiek: in beide casestudies worden
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sterk geordende en afwisselende lagen van fullerenen en ethyleenglycolen geïdentifi-

ceerd. Deze houden verband met de record n-type thermo-elektrische prestaties in de

eerste casestudy en met de verbetering van de transporteigenschappen met toenemende

ethyleenglycollaag-grootte in de tweede casestudy.

In het kort, drie hoofdonderwerpen die in dit proefschrift aan bod komen, zijn de be-

rekening van de diëlektrische eigenschappen van organische halfgeleiders (hoofdstukken

2, 4 en 5), de methodologie voor kwantummechanisch versterkte krachtvelden (hoofdstuk

3), en het oplossen van kristalstructuren door een combinatie van theoretische en spectro-

scopische benaderingen (hoofdstuk 6). Hoofdstuk 7 geeft een vooruitblik op mogelijke

toekomstige ontwikkelingen op deze drie terreinen. Over het geheel genomen dragen de

bevindingen van dit proefschrift bij aan het doel om materialen te ontwerpen op basis

van computationele benaderingen, door het verbeteren van bestaande rekenmodellen en

het begrijpen van verschillende eigenschap-structuur relaties.
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