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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
frequencies in b) corresponds to using β values in eq. 5.2 ranging from 0.22 to 0.28 as explained in the text. The
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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Figure 5.4 | a) Average P1 order parameter (cosθ) for the three EG units in PTEG-1, PTEG-2, and BTEG-2, and
five EG units in BPEG-2; b) Autocorrelation function of the three torsions preceding the oxygen for the first,
central (three central for BPEG-2), and terminal EGs; c) The angle between the C60 direction at t = 0 and the
following times. The C60 direction is defined as the vector that points from the center of mass of C60 to the
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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