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3. Elucidating Miscibility in Doped Molecular Semiconductors

Molecular doping of organic semiconductors serves as a key strategy for advancing organic electronic devices, such as organic thermoelectric generators.
While p-type doping is well established, n-doping remains challenging. In this
chapter, we present increased performances for two ubiquitous classes of ntype semiconductors, fullerenes and donor-acceptor (D-A) copolymers, by rationally tailoring side chains to achieve better miscibility. In the first example,
the miscibility of a fullerene:dopant system is enhanced by introducing polar
triethylene glycol (TEG) side chains onto both the host and dopant molecules.
An improved morphology, as evaluated by atomic force microscopy and coarsegrain molecular dynamics simulations, leads then to higher doping efficiencies,
conductivities and power factors, overall achieving the best result to date in
thermoelectric applications of solution-processed fullerene derivatives. In the
second example, when traditional alkyl side chains on a widely employed DA copolymer are replaced by polar TEG side chains, a 200-fold enhancement
in electrical conductivity is observed upon doping (with respect to the doped
system bearing alkyl side chains). Coarse-grained molecular dynamics simulations indicate that the polar side chains can significantly reduce the clustering of dopant molecules and favor the dispersion of the dopant in the host
matrix as compared to traditional alkyl side chains. Accordingly, intimate contact between the host and dopant molecules in the D-A copolymer with polar
side chains facilitates molecular doping, leading to increased doping efficiency
and electrical conductivity—the latter constituting the highest reported value
to date for n-type D-A copolymers.

3.1. Introduction
Molecular doping of organic semiconductors (OSCs) serves as a key strategy for advancing
organic electronic devices, such as organic field-effect transistors, optoelectronic devices,
and organic thermoelectrics. 177–182 Thermoelectric generators convert temperature gradients in electrical current, a phenomenon called the Seebeck effect. In the field of organic
thermoelectrics, molecular doping is used to modulate the carrier density in OSCs to
2
achieve high power factors (S 2 σ in the thermoelectric figure of merit Z T = S κσT , where
S, σ, T , and κ are the Seebeck coefficient, electrical conductivity, temperature, and thermal conductivity, respectively). 177,180,182 Intrinsically low κ values (typically below 1 W
m−1 K−1 , 183,184 much lower than traditional inorganic semiconductors), along with their
mechanical flexibility, light weight, biocompatibility, and low-temperature processing
conditions, make OSCs very promising for use in thermoelectric applications. 4,185
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Molecular doping can take place by either electron transfer between the OSC and the
molecular dopant (redox reaction) or via a proton/hydride transfer from an acid/base to
the semiconductor. This doping process is considered to be governed by the following
factors: (i) energetics of host molecules, (ii) strength of the dopant, (iii) miscibility of the
host/dopant system, and (iv) spatial arrangement of the host and dopant molecules. 186,187
Thus, as it is the case for many organic electronic devices, not only energetics, but also
the morphology of the semiconducting matrix is of paramount importance. Either extra
positive (p-doping) or negative (n-doping) charge carriers can be introduced in the
conjugated system. Both p- and n-type thermoelectric materials are needed to realize
a thermoelectric generator. While p-doping is well established, 177,185 with maximum
power factors of at least 100 µW m−1 K−2 , 188 n-doping remains challenging.
Recently, an efficient solution-processable n-type dopant, N-DMBI, namely (4-(1,3dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine was developed by
Bao and co-workers 189 and successfully applied to improve conductivities for different
classes of n-type semiconductors. 187,189,190 An electrical conductivity of 1.9 × 10−3 S
cm−1 was achieved by doping solution-processed PCBM (phenyl-C61-butyric acid methyl
ester) films (to be compared to 8.1 × 10−8 S cm−1 for undoped PCBM film). 189 More
recently, tailoring host-dopant miscibility in a fullerene-based system, namely N-DMBI
doped PTEG-1 (structures shown in Fig. 3.1a), resulted in a σ and a power factor of
2.05 S cm−1 and 16.7 µW m−1 K−2 , respectively, the current record holder for solutionprocessed n-doped fullerene derivative systems. 191 As for polymeric systems, N-DMBI
was also employed to dope the most famous and widely used n-type donor-acceptor
(D-A) copolymer, poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)2,6-diyl](NDI)-alt-5,5’-(2,2’-bithiophene)(BT) P(NDI2ODT2), also known as N2200, 192 for
which the highest electrical conductivity reported is only 5×10−3 − 8 × 10−3 S cm−1 , 190
the current record holder for n-type D-A copolymers. Conjugated polymers without D-A
copolymer character, namely benzodifurandione-based PPV polymers, were recently
reported to exhibit outstanding electrical conductivities of up to 14 S cm−1 and power
factors up to 28 µW m−1 K−2 when mixed with N-DMBI in solution, achieving the highest
reported value for solution processable n-type polymers to date. 187 Very recently, Wang
et al. noted that polarons of doped D-A copolymers were more localized on a single
monomer than those of doped homopolymers due to an unfavorable distortion of the D-A
backbone, which could be a reason for the weak n-doping behavior of D-A copolymers. 193
Naab and co-workers improved the electrical conductivities of n-doped D-A copolymers
by minimizing their D-A character via backbone modification. 194 Although different
explanations have been proposed, the underlying reason for the weak n-doping of D-A
copolymers is still vague, and strategies for enhancing molecular doping in these systems
are less explored.
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3. Elucidating Miscibility in Doped Molecular Semiconductors
In this chapter, we further improve the performance of two ubiquitous classes of

n-type semiconductors, fullerenes and D-A copolymers, by rationally tailoring side chains
to achieve better miscibility. In the first example, we design and synthesize a new DMBIbased dopant incorporating polar triethylene glycol (TEG) side chains, TEG-DMBI. Phase
imaging AFM studies and coarse-grain molecular dynamics simulations indicate that
the morphology of the new PTEG-1:TEG-DMBI system is better than that of the PTEG1:N-DMBI system, implying improved host/dopant miscibility. As a consequence, the
performance of PTEG-1-based thermoelectric devices improves, achieving a high electric
conductivity of 1.93 S cm−1 and a power factor of 19.1 µW m−1 K−2 , the best result to
date in thermoelectric applications of solution-processed n-type fullerene derivatives.
In the second example, we replace the alkyl side chains on the acceptor moiety of the
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N2200 D-A copolymer with TEG side chains. The resulting D-A copolymer, TEG-N2200,
shows a high electrical conductivity of 0.17 S cm−1 after doping with N-DMBI, a 200-fold
enhancement of its electrical conductivity and the highest reported value to date for
n-type D-A copolymers. Coarse-grained molecular dynamics simulations indicate that
dopant molecules are more likely to disperse in the polar environment of triethylene
glycol chains than in the apolar environment of the alkyl chains. Thus, an improved
morphology with reduced phase separation was observed for the doped copolymer with
polar side chains. We argue that an intimate contact between the host and the dopant
molecules in the copolymer with polar side chains facilitates molecular doping and gives
rise to an improved electrical conductivity. This chapter demonstrates how side chain
engineering can be used to enhance doping efficiencies by fine-tuning host/dopant
miscibility, and the role of coarse-grain simulations in elucidating miscibility in doped
molecular semiconductor matrices.

3.2. Results and Discussion
3.2.1. Enhancing n-Type Doping of Fullerene Derivatives
Thermoelectric Device Characteristics. To characterize the thermoelectric properties of
doped PTEG-1 films, the electrical conductivity and Seebeck coefficient were examined.
Thin films were prepared from solution mixtures of PTEG-1 with either of the dopants
(N-DMBI and TEG-DMBI—structures shown in Figure 3.1a) in various molar fractions, as
follows: spin-coating (from chloroform) on glass substrates, followed by deposition of Au
electrodes as the top contacts, which were then subjected to thermal annealing at 120 ◦C
for 1.5 h. Electrical conductivity was measured via a two-probe method, and the Seebeck
coefficient was determined by imposing a temperature difference across the sample and
measuring the thermovoltage. As shown in Fig. 3.1, the electrical conductivities and
(thus) power factors of the films dramatically increase upon dopant addiction, and attain
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maxima as the molar fraction of dopant in solution is 20% for TEG-DMBI and 40% for
N-DMBI, respectively. The Seebeck coefficient is determined by the difference between
the Fermi level energy (E F ) and the charge transport energy (E T ). 195 As the doping level
increases from molecular doping, more charges are generated, which shifts EF toward
E T and decreases the absolute S value. Therefore, the Seebeck coefficient is usually
considered an important parameter for evaluating the doping level. The negative sign
of the Seebeck coefficients demonstrates that n-type electrical transport is dominant.
Further increasing the concentration of dopant leads to a rapid decrease of electrical
conductivities, possibly due to the formation of dopant domains which disrupt the overall
morphology. 180 Comparing N-DMBI and TEG-DMBI (in black and red, respectively, in
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Figure 3.1 | Thermoelectric device characteristics for the PTEG-1:N-DMBI and PTEG-1:TEG-DMBI systems.
The chemical structures are shown in (a). The measured electrical conductivity (a), Seebeck coefficient (b) and
power factor (c) are plotted at various doping concentrations.

Fig. 3.1b-3.1d), the introduction of TEG chains on the dopant molecule has a remarkable
influence on the evolution of σ and S (and thus on the power factor) upon increase in
doping concentrations. While the optimal σ of 1.93 S cm−1 and power factor of 16.3 µW
m−1 K−2 for N-DMBI doped PTEG-1 films are obtained at 40 mol% doping concentration
(in agreement with those reported before 191 ), a comparable σ of 1.81 S cm−1 and a
(≈ 20%) higher power factor of 19.1 µW m−1 K−2 for TEG-DMBI doped PTEG-1 films
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are achieved at only 20 mol% doping concentration. These figures constitute the best
thermoelectric performance (and record power factor) to date for solution-processable
fullerene derivatives. These results indicate that the modification of the structure of the
dopant not only affects the thermoelectric performance of the doped fullerene system,
but also the doping efficiency.
Doping Mechanism Energetics. The nature of the doping of N-DMBI has been studied for C60 derivatives by Bao and co-workers. 186 It is characterized by a reaction between
the dopant and host (fullerene) molecules that begins with either hydride or hydrogen
atom transfer, followed by the formation of host radical anions which are responsible
for the doping effect. Therefore, the efficiency of the doping process could be partially
determined by the hydride/hydrogen donating ability of the dopant and/or the offset
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between the N-DMBI SOMO (singly occupied molecular orbital) and the host LUMO
(lowest unoccupied molecular orbital). However, the possibility for the increased doping
efficiency in the doped PTEG-1 systems due to different electron donating ability of NDMBI and TEG-DMBI could be excluded based on the two following arguments. First,
according to the study of DMBI-like hydride donors from Cheng and co-workers, 196 a
dimethylamino group (-NMe2 ) substituent (that is, N-DMBI) renders a larger enthalpy
change in releasing an hydride anion than a methoxy group (-OMe). The same is true
for proton-releasing, whose probability however is much smaller than hydride-releasing
due to the much higher enthalpy change. It follows therefore that TEG-DMBI should be
a weaker hydride donor than N-DMBI, and should consequently lead to a lower doping
efficiency, which is inconsistent with the findings reported herein. Note that we assume
the TEG group electron-donating capabilities to be similar to the ones of the methoxy
group, as the cyclic voltammetry curve of TEG-DMBI (see the Supporting Information of
Ref. 197) is almost identical to that of MeO-DMBI reported in Ref. 196. Secondly, based
on B3LYP/6-31G* calculations (see the Methods section for details), the neutral radicals
of both dopants (after hydrogen removal) render similar SOMO levels with −2.56 eV for
TEG-DMBI vs. −2.35 eV for N-DMBI. A N-DMBI radical with a higher-lying SOMO level is
supposed to result in a larger offset between the dopant SOMO and the host LUMO, and
therefore a better doping efficiency would be expected (if the highly energetic radicals
are somehow responsible for the doping effect 189 ), which is incompatible with our observations as well. We could therefore conclude that the enhanced doping efficiency of
TEG-DMBI doped PTEG-1 films is not due to the modification of the electron donating
ability caused by different side groups.
Morphology Characterization. To explore the underlying reason for the enhanced
doping efficiency, the morphologies of doped films were then investigated by AFM based
phase imaging, which provides nanoscale information about surface structure. Fig. 3.2
shows phase-contrast AFM images of undoped and doped PTEG-1 films before and after
annealing. Different color (phase) represents different composites. Before annealing, the
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AFM phase image (Fig. 3.2a) of neat PTEG-1 exhibits intuitively almost perfect “miscibility", since a single component is present. Upon mixing with dopants, the surface of the
doped PTEG-1 films become heterogeneous with obvious phase islands, but to a different
extent for N-DMBI and TEG-DMBI. With respect to N-DMBI (Fig. 3.2b), TEG-DMBI (Fig.

pristine PTEG-1

PTEG-1:N-DMBI

PTEG-1:TEG-DMBI

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.2 | AFM phase images of PTEG-1 films before (top) and after (bottom) annealing at 120 ◦C for 1.5 h
without (a, d) and with 30 molar% dopants (N-DMBI (b, e), TEG-DMBI (c, f)).

Table 3.1 | Summary of Root-Mean-Square (RMS) phase deviation and arithmetic average for AFM phase images
of (un)doped PTEG-1 films.

Before annealing
After annealing

RMS
Ra
RMS
Ra

undoped
1.04◦
0.81◦
2.28◦
1.68◦

N-DMBI-doped
1.90◦
1.53◦
1.38◦
1.05◦

TEG-DMBI-doped
1.46◦
1.18◦
1.45◦
1.08◦

3.2c) doped films show better miscibility between the PTEG-1 matrix and the dopant, as
more (phase) homogeneous films with a smaller RMS phase deviation (1.46◦ in the case of
TEG-DMBI vs. 1.90◦ for N-DMBI, more details in Table 3.1) are obtained with TEG-DMBI.
We can ascribe this to the interaction between the TEG chains of TEG-DMBI and PTEG-1,

3
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as it is also found in coarse-grain molecular dynamics simulations (see below). Note that
one cannot simply compare the RMS roughness of the AFM height profile to determine
the heterogeneity, as the RMS height deviation for the pure PTEG-1 film is 6.48 nm and
for the N-DMBI doped film is 6.66 nm (for details, see the Supporting Information of Ref.
197): despite such a tiny difference, the former film does show far less heterogeneity than
the latter, as Fig. 3.2a and 3.2b show. Upon annealing, while obvious heterogeneity occurs
for pure PTEG-1 film caused by grain boundaries due to the serious aggregation (see
also AFM topography images in the Supporting Information of Ref. 197), the doped films
show improved miscibility, probably mediated by the resultant fullerene radical anion
which shows good miscibility with both dopant and pristine fullerene matrix. N-DMBI
and TEG-DMBI doped films thus show an almost identical RMS phase deviation (1.38 ◦
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vs. 1.45 ◦ ) after annealing (Fig. 3.2e and Fig. 3.2f), though a relatively obvious difference
(1.90 ◦ vs. 1.46 ◦ ) was observed before annealing. In summary, based on phase imaging
AFM, TEG-DMBI doped films before annealing show better miscibility between PTEG-1
matrix and the dopant compared with the films doped with N-DMBI, while annealing
improves the miscibility of both doped films. We then temporarily ascribe the different
doping efficiency to the different miscibility of the films before annealing (when the
doping reaction is ready to happen), not after it (when the doping process is done). In
summary, the miscibility in the as-prepared state matters to the doping efficiency, not in
the annealed state.
Coarse-Grain Solvent Evaporation Simulations. In parallel, Martini 39 coarse-grain
molecular dynamics simulations were performed to investigate the different miscibility
behavior of the two systems. More specifically, solvent evaporation simulations (chapter 2) 116,117 were carried out so as to obtain thin film morphologies mimicking the spin
coating procedure. Briefly, the simulations start from a three-component system (PTEG1:dopant:chloroform, with a 30 mol% dopant fraction) from which the solvent is gradually
taken out until a dried film is obtained. Further details are given in the Methods section. TEG-DMBI shows higher degree of mixing with PTEG-1, as can be seen by visually
inspecting typical snapshots of simulated morphologies shown in Fig. 3.3a (N-DMBI
doped PTEG-1 film) and 3.3b (TEG-DMBI doped PTEG-1 film). This is quantified by
computing the number of contacts between PTEG-1 molecules and the dopant backbones (i.e., the phenylbenzimidazole moieties): a higher number of fullerene-dopant
contacts indicates higher likelihood to find a dopant molecule close to a fullerene one,
that is, a more intimately mixed morphology. The results are reported in Fig. 3.3c, where
the number of host-dopant contacts are expressed in percentage (where zero is taken
as the number of contacts in a planar heterojunction and 100 is the one computed for
a completely intermixed morphology, see also the Methods section). The number of
PTEG-1−DMBI contacts is consistently higher in the case of TEG-DMBI doped PTEG-1
films, which means that more finely intermixed morphologies are obtained in this case.
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Analyzing the evolution of the morphology during drying, PTEG-1 molecules are found
to moderately associate in micelle and bilayer type structures due to the C60 -C60 and
TEG-TEG interactions, while dopant molecules remain very soluble. In the case of TEGDMBI, however, TEG side chains of the dopant insert in those structures much more
easily than dimethylamino groups for N-DMBI, therewith more effectively decreasing the
segregation of the dopant and fullerene molecules. This results in better miscibility in the
TEG-DMBI doped PTEG-1 system, supporting the argument that better doping efficiency
is obtained due to better mixing achieved in the as-cast films.

(a)

PTEG-1:N-DMBI

(b) PTEG-1:TEG-DMBI

(c)
PTEG-1

3
N-DMBI
���

10 nm
������ � ���� �������� ���

10 nm

10 nm

10 nm

(d)

��
��
��
��
��

������ ��������

Figure 3.3 | Simulated morphology for (a) N-DMBI and (b) TEG-DMBI doped PTEG-1 films. PTEG-1 molecules
are shown in cyan, while dopant molecules in orange—see also (c) for their CG models and underlying atomistic structures. Only DMBI backbones are shown in the bottom renderings. Number of contacts between
PTEG-1 molecules and DMBI backbones, which correlate with the degree of fullerene-dopant mixing in the
morphologies, are also shown (d).

56

3. Elucidating Miscibility in Doped Molecular Semiconductors

3.2.2. Enhancing n-Type Doping of Donor-Acceptor Copolymers
Thermoelectric Device Characteristics. We synthesized a modified N2200 copolymer
bearing polar TEG-based side chains (for synthetic details, see the Supporting Information
of Ref. 198), TEG-N2200. Figure 3.4a displays the chemical structure of TEG-N2200 along
with those of N2200—with the traditional alkyl side chains—and the N-DMBI dopant. We
estimate LUMO levels for the two polymers from cyclic voltammetry data (see Figure 1b
of Ref. 198) to be −3.76 and −3.69 eV, for N2200 and TEG-N2200, respectively. The deep
LUMO levels confirm the strong electron affinity of the NDI moiety. As already noted
in the previous section, the offset between the SOMO level of dopant molecules (−2.36
eV) and the LUMO level of host molecules can play a role in the doping process. 186,189
Given the (very similar) measured LUMO levels, both D-A copolymers are expected to be
efficiently doped by N-DMBI from an energetic point of view.
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Figure 3.4 | Thermoelectric device characteristics for the N2200:N-DMBI and TEG-N2200:N-DMBI systems.
The chemical structures are shown in (a). The measured electrical conductivity (b), Seebeck coefficient (c) and
power factor (d) are plotted at various doping concentrations.

Figure 3.4 shows the electrical conductivities of the doped N2200 and TEG-N2200 thin
films at different doping concentrations. At a doping concentration of 7.1 mol%, the doped
TEG-N2200 layer exhibits an average σ of 1.85 × 10−3 S cm−1 , which is much higher than
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that (4.3 × 10−6 S cm−1 ) of the doped N2200 layer. As the doping concentration increases,
the electrical conductivities of both doped thin films gradually increase. The doped N2200
layer achieves a highest average σ of 8.6 × 10−4 S cm−1 at a doping concentration of 56
mol%, which is consistent with previously reported values. 190,194 An optimized averaged
σ of 0.17 S cm−1 is obtained from the 71%-doped TEG-N2200 thin film, which represents
a 200-fold increase with respect to the doped N2200 thin film and the highest electrical
conductivity reported to date for n-doped D-A copolymers. Additionally, we carried
out field-effect mobility measurements for pristine N2200 and TEG-N2200 thin films
using a bottom contact/top gate geometry (as displayed in Figure S5 in the Supporting
Information of Ref. 198). The pristine N2200 layer exhibits a mobility (µ) of 7.2 × 10−3
cm2 V−1 s−1 in the saturated regime, which is a typical value for chloroform-processed
N2200. 199 The TEG-N2200-based transistor exhibits an inferior µ of 2.2 × 10−4 cm2 V−1
s−1 . Therefore, we argue that the differences in the conductivity of the two doped D–A
copolymers are not caused by their intrinsic charge transport properties, but related to
the extrinsic molecular doping.
We measured S values for varyingly doped N2200 and TEG-N2200 thin films, which
are displayed in Figure 2b. The Seebeck coefficient of the doped N2200 layers can be
changed from −894 ± 6 to −292 ± 4 µV K−1 by modulating the doping concentration from
14 to 71 mol%. For doped TEG-N2200 thin films, S varied from −433±3 µV K−1 at a doping
concentration of 7.1 mol% to −111 ± 0.6 µV K−1 at a doping concentration of 85 mol%.
Both doped D-A copolymer films display negative S values, indicating n-type doping with
electrons as the charge carrier. Doped TEG-N2200 layers exhibit much lower absolute
S than those of doped N2200 layers, which clearly indicates higher doping levels and it
agrees well with previous results. Note that the doped N2200 layer shows an optimized
power factor of only 0.01 µW m−1 K−2 at a doping concentration of 56 mol%, which is
consistent with previous studies, 193 while doping TEG-N2200 gives a maximum power
factor of 0.40 µW m−1 K−2 at 56 mol%. Although the power factor of the doped TEG-N2200
layer still lags behind those of doped copolymers without any D-A character due to its
low carrier mobility, our results open a new pathway to engineer the doping level of D-A
copolymers and thus advance their application in thermoelectric and optoelectronic
devices.
Morphology Characterization. We analyzed the surface morphologies of the pristine
and differently doped N2200 and TEG-N2200 thin films by AFM as displayed in Figure 3.5.
The pristine N2200 film shows a fibril-textured morphology, implying long-range order, 200 while small nodules are observed in pristine TEG-N2200 film. The difference in
morphology may explain the origin of the higher carrier mobility of pristine N2200 with
respect to TEG-N2200. The doped N2200 films show lower threshold doping concentration (≈14%) for observing surface aggregates than the doped TEG-N2200 (≈42%). These
aggregations are considered to be caused by the phase separation between the undoped
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host matrix and polar dopant/doping products, which is driven by surface energy differences. 186,191 As shown in Figure 3.5c, many small spherical aggregates are ubiquitously
dispersed on 42 mol%-doped N2200 film. These spherical aggregates are presumably
caused by the poor solubility of the polar dopant in the N2200 matrix. 190 In contrast, 42
mol%-doped TEG-N2200 film shows a very clean surface morphology except for few large
aggregates. Recently, ethylene glycol-based side chains have been reported to increase
the polarities of conjugated polymers in electrochemical transistor devices and organic
p-type doped systems. 201,202 We argue that polar N-DMBI molecules can be more easily
dispersed in the TEG-N2200 matrix—because of the hydrophilic triethylene glycol-based
side chains—than in N2200, with its hydrophobic alkyl side chains. Since the two D-A
copolymers exhibit similar LUMO levels, the doping process is mainly influenced by the
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quality of mixing between the host and dopant molecules. The improved mixing of the
TEG-N2200:N-DMBI blend facilitates doping with an improved doping efficiency and
thus causes an enhanced conductivity as compared to the N2200:N-DMBI blend.
The influences of side chains and doping process on molecular packing of the two
D-A copolymers were studied by grazing incidence wide angle x-ray scattering (GIWAXS).
The GIWAXS patterns are shown in Figure 3.5e and 3.5f. (for more patterns and relative
intensity cuts, see the Supporting Information of Ref. 198). Clearly, N2200 mainly packs in
a face-on orientation, in agreement with what is reported in the literature, 203 as evidenced
by the orientation of the (100) reflection along the horizontal q y direction. On the contrary,
TEG-N2200 stacks edge-on relative to substrate, (100) reflection along the vertical q z
direction. Both pristine D-A copolymers show clear (010) reflection, associated with a
π−π stacking distance between molecules of about 3.9 Å. The difference in side-chain
length between the two polymers is responsible for the different (100) lamellar spacing
of 24 and 16 Å for N2200 and TEG-N2200, respectively. The doping process does not
appear to significantly change the molecular orientations of the two polymers, having
an influence only on the extent of developed crystallinity. For TEG-N2200, the (010)
spacing remains unchanged upon doping and (100) spacing along q z direction is only
slightly increased to 17 Å. This finding indicates that polar N-DMBI dopants are mainly
incorporated in polar side chains because of their similar polarities, which is favorable for
in-plane charge transport.
Coarse-Grain Simulations. To investigate the effect that the microenvironments
created by the two different side chains may exert on the dopant molecules, we performed
coarse-grained molecular dynamics simulations, again based on the Martini force field.
To this end, we set up systems where different concentrations of N-DMBI molecules are
solvated in a pure phase of side chains of either N2200 or TEG-N2200. More details on the
force field and coarse-grained models are given in the Methods section. Representative
snapshots of simulations which have reached equilibrium are shown in Figure 3.6a (alkyl)
and 3.6b (TEG). The molecular dynamics simulations show a rather high tendency for
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Figure 3.5 | Topographic AFM morphology images of pristine N2200 (a) and TEG-N2200 (b) films, and doped
N2200 (c) and doped TEG-N2200 (d) films at a doping concentration of 42 mol%. 2D GIWAXS patterns for the
pristine N2200 (e) and TEG-N2200 (f) thin films. The numbers are indicative of the (hkl) miller indices for the
crystallographic planes.
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the dopant molecules to cluster in the alkyl phase, where molecules quickly form small
clusters which, if given enough time, then further cluster together. By contrast, the TEG
phase is a much better solvent for N-DMBI, with molecules being well dispersed up to
concentrations of 20 mg mL−1 , as quantified by the number of contacts between dopant
molecules shown in Figure 3.6c. From N-DMBI solvation-free energies (calculated via
thermodynamic integration as described in the Methods section) in either of the two
phases, the free energy of transfer required to move a N-DMBI molecule from the alkyl to
the TEG phase was found to be −16 kJ mol−1 , quantifying further the strong preference
for the TEG phase over the alkyl one, which was already evident from the equilibrium
simulation results. Furthermore, to exclude any effect of the length or branching of the
side chains on the dispersion of N-DMBI molecules, we performed additional simulations

TEG-solubility seems to be the consequence of the molecular structure of N-DMBI: its
imidazole and amine groups make this dopant moderately polar. Molecular dynamics
simulations thus indicate a rather strong tendency for the apolar alkyl environment to
induce clustering of the dopant molecules, as opposed to the polar TEG phase which
instead favors the molecular dispersion of N-DMBI. In view of these results, the small
aggregates noted in the AFM images of doped N2200 films could be ascribed to N-DMBI
molecules.

(b)

(a)

(c)
��������� �������� ��� ���� �������� ���

3

with phases of ethylene glycol and alkyl side chains of different length and branching
degree. The results, shown in Figure 3.7, confirm the findings of Figure 3.6, consolidating
the fact that the effect depends solely on the polarity of the side chain. The higher

5 nm
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TEG

Figure 3.6 | Representative snapshots of coarse-grained molecular dynamics simulations of N-DMBI molecules
dissolved in (a) a pure N2200 side chain phase and (b) a pure TEG-N2200 side chain phase. The normalized
number of contacts between dopant molecules in the two phases at different concentrations is also shown (c).
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Figure 3.7 | Behavior of N-DMBI molecules in alkyl and TEG-like solvent environments as a function of the side
chain length and branching. Different lengths, (a) and (b), and branching, (a) and (c), have been tested, showing
the same picture. All the coarse-grained models topologies files follow standard Martini 39 rules and can be
downloaded as part of the Supporting Information of Ref. 198.

3.3. Conclusion
We demonstrated that molecular n-doping of both a fullerene-based and D-A copolymerbased systems can be greatly improved by rationally tailoring the side chains. In the
first example, a record power factor of 19.1 µW m−1 K−2 for solution processable C 60
derivatives with one of the highest σ of 1.81 S cm−1 to date is achieved. Our investigations, including phase imaging AFM measurements and coarse-grain molecular dynamics
simulations, reveal that introducing the polar TEG side chain into both the dopant and
host materials offers a good miscibility of the blend, which accounts for the high doping efficiency. In the second example, we replaced the traditional alkyl side chains of
N2200 with polar TEG-based side chains and achieved a high electrical conductivity of
0.17 S cm−1 upon N-DMBI doping, which is the highest reported for n-type D-A copolymers. Coarse-grained molecular dynamics simulations indicate that the polar side chains
can greatly reduce the clustering of N-DMBI molecules and favor the dispersion of the
dopant into the host matrix. Accordingly, intimate contact between the host and dopant
molecules in the copolymer system with the polar side chains facilitates the molecular
doping and improves the electrical conductivity. This work emphasizes the role of polar
side chains in n-doping, the power of coarse-grain simulations in elucidating miscibility
in doped molecular semiconductor matrices, and provides a guideline for designing
efficient n-type organic semiconductors for advancing organic electronics.
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3.4. Methods
Materials, Device Fabrication and Measurements. For details about the materials, the device fabrication, and
measurements see Refs. 197 and 198.

3.4.1. Enhancing n-Type Doping of Fullerene Derivatives
Electronic Structure Calculations. Geometries for both compounds, N-DMBI and TEG-DMBI, were optimized
at the B3LYP/6-31G* level of density functional theory (DFT) (local minima confirmed by frequency calculations).
The imidazole core hydrogen was subsequently removed, and the neutral radical structures were optimized
with unrestricted DFT calculations employing two different DFT functionals, B3LYP and PBE, and the 6-31G*
and 6-311G* basis sets. From these calculations, the singly-occupied molecular orbital (SOMO) energies were
obtained and are collected in Table 3.2. The B3LYP/6-31G* SOMO energy agrees well with the energy value
of −2.36 eV previously reported for N-DMBI 189 and mentioned in the main text. The values with different
functionals and bigger basis sets only shift the SOMO energy of both dopants, not changing their difference
(|∆E|), which remains virtually the same in all cases (about 0.2 eV). Calculations were performed with the
GAMESS-UK code. 166 The B3LYP/6-311G* optimized structures of both dopants are available for download as
part of the Supporting Information of Ref. 197.
Table 3.2 | SOMO energies (in eV) at different levels of theory.

N-DMBI
TEG-DMBI
|∆E|

B3LYP/6-31G*
−2.35
−2.56
0.21

B3LYP/6-311G*
−2.59
−2.79
0.20

PBE/6-31G*
−1.78
−1.98
0.20

PBE/6-311G*
−2.02
−2.22
0.20

Coarse-Grain Models. Coarse-grain (CG) models are based on the Martini CG force field. 39 On average,
four non-hydrogen atoms are mapped to a CG particle (also termed bead). Eighteen CG particle types (with
different levels of polarity) are available to describe the molecules in the coarse-grained space. Interactions
between these CG particles have been parametrized based on free energy of transfer data. 39 Atomistic models
based on the GROMOS 53A6 force field 52 were used to derive CG bonded parameters. A detailed description of
the CG and atomistic models can be found below.
Martini models for the two dopant molecules, N-DMBI and TEG-DMBI, have been developed. SC5 beads
are used to describe the phenyl-benzimidazole backbone, with SN0 particles used for groups of atoms containing nitrogen atoms. A schematic representation of N-DMBI atomistic structure and its CG mapping is shown in
Figure 3.8. For the TEG-derivative, the SN0 bead representing the dimethylamino group is replaced by four SP0
beads describing a TEG chain, as done for the PTEG-1 model (see below). All the bonded parameters for N-DMBI
are shown in Table 3.4, while the parameters for the TEG side chain of TEG-DMBI are the same that are used for
PTEG-1, thus we refer to Table 3.5. The (improper) dihedrals φ1 and φ2 are used to keep the dimethylbenzimidazole moiety plane, while φ3 and φ4 allow for the angle between the dimethylbenzimidazole backbone and
phenyl substituent. φ5 is needed to reproduce the dihedral profile around the dimethylbenzimidazole-phenyl
connection, dihedral which has been fitted to reproduce the QM energy profile (see Atomistic models, below).
Selected bond and angle distributions are shown in Figure 3.10.
A PTEG-1 Martini 39 CG model has been built by merging the available triethylene glycol (TEG) model 144,159,204
to a newly developed model for the 2-Phenyl-N-methyl-Pyrrolidino[[3’,4’:1,2]][C60]fullerene (PP) moiety. The
latter, a functionalized fullerene, has been built following the procedure described in our recent work for the
PCBM fullerene derivative 117 and details are described below.
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Figure 3.8 | CG site positions (and types) and underlying atomistic structures for the molecules involved in the
present study. The radius of the CG interaction sites is not represented to scale (e.g., the beads describing C60
are depicted with a smaller radius) for clarity. In the case of N-DMBI, where not indicated, the CG particle type
is SC5.

The Martini 16-beads model, developed by Monticelli, 44 is used for the description of C60 fullerene. The
N-methyl-pyrrolidine moiety is represented by a N0 bead, and the phenyl substituent in position 2 of the
pyrrolidine by three SC5 particles, following the standard model for benzene. A representation of the atomistic
structure underlying the CG particles is shown in Figure 3.8. The ethylene glycol units are described as SP0
particles, following the model of poly ethylene glycol/oxide (PEG/PEO) developed by Rossi and co-workers. 204
All the bonded parameters for the PTEG-1 CG model (excluding the ones involving exclusively F16 beads,
for which we refer to Ref. 44) are collected in Table 3.5. The dihedral φ1 is necessary to reproduce the atomistic
distribution of the dihedral angle around the bond connecting the pyrrolidine and phenyl moieties; this dihedral
has been checked by quantum chemical calculations (see Atomistic models, below). The (improper) dihedrals
φ2 and φ3 are added to keep the side chain orientation fixed with respect to the beads describing C60 according
to PP atomistic structure. Bonded parameters for the TEG model make use of the Restricted Bending Potential
(ReB) as proposed in Ref. 159. This allows for improved numerical stability. 159 Such potential forms were found
necessary also for other angles (θ1 , θ2 , and θ3 ) involving exclusively PP beads. Comparison between selected
bond and angle distributions obtained at the atomistic and CG levels are shown in Figure 3.11.
A model for chloroform (CLF) is available within the Martini force field. Based on the potential of mean
force (PMF) computed for the dimerization of two PP molecules (see PMF calculations, below), the C60 -CLF
interactions were found to be too strong at the CG level. We note that CLF was not in the pool of solvents
considered for the parametrization of the Martini C60 model. 44 The C60 -CLF interactions have been thus
reduced as explained in more detail below (see PMF calculations). The density of the CLF CG model is 1.45 g
cm−3 , in agreement with the experimental density (1.48 g cm−3 ).
Atomistic Models. All-atom (AA) models have been used as a reference to parametrize the bonded parameters of the CG models and as reference for free energy profiles of dimerization. They have been built based on the
GROMOS 53A6 set of force field parameters. 52 The atomistic topologies were obtained as follows, following the
procedure employed in Ref. 117: starting topologies obtained from the automated topology builder (ATB) 165,205
were double-checked for consistency with the GROMOS 53A6 force field. Non-standard dihedral angles were
checked by quantum chemical calculations, as described below. HF/6-31G* charges computed with the dipole
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preserving analysis (DPA) 71 method as implemented in the GAMESS-UK code 166 are employed as partial
charges on the atoms, if not stated otherwise.
The torsion around the bond connecting the benzimidazole moiety to the phenyl one (dihedral angle highlighted in Figure 3.12b) has been also checked by electronic structure calculations (B3LYP/6-31G*). Compared
to the DFT potential energy surface (Figure 3.12a, green dots), the initial GROMOS profile was unsatisfactory,
presenting shallower minima and a lower torsion barrier. The difference between the DFT and initial GROMOS
energy profiles was thus fitted to obtain parameters to refine the dihedral profile. The dihedral function used for
the fit is a periodic type function implemented in GROMACS:
Vd (φi j kl ) = k φ (1 + cos(nφ − φ0 ))

(3.1)

where the potential Vd of the dihedral φ between the i j k and j kl planes is given by a sum of cosine terms with
different multiplicity (n). The parameters which give rise to the fit shown in Figure 3.12 (blue dots) are reported
in Table 3.6.
An AA model for PP has been obtained by merging the AA C60 model developed by Monticelli, 44 which performs well both in terms of solid-state properties and partitioning between solvents, 44 to the phenylpyrrolidine
fragment, whose parameters have been obtained following the general procedure outlined before. The TEG
chain bonded parameters have been taken from the latest refinement of ether parameters within GROMOS
53A6 (the OXY+D extension 206,207 ). All the bonded parameters for the PTEG-1 AA model are listed in Table 3.7.
The dihedral involving the rotation around the phenyl-pyrrolidine bond is a non-standard dihedral and has
been therefore checked by electronic structure calculations. The potential energy surface as a function of the
dihedral (highlighted in Figure 3.13b) has been computed at the B3LYP/6-31G* level of DFT, and it is plotted in
Figure 3.13a (green dots). The same scan performed at the molecular mechanics level (Figure 3.13a, blue dots)
shows excellent agreement for the two profiles, with discrepancies arising only at the maxima. However, the
barrier being very high in both cases, the molecular conformations sampled will be confined around the two
symmetric minima at 75◦ and −100◦ , making the dihedral correction unnecessary.
The standard CLF GROMOS 53A6 model has been used. 52 Note that charges are taken from Ref. 208,
following Tironi and Van Gusteren. 209 The model gives a density of 1.56 g cm−3 , which is in reasonable
agreement (+5%) with the experimental value of 1.48 g cm−3 .
GROMACS topology files of the CG and AA models used in the present work are available for download as
part of the Supporting Information of Ref. 197 and on the Martini portal http://cgmartini.nl.
Simulated Solvent Evaporation. Simulated solution-processed morphologies were obtained by coarsegrain molecular dynamics solvent evaporation simulations (chapter 2). 116,117 Starting from a simulation box
(30 × 30 × 88 nm3 ) containing a ternary mixture PTEG-1:dopant:chloroform (total concentration of ∼ 60 mg/ml;
30% molar dopant fraction), 1.25% of the amount of chloroform is removed every 30 ns until a dried morphology
is obtained (30 × 30× ∼ 5 nm3 ). 3D periodic boundary conditions are applied. The total drying time amounts to
19 µs. A time step of 20 fs was used to integrate the equations of motion, while the box dimensions were fixed in
the lateral directions by setting the compressibility to 0 bar−1 . All the other simulation parameters are listed
exhaustively in Ref. 117, and correspond to the “new" Martini set of run parameters. 150 All simulations were run
using the GROMACS 5.x package. 48 All files needed to run the solvent evaporation simulations are available for
download as part of the the Supporting Information of Ref. 197 and on the Martini portal http://cgmartini.nl.
PMF Calculations. Interactions between the molecules object of the study were validated by comparing
dimerization potentials of mean force (PMFs) at the CG level with the corresponding AA ones. PMFs were
calculated for the dimerization of two N-DMBI molecules, and two PP molecules, all in CLF solution. The
calculations were performed through umbrella sampling as done in Ref. 117. Windows of at least 150 and 500
ns were carried out at the CG and AA levels, respectively, to ensure sufficient sampling. Figure 3.9 shows that CG
PMFs are in line with atomistic ones. Attempts to further minimize the discrepancy between the atomistic and
CG N-DMBI dimerization free energy profiles (by, for example, switching on non bonded interactions for the
virtual site employed in the CG N-DMBI model) resulted in the appearance of a minimum located at around 0.7
nm. Given the clear absence of such minimum on the atomistic free energy surface, the final parameters were
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Figure 3.9 | PMFs of dimerization for the (a) dopant-dopant, and (b) PP-PP pairs in CLF. GROMOS PMFs are in
blue, while Martini in red.
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chosen to be the ones which which give rise to the profile shown in Figure 3.9a. In the case of PP, the interaction
between the CNP (which describes the C60 fullerene) and the C4 (represting CLF) particles had to be scaled
down from 3.50 kJ mol−1 to 3.15 kJ mol−1 . This leads to a PMF of dimerization in CLF in good agreement with
the atomistic one. As noted earlier, CLF was not in the pool of solvents considered for the parametrization of the
Martini C60 model. 44
Calculation of Number of Contacts. Numbers of contacts are computed employing the gmx mindist
GROMACS tool with a cutoff distance of 0.6 nm, a length which comprises the nearest neighbour CG sites
around a CG particle. More details are given in Ref. 117. In this case, for the dopant molecules, side chain beads
are excluded from the counting (the N09 bead in the case of N-DMBI, and the four SP0 beads in the case of
TEG-DMBI). A planar heterojunction and a completely (randomly) intermixed morphologies have been used as
the two opposite reference (extreme) cases of mixing to normalize the number of computed DMBI−PTEG-1
contacts. These two configurations have been generated using a starting configuration obtained with the
software packmol 176 which has then been equilibrated in NPT conditions.

3.4.2. Enhancing n-Type Doping of Donor-Acceptor Copolymers
Coarse-Grain Equilibrium Simulations. Classical CG molecular dynamics simulations were carried out using
a new major version of the Martini 39 force field soon to be published. 210 The N-DMBI model was based on
the model developed for Martini 2.2 just described. Bonded parameters for the TEG model were taken from
the literature. 159,204 All the details for the coarse-grained particle types employed in this study are reported
below. All the files needed to reproduce the simulation results can be downloaded as part of the Supporting
Information of Ref. 198. Simulations were performed using the GROMACS 2016.x software package 48 keeping
constant pressure and temperature at 1 bar and 298 K, respectively. A time step of 20 fs was used to integrate the
equations of motion. All simulation parameters correspond to the “new" Martini set of run parameters 150 The
number of contacts has been computed from 400 ns of equilibrated simulations (which were at least 1.2 µs long
in total). N-DMBI−N-DMBI contacts per N-DMBI molecule were normalized with respect to their number in a
pure N-DMBI phase.
General Details on the Coarse-Grain Force Field. The force field employed is a new major version of the
Martini 39 coarse-grain (CG) force field which is currently being finalized in the Molecular Dynamics group in
Groningen (see also chapter 6). As the 2.0 version, this new Martini CG force field is also parametrized in order to
reproduce free energy of transfer between several pair of solvents (such as hexadecane/water, octanol/water, and
chloroform/water). However, now new bead types and Lennard-Jones parameters were optimized, improving,
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for example, the overall behavior of polymers and systems containing aromatic rings. Further details of the
force field will be explained in a future publication dedicated to the force field. The particle types employed in
the present study and all the interaction levels between them can be found in the martini.itp file which can
be found as part of the Supporting Information of Ref. 198 together with the rest of the files needed to run the
simulations of the present work.
Coarse-Grain Models. The model developed in Ref. 197 for N-DMBI has been adapted to the new version
of the Martini force field. Specifically, now TC4 beads are used to describe the aromatic fragments, while the
methylamino groups are described with T- or SC6 particles. The CG particle positions and types are shown in
Figure 3.14 along with the underlying atomistic structure of N-DMBI. The atomistic force field used as reference
for deriving the bonded parameters is based on the GROMOS 53A6 52 force field (as was done in Ref. 117), and
it was thoroughly described above. 2-Octyl-dodecane, used as the alkyl phase, has been modeled using five C1
beads, following standard Martini models for alkyl chains. 39 Triethylene glycol dimethyl ether (or triglyme),
used as the TEG phase, is described by four SN0 beads. Bonded parameters are taken from Ref. 159. GROMACS
topology files of the CG and AA models used in the present work are available for download as part of the
Supporting Information of Ref. 198.
Validation. Being experimental partitioning data not available for the N-DMBI molecule, free energy of
transfer between different solvents have been computed and compared to experimental data for molecular
fragments contained in the structure of N-DMBI. Data for N,N-dimethylaniline (DMAN) and 1,3-Dimethyl1,3-dihydro-2H-benzimidazol-2-one (DMBO) have been found, and experimental and computed free energies
are shown in Table 3.3. All the fragments relevant to the present work are also reported in Table 3.3, overall
showing excellent agreement between experimental and computed free energies of transfer. Thermodynamic
integration (TI) was used to compute solvation free energies in different solvents, as described thoroughly in
Ref. 117. Note that in the TI calculations of the free energy of transfer of a N-DMBI from the alkyl to the TEG
phase reported in the main manuscript, bonded parameters from Ref. 204 are used for TEG, as the Restricted
Bending Potential is not implemented in free energy calculations in GROMACS.
Table 3.3 | Partitioning data for several molecules and moieties employed in this study. The free energy relative to
the transfer of the solute molecule from solvent S1 to S2 (∆GS 1 →S 2 ) obtained from experiments and computed
at the CG level are shown. Solvents are hexadecane (HD), octanol (OCO) and water (W). All the free energies are
in kJ mol−1 . Statistical uncertainty for the computed ∆G is below 0.3 kJ mol−1 in all cases. Experimental data
are from Refs. 172,211–213.
DME = 1,2-dimethoxyethane (or monoglyme);
DMAN = N,N-dimethylaniline;
DMBO = 1,3-Dimethyl-1,3-dihydro-2H-benzimidazol-2-one.

molecule
water
ethanol
propane
butane
benzene
DME
DMAN
DMBO

CG model
WN
SP1
SC2
C1
TC4-TC4-TC4
SN0-SN0
(TC4)3 -SC6
(TC4)3 -(TC6)2 -TNa

∆GOCO→W
exp
CG
−7.9 −9.1
−3.9 −1.8
13.6
14.1
16.6
18.6
12.1
12.7
−1.2 −3.7
13.2
15.8
8.4
10.4

∆GHD→W
exp
CG
−25.2 −24.5
−12.6 −13.6
14.3
16.1
18.0
19.3
12.3
14.6
12.4

12.4
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3.5. Appendix: Method Details
3.5.1. Enhancing n-Type Doping of Fullerene Derivatives
Table 3.4 | N-DMBI CG bonded parameters (bonds b 1 − b 5 , angles θ1 − θ4 , dihedrals φ1 − φ3 ).

3

b1
b2
b3
b4
b5

Bead types (labels)
SC5-SC5 (C01-C02)
SC5-SN0 (C01-N04, C02-N05)
SN0-SC5 (N04-C06, N05-C06)
SC5-SC5 (C06-C07, C06-C08)
SC5-SN0 (C07-N09, C08-N09)

θ1
θ2
θ3
θ4

VS-SC5-SN0 (V03-C06-N09)
SN0-SC5-SN0 (N04-C06-N05)
SN0-SN0-SN0 (N04-N05-N09)
SN0-SN0-SN0 (N05-N04-N09)

φ1
φ2
φ3
φ4
φ5

SC5-SC5-SN0-SN0 (C01-C02-N05-N04)
SC5-SC5-SN0-SN0 (C02-C01-N04-N05)
SC5-SN0-SC5-SN0 (C02-N04-C06-N05)
SC5-SN0-SC5-SN0 (C02-N09-C06-N05)
SN0-SN0-SC5-SC5 (N04-N05-C07-C08)

θ1, V03-C06-N09
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

60

0

60 120 180

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

0.03
0.02
0.01

0

20

40

60

0

60 120 180

0

80 100 120

Φ3 C02-N04-C06-N05
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
-180 -120 -60

n
n/a
n/a
n/a
n/a
2
3
4

N04-C06-C07

θ3, N04-N05-N09, N05-N04-N09

80 100 120 140 160 180

Φ1, C01-C02-N05-N04
0.06
0.05
0.04
0.03
0.02
0.01
0
-180 -120 -60

κb (kJ mol−1 nm−2 )
constraint
constraint
constraint
constraint
10000
κθ (kJ mol−1 )
250.00
150.00
250.00
250.00
κφ (kJ mol−1 rad−2 )
50.00
50.00
200.00
200.00
14.12
4.31
2.31
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Figure 3.10 | Selected (dihedral) angle (deg) distributions for N-DMBI (Martini in red, GROMOS in blue). Each
header indicates the degree of freedom whose distribution is shown (see Table 3.4).
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Table 3.5 | PTEG-1 CG bonded parameters (bonds, b 1 − b6, angles θ1 − θ4 , dihedrals φ1 − φ5 ). a Resticted
Bending Potential (function type 10 in GROMACS 5.x).

b1
b2
b3
b4
b5
b6
θ1
θ2
θ3
θ4
θ5

CNP-CNP-N0 (C09-C08-N17)
CNP-N0-SC5 (C08-N17-C18)
N0-SC5-SC5 (N17-C18-C19)
SC5-SC5-SP0 (C18-C19,C20-P21)
SP0-SP0-SP0
(P21-P22-P23, P22-P23-P24)

φ1
φ2
φ3
φ4
φ5

CNP-N0-SC5-SC5 (C08-N17-C19-C18)
CNP-SC5-N0-CNP (C09-C18-N17-C08)
CNP-N0-SC5-CNP (C09-N17-C18-C03)
N0-SC5-SC5-SC5 (N17-C19-C20-C18)
SP0-SP0-SP0-SP0 (P21-P22-P23-P24)

b1, C08-N17
160
140
120
100
80
60
40
20
0

0.1

0.15

0.2

0.25

b2, C08-C18

0.3
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Figure 3.11 | Selected bond (nm) and angle (deg) distributions for PTEG-1 (Martini in red, GROMOS in blue).
Each header indicates the degree of freedom whose distribution is shown (compare to Table 3.5).
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Table 3.6 | N-DMBI atomistic bonded parameters. If the bonded parameters are standard GROMOS 53A6, the
corresponding GROMOS labelling is shown in parenthesis next to the bond (angle) equilibrium value and/or
force constant. a Fitted to the B3LYP/6-31G* energy profile.

Atoms
HC-C
NT-C
C-C (phenyl)
C-C (Py-Ph connection)

C-C-C-C (phenyl)
HC,NT-C-C,NT-C
C-NT-C-NT
C-C-C-C,HC (phenyl)
C-C-NT-C
NT-C-C-Ca

��

������ �������
������������

(a)

��
������ ��������

3

HC,C-C-C,NT,HC
C-C-C (phenyl)
C-C-CH (phenyl)
C-C-NT (5-ring)
C-NT-C (5-ring)
NT-C-NT (5-ring)
C-(5-ring)
C-C-NT (5-6 ring connection)

b 0 (nm)
0.1090 (gb_3)
0.1470 (gb_21)
0.1390 (gb_15)
0.1520 (gb_26)
θ0 (deg)
109.50 (ga_11)
120.00 (ga_27)
120.00 (ga_25)
108.00 (ga_7)
107.00
101.00
120.00
126.00 (ga_37)
φ0 (deg)
0.00 (gi_1)
180.00 (gd_39)
0.00 (gd_41)
180.00
180.00
−63.89
52.49
−5.65

κb (kJ mol−1 nm−4 )
1.23 · 107 (gb_3)
8.71 · 106 (gb_21)
8.66 · 106 (gb_15)
5.43 · 106 (gb_26)
κθ (kJ mol−1 )
425.00 (ga_11)
530.00 (ga_27)
505.00 (ga_25)
465.00 (ga_7)
465.00 (ga_7)
465.00 (ga_7)
620.00 (ga_21)
640.00 (ga_37)
κφ (kJ mol−1 )
167.36 (gi_1)
1.00 (gd_39)
3.77 (gd_41)
41.80
33.50
6.55
0.92
1.32

n
n/a
6
6
2
2
2
4
6

(b)
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Figure 3.12 | (a) DFT (B3LYP/6-31G*, green dots) v s modified (see text) GROMOS molecular mechanics (blue
dots) energy profile for the (b) dihedral angle between the benzimidazole and phenyl moieties of N-DMBI
(highlighted in red).
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Table 3.7 | PTEG-1 atomistic bonded parameters. If the bonded parameters are standard GROMOS 53A6, the
corresponding GROMOS label is shown in parentheses next to the bond (angle) equilibrium value and/or force
constant. a Checked at the B3LYP/6-31G* level of theory.

Atoms

b 0 (nm)

κb (kJ mol−1 nm−4 )

CF-CF (fullerene)
CF-C

0.1450
0.1529

3.92 · 105
2.24 · 105

b 0 (nm)

κb (kJ mol−1 nm−2 )

HC-C

0.1090 (gb_3)

1.23 · 107 (gb_3)

NT-C
C-C (Py-Ph connection)
C-C (phenyl)

0.1470 (gb_21)
0.1520 (gb_26)
0.1390 (gb_15)

8.71 · 106 (gb_21)
5.43 · 106 (gb_26)
8.66 · 106 (gb_15)

C-C (phenyl)
C-C (ether)
C-OE

0.1390 (gb_15)
0.1530 (gb_27)
0.1430 (gb_18)

8.66 · 106 (gb_15)
7.15 · 106 (gb_27)
8.18 · 106 (gb_18)

θ0 (deg)

κθ (kJ mol−1 )

CF-CF-CF (fullerene pentagons)
CF-CF-CF (fullerene hexagons)

108.0
120.0

527.184
527.184

CF-CF-C (fullerene - side chain)
CF-CF-C (fullerene - side chain)
CF-C-C (fullerene - side chain)

103.00
112.50
104.00

465.00 (ga_7)
530.0 (ga_15)
465.00 (ga_7)

CF-C-C (fullerene - side chain)
CF-C-C (fullerene - side chain)
C-C-C

109.50 (ga_11)
111.00 (ga_15)
109.50 (ga_11)

425.00 (ga_11)
530.0 (ga_15)
425.00 (ga_11)

C-NT-C
C-NT-C (5-ring)

116.00 (ga_21)
108.00 (ga_7)

620.00 (ga_21)
465.00 (ga_7)

NT-C-C (Py-Ph)
HC-C-NT,C,OE,HC
C-C-C (phenyl)

111.00 (ga_15)
109.50 (ga_11)
120.00 (ga_27)

530.00 (ga_15)
425.00 (ga_11)
530.00 (ga_27)

C-C-CH (phenyl)
OE-C-C, C-OE-C

120.00 (ga_25)
111.00 (ga_15)

505.00 (ga_25)
530.00 (ga_15)

φ0 (deg)

κφ (kJ mol−1 )

n

CF-CF-CF-CF
C-C-C-C (phenyl)
C-NT-C-CF

143.00
0.00 (gi_1)
0.00 (gd_41)

100.00
167.36 (gi_1)
3.77 (gd_41)

n/a
n/a
6

C-C-CF-CF
CF,HC-C,NT-C-C
CF-C-C-C (Py-Ph connection)a

180.00 (gd_39)
180.00 (gd_39)
180.00 (gd_39)

1.00 (gd_39)
1.00 (gd_39)
1.00 (gd_39)

6
6
6

C-OE-C-C; OE-C-C-OE

0.00; 0.00
0.00; 0.00

0.931; 6.942
0.569; 3.312

1
2

0.00; 0.00
0.00 (gd_33)

4.682; 6.787
5.4 (gd_33)

3
3

OE-C-C-HC

3
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Figure 3.13 | (a) DFT (B3LYP/6-31G*, green dots) v s GROMOS atomistic molecular mechanics (blue dots) energy
profile for the (b) dihedral angle between the pyrrolidine and phenyl fragment of the sidechain of PP (highlighted
in red).
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Figure 3.14 | (a) and (c) display angle (deg) distributions of N-DMBI (atomistic in blue, Martini in red). The CG
site positions (and types) and underlying atomistic structure for N-DMBI is also shown (b). Where no particle
types are indicated, a TC4 CG particle is used.

