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1
Introduction

Soft matter encompasses a wide range of materials, from paint, to liquid crystals, to the biomaterials which constitute living organisms. Its extreme versatility pervades an ever increasing number of fields, among which organic electronics. There, a delicate interplay between the structural and electronic properties of the soft constituting materials determine the functional properties of
the final devices. Alongside advanced experimental techniques, theoretical and
computational modeling has become indispensable in improving our understanding of these systems. This chapter provides a brief introduction to the general features of the soft materials especially important in organic electronics,
and describes shortly the multiscale modeling techniques used to study them.
As such, it forms the basis for the following chapters of this thesis.

1.1. Soft Matter
From Paints to Living Organisms. One of the offspring of the revolution of atomic
physics of the first half of the 20th century is soft condensed matter, or soft matter,
for brevity. This is a convenient umbrella term comprising a vast class of materials
which are neither simple liquids nor crystalline solids—classes studied in other more
classical branches of solid state physics. 1,2 While soft materials include man-made products like glues, paints, liquid crystals, and polymers, most of the food we eat and the
bio-components of a living organism itself can also be categorized as soft matter.
1
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Intermolecular Forces. The existence of condensed phases—solids and liquids—tells

us something about the forces which exist between the components of soft matter, i.e., the
molecules. There must be an attractive force which acts between molecules and which

1

can overcome, in certain conditions, thermal agitation, and thus allows, for example, a
gas to condense to a liquid. A repulsive force must also be present to prevent matter
from collapsing completely. Experiments tell us that, for example, compressibilities of
liquids are rather high. It follows that the existing repulsive force must be strong and
short-ranged.
Attractive and Repulsive Forces. The origin of the short-ranged repulsive force is
quantum-mechanical, as it follows from the Pauli exclusion principle. The origin of the
attractive force is ultimately grounded in the electrostatic force. However, it is convenient
to distinguish between different kinds of attractive forces, whose importance depends
on the system. The relative magnitude of these interactions with respect to the thermal
energy, k B T , where k B is the Boltzmann constant and T is the absolute temperature, at
room temperature (4.1 · 10−21 J or, for a mole of substance, 2.5 J mol−1 ) can be used to
classify these interactions as chemical or physical bonds. The latter can be broken and
subsequently reformed by thermal agitation, while the former are permanent.
Atoms and molecules can be thought of as possessing a randomly fluctuating dipole
moment. Such a dipole will induce a corresponding dipole in a neighboring atom or
molecule, thus generating an attractive force: the van der Waals force. Such interactions
play a major role between uncharged weakly interacting atoms and molecules, and their
strength is on the order of magnitude of k B T at room temperature.
When electrons are shared between more than one nucleus, such nuclei are said to
be held together by a covalent bond, a highly directional interaction. The interaction of
the electrons with multiple nuclei lowers the energy of the system, and such an energy
gain—typical values range from 30 to 100 · 10−20 J—is much larger than k B T at room
temperature.
Two charged species at a distance r i j , carrying charges q i and q j will interact via a
Coulomb potential of the form:
U Coulomb (r i , j ) =

qi q j
1
4πε0 εr r i j

(1.1)

where ε0 and εr denote the permittivity of vacuum and the relative permittivity of the
material, respectively. This ionic interaction is non-directional, and its strength depends
on εr . While in a solid ionic interactions are typically two orders of magnitude larger
than k B T at room temperature, in solution they can be greatly reduced due to screening
effects—i.e., the solvent can partially cancel the field of the ions.
Another directional type of interaction is hydrogen bonding. It involves a hydrogen
atom, covalently bound to an electronegative atom such as oxygen, and another elec-
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tronegative atom. The oxygen-hydrogen covalent bond seizes the only electron of the
hydrogen atom, leaving a relatively unshielded positive charge on the side opposite to
the oxygen. The strength of hydrogen bonds is between that of covalent bonds and van
der Waals interactions, with an order of magnitude which can vary between k B T and 100
k B T at room temperature.
Regions of negative charge will generally interact with regions of positive charge, no
matter what their nature is. A region of negative charge associated with a large number of
molecules derives from π systems—which arise from overlapping p-orbitals. The term π
indicates that the electron density is above and below the molecular skeleton. Interactions
between π systems, dubbed π-π interactions, are on the order of a few k B T , but their
strength can vary considerably depending on the environment and on the nature of the π
systems. For example, stronger π-π interactions are established between electron-rich
and electron-poor π systems. A particularly strong interaction involving π systems is the
cation-π interaction, where positive charges interact with the negative charge associated
with π systems.
Hydrophobic interactions are a consequence of the hydrogen-bonded network formed
by water molecules. Indeed, a solute molecule which cannot participate in hydrogen
bonding with water will perturb the local structure of water around itself. This perturbation leads to a decrease in entropy, as the presence of the solute molecule makes the water
locally more ordered. This results in an increase in the free energy. As a consequence, the
association of two such solute molecules will reduce the extra ordering. This results in a
decrease in the free energy, leading to an effective attractive interaction between such
solute molecules. The strength of hydrophobic interactions is on the order of 10−20 J, that
is, on the order of k B T at room temperature.
All these forces can possibly contribute to the self-assembly of soft matter in both biological and non-biological systems. A balance between these interactions will determine
the degree of aggregation of a particular protein in a particular environment, as well as
whether a conjugated organic molecule will remain solvated or start to self-organize in
more or less extended organic crystallites.

1.2. Organic Electronics
“Soft” Matter with “Hard” Properties. The Nobel prize in chemistry in 2000 awarded to
Shirakawa, MacDiarmid, and Heeger for their “discovery and development of conductive
polymers”, acknowledged a vast interdisciplinary research field referred to as organic
electronics. Such field deals with purely “soft” organic—i.e., mainly constituted by carbon
atoms—molecules, which however possess interesting electronic properties which are
reminiscent of “hard” inorganic matter. These hard materials—examples include the
semiconductors silicon, germanium and gallium arsenide—form the foundation of the

1
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success of modern electronics. However, their mechanical and chemical properties
have, to a certain degree, limited the kind of devices which can be built. Thanks to their
superb chemical versatility, mechanical flexibility, and the possibility for low-temperature

1

solution-processing, organic materials are set to complement inorganic electronics in
several ways, with devices which are flexible, wearable, and biointegrated. 3–5
Characteristics of Organic Semiconductors. A characteristic element to organic
molecules employed in electronics is π-conjugation, which emerges from overlapping
p-orbitals on nearby carbon atoms. This manifests itself as alternating single and double
bonds, a common feature of the structures depicted in Figure 1.1. This alternating pattern
allows for the overlap of π-orbitals, which in turns allows for delocalization of π-electrons
over the conjugated part of the molecule, hence facilitating conduction. Moreover, the
overlapping p-orbitals form the basis for the frontier molecular orbitals of the molecule 6 —
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO)—which play a significant role in the electronic processes. Finally, from the
conjugated architecture also follows an ubiquitous role of π-π intermolecular interactions
(resulting from the van der Waals attraction) between the conjugated molecular moieties.
Such interactions, along with the far stronger intramolecular covalent interactions, which
nevertheless allow for soft bonded degrees of freedom—such as the torsional motion
along the backbone and side chains—govern structure formation. These give rise to
complex morphologies that incorporate both amorphous and (liquid-)crystalline ordering
of the various components.

N2200

n

n

PDCBT

PTEG-1

PCBM

n

PTB7-Th

ITIC

Figure 1.1 | Chemical structures of representatives molecular semiconductors. Polymers, such as PDCBT or
PTB7-Th, or small-molecules can be used as electron-donor materials (p-type semiconductors), while fullerene
derivatives, such as PCBM or PTEG-1, non-fullerene small-molecules (dubbed non-fullerene acceptors), such
as ITIC, or polymers, such as N2200, can be used as electron-acceptor materials (n-type semiconductors).
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The (Staggering) Size of Chemical Space. The organic semiconductors used for electronics can be broadly categorized into small-molecular 7 and polymeric 8 semiconductors. Figure 1.1 shows a selection of molecules which represent only a tiny fraction of
the available chemical space. This poses a tremendous challenge for rational compound
design, as small changes in the (i) backbone or (ii) side chain structure, or, in the case
of polymers, (iii) molecular weight or (iv) regioregularity, may significantly impact the
macroscopic properties of the materials and resulting devices. 9,10 Thus, the vast chemical
versatility of organic semiconductors constitutes, at the same time, one of the major
advantages and one of the main drawbacks of organic electronics. In fact, if it is true that
it allows for endless tunability of properties, it also makes systematic improvement of
materials and devices very difficult.
Devices. The tunability of properties of organic molecules, along with the possibility
for low-temperature solution-based processing, printing and spray coating, allows for
a wide range of interesting and innovative applications. Organic light-emitting diodes
(OLEDs), now ordinarily used in active-matrix OLED (AMOLED) displays, constitute the
first (and so far only) organic-based device to have successfully entered the market on
a larger scale. Further applications—still mainly confined to lab-scale prototypes but
focus of very active research—comprise: (i) organic photovoltaics (OPV) 11 for flexible 5 or
indoor 12 solar cells to power the Internet of Things; 13 (ii) organic field-effect transistors
(OFETs) for, e.g., pixel switches in electronic paper; 14 (iii) organic thermoelectrics (OTEs)
for flexible energy generation or heating-cooling devices; 4 and (iv) organic electrochemical transistors (OECTs) for biological interfacing, and neuromorphic devices. 15
The “Holy Grail” of Organic Electronics. Abstracting out the specific issues of the different subfields, a recurring motif of the organic electronics field as a whole is the complex
relation between the constituent materials, processing conditions, the resulting morphology and the efficiency of the final device. Such complex relation remains elusive. Slight
changes in the constituting organic materials can lead to variations in the packing and orientation and this in turn give rise to bulk materials with substantially different properties.
The “holy grail” in the field of organic electronics is to master the interplay between morphological features and electronic properties which spans multiple length scales, and link
this to the macroscopic device characteristics: the so-called structure-morphology-device
relationship. On the experimental side, this requires advanced techniques for chemical
synthesis, morphological control, and device characterization. From a modeling point
of view, we will see more in detail in the next section the main ingredients required for
bringing substantial help to experiments.

1
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1.3. Multiscale Modeling
The Multiscale Nature of Organic Semiconductors. The functional properties of organic
semiconductors arise from features and processes which span several orders of time and
length scales. Relevant time scales involve the ones of electronic excitations (10−15 s),

1

molecular vibrations (10−15 − 10−12 s), the rate of intermolecular charge transfer (10−15 −
10−9 s), conformational changes (10−12 − 10−9 s or longer), charge migration across a
device (10−9 − 10−6 s), and of the self-assembly process (100 − 101 s). Length scales
concerned span also a wide range, ranging from intramolecular distances (10−10 m) and
local molecular packing (10−9 m) to domain organization (10−8 –10−7 m) and device
thicknesses (10−7 –10−5 m). 16 The theoretical and computational study of these systems
therefore necessitates a multiscale picture. With the computational resourses available
to date, there is no single simulation technique that can possibly address all these scales
simultaneously, i.e., concurrently. In the present work, we will see various examples of
sequential multiscaling. There, information obtained at coarser levels of description is
funneled into more accurate calculations which can account for better descriptions of the
shorter length and time scales, or, vice versa, fine-grain data is used to improve coarser
models.
Computational Methods for Different Length and Time Scales. Different methods
can be employed to study particular intervals of this broad range of length and time scales.
Here we will treat particle-based methods, where “particles” may represent molecular
moieties, atoms, or nuclei and electrons. These should be contrasted with field-based
approaches, (e.g., phase field methods based on solving the Cahn-Hilliard-Cook equations 17,18 ), which are less suited for studies which rely on an atomistic representation of
the system.
The longer range morphological aspects can be studied with molecular dynamics
(MD) 19 simulations. These methodologies simulate the motion of atoms (or groups of
atoms) via classical mechanics, usually integrating numerically Newton’s equations of
motion:
d 2~
ri
~i = m i
F
(1.2)
dt2
~i is the force acting on the i -th particle with position ~
r i and mass m i . The
where F
forces between the particles are defined by molecular mechanics (MM) force fields. Most
classical force fields define intra- and intermolecular interactions using a potential of the
form: 20,21
U (~
r)=

X
bonds

X

Ubond +

angles

+

X

U ang l e +

Ud i hed r al +

dihedrals

X

(UvdW +UCoulomb )

nonbonded pairs

X

Ui mpr oper

impropers

(1.3)
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The force acting on particle i can then be calculated from as the negative gradient of the
potential Vitot , and this is then used to propagate particle i . Van der Waals interactions
(∼ r −6 ), as well as the effect of Pauli repulsion (∼ r −12 ), are commonly approximated by a
12-6 Lennard-Jones (LJ) potential: 22
U LJ (r i j ) = 4εi j

·µ

σi j

¶12

ri j

µ
−

σi j

¶6 ¸

ri j

(1.4)

where the εi j and σi j parameters describe the strength and range of the interaction,
respectively, between the atoms i and j ; Coulomb interactions are computed following
Eq. 1.1. The LJ and Coulomb terms constitute the nonbonded interactions, and thus
the parameters which go into their descriptions (namely, the LJ ε and σ and the partial
charges) are dubbed nonbonded parameters. The intramolecular, or bonded, potentials
commonly employed in classical MD describe bonds, angles and dihedrals. The functional
forms are usually very simple. For example, harmonic functions can be used for bond
stretching
1
U bond (r i j ) = k bond (r i j − r 0 )2
2

(1.5)

(where k bond is the harmonic force constant, r i j the distance between the particles, and
r 0 the equilibrium distance of that bond), angle terms, or for improper dihedral potentials.
In the latter cases, the distance is replaced by the angle between the i , j , and k atoms
or by the dihedral angle between the two planes defined by particles i , j , k and j , k, l .
Proper dihedral potentials are periodic and commonly of a form similar to
U dih (θi j kl ) = k θ (1 + cos(nθi j kl − θ0 )

(1.6)

The employed intramolecular potentials and their associated parameters constitute the
bonded parameters. To cover all the length and time scales is prohibitively expensive at
the atomistic (each particle in the simulation represents an atom—also called all-atom
(AA) simulations) level of MM. One approach that allows the extension of the sampling
simulation time scale is constituted by the use of particles, often called beads, that
represent groups of atoms, in what are commonly called coarse-grain (CG) models. At
the opposite extreme, the shortest time and length scales are investigated using quantum
mechanical (QM) methods. Gas-phase QM approaches are used in order to characterise
ground and excited state properties of organic semiconductor molecules, and are usually
concerned with solving an eigenvalue problem of the form:
Ĥ |Ψ〉 = E |Ψ〉

(1.7)

and E is the energy of the (eigen)state Ψ of a system described by the electronic, or
clamped nucleus, Hamiltonian Ĥ —that is, the simplified Hamiltonian based on the

1
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Born-Oppenheimer approximation—of the form (in atomic units): 23
Ĥ = −

X1
i

1

2

∇2i −

ZA
1X
1
+
~
2
|~
r
−~
rj|
|~
r
−
R
|
i
A
i ,A i
i 6= j

X

(1.8)

~ A ; M A is the ratio of
r i , the A-th nucleus at position R
with the i -th electron at position ~
the mass of the A-th nucleus to the mass of an electron, while Z A is the atomic number of
nucleus A. First principles quantum chemical calculations on macromolecular systems
such as organic semiconductor materials that account for electron correlation are only
feasible at the density functional theory (DFT) level. Lower computational cost, at the cost
of a lower accuracy, can be provided by semi-empirical methods. Furthermore, quantum
mechanical calculations on isolated molecules in the gas phase are not representative for
the material. The environment cannot be neglected, because the energies and dynamics
of the relevant electronic processes are affected by the molecular environment of the site
at which they take place. Microelectrostatic (ME) calculations may thus be employed,
which allow for the electrostatic and electronic polarization interactions of a specific
surrounding environment to be accounted for. Thus, from the computational point of
view, given the hierarchy of time and length scales involved, modeling is required all the
way from the CG to the QM level.
Sequential vs Concurrent Multiscale Modeling. As hinted before, multiscale methods can be classified as sequential (also dubbed serial) or concurrent (also parallel). 24
In the former, information from lower (higher) levels of resolution is used to fuel higher
(lower) levels of descriptions. In the latter, systems are described simultaneously at several
levels of resolution, and, in some approaches, parts of the system can change level of
description on-the-fly. Sequential methods present the advantage of not having to deal
with direct coupling of the different levels of description. On the other hand, they require
that sufficient overlap exists between the levels of resolution so that a connection can
be established. For example, a too coarse model does not allow for direct backmapping,
i.e., the direct conversion of CG to AA models, or a non-QM-optimized force field does
not allow for direct use of MD-generated geometries for subsequent QM calculations (a
QM optimization will be most likely required, and this would greatly restrict the tractable
system size). Concurrent multiscale modeling, however, if on the one hand promises to
eliminate the need for connecting different levels of theory with back/forward-mapping
techniques, it presents the challenge of coupling directly levels of descriptions which are
different. A well-known example is the QM–MM approach. 25,26 Coupling different levels
of description, the distinctive characteristic of concurrent multiscaling, is challenging.
Artefacts may occur, in particular at the boundary between two different regions. The
compatibility of different levels of resolutions must not be taken for granted, and the
different coupled regions might give inconsistent results. As already mentioned, in the
present work, we will see various examples of sequential multiscaling.
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Sequential Coupling of Scales. In serial multiscale approaches, models with different
resolution are employed in sequence. The parametrization of CG or AA models based
on finer levels of description is an example of serial multiscaling. CG models are usually
parametrized, at least partly, 27 based on atomistic data. Information coming directly
from QM data can also be encoded in both AA and CG models, for example, in order to
reproduce energy profiles around a dihedral angle. 28 Once long time scale processes,
such as the self-assembly of organic molecules, have been sampled at the CG level,
atomistic insight may be required. Thus, backmapping, also called inverse mapping, or
reverse transformation, 29,30 can be used to reintroduce atomistic detail. Such a process
is usually composed of 1) the generation of an initial atomistic structure based on the
position of the CG particles, and 2) the relaxation of this initial guess. Backmapping allows
for direct analysis of the interactions with higher resolution or for continuation of the
simulation at a finer level of theory. The latter includes quantum chemical calculations on
geometries obtained via CG modeling. In order to perform such QM calculations directly
on the geometries obtained after backmapping, a QM-optimized force field, i.e., where
not only dihedral terms but also bond and angles have been fitted to QM data, 31,32 is
recommended. 33,34
In the remainder of this section, the crucial features of computational methods which
can be employed to describe several subspaces of the broad ranges of time and length
scales of interested to organic semiconductors are briefly described. A short summary
of the main common features, domain of application, and limitations of the various
methods is given.

1.3.1. Coarse-Graining
features
aim
limitations

reduction of number of particles, smoothened free-energy landscape
self-assembly, domain formation, host-guest interdiffusion
limited chemical resolution, potential loss of specific interactions

Less is More. Coarse-grain (CG) models play an increasingly important role in computational science, and are nowadays a tool as important as atomically detailed models. 35–37
By grouping atoms in effective interaction sites, often called beads, CG models focus
on essential features, while they average over less vital details. This provides significant
computational and conceptual advantages with respect to more detailed models, allowing
to probe the spatial and temporal evolution of systems on the microscale. Recent reviews
cover both coarse-graining methods, 27,36 and applications of coarse-grained models. 27,37
Here we will briefly discuss two coarse-graining paradigms, and dive more in detail in the
paradigm underlying the Martini CG model, a widely employed CG force field which will
be used throughout this thesis.
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Systematic vs Building Block Philosophies. Among the philosophies of CG modeling,

we find both systematic (also known as hierarchical) and building block approaches. 27,36
CG models developed on the basis of the former, purely “bottom-up”, principle focus on
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the accurate reproduction of the underlying atomistic structural details at a particular
state point for a specific system, but require reparametrization whenever any condition
changes. This translates into a more time-consuming parametrization procedure. Moreover, potential forms required are often complex, which can results in slower simulations
(i.e., less sampling). On the other side, building block approaches usually rely more heavily on a “top-down” approach, where macroscopic properties (e.g., thermodynamic data)
are used as the main target of their parametrization. For this, such CG models are often
cheaper—due to simpler potential forms and only partial parametrization required—and
transferable, as the parametrization of the building blocks allows to re-use them as part
of similar moieties in different molecules. However, the structural accuracy of top-down
models is limited as the representation of the atomistic detail is suboptimal. The line that
separates these two methodological philosophies is, however, thin. Many successful force
fields have been developed combining top-down and bottom-up approaches. 36
The Martini CG Model. Among the building block approaches, notably the Martini
CG force field 38,39 has seen wide application due to successes achieved in the description of several (bio)molecular systems. 38,40–42 This force field, originally intended for
biomolecular simulations, has been lately successfully applied to describe systems relevant in polymer chemistry and organic electronics, 43–47 as it will be shown also in this
thesis.
The Martini CG force field gathers groups of two to four non-hydrogen atoms in beads
(Figure 1.2) which thus represent chemical building blocks. The same chemical groups
are represented by the same CG bead in all different molecules. The hallmark of the
Martini philosophy is that beads are parameterized to reproduce free energies of transfer
of solutes between polar and non-polar solvents (and, secondarily, densities of liquids): a
top-down approach. In addition, bonded interactions are optimized based on atomistic
reference simulations (bottom-up approach). Moreover, different classes of molecules
use more specific macroscopic parameterization targets like bilayer properties in the
case of lipids, membrane partitioning for amino-acids, or radius of gyration in the case of
polymers.
There exist four main types of particle: polar (P), non-polar (N), apolar (C) and charged
(Q). These types are in turn divided in subtypes based on their hydrogen-bonding capabilities (with a letter denoting: d = donor, a = acceptor, da = both, 0 = none) or their
degree of polarity (with a number from 1 = low polarity to 5 = high polarity). This gives
a total of 18 particle types: the Martini building blocks. Such a building block approach
helps making Martini models of different classes of molecules compatible with each other.
Furthermore, the force field uses only a limited number of interaction levels between the
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HEXADECANE

C60 FULLERENE

1
BENZENE
Figure 1.2 | Representations of atomistic molecular structures and their CG representations within the Martini
model. The standard 4-to-1 atoms-to-CG-site mapping scheme is exemplified by the HEXADECANE molecule,
while the model for BENZENE uses a finer mapping and small beads in order to preserve the ring geometry. The
model for C60 FULLERENE 44 also uses CG particles with a smaller size (note that, in the case of C60 , the CG
particles are not rendered in scale for clarity).

building blocks: while these levels necessarily limit the quantitative accuracy of the force
field, they improve compatibility and greatly facilitate parameterization of new molecules
using the force field. Finally, the Martini CG force field constitutes an example of CG
model employing standard functional forms typical of AA force fields, such as the 12-6
Lennard-Jones potential (Eq. 1.4). This has also contributed to the popularity of the force
field, given the ready availability of such functional forms in popular molecular dynamics
software packages such as GROMACS 48 or NAMD. 49

1.3.2. Atomistic Models
features
aim
limitations

atom-resolved dynamics, partial charges
pre-assembled systems, local molecular packing
no electrons

All-Atom Molecular Dynamics. When atomic resolution is needed, for example to
distinguish how subtleties in chemical structures affect molecular processes, but also
sizable systems are required, AA MD is the tool of choice. There, each atom in a molecule
is represented by a point in space with mass, (partial) charge, and van der Waals (vdW)
parameters. In such classical MD simulations, electrons are thus not considered explicitly,
and the dynamics of the system can be described by Newton’s equations of motion.
Interactions within and between molecules are described by interaction potentials which
as a whole constitute the so-called force field, whose general form we have seen in Eq. 1.3.
Parametrization Philosophies. The most widely employed classical, “fixed-charge”,
force fields are effective force fields: their parameters are fitted to experimental data
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and/or data from higher-level of theory (e.g., QM) calculations. In the biomolecular
sciences, four main families of force fields exist: AMBER, 50 CHARMM, 51 GROMOS, 52
and OPLS. 53 For a recent technical and historical overview, including a comprehensive
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list of references, the reader is referred to Ref. 21. Other force fields, especially used in
non-biomolecular fields, include the TraPPE 54 and COMPASS 55 force fields to name but a
few. In general, force fields differ in terms of the main target of parametrization and/or in
which class of molecules they manage to describe more accurately (mainly for historical
reasons).
To simplify the problem of the optimization of the parameter space and to limit the
number of parameters, in general, transferability for the parameters describing similar
substructures is assumed within force fields. Although this reduces the number of parameters and improves compatibility, it forces a suboptimal description of molecules and
thus can compromise accuracy (again, the systematic vs. building-block philosophies
described in the previous Section for CG models). However, in the case one wishes to
obtain the best possible parameters for a (few) molecule(s), refinement of the parameters
can be done in a more automatized way in the case of AA force fields. Data coming
from QM calculations are usually employed to this end. Automatized workflows, such as
the QMDFF, 31 QUBEKit, 56 or Q-Force 57 toolkit are available. Another recent approach
which tries to improve the accuracy of (bio-)molecular force fields while trying to reduce
the number of parameters—so still following a building-block approach—is represented
by SMIRNOFF. 58 Classical force fields usually rely on atom types, i.e., a discrete set of
parameters which represent all possible atoms which can be described by the force field
(a sp 2 carbon, an oxygen atom part of an ester group, etc.). This notably leads to huge
difficulties in expanding parameters, and proliferation of encoded parameters. The new
concept is based on “direct chemical perception”, i.e., bond, angles, torsions and nonbonded parameters are assigned directly based on substructure queries acting on the
molecules being parametrized. This approach seems to greatly reduce the number of
parameters needed to create a complete force field: a parameter definition file of only
approximately 300 lines achieves comparable accuracy to the Generalized Amber Force
Field (GAFF) 50 —which consists of many thousands of parameters—in reproducing hydration free energies, densities and dielectric constants for a pool of pharmaceutically
relevant small molecules. 58

1.3.3. Microelectrostatic Calculations
features
aim
limitations

molecule-resolved electrostatic and polarization effects
include electronic polarization while not describing electrons explicitly
no electronic delocalization and more complex electronic effects
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Electronic Polarization in Organic Materials. Electronic polarization and electrostatics at the molecular scale play a very important role in many fundamental aspects of
organic electronic devices. A microscopic description of such effects, which should account for the chemical structure, position and orientation of molecules, shows that these
can have a large impact on the energy landscape of charge carriers in bulk materials and
at their interfaces, and that this cannot be represented by a linear dielectric constant. 59–63
Such effects cannot be captured by “fixed-charge” atomistic force fields, but require finer
descriptions.
Microelectrostatic Models. Microelectrostatic, or induced multipole, models allow to
explicitly include terms for static (i.e., permanent multipole) and dynamic (i.e., induced
multipole—usually done up to the dipole) electrostatic interactions. 59,63 They essentially
rely on a classical polarizable point description of electronic polarization. Within such
models, the polarization energy is computed by determining the static and dynamic
intermolecular interactions in the presence and absence of an excess charge (i.e., a charge
carrier). The polarization energy is the difference in energy between these two pictures.
Thus, such polarization energies contain: i) the contribution of the electrostatic field
experienced by the charge carrier in the organic matrix; ii) the polarization contribution
due to dipoles the charge carrier induces in its surrounding. The polarization contribution has to be evaluated self-consistently. 59,64 In practice, the polarization energy (for a
±
spherical cluster of N molecules), P N
, can be obtained with the following expression: 59,65
±
PN
= U N± −U N0

(1.9)

where U N0 , U N+ , and U N− are the energies of a cluster of N molecules where the central
molecule is either neutral, positively, or negatively charged, respectively. The polarization
energy can then be extracted in the limit of the infinite crystal, as it scales linearly with
the reciprocal of the radius of the cluster. 59 This is illustrated for the anthracene crystal in
Figure 1.3.
Microelectrostatic Models in Organic Electronics. Two examples of ME models
which have been recently exploited in organic electronic studies are: 1) the ME model
of Heremans, Beljonne and co-workers, 59,68 and 2) polarizable force field-based models. 65,69 Despite being conceptually similar, these two models differ in how they describe
the molecular multipoles and polarizabilities. The model of Heremans and co-workers
distributes information on the molecular structure in anisotropic submolecular polarizable units. Moreover, it describes the molecular electrostatic potential by a quadrupole
field. This model, originally developed for acenes, 59 was later improved to include a
point-charge description and atom-centred anisotropic polarizabilities, and applied to
study organic heterointerfaces. 59,70 Polarizable force field-based models use permanent
charges and isotropic polarizable points placed at atomic sites. This is the case of the
classical polarizable Direct (or Discrete) Reaction Field (DRF) force field. 64,69 Charges
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Figure 1.3 | Computed polarization energy for charge carriers for the anthracene crystal (a) computed by a microlectrostatic scheme based on the classical polarizable Direct Reaction Field (DRF) force field as implemented
in the DRF90 software. 64 Holes (red circles) and electrons (blue circles) polarization energies are plotted (b)
as a function of N −1/3 , where N is the number of molecules in the cluster considered. Solid lines are linear
regressions (r 2 > 0.99); the intercept represent the extrapolated value corresponding to the infinite crystal
limit. The experimental values 66,67 are indicated on the horizontal axis with filled points. The agreement
with experiments is qualitative and mainly limited to the electron-hole asymmetry. Note that experimental
photoelectron spectroscopy data of the polarization energies are not appropriate to assess the accuracy of
theoretical estimates due to limitations of the technique and mismatch between experimental and theoretical
calculation conditions. 59

are usually obtained from a multipole analysis, such as the Dipole Preserving Analysis
(DPA), 71 so that they reproduce (at least) the dipole moment of the molecule. The employed (effective) atom-centred isotropic polarizabilities have been obtained based on
a large set of experimental and calculated molecular polarizabilities. 64,72 Within DRF,
polarisabilities are described according to Thole’s method for interacting polarizabilities, 72,73 which avoids numerical instabilities by employing a distance-dependent damping function. Similarly, in the AMOEBA 74 -based model of Brédas et al., 65 atoms bear
charge, dipole and quadrupole tensors obtained from a distributed multipole analysis that
recreates the molecular electrostatic potential. The Thole model is used for interaction
between polarizabilities here as well. 72,73 Atom-centred isotropic polarizabilities recreate
the anisotropic molecular polarizability. Typically, these slightly different approaches
result in only quantitative differences, and these depend on the parametrization and
partitioning of molecular multipoles and polarizabilities.

1.3.4. (Tight-Binding) Density Functional Theory
DFT. Density Functional Theory (DFT) 75 is employed in the modeling of ground-state
electronic properties for systems relevant for organic electronics. This theory reduces
the computational complexity of the electronic problem (Eq. 1.7) by moving away from

1.3. Multiscale Modeling
features
aim
limitations

15

explicit electrons
describing the electronic structure of the molecules
dependency on functional; restriction to mono-determinantal states

an extremely complex item such as the wavefunction to a much simpler function: the
electron density. DFT methods have become so important that Walter Kohn, its main
pioneer, has been awarded the Nobel prize in chemistry in 1998.
A frequently used implementation of DFT is the Kohn-Sham (KS) approach. 76 The
central assumption in the Kohn-Sham scheme is that, for each interacting N -electron
system with potential v(r), a potential v K S (r) (the Kohn-Sham potential) exists such that
the density ρ K S (r) of the corresponding but non-interacting N-electron system equals
the density ρ(r) of the real, interacting system. This leads to a set of equations analogous
to the Hartree-Fock—the simplest wave-function based electronic structure method—
equations which can thus be solved. 75 The difficulty with the Kohn-Sham equations is
that we do not known how this fictitious non-interacting N-electron system looks like, i.e.,
we do not know the KS potential. Of course, we know that the potential cannot contain
only the three terms that we know from Hartree-Fock theory—the interaction with the
nuclei, the kinetic energy, and the coulomb and exchange terms—but it must contain
something else, as KS equations are in principle exact for the electron density. Thus, the
total DFT energy expression can be written as
E =−

Z
Z
N
1 ρ(r)ρ(r0 )
1X
〈ψi |∇2 |ψi 〉 + v(r)ρ(r)d r +
d rd r0 + E xc [ρ]
2 i =1
2
|r − r0 |

(1.10)

where the rest of the energy—excluding the first three terms which are the kinetic energy
of the non-interacting system, the electron-nuclei Coulomb interaction and the electron
coulomb term—include the correction to the kinetic energy and the non-coulombic
interaction between electrons. This term is called exchange-correlation energy (E xc [ρ])
and the expression which uses ρ to obtain E xc [ρ] is the exchange-correlation energy
functional.
Density Functionals. In this construction, the complexity of the Hamiltonian of
Eq. 1.8—mainly given by the electron-electron repulsion term (the third term of Eq. 1.8)—
is hidden in the exchange-correlation energy functional. The exact form of this functional
is only known for simple cases such as an homogeneous electron gas. Research has
gradually developed a number of expressions based on various theoretical hypotheses
and assumptions. The performance of such expressions is then assessed by comparing
against experimental data. When a DFT calculation needs to be performed, the choice of
exchange-correlation functional becomes another input parameter. A popular functional
is B3LYP (Becke, three parameters, Lee-Yang-Parr). 77 This hybrid functional uses three
weighting coefficients which combine the exact exchange from Hartree-Fock with func-
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tionals based on the local density and generalized gradient approximations (LDA and
GGA) and it has been shown to accurately describe ground-state energies of molecules.
However, hybrid functionals such as B3LYP tend to overestimate the delocalization of
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the electron density due to the electron self-interaction error. 78 This can lead to overestimation of torsion potential barriers in extended π-conjugated systems—due to an
overstabilization of the planar conjugated conformations. This same overdelocalization
issue affects the use of B3LYP when evaluating charge-transfer excited states. 78 A modern functional, ωB97XD, 79 containing a long-range correction for the self-interaction
error and a dispersion correction, is recommended to study properties which involve
dispersion forces or compute charge transfer excited state—both relevant for organic
electronics systems.
DFTB. Fast quantum-chemical methods are desirable for calculations of electronic
properties of large molecules. Self-consistent charge density functional tight binding
(SCC-DFTB, 80 hereafter referred to simply as DFTB), is a parametrized version of the DFT
approach which is about 3 orders of magnitude faster than a standard DFT calculation
using the functional B3LYP. For thorough descriptions, see Refs. 80–82. Here, we will
briefly see its key ingredients. The method relies on the formulation of a tight-binding
model Hamiltonian within a minimal basis set of orbitals χkµ on atom k. The orbitals
cover only the valence shell, and each molecular orbital φi can be expanded as a linear
combination of the atomic orbitals {χµ }. The matrix elements of the Hamiltonian are
derived from DFT calculations for a reference electron density corresponding to the
superposition of two neutral atoms. 81 Correction terms of second order in the atomic
Mulliken charges on the respective atomic sites are also applied. In this way, a selfconsistent charge distribution can be obtained. 80 Short range repulsive interactions
involving the core region are treated as a superposition of pair potentials and are as well
obtained from DFT calculations for atom pairs. The three- and four-center two-electron
integrals which would normally need to be computed in standard DFT and HartreeFock methods are neglected. DFTB gives reasonable ionization potentials and electron
affinities for systems relevant for organic electronics, 83,84 but its use of a minimal basis
set may lead to deviations for specific systems. 83
Semiempirical Methods. Despite differing in the underlying philosophy and derivation, DFTB shares many features with semiempirical methods. In these methods, the
standard Hartree-Fock equations are simplified by integral approximations which are
designed to neglect all three- and four-center two-electron integrals. The chosen integral approximation defines the quality of the method; the most popular semiempirical
approaches are based on the neglect of diatomic differential overlap (NDDO). 85,86 The
NDDO approximation is applied to all integrals that involve Coulomb interactions, and to
the overlap integrals that appear in the Hartree-Fock secular equations. NDDO retains
two-center two-electron integrals, i.e., retains two-electron integrals where the basis
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functions for the first electron are on the same atom and the basis functions for the
second electron are the same atom. The MNDO, AM1, PM3, PM6 and PM7 methods
employ the NDDO approximation, 86 but differ in the way they represent two-electron
integrals and their overall parametrization procedure. These methods have been applied
to study systems relevant for organic electronics, enabling the treatment of large molecular assemblies at a reasonable accuracy. 70 More recently, NDDO-based methods with
orthogonalization corrections have also been developed (OMx methods). 87

1.4. Aim and Outline of this Thesis
The next generation of advanced (organic) materials will be enabled by our ever deeper
understanding of phenomena occurring on several orders of length and time scales. At
the core of many organic electronic device characteristics lays a subtle interplay between
structural and electronic properties. Multiscale techniques, such as the ones described in
this thesis, are fundamental for deepening our understanding of such interplay. Pushing
forward such techniques, this thesis aims to demonstrate how high-resolution morphological information on soft matter systems can be obtained by a multiscale approach,
elucidating the importance of miscibility, and connecting directly molecular features,
morphology and electronic properties. It will also show how the model utilized to sample the larger length and time scales can be improved, opening the way for systematic
high-throughput studies which are set to complement experimental workflows in the
next generation of advanced material design.
The lengthy optimization process and the multitude of organic molecules which have
already been tried at the experimental level are exemplary of the chemical space as being
both a very flexible and a very hard to explore high-dimensional space. The first problem
which needs to be addressed is the necessity for dependable molecular arrangements
which represent as much as possible the ones found in the actual organic device. None of
the existing modeling techniques offers the combination of being able to reach relevant
length scales, retain chemical specificity, mimic experimental fabrication conditions, and
being suitable for high-throughput studies. This deficiency forms the main motivation
of chapter 2. There, a method is presented which fulfills these requirements. Namely,
bulk heterojunction organic solar cell morphologies are produced in silico via simulating
the solution-processing technique employed experimentally to fabricate these devices.
Coarse-grain models based on the Martini force field enable good chemical specificity
while allowing the retrieval of full atomistic resolution via backmapping. The obtained
morphologies are in agreement with experimental findings, but provide a molecular view
on the various processes involved.
The method developed in chapter 2 and showcased therein for the case of bulk heterojunction solar cells is not restricted to this specific class of organic devices, but it is
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general. In chapter 3, the method is applied to organic thermoelectric devices, solutionprocessed blends of pairs of organic molecules, dubbed the host and the dopant. There,
the importance of tailoring host-dopant miscibility is demonstrated for two ubiquitous
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classes of molecular semiconductors, fullerene derivatives and donor-acceptor copolymers. Improved performances are obtained with coarse-grain simulations providing
molecular-level understanding.
The second paramount benefit of the method developed in chapter 2 is the possibility
of directly retrieving full atomistic resolution of the morphology at the interfaces and
in the bulk (via backmapping techniques). This paves the way for advanced electronic
structure calculations in realistic bulk heterojunction morphologies. This is shown in
chapter 4, where the detailed structural conformations at the donor-acceptor interfaces
can be resolved and studied as a function of processing conditions or molecular features.
Moreover, charge carrier energy levels can be computed, and the effect of the local
environment is taken into account by a microelectrostatic approach. The findings of this
chapter also emphasize how polar side chains can lead to higher voltage losses due to
higher electrostatic disorder which broadens the charge carrier energy level distributions.
While, so far, the state-of-the-art Martini coarse-grain model has proven reliable
enough, in chapter 3 an anticipation of a newer version of the Martini force field was employed to overcome limitations of the previous version. These limitations are thoroughly
described in chapter 5. This chapter demonstrates how: (i) the lack of specifically-tailored
cross Lennard-Jones parameters between particles of different sizes leads to artificial free
energy barriers, (ii) the density of interaction sites is a critical parameter of the system
which can be greatly affected by (effective) bond lengths in the models, and which can
thus cause deviations from the parametrized behavior of the model. The chapter then discusses implications for the use of the current Martini force field, and suggests directions
for reparametrization.
The realization of the limitations concerning the Martini coarse-grain force field
initiated the development of a new major version of the force field, dubbed Martini 3.0.
In chapter 6, the new parametrization, along with features and performances of the
new Martini 3.0 models, is described focusing on small molecule ring structures, which
constituted the main reference for the parameters of the newly recalibrated small and tiny
particle sizes of the force field. Besides the reproduction of “bulk” thermodynamic data,
special attention is also given to reproduction of “local” properties such as molecular
volume and stacking distances. This work is expected to open new avenues in the use of
the Martini model for systems containing aromatic systems, such as organic materials
relevant for organic electronics.

2
Bulk Heterojunction Morphologies
with Atomistic Resolution from
Coarse-Grain Solvent Evaporation Simulations

Chapter published as:
R. Alessandri, J. J. Uusitalo, A. H. de Vries, R. W. A. Havenith, S. J. Marrink, J. Am. Chem. Soc. 2017, 139, 3697–3705
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2. Atom-Resolved Morphologies from Coarse-Grain Evaporation Simulations

Control over the morphology of the active layer of bulk heterojunction (BHJ)
organic solar cells is paramount to achieve high efficiency devices. However, no
method currently available can predict morphologies for a novel donor:acceptor
blend. An approach which allows to reach relevant length scales, retain chemical specificity, mimic experimental fabrication conditions, and which is suited
for high-throughput schemes has been proven challenging to find. Here, we
propose a method to generate atom-resolved morphologies of BHJs which conforms to these requirements. Coarse-grain (CG) molecular dynamics simulations are employed to simulate the large-scale morphological organization during solution-processing. The use of CG models which retain chemical specificity translates into a direct path to the rational design of donor and acceptor
compounds which differ only slightly in chemical nature. Finally, the direct retrieval of fully atomistic detail is possible through backmapping, opening the
way for improved quantum mechanical calculations addressing the charge separation mechanism. The method is illustrated for the poly(3-hexyl-thiophene)
(P3HT):phenyl-C61-butyric acid methyl ester (PCBM) mixture, and found to
predict morphologies in agreement with experimental data. The effect of drying rate, P3HT molecular weight and thermal annealing are investigated extensively, resulting in trends mimicking experimental findings. The proposed
methodology can help reduce the parameter space which has to be explored
before obtaining optimal morphologies not only for BHJ solar cells but for any
other solution-processed soft matter device.

2.1. Introduction
Organic solar cells (OSCs) 11 are among the new generation photovoltaic (PV) technologies
which could be employed to convert solar energy to electricity. Their main advantage
over more traditional PV cells is the solution processability of the layers that compose
the device. Moreover, the potential mechanical flexibility and low weight of organic PV
panels may enable the introduction of innovative new products. 5,88 The most efficient
OSCs require a bulk heterojunction (BHJ), 89,90 an active layer composed of intimately
intermixed electron acceptors and electron donors. Not only their electronic properties 91
but also the morphology of the active layer 10,92 will determine the final device efficiency.
These two different but entangled aspects of a chosen donor:acceptor system along with
the many degrees of freedom offered by organic materials translate into a vast multiparameter optimization space which, despite extensive research efforts, has not yet led
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to efficiencies which can compete with inorganic PV technologies. Design principles for
bringing BHJ solar cells to a substantially higher performance level are still sought after. 93
In OSCs the absorption of light leads to the formation of excitons. These have to
dissociate at a donor-acceptor interface before the resultant free carriers can be transported to the electrodes. A large donor-acceptor interfacial area must therefore be present
for efficient exciton dissociation; 94 secondly, both phases need to be continuous and
well-connected to the respective electrode for adequate charge collection. Furthermore,
a high degree of crystallinity is usually beneficial as it increases charge mobility, while the
active layer needs to be at least ∼80-100 nm thick so as to absorb an adequate amount of
light. From these conditions stems the need for a bicontinuous interpenetrating network
of donor and acceptor phases. Such networks, usually achieved by spin coating or doctor
blading, are generally believed to be a kinetically trapped state as they are formed during
the rapid solidification of a thin layer of solution cast on a substrate. 95 Many processing
conditions 95–99 have been found critical for the resulting morphology, but determining a priori those which will lead to an optimal morphology when the two constituting
materials are modified is still not possible. 10,93
A number of techniques have been employed to acquire structural information on
BHJs. Atomic force microscopy, 95,96,100 transmission 101–103 and scanning 100 electron microscopy have been used to image BHJs but provide only limited insights about the nature
of the interpenetrating network. Electron tomography has been therefore developed 103
to study the 3D morphology. However, the inherently poor contrast due to the weak
electron scattering of organic materials leads to a limited and complex interpretation of
the 3D-reconstructed morphology. Techniques used to quantify the crystallinity of BHJs
are grazing-incidence X-ray diffraction (GIXD) 104 and grazing-incidence small-/wideangle X-ray scattering (GISAXS/GIWAXS). 105 The valuable information provided by these
techniques represents, however, averages over the irradiated area of the sample, thus
preventing real space localization of nanocrystallites.
Computational modeling provides atomistic detail and thereby has the potential
to bridge the gap between experimental and molecular length scales. In particular,
coarse-grain (CG) molecular dynamics (MD) simulations are often employed to model
BHJs, 28,106–109 being able to capture the morphology at relevant length scales while
still retaining a molecular description (as opposed to Monte Carlo simulated annealing 110–112 or mean field 17 approaches where that is lost). However, CG models developed to date are not readily transferable. 28,106–108 This hinders their potential use
within a high-throughput screening scheme aimed at optimizing the morphology of a
novel donor:acceptor blend. Furthermore, CG models currently applied in this field often 28,106,109 simplify the description of donor and acceptor molecules too severely: while
this allows to reach length scales which are comparable to real device thicknesses, 109
the loss of detail hampers the discrimination of different donor (acceptor) structures
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and does not allow for direct retrieval of atom-resolved structural information. Such
structures are needed as input for higher level of theory, e.g., quantum mechanical (QM),
calculations 113–115 that address the electronic states involved in the charge separation.
Finally, simulated annealing is usually employed 107–109 to obtain CG morphologies. This
does not reflect the morphological evolution taking place during the solution processing
of BHJs, hence making the link between experimental fabrication conditions and simulations more elusive. Importantly, Lee and Pao have recently developed 116 a method
to generate morphologies which remedies this: during a standard MD simulation, the
solvent is slowly removed thus simulating the experimental evaporation process. The
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evolution of the BHJ morphology during solution processing can therefore be studied,
and a direct link to experimental conditions can be made.
In the present work, we employ CG models which retain a sizeable degree of chemical
specificity to simulate the large scale organization of polymer-fullerene systems during
solution processing, which results in a predictive tool for BHJ morphologies. The method
follows the one developed by Lee and Pao, 116 but differs from it in the nature of the CG
models employed, namely finer CG models based on the Martini CG force field. 38 The
chemical specificity of this force field implies the possibility to use it for rational design
of donor (acceptor) compounds which differ only slightly in chemical nature. Moreover,
Martini gives ready access to fully atomistic detail through backmapping, 29 opening
the way for improved QM calculations. As a first case study, we chose to simulate the
poly(3-hexyl-thiophene) (P3HT):phenyl-C61 -butyric acid methyl ester (PCBM) mixture.
The validity of the method is assessed by comparing the outcome of simulations to a
variety of experimental data available for this well-studied system. Simulations predict
morphologies in agreement with published data in the literature. The effect of drying rate,
polymer molecular weight and thermal annealing are investigated extensively, resulting
in trends in accordance with experimental observations. Finally, the atomistic detail of
the whole blend is directly retrieved by means of backmapping. Together, the results
presented in this contribution show the potential of the proposed methodology to get
insight into larger scale morphological organization while, at the same time, obtaining
atom-resolved structural information on, for example, donor-acceptor interfaces where
such details are vital to solve the puzzle of the charge separation mechanism.

2.2. Results and Discussion
Evolution of Bulk Heterojunction Morphologies During Simulated Solution Processing. Solvent evaporation CG MD simulations were performed using newly developed
Martini 39 CG models of P3HT, PCBM and chlorobenzene (CB). The atomistic structures
along with schematic representations of the CG models are presented in Figure 2.1. On
average, 4 atoms are mapped to one CG particle, while bond, angle and dihedral po-
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tentials are used to have the CG models reproduce the structure and flexibility of the
corresponding atomistic models. Interactions have been calibrated by using experimental free energy of transfer data as reference. A detailed description of the CG models,
atomistic models which aided the parametrization and validation of the CG models, as
well as the parametrization and validation procedures themselves are presented in the
Methods section and in the Appendix.

AA

CG

2
P3HT
PCBM
CB
Figure 2.1 | All-atom structures (left) and corresponding coarse-grain models (right) for P3HT (in red; a trimer
is shown), PCBM (in blue) and CB (in green). The connectivity between the coarse-grain interaction sites is
highlighted, while the actual size of the beads is shown with semi-transparent spheres.

In Figure 2.2, a prototypical solvent evaporation simulation is illustrated (see also
video in the Supporting Information of Ref. 117) and the resulting BHJ morphology compared to experimental data from Ref. 118. In particular, Figure 2.2b shows a comparison
between the morphology obtained via an evaporation simulation (where the molecular
weight (MW) of P3HT is 8 kDa) and an energy-filtered scanning electron microscopy
(EFSEM) image taken by Masters et al. 118 of an as-cast P3HT:PCBM blend (P3HT MW of
54 kDa) spin-coated from CB. The P3HT:PCBM weight ratio is 1:0.8 in both cases. The
experimental EFSEM image contains gray zones which Masters et al. ascribed to mixed
polymer-fullerene phases. 118 In these areas, fullerene and P3HT are close to each other
and give rise to an average signal, which thus cannot be resolved. In contrast, simulations
allow to resolve structures up to the level of single CG particles (the CG particle-resolved
morphology is shown in Figure 2.7a). To account for this discrepancy, and for the escape
depth of secondary electrons from P3HT (found to be between around 20-30 Å), 118 a ∼2.5
nm thick layer taken from the CG morphology has been spatially discretized in polymer,
fullerene and mixed phases, following the procedure outlined in the Methods section. A
comparison of the resulting image (left-hand side of Figure 2.2b) to the experimental one
(right-hand side of Figure 2.2b) suggests that obtained donor and acceptor domain sizes
are in qualitative agreement with the experimental ones. However, it is important to stress
that the close agreement between the experimentally and computationally obtained morphologies is somewhat unexpected, given the difference in processing conditions. A first
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Figure 2.2 | Simulation of the evolution of a P3HT:PCBM bulk heterojunction during solution-processing (a) and
comparison to experimental data (b). The evolution of P3HT-P3HT, P3HT-PCBM and PCBM-PCBM contacts
and of the solvent amount during drying is plotted (a) and snapshots at different times during the simulation
are shown (P3HT chains are rendered in red while PCBM molecules in blue; solvent molecules are not shown for
clarity). The three stages of BHJ morphology evolution (see text) are indicated with different shades of gray. (b)
A visual comparison between a spatially discretized morphology obtained via the solvent evaporation protocol
(left-hand side; the thin white square shows the repeating unit cell) and a spin-coated blend imaged by EFSEM
(right-hand side; close up of Figure 7c of Ref. 118 reproduced under the Creative Commons Attribution 4.0
International License) is presented.

Figure 7 | Blend images and characte
different thermal treatments. (a) The
after a 2-pixel FFT band-pass filter to
image for a blend subject to a 1-h ove
added to emphasize the phase structu
(d) show our thresholding attempts a
Scale bars in parts (a) and (b) represe
represent 30 nm. For all parts, red area
blue to PCBM-rich regions.

difference is in the way the solvent evaporation takes place. In spin coating, the solvent
evaporates from the surface of the blend, whereas in our simulations solvent is taken
out of the system randomly. The latter approach leads to a more uniform distribution
of the molecular components along the sample normal. A revised protocol in which
surface evaporation is taken into account is currently being developed to quantify this
effect in future studies. A more serious concern is the considerable differences in time

and length scales. Experimentally, solvent evaporation takes place on the time scale of
seconds, whereas the simulations are necessary limited to the sub millisecond range. The
length scale of the experimental samples is also larger, with typical sample areas of ∼1

cm2 , compared to 900 nm2 in the simulated samples. Note that the polymer chains in the
simulation are smaller than those used in experiment (8 kDa vs 30–50 kDa), compensating,
at least to some extent, for the shorter time scale. Apparently, the primary driving forces

mages.
ocessed
yed in

governing morphology formation in real blends act on time and length scales accessible
by our simulations. Further details about these driving forces during the evaporation

process are discussed below.
The evolution of the morphology during the evaporation can be followed by computing the number of P3HT-P3HT, P3HT-PCBM and PCBM-PCBM contacts during the drying
process. These have been calculated as described in detail in the Methods section and
are plotted in Figure 2.2a. Three evaporation stages can be distinguished. Within the first
µs, a first phase where molecules are still in solution and thus relatively free to diffuse
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can be identified: during this phase, a substantial increase in the number of P3HT-P3HT
contacts due to the aggregation of P3HT chains to form ordered nanostructures (which
will be discussed more extensively in the following sections) is observed. Consequently,
PCBM-P3HT contacts initially decrease as PCBM molecules are deprived of P3HT neighboring molecules (as these aggregate). Fullerene molecules are found to be considerably
more soluble in CB and do not show aggregation propensity. This is consistent with
the experimental solubility of P3HT in CB (∼16 mg/ml for P3HT with MW of ∼65 kDa)
being lower than the one of PCBM (∼60 mg/ml). 119 In the second stage, which starts
already after 1 µs when the amount of solvent is less than 60% of the initial amount, the
diffusion processes become much slower (time scale of 100s of nanoseconds-µs) due to
the increased size of P3HT nanostructures and the ever-decreasing quantity of solvent
which start to reduce dramatically the mobility of molecules. As a consequence, in this
phase all the number of contacts start to steadily increase. These aggregation processes
become gradually more stagnant and essentially stop when the solvent weight content
is about 1%. At this point, in the third and final stage, the blend is in an almost frozen
state where the free energy barriers to even minimal rearrangement are very high. These
observations agree with the drying dynamics observed experimentally by GIXD and GIWAXS/GISAXS during spin-coating 120 or printing. 121,122 The studies follow the evolution
of the P3HT X-ray scattering peaks. Four drying stages are commonly individuated: a first
stage in which no scattering is detected and where thus the molecules are considered
being dispersed in solution; a second stage in which the P3HT crystals start to nucleate
and grow; a third stage, also called solvent swollen glassy state, 122 where the mobility of
the molecules is already compromised by the low amount of solvent and where, therefore,
no new crystals can form but the existing ones continue drying; a last stage where the film
is practically dry and close to the final structure. In the present simulations, aggregation of
P3HT is observed from the beginning, which seems to be inconsistent with experimental
findings. However, the aggregation of P3HT molecules may be happening earlier also in
experiments, but the P3HT crystals have to reach a certain size in order to be detected by
X-ray scattering techniques. Moreover, the initial P3HT concentration in the simulations
(∼39 mg ml−1 ) is higher than the one commonly used in experiments (∼15 mg ml−1 ),
positioning P3HT already beyond the solubility limit.
In summary, the driving force for the (modest) phase separation observed during the
solvent evaporation simulation is the self-organization propensity of P3HT. This process
can be hampered by a faster evaporation and/or entanglement of polymer chains, as
explored in the next sections. It is crucial also to realize that due to the relatively good
affinity between PCBM and P3HT large-scale phase separation does not occur.
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Effect of Drying Rate and Polymer Molecular Weight. Slow drying, also called sol-

vent annealing 123 or solvent-assisted annealing, 103 has been shown to allow for structure
reorganization leading the P3HT:PCBM blend to approach a degree of phase separation closer to thermodynamic equilibrium. Lower MW (up to 10 kDa) P3HT has been
found to have a stronger tendency to phase separate during the solvent evaporation process 124 than higher MW fractions, likely due to an increased capability to crystallize. To
investigate the effect of drying rate and polymer length on the as-cast morphologies, we
performed two additional sets of simulations: one in which the rate of solvent evaporation
was varied, and another where this was kept fixed while varying the polymer MW.

correlates with the extent of donor-acceptor interface present in the blend. The minimal
amount of polymer-fullerene contacts is obtained for a planar heterojunction morphology
where only one interface is present (see Figure 2.14 in the Appendix); on the opposite end,
the maximum amount of contacts is found in a completely intermixed morphology. This
has been built as a random mixture, as explained in more detail in the Appendix. The
numbers of contacts in the planar heterojunction and intermixed extremes, respectively,
have been used as references to normalize the computed fraction of P3HT-PCBM contacts.
Using this scale, Figure 2.3a and 2.3b show how the number of polymer-fullerene contacts
varies with the drying rate and with the polymer molecular weight, respectively. In the
latter case, simulations with the same number of P3HT monomers are compared.
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To quantify the degree of phase separation, the number of P3HT-PCBM contacts in
the dried morphologies has been computed. The number of polymer-fullerene contacts

�

increasing molecular weight

Figure 2.3 | Effect of the drying rate and polymer molecular weight on the morphology. Normalized number
of P3HT-PCBM contacts expressed in percentage (where 0 is taken as the number of contacts in a planar
heterojunction and 100 is the one computed for a finely intermixed morphology) are shown as blue bars. Top
views of representative morphologies are shown for the various drying rates (increasing drying rate from bottom
left to top, clockwise) and for various polymer molecular weights (increasing polymer weight from top to bottom
right, clockwise).
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Faster drying leads to less phase separation. Faster evaporation does not allow for
polymer crystals to grow, which therefore end up having smaller dimensions (and, as
a consequence, PCBM domains remain smaller as well). This result is consistent with
the hypothesis that P3HT:PCBM blends are an example of blends which do not (liquidliquid or solid-liquid) phase separate considerably during spin coating. 17 Even though
fast drying of a P3HT:PCBM mixture leads to an intimately mixed blend, larger-scale
phase separation would occur on a longer timescale. Simulations also predict that longer
polymeric chains lead to less phase-separated morphologies (Figure 2.3b). Slower diffusion and more chain entanglement decelerates the aggregation of longer polymer chains.
However, the trend is not so pronounced, which may be due to the limited range of MWs
considered in the present contribution (1 to 8 kDa). In fact, Liu et al. 124 reported that
blends with a P3HT MW up to 10 kDa practically behave indistinguishably during spin
coating.
Thermal Annealing and Crystallinity of the Morphologies. P3HT:PCBM solar cells
require an annealing step in order to reach their full potential. 9 The improved power
conversion efficiency is well documented and has been shown to involve polymer crystallization – which increases optical absorption and improves charge transport – and
optimized phase segregation, leading to more efficient charge separation. The width of
polymer and fullerene domains are known to increase upon annealing up to dimensions
in the 10-20 nm range. 105,125,126 Various nanoscopic views on the thermal annealing process have been proposed. The mobility of PCBM molecules or small aggregates has been
demonstrated by several studies. 127–129 It is often concluded to result from crystallization of P3HT disordered domains which expel fullerene loading. 124,127–129 In particular,
diffusion of fullerenes appear to occur only through the disordered regions of P3HT. 129
Conjectures about polymer crystal growth during annealing inhibiting 102 or competing
with 105 the formation of large fullerene domains are also found in the literature. In order
to investigate the effect of thermal annealing on the obtained morphologies, a thermal
annealing protocol has been applied by carrying out MD simulations with an increased
temperature, as described in detail in the Methods section.
Figure 2.4a shows three snapshots taken at different times during an annealing simulation for a P3HT:PCBM blend (MWP3HT = 4 kDa). Only P3HT backbones are shown to
highlight the increased ordering in the P3HT phase upon annealing. The voids between
P3HT sheets are, in general, occupied by P3HT side chains, while the bigger white areas
denote the presence of PCBM domains (compare to Figure 2.8 in the Appendix). Chain
alignment increases dramatically upon annealing. Domain segregation is also observed,
leading to sharper interfaces and larger domains. These results are not surprising and
are in line with experimental findings. When P3HT is given more time for reorganization,
crystallinity increases and domain segregation is enhanced. 9 The simulations further
provide insight into the driving force for the morphology evolution upon annealing. Fol-

2

28

(a)

2. Atom-Resolved Morphologies from Coarse-Grain Evaporation Simulations

0 ns

0.8 μs

1.6 μs

(c)
�

�������
��������

���� � ��� ������

���

(b)

�
���

(100)

�

(200)

���

4.5 Å

2

(010)

�

���

�

� �����

���

�

���

Figure 2.4 | Morphology evolution during thermal annealing and associated computed scattering curves.
Snaphots at different times during the annealing process (a) where only the P3HT backbones are shown. White
areas denote the location of P3HT side chains or PCBM domains (compare to Figure 2.8). A zoom in on the blend
reveals a stack of 3 P3HT chains (b) reporting the observed CG stacking distance of 4.5 Å. (c) The corresponding
computed scattering profiles are shown; Gaussian fits to the (100) and (010) peaks are shown in gray.

lowing what is also observed during the solvent evaporation simulations, P3HT drives
the domain segregation as P3HT crystals grow and therefore expel PCBM molecules.
No breaking of P3HT stacks is observed, corroborating the hypothesis that diffusion of
fullerene takes place through amorphous domains. 129
Scattering curves have been computed as described in the Methods section and are
shown in Figure 2.4c. Note that only thiophene rings are considered in the simulated
scattering curves. Upon annealing, the intensities of the (100) (or lamellar) and (010) (or
stacking) peaks, which are fairly weak in the as-cast scattering curve, increase considerably, in agreement with experimental observations. 130 This confirms the visual inspection
of the morphologies indicating increased P3HT crystallinity. The obtained peaks can be
fitted with a Gaussian function to obtain peak positions. The sharper (100) and (010)
peaks observed for the annealed blend, qualitatively indicating a higher degree of crystallinity, are located at positions q ≈ 0.426 Å−1 and q ≈ 1.385 Å−1 , respectively. These
values correspond to a lamellar distance of 14.7 Å and a stacking distance of 4.5 Å (highlighted in Figure 2.4b). The discrepancy with the experimental stacking distance value of
3.8 Å 131 is due to the too large radius of CG beads, which do not allow for a ring thickness
which matches the all-atom one; the lamellar distance is instead underestimated (16.5
Å, experimentally 131 ). Such discrepancies, inherent to the current Martini CG force field
(see also the Methods section), do not, however, impact the nanomorphology evolution.
The effect of P3HT MW on the annealing process has also been investigated by simulated annealing of blends containing P3HT with a MW ranging from 2 to 8 kDa. Lower MW
P3HT is found to both crystallize and promote a phase-separated morphology more readily, as can be seen in Figure 2.9 (in the Appendix) where annealing results are shown for
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blends with varying P3HT MW (2-8 kDa). In particular, P3HT chains with MWs in the 2-4
kDa range respond similarly to annealing, as quantified by the decrease in P3HT-PCBM
number of contacts shown in Figure 2.9. When the MW is raised to 8 kDa, a lower decrease
of P3HT-PCBM contacts is observed (Figure 2.9): the blend responds less promptly to
thermal annealing due to a slowed down dynamics caused by the increased molecular
weight. Moreover, in this latter case amorphous regions can still be observed (Figure 2.9c),
while in the former case the P3HT phase is almost completely crystalline. We can therefore conclude that lower (up to 4 kDa) MW P3HT shows a higher stacking efficiency. Low
MW P3HT films (< 4 kDa) are known to be more sensitive to processing conditions. Those
protocols which give more time for molecules to approach thermodynamic equilibrium
(e.g., slow growth, thermal annealing) lead to more crystalline phases, 132 as the molecules
diffuse relatively fast due to their small size. By contrast, polymer chain entanglement 133
and lower mobility slow the kinetics of ordering, and, consequently, the phase separation
process in high (> 30 kDa) MW P3HT films. 132 The present data are also in agreement
with GIXD findings by Liu et al. 124 which show how low MW (up to 5 kDa) P3HT both in
pure P3HT films and when blended with PCBM, show considerable reorientation freedom
upon annealing, while this effect is considerably reduced already at MW of 10 kDa.
The observed P3HT structures correspond to the well-characterised 2D sheets in
which the polymer is known to self-organize. 131,134 The strong tendency of P3HT to selforganize is well-known 131,134 and it is evident from the outcome of the simulations that
the model also strongly favors aggregation. This self-organizing propensity seems to be
strongly induced by the geometrical features of P3HT chains. It should be stressed that no
explicitly ad-hoc anisotropic interaction has been introduced between thiophene rings,
in contrast to the strategy proposed by Carrillo et al. 109 in order to improve the “ultra” CG
model of Lee et al. 106 (also referred to as the LPC model 109 ). In that model, representing
thiophene units with single beads sacrifices one of the characteristic features of this
polymer, namely the planar thiophene backbone. In the present model, the employed
finer mapping preserves the thiophene planarity, and thus anisotropy, which evidently
contains the driving force for P3HT self-organization.
Backmapping CG Morphologies to Atomistic Resolution. The CG morphologies obtained have finally been backmapped to atomistic – also termed all-atom (AA) – resolution
by employing a published protocol 29 described in the Methods section. A snapshot of a
CG donor-acceptor interface for an annealed blend along with its atom-resolved counterpart is shown in Figure 2.5. In this procedure, the fully relaxed atomistic configuration
is obtained by placing atoms in positions consistent with the CG beads that represent
them and then relaxing the structure to the local atomistic energy minimum. Such a
direct backmapping methodology differs from the ones employed by, for example, Carrillo
et al., 109 where only a qualitative estimation of the donor-acceptor interface configuration can be made from the large-scale CG simulations. In that case, the obtained CG
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CG

1 nm

AA

2
1 nm

Figure 2.5 | Close up of a donor-acceptor interface at different resolutions. The coarse-grain morphology (top)
has been backmapped to atomistic resolution (bottom). In both cases, only P3HT backbones (in red) are shown
to ease the view. PCBM molecules are depicted in blue.

morphologies cannot be unambiguously backmapped to AA resolution due to too severe
loss of detail inherent to the LPC model. The qualitative information can only be used
to “manually” assemble an atomistic interface. Such a procedure is closer to strategies
used to build idealized donor-acceptor interfaces such as the one of Liu et al., where an
idealized donor-acceptor interface is assembled by putting together P3HT and PCBM
crystals. 135 While there are always multiple AA structures corresponding to the same
CG configuration, the present finer CG models restrict their number, and allow for the
use of a semi-automatized procedure for the direct retrieval of structural detail. This
can pave the way to QM calculations which can fully benefit from large-scale derived
structural information. In particular, the investigation of the local dielectric response of
organic photovoltaic blends upon changes in the electronic density is of notable interest,
as the dielectric screening of charges is crucial for the exciton splitting and recombination processes. 136 Promisingly, previous studies on model systems have shown how the
reorientation of dipole moments can stabilize the charge separated state 115,137 relative to
the lowest charge transfer state, thereby making the exciton dissociation enthalpically
favorable.
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2.3. Conclusion
We presented a CG MD based method which is able to capture the kinetically trapped
nature of spin-coated bulk heterojunction morphologies with direct access to atomresolved structural information. Simulations predict morphologies in agreement with
experimental findings. The effects of slow-drying and annealing follow what is known
for P3HT:PCBM solar cells. The nanoscopic picture which emerges from the simulations
suggests that the (moderate) phase separation which is observed for P3HT:PCBM blends
is driven by the self-organization propensity of P3HT. The good affinity between P3HT
and PCBM does not allow for complete phase separation on spin coating time scales.
The resolution mapping scheme of the Martini CG force field represents a favorable
compromise between the speedup of CG models and the preservation of chemical detail;
moreover, the existence of a robust backmapping protocol ensures the retrieval of the
atomistic structures underlying the CG ones, opening the way for a molecular view on an
in silico solution-processed bulk heterojunction.
As a whole, this work proposes a predictive methodology for obtaining morphologies
of solution-processed soft matter systems with atomistic resolution. The morphologies
can subsequently serve as starting point for QM calculations on excitonic properties, or
be used to compute the mechanical response 138,139 of BHJ materials.
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Coarse-Grain Models. CG MD simulations have been run using models which are based on the Martini CG
force field. 39 Developed initially for biomolecules, 39,140–143 this CG force field has been later extended to
non-biological systems, including various polymers 43,46,144,145 and carbon-based nanostructures. 44,45,146,147
As a general rule, four heavy atoms are coarse-grained to one interaction site (bead). Finer mapping is, however,
allowed for ring systems, where an interaction site may represent two or three atoms. The PCBM model
makes use of the Martini “F16 ” model, 44 a 16 beads representation of C60 fullerene, while the oligothiophene
amphiphile Martini model 148 has been used as starting point for the P3HT CG model. Experimental free
energies of transfer were the main target of the Martini force field parametrization. 39 This (top-down) approach
is used to obtain nonbonded interactions between CG particles. These are determined by the type of beads
which are used to describe the molecules, the choice of which is made on the basis of experimental free energy
of transfer data. Bonded parameters between the beads are instead obtained by matching bond and angle
distributions of atomistic simulations (bottom-up). The AA models used are based on the GROMOS 53A6 force
field. 52 See the Appendix for detailed description of the AA and CG models.
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Figure 2.6 | PMFs of dimerization for the (a) donor-donor, (b) acceptor-acceptor and (c) donor-acceptor pairs
in CB. GROMOS PMFs are in blue, while Martini in red. (d) Snapshot from the 3HT-PCBM atomistic simulation
showing the distance r between the centers of mass of C60 and the thiophene ring.
Both CG and AA models have been first validated by comparing computed free energies of transfer between
different solvents to experimental data for various molecular fragments. The results, collected in Table 2.6
(Appendix), show good agreement between experiments and simulations. Interactions between the molecules
studied here were further 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 3HT molecules, two PCBM
molecules and the 3HT-PCBM pair, all in CB solution. Figure 2.6 shows that CG PMFs are well in line with AA
ones. A thorough description of the free energy of transfer and PMF calculations can be found in the Appendix.
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As already hinted previously, the Martini CG force field parametrization, based on a four heavy atoms to one
CG site mapping scheme, brings with it a bead size which is too large to accurately reproduce the thickness of
ring structures. This causes the discrepancy in the CG stacking distance observed in the simulated morphologies
(and also seen in the potential of mean force of dimerization of two P3HT monomers in Figure 2.6). The bead
radius is part of the Martini CG force field and cannot be tweaked arbitrarily without disrupting the carefully
parametrized Martini partitioning equilibria. Work in our research group is being carried out on improving
properties of Martini CG ring models (see chapters 5 and 6). Nevertheless, the increased thickness of thiophene
rings at the CG level does not affect the nature of P3HT self-assembly which is evident from the simulations and
which gives rise to structures in agreement with experiments.
Simulated Solvent Evaporation. The approach follows the one recently developed by Lee and Pao. 116
Starting from a simulation box (30 x 30 x 88 nm3 ) containing a ternary mixture P3HT:PCBM:CB (∼39 mg ml−1 in
P3HT and ∼31 mg ml−1 in PCBM for a 1:0.8 weight ratio), 1.25 % of the solvent (i.e., CB) is removed every time
interval t until a dried blend is obtained (30 x 30 x ∼5 nm3 ). The degrees of polymerization N of (regioregular)
P3HT employed are 6, 12, 24, 36, and 48, approximately corresponding to molecular weights of 1000, 2000, 4000,
6000, and 8000 Da. Various sizes for the system have been tested and the simulations have been found not to
suffer from finite size effects (see the Appendix). The largest size which could be exhaustively simulated was
chosen. 3D periodic boundary conditions are applied. After every solvent removal, 4 ns of NPT equilibration
are run followed by a run 180, 120, 60, 30, 15, 7.5 or 3 ns long. This leads to total drying times of 100, 70,
36, 19 11, 6.5 and 4 µs, respectively. The equations of motion were integrated with a time step of 30 or 20 fs
(the latter employed in the equilibration and often in the second half of the evaporation to avoid numerical
instabilities). The box dimensions were fixed in the lateral directions by setting the compressibility to 0 bar−1 .
The Verlet neighbor search algorithm is employed to update the neighbor list. 149 Lennard-Jones potentials and
forces are cut off at 1.1 nm; “potential modifiers" are used to shift the potentials to zero at the cut off. 150 The
velocity-rescaling thermostat 151 and the Parrinello-Rahman barostat 152 are employed to maintain pressure
and temperature, respectively, with coupling parameters of 1.0 and 12.0 (or 15.0) ps−1 . These parameters
follow the standard “new” Martini set of run parameters. 150 All the evaporation simulations were run using the
GROMACS 5.x package. 48 All the run parameter files, as well as the solvent evaporation protocol, implemented
as a bash script (which assumes the use of GROMACS), are available for download as part of the Supporting
Information of Ref. 117 and on the Martini portal http://cgmartini.nl. More details on the implementation can
be found in the Appendix.
Simulated Annealing. Dried configurations have been annealed by running MD simulations at higher
temperature. The temperature has been raised gradually, in the following way: 20 ns at 498 K, 180 ns at 598 K
and up to 1.8 µs at 698 K. This led to a total simulation time of 2 µs for the full annealing cycle. The parameters
employed for the run are the same as the ones employed in the solvent evaporation simulations (with the
exception of the temperature). The employed simulated annealing temperature is higher than the temperatures
commonly employed in experiments (∼420 K). 153 However, time scales are also different, as blends are usually
annealed for time scales currently not available for CG modeling (5-10 minutes 153 ). A direct comparison
between CG and experimental conditions is therefore not trivial.
Simulated Diffraction Pattern. The distances between all the N thiophene centres of mass have been
computed. The N by N obtained distance matrix is, evidently, symmetric, and thus contains N (N − 1)/2
unique distances. These distances have been binned in a histogram (occurrence vs distance; bin width = 1
nm). Subsequently, the Fourier transform of this distribution has been computed. This is done in the following
way: the atoms are considered as point scatterers located at points in the real space given by the coordinates
obtained by the MD simulations. If so, the scattering intensity I (q) in the 3D reciprocal space is given by 154 The
distances between all the N thiophene centres of mass have
I (q) ∝ |F (q)|2 ∝ |

N
X

Z j exp(iq · rj )|2

(2.1)

j =1

The distances between all the N thiophene centres of mass have where q is the reciprocal space vector, rj is the
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position vector of atom j and Z j is the atomic number of atom j . In this particular case, we will make use of a
one-dimensional version of Equation 2.1. Moreover, as we consider identical atoms (i.e., the thiophene centres
of mass), the factor Z j can be omitted. The procedure, which makes use of the MDAnalysis package, 155,156 has
been implemented in a Jupyter notebook available for download as part of the Supporting Information of Ref.
117.
Backmapping. The procedure developed by Wassenaar et al. 29 has been employed for the backmapping.
Briefly, mapping files, i.e., initial positioning of atoms expressed on the CG particles space, have been defined
for P3HT and PCBM. The program backward.py places the atoms according to the definitions contained in
the mapping files. A series of energy minimizations is then carried out (as implemented in the bash script
initram.sh) until a relaxed atomistic morphology is obtained. The programs are available for download as part
of the Supporting Information of Ref. 117 and on the Martini portal http://cgmartini.nl.
Calculation of Number of Contacts. The number of contacts between molecules A and B in the simulations
were calculated by counting one contact for each CG bead belonging to a molecule B within a sphere of radius 0.6
nm from each CG bead belonging to a molecule A. The cutoff distance of 0.6 nm comprises the nearest neighbor
p
6
CG sites around a CG particle, the radius of Martini S-particles being 0.24 nm (= 2σN where σN = 0.43 nm).
When counting contacts, the counting of intramolecular contacts is avoided. More details on the computation
of the number of contacts and generation of the planar heterojunction and intermixed morphology used to
normalize the number of contacts can be found in the Appendix.
Spatial Discretization Scheme and Rendering. From each obtained dried BHJ (of dimensions 30 x 30 x ∼5
nm3 ), two slabs (of dimensions 30 x 30 x ∼2.5 nm3 ) have been extracted. The thickness of these slabs (2.5 nm),
and consequently of the voxels into which the slabs are divided, has been chosen based on the P3HT escape
depth of secondary electrons in the EFSEM measurements (found to be between around 20-30 Å 118 ) to which
the spatially discretized morphologies are compared. The morphology slabs have been therefore converted
to a grid of polymer (red), fullerene (blue) and mixed (gray) domains employing the following algorithm: the
simulation box is divided in voxels of dimensions 1 x 1 x 2.5 nm3 ; the number of P3HT (N P 3H T ) and PCBM
(N PC B M ) particles is then computed for each i , j voxel, and a color assigned to the voxel based on the relative
number of polymer and fullerene CG particles contained in the voxel. In particular, the following ratio is
evaluated:
BM
NiP, j3H T − NiPC
,j
xi , j =
BM
NiP, j3H T + NiPC
,j
A x i , j fraction higher (lower) than 0.6 (−0.6) has been assigned to the polymer (fullerene) phase, while fractions
between 0.6 and -0.6 (included) have been assigned to the mixed phase. Simulations were visualized and
rendered using VMD 157 and the Tachyon ray-tracer. 158

a
in
is
ya
in
er,
b).
we
ate
nd
ld
se
at
he
he
an
he

es.
ed
in

2.5. Appendix: Method Details

35

2.5. Appendix: Method Details
2.5.1. Comparison to EFSEM Image

(a)

(c)

(b)

10 nm

10 nm

10 nm

2

Figure 2.7 | Comparison between the (a) single-layer CG morphology, (b) the corresponding 2.5 nm thick
spatially discretized image and (c) a close up of an EFSEM image of a spin-coated blend taken by Masters
et al. 118 (close up of Figure 7c of Ref. 118 reproduced under the Creative Commons Attribution 4.0 International
License).

2.5.2. Rendering of Morphologies During Annealing

0 ns

0.8 μs

1.6 μs

Figure 7 | Blend images and characterizat
different thermal treatments. (a) The ima
after a 2-pixel FFT band-pass filter to reduc
image for a blend subject to a 1-h over-ann
added to emphasize the phase structure vis
(d) show our thresholding attempts applied
Scale bars in parts (a) and (b) represent 10
represent 30 nm. For all parts, red areas cor
blue to PCBM-rich regions.
Figure 2.8 | Snaphots at different times of the annealing process with (top) and without (bottom) the PCMB
phase. Only P3HT backbones are shown to highlight the increased ordering in the P3HT phase upon annealing.
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2.5.3. Annealing as a Function of P3HT MW
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Figure 2.9 | On the left-hand side, snaphots at different times during the annealing process are shown for
P3HT:PCBM blends with varying P3HT MW: (a) 2 kDa, (b) 4 kDa and (c) 8 kDa. Only P3HT backbones are shown.
White areas denote the location of P3HT side chains or PCBM domains. (d) The % of P3HT-PCBM contacts as a
function of the annealing time is also shown for the three cases. The % of number of P3HT-PCBM contacts is
normalized to the initial dried morphologies, so that the amount of P3HT-PCBM contacts before the annealing
is taken as the 100%. The % of contacts then decreases as the blends are annealed because of phase segregation.

2.5.4. Coarse-Grain Models
P3HT. The oligothiophene amphiphile Martini model 148 has been used as starting point for the P3HT CG
model. A few important changes have been made to the mapping of thiophene so to realize a model which is
transferable, in the spirit of the Martini CG force field. The mapping of thiophene is critical as it represents
a case in which the exception to the 4-to-1 Martini mapping rule admitted for the necessity to mantain the
symmetry of the ring structure come down to a mapping of the 5 thiophene heavy atoms to 3 CG sites. This
mapping implies bond distances of about 0.2 nm when the bonds are extracted from atomistic trajectories.
However, beads being so close to each other give rise to a region with a high energy density: another CG molecule
coming into the interaction radius with such region will be overly attracted by it, resulting on a disbalance of
the carefully parametrized Martini partioning equilibria. For this, bond distances have been increased by 20%
(up to 0.24 nm). This also improves the shape of thiophene CG model, otherwise approaching too much an
ellipsoidal shape.
The bead types, which define the nonbonded interactions, have been chosen on the basis of free energy
of transfer data. Based on the new thiophene CG bond distances, three SC5 have been found to reproduce
experimental free energies of transfer for the five-membered ring (see Table 2.6); the hexyl side chain is described
by two SC3 beads. A representation of the Martini mapping and underlying atomistic structure is presented
in Figure 2.10, and bond and angle distributions are presented in Figure 2.11. The CG force field bonded
parameters are collected in Table 2.1. Very stiff bonds, such as the ones between groups which are part
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2
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SC4
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Figure 2.10 | CG site positions (and types) and underlying atomistic structures for the molecules involved in the
present study. The Martini model beads describing C60 are depicted with a smaller radius for clarity.

Table 2.1 | P3HT CG bonded parameters. The indices i , j and k indicate that the bonded term is defined
between subsequent thiophene units.

b1
b2
b3
b4

Bead types (labels)
SC5-SC5 (S1-C2, S1-C3, C2-C3)
SC5-SC3 (C3-C5)
SC3-SC3 (C5-C6)
VSi -VS j (VSi -VS j )

θ1
θ2
θ3
θ4

SC5-SC5-SC3 (S1-C3-C5)
SC5-SC3-SC3 (C3-C5-C6)
VSi -SC5 j -SC5 j (V4i -C3 j -C5 j )
VSi -VS j -VSk (V4i -V4 j -V4k )

φ1

SC5i -VSi -VS j -SC5 j (S1i -V4i -S1 j -V4 j )

b 0 (nm)
0.240
0.285
0.360
0.380
θ0 (deg)
180
155
160
158
φ0 (deg)
0.00
0.00

κb (kJ mol−1 nm−2 )
constraint
constraint
5000
50000
κθ (kJ mol−1 )
250
25
180
180
κφ (kJ mol−1 )
1.80
-9.50

n
1
2
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Figure 2.11 | Bond (nm) and angle (deg) distributions for P3HT (Martini in red, GROMOS in blue). Each header
indicates the degree of freedom whose distribution is shown (compare to Table 2.1).

of ring structures, are modeled as constraints. Virtual sites (VSs) are defined at the center of mass of the
thiophene rings in order to have more control on the polymer backbone. For example, angles between VSs and
neighbouring thiophene SC5 beads are introduced in order to preserve planarity. A VS-assisted dihedral ensures
the distribution of dihedral angles between thiophene rings match the atomistic one; the latter having been
fit to quantum mechanical (QM) calculations (see below). This strategy also improves numerical stability. 159
Note that P3HT molecular weight polydisperisity can be introduced by simply adding a mixture of chains with
different molecular weights (i.e., the current CG force field can be used as it is). Introducing polydispersity in
the regio-regularity requires, however, some modification of the force field. Namely, the current inter-thiophene
dihedral potentials, optimized based on QM calculations for the head-tail case (that is, the regio-regular case),
may not be appropriate. An investigation of the change on the dihedral potential in the head-head or tail-tail
case would be necessary in order to verify whether the parameters are accurate also for simulation regionrandom P3HT. The density of the Martini 3HT model is 0.950 g cm−3 (computed on a box of ∼450 molecules),
in good agreement with the experimental density (0.936 g cm−3 , see also Table 2.2).
Table 2.2 | Mass densities for the studied compounds. Outcomes of CG and AA simulations are reported along
with the experimental values. All values in g cm−3 .

3HT
PCBM
CB

exp.
0.94
∼1.50
1.10

CG
0.95
1.37
0.90

AA
1.02
1.55
1.08

PCBM. The CG model of PCBM makes use of the Martini “F16 ” model, a 16 beads representation of C60
fullerene developed by Monticelli 44 and available on the web. 160 The phenyl-butyric acid methyl ester side
chain is represented by a total of five interaction sites: three Martini SC5 particles represent the phenyl moiety,
following the standard model for benzene, while the butyric acid methyl ester side chain is modelled with a
C1 (butane) and Na (ester) particles (see also Figure 2.10). The bonded parameters for the PCBM CG model
are collected in Table 2.3, while bond and angle distributions are presented in Figure 2.12. The dihedral angle
distribution corresponding to the rotation around the bond connecting the phenyl ring to C60 is reproduced
at the CG level due to the presence of two (proper) dihedrals φ1 and φ2 . Note that the dihedrals plotted in
Figure 2.12 (right-hand side, bottom) are not the same as φ1 and φ2 , but are the ones which it is better to
look at when comparing to the atomistic dihedral. The (improper) dihedral φ3 is added to keep the side chain

2.5. Appendix: Method Details

39

Table 2.3 | PCBM CG bonded parameters.

b1
b2
b3
b4
b5

Bead types (labels)
CNP-SC5 (C08-C17)
CNP-C1 (C08-C20)
SC5-C1 (C17-C20)
C1-Na (C20-N21)
SC5-SC5 (C17-C18, C17-C19, C18-C19)

θ1
θ2

CNP-C1-Na (C08-C20-N21)
SC5-C1-Na (C17-C20-N21)

φ1
φ2
φ3

CNP-C1-SC5-SC5 (C08-C20-C18-C19)
CNP-C1-SC5-SC5 (C08-C20-C19-C18)
CNP-SC5-C1-CNP (C03-C17-C20-C09)

b1, C08-C17
140
120
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80
60
40
20
0
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Figure 2.12 | Bond (nm) and angle (deg) distributions for PCBM (Martini in red, GROMOS in blue). Each header
indicates the degree of freedom whose distribution is shown (compare to Table 2.3).
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orientation fixed with respect to the beads describing C60 . The density of the Martini PCBM model is 1.37 g cm−3
(for a box of ∼1000 molecules), about 8% too low with respect to the experimental density for an amorphous
PCBM film (∼1.5 g cm−3 , 161–163 although there are studies 164 reporting a lower density of about ∼1.3 g cm−3 ).
The density obtained for the PCBM atomistic model (see also next Section) is ∼1.55 g cm−3 , supporting the
majority of experimental data (Table 2.2). The CG model underestimation is probably mainly caused by the (too
large) size of the S-beads describing the phenyl ring. This hypothesis is supported by the fact that the density of
a pure benzene phase is 0.710 g cm−3 in the Martini model, while the experimental value 0.876 g cm−3 .
Chlorobenzene (CB), being, along with 1,2-dichlorobenzene, the most popular solvent for the P3HT:PCBM
blend, 153 has been chosen as solvent. A Martini model has been created based on the Martini benzene model.
Two SC4 and a SC5 beads describe the ring (see also Figure 2.10), giving free energies of transfer in agreement
with experimental data (see Table 2.6). The bonds SC4-SC4 and SC4-SC5 are modeled as constraints with lengths
of 0.27 and 0.33 nm, respectively. The density obtained for such a model is 0.90 g cm−3 , which underestimates
the actual density of CB (1.10 g cm−3 ). However, as noted before, the same is true for the density of benzene
within the Martini force field.

2.5.5. Atomistic Models
All-atom (AA) models based on the GROMOS 53A6 force field 52 have been used as reference to derive effective
bonded interactions for the CG ones and as reference for free energy profiles of dimerization. AA models were
obtained as follows: a starting AA topology was obtained from the automated topology builder (ATB); 165 the
obtained parameters were then thoroughly double-checked for consistency with the GROMOS 53A6 force field
as defined in Ref. 52; QM calculations have been used to check critical dihedral angles; HF/6-31G* dipole
preserving analysis (DPA) 71 charges are used. Charges have been computed on a B3LYP/6-31G* optimized
structure and they have been symmetrized and rounded to three decimal digits. Both geometry optimization
and dipole analysis calculations have been performed with the GAMESS-UK package. 166 More specific details
on the AA models are given in the following sections for the various molecules employed in the study.
P3HT. The polymer AA model bonded parameters are shown in Table 2.4. When no standard GROMOS
bonded parameters were available, this being the case for a few bonded terms involving the thiophene ring, the
quantum-mechanically optimized structure was taken as reference for selecting a equilibrium bond (angle)
distance. Force constants for such bonded terms were taken from the pool of already existing GROMOS
parameters. The dihedral angle between different thiophene units (S-C-C-S) has been parametrized 148 based
on torsional energy profiles computed by Darling and Sternberg. 167 An equilibrated simulation box containing
216 3HT monomers shows a density of 1.02 g cm−3 , overestimating (by about 9%) the experimental value (0.936
g cm−3 ).
PCBM. The AA C60 model employed is the one developed by Monticelli, 44 available on the web at Ref.
160. The model uses the Lennard-Jones parameters obtained by Girifalco, which were derived based on solidstate properties (heat of sublimation, lattice constant of C60 crystal), 168 but which turn out to perform also
reasonably well in terms of partitioning between solvents. 44 The model for the sidechain has been obtained
following the general procedure outlined before and was subsequently merged to the C60 model. Bonded terms
for PCBM are listed in Table 2.5. The dihedral involving the rotation around the bond connecting the phenyl
ring to C60 and the one involving the rotation around the bond connecting the butyric acid methyl ester moiety
to C60 have been taken from the OPLS-AA force field 53 following Cheung and Troisi. 169 The density of a box
(containing about 800 molecules) of (amorphous) PCBM is found to be 1.55 g cm−3 , in agreement with the
majority of the experimental reports. 161–163
CB. The CB AA model gives a density of 1.08 g cm−3 , which agrees well with the experimental value of 1.11
g cm−3 . 170 GROMACS topology files of the Martini and atomistic models used in the present work are available
for download as part of the Supporting Information of Ref. 117 and on the Martini portal http://cgmartini.nl.
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Table 2.4 | P3HT atomistic bonded parameters. The indices i , j and k indicate that the bonded term is defined
between subsequent thiophene units. 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.

b 0 (nm)
0.1730
0.1090 (gb_3)
0.1360 (gb_13)
0.1430 (gb_19)
0.1520 (gb_26)
0.1530 (gb_27)
0.1430 (gb_19)
θ0 (deg)
92.80
119.00
110.00
126.00 (ga_36)
111.00 (ga_15)
126.00 (ga_37)
109.50 (ga_11)
130.00
120.00 (ga_29)
φ0 (deg)
0.00 (gi_1)
0.00 (gd_40)
0.00 (gd_34)
0.00
0.00

Atoms
S-C
HC-C
C-C (CT2-CT3)
C-C (CT3-CT4)
C-C (CT3-C6)
C-C (hexyl chain)
Ci -C j (CT2i -CT5 j )
C-S-C
S-C-HC
S-C-C
HC-C-C (thiophene)
C-C-C
C-C-C (CT-CT-C)
HC-C-C,HC (hexyl chain)
Ci -Ci -C j (thiophene)
Si -Ci -C j (thiophene)
thiophene
C-C-C-C (CT-CT-C-C)
C-C-C-C (hexyl chain)
Si -Ci -C j -S j a
a

Fitted to QM data.

κb (kJ mol−1 nm−2 )
5.94 · 106 (gb_31)
1.23 · 107 (gb_3)
1.02 · 107 (gb_13)
9.21 · 106 (gb_19)
5.43 · 106 (gb_26)
7.15 · 106 (gb_27)
9.21 · 106 (gb_19)
κθ (kJ mol−1 )
420.00 (ga_2)
575.00 (ga_36)
530.00 (ga_15)
575.00 (ga_36)
530.00 (ga_15)
640.00 (ga_37)
425.00 (ga_11)
760.00 (ga_39)
760.00 (ga_29)
κφ (kJ mol−1 )
167.36 (gi_1)
1.00 (gd_40)
5.92 (gd_34)
1.80
−9.50

2

n
6
3
1
2
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Table 2.5 | PCBM 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.

2

Atoms
CF-CF (fullerene)
CF-C
HC-C
C-C (alkyl chain)
C-O (ether)
C-O (carbonyl)
C-C (phenyl)
CF-CF-CF (fullerene pentagons)
CF-CF-CF (fullerene hexagons)
CF-CF-C (fullerene - side chain)
C-C-C
HC-C-C,HC (hexyl chain)
C-C-C (phenyl)
C-C-CH (phenyl)
C-C-O
O-C-O
C-O-C
CF-CF-CF-CF
C-C-C-C (phenyl)
C-C-C-C,HC (alkyl)
C-C-C-O, C-C-O-C (alkyl)
CF-C-C-C (fullerene-alkyl)
CF-C-C-C (fullerene-phenyl)

b 0 (nm)
κb (kJ mol−1 nm−2 )
0.1450
3.92 · 105
0.1529
2.24 · 105
0.1090 (gb_3)
1.23 · 107 (gb_3)
0.1530 (gb_27)
7.15 · 106 (gb_27)
0.1360 (gb_13)
1.02 · 107 (gb_13)
0.1230 (gb_13)
1.66 · 107 (gb_13)
0.1390 (gb_15)
8.66 · 106 (gb_15)
θ0 (deg)
κθ (kJ mol−1 )
108.0
527.184
120.0
527.184
62.8; 54.5; 120.0 488.273; 585.76; 527.184
111.00 (ga_15)
530.00 (ga_15)
109.50 (ga_11)
425.00 (ga_11)
120.00 (ga_26)
530.00 (ga_26)
120.00 (ga_25)
530.00 (ga_25)
126.00 (ga_38)
770.00 (ga_38)
124.00 (ga_33)
730.00 (ga_33)
120.00
635.00 (ga_22)
φ0 (deg)
κφ (kJ mol−1 )
143.00
100.00
0.00 (gi_1)
167.36 (gi_1)
0.00 (gd_29)
3.77 (gd_29)
180.00 (gd_11)
7.11 (gd_29)
Fourier dihedral coefficients (kJ mol−1 )
0.000
0.000 0.000 0.000
5.439 −0.209 0.837 0.000

n

3
3
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2.5.6. Force Field Validation
Free Energy of Transfer. Partitioning between different solvents being the main target of the Martini force field
parametrization, free energies of transfer of the newly created molecules have been computed and compared
to experimental or atomistic data in order to choose the nonbonded interactions. Along with the commonly
employed partitioning between hexadecane and water, partitioning data between hexadecane and benzene
have been included (for the fragments for which experimental data were available) because of the relevance
of benzene as a phase for the pi-conjugated systems under study. Computed free energies of transfer have
been obtained by separately calculating the solvation free energies in the various solvents and then using the
following thermodynamic cycle
∆G S1 →S2 = ∆G S1 →Ø − ∆G S2 →Ø
where Si denotes a solvent and Ø denotes vacuum, to compute the free energy change in moving the solute from
S1 to S2 . Solvation free energies were computed by gradually decoupling the solute from the solvent, that is, by
simulating the desolvation of the solute. The change in free energy between the solvated and the fully uncoupled
state is the negative of the solvation free energy. The degree of coupling between solvent and solute is changed
through the use of the λ parameter, ranging from 1 for the solvated solute to 0 for the uncoupled state (solute
in vacuum). 10 and 20 λ points were simulated for CG and AA systems, respectively. Electrostatic interactions
were switched off before van der Waals ones when charged molecules were present. A stochastic integrator was
used, and the velocity-rescaling thermostat 151 and the Parrinello-Rahman barostat 152 employed to maintain
pressure and temperature, respectively. GROMACS 5.x was employed to run the simulations. The free energies
and corresponding errors were finally computed using the Multistate Bennett Acceptance Ratio (MBAR). 171
Table 2.6 lists the results for molecules (or moieties) involved, along with the final CG representations.
Table 2.6 | 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 (∆G S1 →S2 ) obtained from experiments (along with
the experimentally determined partitioning coefficient logP representing the same transfer (logPS1 →S2 )) and
computed at the CG and AA levels are shown. Solvents are hexadecane (HD), benzene (BZ) 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;
however, the accuracy of the force field being considered to be at most 1 kJ mol −1 , the numbers are rounded to
integers. Experimental data are from Refs. 172 and 173.
a Calculated (COSMO-RS) value. 173
b All data from Ref. 44. Octane is used as hydrophobic phase instead of hexadecane.

thiophene
hexane
benzene
CB
C60 b

CG model
SC5-SC5-SC5
SC3-SC3
SC5-SC5-SC5
SC4-SC4-SC5
F16

∆G HD→W
(logP) exp CG
(−1.78) 10 12
(−4.49) 26 25
(−2.15) 12 11
(−2.84) 16 18
97 75

AA
13
25
13
18
92

∆G HD→BZ
(logP) exp
CG

(0.47a ) −3
(0.33a ) −2
−9

0
1
−10

AA

−3
−3

PMF Calculations. The PMF profiles were obtained from umbrella sampling (US) simulations. The two
molecules were placed in a box and solvated in CB. Umbrella windows were spaced 0.05 nm apart along the
reaction coordinate, this being the distance between the centres of mass of the thiophene (in the case of 3HT)
or of the C60 moiety (in the case of PCBM). Note that the box was large enough so that even at the largest
distance each molecule was further away from periodic images than from the actual other molecule present
in the box. For each window, this distance was kept fixed by an umbrella potential with a force constant of
1500 kJ mol−1 nm−2 . Each window was simulated for 500 ns in the case of the CG systems and 100 ns in the

2

44

2

2. Atom-Resolved Morphologies from Coarse-Grain Evaporation Simulations

AA cases. A stochastic integrator was employed, and weak coupling schemes used to maintain pressure and
temperature. 174 GROMACS 4.6.7 was employed to run the US simulations and the free energy profiles were
calculated using the weighted histogram analysis method (WHAM) 175 as implemented in the GROMACS tool
g_wham.
Umbrella Sampling Results. In Figure 2.6 all the computed PMFs are shown. Overall, the agreement
between atomistic and CG models is more than satisfactory. Main discrepancies are seen for the 3HT model.
By comparing the Martini 3HT monomers dimerization PMF to its atomistic analogue, two main features are
apparent: first, the minimum is shifted towards a larger distance (∼0.59 nm versus ∼0.54 nm); secondly, the
minimum is detectably deeper (about 1 kJ mol−1 ) in the case of the CG representation of the monomeric unit.
This was not unexpected. The thiophene ring is, as described before, mapped using three S-particles. These
p
6
beads have a smaller radius (0.241 nm, = 2σS where σS = 0.43 nm) than normal Martini beads (0.264 nm,
p
6
= 2σN where σN = 0.47 nm) in order to account for a reduced CG sites/atoms mapping ratio. However,
the size of the S-beads is still too large as compared to the “thickness" of ring systems, making so that two
thiophene units cannot get as close as they can when described atomistically. Regarding the deeper minimum,
thiophene, as noted previously, constitutes an extreme case where 5 atoms are mapped to 3 interaction sites,
making the CG sites/atoms ratio < 2. The higher density of interaction sites (as compared to Martini standards)
caused by this gives rise to somewhat stronger interactions between thiophene rings and other molecules. The
interaction between two thiophene rings will be affected twice by this effect, thus causing the overestimation
seen in the 3HT-3HT free energy profile. The overestimation is, however, slightly less than 1 kJ mol−1 , and for
this considered to be in good agreement with the AA reference PMF.

2.5.7. Simulations Details
Evaporation Protocol Details. P3HT, followed by PCBM, molecules are randomly inserted in the simulation
box and subsequently solvated in CB. Four cycles of energy minimization followed by one NVT and one NPT
simulations are run. The mdp run parameters for these initial phases are the same as the run parameters
described in the Methods section for solvent evaporation simulations, with the following differences. In the case
of the energy minimization, 20000 steps of steepest descent are performed. For the NVT and NPT equilibrations,
weak coupling schemes are employed to maintain pressure and temperature. 174 The evaporation script and all
the files necessary for the run are available for download as part of the Supporting Information of Ref. 117 and
on the Martini portal http://cgmartini.nl.
Simulation Box Size. In Figure 2.13 top views on final morphologies obtained from evaporation simulations
on different length scales are displayed. The P3HT:PCBM weight ratio is 0.7:1.0. The number of contacts have
been computed for the different system size final blends and are collected in Table 2.7. It can be seen as the
percentages of the computed contacts remain practically constant as the system size increases.

(a)

(b)

(c)

Figure 2.13 | Top view of morphologies for different simulation box sizes: (a) 40 x 40 x ∼5 nm3 , (b) 30 x 30 x ∼5
nm3 , (c) 20 x 20 x ∼5 nm3 .
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Table 2.7 | Number of contacts for the different simulation box sizes. The P3HT-P3HT, P3HT-PCBM and PCBMPCBM contacts are expressed as percentages of the total number of contacts.

simulation box size
20 x 20 x ∼5 nm3
30 x 30 x ∼5 nm3
40 x 40 x ∼5 nm3

P3HT-P3HT (%)
53.1 ± 0.1
53.5 ± 0.6
53.8 ± 0.4

P3HT-PCBM (%)
17.6 ± 0.1
17.3 ± 1.1
16.6 ± 0.7

PCBM-PCBM (%)
29.3 ± 0.1
29.2 ± 0.5
29.6 ± 0.4

2.5.8. Analysis Details
Number of Contacts. Number 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, the
p
6
radius of Martini CG particles being 2σN = 0.264 nm (where σN = 0.47 nm). For P3HT-PCBM contacts, the
command to be used is:

echo 0 1 | gmx mindist -n phases . ndx -f blend . gro -d 0.6 - on P3 - PC . xvg
where the GROMACS index phases.ndx contains two groups: one to which all the P3HT beads (but the virtual
sites) belong and the second to which all the PCBM beads belong; and blend.gro contains the coordinates of
the molecules in the configuration for which the number of contacts has to be computed. The bash echo piped
before the gmx mindist command will select group 0 (P3HT) and group 1 (PCBM) so to compute the number of
contacts between the two groups (i.e., P3HT-PCBM contacts). When computing the pure phases contacts (P3HTP3HT and PCBM-PCBM) the counting of intramolecular contacts which would follow by employing an index as
the one described above is avoided by employing the following procedure. The number of contacts between
each P3HT (PCBM) molecule and all the other P3HT (PCBM) molecules (therefore practically having to define
a separate index file for each molecule considered) are computed separately; this is iterated for all the P3HT
(PCBM) molecules and then added together. The sum of all these contacts must then be divided by 2 to remove
the double counting arising from computing the contacts between mol1 and all the other molecules (containing
contacts between mol1 -mol2 ) and the contacts between mol2 and all the other molecules (containing contacts
between mol2 -mol1 ).
Normalization of P3HT-PCBM Contacts. 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 P3HT-PCBM contacts. These two configurations have been generated using a starting configuration
obtained with the software packmol 176 which has been then equilibrated in NPT conditions. See Figure 2.14.
Note that the planar heterojunction configuration contains only one P3HT-PCBM interface.

(a)

(b)

Figure 2.14 | (a) Planar heterojunction and (b) randomly mixed configurations representing the two opposite
reference (extreme) cases of mixing. From these, the minimal and maximal amount of P3HT-PCBM contacts
can be extracted, respectively.
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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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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

3

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

3

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

54

3. Elucidating Miscibility in Doped Molecular Semiconductors

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 ◦

3

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).
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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

3

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.

60

3. Elucidating Miscibility in Doped Molecular Semiconductors

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
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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)
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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
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0.25
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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
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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.
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4. Polar Side Chain-Induced Disorder

Organic semiconductors consisting of molecules bearing polar side chains have
been proposed as potential candidates to overcome the limitations of organic
photovoltaics (OPVs) owing to their enhanced dielectric constant. However, introducing such polar molecules in OPV devices has not yet resulted in higher
efficiencies. A microscopic understanding of the impact of polar side chains on
electronic and structural properties of organic semiconductors is paramount
to rationalize their effect. Here, we investigate the impact of such side chains on
bulk heterojunction overall morphology, molecular configurations at donoracceptor (DA) interfaces, and charge carrier energy levels. Via a multiscale
computational scheme, we are able to resolve DA interfaces with atomistic resolution while taking into account the large-scale self-organization process which
takes place during the processing of an organic thin film. The polar fullerenebased blends are compared to the well-studied reference system, P3HT:PCBM.
Introduction of polar side chains on a similar molecular scaffold does not affect
molecular orientations at the DA interfaces. However, it does impact considerably the charge carrier energy levels of the organic blend, causing electrostaticinduced broadening of these levels. This is undesirable, as it leads to charge
carrier relaxation, and thus voltage losses.

4.1. Introduction
Functionalization of organic semiconductors with polar side chains based on ethylene
glycol (EG) is recently emerging as a key strategy to boost performance in organic electrochemical transistors 214,215 and organic thermoelectric devices. 191,198,202 In contrast to
traditional apolar alkyl side chains, EG side chains have a relatively high degree of polarity
due to the permanent dipole moments introduced by substitution of methylene units
for oxygen atoms. Replacement of alkyl by EG chains has been found to increase the
doping efficiency of organic semiconductors in thermoelectric devices—mostly due to
an increased host-dopant miscibility, 191,198,202 to allow for mixed ionic-electronic conduction, 214,216 to decrease the π-π stacking distance of polymer backbones, 217 and to
increase the dielectric constant. 218–220 The increase in the dielectric constant of organic
semiconductors has been proposed as a strategy to increase the performance of OPVs. 136
Although EG side chains in particular have found ample use in achieving organic materials with increased dielectric constants, 218–223 this has not yet resulted in OPV devices
achieving higher efficiencies. 222 A microscopic understanding is paramount to rationalize
the effect of polar side chains in blends of organic semiconductors. Here, we investigate
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the impact of introducing polar side chains in bulk heterojunction (BHJ) solar cells by
multiscale modeling: we study how their introduction affects phase separation, molecular
orientations of the donor and acceptor molecules at DA interfaces, and charge carrier
energy levels.
Despite a growing body of literature comprising modeling studies of organic semiconductors, 34,224,225 only few of them have considered the impact of the polarity of the side
chains on the functioning of organic devices. For example, by comparing C60 and C70 to
their well-known soluble derivatives, phenyl-C61-butyric acid methyl ester (PCBM) and
the analogous PC71 BM, it was found that fullerene functionalization leads to increased
energetic disorder in neat fullerene morphologies. 226,227 Fullerene functionalization also
decreases the electronic, or high frequency, dielectric constant, 228 with the increased
dielectric constant values recorded for (EG-)functionalized fullerenes 218 which are thus
expected to stem from dipolar contributions. Such dipolar contributions may positively
influence the charge separation process in OPV devices. This scenario is supported by the
study of de Gier and co-workers, 137 where side chains bearing dipole moments have been
shown to positively influence the charge separation by stabilizing the charge separated
state relative to the lowest charge transfer state. 137 However, a definitive picture of the
overall positive influence of polar side chains in BHJ solar cells has yet to emerge.
EG-functionalization may also influence molecular configurations at the DA interfaces. Such configurations have been linked to organic solar cell device performance
in several studies, both theoretically and experimentally. 229–234 Experimentally, while
some information regarding molecular configurations at the interfaces can be obtained
for planar heterojunctions, 229,230,234 few studies obtained such information for BHJ interfaces, 231,232 and there is no wide-spread method to characterize preferential orientation
at the DA interfaces in BHJs. Despite the potential of computational modeling to help in
this endeavour, previous work was limited either by too low molecular resolution—which
makes a direct link to molecular configuration ambiguous, 18,109,116 or by timescales—
which lead to the modeling of pre-assembled interfaces, thereby hampering the prediction
of relative abundance of DA configurations in a given blend. 70,233,235
In what follows, we resolve molecular configurations at the DA interface of realistic 117 bulk heterojunction morphologies while taking into account the large-scale selforganization process which takes place during the processing of an organic thin film. A
detailed configurational analysis shows how structures at the DA interface are affected
by the molecular weight of the polymer—poly(3-hexyl-thiophene) (P3HT)—and processing conditions such as thermal annealing. In the case of the reference P3HT:PCBM
blends, while low molecular weight P3HT leads to more end-on DA configurations, higher
molecular weight P3HT is found to promote face-on configurations. We then investigate
the impact of polar EG-based side chains by replacing the reference fullerene derivative PCBM with a recently synthesized fulleropyrrolidine which showed an enhanced
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dielectric constant—PTEG-1. We study how a higher degree of polarity affects 1) phase
separation, 2) molecular orientations of the donor and acceptor molecules at DA interfaces, and 3) the charge carrier energy levels. Functionalization of the fullerene acceptor
by EG side chains tends to decrease the phase separation—due to increased fullerene
solubility—but does not impact molecular orientations at the DA interfaces. In contrast,
the permanent dipoles of the polar side chains have a large impact on the energetics of
the organic blend. Microelectrostatic calculations predict that installing polar side chains
leads to considerable broadening of the charge carrier energy levels, due to increased
electrostatic disorder. This is undesirable, as it leads to charge carrier relaxation, and thus
voltage losses.

4.2. Results and Discussion
Molecular Configurations at Donor-Acceptor Interfaces. We first characterize structurally the DA interfaces in the reference P3HT:PCBM system. We generate realistic BHJ
morphologies at the CG level (Figure 4.1a) via large-scale solvent evaporation simula-

4

tions (see Methods). 116,117 Such simulations mimic the solution-processing step through
which organic thin films are produced experimentally. The use of Martini 38,39 CG models,
which retain a sizable degree of chemical specificity and structural detail, allows for direct
analysis of the DA interfaces of such CG morphologies: we thus retrieve (see Methods)
maps of the relative abundance of different DA molecular orientations (Figure 4.1c).

(a)

(c)

CG morphology

DA configuration space

DA interface
configuration
analysis

end-on

(b)

AA

CG

AA

edge-on

CG
face-on

P3HT

PCBM

Figure 4.1 | Molecular configurations at donor-acceptor interfaces of simulated P3HT:PCBM morphologies.
(a) Morphology of a blend of P3HT (24-mer) and PCBM at coarse-grain (CG) resolution generated via solvent
evaporation simulations. (b) All-atom (AA) and CG representations of a P3HT (for clarity, a trimer is shown)
and a PCBM molecule. (c) DA configurational space, obtained by binning all the DA pairs at the DA interfaces
of a given morphology in the 2D space formed by the distance, r DA , connecting the center of mass of C60 and
the center of mass of the thiophene ring, and the angle, θDA , between the r DA vector and the vector normal to
the thiophene plane. In this way, regions in the 2D map represent the different DA molecular configurations:
face-on, end-on, and edge-on (see insets). In the insets, the reference P3HT monomer and C60 fullerene are
highlighted in red and blue, respectively; neighboring P3HT monomers and PCBM side chains are shown in
gray. Note that P3HT chains are not rendered in full—only 5 consecutive monomers are shown—for clarity.
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A representative map for a simulated solution-processed P3HT:PCBM blend (P3HT
molecular weight of 2 kDa) is shown in Figure 4.1c. The map gives a view on the relative
abundance of DA configurations found at the heterointerfaces of the blend, which can be
classified—according to the relative position and orientation of the donor and acceptor
π-systems 108,233 —in three categories: face-on, end-on, and edge-on. These categories
apply in the case of an isotropic shape for one of the two molecules of the blend—this
being the case of, for example, fullerene-based organic mixtures. Characteristic snapshots
of such configurations are shown as insets in Figure 4.1c for the P3HT:PCBM blend: in
face-on configurations, the P3HT thiophene rings face C60 ; in end-on configurations, the
P3HT thiophene rings are in contact with C60 but the normal to their plane is oriented perpendicularly to the C60 –thiophene connecting vector; finally, in edge-on configurations,
P3HT side chains separate C60 and the π-system of P3HT.
The map of Figure 4.1c shows examples of these three configurations, as three regions
can be distinguished. In the bottom-left corner, we can individuate face-on configurations, since such configurations imply the shortest possible r DA distance and a θDA ∼ 0◦
(r DA ≈ 7.5 Å, 0◦ ≤ θDA < 25◦ ⇒ face-on). In the top-left corner, we can locate end-on configurations, since such configurations imply a slightly larger r DA distance and a θDA ∼ 90◦
(r DA ≈ 8.5 Å, 65◦ < θDA ≤ 90◦ ⇒ end-on). Finally, around the same angle, but at a larger
distance, we can individuate edge-on configurations (r DA ≈ 12 Å, 65◦ < θDA ≤ 90◦ , ⇒
edge-on). The map indicates that, not surprisingly, multiple type of DA interfaces coexist
in BHJs. In the next section, we will thoroughly investigate some factors which can affect
the relative abundance of molecular configurations at the heterointerfaces.
Effect of Polymer Molecular Weight and Thermal Annealing on Configurations at
Interfaces. Both P3HT molecular weight (MW) and thermal annealing—a process often
employed to post-process solution-processed organic thin films—are known to affect
the structural organization of P3HT:PCBM blends on the mesoscale. In particular, low
MW P3HT is known to crystallize more readily, 236 while in the case of many organic
photovoltaic blends, both fullerene-based 237 and nonfullerene-based, 238 annealing the
organic film boosts the performance of the device considerably. Annealing is known
to increase the crystallinity of (at least) one of the two components of typical organic
blends. 237,238 As a consequence, phase separation also usually increases. However, it is
not clear whether and how these two “parameters”—the MW of the polymer phase and
thermal annealing—impact the molecular configurations at the DA interfaces. We thus
performed the configuration analysis on P3HT:PCBM blends with varying P3HT MW and
before and after thermal annealing.
We first discuss the results obtained as a function of P3HT MW. We vary the MW of
P3HT from 2 to 8 kDa, corresponding to P3HT chains from 12 to 48 monomers long. Figure 4.2a and 4.2c show typical snapshots of as-cast and annealed (see below) P3HT:PCBM
blends for P3HT MW of 2 kDa and 8 kDa, respectively. Their corresponding DA configu-
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ration phase spaces are shown in Figure 4.2b and 4.2d, respectively. Comparing the DA
phase spaces, the first clear feature is the enrichment in end-on configurations of the low
MW blend, while the high MW blend is dominated by face-on configurations. This may
intuitively be understood in terms of the face/end ratio of the two different P3HT chain
lengths: low MW P3HT contains more chain-ends than high MW P3HT, thus there is less
P3HT “face” available for fullerenes to dock in the low MW case. A second feature is the
more marked region at larger r D A , corresponding to edge-on configurations, in low MW
blends. Results for more blends, including intermediate MWs, are shown in Figure 4.6 in
the Appendix and confirm the trends just described: as the P3HT chain length increases,
the dominant DA configuration shifts from end-on to face-on.
as-cast

annealed

(b)

as-cast

annealed

as-cast

annealed

(d)

as-cast

annealed

12-mer

(a)

(c)

48-mer

4

Figure 4.2 | Effect of molecular weight and thermal annealing on the donor-acceptor configurations at the
interfaces of P3HT:PCBM blends. Renderings of as-cast and annealed simulated bulk heterojunctions are
shown for (a) low MW (2 kDa, corresponding to a 12-mer) and (c) high MW (8 kDa, corresponding to a 48mer) P3HT blends. Their corresponding DA configuration phase spaces are shown in (b) and (d), respectively.
Upon increasing P3HT MW, configurations at DA interfaces shift from end-on enriched to face-on dominated.
Upon annealing, the enhanced crystallinity of the P3HT phase leads to an even more drastic shift to end-on
configurations for low MW blends (c), while has little effect on the high MW blend (d). In (a) and (c), P3HT side
chains are not rendered to highlight the organization of P3HT backbones.

We anneal the simulated as-cast BHJs (as recently done 117 —see also Methods) and
perform the DA configuration analysis on the resulting morphologies. Comparing the
annealed blends and corresponding DA configuration maps of Figure 4.2 to their as-cast
counterparts, we note a few differences between the two extremes of the range of MWs
studied here upon thermal annealing. In the low MW case, the crystallinity of the P3HT
phase increases dramatically, and this has two consequences on the DA configurations: i)
an even more drastic shift towards end-on orientations, and ii) the disappearance of the
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population at larger distances, due to the formation of contacts between side chains of
different P3HT molecules upon P3HT lamella formation. Point ii) reduces the surface of
free P3HT side chains which can be approached by fullerene molecules, hence decrease
the DA population in the top-right corner of Figure 4.2b. However, in the high MW case,
the dominant configuration remains face-on, and only a little decrease in the edge-on
population is noticeable. This again can be rationalized intuitively by considering the
different face/end ratio of P3HT chains, this time considering also the effect of annealling,
that is enhanced crystallinity. In the low MW annealed case, P3HT backbones readily
come together to form polymer crystallites, leaving even fewer backbone “faces” free for
interactions with the fullerene. At the same time, the “end” of the crystal grows, effectively
increasing the “end-on surface” available for the fullerene derivatives to dock. Hence the
further increase of the end-on feature of the 2D map. Also, fewer side chains are free due
to the growth of P3HT lamella upon crystallization, thus decreasing the “edge-on surface”
as well. In the heaviest MW case, the impact of annealing is reduced—in agreement with
earlier results on the change in phase separation upon annealing 117 —showing only a
minor decrease in the edge-on population. The dominant interface configuration remains
face-on.
Given the fact that the heaviest P3HT studied here is still lighter than the ones employed in P3HT-based OPV devices (8 kDa vs 30–60 kDa 153 ), the picture derived in the
highest MW case is likely to be more relevant than the low MW one for actual P3HT solar
cells and, in general, for polymer-based blends. In contrast, the low MW P3HT picture
which emerges is likely to be relevant for small-molecule-based 7 organic blends.
These findings indicate also that the ratio between the multiple pathways through
which charge separation occurs within a BHJ 70,233 may change depending on the P3HT
MW and processing conditions. In particular, Fazzi et al. have recently reported 239
that end-on configurations allow for “cold-splitting” of excitons, 240 where intermediate
charge-transfer states first thermalize and then split intro free charges; in contrast, faceon configurations are more suited to a “hot” charge separation mechanism, 241 where the
excess vibrational energy of the higher lying intermediate charge-transfer state is used
to overcome the Coulomb attraction between the hole and the electron. In view of the
present work, high MW P3HT:PCBM blends are expected to allow for cold exciton splitting
to a lesser degree than low MW ones, given the dominance of face-on configurations at
the heterointerfaces. In the present case, shifts on the DA configuration populations at the
heterointerfaces are driven by the chain length and degree of crystallization of the polymer.
However, other factors such as sterical accessibility of molecular moieties 242 may also
play a role. The current protocol allows to explore whether and to which extent factors
such as processing conditions and molecular features impact the relative orientations of
molecules at the DA interfaces. This constitutes a necessary step in the direction of an
increased rational approach to the design of high performance OPVs.
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Figure 4.3 | Structural impact of polar side chains. (a)-(d) P3HT-based blends of the reference fullerene derivative
PCBM are compared to (e)-(h) P3HT-based blends of PTEG-1, a fullerene derivative bearing an EG-based polar
side chain (see (e) for a rendering of its atomistic structure overlaid with its CG representation). Snapshots
of as-cast (b) P3HT:PCBM and (f) P3HT:PTEG-1 simulated BHJs are shown for the 8 kDa P3HT case. In this
case, polar side chains increase the miscibility between the donor and acceptor molecules, as quantified by
the number of DA contacts for the (c) P3HT:PCBM and (g) P3HT:PTEG-1 blends. DA configurations at the
interfaces—shown in (d) and (h) for 8 kDa P3HT-based blends—show, however, no major difference.

Impact of Polar Side Chains on the Phase Separation and DA Configurations. We
now investigate the impact of polar side chains in bulk heterojunctions, firstly from a
structural point of view. To this end, we replace the reference fullerene derivative, PCBM,
with a recently synthesized 218 fulleropyrrolidine, PTEG-1 (Figure 4.3e). PTEG-1 has a
longer and EG-based side chain and showed a dielectric constant of 5.7±0.2, considerably
higher than the one of the reference compound PCBM (3.9 ± 0.1). 218
Figure 4.3 collects a structural comparison between P3HT-based blends of the two
fullerene derivatives, PCBM and PTEG-1 (see Figure 4.3a and 4.3e for the atomistic structures and CG representations of the two fullerene derivatives). We first analyze the impact
of the EG-based side of PTEG-1 on the overall phase separation. We do so by looking at the
number of donor-acceptor contacts throughout the simulated BHJ: a higher number of
such contacts indicates higher likelihood to find a P3HT molecule close to a fullerene one,
i.e., a more intimately mixed morphology. The numbers of contacts in the planar heterojunction and completely intermixed extremes, respectively, have been used as references
to normalize the computed fraction of P3HT-fullerene contacts (see also Ref. 117). While
no significant difference is found for low P3HT MW blends (Figure 4.3c and 4.3g, 2 kDa),
high P3HT MW blends show increased mixing (Figure 4.3c and 4.3g, 8 kDa), as quantified
by the number of P3HT-fullerene contacts in the two cases. Increased mixing is consistent
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with the higher solubility of PTEG-1 in organic solvents with respect to PCBM. 218 However,
the predicted effect on the morphology is minimal, although envisaged to increase with
further EG-functionalization.
Turning to the DA interfaces, representative 2D maps of the DA configuration spaces
are shown in Figure 4.3d and Figure 4.3h. They show no major difference between
P3HT:PCBM and P3HT:PTEG-1 blends (see also Figure 4.7 in the Appendix). Accordingly,
we conclude that the overall geometry of the molecules, that is C60 -like in the case of both
PCBM and PTEG-1, drives molecular orientations at the DA interfaces, and dominates
over side chain functionalization with ethylene glycol. Sizable differences are expected in
the case of going from fullerene to non-fullerene acceptors, given the anisotropic shape
of the latter. This is currently being investigated and will be part of future work.
Effect of Polar Side Chains on the Charge Carrier Energy Levels. We now turn to
explore the impact of polar side chains on the charge carrier energy levels of bulk heterojunctions. The CG morphologies are thus backmapped—using a published protocol 29
(see Methods)—to retrieve full atomistic resolution. Subsequently, we compute holes
and electrons energy levels, ionization potentials (IPs) and electron affinities (EAs), for
the simulated BHJs. We employ Tight-binding Density Functional Theory (DFTB)—see
also Methods—to compute the gas-phase energy levels. In condensed phases, charge
carrier energy levels are largely affected by intermolecular interactions. These shift the
gas-phase IP and EA values, 62 and stabilize charges with respect to the gas-phase. Such
shifts are called polarization energies and are usually indicated as P + for a hole, and P −
for an electron. Two main contributions determine P ± : 62 1) the contribution of the electrostatic field experienced by the charge carrier in the condensed phase—the electrostatic
contribution, S ± ; and 2) the contribution of the dipoles the charge carrier induces in its
surrounding—the induction contribution, I ± . We evaluate these two contributions and
hence the polarization energies by microelectrostatic, or induced dipoles, calculations
using the classical polarizable Direct Reaction Field (DRF) force field as implemented in
the DRF90 software. 64 We consider a central molecule—either neutral or charged—and a
surrounding of 30 Å taken from the simulated large-scale morphology (for details, see
Methods).
P3HT-based BHJs containing PTEG-1 lead to broader charge carrier energy level
distributions, as shown in Figure 4.4. Both the HOMO and LUMO energy distributions are
considerably broader in blends containing PTEG-1. In particular, the standard deviation
(σ) of these distributions, an index for energetic disorder, increases by 20 to 35% when
going from P3HT:PCBM to P3HT:PTEG-1 blends, indicating increased energetic disorder.
It is instructive to first compare the electron energy levels in neat fullerene morphologies
of PCBM and PTEG-1, as shown in Figure 4.5. While the gas-phase LUMO levels almost
coincide (Figure 4.5a), once the electrostatic and induction effects of the surrounding
molecules are taken into account, the LUMO distributions broaden considerably, and
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this is more so in the case of PTEG-1. For PCBM, σ = 0.21 eV, in line with previous reports
by D’Avino et al. 227 and somewhat higher than the values obtained by Tummala and
co-workers. 226 As compared to PCBM, PTEG-1 shows a markedly broader distribution,
with σ = 0.35 eV. Analyzing the contributions to the broadening, Figure 4.5b show how: 1)
the energetic disorder is mostly due to the electrostatic contribution, in agreement with
previous findings; 227 2) the induction contribution is the same in both cases: this is not
surprising, as the polarizability of PCBM and PTEG-1 are expected to be very similar given
the fact that they are dominated by C60 ; 3) the induction contribution is anti-correlated
with the electrostatic one: as a consequence, the final energetic disorder is smaller when
considering the induction than what it would be in a purely electrostatic picture—in
agreement with previous findings; 227 4) the electrostatic contribution is centered around

Normalized Occurrence

4

Normalized Occurrence

zero for PCBM but has an overall stabilizing effect in the case of PTEG-1: this indicates
that the combination of the arrangements of PTEG-1 molecules and its dipoles, along

(a)

(b)

Energy (eV)

Figure 4.4 | Impact of polar side chains on the charge carrier energy levels of simulated bulk heterojunctions.
(top) Charge carrier energy levels in (a) P3HT:PCBM and (b) P3HT:PTEG-1 blends. The introduction of polar
side chains broadens the hole and electron energy levels in the BHJ, with standard deviations (σ) which increase
from 0.29 and 0.24 eV for the hole and electron energy levels in P3HT:PCBM blends to 0.34 and 0.35 eV in
P3HT:PTEG-1 ones. (bottom) The decompositon of the energy distributions in electrostatic, S ± , and induction,
I ± , contributions, highlights that the increased broadening is due to increased electrostatic disorder caused by
the presence of the dipole-loaded EG side chains.
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with the localization of the excess charge, gives rise to favorable interactions. Going back
to Figure 4.4, where the results for the blends are shown, the same effects observed for
the neat fullerene blends can be observed: however, this time not only on the electron
but also on the hole energy levels. In conclusion, the longer and dipole-loaded side chain
of PTEG-1 gives rise to considerably more electrostatic disorder, which broadens both
charge carrier energy levels.

(b)

Normalized Occurrence

(a)

Figure 4.5 | Electron energy levels in neat fullerene morphologies: PCBM vs PTEG-1. The gas-phase LUMO
levels – computed at the DFTB level – broaden in the condensed phase, leading to LUMO energy distributions
with standard deviations of 0.21 and 0.35 eV for PCBM and PTEG-1, respectively. On the left-hand side, we
analyze the total P − by decomposing into the electrostatic, S − , and induction, I − , contributions. The S − is
mostly responsible for the broadening of the LUMO energy distributions. The I − compensate slightly for the
electrostatic-induced broadening, leading to a reduction of the 0.26 and 0.42 eV standard deviations of the S −
distributions to the 0.21 and 0.35 eV standard deviations of the P − (and gas-phase) contribution(s).

According to the present findings, PTEG-1 is predicted to decrease the open-circuit
voltage (VOC ), given the same blend, due to increased electrosatic disorder. Such a decrease in VOC was previously reported upon EG-functionalization of polymers 217 and
nonfullerene acceptors, 243 and upon cyano-functionalization 244 of polymers, the latter
being another way of introducing permanent dipole moments in organic semiconductors. 222 Broadening of charge carrier energy levels can also lead to lower mobilities. 244 A
decrease in VOC and lower charge carrier mobilities are detrimental to the efficiency of
OPVs. However, polar side chains may counterbalance this detrimental effect by stabilizing charge separated states, 137 thereby making the charge dissociation more enthalpically
favorable, or by suppressing bimolecular recombination. Moreover, other factors, notably
morphology, can further influence the charge carrier energy levels, which may explain
why PTEG-1 was found to have a larger VOC when blended with the polymer PTB7 than
PCBM, 245 in apparent disagreement with the prediction of the present work.
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4.3. Conclusion
We investigated the effect that functionalization of an organic semiconductor with polar
side chains has on the structual and energetic landscape of organic blends. The multiscale modeling scheme employed allows for the investigation of molecular orientations at
the heterointerfaces as a function of processing conditions and molecular featuers. The
impact of a polar fullerene derivative on phase separation and donor-acceptor configurations is only limited. However, the dipole-loaded side chains of the polar fullerene impact
considerably the charge carrier energy levels. They induce broadening of the latter by
electrostatic disorder. This is undesirable, as it leads to charge carrier relaxation, which in
turns implies lower charge mobilities and voltage losses.
The polar side chain-induced broadening of charge carrier energy levels is not restricted to fullerene-based organic solar cells but is expected to be relevant for all molecular semiconductors and thus is antipicated to play a similar role also in nonfullerene-based
or all-polymer organic solar cells.
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4.4. Methods
Coarse-Grain and Atomistic Models. We use CG models based on the Martini force field. 38,39 The models for
P3HT and PCBM were taken from Ref. 117, while the model for PTEG-1 from Ref. 197. The PTEG-1 model
uses the latest EG Martini parameters. 246 The Martini C60 model was developed in Ref. 44. We refer to these
publications for thorough description of the models and their validation. Atomistic models were built upon the
models we developed in Refs. 117 and 197. Nonbonded parameters are taken from the GROMOS 53A6 force
field. 52 Bonded parameters, however, were matched to QM results using the Q-Force procedure. 57 Compared
to general atomistic molecular mechanics force fields which use libraries of bonded parameters to enhance
transferability, the Q-Force approach derives molecule-specific bonded parameters, and has thus the benefit of
having an MD potential energy landscape matching the QM one. This is highly beneficial for later performing
QM calculations on geometries obtained from MD simulations, as the use of general force field geometries for
QM calculations may lead to systematic and/or uncontrolled errors. 34,247 The Q-Force procedure employed in
this work consists of two steps: (i) fitting of the stiff bonded forcefield terms (bonds, angles, stiff dihedrals and
improper dihedrals) to the ωB97X-D 79 /6-311G(d,p) Hessian and (ii) fitting of the flexible EG dihedral potentials
to the ωB97X-D/6-311G(d,p) dihedral scans. These two steps are further explained in the Appendix. There, we
also compare the effect of using GROMOS and Q-Force bonded parameters on QM energies (see also Figure 4.10
and associated discussion in the Appendix). A script to generate arbitrarily long all-atom P3HT chains and their
corresponding topologies (in GROMACS 48 format) has been developed and can be downloaded from Github or
Figshare. 248 Details on the script are given in the Appendix.
Simulated Solvent Evaporation and Thermal Annealing. Morphologies were generated by solvent (the
solvent being chlorobenzene, CB) evaporation simulations as in Ref. 117 (chapter 2), following the method
introduced by Lee and Pao. 116 More specifically, starting from a simulation box (30 × 30 × 88 nm3 ) containing
a ternary mixture P3HT:fullerene:CB (with fullerene being either PCBM of PTEG-1) in a 1:0.8 weight ratio
(corresponding to concentrations of ∼39 mg mL−1 in P3HT and ∼31 mg mL−1 in PCBM), 1.25% of CB is
removed every 15 ns until a dried blend is obtained (30 × 30 × 5 nm3 ). This leads to a total drying time of 11 µs.
For further details, we refer to Ref. 117. Run parameters in the CG simulations follow the “new” Martini set of
run parameters 150 and are available on the Martini portal http://cgmartini.nl. Simulated thermal annealing
was carried out according to Ref. 117. Briefly, the final configuration of a solvent evaporation simulation is
annealed by running MD simulations at a higher temperature, as follows: 20 ns at 398 K, 20 ns at 498 K, 160 ns at
598 K, and 1.8 µs at 698 K, totaling to 2 µs of annealing time. The blend was then cooled down by performing
400 ns of MD simulation at 298 K. Note that, while the employed annealing temperature is higher than the
experimental one (∼420 K), 153 annealing time scales are also different (blends are commonly annealed for 5–10
min); 153 this makes a direct comparison between CG and experimental conditions not trivial. The GROMACS
package v. 5.x (or later) 48 was employed to run the simulations.
Backmapping. The procedure developed by Wassenaar et al. has been used for converting the CG morphologies back to full atomistic detail. 29 We refer to the publication 29 for all the details. Briefly, after the
initial projection made by the program backward.py through which atoms are placed according to the CG
particles-space definitions contained in mapping files, a series of energy minimizations is carried out until a
relaxed atomistic morphology is obtained. Further details, including the creation of mapping files, are given in
the Appendix.
Definition of Donor-Acceptor Pairs and DA Configuration Analysis. The determination of the configuration phase space spanned by DA complexes at the interfaces was done at the CG level. No essential information
is left out as compared to using the backmapped morphologies, as we perform the analysis using the centers
of mass of molecular moieties, such as the center of mass of C60 . The implemented procedure consists of the
following 4 steps – illustrated here for the P3HT:PCBM case, but valid also for P3HT:PTEG-1 blends:
i) Selection of molecules at the DA interface. The CG morphology (typical sizes of 300 × 300 × 50-100 Å3 ) is
divided, in the x and y dimensions, in overlapping voxels of dimensions 20 × 20 × z Å3 ; this is done so
that no interfaces are missed. Within each voxel, P3HT (PCBM) atoms are then selected if they are found
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to be within 6 Å of PCBM (P3HT) atoms. These lists are then corrected for double-counting of atoms and
complemented with the atoms which were not found to be within the 6 Å but which belong to molecules
which had some atoms within the 6 Å.
ii) Reduction of coordinates. The position of the centers of mass of P3HT thiophene rings, PCBM C60 s, P3HT
side chains, and PCBM side chains are then stored in matrices. Distance matrices between each of these
groups are then computed, giving rise to a set of distances which can be used to characterize the DA
pairs.
iii) Definition of DA pairs. Iterating over the PCBM molecules at the interfaces, 3HT monomers are considered
to form a DA pair if r D A , i.e., the C60 -thiophene distance, is within a cutoff of 16 Å. For each DA pair,
the angle (θDA ) between the vector normal to the thiophene plane (~
r THIO ) and the vector connecting
the center of mass of the C60 and the center of mass of the thiophene ring (~
r DA ) is computed, another
geometrical feature characterizing the DA pair along with the distances computed in step ii).
iv) Projecting the DA phase space on selected coordinates. The DA pair phase space was then projected onto
the 2D space formed by the r D A distance and the θDA angle by binning each DA pair according to their
(r D A , θDA ) values. Such 2D projection allows to distinguish between face-on, edge-on, and end-on DA
arrangements. For more details, see Figure 4.8 in the Appendix.

4

The whole procedure is implemented in Python and makes extensive use of the MDAnalysis library. 155,156
Tight-Binding Density Functional Theory Calculations. To compute gas-phase energy levels, we employ
self-consistent charge density functional tight binding (SCC-DFTB) 80 —here referred to simply as DFTB. Calculations were performed using the ADF 2016, 249,250 suite of programs, employing the QUASINANO 2015 parameter
set. 251 We compute the HOMO and LUMO energy levels of neutral species. Note that, within DFTB, the IP
(computed as U + −U 0 where U + and U 0 are the energies of the cationic and uncharged species, respectively)
equals the negative of the HOMO energy, while the EA (computed as U 0 −U − , where U 0 and U − are the energies
of the uncharged and anionic species, respectively) equals the negative of the LUMO energy. Moreover, Mulliken
charges computed at the DFTB level are employed to capture the conformation-dependent hole (de)localization
of P3HT chains (see below). Being about 3 orders of magnitude faster than DFT, the method allows for the
computation of the gas-phase energy levels for all the molecules of the simulated BHJs (typically between ∼1800
and ∼2400 molecules, totalling ∼ 0.5 · 106 atoms) in a few hours.
Microelectrostatic Calculations. We compute the polarization energies on the charge carrier energy levels
by a induced dipole (or microelectrostatic) scheme (see Refs. 59 and 62 for recent reviews). We here briefly
summarize the general framework and the key points and parameters of the approach. The polarization energy
for a positive or negative charge carrier in a molecular condensed phase is defined as the difference between
the values of the ionization potential or electron affinity in the condensed (IP or EA) and gas (IPg as or EAg as )
phase: 62,252
P + = I P − I P g as
(4.1)
P − = E A g as − E A

(4.2)

Note that a negative P ± value stabilizes the charge carrier in the crystal. Note that the historical 62 name of P ± ,
i.e., polarization energies, may be misleading. Indeed, the P ± which shift I P g as and E A g as of Equations 4.2 and
4.1 have at least two main contributions due to intermolecular interactions: 1) the electrostatic contribution,
S ± ; and 2) the induction, I ± . Charge delocalization and an intramolecular contribution due to the geometrical
relaxation upon ionization do impact P ± to a lower extent. 62 Thus, we have P ± = S ± + I ± . 59,62
Here, we compute S ± and I ± using the classical polarizable Direct Reaction Field (DRF) force field as
implemented in the DRF90 software. 64 The molecules are thus described classically with point charges and
atomic polarizabilities. Within DRF, polarizabilities are described according to Thole’s method for interacting
polarizabilities, 72,73 which avoid numerical instabilities by employing a distance-dependent damping function.
The induction contribution has to be evaluated self-consistently. 62,64 In practice, the polarization energy (for a

4.4. Methods

87

spherical cluster of N molecules) can be obtained with the following expression: 59,65
±
±
0
PN
= UN
−U N

(4.3)

0 , U + , and U − are the energies of a cluster of N molecules where the central molecule is either neutral,
where U N
N
N
positively, or negatively charged, respectively. The method was first applied to the anthracene crystal—a system
widely studied in the literature—and found to give results in line with previous experimental and theoretical
data, as shown in Figure 4.13 and Table 4.3 in the Appendix.
The input of DRF90 requires atomic polarisabilities and atomic charges for each (neutral and charged)
molecule. In the case of fullerenes, molecular geometries of the neutral and negatively charged fragments were
first optimized at the B3LYP/6-311G(d,p) level of DFT. For both the neutral and anionic fullerene molecules,
we computed charge distributions at their respective optimized geometry via the CM5 253 scheme, which is
based on Hirshfeld partitioning 254 of the electron density, as implemented in Gaussian 16. 255 Charges were
computed with a few basis sets and DFT functionals, among which ωB97XD, and were found to be very robust
(see also the Appendix), in line with previous reports. 253 In the case of P3HT, molecular geometries of neutral
P3HT chains with 6, 8, 10, and 12 monomers were first optimized at the ωB97XD/6-311G(d,p) level. CM5 charges
for the neutral fragments were then computed as done in the case of the fullerenes. By comparing the charges
of these four chains, charges for arbitrarily long neutral P3HT chains were derived. We distinguished two types
of monomers: termini (the two termini 3HT residues) and central (all the monomers but the two termini).
For details, we refer to the Appendix. The charges for the positively charged P3HT chains, however, cannot
be computed for a single chain conformation, as the flexibility of P3HT chains affects the localization of the
hole. 70,256 In order to take into account this dependence of the hole localization on conformational disorder,
we follow the approach of D’Avino et al.: 70 we compute Mulliken atomic distributions of excess positive charge
for each P3HT geometry at the DFTB level. These are then summed to the CM5 atomic charges of the neutral
P3HT, obtaining distributions for charged P3HT chains. The procedure is described in detail in the Appendix.
For the polarisabilities, we employed the standard set of polarisabilities of the DRF force field. These have been
parametrized on the basis of a large set of experimental molecular polarisabilities. 64,72
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4.5. Appendix: Method Details
4.5.1. P3HT:PCBM Blends: Additional Results
as-cast

annealed

(b)

as-cast

annealed

as-cast

annealed

(d)

as-cast

annealed

as-cast

annealed

(f)

as-cast

annealed

as-cast

annealed

(h)

as-cast

annealed

12-mer

(a)

24-mer

(c)

4

24-mer

(e)

48-mer

(g)

Figure 4.6 | Effect of MW and thermal annealing on morphologies and DA configurations. PCBM blended to
P3HT (a)-(b) 12-mers (2 kDa), (c)-(d) and (e)-(f) 24-mers (4 kDa) (two replicas), and (g)-(h) 48-mers (8 kDa)
(replica of simulation shown in Figure 4.2c-4.2d).
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4.5.2. P3HT:PCBM vs P3HT:PTEG-1 Blends: DA Interfaces
P3HT(12-mer):PCBM

P3HT(12-mer):PTEG-1

P3HT(24-mer):PCBM

P3HT(24-mer):PTEG-1

4

P3HT(48-mer):PCBM

P3HT(48-mer):PTEG-1

Figure 4.7 | Donor-acceptor pairs at the interfaces of P3HT:PCBM (left) and P3HT:PTEG-1 (right) blends span
very similar configuration spaces. Results for blends with P3HT 12-mers (2 kDa, top), 24-mers (4 kDa, center),
and 48-mers (8 kDa, bottom) are shown.
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4.5.3. Classifying Donor-Acceptor Complexes

(a)

(b)

(c)

4

Figure 4.8 | Construction of the 2D maps representing a projection of the DA configuration space. Binning of
the DA pairs according to their (r D A , θDA ) values results in the (a) raw plot. This needs to be normalized to
account for the increasing considered volume with increasing r D A distances, and hence the higher chances of
finding a neighbor with increasing r D A distances. For three dimensions, this normalization is the volume of the
spherical shell, which symbolically can be expressed as ρ 4πr 2 d r , and the resulting map is shown in (b). Finally,
in order to compare 2D maps obtained from different simulated BHJs, which can contain different amounts of
DA pair, we normalize by the total number of DA pairs (c).
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4.5.4. Atomistic Models
P3HT. The starting atomistic model for P3HT is taken from Ref. 117 (dubbed “GROMOS”). Two more version of
the P3HT model were developed. A “GROMOS stiff” version, where backbone dihedral potentials were stiffened
to better preserve the planarity of the thiophene rings. The polythiophene backbone was otherwise too flexible
with the GROMOS standard force constant for the improper dihedrals. In particular, two dihedral terms have
been modified with respect to the GROMOS model, 117 as shown in Table 4.1. The third version of the P3HT
atomistic model is the “Q-Force” version, where bonded parameters were matched to QM calculations. The
Q-Force procedure is explained further at the end of this Section. Note that all three P3HT models share the
same nonbonded GROMOS 53A6 52 parameters. The effect of the use of these three different sets of bonded
parameters is shown in Figure 4.10.
Table 4.1 | P3HT atomistic bonded parameters. The indices i , j and k indicate that the bonded term is defined
between subsequent thiophene units. If the bonded parameters are standard GROMOS 53A6, the corresponding
GROMOS labeling is shown in parenthesis next to the bond (angle) equilibrium value and/or force constant.
The non-standard GROMOS parameters (refined to better describe the thiophene rings) are indicated with a *.
a Fitted to QM data. The bonded terms which are present only on the “standard” (std) 117 or on the “stiff” (stiff)
version are indicated by the corresponding labels.

Atoms
S-C
HC-C
C-C (CT2-CT3, CT4-CT5)
C-C (CT3-CT4)
C-C (CT3-C6)
C-C (hexyl chain)
Ci -C j (CT2i -CT5 j )
C-S-C
S-C-HC
S-C-C
HC-C-C (thiophene)
C-C-C
C-C-C (CT-CT-C)
HC-C-C,HC (hexyl chain)
Ci -Ci -C j (thiophene)
Si -Ci -C j (thiophene)
thiophene impropers
thiophene impropers
thiophene propers
thiophene propers
C-C-C-C (CT-CT-C-C)
C-C-C-C (hexyl chain)
Si -Ci -C j -S j a

b 0 (nm)
0.1730 (gb_53*)
0.1090 (gb_3)
0.1360 (gb_13)
0.1430 (gb_19)
0.1520 (gb_26)
0.1530 (gb_27)
0.1430 (gb_19)
θ0 (deg)
92.80 (gb_55*)
119.00 (gb_56*)
110.00 (gb_57*)
126.00 (ga_36)
111.00 (ga_15)
126.00 (ga_37)
109.50 (ga_11)
130.00 (ga_58*)
120.00 (ga_29)
φ0 (deg)
0.00 (gi_1)
0.00 (gi_4*)
1.00 (gd_39)
1.00 (gd_44*)
0.00 (gd_40)
0.00 (gd_34)
0.00 (gd_42*)
0.00 (gd_43*)

κb (kJ mol−1 nm−2 )
5.94 · 106 (gb_31)
1.23 · 107 (gb_3)
1.02 · 107 (gb_13)
9.21 · 106 (gb_19)
5.43 · 106 (gb_26)
7.15 · 106 (gb_27)
9.21 · 106 (gb_19)
κθ (kJ mol−1 )
420.00 (ga_2)
575.00 (ga_36)
530.00 (ga_15)
575.00 (ga_36)
530.00 (ga_15)
640.00 (ga_37)
425.00 (ga_11)
760.00 (ga_39)
760.00 (ga_29)
κφ (kJ mol−1 )
167.36 (gi_1)
1339.38 (gi_4*)
180.00 (gd_39)
180.00 (gd_44*)
1.00 (gd_40)
5.92 (gd_34)
1.80 (gd_42*)
−9.50 (gd_43*)

4

n
n/a
n/a
6
1
6
3
1
2

std
stiff
std
stiff
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PolyP3HT. The script to generate arbitrarily long P3HT atomistic chains and topologies (in GROMACS
format), dubbed “PolyP3HT”, makes use of the GROMACS 48 tool gmx pdb2gmx, so a residue database (.rtp)
file has been created for P3HT. In the GROMOS force field, the third (or 1–4) covalently bound neighbor atoms
that are part of or bound to aromatic rings are excluded from the nonbonded interactions, while all the other 1–4
interactions are included. 52 This requires the presence of the section [ pairs ] in the GROMACS itp file, a
section which lists all the 1–4 pairs for which nonbonded interactions exist. This list should thus contain all the
1–4 but the ones that should be excluded, i.e., the 1–4 between non-H atoms which are part of or bound to rings
(note that there is no need for the presence of a [ exclusions ] section in the final topology file, since if the
1–4 interactions are not in the [ pairs ] list, they will not be computed). The correct [ pairs ] section can
be achieved by defining [ exclusions ] in the rtp file use by the gmx pdb2gmx tool (which would otherwise
automatically generate all the 1–4 pairs). Termini database files (extensions .n.tdb and .c.tdb) are also
needed in order to cap the dangling bonds at the termini with hydrogen atoms.
The script can be downloaded from Github or Figshare. 248 The script can be run by typing:

./ PolyP3HT . sh 12
where 12 is the desired number of monomers. Make sure the files shift-resnr.py, residuetypes.dat,
p3ht_dimer_repeat_unit_50atoms.gro, header, and top2itp.sh are in the folder where the script is
being executed, along with the directory p3ht_gromos_v_2017RA-JACS.ff/ which contains the force field.
The output files are in GROMACS format (itp and gro for the topology and geometry, respectively). The force
field directory will contain:

4

forcefield . doc
forcefield . itp
atomtypes . atp
ffnonbonded . itp
ffbonded . itp
dimer . rtp
dimer . c . tdb
dimer . c . tdb

#
#
#
#
#
#
#
#

ff description file ( incl . references and notes )
the GROMOS 53 A6 one
the GROMOS 53 A6 one
the GROMOS 53 A6 one
the GROMOS 53 A6 one containing also the P3HT bonded
the ( dimer - based ) residue database file for P3HT
the n - termini database file for P3HT
the c - termini database file for P3HT

Fullerene Derivatives. PCBM and PTEG-1 starting models are taken from Refs. 117 and 197. Analogously
to P3HT, “stiff” and “Q-Force” versions have also been developed – see Figure 4.10 and associated discussion for
their impact on the QM energies.
Q-Force Bonded Parameters. All stiff bonded force field terms (bonds, angles, stiff dihedrals and improper
dihedrals) are expressed as harmonic potentials:
Vbonded =

X 1
terms 2

k t (t − t 0 )2

(4.4)

where k t is the force constant of each term and (t − t 0 ) corresponds to the difference to the equilibrium distance
or angle for that term.
The second derivative of the energy terms with respect to x, y, and z in Equation 4.4 are taken to compute
the MD Hessian. The QM Hessian is also calculated using Gaussian 16 255 with DFT using the ωB97X-D
functional and the 6-311G(d,p) basis set. Then, the squared differences between QM and MD Hessians are
minimized with the force constants k t given as fitting parameters. As the result, bonded MD force field
parameters that produce the best match between MD and QM Hessians are obtained.
Force field parameters for flexible dihedrals with multiple minima cannot be obtained from the Hessian,
since the Hessian only contains information about the minimum energy structure. For each of such dihedrals, a
QM and MD dihedral scan can be performed. Then, the energy difference between the QM and MD profiles
can be fitted to a function of choice. We have chosen in this work to use Ryckaert-Bellemans (RB) type dihedral
function whose form is given in Equation 4.5.
VRB =

5
X
n=0

C n (cos(φ))n

(4.5)
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4.5.5. Backmapping
General details. The method developed by Wassenaar et al. is used, 29 and we refer to the publication for all the
details. The initram.sh script calls backward.py (which performs the actual backmapping) and then runs a
series of minimization and equilibration simulations to get the final backmapped structure. The following files
are needed in order to run the script: 1) the CG structure to backmapp (e.g., cg.gro); 2) a complete fine-grained
force field including all the CG molecules to be backmapped; 3) a .map file in the Mapping directory for all
residues and molecules to be backmapped. Further, initram.sh requires GROMACS to be installed. The script
is then executed using the following command:

./ initram . sh -f cg . gro -o aa . gro - to gromos -p AA . top - em 1500
which tells initram.sh to backmap the cg.gro file to GROMOS using the AA topology specified in aa.top and
assuming that mapping files for the residues involved are present in the Mapping directory. Additionally, usually
a number of steps between 1500 and 2000 (passed to the script using the flag -em) was necessary for the initial
bonded-only energy minimization (EM) for typical morphologies of 30 × 30 × 5 − 10 nm3 . Instead, neat P3HT
films usually require 500 steps of bonded-only EM, and 4000 of full EM (the latter can be passed to initram.sh
with -nb). A too long EM without nonbonded interactions can lead to too many hydrogen-hydrogen overlaps.
Mapping files are required by the program for the initial positioning of the atoms. These will contain
(i) mapping definitions (position of an atom with respect to one or more CG sites – e.g. Figure 4.9c) and,
(ii) geometrical modifiers (note that these are optional). After the initial projection based on the mapping
definitions the (eventual) geometrical modifiers are executed following the order in which they appear in the
mapping file. All the type of modifiers implemented in backward.py are thoroughly described in Ref. 29.
P3HT mapping file. A mapping file for a P3HT monomer is the only file required for backmapping P3HT
chains. There’s also no need for “special” termini mapping files, as the hydrogen(s) missing from the mapping
file in the case of the P3HT termini (there will be one hydrogen atom more at the beginning and at the end
of the P3HT chain as compared to a core monomer) will be added automatically by backward.py, as long
as they are present in the atomistic P3HT topology file. The definitions used in the P3HT mapping files are
shown in Figure 4.9c. Given the large size of the morphologies studied (∼ 400000 atoms), the use of geometrical
modifiers to better define the projections of the position of the hydrogens was found critical to the successful
backmapping (allowing a projection which was much closer to the local atomistic minimum).

(a)

(b)

(c)

A
B

n

n

AA

CG-based position

ST1
CT2
CT3
CT4
CT5
C06
C07
C08
C09
C10
C11

S1
S1 C3
C3
C2
S1 C2
C3 C3 C5
C3 C5 C5
C5
C5 C5 C6
C5 C6 C6
C6

Figure 4.9 | Structure and labelling of (a) atomistic and (b) coarse-grained P3HT models. (c) Positioning of
atoms expressed on the CG particle space used in the P3HT mapping file for the backmapping procedure.
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PCBM mapping file. Generating the mapping file for the buckyball was done by superimposing the CG
and AA structures and then defining a unique mapping for each carbon atom of the C60 in terms of the F16 CG
beads. Note also that in the backmapping step it was found more convenient have a unique residue number for
PCBM.
Relaxation. The volume of the backmapped AA system is appreciably less than its CG version: the lower
CG density turns out to facilitate the backmapping step (in terms of numerical stability, i.e., no bad contacts
or overlaps). Note that, given the typical large system sizes (∼ 400000 atoms), the initial minimization step
in initram.sh may not converge occasionally (too high forces between some of the atoms): restarting the
steepest descent, however, solves the problem. Subsequent NPT equilibration requires typically less than 10 ns
for the density of the backmapped system to converge (see also the Supporting Information of Ref. 117).

4.5.6. Impact of the Atomistic Force Field on the Energy Levels

4

Figure 4.10 shows the impact of the force field used for the backmapping step on the energy levels computed
by DFTB calculations. Going from the “GROMOS”, to the “GROMOS stiff” and “Q-Force” version, the P3HT
HOMO distribution shifts to lower energies, indicating an increased stability for Q-Force structures. Moreover,
both GROMOS versions lead to much broader energy distributions, while the Q-Force P3HT model provides
structures on average much closer to the QM potential energy surface, hence leading to a narrower HOMO
distribution. The same plot produced for the LUMO levels of PCBM (Fig 4.10b) highlights the smaller impact
of the bonded parameters of the force field on the QM energies – especially in terms of the width of the
distributions. However, a systematic shift of the LUMO levels is observed when going from the GROMOS to the
Q-Force parameters, again hinting at an increased stability of the Q-Force structures.
In addition, Fig 4.10c shows that performing a force field energy minimization or simply taking a snapshot
from an MD simulation leads to a virtually identical HOMO distribution when using the Q-Force models.
The Q-Force models are thus recommended for use in combination with subsequent quantum mechanical
calculations on the P3HT geometries.

(a)

(b)

(c)

Figure 4.10 | Effect of atomistic force field on the gas-phase (a) HOMO and (b) LUMO energies of (a) P3HT
and (b) PCBM molecules at the interfaces of a simulated bulk heterojunction. Distributions are obtained by
computing the energies with DFTB after backmapping a morphology consisting of 422 (24-mer) P3HT chains
and 1480 PCBM molecules with three different atomistic force fields: the GROMOS version developed in Ref.
117, its “stiff” version, and a version employing Q-Force derived bonded parameters (these latter two versions
were developed in this work and are described in the text). Note that in (b) the distributions for “GROMOS”
and “GROMOS stiff” overalp. (c) P3HT HOMO distribution for a neat P3HT morphology containing 624 P3HT
(24-mer) chains: the DFTB energies obtained directly on a snapshot from an MD simulation (using the Q-Force
force field) and the same snapshot energy minimized (with the molecular mechanics force field) show no
significant difference.
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4.5.7. Microelectrostatic Calculations
Calculations were performed with the DRF90 software, the classical implementation of the DRF method. 64 The
program is used to employ the complete classical DRF expressions for single point energies. The software can
be downloaded from http://www.marcelswart.eu/drf90/index.html.
P3HT Charges: Neutral Chains. DFT CM5 charges for the neutral P3HT chain are reported in Table 4.2 (for
brevity, only non-hydrogen atoms are shown with the charges of the hydrogens summed on them; however, the
performed DRF90 calculations take into account all atomic charges). Charges are well defined among different
monomers, with a standard deviation of 0.02 in the case of the 6-mer, which improves to 0.01 in the case of the
longer P3HT chains. Charges are also comparable among different oligomers; it is thus reasonable to assume
that they can approximate well charge distributions in arbitrarily long P3HT chains. Charges obtained from the
12-mer are used as charges for the neutral P3HT chains and as base (see below) for the positively charged P3HT
chains in the DRF90 calculations.
Table 4.2 | ωB97X-D/6-311G(d,p) CM5 charges for P3HT chains with 6 to 12 3HT monomers (6- to 12-mer). For
each chain, the charges on non-hydrogen atoms (compare to Figure 4.9 for the atom labels) averaged over the
central 3HT monomers (all but the two termini) are shown. Standard deviations are 0.02 in the 6-3HT, and 0.01
in the other cases.

Atom label
ST1
CT2
CT3
CT4
CT5
C06
C07
C08
C09
C10
C11

6-mer
−0.0773
−0.1483
0.0785
−0.1478
0.2502
0.0624
−0.0039
−0.0440
0.0186
0.0839
−0.0787

8-mer
−0.0785
−0.1566
0.1012
−0.1587
0.2564
0.0455
−0.0014
−0.0361
0.0113
0.0860
−0.0781

10-mer
−0.0777
−0.1595
0.1014
−0.1581
0.2596
0.0440
−0.0044
−0.0415
0.0121
0.0894
−0.0807

12-mer
−0.0765
−0.1538
0.1016
−0.1544
0.2550
0.0406
0.0000
−0.0326
0.0067
0.0876
−0.0779

P3HT Charges: Charged Chains. In order to take into account the dependence of the hole localization on
conformational disorder of P3HT chains, we follow the approach of D’Avino and co-workers. 70 Namely, we
compute atomic distributions of excess positive charge for each P3HT geometry at the DFTB level, and then
sum such a distribution to the CM5 atomic charges just derived. Thus, for each atom of the charged molecular
fragment a δq i was obtained as the difference between the DFTB Mulliken charge in the cationic and in the
P
neutral polymer chain. Note that i δq i = 1. Each set of δq i is summed to the CM5 atomic charges of the
neutral P3HT, obtaining distributions for charged P3HT chains.
Hole distributions are shown for two randomly picked P3HT chains in Figure 4.12. For these chains, DFT
CM5 excess charges (Figure 4.12a and 4.12c) have been computed and are shown (Figure 4.12a and 4.12c) along
with the DFTB charges (Figure 4.12b and 4.12d). The localization of the hole charge distribution is qualitatively
the same at both DFT and DFTB levels; the hole charge distribution is slightly more delocalized (and individual
charges are slightly larger in magnitude) in the DFTB case than in the DFT one.
Fullerene Charges. CM5 charges for the neutral and anionic fullerene derivatives were computed at their
respective B3LYP/6-311G(d,p) optimized geometries. Their difference, the excess electron charge distribution,
is shown in Figure 4.11 for both PCBM and PTEG-1. Note that CM5 charges were found to be robust not only
with respect to the basis set and DFT functional but also to the chosen geometry, with a fullerene taken from a
MD trajectory giving charges practically identical to the ones obtained at the B3LYP-optimized geometries.
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(a)

(b)

Figure 4.11 | Rendering of the excess electron charge distribution for (a) PCBM and (b) PTEG-1 computed via
the CM5 scheme. For each atom, an excess charge δq i was obtained as the difference between the CM5 charge
in the anionic and in the neutral states. The distributions for the two molecules are very similar: as expected,
the excess negative charge is distributed over the fullerene cage.

(a)

(b)

(c)

(d)

4

Figure 4.12 | Rendering of the excess hole charge distribution for P3HT. Two conformations taken from a
backmapped dried blend are taken: (a) hole charge distribution for conformation 1 computed at the DFT level
via the CM5 scheme, and (b) the same charge distribution for the same conformation computed at the DFTB
level (Mulliken charges). (c) Hole charge distribution for conformation 2 computed at the DFT level via the CM5
scheme, and (d) the same charge distribution for the same conformation computed at the DFTB level (Mulliken
charges). For each atom, an excess charge δq i was obtained as the difference between the charge in the cationic
and in the neutral states.
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Anthracene Crystal. To test the approach, we performed calculations on the anthracene crystal, a widely
studied case in the literature 59,65 for which experimental polarization energies both for a positive and a negative
charge carrier are available. 66,67 As explained in the Methods section, the polarization energy (for a spherical
0 , U + , and U − , i.e., the energies of a cluster of N
cluster of N molecules) can be obtained by computing U N
N
N
molecules where the central molecule is either neutral, positively, or negatively charged, respectively. The
polarization energy for infinite crystals is obtained by extrapolation (see Figure 4.13), as it scales linearly with
the reciprocal of the radius of the cluster. 59
Figure 4.13 shows the results for anthracence, while Table 4.3 reports the extrapolated P + and P − , which
agree well with experimental data. For comparison, results of other computational approaches from the
literature are also shown. The hole-electron asymmetry is due to the electrostatic—namely, charge-quadrupole—
contribution to the polarization energy. 59,257

(a)

(b)

0

hole
electron

Polarization Energy (eV)

−0.2
−0.4
−0.6
−0.8
−1
−1.2

4

−1.4
0

0.05

0.1

0.15 0.2
N−1/3

0.25

0.3

0.35

Figure 4.13 | Computed polarization energy for charge carriers for the anthracene crystal (a) computed by the
classical polarizable Direct Reaction Field (DRF) force field as implemented in the DRF90 software. 64 Holes
(red circles) and electrons (blue circles) polarization energies are plotted as a function of N −1/3 , where N is the
number of molecules in the cluster considered. Solid lines are linear regressions; the intercept represent the
extrapolated value corresponding to the infinite crystal limit (see also Table 4.3). The experimental values 66,67
are indicated on the horizontal axis with filled points.

Table 4.3 | Computed and experimental polarization energies for charge carriers in the anthracene crystal. Values
extrapolated in the infinite crystal limit (see also Figure 4.13.) The methods shown are the microelectrostatic
scheme used by D’Avino and co-workers 59 where induced dipoles of atoms on the same molecule are allowed
to interact (MEa ) or not (ME0 ); charge redistribution (CR) schemes; 59,258 and the approach of Ryno et al. which
use the polarizable AMOEBA force field.

DRF90 (this work)
AMOEBA 65
ME0 59
MEa 59
CR 59
CR 258
exp 66,67

P+
−1.27
−1.11
−1.26
−1.23
−1.18
−1.38
−1.51

P−
−0.76
−0.85
−1.07
−1.08
−0.95
−0.82
−0.89

∆P
0.51
0.26
0.16
0.18
0.23
0.56
0.62
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5. Pitfalls of the Martini Model

The computational and conceptual simplifications realized by coarse-grain (CG)
models make them a ubiquitous tool in the current computational modeling
landscape. Building block based CG models, such as the Martini model, possess the key advantage of allowing for a broad range of applications without
the need to reparametrize the force field each time. However, there are certain inherent limitations to this approach, which we investigate in detail in this
work. We first study the consequences of the absence of specific cross LennardJones parameters between different particle sizes. We show that this lack may
lead to artificially high free energy barriers in dimerization profiles. We then
look at the effect of deviating too far from the standard bonded parameters,
both in terms of solute partitioning behavior and solvent properties. Moreover,
we show that too weak bonded force constants entail the risk of artificially inducing clustering, which has to be taken into account when designing elastic
network models for proteins. These results have implications for the current
use of the Martini CG model and provide clear directions for the reparametrization of the Martini model. Moreover, our findings are generally relevant for the
parametrization of any other building block based force field.

5

5.1. Introduction
Coarse-grain (CG) models play an increasingly important role in computational science,
and are nowadays a tool as important as atomically detailed models. 27,35–37,259,260 By
grouping atoms into effective interaction sites, often called beads, CG models focus
on essential features, while averaging over less vital details. This provides significant
computational and conceptual advantages compared to more detailed models, allowing
to probe the temporal and spatial evolution of systems on the mesoscale.
Among the philosophies of CG modeling, we find both systematic (also known as
hierarchical) and building block approaches. 27,36,37 CG models developed on the basis
of the former, purely “bottom-up” principle focus on the accurate reproduction of the
underlying atomistic structural details at a particular state point for a specific system,
but require reparametrization whenever any condition changes. This translates into a
more time-consuming parametrization procedure. Moreover, complex potential forms
are often required, which can result in lower performance and thus less sampling. On
the other side, building block approaches usually rely more heavily on a “top-down”
approach, where macroscopic properties (e.g., thermodynamic data) are used as the
main target of their parametrization. Top-down CG models are often cheaper—due to
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simpler potential forms and only partial parametrization required—and transferable, as
the parametrization of the building blocks allows to re-use them for similar moieties in
different molecules. However, the structural accuracy of top-down models is limited as
the representation of the atomistic detail is suboptimal. The line that separates these two
methodological philosophies is, however, thin. Many successful force fields have been
developed combining top-down and bottom-up approaches. 36,37
One important example of the building block philosophy applied to CG modeling
is the Martini force field. 38,39,261 Designed as a model for simulations of lipids and
surfactants, 140 this force field has become the most widely-used CG model for simulations of biomolecules, 38,262,263 and it is increasingly popular in soft materials science. 46,117,197,264–268 The Martini model mainly relies on a four-to-one mapping scheme,
where on average four non-hydrogen atoms are mapped into a CG regular (R) bead. Finer
mappings of up to two-to-one non-hydrogen atoms per CG site are employed when the
symmetry of the molecules requires it, or for ring-like structures. In the latter cases, small
(S) or tiny (T) CG beads are employed. 39,143 There exist four main types of particles: polar
(P), non-polar (N), apolar (C) and charged (Q). These types are in turn divided in subtypes
based on their hydrogen-bonding capabilities (with a letter denoting: d = donor, a =
acceptor, da = donor and acceptor, 0 = not involved in hydrogen bonds) or their degree
of polarity (with a number from 1 = low polarity to 5 = high polarity). This gives a total
of 18 particle types: the Martini building blocks. The “flavor” of each building block is
determined by the non-bonded interactions, which are described by a Lennard-Jones (LJ)
12-6 potential:
¶
µ
¶ ¸
·µ
σ 6
σ 12
V LJ (r i j ) = 4ε
−
(5.1)
ri j
ri j
The LJ σ parameter, determining the effective size of the beads, is 0.47 nm for regular
interactions. For the smaller sizes, it is reduced to 0.43 nm and 0.32 nm in the case of
S-S and T-T interactions, respectively. The LJ well-depth ε parameters, determining the
strength of the interactions between bead pairs, can vary from 5.6 kJ mol−1 to 2.0 kJ mol−1 .
These values are scaled down by 75% in the case of S-S or S-T interactions. Together,
these LJ parameters determine how the building blocks interact with each other, giving
rise to the Martini interaction matrix. 39 Non-bonded interactions were parametrized
based on thermodynamic data describing the different affinities of chemical groups towards different solvent phases, namely, free energies of transfer between water and a
number of organic solvents—octanol, chloroform, ether, and hexadecane–in a top-down
approach. 39 Bonded interactions, described by a standard set of potential energy functions common in classical force fields, are parametrized from the underlying atomistic
geometry, usually comparing to experimental data or atomistic simulations in a bottomup approach. This seemingly simple approach, based on a thorough parametrization of
the hydrophilicity/hydrophobicity of the building blocks of the model, resulted in a wide
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range of successful applications in the modeling of (bio)molecular processes. 38
The parametrization of any force field is performed under a set of specific conditions.
Parametrizations are necessarily carried out on a limited set of small systems described
by a number of standard parameters such as the range of LJ parameters and bond lengths,
and assuming a number of simulation settings which specify how the simulations are
carried out, such as the treatment of interactions between particles and temperature and
pressure coupling schemes. In the case of the Martini force field, the parametrization
was mainly carried out using isolated regular beads or linear molecules composed of
such beads, and a number of standard parameters for the models, such as bond lengths,
and angles. 39 Moreover, specific settings were employed for the treatment of the interactions between particles, such as the cutoff treatment. The latter settings will not be
discussed in the present work and the interested reader is referred to Ref. 150 for a recent
work discussing these choices in Martini. Overall, the conditions employed during the
parametrization allow for more or less freedom, but there are always boundaries.
Here, we investigate cases of pushing the limits of the parametrization of a building
block based CG model, with focus on the Martini force field. Given its very wide use,
its more modest initial boundaries of parametrization have been pushed to their limits.
In particular, section 5.2.1 discusses problems arising from the lack of size-dependent
Lennard-Jones interaction parameters. We then explore how going too far from the original bonded parameters affects the behavior of the force field, both in terms of solute
(section 5.2.2) and solvent phases (section 5.2.3). In section 5.2.4, we then demonstrate
how bond length distributions can be affected by weak bond force constants, with con-
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sequences for the behavior of the model. Finally, section 5.3 concludes discussing the
implications for the use of the current version of the Martini force field and directions for
reparametrizations.

5.2. Results and Discussion
5.2.1. Differences in Bead Sizes: the Desolvation Problem
Different Bead Sizes Can Lead to Artificial Free Energy Barriers. Mixing different particle sizes without introducing also mixed resolution LJ parameters can lead to artificial
free energy barriers. This is the case in Martini when interactions between small or tiny
and regular beads take place. As described above, the LJ σ parameter in the case of S-S
interactions is reduced to 0.43 nm, from the 0.47 nm used for R-R interactions. At the
same time, the LJ ε between two S-particles, εS-S , is also reduced by a quarter as compared
to the interaction between two regular Martini particles, i.e., εS-S = 0.75 εR-R . In the case of
T-beads an even smaller σT-T of 0.32 nm is used, while no εT-T scaling is applied. However,
for simplicity, the LJ ε and σ for R-S (R-T) interactions are kept the same as the ones
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for R-R interactions. Therefore, S- or T-beads are seen by R-beads as regular particles,
while they interact with other S- or T-beads with the reduced σ values. We find that
this leads to the formation of artificial free energy barriers. This can be observed in, for
example, potentials of mean force (PMFs) of dimerization of molecules described by Sor T-beads solvated in a R-bead solvent. Such a case is shown in Figure 5.1, where PMFs
of dimerization of two Martini three-particle ring molecules in water are shown for the
three different bead sizes available in the force field. The PMFs have been computed by
Umbrella Sampling, as described in the Methods section.
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Figure 5.1 | Effect of lack of size-dependent Lennard-Jones parameters between particles of different sizes on
the dimerization. (a) Potentials of mean force for the dimerization of three-particle Martini ring molecules (see
inset) described by regular (red), small (green) or tiny (blue) beads, and for atomistic GROMOS (cyan) and OPLS
(black) benzene models in water. (b) Schematic of the T-solute in R-solvent dissociation (side view): because the
solute is seen by the solvent molecules as described by regular beads, a solvent molecule cannot insert between
the two solute molecules until the distance between the positions of the beads is at least twice the diameter of a
regular bead.

The LJ ε value for the self-interaction of the solute molecules is kept constant in the
three cases (we chose the scaled down intermediate level IV, i.e., 2.625 kJ mol−1 ), so as to
exclude its effect. Bond lengths between the ring particles are also constrained in the three
cases, and are set to 0.27 nm, the bond distance used in the standard Martini benzene
model. 39 Atomistic PMFs, computed employing the GROMOS (53A6) 52 and OPLS 53 force
fields, are also shown in Figure 5.1a for the dimerization of benzene molecules, which the
S-ring model may be taken to represent. It is very evident from the plot that, going from
the R- to the T-ring, an energy barrier arises at around 0.8 nm, while no such barrier is
present in the atomistic PMFs. The barrier increases as the difference in size between the
solvent and solute beads increases.
Lack of Size-Dependent Cross Interactions. We rationalize the appearance and increase of the barrier by looking at a simple picture representing the system, a schematic
of which is reported in Figure 5.1b. Note that, despite referring to the T-rings solvated in
water, the following description applies generally to all (T-, S-, R- and atomistic) systems,
as a barrier is present in all cases. However, using the R-R LJ parameters for the R-S and
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R-T LJ cross interactions artificially increases the height of the barrier in the case of the
S- and T-rings. When the two T-rings are in close contact—which happens at about 0.36
nm, i.e., the diameter of a T-bead—the interaction is favorable, and the free energy is at
its absolute minimum on the profile shown in Figure 5.1a. As the two T-rings are pulled
apart, a cavity starts to form between them. This cavity cannot be filled by any solvent
molecule until the distance between the two solute molecules becomes equal or larger
than the diameter of interaction dictated by the solute-solvent LJ σ parameter (i.e., the
σR−T parameter in this case). This translates into an energy barrier, which is generally
observed in conjunction with dimerization. 269 However, for a solvent R-bead to make its
way between the two T-systems the distance between the positions of the beads must be
not only 0.89 nm (that is, the diameter of a T-bead, 0.36 nm, plus the diameter of a R-bead,
0.53 nm), but instead 1.06 nm (that is, twice the diameter of a R-bead), as the T-systems
are seen as composed by regular beads by the solvent particles. This translates into the
formation of a cavity which is larger than what it would be if the σR−T was tailored for
R-T interactions (e.g., one could take the arithmetic or geometric average between the
σR−R and σT −T ; such a choice is found to remove the artificial free energy barrier, as can
be seen in Figure 5.6 in the Appendix). This larger cavity thus has an associated increased
cavity cost which leads to the artificially higher free energy barrier observed for the S- and
T- systems. The barrier increases the larger the mismatch between the solute-solute and
solute-solvent σ parameters is.
Generality and Consequences. The formation of an artificial energy barrier in dimerization has been shown for the case of a prototypical CG ring molecule. The effect is
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most obvious in Martini for ring systems that use S- and T-beads. However, the effect
is not limited to ring geometries. It also plays a role in the simplest case, i.e., the dimerization of single beads. The PMFs obtained in this case are shown in Figure 5.7a in the
Appendix, and demonstrate again the appearance of an energy barrier as the difference in
size between solute and solvent increases—only smaller, as fewer particles are involved.
While free energy barriers are usually observed in conjunction with dimerization, 269 the
increase of such free energy barriers in Martini is a direct consequence of the lack of
size-dependent cross interactions. It is thus a consequence of the design of the model
itself one should be aware of. In the T-case, the situation is evidently problematic, and this
effect is very noticeable in the stacking and base-pair PMFs of the Martini DNA bases. 143
It should be noted that in case of small S-bead solutes, up to a few particles, the effect is
relatively mild (compare the green curve to the atomistic case in Figure 5.1a). However, as
the number of particles in the ring structure increases, the effect increases, as can be seen
from the PMF of the polycyclic aromatic molecule pyrene (Figure 5.7b in the Appendix).
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5.2.2. Solutes with Short Bond Lengths: Effects on Oil/Water Partitioning
We now look at the effects of bonded parameters on the behavior of the Martini CG force
field. In particular, we investigate the robustness of the Martini model upon changes in the
bond lengths which connect the various building blocks. To this end, we systematically
study the effect that varying the bond lengths has on the reproduction of the main
experimental parametrization target of the Martini model, i.e., the partitioning behavior
of molecules. This is done by comparing changes in experimental and computed free
energies of transfer (∆G transfer ) upon changes in bond lengths. It is useful to define the
change in the free energy of transfer (∆∆G transfer ) as follows:
∆∆G transfer = ∆∆G solute−solvent + ∆∆G solvent−solvent

(5.2)

that is, we can divide the change in the free energy of transfer in contributions due to
solute-solvent, and solvent-solvent interactions. In this work, we discuss uncharged
systems, so the interactions involved in Eq. 5.2 are controlled by the σ and ε LJ parameters
(Eq. 5.1) associated with the solute and solvent particles. Bond lengths, along with the
LJ σ, determine the density of interaction sites that will be found in the simulation. In
turn, the density of interaction sites affects the strength of the interactions between
molecules, and therefore their thermodynamic properties. The LJ ε parameters between
the building blocks of the Martini model were parametrized mostly based on single
R-beads or molecules composed of linear R-bead chains employing a standard bond
length of 0.47 nm. In this section, we vary the bond lengths of the solute molecule,
while using Martini solvents either consisting of single R-beads (like water) or described
by models composed of linear R-bead chains with standard bond lengths of 0.47 nm
(like hexadecane). Thus, we first look at the impact of shortening bond lengths on the
∆∆G solute−solvent of Eq. 5.2, while using standard Martini solvents and thus well-calibrated
solvent-solvent interactions.
Experimental Behavior Corresponding to Shortening Bond Lengths. Before describing the results, it is instructive to consider what changing a bond length in a CG
model means in terms of the actual molecules, and what behavior(s) should be thus captured by the model. Shorter CG bond lengths arise when the number of atoms mapped
with the same number of beads is lower (e.g., when a two-bead model describing octane
is adapted to represent heptane), or when the molecule is branched or cyclic (e.g., going
from octane to tetramethylbutane or dimethylcyclohexane). Here, we focus on studying
the partitioning behavior of molecules upon removal of aliphatic carbon atoms. The
behavior of fully branched and cyclic organic compounds with respect to their corresponding linear isomers is shown in Figure 5.11. We gathered a large set of partitioning
data 213 from which to extract experimental trends. The data are plotted in Figure 5.2a,
and show how the hexadecane→water free energy of transfer (∆GHD→W ), for the same
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chemical functional group, changes upon removal of aliphatic carbons (for an example,
see Figure 5.2b; more examples can be found in the Appendix, Table 5.2). ∆GHD→W has
been chosen because it comprises the two prototypical extremes of hydrophobicity and
hydrophilicity, and because there are numerous experimental data points available. It is
evident that the hydrophilicity of molecules increases upon reduction of their size, i.e.,
when removing carbon atoms. This is to be expected, given the higher cost of creating a
cavity in water as compared to hexadecane 269 which translates into a higher hydrophilicity of the molecule upon size reduction, as the free energy gain in creating a smaller cavity
in water outweighs the one in hexadecane. Branched and cyclic molecules in comparison
with their linear versions show a similar trend, also related with the size reduction upon
branching (Figure 5.11); in particular, going from a linear to a fully branched or cyclic
isomer is equivalent to the removal on one aliphatic carbon atom in terms of ∆G HD→W
(Figure 5.11).
Overall, the main effects of reducing the size of a molecule can be summarized as
shown in Figure 5.2b: smaller molecules interact less with the environment, and possess
reduced solvent accessible surface area; due to their smaller size, their solvation comes
with a lower ∆G cavity in any solvent; due to the high cost of creating a cavity in water, a
greater discount is obtained on the ∆G cavity in water upon size reduction, which makes
smaller molecules more hydrophilic. A quantitative empirical observation can also be
extracted: hydrophobic molecules get from 3.0 to 3.5 kJ mol-1 more hydrophilic for each
aliphatic carbon atom removed, while hydrophilic molecules get a somewhat smaller free
energy gain (2-2.5 kJ mol-1 ). That the proximity of an aliphatic carbon atom to a polar
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group alters its hydrophobicity is in line with the proximity-based correcting factors often
applied within prediction schemes for partition coefficients (logPs). 270
Effect of Bond Lengths on the Partitioning of Martini Molecules. We now turn to the
CG model, to investigate whether it succeeds in capturing the experimental partitioning
behavior of molecules upon size reduction. Computed free energies of transfer (via
alchemical transformations as described in the Methods section) are plotted in Figure 5.2c,
in a similar way to what was done in Figure 5.2a. In this case, the removal of 1, 2, and
4 aliphatic carbon atoms corresponds to model bond lengths of 0.4, 0.3, and 0.2 nm,
respectively. The free energies on the horizontal axis are the ones for all possible Martini
two-bead “standard” molecules, i.e., 4 atoms-to-1 CG site mapped molecules with a bond
length of 0.5 nm. Note that the standard Martini bond length is 0.47 nm, but there is no
significant difference between using 0.47 or 0.5 nm. The removal of 4 aliphatic carbon
atoms should be considered an extreme case: it is not realistic to remove 4 carbon atoms
and stick to a two-bead model. The Martini approach would dictate that one bead gets
removed at that point. However, it is instructive to push this far to extract trends in the
behavior of the force field.
Overall, with respect to the experimental behavior, all the molecules with shorter
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Figure 5.2 | Experimental—(a), (b)—and Martini—(c), (d), (e)—partitioning behavior of molecules upon removal
of aliphatic carbon atoms for the same chemical functional group. (a) The hexadecane→water free energy of
transfer (∆G HD→W ) for a molecule (e.g., octane) is plotted against the difference between the same free energy
and the one for the corresponding molecule (same functional group) where 1 (green circles, e.g., heptane), 2
(blue squares, e.g., hexane), and 4 (purple triangles, e.g., butane) aliphatic carbon atoms have been removed.
Fits are also shown for the various data sets. Data points are available in the Appendix, Table 5.2. (b) Summary
of how molecular properties change upon molecular size reduction, including the example of the change of
∆G HD→W for octane upon removal of 1, 2, and 4 carbon atoms. (c) The ∆G HD→W for a Martini two-bead
“standard” molecule (i.e., 4 atoms-to-1 CG site mapped molecules with a bond length of 0.5 nm) is plotted
against the changes of the free energy of transfer upon bond length reduction to 0.4 nm (green circles), 0.3 nm
(blue squares), and 0.2 nm (purple triangles), corresponding to the removal of 1, 2, and 4 aliphatic carbon atoms
(that is, to 3.5-to-1, 3-to-1, and 2-to-1 atoms-to-CG sites mapping schemes, respectively). Fits are also shown for
the various data sets (solid lines). (d) Solute-solvent radial distribution functions (RDFs) for a Martini two-bead
molecule (in this specific example using CG particles of C3 type, but other bead types lead to the same result)
solvated in water, hexadecane and benzene (from left to right) having two different bond lengths: 0.50 nm (gray)
and 0.20 nm (purple). (e) Schematic of how too short a bond length affects the solvation shells and thus the
interaction between the solute molecule and its environment.
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bond lengths become less hydrophilic than what they should (compare to Figure 5.2a).
For a discussion on the direct comparison of Figure 5.2a and Figure 5.2c, see the last
paragraph of this Section. More importantly, the effect is not constant across the whole
hydrophilicity scale spanned by the horizontal axis, a trend most evident when looking
at the 0.2 nm case. In particular, short bond length hydrophilic molecules (left-hand
side of Figure 5.2c) gain some hydrophilicity, while hydrophobic molecules (right-hand
side of Figure 5.2c) eventually get even more hydrophobic than their corresponding “fullsize” molecule, the latter case being in qualitative disagreement with the experimental
behavior. The same effect is qualitatively observed in all the other pairs of solvents taken
into account in the original Martini parametrization, 39 as shown in Figure 5.8 in the
Appendix, with variations which correlate with the relative polarity of the two solvents.
We will first rationalize our observations, and then come back to the comparison with the
experimental data.
The “Bond Length Effect”: Increased Solute-Solvent Interactions. Our observations
can be rationalized by analyzing the pair correlation functions between solute and solvent
molecules and comparing the standard and short bond length cases. This is done in
Figure 5.2d, where radial distribution functions (RDFs) are shown for a Martini twobead molecule solvated in three different solvents (hexadecane, water, and benzene). In
all cases, an extra solvation shell appears as the molecule reduces in size (see also the
schematic representation shown in Figure 5.2e). As the extra shell appears, each particle
of the solute effectively sees more solvent molecules, and the overall solute-solvent
interaction therefore increases. We dub this the “bond length effect”. First of all, this
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contradicts the conclusion that shortening of aliphatic chains leads to less solute-solvent
interactions drawn from the experimental data set (conclusion 1), Figure 5.2b). Because
different beads interact with the various solvents with different interaction strengths,
an imbalance across the horizontal axis arises, which is observed most clearly for the
shortest bond length of 0.2 nm (Figure 5.2c). Indeed, due to the “bond length effect”, a very
hydrophobic solute molecule interacts more strongly with both water and hexadecane
upon shrinking, but, due to a stronger interaction with hexadecane than with water, the
resulting free energy of transfer contains some added hydrophobicity. The same line of
reasoning holds for very hydrophilic solutes, for which the “bond length effect” provides
some added hydrophilicity upon shrinking.
This effect, shown for the simplest case (two-bead systems, i.e., one bond length
systems), is obviously present also in systems containing more beads. In particular, we
examined how the effect scales with the number of beads and with the geometry by
computing the behavior of three-bead molecules both in a linear and ring geometry. The
results are shown in Figure 5.9 in the Appendix. Notably, the effect is stronger in ring
geometries than in linear ones. This can be intuitively explained in terms of the larger
overlap between beads present in the case of the ring geometry, leading to a higher density
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of interaction sites for the same number of particles.
Implications: Short Bond Lengths Make Martini Less Intuitive. The direct comparison of Figure 5.2a and Figure 5.2c clearly shows a systematic underestimation of the
hydrophilicity upon molecular size reduction. In order to compensate this underestimation, a standard procedure in the Martini framework is to switch to a more hydrophilic
particle type whenever the number of carbon atoms is reduced. For example, butane is
described by a C1 particle, while propane is described by a more hydrophilic C2 bead 39 —
see the Appendix for a discussion. Nevertheless, the “bond length effect” makes Martini
less intuitive, as the choice of changing the bead type to a more hydrophilic one upon size
reduction starts to depend on whether the molecule is hydrophilic or hydrophobic. While
for hydrophilic molecules the “bond length effect” already accounts for some added hydrophilicity, and a change in bead type may be too much, for hydrophobic molecules the
“bond length effect” accounts for some added hydrophobicity, and a change in bead type
may be even too little. This is relevant because short bond lengths occur in several cases
when connecting two big fragments, or many small fragments, to build macromolecules.
In many cases, no experimental free energy is available for the resulting macromolecules.
One example is the case of connecting multiple side chain models of amino acids to build
a protein model. In this case, a “naive” (that is, “just attach it and it works”) building
block approach would fail, as the particle type cannot be chosen merely on the basis of
the chemical group which needs to be represented. The hidden effect on partitioning
behavior of shorter bond lengths blurs the intuitive building block procedure.

5.2.3. Solvents with Short Bond Lengths: Excessive Cavity Cost
With the effect of short bond lengths in solute molecules in mind, we now investigate the
effect of a solvent phase constituted by molecules with short bond lengths. We will see how
short bond lengths affect not only the solute-solvent but also the solvent-solvent term
of Eq. 5.2. The ∆G solvent−solvent is directly linked to the free energy cost of creating a cavity
(∆G cavity ) in the solvent: the stronger the interactions between the solvent molecules,
the harder it is for them to make some room for accommodating a solute molecule. We
selected benzene as a representative solvent phase described with a model containing
short bond lengths, both for the (albeit limited) availability of experimental partitioning
data and for its importance as prototypical aromatic molecule.
Benzene/Water Partitioning: Discrepancies Between Martini and Experiments. Similarly to the previous section, we investigate what happens when computing the free
energy of transfer of a two-bead system as a function of the bond length, but this time for
the benzene→water (BENZ→W) case. The results, presented in the same format as Figure 5.2c, are shown in Figure 5.3b. It is evident that smaller solutes are more hydrophobic,
i.e., shortening bond lengths favors partitioning to the benzene phase. The question is
now whether this behavior corresponds to what is observed experimentally. Figure 5.3a
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shows how experimental BENZ→W free energies of transfer change when shortening
alkyl chains by 1, 2, and 4 aliphatic carbon atoms for the same chemical functional
group. Due to limited availability of experimental data, we complemented the data with
COSMO-RS 173 predicted free energies of transfer. More compact molecules are found
to be more hydrophilic in a similar way to what was found in the case of HD→W free
energies (Figure 5.2a). Given that Figure 5.3b shows the opposite trend, we can conclude
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Figure 5.3 | Experimental and Martini partitioning behavior of molecules upon removal of aliphatic carbon
atoms for the same chemical functional group: short bond length solvent (benzene) to water case. (a) The
benzene→water free energy of transfer for a molecule is plotted against the difference between the same free
energy and the one for the corresponding molecule (same functional group) where 1 (green circles), 2 (blue
squares) and 4 (purple triangles) aliphatic carbon atoms have been removed. Fits are also shown for the various
data sets. Experimental data points (filled) are complemented with COSMO-RS predicted (empty) free energies
from Ref. 173—see Table 5.3 in the Appendix. (b) The benzene→water free energy of transfer for a Martini
two-bead “standard” molecule (i.e., 4 atoms-to-1 CG site mapped molecules with a bond length of 0.5 nm) is
plotted against the changes of the free energy of transfer upon bond length reduction to 0.4 nm (green circles),
0.3 nm (blue squares), and 0.2 nm (purple triangles), corresponding to the removal of 1, 2, and 4 aliphatic carbon
atoms. Fits are also shown for the various data sets (solid lines). (c) Same plot as (b) but considering only the
repulsive component of the LJ interaction between solvent and solute (i.e., only the LJ repulsive constant C12 is
nonzero, see also the Methods section); this is approximated as the cost of creating a cavity in the solvent.

Excessive Cavity Cost in Short Bond Length Solvents. In this section we rationalize
the main cause of the discrepancies in partitioning data which involve a solvent phase
with short bond lengths. With respect to the HD→W case considered before, we now have
two different ∆G contributions which may be affected by short bond lengths at the same
time: the solute-solvent and solvent-solvent terms of Eq. 5.2. To disentangle these two
aspects, we first performed free energy calculations treating the solute beads as purely
repulsive particles (see Methods). We consider this as an approximation of the free energy
cost of creating a cavity in the solvents, which is part of the ∆G solvent−solvent term, as an
increase in solvent-solvent interactions translates into a higher ∆G cavity in that solvent.
Figure 5.3c depicts the resulting cavity costs. Comparison to Figure 5.3b reveals that the
cavity cost is the dominant contribution. For a complete picture, Figure 5.12c (Appendix)
shows the attractive contribution, due to solute-solvent interactions, which significantly
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contributes only at the extreme bond length of 0.2 nm.
The major role of the cavity cost implies that the key issue is caused by the solventsolvent interactions. It is insightful to compare computed and experimental 271 enthalpies
of vaporization (∆Hvap ) for various solvents in order to determine whether solvent-solvent
interactions deviate from the Martini trend in the case of short bond length solvents. This
is done in Figure 5.4a, where data points corresponding to various molecular classes have
been depicted with different point symbols. We remark that enthalpies of vaporization
are not parameterization targets of the Martini force field, and are systematically underestimated due to the limited fluid range of the employed 12-6 LJ potential form. 38,39 From
Figure 5.4a, it is evident that while most solvents (such as water and the alkanes) follow
the Martini trend, models containing short bond lengths—used to describe ring structures such as benzene within the Martini CG model—deviate from the trend and possess
systematically higher ∆Hvap . This confirms the issue with solvent-solvent interactions.
A few other trends are evident, as highlighted in Figure 5.13 and associated discussion
(Appendix).
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Figure 5.4 | Behavior of enthalpies of vaporization and the cost of creating a cavity in a solvent in the Martini
model. (a) Comparison of computed and experimental enthalpies of vaporization. (b) Computed free energy
cost of creating a cavity for a P5 Martini particle type in a Martini solvent vs. the experimental enthalpy of
vaporization of the solvent divided by the number of non-hydrogen atoms present in the molecule. In both
figures, rings (described by short bond length models) do not follow the Martini trend. Note that the cost of
placing a bead of type P5 is plotted in this case, but results are qualitatively the same for any Martini bead type
(see, for example, Figure 5.13b in the Appendix). Benzene and water are highlighted.

Both the repulsive contribution (Figure 5.3c) and the comparison of experimental
and Martini ∆Hvap (Figure 5.4a) indicate that the discrepancy observed in Figure 5.3b
is rooted in the ∆G solvent−solvent . In particular, Figure 5.4a shows that solvent-solvent
interactions are too strong in short bond length solvents (this despite the 75% reduction
in interaction strength between the S-beads—these being the beads used to describe
rings in Martini 2). The consequence of this point, as anticipated earlier, is a too high free
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energy cost of creating a cavity in the short bond length solvent. Experimental data for
cavitation free energies are not available, while they can be approximately computed (see
Methods). However, we expect them to follow trends within Martini that correlate with
the ∆Hvap data, because both reflect interactions between solvent molecules. We indeed
find a strong correlation between experimental ∆Hvap data (divided by the number of
non-hydrogen atoms) and computed ∆G cavity for a P5 type bead in most Martini solvent
models (Figure 5.4b). Short bond length models indeed deviate from the trend and
present considerably higher ∆G cavity . In particular, we note that the cost of creating a
cavity in benzene is higher than in water (Figure 5.4b, black data points). Therefore,
partitioning to the benzene phase is favored if a solute molecule’s size is reduced, as one
gets a larger discount on the cavity cost in benzene than in water. The ∆G solute−solvent
contribution is significant only for the extreme bond length of 0.2 nm (see Figure 5.12c in
the Appendix), and it is responsible for the slope observed in the 0.2 nm data in Figure 5.3b.
In conclusion, the main reason for the qualitatively wrong behavior of benzene→water
partitioning upon shrinking of a solute molecule is the too high cost of creating a cavity
in the short bond length solvent benzene.

5.2.4. Short Bond Lengths Caused by Weak Force Constants
We have seen how short bond lengths affect the parametrized behavior of the Martini
model. Apart from setting the equilibrium bond distance to a lower value, short bond
lengths can also result from weakening the force constant. Previously, a collapse of
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neighboring backbone beads was observed in the coil secondary structure of Martini 2.1
proteins due to weak force constants. 272 The issue was corrected in the Martini 2.2 protein
model by increasing the force constant between directly connected backbone beads in
the coil/turn/bend secondary structure from 200/400/500 to 1250 kJ mol−1 nm−2 . In this
section, we explore the effect of the force constant on the behavior of the model in a more
comprehensive way.
Weak Force Constants Impact the Behavior of the Martini Model. To investigate the
effect of the force constant we discuss three systems of increasing complexity. The first
one is a 1:1 mixture of two different three-bead molecules, namely dodecane (DOD)
and dodeca-2,5-diene (DODE). In the Martini framework they are represented by a C1C1-C1 and C4-C4-C1 model, respectively. These mimic the lipid tails of dipalmitoylphosphatidylcholine (DPPC) and dilinoleyl-phosphatidylcholine (DLiPC), respectively,
whose interactions are important for the phase separation in membranes. 273 We decrease
the force constant of both bonds, C4-C4 and C4-C1, of the DODE model from 1250 kJ
mol−1 nm−2 (the standard Martini force constant for aliphatic chains) to 200 kJ mol−1
nm−2 . The system, initially mixed, stays so for force constants above 500 kJ mol−1 nm−2 .
However, it starts to demix if the force constants become weaker than 500 kJ mol−1 nm−2 ,
as can be seen by the steep decrease in number of DOD-DODE contacts reported in
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Figure 5.5a as a function of the force constant. Lowering the force constant for the bonds
in one of the molecules is thus found to induce phase separation.
For the second test case, we constructed an icosahedron of P4 beads including a
central P4 bead and solvated eight of them in water—which is also described by P4 beads
in Martini. All twelve outer beads of each icosahedron are connected to the central bead
by a harmonic potential with a force constant of 1250 kJ mol−1 nm−2 and a minimum
position at 0.47 nm. In addition, six bonds exist on the surface connecting pairs of adjacent
corners (red bonds in the inset of Figure 5.5b). Thus, each corner is connected to exactly
one neighboring corner. In our simulations we varied the force constant of the surface
bonds while keeping the force constants to the center constant. The fixed force constant
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Figure 5.5 | Effect of weak bond force constants on the behavior of Martini systems of increasing complexity. (a)
Relative number of DOD-DODE contacts (number of DOD-DODE contacts over the total number of contacts
made by DODE molecules) in a 1:1 DOD:DODE mixture as a function of the force constant used in the two bonds
of three-bead DODE molecule. The corresponding effective bond length distributions for such bonds are shown
in Figure 5.14a in the Appendix. The insets show renderings of the DOD(cyan):DODE(gray) mixture for two
data points. (b) Cluster size distribution for a simulation of eight icosahedrons (inset) described by P4 Martini
beads in water (also described by P4 beads) as a function of the force constant used for the six bonds on the
surface of the icosahedrons (red bonds in the inset)—and (d) corresponding effective bond length distributions
for such bonds. The force constant is varied from 1250 to 500 kJ mol−1 nm−2 . (c) Cluster size distribution for
a simulation of nine polyleucine transmembrane α-helical peptides embedded in a POPC bilayer modeled
without (black line) and with (red line) an elastic network using a common force constant of 500 kJ mol−1 nm−2 ;
results with the ElNeDyn model (blue line), using the standard force constant of 500 kJ mol−1 nm−2 , are also
shown (see also Methods). The distribution is computed over the last 10 µs of a 15 µs long simulation.
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to the central bead ensures that the overall size of the icosahedron stays approximately
unaffected while effective bond lengths on the surface can affect the interaction with the
environment. We simulated the association of the eight icosahedrons in water (simulation
time 500 ns) with different force constant of the surface bonds. Figure 5.5b shows the
distribution of solute cluster sizes for the different simulations. When applying a force
constant of 563 kJ mol−1 nm−2 or below, the cluster size distribution changes. Our
simulations show that short bond length regions on the surface of a given icosahedron
interact particularly with such short bond length regions of other icosahedrons. As a
result, cluster formation is strongly enhanced.
The third system consists of nine polyleucine transmembrane α-helical peptides
embedded in a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer (starting as
monomers, see Figure 5.14b in the Appendix). We compare a protein model with an
elastic network in the protein backbone using a common force constant of 500 kJ mol−1
nm−2 and a protein model without elastic network. Again, the number of protein clusters
is analyzed to investigate if the elastic network impacts the protein-protein interaction.
Figure 5.5c depicts the distribution of clusters for the last 10 µs of a 15 µs long simulation.
See Figure 5.14c in the Supporting Information for the number of clusters present as a
function of time during the 15 µs simulation. Evidently, the system simulated without
elastic network (black line) consists of more and smaller clusters while in the system
with the elastic network (red line) the distribution is shifted towards larger cluster sizes.
Comparison to experimental data suggests that the protein model without elastic network is already too sticky. It slightly underestimates the population of the monomeric
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state. 274–276 For completeness, we also performed simulations of polyleucine with the
ElNeDyn 277 model and a standard force constant of 500 kJ mol−1 nm−2 (Figure 5.5c, blue
line). The clusters appear to be more stable than in the case of Martini 2.2 with elastic
network, possibly due to the different bonded parameters used in the Martini 2.2 and
ElNeDyn 2.2 models (see also Figure 5.14 and associated discussion in the Appendix).
Weak Force Constants Lead to the Formation of Super-Interaction Centers. The
behavior observed for these three systems, i.e., increased aggregation between models
which use weaker force constants, can be rationalized in terms of the effective bond length
distributions present in the systems. Such distributions are shown in Figure 5.5d for the
icosahedron case, but they are qualitatively the same for the two other systems—see
Figure 5.14a and 5.14d in the Appendix for the DOD-DODE and polyleucine systems,
respectively. The equilibrium bond distance of the harmonic bond being fixed to 0.47 nm
for all the bonds of Figure 5.5d, the effective bond length in the systems differ considerably
when force constants lower than 1000 kJ mol−1 nm−2 are used. The weaker the force
constant used, the shorter the effective bond length.
Weak force constants let the CG beads within a molecule get too close; when that
happens, their LJ interactions with a third bead in the surrounding add up. This increased
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interaction with the environment results in the creation of a super-interaction center, that
is a region with high density of interaction sites—analogous to the situation described
in Section 5.2.2 and 5.2.3. However, for the creation of such a super-interaction center
not only the equilibrium position of the bonded potential (as seen in Section 5.2.2 and
5.2.3) is of importance but also its force constant. If this force constant is too weak, the
bonded interaction cannot compete with the non-bonded force. Their imbalance enables
the bonded beads to approach closely resulting in a distance distribution which is not
centered at the minimum position anymore (Figure 5.5d and 5.14a, Appendix).

5.3. Outlook
We have seen how the lack of size-dependent Lennard-Jones parameters in the Martini
model can artificially increase the barrier in free energy profiles of dimerization. This
effect is larger, the larger the mismatch between the solute-solute and solute-solvent
Lennard-Jones σ parameters, and the bigger the solute molecules. We have then investigated in detail the effect that the use of bond lengths shorter than the ones used during
the parametrization has on the behavior of the Martini force field. Shortening bond
lengths increases the density of CG interaction sites and may thus lead to imbalances. In
particular, we have seen that shortening the bond length of a solute molecule increases
its interactions with any solvent. Because different beads interact with the various solvents with different interaction strengths, the effect is nonlinear, and thus unbalances the
carefully parametrized behavior of the Martini force field. We have also shown how the
use of a solvent phase constituted of short bond length molecules leads to even bigger
discrepancies. The enhanced interactions between solvent molecules increases the cost
of creating a cavity in the short bond length solvent disproportionately, disturbing the
balance between different solvents. Finally, we have seen that a lower limit for the force
constant of bonded interactions described by harmonic potentials exists if they entail
exclusions, i.e., non-bonded interactions between the bonded beads are not present. If
the lower limit is undercut, the harmonic potential cannot compete with the non-bonded
potentials which leads to short bond lengths and thus increased interactions.
Implications for the Current Use of Martini 2. Discrepancies between parametrized
and observed behavior may arise when systems are rich in molecules containing short
bond lengths. A short bond length phase clearly possesses increased interactions both
with solute molecules and between the molecules of the phase themselves. Such short
bond lengths arise in Martini models when finer mappings are designed. A perfect match
with an atomistic bond distribution should be sacrificed in exchange for more reasonable
densities of CG interaction sites. Deviations from the parametrized behavior are mostly
expected when mixing standard and short bond length systems. A consistent use of short
bond lengths for both solute(s) and solvent(s) may reduce the discrepancies observed

5

116

5. Pitfalls of the Martini Model

in properties such as partitioning or mixing due to consistent shifts in overall behavior.
However, properties of models rich in short bond lengths may deviate from the overall
behavior of the force field. 117,278–280 Moreover, as soon as both standard and short bond
length models are present, short bond length molecules will interact predominantly with
other short bond length molecules. This effect may be partly responsible for the need of
“custom” beads that emerged when modeling a number of polymers. 43,246 Such systems
rely heavily on S-beads, hence contain short bond lengths, and need to behave properly
in both S-beads and regular solvents. This effect may also contribute to the observed
stickiness of Martini proteins 281–283 or sugars. 284 While this complex multicomponent
problem is not straightforward and affects also atomistic force fields, 285 short bond
lengths will be part of the problem in the case of Martini, as both sugars and proteins
contain short bonds.
More generally, when dealing with models based on a building block approach, not
only the calibration of the fragments but also their connection must be considered carefully. Despite careful calibration of the fragments, their connection can introduce artefacts, as it was shown to be the case in the Martini model. The extensive use of a certain
model within a wide and various research community can only be beneficial to the improvement of the model, as such nontrivial effects can be spotted more promptly. In a
broader view, this can affect also atomistic force fields based on similar building block
philosophies. While there is much less variability between bond lengths at atomistic
resolution, a similar role to the one played by bonds within Martini may be played by
dihedral angles in atomistic force fields. Moreover, the required accuracy of an atomistic
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force field is typically higher, and small systematic errors may accumulate and lead to
significant deviations at the level of macromolecular interactions.
Directions for Reparametrizations. The findings reported in this work lead to clear
paths for improvements of the Martini CG model, and should be also taken into account
in the parametrization of any other building block based force field. Specifically, sizedependent Lennard-Jones parameters are necessary to ensure balanced interactions
between CG interaction sites of different sizes and to avoid artifacts such as increased
barriers in dimerization profiles. A reader who has some experience with customization
of CG force fields might be attracted by the idea to fix this issue in Martini 2 by using the
arithmetic or geometric average as the LJ σ of two differently-sized beads. However, we
discourage these readers to simply do so because the overall balance of interactions will
be disturbed. Instead, a full reparametrization is required. The density of interaction sites
is a very critical property of the system. If finer mappings are required due to symmetry or
necessity of a description with a higher resolution, well calibrated particles with different
sizes should be available. Such bead sizes should probably be calibrated in a way that
will lead to correct trends for enthalpies of vaporization (and hence cavity costs) for
different resolutions. Ideally, models of the same molecules with different resolutions, e.g.,
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a dodecane molecule mapped with three 4-to-1, or four 3-to-1, or six 2-to-1 atoms-to-CGsite should give the same enthalpy of vaporization, free energy of solvation (hence cavity
cost) and hence mix ideally between themselves. The different resolutions are intrinsically
coupled to the bond lengths used in the systems. If short bond lengths are necessary, it is
because finer mappings or very branched chemical moieties are being represented. Thus,
finer mappings imply smaller beads and shorter bond lengths, while coarser ones imply
larger beads and longer bond lengths. If this harmony is not maintained, an imbalance in
the parametrized behavior of the model is expected. Lastly, the elastic network approach
might be replaced by a Gō-model approach 286,287 to (i) avoid problems with weak bonds,
and (ii) allow some folding-unfolding at the same time.
These guidelines have been taken into account in the reparametrization of the Martini
CG force field which led to the very recent development of Martini 3.0. 210 However, while
some choices, like the use of size-dependent LJ parameters, can be taken into account
during the parametrization procedure, others, like the coupling between bead sizes and
bond lengths, should be kept in mind, as this cannot be guaranteed by the parametrization
procedure itself but only by a careful use of the different bead sizes.
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5.4. Methods
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All-Atom and Coarse-Grained Models. The benzene all-atom (AA) models used in Figure 5.1 are standard GROMOS (53A6) 52 (retrieved from the ATB server 165 ) and OPLS 53 models. Standard Martini 2.2 models 39,143,272
(available on the Martini portal http://cgmartini.nl) were used for the solvents considered in Figure 5.4.
Simulation Settings. A unique set of GROMACS atomistic run parameters was used for the AA simulations.
The Verlet neighbor search algorithm was employed to update the neighbor list, and a 1.4 nm cutoff for LJ
and for Coulomb (reaction-field) interactions was employed. The Nosé-Hoover 288,289 thermostat (coupling
parameter of 1.0 ps) and the Parrinello–Rahman barostat 152 (coupling parameter of 5.0 ps) were employed to
maintain temperature (298.15 K) and pressure (1 bar), respectively. Settings for the CG simulations follow the
“new” Martini set of run parameters. 150 Specifically, the Verlet neighbor search algorithm is used to update
the neighbor list, with a straight cutoff of 1.1 nm. The velocity-rescaling thermostat 151 (coupling parameter
of 1.0 ps) and the Parrinello–Rahman barostat 152 (coupling parameter of 12.0 ps) were employed to maintain
temperature (298.15 K) and pressure (1 bar), respectively. CG simulation setting files are available on the Martini
portal http://cgmartini.nl. GROMACS 48 2016.x was employed to run the simulations.
Potential of Mean Force Calculations. The Potential of Mean Force (PMF) profiles were obtained from
umbrella sampling simulations. 290 The two solute molecules, either an atomistic or a Martini benzene model
or single Martini beads, were placed in a box of at least 5 × 5 × 5 nm3 and solvated in water using the SPC 291 and
the TIP3P 292 water models in the GROMOS and OPLS case, respectively. The standard Martini water model was
used at the CG level. 39 Umbrella windows were spaced 0.1 nm apart along the reaction coordinate, this being
the distance between the centres of mass of the solute molecules. In each window, the distance was restrained
by applying a harmonic potential with a force constant of 1500 kJ mol−1 nm−2 . Each window was equilibrated
for 3 ns (1 ns) and then simulated for 500 ns (150 ns) in the CG (AA) case. A stochastic integrator was employed
for both AA and CG simulations, while other settings were the same as the general settings described above. The
free energy profiles were calculated using the weighted histogram analysis method (WHAM) 175 as implemented
in the GROMACS tool gmx wham.
Free Energies of Transfer Calculations. Alchemical transformations were used to compute free energies of
solvation ∆G S→Ø in a solvent S. The solute was solvated in a pre-equilibrated solvent box of size of at least 5×5×5
nm3 . A series of 11 simulations with equally spaced λ points going from 0 to 1 were performed where solutesolvent interactions were scaled by (1 − λ)—from full solute-solvent interactions at λ = 0 to the disappearance
of such interactions at λ = 0. A stochastic integrator was employed; simulations were equilibrated for 2 ns,
and each λ point was run for 10 ns. A soft-core potential was employed to avoid singularities due to solutesolvent particle overlaps as interactions were switched off. 293 The soft-core potential Vsc , as implemented in
GROMACS, 48 has the following form:
Vsc (r ) = (1 − λ)V A (r A ) + λV B (r B )
³

r A = ασ6A λp + r 6

´1
6

;

³

r B = ασ6B (1 − λ)p + r 6

(5.3)
´1

6

(5.4)

where V A and V B are the full LJ potentials in state A (λ = 0) and state B (λ = 1), respectively, α is the soft-core
parameter (set to 0.5 by setting sc_alpha in the .mdp file), p is the soft-core λ power (set to 1 with sc_power
in the .mdp file), and σ A and σB are the LJ radii of interaction. The free energies and corresponding errors
were finally computed using the Multistate Bennett Acceptance Ratio (MBAR). 171 The free energy associated
with transferring a solute from a solvent S 1 to a solvent S 2 (∆G S 1 →S 2 ) is then computed as the difference
∆G S 1 →Ø − ∆G S 2 →Ø . In the repulsive TI calculations (e.g., Figure 5.3c) the solvent-solute attractive interactions
are switched off, that is, the solute-solvent Lennard-Jones dispersion constant C6 is set to zero. The free energies
obtained for placing such a purely repulsive LJ particle in a solvent phase captures the free energy cost of
creating a cavity in that solvent.
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Enthalpies of Vaporization Calculations. The enthalpy of vaporization (∆Hvap ) has been computed according to:
∆Hvap ≈ Ugas −Uliq + RT
(5.5)
where Ugas and Uliq are the total energies (per mole) of the gas and liquid phase, respectively. The gas phase
is approximated as one molecule in a large (7 × 7 × 7 nm3 ) empty simulation box, and the liquid phase as an
equilibrated box of dimensions of about 5 × 5 × 5 nm3 . Gas (liquid) phase simulations were performed in the
NVT (NPT) ensemble at 298 K (and 1 bar).
1:1 Mixture and Icosahedron System Setup. The 1:1 mixture of dodecane and dodeca-2,5-diene was set
up using the gmx insert-molecules tool of GROMACS. 350 molecules each were added to a rectangular box
of 3.5 × 3.5 × 20 nm3 . The starting configuration of the eight icosahedrons in a cubic box (8.5 × 8.5 × 8.5 nm3 )
was generated using the gmx insert-molecules tool to add the eight icosahedrons and the gmx solvate
tool to solvate the system with 4634 CG water beads. Both systems were energy minimized (steepest descent,
500 steps), equilibrated for 2 ns (time step of 20 fs), and simulated for 500 ns (time step of 20 fs). A leap-frog
integrator was employed.
Polyleucine System Setup. To embed the nine polyleucine peptides in the POPC bilayer, the program
insane.py was employed. 294 The peptides were placed on a cubic grid at a distance of 5 nm resulting in a
bilayer patch of 15 × 15 nm2 and an overall box size of 15 × 15 × 10 nm3 . The POPC bilayer consisting of 567
lipids was solvated with 14211 CG water beads and 0.13 M NaCl was added after neutralizing the system. The
system was then energy-minimized (steepest descent, 500 steps), equilibrated for 500 ps (time step of 10 fs), and
simulated for 15 µs (time step of 20 fs). A leap-frog integrator was employed, and reaction-field was used for
Coulomb interaction (cutoff 1.1 nm)—as this system contains charged particles, following the “new-rf” set of
Martini run parameters. 150 Two different polyleucine (LYS2 -LEU2 6-LYS2 ) protein models were used: a standard
Martini 2.2 model without any elastic network and a Martini 2.2 model with elastic network of GROMACS bond
type 1. Bond type 1 in GROMACS means that the non-bonded interactions between the connected beads are
excluded. In both protein models, identical regular bonds, angles, and dihedral angles are applied; their only
difference is the elastic network. This allows us to exclude any changes due to different bonded parameters.
However, this is a setting for the elastic network which is not commonly used when simulating proteins with
Martini and an elastic network. There are two elastic network options commonly used: Martini 2.2 with elastic
network of GROMACS bond type 6, which does not exclude the non-bonded interactions, or the ElNeDyn 277
model, which uses GROMACS type 1 bonds in the elastic network but entails in addition different definitions of
bonded interactions. The error in Figure 5.5c was estimated as the standard error of the mean when the last 10
µs of the simulations were split in blocks of 1 µs and analyzed separately.
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5.5. Appendix: Method Details
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Figure 5.6 | Effect of using size-dependent LJ parameters between particles of different sizes on the dimerization.
(a) PMF obtained (dashed line) when using the arithmetic average for σR−S , namely, (σR−R + σS−S )/2 = 0.45
nm. Note that the geometric average, (σR−R · σS−S )1/2 , in this case leads to the same value. (b) PMF obtained
when using the arithmetic (0.395 nm, dashed line) and geometric (0.388 nm, dotted line) for σR−T . (c) Summary
of the results obtained with size-dependent LJ parameters: the PMF obtained with the original Martini σR−R is
shown along with the ones obtained using arithmetic averages for σR−S and σR−T . In all cases, the atomistic
profiles are shown for comparison.
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Figure 5.7 | Effect of lack of size-dependent LJ parameters between particles of different sizes on the dimerization: 1-bead and pyrene cases. (a) PMF of dimerization for single beads—two C5 beads (red), two SC5 beads
(green), and two TC5 beads (blue)—in water. (b) PMF of dimerization for pyrene in chloroform. In the Martini
CG model (green curve), pyrene is described by 7 SC5 beads (see inset), while the GROMOS (53A6) model (blue
curve)—retrieved from the ATB server 165 —is used for the atomistic case.
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Figure 5.8 | (a) Same as Figure 5.2c; (b)-(d) same plots as (a) but for chloroform (CLF), ether (ETH) and octanol
(OCO) to water partitioning. (e) Trends which can be extracted from (a)-(d).
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Figure 5.9 | Scaling of the “bond length effect” with the size and geometry of Martini small molecules. (a) Same
as Figure 5.2c. (b) Same plot as (a) but for three-bead linear models (see inset) representing linear molecules
containing 12 non-hydrogen atoms. (c) Same plot as (a) but for three-bead ring models (see inset) representing
12 non-hydrogen atoms ring molecules.
∆GHD→W : Martini versus experiments. The direct comparison of Figure 5.2a and Figure 5.2c clearly
show a systematic underestimation of the hydrophilicity upon molecular size reduction. However, a standard
procedure in the Martini framework is to switch to a more hydrophilic particle type whenever the number of
carbon atoms is reduced. For example, butane is described by a C1 particle, while propane is described by a
more hydrophilic C2 bead. 39 Taking this into account, the obtained trends represented by the solid lines in
Figure 5.2c shift to the ones depicted by the pair of dashed lines (assuming an average change in ∆GHD→W for a
change of one bead type of 3-3.5 kJ/mol, 39 shifts of 3 and 3.5 kJ mol-1 , 6 and 7 kJ mol-1 , and 12 and 14 kJ mol-1
have been applied to the 0.4 nm, 0.3 nm and 0.2 nm case, respectively) shown in Figure 5.10.
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Figure 5.11 | Experimental partitioning behavior of molecules upon branching. (a) The ∆G HD→W for a molecule
(e.g., octane) is plotted against the difference between the same free energy and the one for the corresponding
isomer which is either cyclic or fully branched (orange circles, e.g., tetramethylbutane or dimethylcyclohexane)—
see also panel (b). The data about the removal of aliphatic carbon atoms of Figure 5.2a of the main text are also
plotted again for comparison. Data points for the branched/cyclic case are available in Table 5.1.
Table 5.1 | Experimental 213 HD→W logP data for branched/cyclic compounds (Fig. 5.11).

Chem. class
Alkane
Alkane
Alkane
Alkane
Alkene
Alkene
Alkane
Alcohol
Ketone
Ether
Amine
Alcohol
Ketone
Alcohol

base compound (logP)
octane (5.79)
octane (5.79)
heptane (5.14)
hexane (4.49)
hept-1-ene (4.28)
hex-1-ene (3.73)
propane (2.49)
heptan-1-ol (1.03)
hexan-2-one (0.85)
diethyl ether (0.85)
n-hexylamine (0.76)
hexan-1-ol (0.38)
pentanone (0.18)
pentanol (−0.24)

fully branched or cyclic (logP)
2,2,4- (5.28); 2,3,4-trimethylpentane (5.36)
1,4-dimethylcyclohexane (5.09)
methylcyclohexane (4.49)
CH3 -cyclopentane (3.99); cyclohexane (3.91)
1-methylcyclohexene (3.97)
cyclohexene (3.29)
cyclopropane (1.86)
cycloheptanol (0.39)
cyclohexanone (0.19)
tetrahydrofuran (0.09)
cyclohexylamine (0.20)
cyclohexanol (−0.25)
cyclopentanone (−0.23)
cyclopentanol (−0.79)
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Table 5.2 | Experimental 213 HD→W logP data used in Figure 5.2a.

Chemical
Class
Alkane
Alkane
Alkene
Br-alkane
Cl-alkane
Alkyne
Ether
Sulfide
Thiol
Aldehyde
Nitro
Ketone
Amine
Alcohol
Aldehyde
Nitrile
Acid
Acid
Nitrile
Amine
Amine
Amide
Amide

base compound
logP
decane
7.01
octane
5.79
oct-1-ene
4.98
1-Br-heptane
4.91
1-Cl-heptane
4.49
oct-1-yne
4.04
dibutyl ether
3.31
dipropyl sulfide
3.18
butane-1-thiol
2.38
heptanal
1.91
nitropentane
1.87
heptan-2-one
1.53
heptylamine
1.39
heptan-1-ol
1.03
pentanal
0.63
pentanenitrile
0.53
heptanoic acid
−0.06
hexanoic acid
−0.64
proprionitrile
−0.74
n-propylamine
−1.08
ethylamine
−1.62
butanamide
−3.44
acetamide
−4.68

−1 C atom
logP
nonane
6.49
heptane
5.14
hept-1-ene
4.28
1-Br-hexane
4.26
1-Cl-hexane
3.78
hept-1-yne
3.44
————–
—
————–
—
propane-1-thiol
1.91
hexanal
1.30
nitrobutane
1.15
hexan-2-one
0.85
hexylamine
0.76
hexan-1-ol
0.38
butanal
−0.06
butanonitrile
−0.12
hexanoic acid
−0.64
pentanoic acid
−1.14
acetonitrile
−1.11
ethylamine
−1.62
methanamine
−2.04
————–
—
formamide
−5.10

−2 C atoms
logP
octane
5.79
hexane
4.49
hex-1-ene
3.73
1-Br-pentane
3.54
1-Cl-pentane
3.17
hex-1-yne
2.72
dipropyl ether
2.10
diethyl sulfide
2.03
—————–
—
pentanal
0.63
nitropropane
0.44
pentan-2-one
0.18
pentylamine
0.14
pentan-1-ol
−0.24
propanal
−0.71
—————–
—
pentanoic acid
−1.14
—————–
—
—————–
—
methanamine
−2.04
—————–
—
acetamide
−4.68
—————–
—

−4 C atoms
logP
hexane
4.49
butane
3.13
but-1-ene
2.50
1-Br-propane
2.21
1-Cl-propane
1.96
but-1-yne
1.40
diethyl ether
0.85
—————
—
—————
—
propanal
−0.71
nitromethane
−1.06
propanone
−1.09
n-propylamine
−1.08
propan-1-ol
−1.53
formaldehyde
—
—————
—
propanoic acid
−2.45
—————
—
—————
—
—————
—
—————
—
—————
—
—————
—
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5.5.3. Solvents with Short Bond Lengths: Excessive Cavity Cost
Table 5.3 | Experimental and COSMO-RS† BENZ→W logP data 173 used in Figure 5.3a.

Chemical
Class
Alkane
Alkane
Alkane
Alkene
Cl-alkane
Alkyne
Aldehyde
Ketone
Alcohol
Alcohol
Nitro

5

Amine
Alcohol
Aldehyde
Nitrile
Ketone
Alcohol
Amine
Acid
Amine
Amide

base compound
logP
octane
5.56†
octane
5.56†
hexane
4.32
oct-1-ene
5.12†
Cl-pentane
3.80†
oct-1-yne
4.58†
octanal
3.56†
octan-2-one
3.10†
octan-1-ol
2.29†
heptan-1-ol
1.91
nitropropane
1.78†
hexylamine
1.33†
2-methylphenol
1.15
butanal
1.11†
butanenitrile
1.08†
butan-2-one
0.56
pentan-1-ol
0.47
n-propylamine
−0.35†
butanoic acid
−0.41†
ethylamine
−1.13†
acetamide
−3.95†

−1 C atom
logP
————
—
————
—
pentane
3.90
————
—
Cl-butane
3.17†
————
—
————
—
heptan-2-one
2.43
heptan-1-ol
1.91
————
—
nitroethane
1.07†
pentylamine
0.88†
phenol
0.37
propanal
0.54†
proprionitrile
0.46†
acetone
−0.04
butan-1-ol
−0.26
ethylamine
−1.13†
prop. acid
−1.00†
methanamine
−1.66†
formamide
−4.43†

−2 C atoms
logP
hexane
4.32
————
—
————
—
hex-1-ene
3.86†
Cl-propane
2.55†
hex-1-yne
3.33†
hexanal
2.35†
————
—
————
—
pentan-1-ol
0.47
nitromethane
0.47†
butylamine
0.24†
————
—
acetaldehyde
−0.09†
acetonitrile
−0.26†
————
—
propan-1-ol
−0.94
methanamine
−1.66†
acetic acid
−1.74†
————
—
————
—

−4 C atoms
logP
butane
3.08†
butane
3.08†
———–
—
but-1-ene
2.66†
Cl-methane
1.28†
but-1-yne
2.08†
butanal
1.11†
butan-2-one
0.56
butan-1-ol
−0.26
propan-1-ol
−0.94
———–
—
ethylamine
−1.13†
———–
—
———–
—
———–
—
———–
—
———–
—
———–
—
———–
—
———–
—
———–
—
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Figure 5.12 | Contributions to the benzene→water free energies of transfer in the Martini CG model. (a) Total
(same as Figure 5.3b but including also the shifts as applied in Figure 5.10b), (b) repulsive (same as Figure 5.3c),
and (c) attractive contributions. The attractive contribution was computed as the difference between the total
and the repulsive ones. The repulsive component of the Lennard-Jones, which we take as an approximate
estimation of the cavity cost, causes the more and more favorable partitioning to the benzene phase as the
molecular size decreases. The attractive part is mostly constant and only increases in the case of the smallest
bond length.

Martini Enthalpies of Vaporization. We notice other trends from Figure 5.13a (which is the same as
Figure 5.4a, but with other chemical classes highlighted). First of all, we note that molecules containing atoms
belonging to the third period of the periodic table fall in the upper-left edge of the trend. This indicates a relative
underestimation of the ∆Hvap for these molecules. We ascribe this to the presence of the heavier atoms (Cl,
or S), which due to their higher polarizability and mass are likely to increase the ∆Hvap of the molecule with
respect to the one predicted by the Martini particle used to describe it - being Martini mostly calibrated with
respect to second period elements such as N, C, and O. The enthalpies of vaporization of alcohols are also
underestimated, probably due to underestimated hydrogen-bonding capabilities (likely to increase ∆Hvap ’s) of
the Martini models.
90

20

−1

80

ΔHvap / Nnon-H atom (kJ mol )

(a)

60
50
40

alcohols
alkanes
III period
others
rings
water

30
20
10

10

20

30

40
50
60
CG
ΔHvap (kJ mol−1)

70

exp

exp
ΔHvap

−1

(kJ mol )

70

80

90

alkanes
others
rings
benzene
water

15

(b)

10

5

0

0

20
40
60
80
100
Computed cavity cost for a C1 bead (kJ mol−1)

Figure 5.13 | Behavior of enthalpies of vaporization and the cost of creating a cavity in a solvent in the Martini
model. (a) Comparison of computed and experimental enthalpies of vaporization. A few chemical classes are
indicated with different data points (see legend). (b) Same plot as Figure 5.4b but for a Martini C1 bead.
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5.5.4. Short Bond Lengths Caused by Weak Force Constants
Bond Distributions at the Peptide Termini. Figure 5.14d shows the bond distributions for the elastic bonds
involving the terminal amino acids of the polyleucine peptides. Due to their position within the chain, the
terminal amino acids have no symmetric elastic network around them: as a consequence, the effect of weak
force constants is expected to be more significant in their case. The bond distribution when no elastic network is
used (black line) is broader, as the termini can adopt more stretched conformations. The difference between the
elastic network (red line) and the ElNeDyn model (blue line) may be due to the different bonded parameters used
in the two models. In particular, the tail at shorter bond distances which is observed in the case of ElNeDyn could
explain the observed increased stability of polyleucine clusters in the ElNeDyn case (Figure 5.5c and Figure 5.14c).
We are currently working on fully characterizing these nontrivial differences in bond distributions between the
elastic network and ElNeDyn models, and how those impact the aggregation behavior of polyleucine.

(a)

9
7

Probability

(b)

1250 kJ/mol
1000 kJ/mol
750 kJ/mol
500 kJ/mol
400 kJ/mol
300 kJ/mol
250 kJ/mol
200 kJ/mol

8
6
5
4
3
2
1
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Bond distance (nm)

Martini 2.2 w/o elastic network
Martini 2.2 w/ 500 kJ/(mol nm2)
ElNeDyn 2.2

1

(d) 6

Martini 2.2 w/o elastic network
2
Martini 2.2 w/ 500 kJ/(mol nm )
ElNeDyn 2.2

5

9
8
7
6
5
4
3
2
1

Probability

5

Number of clusters

(c)

0

4
3
2
1

0

2

4

6
8
Time (µs)

10

12

14

0

0.2

0.4

0.6
0.8
Bond distance (nm)

1

1.2

Figure 5.14 | Effect of weak bond force constants on the behavior of Martini systems of increasing complexity:
further details. (a) Effective bond length distribution as a function of force constant for DODE. DODE is part of
a 1:1 DOD:DODE mixture as described in section 5.2.4. (b) Top view of the starting configuration for the nine
polyleucine transmembrane α-helical peptides embedded in a POPC bilayer (section 5.2.4). For clarity, only
the peptides are rendered. (c) Number of clusters being present in a simulation of nine polyleucine peptides
embedded in a POPC bilayer modeled without (black line) and with (red line) an elastic network using a common
force constant of 500 kJ mol−1 nm−2 ; results with the ElNeDyn model (blue line), using the standard force
constant of 500 kJ mol−1 nm−2 , are also shown. (d) Bond distributions of the elastic bonds involving the last
backbone bead of the two terminal amino acids. Each terminal backbone bead is connected via elastic bonds to
three other backbone beads. For comparison, the bond distributions between the same pairs of beads are also
reported in the case of the system simulated without elastic network (black line).
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6. Martini 3.0 Rings

With the release of Martini 3.0, the Martini framework has been refined and expanded after more than 10 years of applications and lessons learned thereof. In
this particular account, we present a pool of aliphatic and aromatic ring structures which include solvents and building blocks for macromolecules, such as
proteins and (polymeric) organic molecules, relevant for soft materials science.
Within Martini 3.0, such structures are described by models which use small
and tiny beads. As such, the present pool of rings constitutes one of the cornerstones of the calibration of the new Martini small and tiny beads. The new
models show excellent partitioning behavior and solvent properties. Miscibility trends between different bulk phases are also captured, completing the set
of “bulk” thermodynamic properties considered during the parametrization.
We also show how the new bead sizes allow for a good representation of molecular volume, which translates into better “local” properties such as stacking
distances. We further present guidelines to build Martini 3.0 models for monoor polycyclic compounds. A collection of all the molecules taken into account is
also made available as a database which includes their corresponding Martini
model, experimental and computed properties, and links to simulation files.
The present parametrization, database, and guidelines, along with the modularity of the Martini force field, are expected to boost the application of the Martini 3.0 CG force field in soft materials science.

6.1. Introduction

6

The use of coarse-grain (CG) models is of paramount importance to explore length and
time scales beyond what is feasible with atomistic, or all-atom (AA), models. 35–37,295–297
In CG models, atoms are bundled together into supra-atomic particles, or beads. Besides
widening the accessible spatiotemporal scales, such models can provide a more insightful
picture with respect to atomistic ones, as the reduction in the number of degrees of
freedom translates into a simpler representation of the system which highlights its key
features. Thus, CG simulations are an indispensable tool to complement conventional
experimental methods to study processes such as spontaneous self-assembly, transformation between phases, domain formation, and host-guest interdiffusion. 35–37,295–298
CG models can be categorized as mainly following a systematic (also known as hierarchical) or a building block approach. 27,36 Models developed on the basis of the former principle reproduce the underlying atomistic structural data accurately, but require
reparametrization whenever any condition changes, which makes the parametrization
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procedure more time-consuming. Also, potential forms required are often complex, which
can result in lower performance and thus less sampling. On the other side, building block
approaches are often cheaper due to the use of simpler potential forms and only partial
parametrization required. Indeed, the parametrization of the building blocks enables
their use as part of similar moieties in different molecules, hence the second advantage of
such models, that is, their transferability. However, these advantages come at the cost of a
more limited structural accuracy, given the necessarily suboptimal representation of the
underlying atomistic detail inherent of building block-based CG models. Most of the CG
models, however, do not fit purely in either of the categories but often include features of
both CG modeling approaches. 36
The power of building block-based CG models has been harnessed significantly more
in the study of biomolecular systems, while many fewer examples are found in the soft
materials science literature. Despite pioneering CG modeling works originated from the
necessity of modeling polymers, 299 most of the works in soft materials science remains
focused on systematic CG modeling approaches which accurately capture the physics of
relatively simple systems but are not easily extendable when the systems grow in complexity in terms of the number of different interactions which need to be taken into account.
This hampers the broader application of systematic CG models in materials science, as
the latter is rich in complex blends of multiple (polymeric) molecular structures which are
used in state-of-the-art organic devices. 7,8 Building block CG approaches hold promise
to be able to investigate such systems with reasonable accuracy and within time scales
which are not only relevant to speed up our understanding of these systems but also to
explore new blend compositions in silico before going to the experimental trial. Among
the building block approaches, notably the Martini CG force field 38,39 has seen wide
applications due to successes achieved in the description of several biomolecular systems. 38,40–42 We note that the force field, originally intended for biomolecular simulations,
has been successfully applied to describe systems relevant in soft materials science, such
as polymer chemistry and organic electronics. 43,45–47,117,197,198,264,266
With the recent development of Martini 3.0, 210 the Martini framework has been refined and expanded after more than 10 years of applications and lessons learned thereof.
In this particular account, we present what has been done concerning the parametrization of ring structures, notably something which was not the main focus of the original
Martini work, where the main target of ring particles included only benzene, cyclohexane, and cholesterol molecules. 39 The wide use of the Martini model highlighted certain
limitations 278–280,284 (see also chapter 5) in particular in the description of structures
which are modeled with more than one bead per 4 atoms, among which we find ring
structures. Addressing such limitations was especially important in order to address the
growing interest 47,117,197,198,264,266,300 in applying Martini in soft materials science, where
(polymeric) conjugated ring systems play an ubiquitous role. In this contribution, we
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especially focus on rings in the context of materials science applications. However, the
parametrization has also taken into account rings which are relevant for biomolecules like
the aromatic amino acids, the DNA bases, and sugars. Those will be described in separate
publications dedicated to proteins, DNA, and sugars. In the present work, we describe
which properties have been considered during the parametrization of ring structures,
we present guidelines to build Martini 3.0 models for mono- or polycyclic compounds,
showcase what can be achieved with the new models, and describe expected strengths
and potential weaknesses of the new model in soft materials science applications. A collection of all the molecules taken into account is also made available as a database which
includes their corresponding Martini model, experimental and computed properties, and
links to simulation files.

6.2. Model and Methods
6.2.1. Coarse-Graining Ring Structures within Martini 3.0
Martini 3.0. For a thorough description of the latest version of the Martini force field
we refer to the main publication. 210 Briefly, as in the previous versions, the main force
field parametrization target remains free energy of transfer data between several pairs
of solvents, such as hexadecane/water, octanol/water, and chloroform/water. Molecular fragments are used as building blocks (beads), whose non-bonded interactions are
described by modified Lennard-Jones interactions. To describe the chemical nature of
the underlying atomistic structure, CG beads with more or less polar character exists. As
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in version 2, there are four main types of beads: polar (P), non-polar (N), apolar (C), and
charged (Q). Moreover, a separate water (W) bead and a set of beads (X) dedicated to
groups containing multiple halogen atoms are now included. These types are in turn
divided in subtypes based on their hydrogen-bonding capabilities, degree of polarity, or
charge softness. 210 To keep the model simple, the sizes of the beads (σ) and the levels
of interactions (ε) are discretized. In version 3, the number of interaction levels was
extended from 10 to 20, and, besides the three bead sizes (regular (R), small (S), and tiny
(T), with σ of 0.47, 0.405, and 0.34 nm, respectively), there are now also cross-interaction
sizes. As we will show in the present contribution, this improves, among other aspects,
the overall behavior of systems described by more than one bead per 4 atoms and their
interaction with 4-to-1 (atoms-to-CG-site) mapped systems. Such finer mappings are
usually required in the case of cyclic compounds, 39 or to adhere to the symmetry of the
repeat unit of a polymer. 144,145 In particular, the three available bead sizes are now fully
balanced, with regular, small, and tiny beads intended to be used for 4-to-1, 3-to-1, and
2-to-1 atoms-to-bead mappings, respectively. However, if the chemical group is fully
branched, or part of a ring structure, a smaller size than what expected based on the (non-
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hydrogen) atom count should be used. In this contribution, we will comprehensively
describe the parametrization of low molecular weight cyclic compounds, which forms
the basis for the T- and S-bead parameters.
Center-of-Geometry Mapping. In general, bond lengths obtained from center-ofmass (COM) mapping proved to be unsatisfactory, usually leading to too high packing
densities. This is exemplified for benzene in Figure 6.8 (Appendix) and it is not unexpected:
the original Martini 2.0 benzene model already uses bond lengths of 0.27 nm, ∼25% longer
than bond lengths extracted following COM mapping. 39 Instead, center-of-geometry
(COG)-based mapping leads to better molecular (e.g., solvent accessible surface area)
and bulk (e.g., mass densities) properties (Section 6.3.2). COG-mapping is especially
important the more the mapping is close to atomistic resolution, that is, when using
T-beads. COM and COG are indeed almost equivalent in the case of a 4-to-1 mapped
alkane chain (see Figure 6.9 in the Appendix). In contrast, they provide considerably
different bond lengths in the case of 2-to-1 mapped rings, as just discussed for benzene.
COG-based (like COM-based) bond lengths can be directly extracted from AA models.
Such a direct link to the underlying atomistic structure is important, as, for example, it
makes them suitable for automated topology building. 279,301,302
Aromatic Rings. Tiny-beads are especially intended to be used to describe aromatic
(i.e., planar, atom-thick) structures. The prototypical aromatic compound, benzene, is
described by a three-bead model reminiscent of the Martini 2 model 39 (see also Figure 6.1): each of the three beads represents two consecutive carbon atoms and their
associated hydrogen atoms. However, there are a few important differences. First, the
model now uses T-beads (rather than S-beads). In this way, the six non-hydrogen atoms
which constitute benzene are described by three beads which have been parametrized
specifically for 2-to-1 mappings. Moreover, the radius of T-particles is such that stacking
distances between Martini models of aromatic structures agree with atomistic and/or
experimental stacking distances (see also Section 6.3.4). For benzene, or more generally
non-substituted −C=C− groups part of aromatic compounds, the Martini bead type of
choice is C5, because it leads to free energies of transfer in excellent agreement with
experimental literature data (see Section 6.3.1); therefore benzene is represented by a
TC5-TC5-TC5 model. A COG-based bond length of 0.29 nm is used (see also Figure 6.8 in
the Appendix), leading to a bulk density for liquid benzene of 0.894 g cm−3 , in excellent
agreement (≈2% too high) with the experimental value of 0.877 g cm−3 .
Aromatic ring models are held together 39 by constraints. 303 Distributions of bond
lengths obtained from mapped AA simulations between beads which are part of aromatic structures are indeed very narrow (Figure 6.8c in the Appendix). As a consequence,
they would require very stiff potentials, and such potentials would in turn demand very
short time steps. However, at the Martini scale the fast stretching of these bonds becomes unimportant, and such stiff bonds can be replaced by constraints, i.e, those bond
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lengths become constants. More extended stiff molecular structures can be conveniently
described by using virtual sites, as discussed in more detail later in this Section.
The parameters of benzene form the basis for all the aromatic ring structures which
have been included in the present parametrization (some of which are shown in Figure 6.1). Together with the other topologies presented in this work, this set should guide
the development of new Martini 3 models for aromatic molecules.

Figure 6.1 | Examples of mappings of aromatic and aliphatic ring structures. 2D chemical structures (bottom)
are shown along with renderings of their corresponding CG (top) models. From left to right: cyclohexane,
benzene, piperidine, para-cresol, naphthalene, and caffeine. CG-beads are color-coded as follows: apolar
aliphatic (C1-C3 type) beads are in cyan, apolar aromatic (C4-C6) beads are in silver, nonpolar (N0 to N5) beads
in blue and polar (P1 to P6) beads in red.

Aliphatic Rings. Small-beads are used for aliphatic cyclic compounds. The prototypical aliphatic cyclic compound, cyclohexane, is described by a two-S-bead model,
differentiating it from the Martini 2 model. 39 The model has been devised to capture the
larger bulkiness of cyclohexane, as compared to its aromatic counterpart, i.e., benzene.
The beads used to describe cyclohexane are of type SC3 based on partitioning data (see
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Section 6.3.1). Bonds keep together aliphatic models, as bond distributions are broader in
the case of aliphatic rings (compare Figure 6.8c and Figure 6.8f in the Appendix). A bond
length of 0.385 nm is used, leading to a bulk density for liquid cyclohexane of 0.81 g cm−3 ,
in good agreement (≈5% too high) with the experimental value of 0.77 g cm−3 .
Analogously to benzene, cyclohexane constitutes the basis for the aliphatic rings
which have been object of the present parametrization. Accordingly, the present pool of
aliphatic compounds should serve as reference for the development of new Martini 3.0
models of aliphatic cyclic compounds.
Heterocyclic Compounds and Substituted Rings. Benzene and cyclohexane form
the basis of the aliphatic and aromatic rings. However, most of the interesting compounds
contain also heteroatoms either within the ring itself or as substituents. Table 6.1 lists a
subset of the small and tiny Martini particle types and the corresponding chemical group
which they describe in ring models, along with examples of molecules which employ
that particle type. Note that in some cases a (group of) atom(s) is shared between two
neighboring beads (indicated with a † in Table 6.1). This is usually necessary in order
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Table 6.1 | Ring building blocks. CG particle type, corresponding ring building block, and examples of molecules
in which such a block appears. The atoms the CG block is taken to represent are also shown in the 2D chemical
structures, with T-beads and S-beads depicted in blue and green, respectively.
† Indicates that the (group of) atom(s) is shared with neighboring beads.

type

ring building block

SP1a

−CH2 † −C(=O)−CH2 † −

cyclopentanone (SC3-SP1a)

TP1

=C(−OH)−

p-cresol (TC5-TC5-TC5-TP1)

SN6

−CH† =C(−OH)−CH† =

phenol (TC5-TC5-SN6)

TN6a

−CH=N−

pyridine (TC5-TC5-TN6a)

TN6d

=CH† −NH−CH† =

pyrrole (TC5-TC5-TN6d)

SN5a

−CH2 −O−CH2 −

tetrahydropyran (SC3-SN5a)

TN5a

−CH2 † −O−CH2 † −

tetrahydrofuran (SC3-TN5a)

TN3a

=CH† −O−CH† =

furan (TC5-TC5-TN3a)

TN1

−N(−CH3 )−

1-methylimidazole (TC5-TN1-TN6a)

SC6

−CH† =C(−SH)−CH† =

thiophenol (TC5-TC5-SC6)

TC6

=CH† −S−CH† =

thiophene (TC5-TC5-TC6)

TC5

−CH=CH−

benzene (TC5-TC5-TC5)

SC4

−CH† =C(−CH3 )−CH† =

toluene (TC5-TC5-SC4)

−CH† =C(−Cl)−CH† =

chlorobenzene (TC5-TC5-SC4)

−(CH2 )3 −

cyclohexane (SC3-SC3)

SC3

examples
2D
name (mapping)
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to keep the symmetry of the underlying atomistic structure—see, for example, phenol,
tetrahydrofuran, or toluene. Note that this is important also in view of the extraction of
bond and (dihedral) angle distributions from CG-mapped atomistic simulations.
Beads are chosen based on partitioning data, the Martini hallmark. 38 More bead
types are now available within Martini 3 with respect to Martini 2, thus, for example, the three groups −N(−CH3 )−, =CH† −O−CH† =, and −CH2 † −O−CH2 † − (found in
1-methylimidazole, furan, and tetrahydrofuran, respectively—see also Table 6.1) once
described by a SN0 bead are now described by a TN1, TN3a, and TN5a bead, respectively.
Table 6.1, listing mapping of CG particle types to chemical building blocks, serves as a
guide towards the assignment of CG particle types.
1 x -R

...

para-

...

2 x -R

ortometa-

3 x -R

6

...

...

Figure 6.2 | Recommended mappings for substituted rings. Mono- (top), di- (center), and tri-substituted
(bottom) rings are shown. In the case of di-substituted rings, we distinguish between para- and meta- or ortosubstitutions, the latter two to be treated identically in terms of mapping. Regular, small, and tiny beads are
indicated in red, green, and blue, respectively, but not drawn to scale.

Figure 6.2 shows how we mapped substituted rings as a function of substituent number and size. Such mappings are based on the following two principles: 1) map all the
non-hydrogen atoms with the minimum possible number of beads and 2) preserve the
symmetry and shape of the molecule as much as possible.
Leveraging Virtual Sites in Extended Ring Models. For polycyclic compounds that
need to be described by more than four particles, virtual interaction sites (VSs) 304 are
used to improve the numerical stability of the models. As mentioned earlier, Martini
aromatic ring structures are held together by constraints. As more extended stiff molecular
structures need to be described (as in the case of polycyclic aromatic compounds), the
number of constraints which need to be used in their Martini representations grows.
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However, a too extended network of constraints leads to numerical instabilities, as it is
increasingly complicated to satisfy a growing number of connected constraints. Saving
on the number of constraints by using VSs not only increases the numerical stability of
the simulations but also improves their performance.
The proposed model for the naphthalene (NAPH) molecule illustrates one way in
which VS can be used to improve numerical stability and performance. The molecule
consists of 10 aromatic carbon atoms, which translates into a 5-TC5-bead Martini model.
Straightforwardly interconnecting the 5 beads with constraints leads to a network of 8
constraints (see Figure 6.3a). Such a network of constraints already starts to be hard to
satisfy: while one molecule in vacuum is still numerically stable with a time step of 20
fs, a condensed phase of such a model (432 molecules in a periodic box) readily leads
to numerical instabilities with time steps as low as 10 fs, thus requiring even smaller
time steps. This makes large-scale simulations impracticable. The idea to overcome this
limitation is inspired by the “hinge” construction used in the latest cholesterol model
proposed by Melo and co-workers. 278 Indeed, another model which could be devised
for this molecule exploits the “hinge” construction for the 4 external beads (Figure 6.3b)
while the central bead is described as a VS, i.e., a particle whose position is completely
defined by its constructing particles (in this case, the other four beads). The displacement
of the VS itself is not calculated by the integrator algorithm, but its position is recalculated
from the new positions of the constructing particles after each integration step. 48 Of
course, forces on the VS are accounted for—these are distributed to the constructing
atoms in each integration step. VSs are also mass-less, thus the mass of the bead they
represent must be accounted for; in the NAPH case, it is evenly added to the masses of
the constructing particles. Due to the reduction on the number of constraints used (from

(a)

(b)

(c)

0.16
0.14
0.12
0.1

CG (k = 100)
CG (k = 200)
GROMOS
OPLS

6

0.08
0.06
0.04
0.02

5 particles, 8 constraints

4 particles, 1 virtual site
5 constraints, 1 (improper) dihedral

0
−90 −60 −30
0
30 60
dihedral angle (deg)

90

Figure 6.3 | Possible Martini models for naphthalene. A (a) “all-constraints” model which readily leads to
numerical instabilities and (b) a “hinge” model which runs with a time step of 20 fs. A schematic representation
of the CG model is drawn on top of the chemical structure of naphthalene: the grey circle with solid red contour
indicates a CG particle, while a gray circle with a dashed cyan contour represents a virtual site. Solid red lines
indicate constraints. The “hinge” model also uses an improper dihedral (between the four vertices of the
model) to keep the model flat. A comparison of this dihedral distribution to reference COG-mapped atomistic
distributions is shown in (c) for two improper dihedral force constants, 100 kJ mol−1 rad−2 and 200 kJ mol−1
rad−2 . Non-bonded interactions between the two CG sites which share no bond in the “hinge” model—top left
and bottom right in (b)—are excluded.
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8 to 5), the use of the hinge model also accelerates the calculation: in the case of the
same NAPH condensed phase, the simulation runs ∼1.5 times faster. Note also that an
improper dihedral is applied in order to keep the hinge model flat (see the comparison of
the improper dihedral distribution to AA reference data in Figure 6.3c). To get even more
speed-up and get rid of the (improper) dihedral potential, one could think of reducing
further the number of particles to three—the minimal amount of particles one would
need to define the NAPH plane—and then construct the remaining two as VSs. However,
this would make NAPH an absolutely rigid body. When torque is generated at one end of
the model, the consequent rigid-body rotation can cause a very large displacement on
the opposite end, possibly resulting in unphysical overlap with other system components.
The hinge model, on the other hand, works as a shock absorber, 278 preventing such an
absolute rigid body behavior. It is thus recommended to opt for such a non-rigid-body
model. This was used to build models for other extended ring structures, such as caffeine,
the DNA bases, and some polyacenes (see Figure 6.10 in the Appendix). Note that in these
other cases, more than one VS per hinge is defined.

6.2.2. Database Description
A database containing about 50 molecules, covering most of the chemical functional
groups, will be soon made available online on the Martini portal http://cgmartini.nl.
The database contains mono- and polycyclic aromatic and aliphatic compounds, thus
including a wide range of (bio)molecular building blocks. However, it is necessarily far
from being complete. The models included serve as a guide to build new models, or as
building blocks to be used in macromolecules such as polymeric structures. Molecules
can be searched via their common name, CAS number, SMILES string, as well as an
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identifying three to five letter long string. For convenience, the database can be found
both as a Microsoft Excel and as a comma-separated value file. Jupyter notebook examples on how to import and query the database for properties, output to file or plot
data will be also made available. The database will be also possibly made available
via the http://virtualchemistry.org/ portal. 305,306 The database contains also force field
topologies (in GROMACS format) which can be used as input for MD simulations.

6.2.3. Simulation Settings and Procedure Details
General Simulation Settings. A unique set of GROMACS atomistic run parameters was
used for the AA simulations. The Verlet neighbor search algorithm was employed to update the neighbor list; a 1.4 nm cutoff for LJ and for Coulomb (reaction-field) interactions
was employed. The Parrinello–Rahman barostat 152 (coupling parameter of 5.0 ps) and the
Nosé-Hoover thermostat 288,289 (coupling parameter of 1.0 ps) were used to maintain pressure and temperature, respectively. Settings for the CG simulations adhere to the “new”
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set of Martini run parameters. 150 Specifically, the Verlet neighbor search algorithm was
used to update the neighbor list, with a straight cutoff of 1.1 nm. The Parrinello–Rahman
barostat 152 (coupling parameter of 12.0 ps) and the velocity-rescaling thermostat 151 (coupling parameter of 1.0 ps) were used to maintain pressure and temperature, respectively.
CG simulation setting files are available on the Martini portal http://cgmartini.nl.
Atomistic Models. GROMOS 54A7 307 all-atom models were obtained, in GROMACS
format, from the ATB server. 205,308 OPLS-AA 53 models were obtained, in GROMACS
format, from either Caleman et al. 305,306 or the Ligandbook server. 309 CHARMM General
FF (CGenFF) 51,310 models were obtained by uploading a molecule (in .mol2 format) to
https://cgenff.umaryland.edu/ to obtain a .str file and subsequently pass both files
to cgenff_charmm2gmx.py (using the July2017 version, charmm36-jul2017.ff.tgz,
both downloaded from http://mackerell.umaryland.edu/charmm_ff.shtml) to obtain a
topology in GROMACS format.
Liquid and Gas Phase Simulations. A liquid phase was approximated as an equilibrated box of dimensions of about 5×5×5 nm3 ; a gas phase as a single molecule occupying
a large (7 × 7 × 7 nm3 ) simulation box. Liquid phase simulations were performed in the
NPT ensemble at 298 K and 1 bar, while gas phase ones in the NVT ensemble at 298 K.
The enthalpy of vaporization (∆Hvap ) was computed as:
∆Hvap ≈ Ugas −Uliq + RT

(6.1)

where Uliq and Ugas are the total energies (per mole) of the gas and liquid phase, respectively. Densities were extracted with the GROMACS tool gmx density. Note that, in the
case of the CG simulations, this can be done directly only if the actual masses of the
molecules—shared evenly among the beads—are used, while by default Martini 3, like
Martini 2, uses standard masses for R-, S-, and T-beads of 72, 54, and 36 Da.
Free Energies of Transfer Calculations. We used thermodynamic integration to compute free energies of solvation ∆G S→Ø in a solvent S. ∆Gs were computed between water
(W) and a number of organic phases, namely hexadecane (HD), (hydrated) octanol (OCO),
and chloroform (CLF). In Martini 3, these are described by a W, C1-C1-C1-C1, SC2-SC2SP1, and X2 model, 210 respectively. Note that we simulate hydrated octanol, that is we
add a 0.26 mole fraction of water according to experimental conditions. 311 A series of
21 simulations with equally spaced λ points going from 0 to 1 were performed using a
stochastic integrator. Simulations were equilibrated for 2 ns and each λ point was run
for 10 ns. A soft-core potential (with α of 0.5 and power set to 1) was used to avoid the
singularity in the potential when interactions were switched off. The free energies and
corresponding errors were finally computed using the Multistate Bennett Acceptance
Ratio (MBAR). 171 The free energy associated with transferring a solute from a solvent S 1
to a solvent S 2 (∆G S 1 →S 2 ) was computed as the difference ∆G S 1 →Ø − ∆G S 2 →Ø .
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Dimerization Free Energy Surface Calculations. Free energy surface (FES) profiles

for the dimerization of each molecule were computed by either umbrella sampling (US) 312
or (well-tempered 313 ) metadynamics (MTD) 314,315 simulations. In US simulations, the
two solute molecules were placed in a box and solvated. Umbrella windows were spaced
0.1 nm apart along the collective variable (CV), this being the distance between the COGs
of the two solute molecules. For each window, this distance was kept fixed by an umbrella
potential with a force constant of 1500 kJ mol−1 nm−2 . Each window was simulated for at
least 150 and 500 ns in the case of AA and CG systems, respectively. The FES profiles were
calculated using the weighted histogram analysis method (WHAM) 175 as implemented in
the GROMACS tool gmx wham. In MTD simulations, the CVs on which the bias was added
were the distance between the COGs of the two ring structures and the torsional angle
formed by atoms of the rings and their COGs in the case of AA simulations. For the CG
simulations, the efficiency of Martini allowed us to use only the distance between the
COG of the molecules as a CV and obtain converged profiles. Simulations were 100-150 ns
or 1 µs long in the AA and CG case, respectively. The order parameter S of Eq. 6.4, which
describes the relative orientation of the ring planes, was used as a third CV to project
the FES by using a reweighting algorithm. 316 The height of the deposited Gaussians was
set to 1.0 kJ mol−1 and the width to 0.05 nm and 0.2 rad for the distance and torsion,
respectively. Gaussians were deposited every 500 steps and the bias factor was set to 5. A
wall, in the form of a harmonic potential with a force constant of 200 kJ mol−1 , was added
at a distance beyond 2 nm to prevent the molecules from exploring conformations at
distances irrelevant to binding. Block analysis was used to estimate the error from the free
energy calculations (https://plumed.github.io/doc-v2.4/user-doc/html/trieste-4.html).
Both US and MTD FES need to be entropy corrected and shifted so that the free energy at
large distances (1.7-2.0 nm) is very close to zero. A stochastic integrator was employed in
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both US and MTD simulations. All simulations were performed with GROMACS 2016, 48
patched with PLUMED 2.4 317 in the case of the MTD simulations.
Binary Mixture Simulations. An equal number, namely 500, of molecules of species
A and B was placed randomly in a simulation box of dimensions 9 × 9 × 9 nm3 . The box
was then energy-minimized, simulated at a higher pressure (100 bar) for 1 ns and then
subsequently relaxed for 1 ns in the NPT ensemble at 1 bar and 300 K. Simulations were
then run in the same ensemble for at least 400 ns. Miscibility was monitored following the
number of A-B contacts with the GROMACS tool gmx mindist, with a cutoff distance
of 0.6 nm, which comprises the nearest neighbor CG sites around a CG particle. Typical
evolutions of the number of A-B contacts as a function of simulation time for mixtures
with miscible and immiscible components are shown in Figure 6.12a in the Appendix.
Vapor–Liquid Equilibrium Simulations. Vapor–Liquid Equilibrium (VLE) simulations were performed by setting up a system of dimensions 7 × 7 × 16 nm3 , where half of
the simulation box—7 × 7 × 8 nm3 —is empty (starting configuration for the vapor phase),

6.2. Model and Methods

139

and the other half—7 × 7 × 8 nm3 —contains a 50:50 mixture of two components (starting
configuration for the liquid phase). A rendering of this setup is shown in Figure 6.6d. Such
starting simulation boxes were set up for all the compositions possible from x A = 0 to
x A = 1 in steps of 0.05 where x A is the molar fraction of component A in the mixture. The
vapor–liquid binary systems were then simulated for at least 1 µs at each x A in the NVT
ensemble at 300 K. This leads to statistically reliable vapor and liquid densities which
can be extracted with the GROMACS tool gmx density as described more in detail in
the Appendix. The equilibrium densities thus obtained were then used to compute the
∆G solv,i of the i -th component in the mixture according to Equation 6.3 as described in
the main text.
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6.3. Results and Discussion
6.3.1. Partitioning Behavior: Free Energies of Transfer
We first examine the performance of the new models in reproducing experimental free
energies of transfer, as partitioning between different solvents constitutes the main target
of the Martini force field parametrization. Transfer free energies of all the molecules in
the database have been thus computed and compared to available experimental data in
order to settle on consistent mappings for all the molecules in the database. Experimental
data are mainly available for hexadecane→water (HD→W), (hydrated) octanol→water
(OCO→W) and chloroform→water (CLF→W) partitioning 172,173,213,318,319 (see Methods
for the solvent models). Figure 6.4 displays the performance of the final models with
respect to partitioning by showing computed vs experimental free energies in these three
cases. The agreement is excellent in all three cases, with a mean absolute error of 2.2, 1.8,
and 2.4 kJ mol−1 , for HD→W, OCO→W, and CLF→W, respectively.
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Figure 6.4 | Partitioning behavior of Martini 3.0 cyclic compounds. Computed data are plotted against experimental data in the cases of (a) hexadecane→water, (b) octanol→water, and (c) chloroform→water. The red and
blue lines below and above the diagonal represent threshold error lines of 2.5 kJ mol−1 (i.e., k B T ). Data points
corresponding to aromatic and aliphatic rings are indicated by green triangles and blue squares, respectively.
Experimental data have been compiled from Refs. 172,173,213,319.

6.3.2. Solvent Properties: Enthalpies of Vaporization and Densities
Many aromatic and aliphatic cyclic compounds are widely used solvents. We computed
their mass densities (ρ) and enthalpies of vaporization (∆Hvap ) and compared them
to experimental values. 271 The results are shown in Figure 6.5, where the CG values
were computed as described previously in section 6.2.3. In the case of the enthalpies of
vaporization (Figure 6.5a), we also report the values for other Martini 3.0 molecules, in
order to show the overall trend of ∆Hvap of the Martini force field. Indeed, we remark
that Martini enthalpies of vaporization are notoriously systematically underestimated
due to the limited fluid range of the employed 12-6 Lennard-Jones potential form. 39
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Moreover, we recall (chapter 5) that Martini 2.2 ring models deviate from the overall force
field trend and lead to systematically higher heat of vaporizations. This was related to
the “overmapping” of such molecules and imperfect S-bead calibration (chapter 5). This
is now overcome in Martini 3.0, where all the cyclic compounds lie in the trend of the
Martini force field.
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Figure 6.5 | Solvent properties of Martini cyclic compounds: (a) ∆Hvap , (b) mass density, and (c) solvent
accessible surface area (SASA). In (b) and (c), the red and blue solid (dashed) lines indicate threshold error
lines of plus or minus 5% (10%), respectively. Data points corresponding to aromatic and aliphatic rings are
indicated by green triangles and blue squares, respectively. In (c), results for both models using bond lengths
extracted from COG-mapped atomistic models (COG, open diamonds) and optimized bond lengths (optimized,
filled diamonds) are shown. Experimental mass densities and enthalpies of vaporization are from Ref. 271.
SASA reference values have been obtained with the GROMOS 54A7 307 or OPLS 53 all-atom force fields (see also
Methods). Note that different all-atom force fields show negligible differences in SASA values—see Appendix.
For details on the SASA calculations, see the Appendix.

Computed mass densities for the solvents are overall in good agreement with experimental densities: the mean absolute percentage error is 4.3 %. This is shown in Figure 6.5b,
where CG vs experimental densities are plotted for all the rings in the database. Not surprisingly, not only the LJ parameters but also the bond lengths utilized in the models have
a large impact on the final densities of the simulated solvents. As anticipated earlier, bond
lengths obtained from COG-mapped structures in general lead to good molecular and
bulk properties. For example, such bond lengths allow for a close reproduction of the
solvent accessible surface area (SASA) of the AA model, as shown in Figure 6.5c. This also
translates into good agreement in case of mass densities (see Figure 6.11 in the Appendix).
However, given the lower resolution of the model, perfectly matching densities cannot
be obtained for all cases simply following a COG-based mapping scheme. Thus, bond
lengths can be tuned further if higher accuracy is required. This was done for the models
where the mismatch between the experimental and simulated densities was the highest.
Thus, some of the topologies contained in the database contain “optimized” bond lengths,
which lead to correlation plot for the mass densities reported in Figure 6.5b and for the
SASA values reported in Figure 6.5c.
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6.3.3. Solvent Mixtures: Martini Miscibility Table
We tested the capabilities of the model further by examining its performance in reproducing mixing behaviors of binary mixtures. Some force fields have been parametrized based
on experimental data on binary mixtures, such as vapor-liquid equilibria (e.g., TraPPE), 54
while established force fields have been tested for their performance in reproducing such
equilibria 320 or other related thermodynamic properties of mixtures (e.g., the free energy
of mixing). 321 We performed mixing assays to estimate whether two Martini solvent models mixed or not, and compared the observed behavior to reference experimental data.
Data regarding the most common solvents are commonly available as solvent miscibility
tables. We selected all the aromatic or aliphatic cyclic compounds which usually appear
in such tables. The extracted experimental miscibility table is shown in Figure 6.6a, while
results for Martini 3.0 are shown in Figure 6.6b, the Martini miscibility table for cyclic
compounds. In the simulations, the miscibility was monitored following the number of
contacts between molecules A and molecules B of a equimolar A:B mixture. Starting from
a random mixture of the two, where each species makes a certain number of contacts with
the other, monitoring the number of contacts allows for detection of phase separation (see
also Methods). Immiscible phases readily demix (sharp decrease in the number of A-B
contacts), while for miscible phases the average number of contacts remains constant.
Martini fully reproduces the experimental miscibility table.
A more quantitative estimation of how the new Martini model performs with respect to
solvent mixtures has been then carried out for the BENZ-CHEX mixture. We computed the
free energy of mixing (∆Gmix ) as a function of the composition of the mixture. Considering
a mixture of A and B , let x A (x B ) be the mole fraction of A (B ) in the system, the (molar)
∆Gmix is given by: 322

6

∆G mix = ∆G ex + T ∆S id = [x A (µ A − µ∗A ) + x B (µB − µ∗B )] + RT (x A ln(x A ) + x B ln(x B )) (6.2)
where µ A (µB ) is the chemical potential of component A (B ) in the mixture, and µ∗A
(µ∗B ) the chemical potential of component A (B ) in its pure state. In this expression, the
chemical potentials represent the reversible work to solvate the two components (A or B )
in the mixture (µ A or µB ) or in their own liquid state (µ∗A or µ∗B ). As such, they correspond
to the solvation free energies of the two components in the mixture and in their own
liquid state. The first term in Equation 6.2 can be referred to as the excess free energy
of mixing (∆Gex ), and has to do with the change in interactions experienced by A and B
in the mixture with respect to their pure states. In the case of an ideal mixture, where
the interactions between A (B ) molecules are as strong as the A-B interactions, this term
vanishes (and the experimental manifestation of it is Raoult’s law). The second term
in Equation 6.2 is an entropic contribution (S id ) due to the increased number of states
available upon mixing (sometimes referred to as the ideal mixing free energy given the
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fact that it is the only term which remains in the case of ideal mixtures).
The chemical potentials which appear in Equation 6.2, i.e., the solvation free energies
of the two components in the mixture and in their own liquid state, can be computed
directly from the equilibrium vapor and liquid densities of a binary liquid-gas system.
Following the scheme of Ben-Naim, 322 the free energy of solvation in the mixture ∆Gsolv
of the i th-component is given by:
∆G solv,i = RT ln

³ ρ vap,i ´

(6.3)

ρ liq,i

where ρ vap,i and ρ liq,i are the vapor and liquid densities, respectively, of the i -th com-
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ponent in the mixture at the given composition. We obtained the equilibrium densities

THF

TOLU
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(b)

CHEX

BENZ CHEX DIOX

BENZ CHEX DIOX
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THF

TOLU
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BENZ/CHEX

Figure 6.6 | Miscibility of aromatic and aliphatic rings (and water): Martini 3.0 vs experiments. The (a) experimental and (b) Martini solvent miscibility tables are shown. Light color means miscible, dark means immiscible.
(c) Comparison between Martini and experimental free energy of mixing and excess free energy of mixing for the
BENZ-CHEX mixture as a function of the mixture composition. x 1 is the molar fraction of BENZ. Experimental
data are obtained from vapor-liquid equilibrium data. 323 Simulation data are obtained from vapor-liquid
equilibrium simulations (see Methods). A rendering of the setup in shown in (d); small and tiny bead radii are
rendered in scale.

via “direct” simulations, i.e., by simulating equilibrated binary liquid-vapor systems (see
Figure 6.6d and Methods). Such simulations can be very easily extended in the microsecond range with the Martini model, enough to obtain statistically reliable results on the
equilibrium vapor and liquid densities. We did this for the BENZ-CHEX mixture along the
whole range of compositions—from pure cyclohexane (x 1 = 0) to pure benzene (x 1 = 1)
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in steps of 0.05 in x 1 . Figure 6.6c shows the ∆G mix and ∆G ex computed according to
Equation 6.2. The agreement between simulated and experimental data is good. Experimentally, BENZ-CHEX deviates positively from Raoult’s law, showing less than ideal
mixing. This feature is captured at the Martini level. The simulated ∆G ex is somewhat
more positive than the experimental one over the whole composition range. It measures
0.78 kJ mol−1 for an equimolar mixture (x A = 0.5), to be compared to the experimental
0.43 kJ mol−1 . The benzene-chloroform (BENZ-CLF) mixture has also been investigated
with the same approach, and results are shown in Figure 6.12c in the Appendix. Again,
the agreement between experiments and CG is good, when taking into account that
the difference between the ∆G ex for the equimolar mixture is around 0.3 kJ mol−1 . We
propose that VLE data can be used to further validate the miscibility of phases relevant to
a certain application of the Martini force field.

6.3.4. Martini Stacking Interactions: Dimerization Free Energy Landscapes
We now turn to describe the performance of the model in testing more “local” properties,
i.e., properties which have to do with the local structure, such as molecular stacking or
packing. In particular, we analyzed stacking behaviors for several aromatic rings, given
the ubiquitous role played by aromatic structures in the self-assembly of soft matter.
Figure 6.7 shows potentials of mean force (PMFs) of dimerization in water for several
representative aromatic compounds—at the Martini 3.0, Martini 2.2, and atomistic levels—
along the distance between the COGs of the two molecules. PMFs have been obtained
either via Umbrella Sampling, or Metadynamics, as described in detail in the Methods section. In particular, we analyze the following aromatic rings: (a)–(c) (poly)cyclic aromatic
hydrocarbons, (d) a heterocyclic 5-membered ring, and (e) mono-, and (f) di-substituted

6

aromatic compounds.
Overall, the depth of the mimina in Martini 3.0 is in good agreement with the atomistic
reference data, showing improvements with respect to Martini 2.2—in particular for the
more hydrophobic compounds, such as benzene and thiophene. Moreover, desolvation
barriers—the free energy barriers located between the first and the second minimum of
each PMF—are reduced in Martini 3.0 as compared to Martini 2.2. This is more in line
with the atomistic reference data, and such an improvement is not unexpected but it is
due to the introduction of LJ cross-interaction sizes, as opposed to Martini 2.x were these
were absent (see also chapter 5). Note that, in most of the cases, we compare to reference
AA PMFs obtained with more than one atomistic force field. A second look a the data
shows that, going from Figure 6.7a to Figure 6.7c, that is, upon increasing the size of the
aromatic system, the discrepancy between the overall shape of the AA and Martini 3.0
PMFs decreases. This can be explained by comparing the two-dimensional free energy
profiles of Figure 6.7g–6.7h (AA) and Figure 6.7j–6.7k (Martini 3.0). The free energy is now
plotted on the two-dimensional coordinate space formed by the distance between the
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Figure 6.7 | One- and two-dimensional free energy profiles of dimerization for several aromatic compounds
in water. (a)–(f) The free energy is plotted along the distance between the COGs of the two molecules. The
profiles obtained with the Martini 3.0 force field (solid lines) are shown along with the Martini 2.2 (dash-dotted
lines) and the atomistic (GROMOS 54A7, 307 OPLS-AA, 53 or CHARMM (CGenFF), 51,310 dashed lines) ones.
(a)–(c) show how the dimerization profiles change upon increasing of the molecular size in the (poly)cyclic
aromatic hydrocarbons benzene (a), naphthalene (b), and pyrene (c); (d) shows the profile for the 5-membered
heterocyclic aromatic compound thiophene; (e) and (f) show profiles for substituted aromatic compounds
which possess a permanent dipole moment: (e) chlorobenzene and (f) p-cresol. (g)–(l) The free energy surface
is plotted on the 2D coordinate space formed by the distance used in (a)–(f) and the order parameter of Eq. 6.4.
(g)–(i) are AA, and (j)–(l) are Martini 3.0 surfaces obtained adding the orientation parameter S (Eq. 6.4) as the
second coordinate. Molecular structures (and mappings) are shown as figure insets.
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COGs of the two molecules and the order parameter indicating the relative orientation of
the planes of the two aromatic molecules:
S=

(3 cos θ − 1)
2

(6.4)

In this equation, θ is the angle between the two vectors perpendicular to the planes of the
two aromatic molecules. A value of S close to 1 (θ = 0◦ ) or −2 (θ = 180◦ ) indicates that the
two aromatic molecules are perfectly stacked, i.e., they are in a sandwich conformation.
In contrast, S values close to −0.5 (θ = 90◦ ) denote a T-shaped conformation.
Figure 6.7g and 6.7h show such 2D surfaces for benzene and pyrene, respectively. It
can be seen that in the case of the smaller benzene, a T-shaped dimer conformation is
preferred at the AA level over the sandwich conformation. As the size of the molecule
increases, there is a shift from the T-shaped minimum of benzene (and naphthalene, see
Figure 6.13 in the Appendix) to the sandwich minimum of pyrene. This behavior is not
captured by the Martini models; instead, Martini predicts the two conformations to be
practically equivalent in terms of free energy for benzene, while it predicts decidedly the
sandwich conformation to be the global minimum for the larger naphthalene and pyrene
molecules. The T-shaped minimum of benzene is known to be a consequence of the
quadrupole moment driving the interaction between the two molecules (given the null
dipole moment). The quadrupole interaction appears to be the dominant driving force
also in the case of naphthalene, as the sandwich conformation does not appear to be a
minimum of the free energy landscape (Figure 6.13b). However, as the size of the molecule
increases, the “hydrophobic effect” prevails over the quadrupolar interaction, leading
to a sandwich interaction which minimizes the solute-water contacts. Standard Martini

6

3.0 models for benzene and naphthalene will not be able to capture this effect, which
is driven by the specific distribution of charges which is absent in the models, and only
accounted for effectively within the LJ parameters. In contrast, the “hydrophobic effect”
is intrinsically captured by Martini. However, when the dominant interaction is not a
quadrupolar one, Martini 3 models are now expected to reproduce experimental stacking
distances—as can be seen in Figure 6.7c for pyrene—such as the one of semi-crystalline
polymers for organic electronics which were previously systematically off due to the larger
size of S-beads. 117
The fact that Martini favors sandwich conformations with respect to T-shaped ones
also explains the better agreement of the free energy profiles of chlorobenzene (CLBZ)
and p-cresol (PCRE) of Figure 6.7e and 6.7f. Indeed, the 2D free energy landscape of
Figure 6.7i (CLBZ) show the dominance of the sandwich conformation in molecules with
a permanent dipole moment such as CLBZ (and PCRE, Figure 6.13a Appendix). This is
again captured by Martini 3 (Figure 6.7k and 6.13c).
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6.4. Conclusion
We presented the new parametrization of aromatic and aliphatic ring structures within the
Martini 3.0 framework. The presented pool of aliphatic and aromatic ring structures was
one of the cornerstones of the calibration of the new Martini small and tiny beads. The
models show excellent partitioning behavior and very good solvent properties. Miscibility
trends between different bulk phases are also captured, completing the set of “bulk”
thermodynamic properties considered during the parametrization. We also showed how
the new bead sizes allow for a good representation of molecular volume, which translates
into better “local” properties such as stacking distances. We presented guidelines to build
Martini 3.0 models for mono- or polycyclic compounds. Topologies which were developed
within this work, which include solvents and building blocks for macromolecules such as
proteins and (polymeric) organic molecules relevant for soft materials science, will be
soon made available online on the Martini portal http://cgmartini.nl.
Despite widening even more the already broad range of applications for the Martini
force field, limitations must be kept in mind. Certain limitations apply generally to the
Martini force field, 39,210 and include a non-quantitative agreement with experimental free
energies of solvation, and narrower fluid ranges due to the use of the 12-6 Lennard-Jones
potential. This is particularly true for systems described by regular beads for which softer
potential forms would be more appropriate. Other limitations pertain more specifically
to the systems subject of the present study, namely ring structures described by finer
mappings. Conformations driven by quadrupolar interactions, such as T-shaped stacking,
are not captured by standard Martini models due to the lack of specific electrostatic
interactions. Care must be taken thus if such quadrupolar interactions are expected to be
driving a particular self-assembly process. The inclusion of partial charges may remedy to
this, and options are currently being explored in our group. Finally, despite some design
principles have been formulated in the present work, building models for extended planar
(polymeric) systems can be challenging as the extended networks of constraints often
required by such structures easily lead to numerical instabilities. We are currently working
on a more extensive set of guiding principles which make it easier to build topologies for
such systems.
While keeping in mind the limitations, the present parametrization, database, and
guidelines, along with the modularity of the Martini force field, are expected to boost the
application of the Martini 3.0 CG force field in soft materials science.
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6.5. Appendix: Method Details
6.5.1. COG- vs COM-Based Mappings: Benzene and Cyclohexane
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Figure 6.8 | Benzene and cyclohexane bonded parameters. Bond lengths based on center-of-mass (COM)
mapping—(a), (d), red—proved to be unsatisfactory, leading to too high packing densities (b), (e). Instead,
center-of-geometry (COG)-based bond lengths–(a), (d), green—lead to densities close to experimental values
(b), (e). The bond distributions for COM- and COG-mapped benzene (c) and cyclohexane (f) are also shown.

6.5.2. COG- vs COM-Based Mappings: Alkanes
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Figure 6.9 | Alkane bonded parameters extracted from hexadecane atomistic simulations. 4 atoms, including
hydrogens, are mapped onto one CG bead, giving rise to a standard 4 R-bead model for hexadecane. Bonded
distributions for an atomistic hexadecane chain in hexane extracted using COM (red) and COG (green) mappings
for the (a) central-central and (b) central-termini bead. The average distance is 0.461 nm (COM) and 0.466 nm
(COG) in (a) and 0.463 nm (COM) and 0.481 nm (COG) in (b), indicating a negligible difference for (a) and a very
small one for (b).
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6.5.3. Leveraging Virtual Sites in Extended Ring Models
(a)
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Figure 6.10 | Example topologies using virtual sites. (a) Rendering of the naphthalene (NAPH) of Figure 6.3b.
(b) Rendering of the caffeine model: the model uses the “hinge” construction, as described for NAPH, and
additionally three virtual sites are built from the hinge scaffold. (c) Rendering of the tetracene model: the model
uses the “hinge” construction, as described for NAPH, and additionally five virtual sites are built from the hinge
scaffold. Virtual sites are indicated with the label “VS”.

6.5.4. Solvent Accessible Surface Area Calculations
SASA Calculation Details. Solvent Accessible Surface Area (SASA) values have been computed using the
GROMACS tool gmx sasa on energy-minimized AA or CG geometries. At both levels, we use the command:

gmx sasa -s benzene . gro -o sasa . xvg - probe 0.191 - ndots 4800
where the -ndots flag, which specifies the number of grid points used to calculate the SASA, should be
set at least to 4800 for accurate values, and the probe size of 0.191 nm corresponds to the van der Waals (vdW)
T
radius of a T-bead, r vdW
, that is:
p
p
6
6
d T −T
2 · σT −T
2 · 0.34
T
T
r vdW
= rm
= m
=
=
= 0.191 nm
(6.5)
2
2
2
where σT −T is the LJ σ parameter of T-T interactions, i.e., 0.34 nm. The probe size impacts the absolute
SASA values, but not their relative differences (Table 6.2). For the CG calculations, the file vdwradii.dat from

/ usr / local / gromacs - XXX / share / gromacs / top / vdwradii . dat
(where XX could be any gromacs version) should be copied to the folder where the gmx sasa command is
executed. The file, containing default vdW radii for atomistic force fields, should be modified so as to contain
the vdW radii of Martini beads (computed as done for a T-bead in Eq. 6.5). Note that the vdW radii database file
contains radii associated to atom names (and not atom or bead types).
Table 6.2 shows also that there is negligible difference between different all-atom force fields.
Table 6.2 | Solvent Accessible Surface Area (SASA) values in nm2 for several rings with different all-atom force
fields. Values in parentheses are computed using a T-bead sized probe, while the other values use the default
probe of gmx sasa. Relative errors (%) of the Martini values (which are based on COG-mapping) with respect
to the two all-atom force fields are also shown. BENZ = benzene; NAPH = naphthalene; CYPO = cyclopentanone.

molecule
BENZ
NAPH
CYPO

GROMOS

OPLS

Martini 3.0

2.433 (2.976)
3.108 (3.707)
2.538 (3.073)

2.437 (2.986)
3.106 (3.703)
2.523 (3.063)

2.293 (2.807)
3.035 (3.624)
2.406 (2.935)

Err. %
(GROMOS)
−6% (−6%)
−2% (−2%)
−5% (−5%)

Err. %
(OPLS)
−6% (−6%)
−2% (−2%)
−5% (−5%)
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6.5.5. Solvent Properties: Mass Density with COG-Mapping
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Figure 6.11 | Same as Figure 6.5 but using exclusively COG-based bond lengths for the Martini models.

6.5.6. Mixture Simulations: Miscibility Assays
We compute the contacts between the two components A and B with the command:

echo 0 1 | gmx mindist -f run . xtc

-d 0.6 -n index . ndx - on contacts . xvg

where index.ndx contains two groups, one containing all the the beads of component A, the other all
the beads of component B ; run.xtc is the trajectory of the production phase (at least 400 ns long), and
contacts.xvg contains the number of A-B contacts as a function of simulation time. Two examples are
plotted in Figure 6.12a: binary mixtures either readily demix and thus show a low number of A-B contacts, e.g.,
benzene-water (BENZ-W) mixture, or stay mixed, as in the benzene-toluene (BENZ-TOLU) case.
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Figure 6.12 | (a) Typical evolutions of number of A-B contacts for a binary mixture. A low number of contacts—
benzene-water (BENZ-W) mixture—indicate a phase separated systems; a high number of contacts—benzenetoluene (BENZ-TOLU) mixture—indicate that the two components are miscible. (b) Typical density profiles
(centered around the liquid phase) obtained from VLE simulations; the inset shows the difference in densities of
the vapor phases. (c) Martini 3.0 vs experimental benzene-chloroform (BENZ-CLF) ∆Gex curves as a function of
mixture composition. x 1 is the BENZ molar fraction. Experimental data are from Ref. 324.
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6.5.7. Vapor–Liquid Equilibrium Simulations
Method Details. Vapor and liquid densities were extracted with the GROMACS tool gmx density using the
following command:

echo A A | gmx density -f mix . xtc -s mix . tpr -d Z \
-o A - density - Z . xvg - symm - center
where “A” is the label of component A, e.g., “BENZ” or ”CLF”. With the first “A” we select the group around which
the density profile should be centered; with the second “A” we select the group for which we calculate the density.
Typical profiles are shown in Figure 6.12b.
Benzene-Chloroform Mixture. Chloroform (and other chlorinated solvents such as chlorobenzene) is a
widely used solvent in organic electronics. 325 Aromatic systems, especially if functionalized with alkyl side
chains, show good solubilities in such a solvent. We therefore also estimated quantitatively how the new Martini
model performs with respect to the miscibility of chloroform and benzene by computing excess free energy of
mixing (∆Gex ) as a function of the composition of the mixture. The computed values, obtained as described in
Section 6.2.3, are compared to experimental data 324 in Figure 6.12c.

6.5.8. Martini Stacking Interactions: Dimerization Free Energy Landscapes
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Figure 6.13 | Two-dimensional free energy profiles of dimerization for several aromatic compounds in water.
The free energy surface is plotted on the 2D coordinate space formed by the distance between the COGs of the
molecules and the order parameter of Eq. 6.4. (a)–(b) are AA, and (c)–(d) are Martini 3.0 surfaces. Molecular
structures (and mappings) are shown as figure insets.

7
Outlook

The work presented in this thesis enables multiple developments and extensions towards an increasingly rational approach to the design of organic materials with tailored electronic properties. In this chapter, I suggest potential
future developments and extensions.

Developing Robust Structure-Property Relationships. Chapter 2 and 3 demonstrated that the use of modular coarse-graining (CGing) approaches, such as the Martini
model, holds great promise for the design of organic blend morphologies aided by computer simulations. The focus on “ad-hoc” CG models in this field greatly hindered progress
due to the time needed to set up and run simulations of morphologies of organic materials. The use of the Martini model, showcased in this thesis, is the most promising
research direction if one wants to keep up with the rapid changes in the experimentally
tested materials in this fast-paced field.
A key challenge to making efficient organic devices is determining which combination
of materials and processing conditions results in a favorable morphology. The parameter
space explored with the simulations of chapter 2 and 3 is only a fraction of the actual
parameter space available to the studied blends. This fraction reduces to an infinitesimal
amount if we consider possible variations in the chemical structures of the components
of the blends. Thus, such simulations can be used to generate morphologies in order
to explore more of the parameter space, striving for a high-throughput regime where
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ensembles of simulations are run on high-performance computing clusters and their
results distilled into robust structure-property relationships. In particular, parameters
which are of high interest include: i) the relative miscibility of the components; ii) the
relative abundance of configurations at the interfaces; iii) the mechanical properties of
the blends; the iv) impact of the length of side chains, v) molecular weight, vi) regioregularity, vii) polydispersity, etc., for several polymer backbone scaffolds. Moreover, regarding
organic photovoltaics, the recent shift of the field from fullerene to non-fullerene 326
acceptors—whose solar cells’ performance now exceeds 16% 327 —make the latter particularly interesting systems to study.
First studies already appeared in the literature which extended the work to other
important systems in organic electronics such as PEDOT:PSS. 328 For future studies, the
use of Martini 3 210 is recommended—already available to the scientific community via
the open-beta release at http://cgmartini.nl/index.php/martini3beta—as, in particular, it
resolves (chapter 6) the limitations found for Martini 2 concerning the description of ring
structures (chapter 5), which are ubiquitous building blocks for organic semiconductors.
Extending the Simulated Solvent Evaporation Procedure. An important extension
to the method developed in chapter 2 is the inclusion of interfaces between the organic
film and 1) the substrate on top of which thin films are solution-processed, and 2) the
vapor phase which is present experimentally. This would allow a more realistic description
of the evaporation process, and, more importantly, would give access to two critical
observables which can be compared to experiments: 1) the organization of the molecules
along the direction normal to the substrate plane, that is, the vertical organization of the
blend: for some systems, an enrichment in one of the components is observed towards
the film-substrate or film-vapor interface; 329 2) the preferential orientation, e.g., faceon or edge-on, of the π-system of the components with respect to the substrate: this
orientation can greatly affect device properties such as charge transport. 330 Negi et al.
recently pioneered the inclusion of such interfaces in a CG molecular dynamics approach
to simulate the solution-processing of polymer-fullerene blends. 331 The method would
benefit from a combination with the Martini force field, to go beyond the necessary
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constant re-parametrization of the non-transferable CG models 108,331 used in the work.
A Wealth of Morphologies. Chapter 4 gave only a flavor of the avenues opened by
the availability of the morphologies generated with the simulated processing protocols
described in chapter 2. We have seen that the direct retrieval of atomistic detail is possible through established backmapping procedures, 29 opening the way for improved
quantum mechanical calculations which can fully benefit from large-scale derived structural information. The large-scale structural information can also be used in so-called
quantum chemical Monte Carlo (QCMC) methods used to simulate charge transport in
organic devices. 332 QCMC methods, in order to predict the behavior of a system based
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on statistical rules, require an atomistic description of the system within which charge
transport will occur. This differentiates them from Kinetic MC approaches, where the
description of the morphology and electronic couplings is simplified. 332 Backmapped
morphologies such as the ones developed in this work can be used to introduce an explicit
link between the molecular-scale and the device-scale. Besides the morphological details,
electronic couplings relevant to charge transport can be explicitly computed given the
atomic resolution of the morphology.
The microscopic, atom-resolved information on the donor-acceptor configurations
(chapter 4) makes it possible to compute a number of other interesting electronic properties which are relevant to the functioning of organic devices. In particular, charge-transfer
states are particularly relevant for the functioning of organic solar cells. A comprehensive
three-dimensional charge-transfer state energy landscape could be obtained from the
backmapped morphologies of chapter 4. This would go beyond strictly model-like 70,233
donor-acceptor interfaces, possibly bringing insights on the charge separation mechanism crucial to the functioning of organic solar cells. Another interesting property is
the computation of non-radiative recombination rates, which are responsible for voltage
losses in organic solar cells. 234 Such rates have been found to depend on the relative
orientation of donor and acceptor molecules at their interface. 333 The morphologies
allow for state-of-the-art prediction of the relative abundance of specific donor-acceptor
configurations—which can largely affect such rates 234,333 —a necessary step in the direction of an increased rational approach to the design of high performance organic solar
cells. Of particular interest is the comparison of such electronic properties as a function of
structural features between fullerene and non-fullerene acceptors, 326 as the anisotropic
shape of (most) non-fullerene acceptors is expected to affect significantly their packing in
organic blends. For all these proposed studies, the fact that the underlying morphologies
are obtained via large-scale simulations which account for fabrication conditions means
that the various electronic processes can also be studied as a function of such conditions.
Future of Martini. The realization of the limitations of Martini 2 described in chapter
5 led to the development of Martini 3. 210 Along with recent promising works applying
Martini to organic materials (chapters 2–4 and Refs. 266,267,328), the newly developed
parametrization of ring structures in particular (chapter 6) is expected to boost the application of Martini in soft materials science. This is moreover desirable so as to stress-test
the parametrization in this relatively new area of application of the model.
To this end, tools to automate mappings, determination of bonded parameters, and
bead assignments would be of great importance to accelerate the building of models for
the new molecules which come out every week from the many labs around the world in
search of organic materials with improved performances. Thus, efforts such as Martinize
2 334 —a tool aimed at producing CG models from atomistic structures—or Automartini 279
or Cartographer 302 —tools for automated atomistic-to-CG mappings—are most welcome.
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Summary

The field of organic electronics promises a host of thin, lightweight, flexible, and environmentally friendly electronic devices—such as solar cells, biosensors, and transistors.
Such devices are made possible by the use of organic materials, materials constituted by
organic molecules—that is, carbon-based molecules—which possibly possess interesting
electronic properties. To fulfill this promise, scientists need to resolve one fundamental
complication which finds its roots in the virtually infinite possibilities offered by organic
molecules: master the relations between the molecular structure of the single molecules,
their aggregate morphology—that is, how the molecules organize themselves to constitute the organic material—and the performance of the resulting electronic device. The
formidable task of mastering these relations requires help from computational modeling.
Once mastered and available at the fingertips of scientists via computational protocols,
the experimental efforts currently necessary would be drastically reduced, and required
only for a few lead compounds which passed successfully all the computational design
steps. This would drastically accelerate the development of organic electronic devices,
bringing the promise of organic electronics much closer to reality.
In this context, the aim of this thesis is to demonstrate how information on the
molecular organization of organic materials can be obtained by a multiscale modeling
approach. The term “multiscale” designates the combined use of various modeling
techniques with the aim of covering a large range of length and time scales, from the
molecular-scale towards the device-scale. To this end, the modeling techniques used
in this thesis range from coarse-grain molecular dynamics simulations, used to address
processes which occur on the larger length and time scales, to density functional theory
calculations, used to address processes which occur on much shorter length and time
scales. Coarse-grain models treat the system in a more approximate way by describing
groups of atoms as effective interaction sites which interact following classical mechanics;
models based on density functional theory treat instead even electrons explicitly, and
thus must follow the more complex laws of quantum mechanics. The use of a wide
range of computational techniques allows to connect features of the single molecules to
their collective structural organization, and to understand how this in turn affects the
electronic properties of the organic material, and thus of the resulting electronic device.
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Summary
The quest for relations between the molecular structure of the single molecules, their

aggregate morphology, and the performance of the resulting electronic device starts from
improving the modeling of the morphology. None of the existing modeling techniques
offered the combination of being able to 1) reach relevant length scales, 2) retain chemical
specificity, 3) mimic experimental fabrication conditions such as solution-processing, and
4) be used in high-throughput studies. Chapter 2 presents a method which fulfills these
requirements. The method has two key ingredients: i) the use of molecular dynamics
simulations based on the Martini coarse-grain model, which can reach relevant length
scales while retaining a sizable degree of chemical detail; the model is moreover suitable
for high-throughput studies due to its modularity; ii) the use of computational protocols
which take into account fabrication conditions of an organic thin film such as solutionprocessing. The method is not only applicable to organic materials for solar cells, as
showcased in chapter 2, but also for any other organic electronic device, as shown in
chapter 3 for organic thermoelectric blends. In both cases, the obtained simulated
morphologies are in agreement with experimental findings, but also provide a molecular
view on the structure of the materials and their evolution during fabrication processes.
The second paramount benefit of the method developed in chapter 2 is the possibility
of easily converting, via backmapping techniques, the coarse-grained morphology to full
atomistic resolution. This paves the way for advanced electronic structure calculations,
for which atomistic details is required, in realistic morphologies of organic materials. This
is shown in chapter 4, where the detailed structural conformations at the donor-acceptor
interfaces of organic solar cells are resolved and studied as a function of processing
conditions and molecular features. Moreover, the atomistic resolutions allows for the
computation of energy levels relevant for the functioning of the solar cells. The findings of
this chapter show that the use of organic molecules functionalized with polar side chains
introduces energetic disorder, with potentially detrimental effects on the voltage of the
resulting solar cells.
So far, the state-of-the-art Martini coarse-grain model has proven reliable enough
to probe the larger length and time scales. Some limitations of this model are however
described in detail in chapter 5. The key finding of the chapter is the importance of
the density of particles present in the simulation. This critical parameter of the system
can be greatly affected by bond lengths in the models; an inattentive use of bond length
parameters can thus cause deviations from the parametrized behavior of the force field.
In the view of these findings, the chapter discusses implications for the use of the current
Martini force field, and suggests directions for reparametrization, effectively forming the
basis of the next generation of the Martini force field.
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The realization of the limitations concerning the Martini model described in chapter
5 initiated the development of a new major version of the force field, dubbed Martini 3.0.
The key characteristic of the new Martini model is a much-improved balance between
the interactions of the particles of different sizes which can be used to describe molecules.
In chapter 6, the new parametrization, along with features and performances of the new
Martini 3.0 models, is described focusing on small cyclic molecules, molecules which
are, for example, particularly relevant for organic materials. Cyclic molecules constituted
the main reference for the parameters of the newly recalibrated smaller particle sizes
of the force field. This work is expected to boost and open new avenues in the use of
the Martini model for systems containing such molecular fragments, such as organic
materials relevant for electronics.
This thesis enables multiple developments and extensions, including the possibility
of simulating an ever larger number of organic materials, while systematically connecting
the obtained morphologies to the electronic properties which are fundamental to the
functioning of the resulting electronic devices. Taken together, the findings of this thesis
contribute to the route towards an age where the design of organic materials is based on
computational models and simulations.

Samenvatting

Het vakgebied van de organische elektronica belooft de ontwikkeling van een grote
verscheidenheid aan dunne, lichtgewicht, flexibele en milieuvriendelijke elektronische
apparaten – zoals zonnecellen, biosensoren en transistoren – dankzij het gebruik van
organische materialen. Zulke materialen bestaan uit organische moleculen – moleculen
gebaseerd op koolstof – die mogelijk interessante elektronische eigenschappen bezitten. Om deze ontwikkeling mogelijk te maken moeten wetenschappers echter eerst een
fundamenteel probleem oplossen waarvan de oorzaak ligt in het vrijwel oneindig aantal
mogelijkheden die organische moleculen bieden: het begrijpen van de relatie tussen de
moleculaire structuur van het individuele molecuul, zijn geaggregeerde morfologie – dat
is hoe de moleculen zich organiseren tot het organische materiaal – en de prestaties van
het van uit materiaal gefabriceerde apparaat. Computermodellen zijn nodig om deze
enorme uitdaging aan te gaan. Wanneer men de relatie tussen molecuul, aggregaat en apparaat begrijpt en deze in de vorm van computationele protocollen beschikbaar zijn voor
wetenschappers, zal de tijd die op dit moment nodig is voor experimenteel onderzoek
drastisch omlaag gaan, en zullen experimentele testen alleen nodig zijn voor die materialen die succesvol alle computationele ontwerpstappen hebben doorlopen. Dit zou een
drastische versnelling betekenen voor de ontwikkeling van organische elektronica, en een
flinke stap in het realiseren van de belofte van organische elektronica.
In deze context is het doel van dit proefschrift te laten zien hoe informatie van de
moleculaire organisatie van organische materialen kan worden verkregen via multischaal
modelleren. De term “multischaal” duidt op het gecombineerde gebruik van verscheidene modelleertechnieken met het doel om een breed scala aan lengte- en tijdschalen te
beschrijven, van de molecuulschaal tot aan de apparaatschaal. Voor dit doel worden er in
dit proefschrift gebruik gemaakt van modelleertechnieken variërend van grofkorrelige
moleculaire dynamica simulaties, die gebruikt worden om processen die op de grotere
ruimte- en tijdschalen plaats vinden te omschrijven, tot aan dichtheidsfunctionaaltheorie,
een modelleertechniek die processen beschrijft die op veel kortere tijd- en lengteschalen
plaatsvinden. Grofkorrelige modellen schetsen moleculaire systemen meer bij benadering waarbij het groepen van atomen beschrijft als deeltjes die op elkaar inwerken
volgens de wetten van de klassieke mechanica; dichtheidsfunctionaaltheorie beschrijft
daarentegen zelfs elektronen expliciet en vereist daarom het gebruik van de complexere
wetten van de kwantummechanica. Het gebruik van een groot scala aan computationele
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technieken maakt het mogelijk om kenmerken van het individuele molecuul te verbinden
met de structurele organisatie van het collectief en hoe dit op zijn beurt de elektronische
eigenschappen van het organische materiaal en het resulterende apparaat beïnvloedt.
Het onderzoek naar de relatie tussen de structuur van het individuele molecuul, de
morfologie van het aggregaat en de prestaties van het resulterende apparaat begint bij het
verbeteren van het modeleren van de morfologie. Geen van de bestaande modelleertechnieken kon zowel 1) relevante lengteschalen behalen, 2) chemische specificiteit behouden,
3) experimentele fabricatie-omstandigheden nabootsen zoals oplossingsverwerking en
4) en gebruikt worden in zogeheten “high throughput” studies. Hoofdstuk 2 presenteert
een methode die aan al deze voorwaarden voldoet. Deze methode heeft twee essentiële
componenten: i) het gebruik van moleculaire dynamica simulaties gebaseerd op het grofkorrelige Martini model, dat relevante lengteschalen behaalt terwijl het een redelijk deel
van de chemische details behoudt; het model is daarbij dankzij zijn modulariteit geschik
voor “high-throughput” studies; ii) het gebruik van computerprotocollen die rekening
houden met fabricagecondities van een organische film zoals oplossingsverwerking. De
methode is niet alleen van toepassing op organische materialen voor zonnecellen, zoals
uiteengezet in hoofdstuk 2, maar ook voor elk ander organisch elektronisch apparaat,
zoals in hoofdstuk 3 gedemonstreerd wordt voor organische thermo-elektrische mengsels.
In beide gevallen zijn de verkregen gesimuleerde morfologieën niet alleen in overeenstemming met experimentele bevindingen, maar bieden ook een beeld van de moleculaire
structuur van de materialen en hun evolutie tijdens de fabricageprocessen.
Het tweede belangrijke voordeel van de in hoofdstuk 2 ontwikkelde methode is de mogelijkheid dat de grofkorrelige morfologie eenvoudig naar volledige atomistische resolutie
te converteren is door gebruik te maken van de kennis over de correspondentie tussen de
posities van de grofstoffelijke deeltjes en de atomen waaruit ze zijn opgebouwd. Dit maakt
de weg vrij voor het doen van geavanceerde berekeningen van de elektronische structuur
in realistische morfologieën van organische materialen, waarvoor volledig atomistisch detail nodig is. Dit wordt gedemonstreerd in hoofdstuk 4, waar de gedetailleerde structurele
conformaties op het donor-acceptor raakvlak in zonnecellen worden ontrafeld en bestudeerd als functie van de fabricagecondities en moleculaire eigenschappen. Bovendien
maakt de atomistische resolutie het mogelijk om energieniveaus te berekenen die relevant
zijn voor het functioneren van de zonnecellen. De bevindingen van dit hoofdstuk laten
zien dat het gebruik van organische moleculen die gefunctionaliseerd zijn met polaire
zijketens onregelmatigheden in de energieniveaus veroorzaakt, met mogelijk schadelijke
effecten op het voltage van de resulterende zonnecellen.
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Het geavanceerde grofkorrelige Martini model bleek tot nu toe betrouwbaar genoeg
voor het modelleren van de grotere lengte- en tijdschalen. Enkele beperkingen van dit
model worden echter in hoofdstuk 5 in detail beschreven. De belangrijkste bevinding van
het hoofdstuk is het belang van de dichtheid van de deeltjes in de simulatie. Deze kritieke
parameter kan sterk worden beïnvloed door de bindingslengtes in de modellen; een onoplettend gebruik van verkorte bindingslengten kan resulteren in afwijkingen van het in het
krachtenveld geparameteriseerde gedrag. Naar aanleiding van deze bevindingen worden
in het hoofdstuk de implicaties voor het huidige Martini krachtenveld bediscussieerd en
worden er aanbevelingen gedaan voor her-parameterisatie, daarbij de basis vormend
voor de volgende generatie van het Martini krachtenveld.
De bewustwording over de in hoofdstuk 5 beschreven beperkingen van het Martini
model initieerde de ontwikkeling van een nieuwe, belangrijke, versie van het krachtenveld, Martini 3.0. Een belangrijke eigenschap van het nieuwe Martini model is een sterk
verbeterde balans van de wisselwerking tussen deeltjes van verschillende grootte die
gebruikt kunnen worden om moleculen te beschrijven. In hoofdstuk 6 wordt de nieuwe
parameterisatie beschreven samen met de kenmerken en de prestaties van de nieuwe
Martini 3.0 modellen. Hierbij wordt vooral aandacht gegeven aan kleine cyclische moleculen die in het bijzonder belangrijk zijn voor organische materialen. De parameters van
de nieuwe geherkalibreerde kleinere deeltjes in het krachtenveld worden voornamelijk
gebruikt in cyclische moleculen. Verwacht wordt dat dit werk een boost geeft aan en
nieuwe wegen zal openen voor het gebruik van het Martini model voor systemen met
dergelijke moleculaire fragmenten, zoals organische materialen relevant voor elektronica.
Dit proefschrift maakt verscheidene ontwikkelingen en uitbreidingen mogelijk, waaronder de mogelijkheid tot het simuleren van een almaar groeiend aantal organische
materialen, waarbij de verkregen morfologieën verbonden worden met de elektronische eigenschappen die fundamenteel zijn voor het functioneren van de resulterende
elektronica. Bij elkaar genomen dragen de bevindingen in dit proefschrift bij aan de
weg naar een tijdperk waarin het ontwerp van organische materialen is gebaseerd op
computermodellen en simulaties.

Riepilogo

Il campo dell’elettronica organica promette lo sviluppo di un’ampia varietà di dispositivi
elettronici – come per esempio celle solari, biosensori, o transistor – che in futuro saranno
sottili, leggeri, flessibili, ecologici, e stampabili con tecniche come la stampa a getto
d’inchiostro. Tali dispositivi sono ottenibili grazie all’uso di materiali organici, ovvero
materiali composti da molecole organiche – vale a dire, molecole a base di carbonio –
le quali possono godere di interessanti proprietà elettroniche. Per tenere fede a questa
promessa, la scienza deve andare alla radice di un problema complesso che trova origine
nelle infinite configurazioni adottabili dalle molecole organiche: scoprire le relazioni
fondamentali che connettono la struttura delle singole molecole, l’organizzazione di
un insieme di tali molecole, che costituiranno poi il materiale principale del dispositivo elettronico, e le caratteristiche del dispositivo stesso. Questa impresa necessita del
supporto della modellazione computazionale. Una volta che queste relazioni fondamentali saranno modellate in software alla portata di scienziati e ingegneri, gli sforzi
sperimentali attualmente richiesti saranno ridotti drasticamente ed applicati solo alle
molecole organiche che supereranno con successo tutte le fasi di design computazionale.
Ciò accelererebbe in maniera significativa lo sviluppo di dispositivi elettronici organici,
spingendone l’introduzione nella realtà quotidiana.
L’obiettivo di questa tesi è quello di dimostrare l’efficacia di uno specifico approccio
di modellazione multiscala per l’ottenimento di informazioni a livello molecolare sull’organizzazione di materiali organici. Il termine “multiscala” indica l’uso combinato di
varie tecniche di modellazione computazionale al fine di coprire un ampio raggio di scale
temporali e metriche, da quelle del dispositivo elettronico, a quelle della singola molecola.
A tal fine, le tecniche utilizzate in questa tesi spaziano da simulazioni di dinamica molecolare di livello “coarse-grain”, utilizzate per le scale temporali e metriche più ampie, fino a
tecniche basate sulla teoria del funzionale della densità elettronica, utilizzate per le scale
più ridotte. Modelli di tipo coarse-grain descrivono il sistema in modo più approssimato,
inglobando gruppi di atomi in particelle (pseudo-atomi) che interagiscono seguendo
leggi della meccanica classica, mentre modelli basati sulla teoria del funzionale della
densità elettronica, trattando in modo esplicito particelle subatomiche come gli elettroni,
devono essere fedeli alle complesse leggi della meccanica quantistica. L’impiego di diverse tecniche computazionali permette la connessione tra le caratteristiche delle singole
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molecole e la loro organizzazione collettiva, associando di conseguenza le caratteristiche
collettive alle proprietà elettroniche del materiale organico, e quindi del dispositivo finale.
La ricerca di relazioni fondamentali che connettano la struttura della singola molecola
alle caratteristiche del risultante dispositivo elettronico, inizia con il miglioramento delle
tecniche di simulazione della morfologia dei materiali organici, vale a dire, l’organizzazione collettiva delle molecole che vanno a costitutire il materiale. Nessuna delle tecniche
di modellazione esistenti offre simultaneamente la possibilità di 1) raggiungere scale
temporali e metriche adeguate, 2) mantenere un grado sufficiente di discriminazione tra
molecole in base alla loro natura chimica, 3) simulare i processi sperimentali per la fabbricazione di dispositivi elettronici organici, come la stampa a getto d’inchiostro, 4) essere
integrate in processi di design ad alta efficienza (“high-throughput”). Il secondo capitolo
di questa tesi introduce un metodo in grado di soddisfare tali requisiti, il quale si basa sue
due componenti fondamentali: i) l’utilizzo del modello coarse-grain Martini, che riesce a
catturare efficientemente la chimica dei sistemi, e può essere utilizzato in schemi ad alta
efficienza grazie alla sua modularità; ii) l’utilizzo di protocolli computazionali mirati a
riprodurre i processi di fabbricazione usati in laboratorio. Nello stesso capitolo, il metodo
viene inizialmente validato su una tipica cella fotovoltaica organica, con l’intento poi,
di estenderne l’applicazione su qualsiasi dispositivo elettronico organico. Questo viene
dimostrato concretamente nel terzo capitolo, dove lo stesso metodo viene applicato su
dispositivi termoelettrici organici. In entrambi i casi, le morfologie dei materiali organici
simulati sono in accordo con i dati sperimentali corrispondenti, fornendo in aggiunta una
visione a livello molecolare della struttura dei materiali e della loro evoluzione durante i
processi di fabbricazione.
Un altro beneficio derivante dal metodo sviluppato nel secondo capitolo, è la possibilità di convertire facilmente la morfologia dal livello coarse-grain, al livello atomistico,
tramite cosiddette tecniche di “backmapping”, le quali fanno uso della corrispondenza
esistente fra gli pseudo-atomi coarse-grain e gli atomi che rappresentano. Tali metodi
permettono così di calcolare proprietà elettroniche basate su morfologie che rappresentano più da vicino l’organizzazione reale dei materiali organici. Il quarto capitolo
mostra come sfruttare questi metodi andando a studiare la struttura all’interfaccia tra
i due componenti necessari al funzionamento di tipiche celle fotovoltaiche organiche.
Tale struttura determina il principale funzionamento di queste celle, e nel capitolo, è
riportato come essa possa essere studiata nel dettaglio e in funzione dei loro processi di
fabbricazione. Inoltre, il dettaglio atomistico permette di predire proprietà elettroniche
importanti per il funzionamento delle celle fotovoltaiche organiche. Nello specifico, i
risultati del quarto capitolo indicano che l’uso di molecole organiche con catene laterali
molto polari introduce disordine energetico, con potenziali effetti negativi sul voltaggio
prodotto dalle celle solari.
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Fino a questo punto, le simulazioni su scale temporali e metriche più ampie sono
state basate sul modello coarse-grain Martini. Alcune limitazioni di questo modello
vengono studiate dettagliatamente nel quinto capitolo, le cui conclusioni si focalizzano
sull’importanza della densità delle particelle che vengono simulate, e come questa può
essere influenzata drammaticamente dalle distanze di legame intramolecolari. Un uso
distratto di tali distanze può portare a deviazioni dal corretto funzionamento del modello
Martini. Sulla base di questi risultati, vengono chiarite delle linee guida per il corretto uso
del modello; inoltre, il capitolo ne suggerisce spunti per il miglioramento, formando la
base per una nuova versione del modello stesso.
La comprensione delle limitazioni del modello coarse-grain Martini, descritte nel
quinto capitolo, ne hanno dato il via allo sviluppo di una nuova versione del, denominata
Martini 3.0. La caratteristica chiave del nuovo modello è un miglior bilanciamento fra le
particelle di diverse dimensioni utilizzate nelle simulazioni. Il sesto capitolo discute la
nuova parametrizzazione, le caratteristiche, e l’efficienza di Martini 3.0 concentrandosi
su molecole organiche cicliche, le quali sono particolarmente rilevanti nella simulazione
di materiali organici, facilitando l’applicazione del metodo in questi sistemi.
In conclusione, questa tesi suggerisce molteplici sviluppi ed estensioni, compresa
la possibilità di simulare un numero sempre maggiore di molecole organiche, e di connettere la morfologia del materiale organico alle proprietà elettroniche fondamentali
per il funzionamento del dispositivo risultante. Nel loro insieme, i risultati di questa tesi
contribuiscono a creare le fondamenta di un’era dove il design di dispositivi elettronici
organici viene guidato da modelli computazionali e simulazioni.
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