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Abstract

With applications ranging from lightweight and flexible photovoltaics and electron-
ics to energy-efficient lighting, organic semiconductors (OSCs) are an important
class of molecules for many emerging technologies. However, commercial uptake is
currently low and their performance typically poorer than other semiconducting
materials. OSC devices are often fabricated using solution-processing methods, and
while this allows for cheap production and is the source of many of their novel ap-
plications, difficulty in predicting both the behaviour in solution, and the ordering
of particles at interfaces once deposited, means that progress towards improving
device performance is slow. Progress is further impeded by a lack of understanding
of the general physical principles that control both the solution-phase and inter-
facial morphology. This means that innovation in the OSC field often proceeds
via laborious experimental trial-and-error approaches. The work presented in this
thesis provides some general rules for controlling both interfacial and solution-
phase morphology of OSCs. These rules lead to simple design principles that are
expected to be useful for choosing appropriate conditions and chemical structures
for achieving high-performance devices. Additionally, the performance of existing
metrics of polymer solubility is examined in terms of how accurately the solution-
phase morphology of OSCs is able to be predicted under conditions where specific
interactions — such as between solvent and backbone, or side-chains and backbone —

may be important.

Computational simulation methods, whether highly specific all-atom simula-
tions, or those using more general coarse-grained models, are useful for obtaining
molecular-scale understanding of the processes that occur both in solution and at
interfaces. Using a general coarse-grained model, parameterised to approximate
a broad range of typical OSC structures, a number of molecular and system prop-
erties that play a key role in controlling interfacial orientation of isotropic fluids
of disk-shaped anisotropic particles were able to be determined. The orientation
at both solid and vapour interfaces of these OSC-like particles over a wide range

of temperatures was found to follow universal scaling with a simple free energy
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metric, calculated as the free energy difference between two fully-aligned extremes.
Based on these results, a set of guidelines for choosing molecular properties and
processing conditions in order to achieve a target orientation at either the solid or
vapour interface has been proposed.

Turning to the solution-phase behaviour, a coarse-grained model of OSC poly-
mer P(NDI20OD-T2), also known as N2200, was developed. Using this model, the
aggregation properties in solvents of varying quality have been examined, and
kinetic processes found to be important for accurately predicting the final aggre-
gate structure. In poor solvents, the stability of aggregates consisting of partially
overlapping chains led to the build up of extended rod-like aggregates, rather than
the conventionally predicted collapse of single-chains. Whether a single-chain or
multi-chain aggregation pathway is followed was found to depend on the backbone
flexibility, polymer concentration, and chain length. Based on this observation, a
simple theory was developed relating the chain length to the concentration at which
single-chain folding and multi-chain aggregation are expected to occur at the same
rate. Good agreement was found between the theory and simulation results. It
is therefore apparent that concentration and chain-length, which are simple pa-
rameters to tune experimentally, have a significant, yet predictable, effect on the
morphology of OSC polymer aggregates in solution.

Finally, reported discrepancies between experimental techniques for measuring
the aggregation properties of OSCs were examined. Simple theories of mixing,
such as Flory-Huggins theory, are commonly used to understand the solution-phase
aggregation of OSC polymers from molecular simulations. Through a series of
all-atom simulations of OSC polymer P(NDI20D-T2) this theory was found to fail,
under certain circumstances, to fully describe the solution-phase aggregation of
these types of molecules. Though generally accurate, the simple theory does not
capture specific interactions, which appear to be important for capturing the correct
aggregation behaviour of P(NDI20OD-T2). The substitution of the commonly-used
alkyl side-chains of P(NDI20OD-T2) for an ethylene oxide derivative, for exam-
ple, leads to a more disordered aggregate structure in some solvents due strong
side-chain backbone interactions. Likewise, strong solvent-backbone interactions
between P(NDI20OD-T2) and 1-chloronaphthalene may lead to a previously un-
reported solvent-separated aggregate structure which may explain experimental

discrepancies.
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1.1. Organic semiconductors

1.1 ORGANIC SEMICONDUCTORS

From origins as a scientific curiosity in the late 1800s, semiconductors have come
to pervade every aspect of our technologically focused lives, so much so that it has
become difficult, if not impossible, to imagine life without them. Most conventional
electronic devices employ inorganic silicon semiconductors, which are relatively
efficient, and well suited to applications such as roof-top solar, personal (and larger)
computers, and lighting applications. Rather than being fabricated from silicon,
organic semiconductors (OSCs) are predominantly made of carbon and present
a number of advantages over their inorganic counterparts. However, while these
materials, which range from small molecules to polymers, are now the basis of
a lucrative industry in electronic displays, many promising applications, such as
photovoltaics, remain largely untapped.

1.1.1 APPLICATIONS AND LIMITATIONS

The semiconducting properties of OSCs come from the molecule’s conjugated back-
bone; that is the alternating single and double bonds that extend across the entire
molecule. This conjugated backbone allows OSCs to transport electrons efficiently,
and absorb and emit visible light. While these charge transport properties do not
make OSCs unique from conventional inorganic semiconductors, their organic na-
ture means that they can be readily processed from solution, allowing for cheap
and energy efficient device fabrication. As only thin films are required to create
functional devices, these materials are amenable to processes such as printing onto
flexible substrates.?? This has the ability to decrease production costs, and to lead

to novel applications in lightweight and flexible electronics.*>

Despite these advantages and potentially useful applications, the uptake of OSCs
has been relatively slow, and device efficiencies remain lower than for inorganic
equivalents. One of the largest impediments towards faster progress is the difficulty
of predicting behaviour — either in solution or the liquid phase — from the chemical
structure of the constituent molecules. This is related to the interactions between
OSC molecules: unlike in inorganic materials, intermolecular interactions in OSCs
are typically weak non-covalent forces, giving behaviour that is much more variable
and challenging to predict. Thus, a fundamental understanding of the physical
principles that drive processes such as solution-phase aggregation, or molecular
alignment at interfaces, would be useful in moving towards the rational design of

high performing OSCs for commercialisable applications.



Chapter 1

1.1.2 STRUCTURES: SMALL MOLECULES AND POLYMERS

As the only common feature required for functional OSCs is a conjugated backbone,
and possibly a degree of solubility in common organic solvents, there are a wide
variety of molecular structures that have been employed effectively. These molecules
can be broadly classified into small, discrete molecules, and polymers. Whether
small molecule or polymeric, most OSCs consist of a conjugated, often fused ring,
system, which has low solubility in the typically-aromatic common organic solvents.
Alkyl side-chains are therefore often employed to increase solubility. The chemical
structures of molecules and functional groups relevant to this work are shown in
Fig. 1.1.

small molecules

CC T
N
‘ ”, | =
O OO N/
/N
S
pentacene perylene Ir(ppy),(acac)
polymers Cahry functional groups
S
\ ], l I
CgHi7
thiophene naphthalene perylene
P(NDI20OD-T2
P3HT ( ) (Th) diimide (NDI) diimide (PDI)

side chains

S A

alkyl (linear) alkyl (branched) alkylthienyl ethylene oxide

Fig. 1.1 Chemical structures of a number of molecules and functional groups
relevant to this work. Ellipsoidal particles based on perylene are studied in
Chapter 3, and P(NDI20OD-T2) is studied in depth in Chapters 4 and 5.

As OSCs generally feature a planar, conjugated backbone, they are able to form
ordered, mt-stacked structures with good orbital overlap. This results in an efficient

charge transport pathway perpendicular to the plane of the conjugated backbone.
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1.1.3. Importance and control of microstructure

Nevertheless, charge transport in the 7-stacking direction is on the order to 10-100x
slower than along the polymer backbone.® The alkyl side-chains that many OSCs
feature in order to improve solubility are insulating in nature, meaning charge

transport through these side-chains is negligible.

1.1.3 IMPORTANCE AND CONTROL OF MICROSTRUCTURE

Although a variety of device architectures are used, the active layer of OSC-based
devices can be simply considered as a thin film of OSC material (on the order of 100s
of nm thick), interfacing with either a solid dielectric, another semiconducting mate-
rial, or a vapour phase (Fig. 1.2). As charge-transport rates depend on the alignment
and arrangement of OSCs (the microstructure), the behaviour of molecules both in
the bulk and at any interfaces is important for improving device performance. At
interfaces, many examples, both experimental (e.g. refs 7-10) and computational
(e.g. refs 11-15), of semiconducting molecules displaying preferential alignment can
be found in the literature, but few general rules for predicting interfacial orientation
from chemical structure or processing conditions appear to exist. Many factors
have been implicated in control of interfacial orientation, including, among others,

14,16-18 the presence, length, and composition of side chains,8-10:1

molecular shape,
backbone planarity,?? temperature,'*!>17 and solvent choice.!#2%2! Understand-
ing the reasons behind these factors is important for the rational design of high

performing organic semiconductors.

Fig. 1.2 Schematic of general OSC interfaces: (a) semiconductor-dielectric in-
terface for organic field-effect transistors (OFETs); (b) semiconductor host-
guest mixture on a substrate for organic light-emitting diodes (OLEDs); and (c)
bulk-heterojunction electron donor-acceptor interface for organic photovoltaics
(OPVs). Image from ref 1.

While the interface alignment can be used to template the bulk thin film be-
haviour, the bulk microstructure can also be influenced by modifying the backbone,
side-chains, or solvent. Depending on the choice of molecular and system properties,

the thin-film microstructure can range from amorphous, to predominantly disor-
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Chapter 1

dered with small regions of crystallinity, to fully crystalline.>>~2> While it was long
assumed that high crystallinity was necessary for high performance, more recent
work has shown that small crystalline regions connected via long tie-chains are suffi-
cient for good charge transport properties.?#2% Although it remains difficult to pre-
dict, especially for polymers, the thin-film microstructure has been shown to depend
on a number of factors, ranging from polymer molecular weight,?’~3? to side-chain
composition and length,®3!-33 backbone planarity,>* chemical structure,3235-38 and
processing conditions.?!"2225,39-44 Of particular importance, and also influenced
by, among others, these same properties, is the solution-phase behaviour of OSCs.
Given that most OSC-based devices are fabricated using solution-processing meth-
ods, and that correlations have been reported between solution-phase behaviour,

25 controlling the solution-phase

thin film microstructure, and device performance,
behaviour is likely to be an effective means towards improving device performance.
In the following sections we examine in more detail the properties that affect the

behaviour at interfaces (Section 1.2) and in solution (Section 1.3).

1.2 CONTROLLING INTERFACE ORIENTATION

The interesting optoelectronic properties of OSCs arise from significant delocalisa-
tion of 7 electrons due to extended conjugation (alternation of single and double
or triple bonds) in the molecular structure, as illustrated in Fig. 1.1. Accordingly,
OSC molecules generally consist of highly anisotropic rigid subunits such as fused
aromatic rings. This molecular shape anisotropy has consequences for the interfacial
supramolecular assembly of OSCs, and optoelectronic processes, as detailed in this
and the following sections.

The presence of an interface between a system of anisotropic particles with
another phase (e.g. a gas, solid, liquid) breaks the translational symmetry of the
system and can induce orientational ordering at the interface, even when the bulk
phase is isotropic. For a collection of biaxially anisotropic particles, in which each
particle has three inequivalent principal axes, the possible preferred orientations
with respect to the interface can be classified into three extremes — end-on, face-on,
or edge-on (Fig. 1.3) — with the actual orientation for a specific system possibly
being intermediate between these extremes. For conjugated molecules such as OSCs,
variations in the preferred orientation will change the orientation of the m-stacking
direction with respect to the interface, which has implications for exciton and charge

dynamics.



1.2.1. Role of interfaces and supramolecular assembly

end-on face-on edge-on

Fig. 1.3 Classification of orientations of a collection of biaxially anisotropic par-
ticles with respect to a surface. Arrows indicate the direction of the shortest
molecular axis, which is generally the w-stacking direction in organic semicon-
ductors. The surface is shown in grey. Image from ref 1.

1.2.1 ROLE OF INTERFACES AND SUPRAMOLECULAR ASSEMBLY

It has long been known that molecular anisotropy at interfaces is important for
enhancing charge transport and device performance, with Sirringhaus et al. 43
reporting significantly higher field-effect transistor (FET) mobility with edge-on
orientations of poly(3-hexyl thiophene) (P3HT) than face-on orientations of the
same molecule over 20 years ago.*> Since then, many studies of have found similar
correlations between orientation and device performance for OLED,%-4° opv,’-?
and OFET?>°%9°1 devices. In general, in-plane alignment of the transition dipole
moment of emitter molecules with respect to the substrate gives better optical
properties in OLEDs,*® a face-on alignment at donor—acceptor interfaces appears to
be generally preferred for good performance in bulk heterojunction (BHJ) OPVs,”?
and edge-on alignment is found in most high-performance OFETs,*>2 although
face-on structures may still give good mobility in some cases.>®>* It is therefore
important that alignment at these interfaces can be controlled. In the work presented
in Chapter 3, we are primarily concerned with the orientation at the interface
with a solid substrate or vapour phase, which are of particular importance for the
performance of OFETs.

In organic transistors, charge transport occurs in an OSC material that has been
deposited onto the surface of a dielectric, with transport restricted to an accumu-
lation layer within a few nm of the semiconductor-dielectric interface.>>8 The
microstructure at this interface therefore has a significant effect on the charge-carrier
mobility, which is the key performance metric of OFETs, and also plays an important
role in OLEDs and OPVs. Indeed, a linear correlation between molecular tilt angle at
the interface and OFET saturation mobility has recently been shown.?> Additionally,
a number of studies have shown that, although semicrystalline semiconductors show
similar charge mobilities on different dielectric surfaces, the mobility of amorphous

semiconductors depends strongly on the properties of the dielectric.’*3%-%2 Thus,
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Chapter 1

understanding the structures at the interface, which can differ significantly from
that in the bulk,?”-% is important for improving device performance. The many
studies on bulk morphology are, therefore, not necessarily relevant for correlating
electronic processes and morphology in these devices.

The orientational order (edge-on or face-on) and, for polymers, the direction
of the backbone with respect to the source and drain electrodes play a significant
role in organic transistor performance. An edge-on alignment to the dielectric
surface, where the m-stacking direction is parallel to the substrate, is expected to
enhance charge mobility. This is due to the much higher mobility of charge carriers
in the m-stacking direction, related to the substantial overlap of the mt-orbitals, than
through the insulating aliphatic chains (Fig. 1.4), which would occur in a face-on
orientation.®* For polymers, a backbone direction parallel to the charge-transport
direction (i.e. between source and drain electrodes) will give the fastest charge
transport, as charge carriers can move along the backbone (Fig. 1.4);64 however,
this will be a function of chain length as shorter polymer chains will require more
interchain hops along this direction.®* On the other hand, small molecules give
the greatest performance when the n-stacking direction is the same direction as
charge transport, as this facilitates hopping between adjacent small molecules in the
desired direction.®® Indeed, when methods that induce order in certain directions
are used for the generation of films, highly anisotropic charge transport has been

observed.06:67

(a) (b)

Fig. 1.4 Architecture of a bottom-gate bottom-contact OFET at the dielectric
interface. Polymers are shown in an edge-on conformation with backbone ei-
ther (a) parallel or (b) perpendicular to the required charge transport direction.
Charge transport is fastest along the polymer backbone, slower, but still fast,
in the 7t-stacking direction, and slowest along the lamellar stacking direction.
Image from ref 1.

A number of factors have been shown to influence edge-on versus face-on orien-
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1.2.2. Theoretical background

tation with respect to the dielectric interface, ranging from the molecular weight (for
polymers),2%-27:68 to the side chain!®>! and backbone!®?? structure, the substrate
composition,!1/16:5267.69,70 deposition technique,®#¢%71:72 and the solubility of the

material. 16,20,21,25,27,67,73

1.2.2 THEORETICAL BACKGROUND

Orientational ordering of anisotropic particles at interfaces has long been studied,
particularly in the domain of liquid crystals,”* in which experimental, theoretical,
and computational studies on this topic have been extensively reviewed.”>~’8 Most
of this work has focused on the equilibrium behaviour of single-component fluids of
uniaxial mesogens, in which each molecule has one inequivalent and two equivalent
principal axes. Thus, the full complexity of OSC systems, which often comprise
multi-component blends of biaxial molecules whose microstructure is formed under
non-equilibrium conditions, cannot be fully understood based on these studies.
Nevertheless, this extensive body of work provides a basic conceptual framework
for understanding interfacial alignment of OSCs.

One general finding of studies of liquid crystals is that the direction of interfacial
alignment is non-universal,”””’® and depends on the details of the intermolecular
interactions, such as the competition between anisotropic repulsive and attractive
interactions.®? Nevertheless, some general trends can be gleaned from theoretical
and computational studies of model liquid crystal interfaces.

Most theoretical and computational studies have focused on either the liquid—
vapour interface or the nematic—isotropic interface between coexisting nematic
and isotropic liquid phases of a single-component fluid. For purely repulsive
intermolecular interactions, orientational ordering is governed by excluded-volume
entropic effects, which result in perpendicular alignment of prolate molecules at
the free (vapour-like) interface.”>8? Note that although purely repulsive particles
do not have coexisting liquid and vapour phases, a liquid-vapour-like interface can
be stabilised by an external field acting perpendicular to the plane of the interface.
On the other hand, for molecules with both (short-range) repulsive interactions and
(longer-range) attractive interactions, various alignments are obtained depending
on the anisotropy of the molecular shape and interaction strength. Most molecular
simulations of liquid crystals with attractive interactions have used the Gay-Berne
(GB) potential,”’”8! which is a general anisotropic potential energy function that
depends on the relative position and orientation of pairs of ellipsoidal molecules.
For a uniaxial molecule, the molecular shape anisotropy in the GB potential is
characterised by the parameter x, which is the ratio of the molecule length to
breadth, while the interaction strength anisotropy is characterised by the parameter

x’, which is the ratio of the attractive well depth for side-to-side versus end-to-
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82-84 and oblate spheroids® over a range of

end interactions. For both prolate
temperatures and x and «’ values, alignment at the vapour interface has been shown
to be controlled by the x/x’ ratio, with x/x’ > 1 yielding planar (parallel) alignment
and x/x’ < 1 giving perpendicular alignment. This behaviour was rationalised based
on the relative energies of different cleavage planes of close-packed ordered arrays
of molecules. This essentially amounts to the exposed interface being the one with
the lowest interfacial tension, and suggests that interfacial ordering is energetically
rather than entropically controlled by the parameters chosen in these systems.

Compared with the vapour interface, orientational ordering of a liquid crys-
tal at a solid interface is complicated by the influence of the interaction with the
solid. Thus, theoretical and computational studies of this situation have been more
limited and a general theoretical understanding is lacking.”® For purely repulsive
hard-core interactions between prolate molecules and with a solid surface, entropic
excluded-volume effects favour planar alignment with the surface,®> opposite to the
perpendicular alignment found for similar molecules at the vapour interface.’? Sim-
ilarly, semiflexible polymers, which in a sense can be considered highly anisotropic
prolate molecules, confined by a repulsive solid surface tend to align parallel to
it.86 For molecules with both repulsive and attractive interactions with each other
and with the solid substrate, the interfacial ordering depends on the details of the
substrate-molecule interaction strength and anisotropy.®” For example, planar an-
choring is observed for strong coupling between model GB ellipsoidal particles and
a solid substrate at which the substrate—-molecule interactions favour this alignment.
These effects are summarised in Fig. 1.5.

The behaviour of anisotropic particles at the interface with another fluid is also
important, with these interfaces being found, for example, in BHJ OPVs. Fluid—fluid
interfaces, will not, however, be examined in this work, so we refer the interested
reader to our recent review,' and to theoretical studies on this type on interface?8°

for more details.

1.2.3 TOWARDS GENERAL PRINCIPLES FOR CONTROLLING INTERFACIAL ORIENTATION

As noted in the previous section, the orientation of semiconductors with respect
to their interfaces is an important property for improving performance in a va-
riety of organic-electronic device types. This is important in organic transistors
as described above, but also in BH] organic solar cells and OLEDs. Many fac-
tors have been shown to influence the interfacial orientation of OSCs, ranging
from material properties (that is the properties of the molecules themselves, either
semiconductor or substrate and solvent), to the processing conditions for device
fabrication. As they are not relevant to this work, we will not discuss in detail prop-

7,10,90 8,9,16,19

erties such as elemental composition and side-chains, nor polymer-
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1.2.3.1. Shape anisotropy

(a) purely repulsive vapour

il

(b) repulsive + attractive

K constant k' constant
prolate K<k K> K k<K' K> k'

interaction direction

oblate o> K

#Q—;u

vapou
vapour —I|qU|d vapour interface

Fig. 1.5 (a) Orientation of (left) hard rods at the interface with a solid substrate,
or (right) a vapour. An ellipsoid with purely repulsive interactions has been
shown to have a preference for parallel alignment at the solid interface, and
perpendicular at the vapour. Note, again, that a system of purely repulsive
particles does not have a coexisting liquid-vapour interface, but this kind of
interface can be stabilised by an external field acting perpendicular to the plane
of the interface. (b) Orientation of an ellipsoid, having both attractive and
repulsive interactions, at the interface with its vapour. For an ellipsoid at the
vapour interface, increasing the side-side interaction strength (decreasing «’,
left) or increasing aspect ratio (increasing «x, right) gives a parallel orientation
for both prolate (top) and oblate (bottom) ellipsoids. The red arrow indicates
the axis that defines orientation. The direction perpendicular to this defines the
side—side direction. Image adapted from ref 1.

10,27,30,68,91-96 10,12,14,15,17,48,66,97-104 and

specific factors or processing conditions
non-equilibrium methods,®4+6672105-112 though they are undoubtedly important.
For a more thorough breakdown of the different properties that affect interfacial
orientation, we refer the reader to ref 1, and to the review of Osaka et al. !0 for
more detail of OSC polymers. We will, however, examine the effect of shape and

interaction anisotropy as these are of relevance to subsequent chapters.

1.2.3.1 Shape anisotropy

As explained in Section 1.2.2, hard prolate particles with purely repulsive interac-
tions preferentially align perpendicular to a free (vapour-like) interface,”*8" and
parallel to a solid interface®> due to excluded-volume entropic effects (Fig. 1.5). This
type of behaviour has been observed experimentally in a number of real systems for
a range of molecules of different shapes and lengths. Studies of vapour deposition,

in which molecules were deposited from the gas phase onto a solid substrate, have
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shown that rods of various lengths prefer to orient perpendicularly to the vapour

interface following deposition, 17,100,102

The orientation preferences described
are not unexpected, having been shown to be the preferred orientation for purely
repulsive prolate particles. Given that the influence of attractive interactions is

expected to effect orientational preference,3384

it is interesting to note that all of
the molecules studied exhibited the same alignment behaviour. Coarse-grained
molecular simulations of particles parameterised just to reproduce molecular shape
have shown similar trends to both experimental and all-atom simulations,'>!” indi-
cating that molecular shape is an important parameter for determining orientation
at the vapour interface. In addition, longer molecules have been shown, through
computational studies, to show stronger orientational anisotropy than their shorter

14,17

counterparts, again pointing to a strong dependence of interfacial orientation

on shape anisotropy.

1.2.3.2 Intermolecular interactions

As discussed in Section 1.2.2, changes to non-bonded (attractive) intermolecular
interactions for fixed molecular-shape anisotropy can lead to dramatic changes to
surface anchoring (e.g. from planar to perpendicular). Thus, these interactions
are expected to strongly influence molecular orientation at OSC interfaces. Strong
attraction between the face of an OSC and a solid or another molecule would give a
face-on orientation, whereas if the interactions between the face of the conjugated
molecule and the substrate were unfavourable, or the interactions of the substrate
with the molecules edges stronger, an edge-on orientation would be preferred.
This is consistent with reports from molecular simulation of a semiconducting
polymer at different solid interfaces where low substrate—semiconductor interaction
strength gives edge-on oriented polymers and high interaction strength gives face-
on.!! In addition to influencing the orientation at the interface, the strength of the
attractive interactions can also influence the distance from the interface to which the
orientational order is maintained, with stronger van der Waals (vdW) interactions
between substrate and semiconductor having been shown to give a thicker oriented

interface.!4

In the OSC field, intermolecular interactions at interfaces are often characterised
in terms of surface energy. Correlations between substrate surface energy and
interfacial alignment have recently been observed for semiconducting polymer films,
with lower surface energy associated with a more edge-on interfacial orientation
than a higher energy surface.!!3 This is consistent with favourable interactions
between the polymer alkyl side-chains with the similar side-chains of a low-energy
self-assembled monolayer (SAM)-treated surface, which is maximised in the edge-on

orientation. Similar behaviour has also been observed in simulation studies of a
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semiconducting oligomer in solution at various interfaces: if interaction between
the m-conjugated plane (face) of the molecule was more energetically favourable
than the interactions of the same plane with the interface (either gas phase or solid),

the edge-on configuration was preferred, and vice versa.!!

1.2.4 SUMMARY

From the preceding discussion, it should be clear that, although there are many
factors which have been shown to influence interfacial anisotropy of OSCs, many of
them have not yet been systematically studied. Although some interesting trends
are starting to emerge, further study is required if general principles for controlling
molecular alignment at semiconductor interfaces are desired. The orientation of
uniaxial repulsive particles at the vapour interface, and to a lesser extent solid and
fluid interfaces, is fairly well understood, however the role of attractive interactions,
which are important for real materials, and the balance between repulsive and
attractive interactions, is less clear. A better understanding of these interactions
may enhance our understanding of the preferential alignment observed in relation
to modifications such as aggregation, and backbone structure.

Although many OSCs can form liquid crystalline phases, the behaviour of
particles in a solution, which is the most relevant phase for OSC-device fabrication,
will not necessarily be captured by general theories of these anisotropic phases.
Additionally, interaction parameters in the past have not typically been chosen
to represent OSCs, and although many of the parameterisations may fall within
the range reasonable for these types of molecules, there is no guarantee that OSCs
will behave in a manner consistent with previous studies. The work presented
in Chapter 3 addresses a number of these issues by looking at the behaviour of
isotropic liquids of disk-like particles with shape and interactions chosen to be
representative of a wide range or OSC small molecules at both the solid and vapour

interface.

1.3 CONTROLLING SOLUTION-PHASE STRUCTURE

As solution processing methods are common in the production of organic-electronic
devices, solvent is a simple parameter to tune, and is known to have a significant ef-
fect on polymer conformation. It has been proposed that high mobility in polymeric
semiconductors can be achieved using poor solvents that induce a greater degree of
pre-aggregation (aggregation in solution prior to deposition on the substrate), as
these can give enhanced liquid-crystalline ordering,?! which is generally associated

with more regular alignment. Even for non-liquid-crystalline materials, the forma-
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tion of large aggregates has been observed to give rise to edge-on orientations at
the substrate interface.'®%® The larger the aggregate, the greater the effect and the
stronger the preference for edge-on structures.®®

Given the correlations between solution-phase behaviour and thin-film mi-

crostructure, both in the bulk and at interfaces,!622:25,38,66,114

it is important to
understand how the molecular properties and solvent affect the solution-phase
behaviour/structure, particularly for polymers. As device performance is related

to the active layer morphology,25'26'38'45'53"62'115‘118

simple methods for tuning this
morphology, such as the choice of solvent or concentration, are valuable for en-
hancing the efficiency of OSC-based devices. Indeed, the solution-phase structure
of semiconducting polymers has been directly correlated to thin-film structure,
and performance.®?> Tuning of this microstructure through changing the solvent
quality has been shown to affect the optoelectronic properties of OSC-based materi-

als.114'119'120

1.3.1 EFFECT OF MOLECULAR PROPERTIES ON SOLUTION-PHASE STRUCTURE

For OSC polymers, the relationship between properties such as backbone planarity
and molecular weight, and device performance, has been well studied. For example,
increasing the planarity of the backbone has been shown to enhance charge transport
along the backbone, effectively increasing the conjugation length.3* Molecular
weight has also been shown to influence crystallinity, with higher molecular weight
chains of OSC polymer P3HT decreasing the crystallinity.?® In fact, many polymers
appear to have an optimal molecular weight for achieving peak device performance.
In some cases, intermediate molecular weights have been found to give the best

performance,?82%121

attributed to the presence of chains sufficiently long to bridge
the crystalline regions in a disordered aggregate structure®?* without the disordered
regions becoming too large and separated.’® However, it has also been shown
that, for OSC polymer P(NDI2OD-T2), performance increases with decreasing
molecular weight, with the lowest molecular weight polymers giving the greatest
performance.?” This was proposed to be due to less aggregation of the shorter
chains, which enhances the liquid-crystalline order of the solution and is translated
into a more ordered morphology.?” The dependence of polymer microstructure on
molecular weight therefore appears to be highly system specific.

In addition to molecular weight and backbone planarity, modification of the
side-chains can also influence microstructure for OSC polymers, and accordingly the
charge mobility.3>118:122-124 Tyning the side-chain length and placement,!!8122-124

or replacing bulky branched chains with linear ones,3!-32/118,124-126

can change
polymer packing, potentially leading to more ordered domains. Alternatively,

different functional groups can be incoporated into the sidechains, which may
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enhance the interactions between polymer chains, also influencing the packing of

these molecules.®?232,126

1.3.2 IMPORTANCE OF SOLVENT

For all polymers, whether OSC or not, the behaviour in solution can generally be
explained in terms of the relative strength of the interactions between polymer and
solvent. In good solvents, in which the strength of the polymer—polymer attractive
interactions are weaker than the polymer—solvent attractions, polymers are expected
to form extended coil structures. At the other end of the spectrum, in poor solvents,
in which the polymer—polymer or solvent-solvent attractive interactions are stronger
than the polymer—solvent, more compact, globular, structures are expected. This
will be discussed in more detail in Chapter 2.3.

A simple predictor for polymer solubility is the Flory-Huggins interaction param-
eter, which, based on the relative strength of the solvent-solvent, solvent-polymer,
and polymer—polymer attractive interactions, predicts the solvent quality, ranging
from good to poor, for a particular solvent-polymer pair.!?” This theory, which is
described in detail in Chapter 2, has been successfully applied to OSC polymers

t,128-130 predicting aggregation behaviour consistent with experiment.

in the pas
However, recent studies of OSC polymer P(NDI20OD-T2) have shown the formation
of rod-like aggregates, with sizes up to an order of magnitude larger than a fully
extended single chain, in poor solvents, which are not predicted by any existing
theories.?> We propose that this behaviour is due to the stability of partially over-
lapping chains in poor solvents, which leads to the build-up of extended aggregates
in a brick-works like fashion. This kind of aggregation, which gives a kinetically
trapped aggregate rather than the fully-overlapping thermodynamic minimum, has

not been previously reported, and will be discussed in detail in Chapter 4.

Related to the effect of flexibility and solvent quality, a number of studies have

looked at the behaviour of general semiflexible polymers in solution, developing

131-133 3nd multi-chain!34

1 132

phase diagrams for single-, aggregation. With the excep-

tion of the recent work of Cohen et a these studies have employed bead-spring
type models with spherical sites, which cannot capture the typical r-stacking be-
haviour of OSCs. Despite this, they provide useful insights into how semiflexible
polymers aggregate, both as a single chain and with other chains. Single-chains
show a variety of stable knot phases, hairpins, and extended rod-like or ideal-
chain structures.!3!~133 The preferred structure has been shown to depend on the
backbone flexibility and solvent quality (or, equivalently, temperature) with more
compact/folded structures being preferred at higher flexibilities and lower solvent

qualities (lower temperatures). For multichain aggregates, a similar relationship
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was observed between solvent quality (or temperature), backbone flexibility, and
the structure of the aggregate.!34

The single-chain behaviour of semiflexible polymers — a class of polymers en-
compassing many OSCs as well as important biological molecules such as DNA — has
been well studied by simulation!31-133135-139 and theory.!40-144 A number of stud-
ies have examined the effect of backbone flexibility and interaction strength (equiv-

131-133,139,140 1 just the backbone flexibil-

133,137,138

alent to solvent quality and temperature),
ity,135'143

effect of properties such as charge,

or the
hl 44

on the folded structure, the kinetics of the folding process,

136 139 or chain lengt

shape of monomer units,
on the final collapsed structure. The effect of stiffness,!3® chain length,!3814! and
interaction strength!4? on the folding kinetics, and the mechanism of folding!#*
have also been examined.

Although the single-chain behaviour of semiflexible polymers appears to be
generally well understood, how this translates to the behaviour of multi-chain
systems, in which the systems are far from the infinite dilution of an equivalent
single-chain system, is not as well studied. The effect of backbone stiffness and
interaction strength on the equilibrium aggregate structure of generic semiflexible

polymers has been previously studied,!3*

showing a variety of different multi-chain
aggregate structures, ranging from compact globules at high flexibility, to licorice-
like twisted rods for stiffer chains. However, it should be emphasised that this
model used spherical beads, which do not capture the -stacking interactions that
characterise the aggregation of OSCs. Nor did it address how non-equilibrium
processes may affect the aggregation pathway. Both of these factors are examined
in the work in Chapter 4. Nevertheless, multi-chain aggregation is expected to
be a possible pathway for OSC polymers in solution, with the preference for no
aggregation, single-chain folding, or multi-chain aggregation expected to be related
to the solvent quality (or, equivalently, strength of intermolecular interactions),
backbone flexibility, and polymer concentration in solution. In Chapter 4, we
have proposed some novel relationships between backbone flexibility, chain length,
polymer concentration, and the relative degree of single-chain and multi-chain

aggregation, which provide a powerful means of tuning aggregate structure.

1.4 SIMULATION OF ORGANIC SEMICONDUCTORS

The work presented in the following chapters uses molecular simulation to examine
the behaviour of OSCs under different conditions, both in solution and in the liquid
phase at interfaces.

At interfaces, as the microstructure in OSC devices is known to be important

for device performance, being able to characterise this microstructure and its rela-

—-16 —



1.4. Simulation of organic semiconductors

tionship to electronic processes would facilitate the design of higher performing
devices. Although possible, it is often experimentally challenging to characterise
these interfaces as they are generally buried within the device.!!>!45 Additionally,
it is difficult, if not impossible, to extract molecular-level detail from experimental
data of OSC films due to their significant disorder. With the ability to directly
simulate and visualise these interfaces on an atomic scale, computer simulations are
an attractive method for uncovering the intricacies of structure and assembly mech-
anisms of OSCs at interfaces. Since most of the computer-simulation techniques
discussed in this section and their general use to study OSC morphology have been

comprehensively reviewed previously,'46-148

the techniques themselves will only
briefly be described here, with the focus being on applications that clarify the role
of interface anisotropy or solution-phase behaviour. Techniques that are relevant to

the work in subsequent chapters will be discussed in more detail in Chapter 2.

In terms of solution-phase behaviour, experimental characterisation is more
straightforward than at interfaces. However, while experimental techniques can
give good detail of monomers, it is often difficult to understand, from the mea-
surable end result, what processes or interactions are important for achieving the
observed behaviour. Molecular level detail of the solution-phase polymer structure
— whether the structure of an aggregate or a free chain — also cannot be obtained
from experiments. It therefore becomes difficult to generalise these results to other
molecules, leading to an absence of general understanding of why different molec-
ular properties result in different microstructures. Techniques such as molecular
dynamics (MD), a classical simulation technique (see Chapter 2.1 for details) are par-
ticularly useful for examining solution-phase behaviour as they can directly show,
albeit on a much shorter timescale, the behaviour of all OSC and solvent molecules
(or a subset of these particles) in the system. This can provide insights into the
specific interactions that may be important for the equilibrium behaviour, which

are generally not obtainable through even high resolution experimental techniques.

A distinction should be made here between atomistic (all-atom (AA)) and coarse-
grained (CG) particle-based simulations. In AA simulations, which are used in the
work in Chapter 5, every atom is treated explicitly, whereas CG models, such as
those used in Chapters 3 and 4, group atoms together into a single interaction site.
This grouping decreases the degrees of freedom of the system at the expense of
atomic resolution with the goal of reducing computational expense. The application
of both methods to the study of OSC behaviour will be discussed in the following
sections, and details on the specifics of the techniques in Chapter 2.

We also briefly note that lattice-based models are an interesting alternative to
the off-lattice models that are used in this work, and have been used in the past

to model amyloid aggregation and protein folding (e.g. refs 149, 150), processes

—-17 -



Chapter 1

which are likely to share many characteristics with the aggregation and folding
of OSC polymers. However, aggregates formed by OSC polymers are typically
highly anisotropic, with aggregation predominantly occurring in the nt-stacking
direction. For this kind of aggregation to be modelled effectively with a lattice-based
model, the orientation of the lattice sites would need to be included, resulting in a
model that is likely just as complicated as an off-lattice model, with the additional
disadvantage of potentially predisposing the system to forming particular types of
aggregates. For these reasons, only off-lattice methods will be considered further in
this work.

As an intermediate between lattice methods and continuous MD, discontinuous
MD, in which the inter-particle interactions are represented by square-well poten-
tials, is another interesting alternative to the off-lattice, continuous MD simulations
used in this work. This model, whilst still being an off-lattice method, can lead
to significant speed-up relative to continuous MD as particle positions and veloc-
ities only need to be calculated when discontinuities in the potential are reached
(e.g. when particles collide), and has been used successfully in the past to predict
peptide aggregation (e.g. refs 151, 152). However, these methods are not widely
implemented, and may be difficult to parameterise for OSC molecules, limiting
their use. Additionally, the continuous LJ potentials used in this work are no more
complex than discontinuous square-well potentials, both being characterised by a
single length scale and a single energy scale. There is, therefore, little to be gained

in terms of the speedup that may be expected if using a simpler potential.

1.4.1 ALL-ATOM SIMULATIONS

The use of AA MD simulation to study the physical structure and assembly at
OSC interfaces is becoming more common as computational power increases. In
particular, the process of vapour deposition has been extensively studied by MD
for a variety of substrates and small molecules!3-154997,153-157 (Eig_1.6). While
these simulations generally agree well with experimentally observed phenomena,
such as the dependence of orientation on substrate temperature (T,p), they also
provide further insight into the mechanisms of the process with a level of detail
that is difficult, if not impossible, to obtain from experimental techniques.

As for solution-phase behaviour, Jackson et al.?* have used AA simulations
to study a wide variety of OSC polymers in order to determine how aggregation
occurs in solution. They observed a number of different conformational classes
over a variety of conjugated polymers, with the final aggregate structure dependent
on properties such as backbone linearity and dihedral distributions.?* This work
predominantly used implicit solvent calculations, in which the polymer was mod-

elled atomistically and the solvent treated as a background dielectric. This greatly
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Fig. 1.6 (a) Snapshots of a simulation of vapour deposition of a host-emitter
OLED system onto a graphene substrate (black, thick line representation).*’ The
host is CBP (grey lines) and the emitter is Ir(ppy),(acac) (green). Hydrogens
are omitted for clarity. (b) Transition dipole moment (TDM) orientation for
Ir(ppy),(acac) (filled diamonds) and Ir(ppy); (unfilled squares) from deposition
simulations.*® A value of |sin ¢| of 0 corresponds to horizontal alignment of the
transition dipole moment and 1 to vertical, as shown in the overlaid structures.
The TDMs for both molecules are assumed to lie along the Ir-N bonds. In the
structures, only one TDM is shown for clarity as a black arrow. (c) Chemical
structures of Ir(ppy),(acac), Ir(ppy);, and CPB. For the iridium complexes: green
= carbon, blue = nitrogen, red = oxygen, grey = iridium, white = hydrogen. The
molecules in (a) are coloured accordingly. Image from ref 1.

enhances the efficiency of the calculations, especially when the property of interest
is the equilibrium aggregate structure, but will not necessarily accurately capture
the folding dynamics. In order to study the equilibrium aggregate structure, they
also biased the system towards folding to avoid the kinetic traps of other aggregate
structures, noting that other enhanced sampling methods would also be useful in
this regard.*

Flory-Huggins parameters, which are a simple predictor for the solubility of
molecules in a two-component mixture, can be readily calculated from AA MD
simulation if a number of assumptions are made. The first of these is Flory-Huggins
theory is based on a lattice model in which the size of the lattice sites for both com-
ponents of the mixture are equal, which is not the case for most polymer-solvent
mixtures. As OSCs are generally much larger than solvent molecules, and MD is
inherently an off-lattice model, this is a significant assumption, particularly when
polymers are considered, as has been done in the past.!'?87130 Nevertheless, the
relative values of the calculated Flory-Huggins parameters, comparing different
solvents for the same polymer, are generally qualitatively consistent with the relative
solubility measured from experiments.!?-130 This simple predictor can therefore

give interesting insight into the effect of solvent choice on polymer behaviour. As
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typically only the per-site interaction energies in pure polymer, solvent, and a mix-
ture (where polymers are not aggregating) are required, relatively short simulations
of small systems can be used, as these per-site quantities are not expected to vary
significantly with system size. The use of smaller systems means that these kinds of
simulations are much more accessible to AA methods, whilst still giving predictions
that have been shown to be generally applicable to the behaviour of much larger

systems. 30

1.4.1.1 Challenges for all-atom simulations

158

Although simulations of up to 100 million atoms (for 100 ns)," >° or up to the mil-

lisecond timescale for smaller systems using specialised hardware,'>°

are possible,
typical simulations can only study a couple million atoms on the nanosecond (or
microsecond at best) timescale. This means that slower processes occurring on
longer timescales are not able to be explicitly studied. This is particularly relevant
when considering the scale of structural variations at interfaces, which generally
involve large systems whose assembly occurs over long time periods, which can be
infeasible to simulate atomistically. AA simulations of polymers have also generally
been limited to chain lengths of 10s of monomers, which is often 1-2 orders of
magnitude smaller than those studied experimentally in OSC systems, limiting the
ability to realistically capture polymer microstructure using such models.

In order to deal with the problems of size and time scale, while still maintaining
atomistic detail, a number of approaches may be taken, potentially at a cost to quan-
titative accuracy. Simulating at higher concentrations than used in experiments,!6°
artificially freezing the motion of particles that are not deemed to be relevant for
the processes of interest,!>>196 or modelling processes that are expected to display
faster dynamics but similar equilibrium behaviour to the process of interest!? have
all been attempted in the past.

Simulation of solution-phase behaviour, particularly of polymers, is hindered by
the system size, which must include both solvent and solute molecules. Polymers
for OSC applications are often prepared in relatively dilute solutions (on the order
of 0.1-10 g/L) meaning the vast majority of the simulated system will be occupied
by solvent molecules. This effect is exacerbated as polymer length increases, as the
cubic simulation box should have dimensions on the order of twice the length of
the polymer chain in order to prevent both the polymer interacting with itself, and
regions of solvent whose behaviour is influenced by the polymer from overlapping
(see Chapter 2.1.1.6 for details on finite size effects). As polymer chains are often 10s
to 100s of nanometers long, using explicit solvent AA models and realistic polymer
chain lengths results in simulation boxes that are unfeasibly large. Because of this,

there remain few examples of AA simulation of the solution-phase behaviour of
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OSC polymers. Where AA simulations have been attempted, they have used a single

chain,128‘130 24,130,161

multiple shorter chains, or treated the solvent implicitly as a
background dielectric rather than individual molecules.?* With the exception of the
work by Jackson et al. >* and Reid et al. %!, these studies focused predominantly on
calculating Flory-Huggins parameters, so required only short simulations (on the
order of 5-10 ns) in order to calculate the energy of the system under conditions in
which polymers were not aggregating. Though some analysis of the single-chain
structure was attempted in ref 129, it is unclear whether these short simulations

were sufficiently long to accurately obtain the equilibrium behaviour.

Structural evolution under conditions where aggregation can occur is expected
to take place on much larger timescales than those required for calculating the
energetics of unaggregated chains as required for the calculation of Flory-Huggins
parameters. Studies of a single polymer chain in water have shown that for a rela-
tively short chain (30 monomers) of flexible non-semiconducting polymer poly(N-
isopropylacrylamide) (PNIPAM), the time taken to reach an equilibrium conforma-
tion is on the order of 600-700 ns, with more than 300 ns required post-equilibrium
to sufficiently sample the equilibrium ensemble.!®? This adds challenges when con-
sidering processes such as single- or multi-chain aggregation as these long timescales
are not achievable for all but the smallest systems. Furthermore, if one considers
that the solution-phase, and eventual thin-film, structure and performance may
depend on the polymer molecular weight,?” which can range from 10s to 100s
of monomers and is well beyond the size of systems that are feasible to simulate
with AA models, it becomes clear that AA simulations are not ideal for obtain-
ing an accurate understanding of polymer aggregation properties. Even for small
molecules, studying processes that occur in solution, such as solvent evaporation
for the formation of thin-films, require compromises to be made. Concentrations
orders of magnitude higher than would be used experimentally have been used in
the past!63164 in order to reach the timescales required for the processes of interest.

Even then, these large-scale simulations are still incredibly expensive.

When the equilibrium behaviour, rather than non-equilibrium processes or
kinetics, that are of interest, a number of enhanced sampling methods can be used
to circumvent some of the challenges associated with AA simulation. These methods
apply various biasing techniques to promote sampling of regions of importance, and
will be discussed in more detail in Chapter 2.1.5. These kind of methods have been
used previously to determine, for example, the aggregation and folding mechanism

of OSC polymers.!©!
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1.4.2 COARSE-GRAINED SIMULATIONS

While AA simulations provide details of specific interactions at interfaces, and give
an atomic understanding of the processes occurring at these interfaces, they are
often limited by the size of the system and timescales of the processes of interest. A
common way to address these problems is to use CG molecular simulations, in which
the number of degrees of freedom in the system is greatly reduced by approximating
a collection of atoms as a single interacting site, increasing the simulation efficiency.
The coarse-graining process is described in detail in Chapter 2.1.2.2. It is especially
important that larger length scales than are feasible atomistically to be reached
when one considers, for example, the molecular weight dependence of interface

26,27,68,165 1 the domain sizes in BHJs which

morphology of polymer semiconductors
are typically on the order of around 10 nm.!%® In contrast to AA simulations, CG
simulations have been shown to be able to reach appropriate length scales with
enough accuracy to model aggregation of conjugated polymer chains in solution!'6”

and phase separation in conjugated polymer BHJs%%168:169 (see Fig. 1.7).

P3HT
S
\

Fig. 1.7 BHJ P3HT:C, donor-acceptor interface from CG MD simulation.!68
Image from ref 1.

Background of coarse-grained MD simulations. The process of coarse-graining is
summarised schematically in Fig. 1.8. Groups of atoms expected to have correlated
motion are grouped into larger sites whose interactions are parametrised to (hope-
fully) capture the behaviour of the real AA system. The total potential energy of the
system is then calculated as a sum of bonded and non-bonded interactions between

CG sites. Two general approaches have been used to parameterise CG interactions:
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the top-down approach, in which interactions are chosen to reproduce experimental

169 or the bottom-up approach, in which the interactions are

thermodynamic data,
tuned to reproduce the physical and thermodynamic properties of an AA model.!”°
A number of systematic bottom-up CG methods have been developed, with the goal
being to achieve thermodynamic consistency between the CG and AA models, e.g.
by matching forces'”! or structural distribution functions,!”? or by minimising the
relative entropy!’? between the two models. Readers are referred to ref 170 for a

comprehensive review of coarse-graining methods.

(a) spherical sites (b) ellipsoidal sites

Fig. 1.8 An example of coarse graining of small conjugated molecule sexithio-
phene into (a) six spherical sites, or (b) a single ellipsoidal site. The spherical
model represents each thiophene unit as a sphere connected by their centers of
mass (black lines to black dots), while the ellipsoidal model is a representation
of how this molecule could be coarse-grained into a single anisotropic particle.
Image from ref 1.

Spherical vs anisotropic sites and potentials. To date, CG models have predom-
inantly employed spherical sites for the calculation of non-bonded pair interac-
tions. Although these models have been able to reproduce experimental anisotropic
behaviour when the overall molecule (an accumulation of isotropic CG sites) is
anisotropic (Fig. 1.7),1%17,96.98167 many OSCs consist of large planar subunits with
very rigid backbones, so representing them as a collection of spheres may not be ac-
curate or efficient. This is especially problematic when considering properties such
as the m-stacking distance, which is known to be important for device performance.

1174175 or disc-shaped!”® —

An alternative is to use anisotropic — either ellipsoida
particles. As these sites now have a quantifiable orientation, anisotropic non-bonded
potentials are required to model the inter-site interactions as a function not only
of distance, but also of orientation. Although these anisotropic interactions are

slower to calculate than isotropic ones, a reduction in the number of sites (Fig. 1.8)
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for a given level of accuracy can compensate for this. Interpretation of simulation
results of an anisotropic model with fewer degrees of freedom and parameters is
also potentially simpler. A number of anisotropic non-bonded potentials exist that
account for both the distance and orientation dependence of the potential energy
when considering ellipsoidal sites. Most commonly used are the GB,%117”7 and
RE-squared!”8-180 potentials, which are effective for ellipsoidal particles. Further
details can be found in the literature.!78-181

The work presented in Chapter 3 uses anisotropic disk-like particles represented
by the GB potential to model molecules representative of many OSC small molecules
relatively accurately. In Chapter 4, a spherical site model of P(NDI2OD-T2) is used,
where the rigid backbone is modelled as a collection of spheres. This results in
an overall anisotropic shaped backbone which is able to capture, with reasonable
accuracy, the anisotropic nature of OSC aggregation, which occurs almost exclu-
sively in the 7m-stacking direction. This gives a level of detail beyond what has
been obtainable from spherical models that have been used in the past to study
semiflexible polymer aggregation, leading to results that are much more applicable
to OSCs.

Study of physical structure and assembly. CG MD models can give valuable in-
sights into mechanistic details of microstructure and assembly processes in OSC
devices that cannot be easily studied experimentally and may be computationally
inaccessible to AA models. CG models have only been applied in the last decade
or so to studying OSC structure and so, compared with AA simulations, CG sim-
ulations of OSC interfaces remain quite limited, focusing predominantly on the
microstructure and formation of BHJ donor-acceptor interfaces.!68:169,175,182-187
Examples of studying solution-phase behaviour using CG models are, however,
more common than their AA counterparts.

Coarse-graining is particularly useful for the study of solution-phase behaviour
as, in addition to reducing the number of OSC atoms, the OSC-solvent interactions
can be accounted for implicitly and incorporated into the OSC CG interactions.
This means that a system that would contain upwards of 100,000 atoms in an AA
representation can be reduced to a CG system of less than 10,000 sites, allowing for
the simulation of longer polymer chains for longer times. An additional benefit is
the generalisability, and easy tuning of interaction parameters, meaning results can
be related to a class of molecules, rather than being system specific, and different
system parameters can be systematically studied.

In this way, a number of studies have examined the single-chain behaviour of
generic semiflexible polymers, finding a relationship between backbone flexibility,

solvent quality (or equivalently, temperature) and single-chain conformation.!3!-133
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Due to the general nature of the model, these results should be relevant to many
OSC polymers. Likewise, multi-chain aggregation of generic polymers with variable
stiffness and temperature has also been studied, showing a variety of phases that
depend on the nature of system.!3

As an alternative to general coarse-grained models, systematically coarse-grained
models, which are parameterised to be an accurate representation of the match-
ing AA system, are also useful for understanding both the single and multi-chain
aggregation behaviour of OSCs.!®7 Schwarz et al. %7 studied the aggregation be-
haviour of OSC polymer P3HT using a systematically parameterised CG model,
reaching timescales of up to 5 ps and observing the formation of large aggregates
and behaviour consistent with experiments. An even coarser model, where multiple
OSC monomers are incorporated into a single CG site, has been systematically
parameterised for MEH-PPV and proved useful for capturing the effect of solvent
(modelled implicitly using Langevin dynamics) on the single chain behaviour of this
polymer.!74 Although not exactly OSCs, the self assembly of 7-conjugated peptides
has also been studied through CG simulations in a manner that is directly applicable
to the study of OSCs polymers such as P(NDI2OD-T2).188

Challenges for coarse-grained simulation of organic semiconductors. As with AA
MD simulations, CG simulations are not without their challenges. In particular, the
loss of molecular detail can be problematic as details about specific interactions,
which may be important for understanding device properties, may be lost in the
CGing procedure. It is therefore important that the desire for efficiency (fewer sites)
be balanced with the need for accuracy. For good predictions, the model must be
able to capture important intra- and intermolecular rearrangements which may
necessitate a greater number of sites in order to prevent information loss.!8%190

Another desirable feature of a CG model, which is not necessarily easy to achieve,
is transferability to thermodynamic conditions beyond which it was parameterised.
To this end, a model that is able to capture the molecular rearrangements that occur
at changing temperatures is important.'8° Generally, this can be achieved by using
a greater number of CG sites, or using anisotropic sites which better retain the
relevant degrees of freedom of planar molecules.!”®

Additionally, despite their increase in accessible time scale relative to atomistic
MD, CG models are still unable to achieve the time scales relevant to processes
such as solvent-based film deposition. Although as computing power increases
these time scales should begin to become more accessible, alternative methods, such
as continuum methods, which will not be discussed in detail here (see ref 1), or
hybrid approaches using CG semiconductors and a continuum or implicit solvent

will likely be necessary to realistically model such processes. However, care must
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be taken to account for hydrodynamic interactions (particularly for polymers)!®!

and the concentration dependence of the CG interactions when solvent degrees of

freedom are integrated out.

1.5 PROJECT OUTLINE

In the following chapters, molecular simulation techniques are used to examine the
behaviour of a variety of OSC molecules at interfaces (Chapter 3) and in solution
(Chapters 4 and 5).

In Chapter 3 we have identified a universal predictor for the orientation of
ellipsoids with parameters typical of OSC small molecules, ranging from benzene,
to perylene, and porphine, at both solid and vapour interfaces. This work extends
the studies discussed in Section 1.2.2 for purely repulsive particles at interfaces,
to systems that are much more representative of OSCs. The effect of temperature,
shape and interaction anisotropy, substrate type, and density, were examined to
understand the significance of these factors for controlling orientation. These
general results can be related to the behaviour of actual OSC molecules, and some
broad guidelines for tuning alignment at these interfaces are provided.

In Chapter 4 we have developed an AA model for high preforming OSC polymer
P(NDI20OD-T2), which was used to systematically parameterise a CG model. This CG
model was used to study the solution-phase behaviour of P(NDI20OD-T2) with chain
lengths on the order of those used experimentally. Using this model, we were able to
explain the experimentally observed formation of large rod-like aggregates in poor
solvent,?> leading to an improved understanding of the effect of the relative rates of
single-chain folding and multi-chain aggregation, and the associated dependence
on chain-length, flexibility, concentration, and solvent quality, on the single- or
multi-chain structures expected in solution. The relative rates of these processes
have not been previously examined, though appear to have a significant impact on
the solution-phase behaviour of OSC polymers, hinting at the ability to use polymer
concentration in solution to influence the aggregate structure. While the work in this
chapter used a model parameterised to represent P(NDI20OD-T2), these results are
not specific to a single polymer, but are generalisable to other semiflexible polymers.

The importance of specific interactions, either polymer—solvent or side-chain—
solvent, is examined in Chapter 5 using the AA model of P(NDI20D-T2) parame-
terised in Chapter 4, and that of an analogous molecule with different side-chains
(ethylene oxide-based rather than alkyl). The effect of these different side-chains
on the solution-phase structure of the two P(NDI20D-T2) analogues was examined
in terms of the relative solubilities of the polymer components (backbone or side-

22,25

chain) in various solvents commonly studied experimentally, quantified using
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Flory-Huggins theory. Though it generally gave good agreement with the relative
experimental solubility as calculated by UV-vis spectroscopy for both polymers,
Flory-Huggins theory could neither fully explain some of the stranger aggregation
properties of P(NDI2OD-T2) that have been anecdotally observed, nor the significant
differences in the shape of the UV-vis absorption spectra for the two polymers. As
Flory-Huggins parameters calculated from MD simulations have been recently pro-
posed to be a good indicator of the relative extent of solution-phase aggregation,!3°
this work provides an important reminder that simple models for solubility, though
often sufficient, do not necessarily capture the full picture, especially when specific
interactions (e.g. between side-chain and backbone) may be significant. Examining
the structures of the polymer aggregates in more detail provided insight into the
solution-phase, and aggregate, behaviour of these polymers with implications for

choice of side-chains and solvent structure on device microstructure.
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Chapter 2

2.1 MOLECULAR DYNAMICS

As with many areas of chemistry, there are a number of different methods for study-
ing the behaviour organic semiconductor (OSC) molecules both in solution and
at interfaces, with the choice depending on the resolution and timescale required.
Experimental techniques, such as UV-visible spectroscopy or microscopy, can give
insights into properties such as the degree of aggregation, the size and orientation
of aggregates, or the surface morphology. Although useful, these techniques are
generally low in resolution, giving details only on the average/bulk properties of the
system. While experimental techniques exist that have atomic resolution (e.g. x-ray
crystallography), these generally rely on the material being crystalline. Even in the
solid state, this is not necessarily the case for OSCs, with their generally disordered
structures hindering atom-level experimental analysis. For these disordered struc-
tures, or for molecules in solution, if atomic/molecular scale detail is desired, for
example to understand how specific molecular interactions relate to experimental
trends, computational methods are therefore required.

Giving the highest resolution, quantum calculations can prove useful for under-
standing electronic processes, but are limited to small molecules and cannot easily
include the effect of solvent or other surrounding molecules. For understanding
the morphology and dynamics of OSCs in the solution- or liquid-phase, the elec-
tronic processes that are accessible via quantum calculations become less important,
and these properties can effectively be explained by the nuclear motion. Particle
motion can then be treated using classical molecular dynamics (MD) simulation
techniques. In this work we differentiate between all-atom (AA) and coarse-grained
(CG) methods, which again allow for different levels of resolution and accessible
timescales. AA simulations involve explicit simulation of all atoms in the system
and can reach up to the microsecond scale for 10s of millions of atoms,'°? although
systems of this size are challenging to simulate and smaller systems are generally
more common. To reach larger timescales, or to study properties more generally, CG
simulations can be useful. These simulations combine multiple atoms into a single
site, and generally integrate out the solvent (instead accounting for it implicitly),
greatly increasing simulation efficiency.

Despite differences in simulation techniques (e.g. AA versus CG), and the
plethora of MD simulation software packages available, the general algorithm for
running an MD simulation remains the same with the forces acting on each particle
computed according to Newton’s equations of motion

Fi(r)=m (2.1)

dr?

These forces are practically computed from the initial position and velocity distribu-
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tion, and the interactions between all N particles, U(r"), as specified by the chosen

force-field as
F;(r)=-V;U(rN) (2.2)

where F;(r) is the force acting on particle i, and 7V is the configuration of the
N-particle system. Under constant number of particle, volume, and energy (NVE)
conditions, the particle positions are then updated by integrating eqn (2.2) and the
process iterated as required, typically with a timestep of 1-2 fs for AA simulations,
or much larger (and strongly dependent on the degree of coarse-graining) in the CG
case. In all the following simulations, the velocity Verlet!9>1%4 algorithm was used
to numerically integrate the equations of motion.

As it is generally beneficial to study systems as close to experimental conditions
as possible, temperature and pressure control are also important factors in MD
simulation. To maintain constant temperature, additional dynamical variables can
be coupled to the particle velocities in order to maintain a velocity distribution
consistent with the desired temperature. In this work we have used a Nosé-Hoover
thermostat!?>1%¢ for temperature control in AA simulations. To model the back-

t197

ground implicit solvent in CG simulations, a Langevin thermostat'” was used. This

will be described in more detail in Section 2.1.4. Where required, pressure control

was implemented using a Nosé-Hoover barostat,!?8

which couples the box volume
to additional dynamical variables, such that the size of the box fluctuates in order to

maintain a constant pressure in the system.

2.1.1 COMPUTING INTERPARTICLE FORCES

In order to accurately model the dynamics of the system of interest, the molecular
mechanics force-field, which define the interactions between various atom types,
as well as the bonded parameters, is perhaps the most important choice for a
successful simulation. Although the parameters may be different between CG and
AA models, the principles remain the same. In both cases, the total potential energy,
U(rN), of the system is a sum of the total bonded, Upongeq(rY ), and non-bonded,

Usnon—bonded (YY), interactions:

U(™N) =) Ubonded(™™)+ ) Unon-bondea(r") (2.3)

The bonded interactions can be divided into bond, angle, dihedral, and im-
proper potentials, and the short and long-ranged non-bonded interactions. The
non-bonded interactions are generally (and in this work) assumed to be the sum of

pair interactions. For a system of N particles:

N
U(r ) = Upond + Uangle + Udihed + Uimprop + Ucoul + Uvdw (2.4)
—_—
bonded non-bonded
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where

Ubond = Z Ubond,i (2-5)
iebonds

angle Z Uanglel (2-6)
icangles

Udihed = Z Udihed,i (2.7)
iediheds

1mprop Z Ulmprop 1 (28)
i€eimprops

are the bond, angle, dihedral and improper potentials respectively, and

Ucoul = Z Ucoul,ij (2~9)
i,jEpairs

Uvdw = Z Uvdw ij (2.10)
i,jepairs

the Coulombic and van der Waals (vdW) components of the non-bonded energy,
calculated over the configuration of the whole system. Each of these terms will be
discussed in more detail in the subsequent sections although it should be noted that
actual computation of the Coulombic interactions is somewhat more complicated
than represented in the idealised case of eqn (2.9). The means by which this energy

is more practically evaluated is discussed in more detail in Section 2.1.1.5.

2.1.1.1 Bonded interaction potentials

Bond potentials Uypyng are typically treated as a harmonic potential with bond
stretching coefficient k; ; for bond i, and separation between two bonded particles /;

with equilibrium bond length [ ;:

Ubond,i(l ) kbz(l lOl) (2'11)

Angles are generally treated similarly as harmonic oscillators with bending coef-
ficient k, ; and angle defined by three particles 6; with equilibrium angle 0, ; for
bond angle i:

Uangle,i(ei) = ku,i(ei - 60,1')2 (2.12)

Two different dihedral potentials are used in the AA simulations in this work: the

OPLS style dihedral UC?IEQS (¢i)

USRS (1) = 5K [1 + cos(pi)] + 5Ka 1~ cos(2¢y)]

+ %K3 [1+cos(3¢;)] + %K4 [1—cos(4¢;)] (2.13)
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with parameters K,,; for dihedral angle ¢;, and an alternative form

Uginy(i) =) Kycos™ () (2.14)
n=0

where m = 4 or 8. The case where m = 4 is implemented in LAMMPS as the
multi/harmonic dihedral, and is equivalent to the OPLS style dihedral defined in
eqn (2.13). Improper torsions are modelled with a cosine potential (implemented in
LAMMPS as the cvff improper style):

Uimprop,i(lzbi) =K [1 + dCOS(VH]l)i)] (2'15)
where d =1 or —1, K is an energy parameter, and # an integer.

2.1.1.2 Isotropic non-bonded interaction potentials

Non-bonded interactions can be divided into short-ranged (vdW) and longer-ranged
(electrostatic/coulombic) interactions. For isotropic (spherical/point) particles, such
as those used in the AA and some of the CG simulations in this work, the Lennard
Jones (LJ) potential, Upj(r;j), is used to capture the short range repulsive and longer-

ranged attractive interactions between two particles separated by distance r;;:

V12 [\
() = N=de | L] -2 2.16
Uvdw,z;(rl])_UL](rlj)_ €ij o 7o (2.16)
ij ij

where 0;; determines the length scale of the interaction, and €;; the energy scale.

2.1.1.3 Anisotropic non-bonded interaction potentials

Alternate potentials exist to model vdW interactions for anisotropic (e.g. ellipsoidal)
particles. Commonly used potentials include the Gay-Berne (GB),%1-177:199 RE?2,178
and S-function expansion.!”6290 In this work, we use the GB potential to model the
behaviour of OSC-like ellipsoids (Chapter 3). This potential is an generalisation of
the L] potential (eqn (2.16)) to aspherical particles.

The GB potential is an anisotropic, shifted LJ potential which is defined by
ellipsoid shapes and relative interaction energies. The potential depends on both
distance and orientation, with the relative position of the two particles i and j
described by the vector r;; = r; —r; for two particles positioned at r; and r;, respec-
tively. The orientation of the particles is defined by the rotation matrices A; and
Aj, which transform the orientations of the two particles from the lab frame to the
body frame. Each particle has shape and interaction anisotropy, with the shape
anisotropy described by the diagonal shape matrix S; = diag(o,;, op;, 0¢;)/2, where
0ai, Opi, and o; are the particle’s principal diameters. The interaction anisotropy is

similarly described by E; = diag(e,;, €p;, €¢;), for interaction well depths along the
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principal axes €,;, €p;, and €.;. The interaction potential between these two particles

is then given as
UGB (Ti]',Al‘,A]') = Uy (riijirAj)ﬁ (AirAj)X(rij’AirAj)f (217)

where the first term describes the distance dependence of the potential, and the
others account for the effects of particle shape and interaction anisotropy.

The first term, u,, is a shifted LJ potential that describes the distance dependence

12 6
O O
( 2 ) —( 2 ) (2.18)
hij+0ij ]’li]'-I-Gi]'

It differs from eqn (2.16) only in the interparticle distance: r;; in the L] potential is
8

of the GB interaction:

ur(ri]-,Ai,Aj) = 461‘]‘

replaced by the distance of closest approach h;;, which can be approximated as!’

1A L -1/2
hij(rij Ai Aj) = 1ij ‘(zrz‘TjGijlrij) : (2.19)

where rij = |rl-]- , i‘ij = rij/ri]', and
_ ATg2 Tq2
Gij=A]S]A; +A]S7A;. (2.20)

The position and orientation dependence of the interaction strength is described

by the other terms in eqn (2.17), 1 and x. They are given by

o v/2
n(A;4;)= o (2.20)
det (Gij)
and
x(rij A A;) = (201 B #5), (2.22)
where
G; = (0i0bi + 05 ) (0aioni) %, (2.23)
B;;=ATE; 4+ ATE; A, (2.24)

and v and p are parameters that tune the shape of the potential.

2.1.1.4 Long-range electrostatics

Where particles are charged, electrostatic interactions between two particles with
charges g; and g; separated by distance r;; are computed as
qiqj

R — 2.25
4:7‘(€0€r1’l']' ( )

Ucoul,ij(rij) =

where € is the vacuum permittivity, and €, the dielectric constant of the medium.
In all the work presented here where charged particles are used, a value of €, = 1

was used.
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2.1.1.5 Dealing with long-ranged interactions

The computation of forces in eqn (2.2) relies on calculating the non-bonded interac-
tions in eqn (2.4) between all pairs of particles in the system. This computation can
therefore be a significant source of efficiency loss in a molecular simulation, scaling
as N2 for total number of particles in the system N and making study of all but the
smallest systems infeasible. To counteract this, interactions beyond a certain cutoff
distance, r., are generally assumed to be negligible, and the interactions between
particles separated by more than this distance are not computed. VAW interactions
decay rapidly with distance, so the truncation of the interactions beyond a suffi-
ciently large cutoff (generally on the order of 10-15 A, and specific to the force-field
used) does not introduce significant error to the calculated forces. It does, however,
introduce a small discontinuity in the energy, which is equal to Uyj(r;;) for distances
shorter than the cutoff r., and 0 beyond. This discontinuity may result in unphysical
behaviour but can be treated in a number of ways. In this work, the energy is shifted
up by a constant such that Uy = 0 at 7.

Although the short-ranged interactions do not suffer significantly from the
truncation of the interactions at r., electrostatics decay over a much longer range so
cannot so simply be neglected. A number of algorithms exist to efficiently calculate
the long-range electrostatic interactions. In the work in the following chapters,
the particle-particle particle-mesh (PPPM) method is used.?’! Ewald summation
methods, such as PPPM, split the electrostatic potential due to a charged particle
into a short-range component and a long-range component, with the long range
component calculated in Fourier space. In PPPM, the particles are mapped to a grid,
the potential calculated using Fourier methods to solve Poisson’s equation, and the

resulting electric field mapped back to the particles.

2.1.1.6 Finite-size effects and periodic boundary conditions

One of the potential limitations to MD simulation is the inaccessibility of experimental-
sized systems: even a single drop of water contains on the order of 102! molecules,
significantly higher than the range typically accessible to MD of around one million
atoms. If it is assumed that the bulk experimental system is relatively homogeneous,
then a smaller system, containing just enough molecules to observe the behaviour of
interest, can be used to approximate a much larger system. However, small systems
are susceptible to finite-size effects, where the presence of boundaries introduces
artefacts into the system properties. This can be overcome by assuming a periodic
system, in which the simulation box is replicated in the x, y, and/or z dimensions,
effectively creating an infinite system. In order to increase efficiency, only the forces
between the closest periodic images of a molecule are computed (Fig. 2.1). The box

should be large enough that a molecule does not interact with periodic images of
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itself.
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Fig. 2.1 Illustration of periodic boundary conditions in two dimensions. The
central grey box represents the simulation cell, where the molecule extending
over the boundary interacts with its periodic images. Interactions are only
computed between a molecule and its closest periodic images; those further
apart, such as the those indicated by the arrow with cross, are not computed.

2.1.2 FORCE-FIELD PARAMETERISATION

Although parameters for many different atom types are available, particularly for
small organic molecules, the somewhat different nature of OSCs, most notably
their semiflexibility, means that models must be specifically parameterised for
the molecules of interest in order to obtain accurate behaviour. Details of how
these models can be parameterised are given in more detail below for both AA
(Section 2.1.2.1) and CG (Section 2.1.2.2) system:s.

2.1.2.1 Parameterisation of all-atom force fields

In AA simulations, every atom is treated explicitly in order to realistically model a
specific real-life system. It is therefore important that the interactions, both bonded
and non-bonded, between the atoms are reasonably representative of the system
of interest. A number of general force fields exist that provide parameters for a
wide variety of atom types, and are generally specific to different applications. The
optimised potentials for liquid simulations (OPLS) force-field,?°? for example, which
is used extensively in this work, was developed to accurately model the behaviour
of liquids of generally organic molecules. While these parameters are generally
transferable between similar systems, the extended conjugation and relative stiffness

of OSC backbones means that additional parameterisation is required in order to
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accurately model the molecules of interest here. In this work, we have followed a
previously published method,?°® which follows the parameterisation of the OPLS
force-field, in order to develop parameters for the high performing OSC polymer
P(NDI20OD-T2). The parameterisation procedure, which involves explicit calculation
of the atomic point-charges, geometry optimisation to obtain equilibrium bond
lengths and angles, and a series of constrained optimisations to calculate a number
of key dihedral and bond potentials, is described fully in Chapter 4.

Note that the OPLS force field has been shown to give aggregation properties of
OSCs that are consistent with experiments for a wide variety of OSC polymers,?*
and the parameters are, as such, expected to be transferable to other OSC molecules

such as those studied in this work.

2.1.2.2  Parameterisation of coarse-grained force-fields

Compared to AA force-fields, described above, which are parameterised to capture
the behaviour of individual atoms, CG force-fields generally focus on capturing
the mesoscale properties of a system. Some are parameterised to match properties
of AA, or alternatively experimental, systems, while others focus on accurately
mapping the AA forces to the force acting on a CG site. In all cases, the CG model
reduces the number of degrees of freedom in a system by combining multiple atoms
into a single site, and often only implicitly accounting for the effect of solvent
molecules. Depending on the target result, a number of different methods can be
applied to the development of CG models of OSCs. These differ in the structural
or thermodynamic properties they attempt to match between AA and CG model.
The iterative Boltzmann inversion (IBI) method for example, which is the method
used in this work, aims to match structural properties between the AA and CG
models by iteratively updating the interaction potentials between CG sites until
the probability distributions of non-bonded pair distances, bond lengths, bond
angles, dihedrals, and improper torsions converge to the AA target.!”? This method
has been previously implemented for studies of OSC polymer P3HT with good

41,167,204 31nq will be discussed in more detail below. Other methods, which

success,
will not be discussed in detail here, include force-matching, in which the total force
acting on a CG site is matched to the average sum of the forces acting on the particles
in the AA model that make up the site in equivalent system configurations,!”1-205-207
and relative entropy, where the relative entropy between the CG and AA systems is
minimised.!”® An in depth review of CG methods can be found in ref 170.

The IBI method used in the following chapters aims to reproduce the behaviour
of an AA system by matching its structural properties; for the non-bonded interac-
tions this is generally the radial distribution function (RDF), though the method is

useful for parameterising both bonded and non-bonded interactions. In all cases,
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the same iterative procedure is followed. An initial target distribution is generated
from the mapping of the AA model to CG sites. This distribution may be, for
example, the bond-length distribution for a bond connecting two CG sites, or the
RDF - that is the probability of finding a particle at position r relative to the particle
of interest — for calculating the non-bonded pair interactions. An initial guess at
the potential, Uy(x), where x is the property of interest (e.g pair separation, bond
length, etc.), is made, typically the Boltzmann inversion (kg T In(P(x))) of the target
distribution P(x), and the CG model simulated using that potential. This can be
done using the exact potential (such as by using a tabulated potential in LAMMPS)
or by fitting it to an analytical form (such as an L] potential for the non-bonded
interactions, or the harmonic form for a bond potential). The use of an analytical
potential generally enhances simulation efficiency, but may result in a slight loss of
accuracy. In this work, we fit non-bonded potentials to an LJ potential, bonds and
angles to a harmonic or quartic-style potential, dihedrals to the potential described
in eqn (2.14) (with m = 4), and impropers to the cosine form of eqn (2.15) (see Chap-
ter 4 for full details). The CG distribution is measured and compared to the target
distribution. If they match within acceptable error then the process is complete. If

not, the potential is updated according to

(2.26)

Uy (x) = Un<x>+an1n(M)

Ptarget (x)

where U, (x) is the potential for iteration n of the procedure as a function of the
variable x , 0 < a, <1 is a scaling factor that controls how much the potential is
changed from the previous iteration, P,get(x) the target distribution of the property
being parameterised, and P,(x) the CG distribution from iteration n. The process is
then repeated. For the non-bonded interactions, P(x) is g(r;;), the RDF, while for the
bonded interactions P(x) is Byong(l; )/liz, Pangle(0;)/sin(6;), Pained(Pi), and Pmprop(¥;)
for the bond, angle, dihedral, and improper distributions, respectively. The entire
IBI process is illustrated in Fig. 2.2.

In this work, the IBI method is used for the parameterisation of high-performing
OSC polymer P(NDI20OD-T2) into a simplified CG model with atoms whose motions
are expected to be correlated grouped into spherical sites. In general, we group
each conjugated ring into a single site, and three alkyl carbons into a side-chain site
(Fig. 2.3).

2.1.3 ANISOTROPIC-SITE COARSE-GRAINED MODELS

The model described above for P(NDI20OD-T2) uses spherical CG sites, though,
due to the number of sites, the overall monomer is anisotropic. The naphthalene

diimide (NDI) backbone, for example, is made up of four spherical sites, which
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2.1.3. Anisotropic-site coarse-grained models
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Fig. 2.2 Illustration of the IBI process, from AA model to CG parameters. The
process is illustrated for parameterisation of non-bonded interactions using the
RDF but is equally applicable to bonded interactions. Typically, as has been done
in this work, the potential U; will be fit to an analytical function for simulation.

no
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to a good approximation, represent the planar structure of the group. While this

approximation is reasonable and should give behaviour consistent with the AA

model, a better representation of this group may be as a single anisotropic site, such

as a disk or oblate ellipsoid (Fig 2.4). Having fewer sites may increase the simulation

efficiency (although the additional rotational degrees of freedom of a finite-sized

aspherical particle will come with an additional computational cost), and also

increase the generality of a model, giving results that may be more applicable

to a wide variety of structures. In Chapter 3 we employ an anisotropic-site CG

model, in which an entire OSC-like molecule is simulated as a single oblate GB

ellipsoid (see Section 2.1.1.3 for details of the GB potential), to study the behaviour

of condensed-phase systems at interfaces.
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Fig. 2.3 The definition of the CG model of OSC polymer P(NDI20OD-T2) used in
Section 4. Relatively rigid groups, such as the individual aromatic rings of the
backbone, are coarse-grained into a single spherical CG site. CG sites of the same
type are coloured the same.

(L L) (L
OO0 £8 O

(a) single spherical site (b) multiple spherical sites (c) single ellipsoidal site

Fig. 2.4 Comparison of three different options for coarse-graining OSC small-
molecule perylene. (a) a single spherical site, (b) multiple spherical sites, or
(c) a single ellipsoidal site. Side-on and front-on views are shown in all cases.
The work in Chapter 4 uses a CG model with multiple spherical sites, and in
Chapter 3 a single ellipsoidal site, to represent an OSC molecule.

2.1.4 IMPLICIT SOLVENT SIMULATIONS: LANGEVIN DYNAMICS

Aside from the significant reduction in the solute degrees of freedom, and the ability
to incorporate fast molecular motions (e.g. the C—H bond stretch) into a single rigid
site allowing for the use of a larger timestep, one of the main sources of increased
efficiency in CG simulations of solution phase processes is the ability to coarse-
grain out the solvent. Instead of being explicitly simulated, the effect of solvent
is accounted for implicitly through the solute non-bonded interactions. As the
RDF includes features related to the solvent behaviour, the IBI procedure used for
coarse-graining, which matches the CG and AA RDFs, results in a non-bonded pair
potential which includes, approximately, the effect of solvent without the need for
it to be explicitly present. This greatly reduces the number of particles needed to be
simulated, significantly enhancing the feasible size and length scales for simulation.

While the non-bonded interactions with the solvent are accounted for implicitly
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through the pair potential, the dynamic effects, such as the influence of collisions
with solvent molecules on the diffusion of the solute, and longer ranged hydro-
dynamic interactions, are not captured by this. The frictional drag on the solute
moving through solvent, as well as the random collisions of solute and solvent
molecules, can be incorporated through the use of Langevin dynamics. The use of a
Langevin thermostat!® gives the total force, Fy, on each particle with mass m; and

position r at time ¢, F = m;#, as
Fy(t) = mi#(t) = f () —myy#;(t) + C;(2). (2.27)

Here, f;(t) is the force acting on particle i due to the interparticle potential, and
m;yt;(t) the frictional drag in a solvent with friction coefficient y. ;(t) is the
force due to random collisions with the solvent, which satisfies (C;(t)) = 0 and
(Ci(1)T;(t')) = 2ykgTm;6;;0(t — t’), where ¢;; is the Kronecker delta and 6(t - t') is
the Dirac delta function for time separation t —¢'.

While Langevin dynamics is an effective method for including the effect of
solvent collisions and viscosity implicitly in the calculation, it does not account
for hydrodynamics, which may be important for the behaviour of OSC polymers
in solution. Although we do not include hydrodynamic interactions in this work
due to the increased computational complexity, a number of algorithms, such as the
use of a Lattice-Boltzmann fluid,2°® do exist to enable their inclusion and would
provide an interesting extension on much of the work conducted in Chapter 4.
This method uses a lattice-based representation of a fluid, which interacts with
solvated molecules to mimic the effect of a background solvent without much of the
additional computational complexity and cost. It could therefore be applied to more
accurately capture the effect of hydrodynamic interactions on polymer diffusion as
studied in Chapter 4.

2.1.5 ENHANCED SAMPLING METHODS

Although MD simulation does provide a means to study the dynamics and time
evolution of systems, it is often only the final equilibrium state, or the features
of the free energy landscape separating states of importance, that is of interest.
Often, significant free-energy barriers separate important states, meaning these
states, which may require a rare event to reach, are inaccessible to non-biased MD
simulations on achievable timescales. It is often, therefore, useful to map the free
energy pathway between different states of a system to provide insights into how
likely a specific state is to occur in a realistic system, or what the most likely pathway
towards the equilibrium state may be. A number of methods for calculating free
energy profiles, or potentials of mean force (PMFs), exist, by which certain system

collective variables (CVs) can be biased to fully explore the relevant areas of the
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free energy landscape. In Chapters 4 and 5 we use on-the-fly probability enhanced

sampling (OPES),??? a variation on metadynamics,?!’

in which small repulsive
gaussians are added over the course of the simulation to bias the system away from
visiting regions it has previously visited, to examine the aggregation behaviour of
P(NDI2OD-T2).

At convergence, the OPES method samples a target probability distribution,
Byias(s), of the CVs of interest, s, which differs from the equilibrium Boltzmann
distribution, P(s). This target distribution is, in the well-tempered case, related to
the equilibrium distribution as Py(s) oc P(s)'/¢, where free energy barriers on the
target free energy surface are reduced by a factor of £ > 1 (where & is known as the
bias factor) relative to the unbiased surface, and is obtained by adding the bias

V(s):kBTln(PbPiaTSS()s)). (2.28)
Due to the relationship between By;,5(s) and P(s), the bias, V(s), can be determined
from an estimate of P(s), which is constructed by biasing the system away from re-
gions of the free energy landscape that it has already visited by regularly depositing
gaussians, then reweighting to obtain an estimate of the unbiased probability, from
which the free energy can be estimated.?%® An estimate of the unbiased distribution,

P(s, t), can be obtained using kernel density estimation as

_ Y b—ow(t)K(s—s(t’), 0x)
Yi—ow(t)

where w(t’) is the weight at time t’ given by w(t’) = exp(V(s,t')/kgT), and K(s —

(P(s, 1)) (2.29)

s(t’),0x) are kernels (Gaussians in this work), centered at s(t) with bandwidth
(related to the width of the Gaussian kernels) o, summed over all times between ¢’

and t.211’212

2.2 DESCRIBING THE BEHAVIOUR OF ANISOTROPIC PARTICLES

In Chapter 3 we examine the behaviour of a condensed-phased systems of anisotropic
particles. While a system of spherical particles can be fully described by the
center-of-mass position of the particles, quantified through, for example, the RDF,
anisotropic particles also have orientational degrees-of-freedom that can introduce
changes in phase behaviour beyond that which is possible for spherical molecules.
The most extreme effect of the additional orientational degrees-of-freedom mani-
fest as liquid crystal (LC) phases, in which the bulk fluid has either positional, or
positional and orientational order (see Fig. 2.5) whilst still maintaining the faster

dynamics of a liquid system.
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(a) nematic (b) smectic

Fig. 2.5 Comparison of the nematic and smectic liquid crystalline phases. In the
nematic phase, anisotropic particles have orientational order, while the smectic
phase shows both positional and orientational ordering.

In the work presented in Chapter 3 we predominantly considered systems in
which the bulk fluid remained isotropic rather than adopting these LC phases, but
symmetry breaking induced by the interfaces resulted in a degree of orientation
ordering at these interfaces. We describe this orientation through the P, order
parameter, here defined as:

B 3(cos?(0)), -1

s(z) =(P,cos(0)), = — (2.30)

where 0 is the angle between the unique axis of a uniaxial ellipsoid, calculated as
a function of z, the distance from the substrate. This parameter adopts a value of
1 when the unique axis is perpendicular to the z axis, and —0.5 when it is parallel
(Fig. 2.6). If the fluid is isotropic, s(z) = 0.

6 =90°
s(z)=-0.5

0 =0°

s(z)=1
0 =75°
s(z)= 0.4

C )

Fig. 2.6 Definition of the orientational order parameter s(z), described in
eqn (2.30), for a uniaxial oblate ellipsoid. The arrow indicates the unique axis.
The angle between this ellipsoid axis and the z axis can be used to define the
alignment of a collection of these particles.

2.3 ANALYSIS OF POLYMER SOLUTIONS

In Chapters 4 and 5, we examine the effect of solvent quality and side-chain struc-
ture on polymer chain conformation in the context of semiconducting polymer

P(NDI20D-T2). Broadly, Chapter 4 looks at the types and structures of aggregates
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formed by P(NDI20OD-T2) under different conditions, while in Chapter 5 the effect
of solvent quality on aggregation properties of P(NDI2OD-T2) is discussed in the
context of the Flory-Huggins theory of polymer mixing.

2.3.1 POLYMER MIXING: FLORY-HUGGINS THEORY

A rough understanding of the solution-phase behaviour of polymers can be ob-
tained by classifying solvents into three general classes: good, theta, and poor. In
a good solvent, polymer—solvent attractive interactions are sufficiently strong (or
polymer—polymer and solvent-solvent attractive interactions sufficiently weak) that
no aggregation of the polymer is observed. An extended chain conformation is
therefore expected, where the polymer will neither interact strongly with other
polymers in solution, nor collapse into a globule. In contrast, in a poor solvent,
polymer—polymer or solvent-solvent attractive interactions are strong relative to
the polymer—solvent attractive interactions. This results in aggregation of polymer
chains, or folding of individual chains into compact structures, though the specifics
of the behaviour will depend on both the solvent quality and the backbone prop-
erties. In a theta solvent, the polymer will act as an ideal chain for which there is

neither an energetic penalty nor a reward for aggregation.'?”

213,214 is a theory for predicting mixing of two-component

Flory-Huggins theory
systems (e.g. polymer in solvent) and quantifies the solvent quality based on the
relative solvent-solvent, solvent—polymer, and polymer—polymer interactions. It
has successfully been used to predict the solubility of OSCs in the past.!?8-130 Flory-
Huggins theory approximates a binary mixture (here between species A and B) as
a lattice site model for which the energy of mixing can be written in terms of pair
interactions between adjacent lattice sites. The Flory-Huggins interaction parameter,
XFH, can be defined from these interactions, and describes the difference between
the unlike and like interaction energies per lattice site relative to the thermal energy
kgT. See ref 127 for details.

The method we use here for calculating xpy from MD simulations was inspired
by that of Caddeo et al. 12 who calculated the Flory-Huggins parameter from the
cohesive energy density (CED) of a pure polymer, pure solvent, and mixed system.
The CED is related to the energy required to go from a condensed to vapour phase
of a specific system per unit volume, so is a measure of the total intermolecular
non-bonded interactions within the system. In the work of Caddeo et al.'?? the
CED was estimated from the total non-bonded potential energy in the condensed
phase simulations. As MD force-fields artificially partition the bonded (particularly
the dihedrals) and non-bonded interactions, we have extended this definition to
include the bonded interactions, which may also change significantly on mixing, by

using the total potential energy (that is the total bonded + non-bonded energy per
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unit volume) rather than the CED. xpy is then calculated as
Umix

Xpy = — X (2.31
i N(qubskBT )

where U, is the change in total potential energy (bonded + non-bonded interac-
tions) on mixing, N is the number of lattice sites in the mixture, and ¢, and ¢,
are the volume fractions of polymer and solvent in the mixture respectively. The
mixing energy Upx in eqn (2.31) is related to the total potential energy per solvent
molecule in the mixture Uy, the pure solvent Us, and the pure polymer Uj, systems

as
Unix = Um — NoUs ~ N, U,y (2.32)

where the pure solvent system contains Ny solvent molecules, the pure polymer
system N, monomers, and the mixture Ng and N, solvent molecules and monomers,
respectively. The resulting value of ypy will then be a measure of the solvent quality:
a good solvent is expected to have a negative value of xgy while a poor solvent is

expected to have positive xry.

2.3.2 CHAIN CONFORMATIONS

A number of measures of polymer chain conformation are used in this work to un-
derstand the effect of solvent quality and backbone flexibility on aggregate structure
(Chapter 4). Here we describe a number of important properties that are relevant to

this work in more detail.

2.3.2.1 Radius of gyration

The radius of gyration, Ry, describes how extended or compact a single chain, or
aggregate, is. It is defined as the root mean squared distance between a point on the

polymer chain and the polymer’s center-of-mass:

N
1
Rg =) IRi~Rcoml” (2.33)
i=1

where R; is the position of monomer 7, and Rcoy the center-of-mass of the polymer
chain of length N.!2” A more compact conformation of a polymer will have a smaller

radius of gyration, while an extended structure will have a larger R,.

2.3.2.2 End-to-end distance and contour length

The end-to-end vector is, unsurprisingly, the vector connecting the monomers at
the two ends of the polymers. The mean-squared end-to-end distance, R, can be

defined from this vector as

(RZ) = (RN - R;|?) (2.34)
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where Ry — R; is the distance between the end monomers (monomers 1 and N
positioned at Ry and Ry respectively for chain length N) averaged over all chain
conformations. Like the radius of gyration, it can be used as a measure of how
extended or collapsed a polymer chain is: a folded polymer structure will have a
smaller end-to-end distance than a fully extended chain.

Related to this property is the contour length, R, which is the total length of
the polymer chain if fully extended.

2.3.2.3 Persistence length and Kuhn length

The persistence length and Kuhn length are related measures of the stiffness of
the polymer backbone. The ideal chain described by the previous parameters can
equivalently be described as a freely jointed chain where the polymer is divided
into equal segments that give the same (R..) and R, as the ideal chain (Fig. 2.7).
The size of this segment is the Kuhn length, b, which can be defined as

2
b @ (2.35)

Rmax

for mean-square end-to-end distance R.., and contour length R,,,. For the worm-
like chain model, the persistence length [, is simply related to the Kuhn length b as
I,=0b/2.

P

Fig. 2.7 Description of some important properties for describing polymer con-
formation. Each grey circle represents a single monomer of an ideal chain. The
black dashed lines highlight the distances used for the calculation of the radius
of gyration. The red line shows the end-to-end distance RZ.. The structure on
the right is the equivalent freely jointed chain, described by the same (R, ), and
R« as the ideal chain model.
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Abstract

From classical molecular dynamics simulations, we identify a simple and
general predictor of molecular orientation at solid and vapour interfaces of
isotropic fluids of disk-like anisotropic particles based on their shape and
interaction anisotropy. For a wide variety of inter-particle interactions, temper-
atures, and substrate types within the range of typical organic semiconductors
and their processing conditions, we find remarkable universal scaling of the
orientation at the interface with the free energy calculated from pair interac-
tions between close-packed nearest neighbours and an empirically derived
universal relationship between the entropy and the shape anisotropy and bulk
volume fraction of the fluid particles. The face-on orientation of fluid particles
at the solid interface is generally predicted to be the equilibrium structure,
although the alignment can be controlled by tuning the particle shape and
substrate type, while changing the strength of fluid—fluid interactions is likely
to play a less effective role. At the vapour interface, only the side-on structure
is predicted, and conditions for which the face-on structure may be preferred,
such as low temperature, low interaction anisotropy, or low shape anisotropy,
are likely to result in little orientation preference (due to the low anisotropy)
or be associated with a phase transition to an anisotropic bulk phase for sys-
tems with interactions in the range of typical organic semiconductors. Based
on these results, we propose a set of guidelines for the rational design and
processing of organic semiconductors to achieve a target orientation at a solid

or vapour interface.
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3.1 INTRODUCTION

Anisotropic molecules, whose shape deviates significantly from spherical, are hugely
important in many technologies. In many cases, such molecules can form orien-
tationally ordered liquid-crystal phases that can be controlled by temperature or
concentration, and are the basis of a multi-billion dollar display industry, with an
extensive history dating back to the late nineteenth century.?!® Additionally, organic
molecules with extended 7m-conjugation, many of which form liquid-crystal phases,
have been shown to display interesting opto-electronic properties, and devices
based on these organic semiconductors (OSCs) are growing in importance as their

performance improves.?17,218

As important electronic processes often happen in the vicinity of interfaces,?¢->%21°
controlling the alignment of molecules at these interfaces is important for optimis-
ing the performances of OSC-based devices and liquid crystal displays (LCDs). Due
to the anisotropic shape of these molecules, symmetry breaking at both solid and

74 even when the bulk phase

vapour interfaces often leads to a preferred orientation,
is isotropic. This interface alignment has broad implications for device performance.

For a uniaxial molecule (in which two of the principal axes are equivalent),
alignment can vary between the extremes of the non-equivalent molecular axis
aligned parallel (planar anchoring; side-on orientation for an oblate ellipsoid) or
perpendicular (homeotropic anchoring; face-on orientation for an oblate ellipsoid)
to the interface (Fig. 3.1). For biaxial molecules (in which all three principal axes

are different), three alignment extremes are possible: face-on, end-on, and side-on.

s== M,

Fig. 3.1 Face-on versus end/side-on alignment at an interface for disk-shaped
particles. Interface orientation of rod-like particles can be similarly defined by
the angle of their long axis with respect to the interface. For uniaxial particles,
end-on and side-on orientations are equivalent.

In OSCs in particular, orientation at the solid and vapour interface is important
for improving the performance of a variety of devices, with different functionalities
requiring different alignments. In organic field-effect transistors (OFETs), for ex-
ample, charge mobility is greater when molecules are aligned side-on at the solid
dielectric interface, as charge transport can occur in the 7t-stacking direction rather

20,25,45,50,51,64 Con-

than having to proceed through the often insulating side-chains.
versely, in organic photovoltaics (OPVs), the face-on orientation at the electron

donor-acceptor bulk heterojunction (BH]J) interface is favoured as it reduces charge
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recombination by allowing efficient charge transport away from the interface, while
also ensuring better charge generation by increasing donor-acceptor orbital over-
lap.”~9220:221 More specifically, charge separation at the donor-acceptor interface
has been shown to be favoured by a displaced planar (slip-stacked) molecular ar-
rangement rather than a perfectly stacked (cofacial) arrangement because it leads to
weakly bound charge-transfer states that can readily separate but are less suscep-
tible to recombination.??? Organic light-emitting diode (OLED) performance also
depends on the orientation of the emitter’s transition dipole moment with respect
to the substrate, with planar alignment preferred.**~4° The design of molecules for
these devices should therefore focus not only on the electronic properties of the
individual molecule, but also on how the molecules align at important interfaces in

the device in order to maximise performance.

Although the importance of controlling interface orientation in OSC devices
is generally well understood, and there is no shortage of experimental’~!? or com-
putational!!13164 examples of preferential alignment of anisotropic molecules at
interfaces, there remain few general rules for predicting alignment at either the
solid or vapour interface from the chemical structure of OSC molecules. We have
recently extensively reviewed the subject in the context of OSCs,! and despite a
number of factors being implicated in controlling molecular orientation, in many
cases an understanding of the general physical principles that dictate this behaviour

was lacking, especially at the solid interface.

There is an extensive history of simulations of liquid crystals using simple
computational models (see ref 223 for a review), which have been used to provide
a basic understanding of the behaviour of these anisotropic molecules. A smaller
subset of these studies have examined the interplay of repulsive and attractive
interactions in controlling the interfacial orientation. At a free interface (such
as that with a vapour phase), the orientation of anisotropic particles has been
studied at various levels, ranging from mean field theories,?® to particle-based
molecular dynamics (MD),%? and Monte Carlo (MC)34224 simulations. It has been
found that switching between the face-on and side-on orientation at this interface
can be achieved by tuning the anisotropy of the attractive interactions. In the
absence of attractive interactions, the long axis of an anisotropic molecule has
been predicted to align perpendicular to the interface due to excluded-volume
entropic effects.3Y MD simulations of the Gay-Berne (GB) fluid have indicated a
dependence of the orientation at the vapour interface of nematic fluids on the ratio
of the shape anisotropy to the interaction anisotropy of the particles.8>84 Fluids that
are isotropic in the bulk have also been shown to display preferential alignment at a

vapour interface.??4

In contrast, at the solid interface, free volume is maximised in the face-on
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orientation, for which the long molecular axis is parallel to the interface.®> Density

225,226

functional theory calculations of hard platelets, and theoretical calculations

of hard spherocylinders??” and spheroplatelets®2

at hard impenetrable walls show
a preference for alignment with the short axis of the molecule perpendicular to the
wall due to entropic effects and minimisation of the surface tension. The inclusion
of attractive interactions between fluid particles has been predicted to introduce a
temperature dependence to interface orientation, with systems at high temperatures
showing the same alignment as the purely repulsive systems due to the dominance
of entropy, and a transition to the opposite alignment at lower temperatures as
energetic effects become more significant.8”22 Many computational studies of
specific systems have shown similar dependences on temperature and interaction
anisotropy.?3%-233 In general, the orientation at the solid interface depends on both
the strength and anisotropy of the fluid—substrate interactions,” and the strength
of the fluid—fluid interactions.?3® A number of experimental studies report control
of orientation at this interface for specific small molecules,??!-230:232,237-241 and the
strength of the interactions with the substrate has been shown to directly influence

the orientation, again for a specific set of interaction parameters.?3!

An interesting illustration of the contrasting behaviour of hard particles at
solid and vapour interfaces is the case of a penetrable wall, from which a particle’s
centre-of-mass is repelled but which the rest of the molecule can penetrate to
varying degrees.?42243 As the wall interacts isotropically with the centre-of-mass of
the anisotropic particle, a highly penetrable wall is qualitatively similar to a free
interface, whereas a impenetrable wall represents a solid interface. MC and density
functional theory calculations of these interfaces show a transition between face-on
alignment at an impenetrable surface and side-on alignment at a fully penetrable

1 242,243
y

wal consistent with previous theoretical predictions at solid and vapour

interfaces, respectively, due to excluded-volume entropic effects.8%229

Although a number of general rules that appear to be relatively predictive for
determining the orientation of anisotropic particles at both solid and vapour inter-
faces exist, and many specific examples of orientation control can be found in the
literature, a more detailed understanding of how molecular shape and interactions
control the orientation in general, and the ability to predict orientation based on
combined energetic and entropic contributions using a simple analytical expression,
is lacking. In this work, we investigate a series of disk-shaped OSC-like systems
using equilibrium coarse-grained MD simulations of GB particles between solid
and vapour-like interfaces. These simulations allow for systematic tuning of the
strength of the interactions, shape of the anisotropic molecule, and its interactions
with the substrate, to gain an understanding of how the interplay of these features

influences the orientation at both the solid and vapour interfaces. The use of GB
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particles, which have a simple ellipsoidal shape, means that these results should
be generally applicable to a wide range of molecules, whether OSCs or not, that
share similar shapes and interactions, rather than specific to a single type or class of

chemical structure.

We focus our work here on systems that are isotropic in the bulk in order to
isolate the effects of the interfaces, to remove the additional complications associated
with alignment of additional layers, and to broadly understand what happens under
experimental conditions in which a thin film of anisotropic molecules is annealed
from the melt, deposited from solution, or subjected to high operating temperatures.
It is important to note, however, that device fabrication from an isotropic liquid
phase is uncommon, and not expected to be possible at room temperature. The
behaviour of isotropic liquids is therefore more applicable to post-processing of
thin-film devices, which may involve treatment with high temperatures, than to the
deposition process. Though studying only simple single-component systems, this
work also presents an initial step towards understanding the behaviour of compo-
nents of mixtures (such as solution-phase OSCs) at various interfaces, which has
significant importance for the fabrication of OSC devices. Generalisation to inter-
faces with bulk fluids that are anisotropic is possible. We also focus on simulations

of equilibrium fluid structure.

The paper is organised as follows. We first describe the simulation and analysis
methods in Section 3.2. We then show that molecular orientation of anisotropic
fluid particles with both repulsive and attractive interactions at the solid and vapour
interface of an isotropic fluid cannot generally be predicted using a previously pro-
posed metric, and propose a semi-empirical mean-field estimate of the free-energy
difference between the perfectly face-on and side-on orientations as an alterna-
tive. We use simulations of purely repulsive particles confined between a solid
and vapour interface to obtain quasi-universal relationships for the scaling of the
entropic component of the free energy with the shape anisotropy and bulk density
of the fluid particles (Section 3.3.1). Combining this estimate of the entropy with an
estimate of the energetic component of the free energy from nearest-neighbour pair
interactions (Section 3.3.2), we show that this free energy parameter accurately pre-
dicts molecular orientation at the solid (Section 3.3.3.1) and vapour (Section 3.3.3.2)
interfaces. In Section 3.3.4 we generalise these results into a number of practical
design principles for OSCs, with the goal of providing guidelines towards rational

design of OSC interfaces.
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3.2 METHODS

The orientation of a fluid of anisotropic particles at both solid (impenetrable) and
vapour-like (penetrable) interfaces was studied using classical molecular dynamics
(MD) simulations. A range of uniaxial oblate Gay-Berne (GB) ellipsoids, repre-
sentative of typical small OSC molecules, were studied to elucidate the general
effects of shape and interaction anisotropy. These simple models greatly increase
computational efficiency compared with all-atom simulations, allowing a wide va-
riety of parameters and conditions to be examined. Simulations were carried out
using LAMMPS (version 3 March 2020),'81:244 and visualisation and analysis of
simulation trajectories were conducted using OVITO.?4>

The GB potential®! is an anisotropic form of the widely used Lennard Jones (LJ)
pair potential, and captures the short-ranged excluded-volume repulsion and longer
ranged van der Waals attraction between uncharged anisotropic molecules. The
potential is characterised by parameters o and € that define the length and energy
scales of the potential, respectively, parameters v and u that tune the shape of the
potential, and, for uniaxial particles, the short and long principal diameters, or and
os, and dimensionless relative well depths, er and eg, along the corresponding axes
(the subscripts "F" and "S" denote "face" and "side", respectively). The anisotropy
of the uniaxial particles is described by the shape anisotropy parameter x = op/0g
and the interaction anisotropy parameter k" = es/eg. A full description of the GB

potential and parameters is given in the SI, Section S3.1.

In all simulations, we have used v =1 and y = 2, as is common for the GB poten-
tial, in line with its original parameterisation®! and previous parameterisations of
OSC systems,!®? and and have set eg = 1 and o = 1.030. A non-bonded interaction
cutoff of 305 was used for all systems. In order to match experimentally relevant
systems, published GB parameters for biaxial models of several simple OSCs!%?
were used as a starting point to define the interactions in the systems studied here.
The relationship between of and o was taken from the published perylene model,
with a similar relationship found for a range of other simple OSC systems.!*° To
obtain a simpler uniaxial representation of each molecule, for which the end—end
and side-side interactions and dimensions are equivalent, the published biaxial
principal-diameter and well-depth parameters for end—end and side-side interac-
tions were averaged. This typically resulted in changes to these parameters of less
than 10 and 20%, respectively, from their original published values. The resulting
shape and interaction anisotropies of several small organic molecules are given in

Table 3.1 and inform the values of x and «” explored.

We have used L] reduced units throughout this work, with energies, lengths, tem-

eratures, pressures, and times given in units of €, o, €/kg, €/03, and T = \/myo?/e,
B 0
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Table 3.1 Shape anisotropy parameter x and interaction anisotropy parameter
x” for uniaxial models of some typical OSCs and benzene based on published
parameters for biaxial models.!®? The side-side parameters used to calculate the
anisotropies in each uniaxial model were obtained as the average of the side-side
and end—-end parameters in the biaxial model, as described in the main text.

molecule K K’

porphine | 0.28 0.159

pyrene | 0.34 0.164
perylene | 0.36 0.190
benzene | 0.47 0.270

where my is the unit of mass and kg is the Boltzmann constant. We note that setting
€ = 1.8 kcal/mol and o = 3.2 A gives behaviour consistent with the experimental
behaviour of perylene, i.e. a density of 1.1 g/cm?® at 560 K and 1 atm for a system

with x and x” approximately those of perylene in Table 3.1,'%°

and so the parameter
range studied should be representative of the behaviour of a variety of OSCs given

this choice of € and o.

To mimic the scaling of molecular mass with molecular size typical of OSCs,
the particle mass m was scaled in proportion to the particle volume v = 7'(0}:0‘52/6
(calculated as the volume for an ellipsoid with principal diameters op, og, and
og) to give a constant mass density within the particle. Although approximate,
this behaviour is reasonably representative of real systems, for which the mass
density within the particle generally varies between 1.4 and 1.7 g/mol/A3 when
the particle volume is calculated from published biaxial GB parameters!'®® (SI
Table S3.3). To facilitate comparison between systems with different sized particles,
we have analysed results in terms of the volume fraction, ¢, rather than the number
density, py, in the bulk fluid. The two are related as ¢ = pyvs.

To encompass the region of parameter space in Table 3.1 for typical OSCs, values
of ¥ of 0.30, 0.35, 0.40, 0.45, and 0.50, and «x’ of 0.15, 0.20, 0.25, and 0.30 were
used. Additional x’ values of 0.50 and 0.70 were examined for certain systems to
access points with «’ > «, as interfacial behaviour has previously been predicted to
exhibit a transition around «/x’ = 1 in some circumstances.?* Several systems with
x” = 1.2 were also studied to examine the behaviour when side—side interactions
are stronger than face—face ones. While side-side interactions that are stronger
than the face—face ones are not typical of OSCs-like molecules, they can potentially
be accessed through, for example, functionalisation of the aromatic core and may
present an interesting means of tuning interfacial orientation. The systems with
x’> 1 in this work had weaker face—face interactions than the systems with ¥’ <1 in

order to maintain an isotropic bulk fluid as the side-side interactions were increased,
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meaning face—face interactions were weaker than would be the case for a typical
OSC. As the alignment at both solid and vapour interfaces is expected to depend
on temperature, due to competition between excluded-volume entropic effects and

attractive intermolecular interactions,??’

several temperatures between 0.56 and
0.84¢€/kg were studied, corresponding to a temperature range of 507-761 K for the
representative OSC systems described above, encompassing a range of temperatures
where the OSCs-type molecules that are represented by these GB parameters are
liquid. A full list of the specific systems studied is given in the SI, Table S3.6.
Simulations were conducted with the fluid confined in the z direction between
two fixed interfaces parallel to the (x,y)-plane, as illustrated in Fig. 3.2a: a particle-
based solid surface at the bottom and a perfectly flat wall at the top that interacts

with the center of each fluid particle with a repulsive harmonic potential,

u (Z)_ GW(Z_ZW) ;) 22> Zy, (3 1)
v 0, otherwise,

where z,, is the wall position, €,, describes the strength of the wall-particle interac-
tion, and z is the vertical position of the centre of the fluid particle. This repulsive
wall was implemented at the top surface of the fluid to maintain an approximately
constant average fluid density between systems with particles of the same shape
and to prevent evaporation. Similar to a vapour interface, this wall constrained only
the vertical position of the centre of a fluid particle and placed no constraints on
the position of the particle surface defined by the repulsive part of the GB potential.
We will refer to this vapour-like interface as the "vapour interface" in what follows,
and note that it is comparable to the penetrable walls used in previous studies
of interface ordering of anisotropic particles.?4>?43 In contrast, no part of a fluid
particle could penetrate the solid surface.

The solid substrate was modelled as a single layer of either atomistic graphene or
silicon, positioned with atoms centred at z = 0. It has been suggested experimentally
that these substrates interact strongly (graphene) or weakly (silicon) with OSCs and
may give rise to face-on and side-on orientations, respectively, of the common OSC
polymer poly(3-hexyl thiophene) (P3HT).?3” Parameters (non-bonded interactions
and bond length) for graphene were taken from the OPLS-AA force field?°? for aro-
matic carbons ((—:i]- =0.03%, 0;; = 1.110, bond length = 0.440, for € = 1.8 kcal/mol
and o = 3.2 A) and atoms positioned in the hexagonal lattice of graphene with
separation taken from the OPLS-AA force field as the bond length for aromatic
carbons.?0? OPLS parameters were also used for silicon?4® (€ij = 0.056€, 0;; = 1.700)
and atoms positioned to give the fcc(001) plane of silicon’s diamond cubic lattice
(lattice spacing of 1.6905).247 Although €;; is larger for silicon, the larger lattice spac-

ing means that the overall attraction of a single GB fluid particle to the substrate is
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Chapter 3

weaker for silicon than graphene. An additional substrate with the same structure as
graphene but with interactions that were twice as strong (¢;; = 0.078¢, 0;; = 1.110)
was also examined, which we will call the "strong" substrate. The structures of
these substrates are shown in the SI, Fig. S3.1. The mixing rules for combining GB
parameters of two dissimilar particles,'® defined by eqns (3.10)—(3.15) of the SI,
were used to model the fluid—substrate interactions so as to maintain the correct
shape dependence of the interactions. The interaction range o in eqn (3.9) of the SI
was replaced by the arithmetic mean, (o + 03;)/2, of the fluid and substrate interac-
tion ranges for the fluid—substrate interactions. The substrate parameters, and the
influence of the type of substrate on the orientation at both interfaces are given in
full in the SI (Table S3.4, Fig. S3.2).

To give comparable steepness for the repulsive potential at the vapour interface
to the interaction with the solid substrate, the value of €, was determined by fitting
eqn (3.1) to the repulsive part of the potential energy versus z of a single fluid
particle representative of perylene (x = 0.36, " = 0.19) interacting with the solid
substrate in the face-on orientation for the region where the potential energy was
<2kgT at T = 0.62¢/kg. This gave a value of €,, = 17.8¢ for the graphene substrate
and €,, = 8.9¢ for the silicon substrate. The same values for each substrate were
used for both the attractive and repulsive surfaces, and the graphene value also used
for the "strong" substrate, as the strength of the wall potential did not significantly
affect the behaviour at the vapour interface (SI Fig. S3.2).

All simulations were conducted at constant volume and temperature with the
positions of the substrate particles fixed. Each system consisted of 6000 fluid
particles and 4680 (graphene) or 800 (silicon) substrate particles. The simulation
timestep was 0.012 7, which corresponds to 5 fs if the unit of mass m is taken to be
the molecular mass of perylene. Temperature was controlled with a Nosé-Hoover
thermostat!?>1%6 and set to values of 0.56, 0.62, 0.73, or 0.84€/kg. Most systems
were constrained to a constant overall volume fraction ¢,, (that is, the volume
fraction calculated from the number density of all particles between z = ogy,/2,
the surface of the substrate, and z = z,,, the position of the harmonic wall) of 0.39,
corresponding to a real density on the order of 1.1 g/cm?3 if € = 1.8 kcal/mol and
o = 3.2 A. The z coordinate of the harmonic wall, chosen to achieve the desired
overall volume fraction for the different values of «, are given in the SI Table S3.1.
Additional systems were examined at lower (0.28) and higher (0.49) ¢,, values to
determine the dependence (if any) of interfacial orientation on the system density.
The pressure in each system was measured as the normal force per unit area acting
on the solid substrate. The average pressure at equilibrium was generally < 200e/03,
but was up to 1200e/0° for ¢,, = 0.49.

To initialise the simulations, fluid particles were packed with random positions
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3.2.1. Purely repulsive particle simulations

and orientations into a large box (periodic in x, y, and z, with x and y dimensions
10x the target values and z dimension equal to the target value). For systems to be
simulated with the graphene substrate, the target x and y dimensions were 34.48c
and 34.1250, respectively, to enable periodic packing of the substrate particles; for
the silicon substrate, the final dimensions were x = y = 33.940 for the same reason.
The size in the z dimension was used to control the volume fraction of fluid particles
and so depended on fluid particle size; the values for various systems can be found in
the SI Table S3.1. A soft potential Uy (r) = A [1 + cos(%)] for r <r., where r. isis a
cutoff distance and A an energy pre-factor that varies the "hardness" of the potential,
was applied to remove particle overlaps (1. = 50, A increased linearly from 0 to
16.7¢ over 20,000 timesteps). Interactions were changed from the soft potential to
the GB potential, and the box dimensions shrunk linearly over 50,000 timesteps at a
higher temperature of T = 0.88¢/kp to give the final dimensions outlined above. To
initialise the system in an isotropic phase, the fluid particles were then allowed to
equilibrate in the bulk system at T = 0.88¢/kp for another 50,000 time steps. The
periodic boundary conditions in the z direction were then removed, and the box
extended in the z direction to give a region of vacuum above the bulk fluid. The
solid substrate was introduced below the fluid, and the harmonic wall at the vapour
interface was positioned at the z coordinate required to give the desired overall
volume fraction (SI Table S3.1). The energy of the system was then minimised to
remove any overlaps between fluid and interfaces. The system was simulated for a
further 510,000 timesteps at the specified temperature, with the equilibration and
correlation time for the orientation of the top and bottom fluid layers determined

using pymbar’s timeseries module,?48249

which estimates the equilibration time
as the time that maximises the number of uncorrelated samples (see ref. 250 for
details). Only the data after the equilibration time was used for further analysis.
Although a number of systems were simulated that were anisotropic in the bulk
(typically for the most anisotropic shapes and interactions; see SI Table S3.6 for a
list of systems that formed anisotropic bulk phases), the slow dynamics in these
systems did not allow equilibrium properties to be measured reliably over the time
scales that were simulated. Results are therefore only reported in the main paper

for systems with an isotropic bulk fluid phase.

3.2.1 PURELY REPULSIVE PARTICLE SIMULATIONS

As their interactions have, to a good approximation, no energetic component, purely
repulsive particles were used to determine the contribution of entropy to molecular
alignment at the solid and vapour interfaces. For these purely repulsive particles,
the shape parameters described above (with ¥ = 0.30,0.35,0.40,0.45,0.50) were
used, and «’ was fixed at 0.2 (es = 1, eg = 5). The GB potential was cut-off and
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shifted to 0 at the minimum for each orientation to obtain a purely repulsive po-
tential,?>! analogous to the Weeks—Chandler-Andersen (WCA) truncation of the LJ
potential.>>? Likewise, a cut-off and shifted form of the fluid-substrate interactions,
using the mixing rules for combining GB parameters of two dissimilar particles'®’
discussed previously, was used for the interactions with the solid substrate. These
simulations were conducted at T = 0.62¢/kg at overall volume fractions between
0.1 and 0.5 using either the silicon or graphene substrate. Although these systems
are expected to be athermal, simulations were also carried out for the silicon sub-
strate at T = 0.8¢/kp to verify this fact. A full list of the systems studied is given in
SI Table S3.5. Data for the different substrates and temperatures were combined
to determine the scaling of interface orientation with system parameters (see SI,
Section S3.4).

3.3 RESULTS AND DISCUSSION

We have examined the orientation of anisotropic particles with both attractive
and repulsive interactions at solid and vapour interfaces. The average molecular
orientation as a function of the coordinate, z, perpendicular to the interface was

quantified by the orientational order parameter

3 <c052 6>Z -1

5(z) = (P, (cos0)), = 7 , (3.2)

where O is the angle between the short (unique) particle axis and the z axis, and
the average (---), is over all fluid particles whose centres were in the histogram
bin centred at position z. A value of 1 indicates fully face-on alignment, and —1
indicates fully side-on. For isotropic orientations, s(z) = 0. Throughout this work,
the terms face-on and side-on will be used to describe any orientation that is either
predominantly face-on (s(z) > 0) or side-on (s(z) < 0), not just the fully aligned
extremes. Representative density and orientation profiles are shown in Fig. 3.2, and
selected additional profiles are given in the SI, Section S3.5.

For a bulk nematic GB fluid, the orientation at the vapour interface has previ-
ously been shown to scale with the ratio of the shape and interaction anisotropy
parameters, k/k’, with a face-on orientation observed for k/x’ < 1, and an side-on
orientation otherwise.?* For the systems studied in this work, in which the bulk
phase is isotropic rather than nematic and in which solid interfaces are also con-
sidered, Fig. 3.3 shows that x/x” is not a good predictor of orientation at either the
solid or vapour interface. At the vapour interface, the orientation does not appear
to depend on «/x’ for x/x’ > 1, although there seems to be a transition to very

marginally face-on orientations at x/x” < 1, as predicted previously for bulk nematic
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3.3. Results and discussion

fluids.®* The systems that display a slightly face-on orientation are those with the
most isotropic interactions studied here (x” = 0.7), resulting in very slight orienta-
tion preference, while those with the more face-on orientation are where side-side
interactions are stronger than face—face (x’ = 1.2). Stronger alignment could be
achieved by decreasing x’ (increasing interaction anisotropy), but the corresponding
increase in the shape anisotropy x required to maintain x/x’ < 1, coupled with the
more anisotropic interactions, would likely result in systems that are anisotropic in
the bulk. At the solid interface, there is a weak trend towards a more face-on orien-
tation as x/x’ decreases within each set of substrate/temperature conditions, but
there is a strong dependence on temperature and x/x’ = 1 does not correspond to
the transition from side-on to face-on orientation. This dependence on temperature
points to a significant entropic contribution, which is only accounted for implicitly

in the x/x’ parameter through the shape anisotropy «.
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Fig. 3.3 Interface orientational order parameter, s, versus shape-
anisotropy:interaction-anisotropy ratio, x/«x’, at the (a) solid and (b) vapour
interfaces for graphene-structure (graphene or "strong"; filled symbols) and
silicon (unfilled symbols) substrates and various reduced temperatures,
T = kB T/€

Thus, we have considered an alternative metric for predicting the orientation at
both solid and vapour interfaces based on an estimate of the free-energy difference
between the perfectly face-on (6 = 0) and side-on (6 = 7t/2) orientations, which
explicitly accounts for the roles of temperature and fluid—substrate interactions.
The overall free energy includes an entropic term, AS, described in Section 3.3.1
and calculated based on the shape anisotropy, x, and bulk volume fraction, ¢, of
the system, and an energetic term, AU, described in Section 3.3.2 and based on the
interactions between nearest-neighbour particles. The free energy difference per

interface particle between perfectly face-on and side-on orientations is calculated as
AF =AU -TAS. (3.3)

where overbars indicate per-particle quantities. A predominantly face-on orienta-
tion is predicted for AF < 0, and side-on for AF > 0, with the degree of interface
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alignment expected to increase as the magnitude of AF increases.

3.3.1 ENTROPIC COMPONENT

Although a number of theories exist to quantify the entropy difference between face-

80,85,227-229 3 simple, accurate, analytical

on and side-on interface configurations,
expression for the entropy as a function of system parameters is lacking, and a
nematic bulk phase is often assumed.®> Instead, we have taken a semi-empirical
approach, in which the entropy difference is measured in a comparatively small
number of MD simulations of purely repulsive particles, to obtain a universal scaling
relationship at the solid and vapour interfaces.

Due to the absence of attractive interactions, any alignment of the purely re-
pulsive particles at the solid or vapour interfaces can, to a good approximation, be
attributed entirely to entropy. The Helmholtz free energy difference between two
states of a system can be calculated as AF = AU — TAS, which in the absence of
an energetic contribution (AU = 0) gives AF = —TAS. The entropy difference per
interface particle between states of a system in the NVT ensemble with perfectly
face-on and side-on orientations at an interface can then be estimated as

AS_:—A—;:kBln(g—z), (3.4)
where Pz and Ps are the probabilities of finding a fluid particle in the solid or
vapour interfacial region (defined in Fig. 3.2) in the perfectly face-on (cos(6) = 1)
and side-on (cos(6) = 0) orientations, respectively. The orientational probability
distribution P(cos(6)) versus cos(0) was approximated as a normalised histogram of
observations of the value of cos(6) for fluid particles found in the interfacial region
during the simulation, using evenly spaced histogram bins of width Acos(6) = 0.04
between cos(6) = 0 and cos(0) = 1. Ps and Pz were taken as the histogram values of
the first (probability of 0 < cos(6) < Acos(6)) and last (probability of 1 — Acos(0) <
cos(0) < 1) histogram bins, respectively. It was verified that the histogram bin size
was sufficiently small and the number of histogram counts sufficiently large that
further decreasing it had little effect on the calculated entropy difference. Examples
of the distribution of cos(0) in the interfacial regions are given in the SI, Fig S3.6.

The orientation at the solid interface was found always to be predominantly
face-on, while a predominantly side-on orientation was exclusively found at the
vapour interface (Fig. 3.4). In both cases, the degree of alignment was found to
depend systematically on the volume fraction of the bulk fluid and the shape
anisotropy of the fluid particles, with higher densities and shape anisotropies giving
a greater degree of alignment. It has previously been predicted that a variety of hard

anisotropic particles align with their long axis parallel to a solid substrate,8>-22>-228
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3.3.1. Entropic component

as this alignment maximises the free volume and hence is the entropically favoured
orientation.?>:228 The opposite argument can be applied at the vapour interface,
where the particles are able to extend over the interface, increasing the free volume
when their long axis is perpendicular to the interface.?? Studies of hard ellipsoids at
penetrable walls also show this behaviour.242243 Thus, for oblate particles, a face-on
orientation at the solid interface and a side-on orientation at the vapour interfaces
are predicted to be entropically favoured, which is qualitatively consistent with the

results presented here.

(a) high anisotropy low anisotropy ~ Ssub_, (b) high anisotropy low anisotropy  Svap ,
0.45 @ O 0.45 o O
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Fig. 3.4 Orientational order parameter of purely repulsive fluid particles at (a)
a purely repulsive graphene-like substrate and (b) the vapour interface as a
function of shape anisotropy and bulk fluid volume fraction at T = 0.62¢/kg. The
colour of each point indicates the value of the order parameter at each interface.
The shape anisotropy of various OSCs is indicated for reference. The labels ‘F’
and ‘S’ in the colour bar indicate face-on and side-on orientations, respectively.
The orientational order parameter value for this and the other substrates and
temperatures can be found in the SI, Table S3.5. (The missing points at low «
and high ¢ formed anisotropic bulk phases and could not be equilibrated on the
simulation time scale, and so are not included.)

Based on expectations from free-volume arguments®> that the entropy difference
between face-on and side-on interface configurations of purely repulsive particles is
controlled by the fluid density (or volume fraction) and molecular shape anisotropy,
with the entropy difference increasing with increasing density and shape anisotropy
(decreasing « for oblate particles), we have fit the entropy difference at each interface
for all systems to a power law with a positive exponent for ¢ and a negative one for .
The entropy difference was found to have a quasi-universal power-law dependence

on ¢/x at the solid interface and on ¢/x!/?

at the vapour interface, where ¢ is
the bulk fluid volume fraction and « is the shape anisotropy, as shown in Fig. 3.5,

although there is some scatter in the data, particularly for the solid interface. The
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scaling relationships that best fit the data in Fig. 3.5 were

é 2.61
ASgp = 2.84kp (;) (3.5)
at the solid interface and
i é 3.55
ASyap = —26.29%g (W) (3.6)

at the vapour, where a negative value favours a predominantly side-on orientation
and positive favours face-on. Note that these empirical relationships were obtained
for GB parameters v = 1 and y = 2 and may not be valid for repulsive GB potentials
with other v and y values.

172 is the same for both

While the scaling at the vapour interface with ¢/«
substrates, the relationship between the entropy difference and ¢/« for the silicon
substrate is not as straightforward as that for the graphene substrate (Fig. 3.5a). Due
to the spacing of the substrate particles (SI Fig. S3.1), the fluid—substrate potential
has more significant lateral corrugations at the silicon interface compared with
graphene. This induces a greater dependence of the potential on the in-plane (x,y)
coordinates compared to graphene, which is much closer to an "ideal" planar solid
surface for which the potential depends only on the z coordinate. Despite the
additional variability, the overall scaling behaviour follows the same trend at both

substrates, and the fit to all the data was used.

(a) (b)
L ° 0
solid interface K K
ASgp = 2,84k (k)" ° — fit — fit
4 e 03 e 03
e 035 -2 e 035
o 04 = o 04
0.45 = 0.45
0.5 54 0.5
® graphene 5 ® graphene
O silicon < O silicon
-6 =
vapour interface ° \o
ASyap = —26.29kp(p/k'?)> °
0.4 0.6 0.8 1.0 1.2 0.3 0.4 0.5 0.6 0.7
Pl Pl

Fig. 3.5 Entropy difference per particle between face-on and side-on orientations
as a function of ¢/x" at the (a) solid (n = 1) and (b) vapour (n = 1/2) interfaces,
where ¢ is the bulk volume fraction and « is the shape anisotropy of the fluid
particles. The data here includes all sets of conditions for graphene- (filled
symbols) and silicon-like (unfilled symbols) repulsive substrate at T = 0.62 or
0.84¢€/kg. The temperature does not significantly affect the scaling (SI Fig. S3.3).
Plots comparing the differences for different temperatures and substrate types
are given in the SI, Section S3.4.

Overall, if entropy is the only contributing factor and the system is isotropic in

the bulk region, the orientation preference at the solid interface is expected to be
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face-on, and side-on at the vapour interface, consistent with previously published
theories and calculations.80,82,84/85224-229,242,243 1 creasing the effect of entropy,
such as by using higher temperatures, more anisotropic particles, or higher pressures
(to increase density), could be used to enhance this alignment if desired at either

interface.

3.3.2 ENERGETIC COMPONENT

The alignment of particles with attractive interactions at the solid interface is com-
plicated by attractive interactions of the fluid with the substrate and within the
fluid itself. Qualitatively, the face-on orientation should be energetically favoured
when the face—substrate interactions are strong (although this will also depend
on the relative strength of the fluid face-face, side-side, and side—substrate inter-
actions), and the side-on orientation should be energetically favoured when the
fluid particle’s face—face interactions are stronger than both their side-side and
face—substrate interactions. Assuming that the fluid is isotropic everywhere except
for the layer adjacent to the interface, and that a fully face-on particle interacts
with six nearest neighbours through side—side interactions (hcp packing) while a
side-on particle has two face—face interactions and two side-side interactions (cubic
packing with inequivalent lattice spacing) with its nearest neighbours (as found in
simulations in which the interface layer was close to fully aligned, as shown in SI
Fig. S3.7), the difference in energy per interfacial fluid particle between a completely
face-on orientated interfacial fluid layer and a completely side-on oriented one can

be estimated to be

AU = Up - Ug
= [UFS + 6Usf/2] - [USS + (205f + 2UFf)/2]
= Ups — Us + 2Ust — Uy, (3.7)

where U (Us) is the interaction energy of a particle in the face-on (side-on) orien-
tation with its nearest neighbours in the interfacial layer and with the substrate.
(Note that the nearest-neighbour fluid interactions are halved in these equations
because each such interaction contributes to the energy of two interfacial fluid
particles.) Ul-j is the interaction energy in the face-on/face—face orientation (for
i = F) or side-on/side-side orientation (for i = S) with the substrate (for j =s) or
another fluid particle (for j = f). For fluid—fluid interactions, the interaction energy
in either the face—face or side-side orientation was taken as the minimum of the
GB pair potential in the specified orientation. Uy, and Us, were calculated as the
minimum in the interaction between a single GB ellipsoid and the substrate in the

face-face and side-side orientations, respectively. As a particle-based substrate was
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used in this work rather than being perfectly flat, the energy minimum was averaged
over 100 random positions on the substrate. Eqn (3.7) also applies for the energy
difference per fluid particle at the vapour interface, but with the fluid-substrate
interactions set to zero, i.e. Ups = Ugs = 0.

Although the consideration of only nearest-neighbour interactions in the calcu-
lation of the interfacial energy difference is a major simplification, it accounts for
the most significant inter-particle interactions due to the rapid decay of interaction
strength with inter-particle separation; for example, next-nearest-neighbour interac-
tions are only a few percent of the nearest-neighbour interactions in the face—face
orientation for the systems studied. Thus, even though a more complex description
of interfacial energetics that includes more inter-particle interactions may be more

quantitatively accurate, it is not expected to qualitatively affect our findings.

3.3.3 PREDICTING ALIGNMENT AT SOLID AND VAPOUR INTERFACES

To predict the behaviour at both the solid and vapour interfaces, we have used
the free energy described in eqn (3.3), with the entropic component determined
from the bulk volume fraction and shape anisotropy of each system as described
by eqns (3.5) and (3.6) for the solid and vapour interfaces, respectively, and with
the energetic component determined from the nearest-neighbour interactions in the

interfacial layer as described by eqn (3.7).

3.3.3.1 Solid interface

The average molecular orientation at the solid substrate, measured by the orienta-
tion order parameter sg,, shows excellent universal scaling with the free energy
difference defined by eqn (3.3) for the entire range of systems studied, covering tem-
peratures from 0.56 to 0.84€/kg, bulk volume fractions from 0.29 to 0.50, strongly
and weakly interacting substrates, and shape and interaction anisotropies corre-
sponding to molecules as varied as benzene, perylene, and porphine (Fig. 3.6a;
see SI Table S3.6 for a full list of systems). Interestingly, although systems with
a predominantly side-on orientation at the solid interface are observed, they are
relatively rare, being obtained in less than 15% of cases. These side-on systems
generally correspond to situations for which the fluid particles have low shape
anisotropy (high «), the system is at low temperature, and to a lesser extent the
fluid particles have high interaction anisotropy (low «’). The rarity of the side-on
orientation points to a dominant entropic contribution in most systems studied.
On separating the free energy into its energetic (Fig. 3.6b) and entropic (Fig. 3.6¢)
components, the reason for the preference for the face-on orientation at this interface
becomes clear. Over the range of parameters studied, the energetic component

varies from favouring the side-on orientation by values typically in the range of
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Fig. 3.6 Orientational order parameter sg,}, at the solid interface as a function
of (a) overall, (b) energetic, and (c) entropic components of the interfacial free
energy difference. A least-squares best fit to a logistic function, constrained to
go to —0.5 and 1 at high and low AU - TAS respectively, is shown in (a). The
energetic component is coloured by the interaction anisotropy parameter, the
entropy component by the shape anisotropy parameter, and the overall free
energy by the ratio of the two parameters. Filled symbols correspond to the
graphene-structure substrate (graphene or "strong") and unfilled symbols to the
silicon substrate. Shaded grey regions highlight where the points should fall if
obeying the predicted scaling with the free energy or free energy component.
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approximately 2e, to the face-on orientation by a similar amount. Over the same
range of parameters, the entropic component of the free energy always favours
the face-on orientation by between 1 and 5¢, increasing in magnitude as the shape
becomes more anisotropic. The combined result of these effects is an orientation
that is only side-on under conditions where the entropic contribution is lowest
(low temperature, low shape anisotropy) or the energetic contribution highest
(highly anisotropic interactions). Although highly anisotropic interactions shift
the energetic term significantly towards favouring the side-on orientation, high
temperatures would be required in many cases to maintain an isotropic bulk fluid,
which would increase the mangitude of the entropic term in the opposing direction,
giving little change to the overall free energy. This separation of the free energy into
its components also highlights that neither the energy nor the entropy is sufficient
to completely explain the observed interface orientation, again emphasising the
importance of both contributions for accurately predicting the orientation.

When examining the effect of the substrate on the interface orientation, a slight
dependence of the scaling of orientation with free energy difference is observed,
with the observed orientation at the silicon substrate generally being shifted towards
side-on relative to systems at the graphene-structured substrate (with either regular
or strong interactions) for the same free energy difference (SI Fig. S3.2). As described
previously in the context of the purely repulsive systems, this slight substrate de-
pendence is likely due to the looser packing of substrate particles in the silicon
substrate compared with the graphene substrate. This increases the dependence
of the fluid—substrate potential on the in-plane coordinates of the fluid particle
at the silicon substrate, which behaves as a slighly penetrable surface, relative to
the graphene substrate, which is much closer to an "ideal" smooth impenetrable
solid substrate. No dependence of the scaling relationship on the strength of the
fluid—substrate interactions was observed, however, with the results at the graphene
and "strong" (same particle arrangement but double the interaction strength) sub-
strates showing the same behaviour. This result indicates that patterning of the
substrate may be an effective method to favour a more side-on alignment, as has

d,253

been previously observe although further study would be required to fully

understand this behaviour.

Although it appears difficult to significantly influence the interfacial orienta-
tion by tuning fluid—fluid interaction strength within the realm of reasonable OSC
parameters while the bulk fluid remains in an isotropic liquid phase, the ener-
getic component of the free energy difference does have a strong dependence on
the strength of the fluid—substrate interactions. Switching from a strongly (e.g.
graphite) to weakly (e.g. silica) interacting substrate has been shown experimen-

221,230,232,237-241

tally and computationally?®! to influence the orientation at the
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solid interface for a range of OSCs. Fig. 3.7 highlights the relative importance of the
fluid—substrate interactions: the difference in energy on switching from a strongly
to weakly interacting substrate (e.g. graphene to silicon) is comparable to changing
the interaction anisotropy from values close to those representative of benzene to
perylene (a significant structural change), and is sufficient to switch the free energy

from favouring face-on to side-on orientation in some cases.

Although increasing the strength of the substrate—fluid interactions will increase
both the side—substrate and face—substrate interaction strength, which make equal
and opposite contributions to the energetic component of the interface free energy
different in eqn (3.7), the face—substrate interactions are expected to dominate for
most cases studied in this work due to two factors. First, the stronger face—face
interaction compared with side-side interaction (x’ < 1) typical of OSCs leads
to the strength of face—substrate interactions increasing more rapidly than that
of side—substrate interactions when the substrate—substrate interaction strength
is increased isotropically, given the mixing rules for fluid—substrate interactions.
Second, for oblate (x < 1) particle shapes typical of OSCs (all the systems studied in
this work), a face-on particle interacts with more substrate particles than a side-on
particle, and so the strength of the interaction of a fluid particle with the whole
substrate increases more rapidly for face-on particles than for side-on particles when
the substrate—substrate interaction strength is increased isotropically, even if the
fluid particles have no interaction anisotropy (x’ = 1). Overall, while changing the
fluid—fluid or fluid—-substrate interactions are both plausible ways of influencing the
energy, large structural changes would likely be required chemically to significantly
change the fluid—fluid interaction anisotropy, which will likely also change the
shape anisotropy and bulk phase behaviour of the fluid. It should generally be much

simpler to change the nature of the solid substrate.

The fluid particles studied here are representative of small OSC molecules such
as perylene that do not have any side-chains, but many OSCs feature alkyl side-
chains designed to enhance their solubility. The different chemical nature of the
backbone and side-chain (one being a conjugated 7t-system, the other an alkyl chain)
means that changing the substrate to favour interactions with either one or the other
should enhance either the face-on (strong backbone-substrate interactions) or side-
on (strong side-chain—substrate interactions) orientations at the substrate interface.
Although we do not consider any molecules with side-chains here, the impact of
side-chains can be approximated in the coarse-grained modelling framework used
in this work by considering their effect on the overall fluid—substrate interactions:
a substrate that is more strongly attracted to the side-chains (particle side) will
energetically favour the side-on orientation. This behaviour has been observed

experimentally, for example though treatment of a substrate with a self-assembled
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Fig. 3.7 Interface free energy difference as a function of interaction anisotropy
parameter x” at T = 0.62¢/kg for graphene (filled symbols) and silicon (unfilled
symbols) substrates.

monolayer of octadecyltrichlorosilane (OTS).2%*

3.3.3.2  Vapour interface

In contrast to alignment at the solid interface, which depends on the fluid—fluid and
fluid—substrate interactions, the energetic driver for orientation at the vapour inter-
face is simply expected to be related to the relative strength of the interactions for a
face-on and side-on fluid particle with other fluid particles in the interfacial layer.
Face—face interactions are maximised in the side-on orientation, so increasing the
strength of these interactions is expected to promote the side-on orientation. Com-
pared with the solid interface, the vapour interface does not show as clear universal
scaling of the molecular orientation with the interface free energy parameter in
eqn (3.3), but a strong trend with the free energy is still observed (Fig. 3.8a). Where
k” < 1, the orientation at this interface converges towards isotropic at the vapour
interface as the free energy approaches zero, and becomes more aligned as the free
energy magnitude increases. At high values of ¥’ (low interaction anisotropy), the
energetic component (Fig. 3.8b) shifts towards very slightly favouring a face-on
orientation, qualitatively consistent with previous predictions of ordering of bulk
nematic fluids at the free interface.34

Several systems were also examined with «” > 1, corresponding to stronger side—
side than face—face interactions, as it is expected to promote the face-on orientation
at the vapour interface. Even with reduced face—face interaction strength, bringing
them outside the range of typical OSCs, most of these systems did not remain
isotropic in the bulk. The two that did were the least anisotropic in shape and are
the face-on outliers at AU — TAS ~ 2¢ in Fig. 3.8a. While this result shows that it is

possible to achieve a slight face-on orientation at the vapour interface for anisotropic
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particles while still maintaining an isotropic bulk phase, these points do not fall in
the region where the simple free-energy predictor presented here predicts a face-on

orientation.

The deviation from universal scaling at the vapour interface is likely due to
several factors. Firstly, for a number of the systems, particularly those at high
density, the pressure, measured as the normal force on the substrate, was relatively
high — up to 1200¢/0°> in some cases. Examining the dependence of the relationship
between sy,, and the free energy on system pressure (SI, Fig. $3.9b) shows more
extreme side-on orientation (lower values of s,,,,) at higher pressures for the same
value of the free energy. While the orientation at the solid interface also shows a
slight pressure dependence (SI, Fig. S3.9a), the effect at the vapour interface is more
pronounced. As the vapour interface is constrained by a repulsive harmonic wall,
interacting with the centers of each fluid particle, high pressures correspond to a
strong interaction between the fluid particles and this wall, artificially suppressing
fluctuations and in some cases (e.g. SI, Fig. S3.5a) resulting in a density enhancement
relative to the bulk and oscillations in the density profile that are not representative

of a true vapour interface.

Secondly, as the energetic component of the interfacial free energy in eqn (3.7) is
calculated assuming an idealised packing structure for a fully face-on and side-on
interfacial layer, variations in the packing structure at the interface reduce the
accuracy of the estimated free energy. The positions of fluid particles are less
strongly constrained by the vapour interface than the solid substrate, and the side-
on packing that predominates at the vapour interface appears to be less robust to
disorder than the face-on packing that predominates at the solid interface, due to
the tendency of nearest neighbours to be displaced parallel or angled slightly with
respect to one another. Weaker ordering at the vapour interface results in molecular
packings that deviate from the idealised structures, as shown in the SI in Fig. S3.8.
Similarly, the calculation of the energetic component of the free energy based solely
on the fully face-on and fully side-on configurations means that the predictability
of the model is likely to be poorer for systems with interfacial orientation that is

closer to isotropic.

Despite these complications, the results indicate that it is difficult to obtain a
face-on orientation under equilibrium conditions of isotropic bulk GB fluids for
parameters representative of OSCs. For the systems studied here, the interaction
energy favours the face-on orientation when the interaction strength is the most
isotropic (k" = 0.7) of the values studied (Fig. 3.8b), though only marginally, and
more significantly when «’ is increased to > 1. In all cases, however, the entropic
term (Fig. 3.8¢) is sufficiently large that the overall free energy still predicts the

side-on orientation. While significantly lowering the temperature would help to
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transition to the face-on orientation by reducing the entropic contribution, this is
likely to result in a transition to a liquid-crystal or crystalline bulk phase. On the
other hand, reducing the entropic component by reducing the shape anisotropy is
likely to lead to a more isotropic interface orientation.

It has previously been shown that the orientation of similar GB particles at a
nematic—vapour interface can be easily switched between face-on for x/x’ <1 to

side-on x/x’ > 1,84

whereas only a very slight preference for the face-on orientation
was observed if x/k’ < 1 for the isotropic-bulk systems studied here (Fig. 3.3b).
The greater propensity for a nematic bulk fluid to give the face-on orientation
at the vapour interface compared with an isotropic bulk fluid can be understood
qualitatively in terms of differences between the interfacial energy of the face-on
relative to the side-on orientation in the two cases. For the isotropic fluid, this
energy is described by eqn (3.7), whereas for the nematic fluid, interactions with
the adjacent anisotropic fluid layer must also be taken into account. Assuming
that, compared with the isotropic fluid, each fluid particle in the interfacial layer
of the nematic fluid interacts with an additional particle of the same orientation in
the next fluid layer, the face-on orientation is predicted to be more energetically
stabilised relative to the side-on orientation in the nematic fluid than in the isotropic
fluid for the systems studied here with x’ < 1 and in ref 84, for which the face—face

interactions were always stronger than the side-side ones (x” < 1).

3.3.4 GUIDELINES FOR CONTROLLING OSC INTERFACE ORIENTATION

In all manner of OSC-based devices, orientation at interfaces has been correlated
with device performance.’-%:20,25,45-51,64,220 Reljably controlling the orientation at
these interfaces is therefore an important step towards designing high-performing
molecules for commercial applications. Based on the results presented in the
previous sections, we propose several general guidelines, which are supported by
empirical evidence, for how the molecular structure, interface, and processing

conditions may be tuned to shift towards the desired alignment at these interfaces.

Increased shape anisotropy promotes a face-on orientation at the solid interface, and
side-on at the vapour. A number of experimental studies have shown that backbone

planarisation (induced by fluorination of the backbone,”%0:2%

or extending the
conjugation of the backbone, such as by adding aromatic components between
the backbone and side-chains,? both of which can be associated with an increase
in shape anisotropy) results in a more face-on orientation at the donor-acceptor
interface in OPVs. It should be noted that both of these chemical modifications
will also influence the energetics, so an interplay between changes in interaction

strength and shape will control the orientation at the interfaces.
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Stronger fluid face—face (or weaker side—side) interactions promote side-on orientation at
both interfaces. Enhancing the hydrogen-bonding capabilities of a small molecule
in the side—side direction has recently been shown to promote a more face-on

orientation at a solid substrate,2°°

consistent with the predictions of our model.
However, other methods to tune the interaction anisotropy, such as introducing
longer/bulkier side-chains that may block the face of the molecule or deplanarising
the backbone, also change the shape anisotropy, which may have the opposite effect

on interface orientation.

Increasing the interaction strength of a solid substrate promotes the face-on orienta-
tion at the solid interface. There are many published examples of substrates that
interact more strongly with the semiconductor shifting the orientation towards

221,230-232,238-241 onsistent with the behaviour observed here for different

face-on,
substrates. Choosing a substrate that interacts favourably with either OSC backbone
or side-chains may therefore be an effective means of tuning the orientation at this

interface.

Processing conditions that favour entropy promote face-on orientation at the solid inter-
face, and side-on at the vapour. In cases where the equilibrium orientation is face-on
at the solid interface (which appear to be many), processes such as melt annealing
may allow the equilibrium orientation to be obtained, even if deposited through a

237,257 However, when consid-

non-equilibrium method in the opposite orientation.
ering high temperatures, care should be taken to ensure that the orientation remains
in the entropically favoured orientation as the system is cooled down, which can
be achieved by rapid quenching, as the degree of alignment will be a function of

temperature.

Conditions for which the bulk fluid is anisotropic, or side—side interactions are stronger
than face—face ones, can give the face-on orientation at the vapour interface. From our
predictions based on the behaviour of a bulk isotropic fluid, the face-on orienta-
tion at the vapour interface is difficult to achieve, although it could be obtained
by systems with stronger side—side than face—face interactions (e.g. by chemical
functionalisation of the aromatic core of the OSC). The interface orientation of
liquid crystal fluids has previously been shown to be much more variable.®* Under
appropriate conditions, many OSCs form liquid-crystal phases, meaning the predic-
tions of ref 84 based on the shape and interaction anisotropy can be applied to tune

the orientation at the vapour interface.

Non-equilibrium processing can result in different behaviour than that predicted here.

The above guidelines were proposed based on equilibrium behaviour, but could be

- 74 —



3.4. Conclusions

circumvented using non-equilibrium methods to potentially reach the more difficult
to obtain orientations (face-on at the vapour interface, side-on at the solid interface).
Many common device processing techniques, such as vapour deposition (see refs 258
and 259 for extensive reviews of this method and how processing temperature can
influence the orientation), spin coating, or blade coating, are non-equilibrium in
nature and so will not necessarily result in the equilibrium structures predicted in

this work.

3.4 CONCLUSIONS

Through the use of classical simulations of oblate ellipsoidal fluid particles, this
work provides a general analysis of how particle shape and interaction anisotropy in-
fluence the equilibrium orientation of a wide variety of isotropic liquids at interfaces
with both a solid and vapour-like phase. For a range of parameters spanning a subset
of OSC space, different substrate types, and different thermodynamic conditions,
we find remarkable universal scaling of interface orientation with a simple inter-
facial free energy parameter based on nearest-neighbour pair interactions and the
interfacial entropy of purely repulsive particles of the same shape. Based on these
results, we propose several practical methods for achieving the desired orientation
at both interfaces, which we hope provide a pathway towards the rational design of
high performing OSC-based devices.

At the interface with a solid, the entropically favoured orientation is face-on,
consistent with previous theories based on excluded volume entropic effects. Even
when attractions are introduced, the orientation is largely influenced by the entropy
and can be tuned by modifying the shape anisotropy. The side-on orientation is
more difficult to obtain, but can be achieved most simply by using a substrate that
interacts weakly with the face of the fluid particle (or strongly with its side).

The entropically favoured orientation at the vapour interface is side-on, in con-
trast to the alignment at the solid substrate, but again can be rationalised through
excluded-volume entropic effects. Importantly, in all cases studied here, the orienta-
tion at the vapour interface of a fluid that is isotropic in the bulk is predicted, and
generally observed, to be side-on. Conditions for which the face-on orientation is
favoured appear to be difficult to achieve for an isotropic bulk liquid phase for inter-
actions typical of OSCs, but can be obtained if the system has a bulk liquid-crystal
phase. Tuning of molecular shape and interaction parameters can result in a shift
towards a more isotropic interfacial layer.

Many open questions remain in this area, such as how side-chains, biaxiality,
degree of polymerisation, multiple fluid components, or non-equilibrium processes

such as pre-aggregation of molecules in solution during solvent evaporation, influ-
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ence the orientation, but we hope that this work provides a useful starting point
for understanding some simple methods for how interfacial orientation can be
systematically tuned. Additionally, although this work focuses on oblate ellipsoidal
particles, representative of molecules such as perylene, similar arguments should
be applicable to prolate molecules such as pentacene. Further studies that account
for interactions with the surrounding layers may allow this analysis to be extended

to the non-isotropic systems that may be more typical of certain OSC molecules.
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Supporting Information

S3.1 SIMULATION PARAMETERS FOR ORGANIC-SEMICONDUCTOR-LIKE
OBLATE ELLIPSOIDS

All simulations used the LAMMPS?#* implementation of the GB potential,'8! which
is a generalisation of the original uniaxial GB potential®! to dissimilar biaxial el-
lipsoidal particles.!®® In this potential, the anisotropy of the shape of a particle
i is defined in terms of the particle’s principal diameters, o,;, 0y,;, and o;, by the
diagonal shape matrix, S; = diag(o,;, 0y, 0¢;)/2, while the anisotropy of its inter-
actions is defined in terms of the relative well depths, €,;, €p;, and €.;, along the
corresponding axes by the diagonal interaction matrix, E; = diag(e,;, €p;, €;). For
the uniaxial oblate ellipsoidal particles studied in this work, 0,; = 0.; = 05, 0p; = 0F,
€, = €¢j = €s, and €p; = €, where the subscripts "S" and "F" indicate diameters or
well depths in the side-side and face—face directions, respectively.

The interaction potential between two particles, i and j, is
UGB (rithirAj) = Uy (rij’Ai’Aj)T] (AI,A]))( (Ti]',Al‘,A]'), (38)
where r;; = r; —r; is the vector between the particle centres at positions r; and
rj, respectively, and A; and A; are rotation matrices transforming the orientations

of the two particles from the lab frame to the body frame. The first factor, u,, in

eqn (3.8) controls the distance dependence of the interaction and takes the form of

a shifted L] potential,
o\ o\
(hij-i-()') _(hi]'-l-(T) “’ (39)

where 0 and € define the length and energy scales of the potential, respectively, and
8

Uy (rileirAj) =4e

hij is the distance of closest approach of the particles, approximated as!”

1. . -1/2
hij (rij,Ai,A]-) =1ij —(EriTjGi].lrij) s (3.10)

where 7;; = |1‘,’j , i =1;j/rij, and
Gij=A[S]A;+A]SA;. (3.11)
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The other two factors, 17 and x, in eqn (3.8) control the position and orientation

dependence of the interaction strength, and are given by

256, "
%
n(A;,A;)= (3.12)
( l ]) det(G,])
and
N 1. \H
)((rij,Ai,Aj):(Zr;.erijlrij) , (3.13)
where
G; = (02i0bi + 05 ) (0aioni) %, (3.14)
B;;=ATE;a;+ ATE; "4, (3.15)

and v and p are parameters that tune the shape of the potential.

The anisotropy of the GB potential for uniaxial particles can be fully described
in terms of two parameters: the shape anisotropy parameter x = op/0g and the
interaction anisotropy parameter x’ = es/eg. Parameters used to simulate a range
of values of ¥ and «’ typical of common OSCs are given in Tables S3.1 and S3.2,
respectively. The parameter range studied is reasonably representative of OSC
systems for an energy scale of € = 1 kcal/mol and length scale of o = 3.2 A (bulk
density approx 1.1 gcm™3 at 560K and 1atm for x = 0.36, ¥’ = 0.19, which is
representative of perylene). For all simulations the values of v and p previously
used to model typical OSCs with the biaxial GB potential were used (v =1 and
p=12).1%

Particle masses were chosen to maintain the same mass density of a single par-
ticle with volume %‘ZUF as the previously published biaxial GB perylene model

with volume and mass 252.3 gmol~!, where the additional diameter (i = E)

TLOsOROE
6
corresponds to the third unique principal diameter unique of the biaxial particle
(end—end). Table S3.3 shows the variation of this density for the various published
biaxial molecules,!®? and shows that, although there is some variability in this pa-
rameter across different molecules, for this wide variety of molecules it is relatively

constant at between 1.4 and 1.7 gmol‘1 A_3.

2 246

OPLS-AA L] parameters for aromatic carbon?%? or silicon?4® were used to model
the solid substrate, with particles placed in the typical arrangements for these
surfaces. Substrate particles were treated with the GB potential, with the elements of
the shape matrix and interaction matrix all set to the same value (0,; = 0p; = 0 = 0y,
€4i = €p; = €¢; = €;;/€). Fluid—substrate interactions were then calculated using the
mixing rules defined by eqns (3.10)—(3.15). For substrate—fluid interactions, ¢ in
eqn S2 was replaced by (o + 0;;)/2. Substrate parameters are summarised in Table

S3.4.
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S$3.1. Simulation parameters for organic-semiconductor-like oblate ellipsoids

Table S3.1 Shape anisotropy parameter x = og/0g given values of the principal
diameter in the face—face (o) and side—side (og) directions used in the simula-
tions. The size z,, of the box in the z-dimension required to constrain the overall
volume fraction to the target value of ¢, is also given.

K op/0 0s/0  (Quy  2ZW/O

0.28 115.63
0.30 1.03 343 0.39 84.06
0.49 65.94
0.28  85.00
0.35 1.03 294 0.39 61.88
0.49 48.44
0.28  65.00
0.40 1.03 256 0.39 47.19
0.49 37.19
0.28 51.25
0.45 1.03 229 0.39 37.50
0.49  29.38
0.28  41.56
0.50 1.03 2.06 0.39 30.31
0.49 23.80

Table S3.2 Interaction anisotropy parameter k = eg/ex given values of the well
depth in the face-face (eg) and side-side (eg) orientations.

7

K €F €5
0.15 6.67 1
0.20 5.00 1
0.25 4.00 1
0.30 3.33 1
0.50 2.00 1
0.70 1.43 1
1.20 1.67 2
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Table S$3.3 Mass density of various oblate ellipsoidal molecules, given their
molecular weight (MW) and principal diameters o; from published biaxial GB

models.'%?

compound MW (g/mol) 0s  Of op density (g/mol/A3)
porphine 310.35 114 3.2 114 1.41
benzene 7811 63 3.1 6.5 1.17
perylene 25230 8.2 3.3 104 1.69
pyrene 202.25 81 3.2 105 1.40
benzoquinone 108.10 6.0 3.2 7.4 1.44
naphthalene 128.17 6.5 33 8.2 1.37
anthraquinone 208.00 7.2 3.2 10.5 1.58
tetrazine 82.06 53 39 69 1.14

Table S3.4 L] parameters for substrate particles from the OPLS-AA force field.
Particles were treated as GB particles with o,; = 0y; = 0 = 0y}, and €,; = €); =
€ci = €jj/€. The substrate labelled "strong" is an artifically strongly interacting
substrate with the same structure as graphene and twice the value of €;;.

€sub/€  Osup/0  €jj/€  0ji/0
graphene 1 1.11  0.04 1.11
silicon 1 1.25 0.06 1.25
"strong" 1 1.11  0.08 1.11

S§3.2 LIST OF SIMULATED SYSTEMS

The tables below list all the systems simulated in this work, as well as their key
results. Table S3.5 lists the purely repulsive systems, and Table $3.6 the systems with
both attractive and repulsive interactions. In both cases, a number of systems were
not isotropic in the bulk and were not included in the plots in the main text. Due
to the lower mobility of the particles in these anisotropic-bulk systems, simulation

configurations in these systems were not necessarily sampled from the equilibrium

distribution for the MD simulation protocol used in this work.
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S3.3. Substrate parameters and effect on alignment

S3.3 SUBSTRATE PARAMETERS AND EFFECT ON ALIGNMENT

Two different substrates structures were examined to determine the effect of interac-
tion strength and substrate features on alignment at the solid interface. Interaction
parameters for the different substrates can be found in Section S3.1 Table S3.4. The
arrangement of particles in the two substrates, shown in Fig. S3.1, was chosen to
mimic that of graphene (atom spacing from the OPLS-AA force field for the equilib-
rium bond length between aromatic carbons?°?), and the fcc(001) plane of silicon’s

crystal structure (spacing matching silicon’s lattice constant)?4” for o = 3.2 A.

;‘.’;.
e‘o'
-

(a) Graphene substrate. Hexagons highlight (b) Silicon substrate. Dashed lines indicate
the positions of the aromatic rings. Distance the unit cell
between all connected carbon atoms is 0.44 o.

Fig. $3.1 Structures of the atomistic substrates used to model the solid substrate.

The dependence of the orientational ordering at the solid and vapour interfaces
on the substrate is shown below. At the solid interface, stronger substrate—fluid
interactions push the points further left (towards a more face-on orientation) on the
phase diagram. The substrate has a negligible effect on the orientation at the vapour
interface, as expected. A slight dependence of the alignment at the solid interface
on the substrate structure is observed, with the less densely packed silicon substrate
giving a slight shift towards the side-on orientation. This can be explained by
considering the non-uniform silicon surface as a surface that is slightly penetrable
in certain regions, so excluded volume entropic effects are expected to slightly

enhance the side-on orientation relative to the face-on for this substrate.
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(@) (b)
1.00 z 1.00 z
] substrate ] substrate
expect : expect expect : expect
0.75 face-on : side-on ® graphene 0.75 face-on | side-on e graphene
: e silicon : e silicon
o e strong e strong

0.50 — fit 0.50 — fit
= [=%
Z 0.25 S 0.25
@ ©

face-on
0.00 1 0.00 T—
side-on
-0.25 -0.25
— -1.50 - —0.50
K = meRTw +1.00 K = e +0.00
~0.50 ; —-0.50 T
-10 -5 0 5 10 -10 -5 0 5 10
AU—-TAS (e) AU—-TAS (e)

Fig. S3.2 Orientational order parameter at the (a) substrate and (b) vapour in-
terfaces as a function of interfacial free energy difference for different substrate

types.
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S$3.4. Dependence of entropy on substrate and temperature

S53.4 DEPENDENCE OF ENTROPY ON SUBSTRATE AND TEMPERATURE

The calculations presented for the entropy difference between the face-on and
the side-on alignment at the two interfaces used data from simulations with two
different substrates and at different temperatures. The dependence of the entropy
scaling on these two factors is shown below (Figs. S3.3, S3.4). In all cases, the
entropy does not significantly depend on the simulation conditions, though some
variability with the substrate structure, as discussed in the main paper, is observed.

(@) (b)

solid interface

ASqp =2.84kg(plK)>0!

| vapour interface > \eo
-7 ASyp = —26.29kg(plx"?)*5 ¢

0.4 0.6 0.8 1.0 1.2 0.3 0.4 0.5 0.6 0.7
S Pl

Fig. $3.3 Entropy difference between face-on and side-on orientations per inter-
face particle at the (a) solid and (b) vapour interfaces for different simulation

temperatures.
(@) (b)
solid interface °

4 ASgyp=2.84kp (/)" °
= substrate a substrate
=3 — fit = — fit
] ® graphene = ® graphene
9% 2 O silicon A O silicon
< <

1 -6 s

vapour interface ® \o
0 71 880y = —26.29kn (xS °
0.4 0.6 0.8 1.0 1.2 0.3 0.4 0.5 0.6 0.7
(S Pl

Fig. S3.4 Entropy difference between face-on and side-on orientations per in-
terface particle at the (a) solid and (b) vapour interfaces for different substrate

types.
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S§3.5 SELECTED DENSITY/ORDER PARAMETER PROFILES

The density and orientational order parameter profiles for selected systems is shown.

The systems chosen are those that displayed the greatest orientation preference at

either interface, and one that is close to isotropic.

5(2)

0.6

0.2
0.0

EOAN\
M )

1.0
0.5
0.0
-0.5

(a) Strongest side-on alignment at vapour inter-

face, and strongest face-on alignment at solid
interface: graphene substrate, ¥ = 0.4, ¥’ = 0.3,
T* = 0.73, ay = 0.49, ¢ = 0.49, P* = 953

5(2)

1.0

0.5

0.0
-0.5

i
K

0 5 10 15 20 25 30 35

o

(c) System close to isotropic at both interfaces:
graphene substrate x = 0.45, ¥’ = 0.2, T* = 0.62,
Pay = 0.39, p = 0.46, P* = 4.2.

0.21
=
< 0.1
0.0 o
1.0
_ \
=
“ 0.0 7 T e
-0.5 -
0 5 10 15 20 25 30
o

(b) Strongest side-on alignment at solid interface:
silicon substrate, ¥ = 0.5, ¥’ = 0.2, T* = 0.56,
Pay = 0.39, ¢ = 0.49, P* = —1.5,

Fig. $3.5 Density (p(z), top) and orientational order parameter (s(z), bottom)
profiles for a selection of systems showing the most extreme of the possible be-
haviours at each interface. Shaded regions indicate the z coordinates of particles
that were considered to be at the solid or vapour interface when calculating
Ssub and sy,p. In all cases, s(z) — 1 as z — 0 since only particles in the face-on
orientation can have their centres-of-mass within that distance of the substrate.
Hence, the value of sy}, is calculated as the average over all particles within the
shaded grey regions. Dotted (sy,p) and dashed (ssyp) lines indicate these interface
values. The particles in the solid substrate are centred at at z = 0.
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§3.6. Orientation distributions at solid and vapour interfaces

S53.6 ORIENTATION DISTRIBUTIONS AT SOLID AND VAPOUR INTERFACES

The orientation distributions at the solid and vapour interfaces for a selection of the
systems of purely repulsive particles, used to calculate the entropic component of
the free energy, are shown in Fig. S3.6. All distributions below are for the graphene
arrangement of substrate particles at T* = 0.62. 0 is the angle between the short of
the fluid particle and the z-axis (normal to the substrate). cos(6) = 0 corresponds to
the perfectly side-on orientation, and cos(6) = 1 to perfectly face-on.

Note that conditions for which P(cos(8) = 1) was found to be zero (due to the
finite simulation duration and very low probability of these configurations) were not
used in the determination of the scaling of the face-on/side-on entropy difference
with ¢ and x. These conditions were found to correspond to systems for which the
bulk fluid was not isotropic and so were not used in predicting interface orientation

in the paper.

10°
107!

S 10724

%

8103

N8

-4 | 4

107y — solid — solid
10-5] == vapour -=-- vapour
100

107!

g 10724
Z
8103
N9

107"y — solid ~ 1 — solid 3

10,5 === \Vvapour === _vapour :

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
cos() cos(6)
(a) x =0.30

Fig. $3.6 Orientation distributions at the interfaces in simulations of purely
repulsive particles. Solid lines are the distributions at the solid interface and
dashed lines are those at the vapour interface.
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Fig. §3.6 Orientation distributions at the interfaces in simulations of purely
repulsive particles. Solid lines are the distributions at the solid interface and
dashed lines are those at the vapour interface.
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§3.6. Orientation distributions at solid and vapour interfaces

Fig. §3.6 Orientation distributions at the interfaces in simulations of purely
repulsive particles. Solid lines are the distributions at the solid interface and
dashed lines are those at the vapour interface.
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S53.7 PACKING OF CLOSE-PACKED ELLIPSOIDS IN FACE-ON AND SIDE-ON
ORIENTATIONS

In order to calculate the interaction energy difference between a fluid particle in the
face-on or side-on orientation and its nearest neighbours (main paper, eqn (3.7)),
the packing of a layer of fully face-on or fully side-on particles was assumed.
Through examination of simulated systems that formed highly aligned layers at
either interface (in these cases, the alignment continued into the bulk), it was found
that the fluid particles pack in such a way that a face-on particle has six nearest
neighbours in the same layer, all in the side-side orientation, while a side-on particle
has four nearest neighbours (two face—face, two side-side) in the same layer. It
should be noted that the side-on case was somewhat more disordered.

(a) A face-on particle (blue) has 6 nearest neigh- (b) A side-on particle (blue) has four nearest
bours (green) in its closest packing. All six inter- neighbours (green) in the observed packing. Two

act in the side-side orientation. interact in the face—face and two in the side-side
orientations.

Fig. $3.7 Closest packing of fluid particles in the (a) face-on and (b) side-on

orientations to an interface.

Comparing this ideal alignment with systems in which the bulk fluid is isotropic,
some deviation from this assumed behaviour is observed, with a more disordered

interface in these cases, especially for the side-on orientation at the vapour interface.
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S$3.7. Packing of close-packed ellipsoids in face-on and side-on orientations

(a) An example of face-on packing at the solid (b) An example of side-on packing at the vapour
interface in a system in which the bulk fluid interface in a system in which the bulk fluid
is isotropic. Highlighted particles show the as- is isotropic. Highlighted particles show the as-
sumed packing from Fig. S3.7(a) for face-on par- sumed packing from Fig. S3.7(b) for side-on par-
ticles. ticles.

Fig. $3.8 An example of the actual arrangement of particles in (a) the face-on
orientation at the solid substrate, and (b) the side-on orientation at the vapour
interface. These snapshots come from the system with the strongest alignment
at both interfaces (graphene substrate, x = 0.4, k' = 0.3, T* = 0.73, ¢,y = 0.49).
Although some instances of the assumed packing are observed at both interfaces,
the particles are generally more disordered, especially in the side-on orientation
at the vapour interface.
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S53.8 EFFECT OF PRESSURE

In order to maintain a constant, and experimentally relevant (for OSCs), density

over the range of parameters and temperatures studied, and to prevent evaporation,

the positions of the two walls (repulsive harmonic wall at the vapour interface,

and solid wall) were fixed. This resulted in high pressures in some circumstances,

with the particles at the vapour interface pushed up against the harmonic wall.

Although it does not appear that the pressure influences the orientation at the solid

interface significantly (Fig. S3.9a), there is a slight dependence of the orientation at

the vapour interface on pressure (Fig. S3.9b).

(a)

(b)

1.00 1.00
substrate type substrate type
~ expect : expect expect : expect
® graphene 20 e 500 1000 ® graphene 2 e 500 1000
0.75 - face-on : side-on 0 0.75 - face-on : side-on 0
O silicon 3 P (e'/(r}) O silicon 3 P (é./(rl)
0.50 0.50
£ [=9
Z 0.25 £ 0.25
“ “
0.00 face-on 0.00 face-on :_4
: side-on : side-on @
"?o,
-0.25 -0.25 "' Q
s=——10___ 41,00 s=—00 __ 40,00 c
7 OB 2a®) |7 (0G2aFe T T000)
-0.50 -0.50
-10 -5 0 5 10 -10 -5 0 5 10
AU—-TAS (¢) AU-TAS (¢)

Fig. $3.9 Orientational order parameter at the (a) solid and (b) vapour interfaces
as a function of the interface free energy difference, with points colour-coded

by the average reduced pressure (P*

P/(e/0?), calculated from the normal

force per unit area on the solid substrate). The scaling of the orientation with
free energy difference is largely independent of pressure, except at very high

pressures.
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Competing single-chain folding and multi-chain aggregation
pathways control solution-phase aggregate morphology of
organic semiconducting polymers

“I am so sick of moving like a slug. I want to move like a cheetah. Or a slug
driving a remote controlled car. Something more plausible than that, but
fast.”

— Lesley Knope, Parks and Recreation
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Abstract

Understanding the solution-phase behaviour of organic semiconducting poly-
mers is important for systematically improving the performance of devices
based on solution-processed thin films of these molecules. Solvent quality,
which is a simple parameter to tune experimentally, is especially important
as it can give rise to significantly different polymer chain conformations,
with poorer solvents conventionally expected to give more collapsed chains
than good solvents, in which polymer chains remain swollen. However, un-
der certain conditions, high-performance organic-semiconducting polymer
P(NDI20OD-T2), also known as N2200, has been shown to form extended rod-
like aggregates in poor solvents, much larger than a single chain and in contrast
to previous studies of this polymer and the conventional understanding of
solution-phase polymer behaviour. In this work, we parameterise a coarse-
grained model for P(NDI20OD-T2) to reproduce the structure and dynamics
of an all-atom explicit solvent model, and use it to study the effect of solvent
quality on the solution-phase behaviour of this polymer. We find that in poor
solvent conditions, aggregation through only a few monomers gives effectively
inseparable chains, leading to the formation of extended structures of partially
overlapping chains via non-equilibrium assembly. For better solvents, weaker
polymer—polymer interactions allow rearrangement towards the thermody-
namic minimum of fully overlapping chains. This behaviour requires that
multi-chain aggregation occurs faster than chain folding, which we show is
the case for the chain lengths and concentrations shown experimentally to
form rod-like aggregates. This kinetically controlled process introduces a
dependence of aggregate structure on concentration, chain length, and chain
flexibility, which we show is able to reconcile experimental findings and is

generalisable to the solution-phase assembly of other semiflexible polymers.
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4.1. Introduction
4.1 INTRODUCTION

Organic semiconductors (OSCs) have a number of advantages over conventional
silicion-based semiconductors for the fabrication of lightweight, flexible, and low-

cost electronic devices. These advantages generally stem from their ability to

2

be processed from solution,” with printing processes enabling cheap deposition

over large surfaces to generate uniform thin films.? Particularly for polymers, the
solution-phase morphology, and its relationship with solid-state structure, is often

difficult to predict, with the final thin-film structure depending on factors such as

32,35-38 27,30 solvent,21’22'25’39‘41

the chemical structure, solution

42,43

molecular weight,

concentration, 44

and dissolution temperature** as well as non-equilibrium pro-
cesses that occur during or post deposition.*®19% This multitude of contributing
factors means the systematic design of molecules and processing conditions for
achieving good performance can be challenging. Indeed, both the importance of
pre-aggregation in solution for achieving a desired microstructure,3844260 and the
relationship between the morphology of the OSC active layer and device perfor-
mance,2:26,38,45,53,62,115-118 13 ye been well studied. In general, for high-performing
devices, some degree of order in the deposited film is desired, although it has been
shown that a fully crystalline material is not required, and may in fact be disadvan-

3

tageous,®® with ordered nanoscale domains connected by long tie-chains sufficient

for good charge-carrier mobility.?°

Understanding the solution-phase aggregation properties is particularly im-
portant for improving device performance, as devices are often fabricated using
solution-processing methods. The morphology of OSCs in solution has been cor-
related with thin-film structure, and with device performance.?!253044 For high-
performance OSC polymer P(NDI20OD-T2) (SI Fig. S4.1), also known as N2200, the
formation of large rod-like aggregates has been observed experimentally in poor
solvents such as toluene and xylene, and has been shown to be associated with
increased electron mobility. These aggregates were shown, using small-angle X-ray

scattering (SAXS) techniques, to have a radius of gyration (R, ) an order of magnitude

)
larger than the same chains in a good solvent, indicating thge formation of extended
multi-chain structures that are not predicted by any existing theories.?®> This is
in contrast to the behaviour predicted from previous studies of P(NDI2OD-T2)
which, based on the lack of dependence on polymer concentration of the spectral
shift in poor solvents and analytical centrifugation measurements, suggested that
aggregation behaviour in toluene is a single-chain process caused by chain collapse
and folding.?? Notably, these experiments were conducted at a much lower con-
centration than the SAXS measurements (5 g/L for SAXS in ref 25, up to 1 g/L

in ref 22), as well as using significantly longer chains (31 kDa in ref 25, and 118,
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181, or 1105 kDa in ref 22), which may explain the reported discrepancy. Indeed,
multi-chain aggregation has been observed for other OSC polymers such as MEH-
PPV,261 PAfBT4T-2DT, D-DPP3T-EH, and PffBT4T-20D,** with concentration- and

molecular-weight-dependent effects observed.

Although the morphology and dynamics of flexible polymers is generally well
understood,'?” OSC polymers typically have a stiffer, semiflexible backbone which,
coupled with the more anisotropic shape and interactions imparted by the conju-
gated backbone, means that the aggregate structure may deviate from that predicted

131-133 and multi-chain!34 systems, both

for flexible chains. Indeed, for both single-
the backbone stiffness and solvent quality have been shown to be important for

predicting the types of structures formed.

For flexible polymers, the conformation of a single polymer chain in solution
is strongly correlated with the solvent quality; that is the relative strength of the
polymer—polymer, solvent-solvent, and polymer—solvent interactions. Under good
solvent conditions, where polymer—solvent attractions dominate, the chain is ex-
pected to be extended, while a more compact, collapsed structure is expected under
poor solvent conditions in order to minimise unfavourable interactions with the
solvent, or to maximise favourable intramolecular polymer interactions. Metrics
such as the radius of gyration are therefore expected to decrease as solvent quality
decreases and chains become more compact. When chains are sufficiently flexible,
this behaviour has been observed in a number of simulation studies of single chains,
with a transition from an extended coil to collapsed globule structure observed with
decreasing solvent quality.131‘133 As chain stiffness increases, different structures,
such as hairpins or toroids, take the place of disordered globules for poorer solvent
qualities, with the exact structure depending on both the solvent quality and chain
flexibility.!31-133135 Other simulation studies have examined the effect of backbone
stiffness and attraction on the single-chain behaviour of semiflexible dipolar poly-
mers, observing collapsed globules for flexible chains, and toroids for stiffer ones

when attractive interactions are strong.!3°

While a multitude of studies have examined single-chain behaviour using simu-

1ations,131_133'135_139 140-144

or theory, those examining multi-chain systems, which
are more relevant for the behaviour of realistic OSC systems in which chains are
rarely so isolated, are less common. As with the single-chain behaviour, the equi-
librium structure of multi-chain systems has been shown to depend on the solvent
quality and backbone stiffness: for flexible chains in poor solvents, disordered
aggregates have been observed, and, as chain stiffness increased, the types of aggre-
gates shift from amorphous to twisted or folded rod-like structures.'3* For a more
comprehensive review of the behaviour of semiflexible polymers in dilute solutions,

the reader is referred to ref 262.
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Although solution-phase molecular simulations of multi-chain systems of OSC
polymers are relatively rare, owing to the need for often prohibitively large systems
to explicitly account for solvent, especially for long polymer chains, studies examin-
ing OSC solubility using all-atom (AA) molecular simulation methods can be found.
Some!?8-130 have used mean-field solution theories such as Flory-Huggins theory,
in which simulations of short oligomers were used to estimate the Flory-Huggins
parameter, which is used as a measure of solvent quality and thus the propensity
for aggregation. Others?#1%1 have examined the aggregation mechanism and effect
of solvent and polymer properties, again using short chains or implicit solvent
models. While these studies provide valuable insights into some of the many factors
affecting the solution-phase morphology, Flory-Huggins theory provides a fairly
simple model of the effects of polymer chain length and the relative strength of the
solvent-solvent, solvent-polymer, and polymer—polymer interactions on solubility;
it does not capture the roles of chain stiffness and conformation and so cannot
account for extended aggregates expected for P(NDI2OD-T2). Other simulation
studies that have more accurately calculated solubility through free energy pertur-

bation methods,!!

and examined aggregation mechanisms and the effect of various
molecular properties on the solution-phase behaviour,>#1%! have not been able to
reach experimental chain lengths and have generally considered only the equilib-
rium behaviour as the timescales relevant to the kinetic processes are generally not

accessible to detailed AA models.!62

In this work we have developed a systematically coarse-grained (CG) model
of P(NDI2OD-T2) in order to investigate the reported formation of large extended
aggregates in poor solvents.?> By combining atoms with correlated motion into
a single CG site, and accounting implicitly for solvent, the number of degrees of
freedom of the system can be greatly reduced. This allows access to polymer length
and timescales on the order of those studied experimentally. Similar models have
previously been developed for commonly studied OSC polymer P3HT!67:168 and
used to accurately predict the experimental solution-phase conformation of this
polymer, giving results consistent with the more computationally expensive AA
model. In the case of P3HT, multi-chain aggregation was observed in CG simulations
but, likely due to the lower concentration and longer chain length or the vastly
different chemical structure of P3HT compared with P(NDI20OD-T2), although
these aggregates were rod-like in nature, the extreme increase of radius of gyration

relative to that of a single chain was not observed.!®”

Our CG model of P(NDI20OD-T2) is used to examine the behaviour of this
polymer under conditions corresponding to varying solvent qualities. We initially
examine the types of aggregates formed under different solvent conditions (Sec-

tion 4.3.1), and relate the aggregate structure to the strength of intermolecular
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interactions and the persistence of aggregates composed of partially overlapping
chains (Section 4.3.2). The kinetics of the competing effects of single-chain folding
and multi-chain aggregation, and how these may vary with concentration, molecular

weight, and chain flexibility, are also considered (Section 4.3.3).

4.2 METHODS

To examine the solution—phase behaviour of close-to-experimental length polymer
chains on the ps timescale, a systematically coarse-grained model of P(NDI20D-T2),
parameterised to reproduce the structural properties of monomers in an AA system,
was developed. In the following sections we describe the parametrisation of the AA
model and the AA simulations used to parameterise the CG model (Section 4.2.1),
the parameterisation procedure for the CG model (Section 4.2.2), and the CG
simulations (Section 4.2.3). All simulations were conducted using the LAMMPS

244,263-265

software package and analysis and visualisation using OVITO?*> and

VMD.266

4.2.1 ALL-ATOM SIMULATIONS

4.2.1.1 Parameterisation of all-atom model

As many OSC polymers such as P(NDI2OD-T2) have a relatively rigid backbone and
extended conjugation, their bonded parameters — particular between conjugated
units — and charges are not expected to be accurately captured by general purpose
force fields.?®” In order to accurately model these systems atomistically, certain
parameters must therefore be calculated rather than relying on their pre-existing
counterparts in the force field. Here we have based our parameterisation on the
OPLS force field29%:268-273 35 it has been shown to accurately describe structural and

thermodynamic properties of several small-molecule OSCs?”4275

and accurately
describes the properties of many organic liquids, which are commonly used as
solvents for OSCs. We note that a previous AA model of P(NDI2OD-T2) has been
parameterised with the AMBER force field,!?? but, to the best of our knowledge, no
OPLS parameters exist for this polymer.

OPLS parameters have been obtained previously for a wide variety of OSC poly-
mers,>* and we have used the method outlined in that work for this parameterisation
of P(NDI20OD-T2). In all cases, the van der Waals (vdW) parameters were taken di-
rectly from the OPLS force field for equivalent atom types.29>268-273 Atomic partial
charges were obtained from quantum-chemical calculations as described in the SI
Section S4.1. Note that although P(NDI20D-T2) is typically represented as having a

naphthalene diimide (NDI)-bithiophene (bTh) backbone, we have separated the bTh
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group into two thiophene (Th) groups and modelled the molecule as Th-NDI-Th,
as shown in Fig. 4.1, in order to increase the symmetry of the molecule, allowing
for a simpler and more general parameterisation. Within the polymer, the same
structure will be obtained, with the only differences being in the structure of the

terminal monomers (see SI Fig. S4.1 for a comparison of the two structures).

Fig. 4.1 Structure of the AA P(NDI20D-T2) molecule with the CG model overlaid.
CG sites are labelled (1-7) and coloured by their site type. Spherical CG sites
are bonded through their centres-of-mass (black lines between black circles). In
order to preserve the backbone structure in the AA representation, in which the
thiophenes are connected at the 1 and 6 (rather than 1 and 7) carbon positions
of the naphthalene group, two different site types for the thiophenes (1 and 7)
and imides (2 and 6) are defined. These have the same non-bonded parameters
and bond lengths, but different angle potentials in order to achieve a similar
geometry to the AA model. Note that the terminal methyl group of one of the
side-chains is not included in the coarse-graining in order to reduce the number
of site types and facilitate parameterisation.

Most of the bonded parameters for bonds, angles, and dihedrals were taken
directly from the OPLS force field for equivalent atom types,?°>268-273 while the
equilibrium bond lengths and angles were obtained from the optimised geometry
of the monomer (from a quantum-chemical calculation at the B3LYP/6-31+G**
level), as has been done previously.?* The exceptions were the bond stretching
potential between NDI and Th groups, and the NDI-Th and Th-Th dihedral po-
tentials. These potentials were parameterised explicitly as they are important for
modelling the semiflexibility of the backbone, and expected to depend strongly
on the chemical environment, while not being accurately captured by the existing
OPLS parameters. These parameters were calculated using a series of constrained

geometry optimisations as described in ref 24 and SI Section S4.1. All geometries
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were optimised with the side-chains truncated to methyl groups after the tertiary
carbon (i.e. R~-CH,—-CH-(CHj;),, where R is the monomer backbone).
For the two explicitly parameterised dihedral potentials we used the functional

form

UR (@:)(@) = ) kycos" (@), (4.1)
n=0

with m = 4 for the Th-Th dihedral, and m = 8 for the NDI-Th dihedral, where k,, are
fit parameters and ¢ is the dihedral between the 4 atoms of interest. This potential
form is equivalent to the more commonly used OPLS-style dihedral (SI eqn (4.17))
when m = 4, but more flexible for m > 4, with m = 8 required to achieve a good
fit to the NDI-NDI dihedral potential (see SI Fig. S4.3). The atoms defining these
dihedrals are highlighted in the SI Fig. S4.4, and the parameterisation procedure,
following the method outlined in ref 24, is given in detail in the SI, Section S4.1.2.
The fits of the dihedral potential and a comparison between the behaviour in the
final molecular dynamics (MD) system and the values obtained from the quantum
calculations are given in the SI Fig. S4.5. All parameters used for the AA simulations
in this work are tabulated in Section S4.14 of the SI.

Note that the molecule as parameterised is a free, unaggregated, monomer. It is
possible that both extension to a longer polymer chain, or aggregation, may change
the electronic properties and hence affect further aggregation properties. The large
size of the monomer, coupled with the use of terminal thiophenes for the calculation
of the charge distribution as described elsewhere,** and the explicit calculation of
important torsions from dimers, should lead to reasonable accuracy when extended
to longer polymer chains. As for aggregation, recent work has shown that the elec-
trostatic interactions are less important than the vdW interactions for predicting
the solution phase aggregation of OSC molecules.'3? Perfectly capturing the confor-
mation dependence of the mesoscale electronic structure of conjugated polymers,
which is highly challenging, is therefore not expected to significantly impact the
aggregation behaviour, though may be an interesting next step in reaching an even

more accurate representation of polymer aggregation.

4.2.1.2 All-atom solution—phase simulation

The non-bonded interactions for the CG model used in this work were parameterised
from AA simulations of symmetric P(NDI20OD-T2) monomers in o-dichlorobenzene
(DCB) at a concentration of approximately 55 g/L (18 monomers, 2937 solvent
molecules). Note that this concentration is substantially higher than both the
experimental concentrations and those used later in the CG simulations of 5-10 g/L.
This higher concentration was used as a system containing multiple monomers is

required to get good statistics for the monomer-monomer distributions to be used
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in the coarse-graining procedure. Low concentrations would require a prohibitively
large number of solvent molecules. The parameters obtained as described above for
P(NDI20D-T2) were used, and parameters from the OPLS-2005 force field202-268-273
used for the solvent (see SI Section S4.14). DCB was chosen as the solvent based on

experimental UV-visible spectroscopy data,?>?> a

s it should give little monomer
aggregation, guaranteeing a homogeneous system as required by the coarse-graining

process.

In all AA simulations in this work, a truncated and shifted Lennard Jones (L])
potential was used with a cutoff of 11 A, consistent with the parameterisation of
the OPLS force field.2°>273 1-2 and 1-3 interactions (between particles separated
by one and two bonds, respectively) were set to zero, and the 1-4 L] interactions
(between particles separated by three bonds) to 0.5 times their full values, again
consistent with the OPLS force field. Electrostatic interactions were calculated
using the particle-particle particle—-mesh (PPPM) method.?°! Hydrogen-containing
bond lengths were constrained to their equilibrium lengths using the SHAKE algo-

276

rithm,“’® allowing for the use of a timestep of 2 fs.

To initialise the system, the particles were packed, using Packmol,?’” with
random positions and orientations into a cubic simulation box at low density (approx.
0.5 g/cm3, box size of (120 A)3 to prevent overlapping particles or interlocking
rings. The box was shrunk over 40 ps to higher than the target density (approx.
1.7 g/cm3, box size (76 A)3) at constant energy, then expanded over an additional
20 ps to give approximately the expected experimental solvent density (approx.
1.3 g/cm3, box size (82.5 A)?) as described in ref 278. The energy of the system was
then minimised, and velocities assigned from a Maxwell-Boltzmann distribution at
a temperature of 300 K. The simulation was then run for 200 ns at constant pressure
and temperature, with temperature and pressure controlled using a Nosé-Hoover
thermostat (relaxation time scale = 100 fs)!°%27% and barostat (relaxation time
scale = 1000 fs),!?® respectively. The equilibration time was determined from the
convergence of the monomer—-monomer centre-of-mass radial distribution function
(RDF) (see SI Fig. S4.7), with the first 50 ns being discarded as the equilibration
period.

The bonded parameters were parameterised from simulations of P(NDI20OD-T2)
trimers in DCB, so as to include the bonds between monomers. These simulations
were set up similarly to the AA simulations, with 8 trimers at the same concentration
as the monomer simulations (approx. 55 g/L, 3229 DCB molecules). The same
simulation procedure as for the monomer simulations was followed, with initial
(low density), intermediate (high density), and final (experimental solvent density)
box sizes of (140 A)? (approx. 0.3 g/cm3), (80 A)3 (approx. 1.6 g/cm?), and (85 A)3

(approx. 1.3 g/cm?®) respectively. The system was simulated for 90 ns, again with
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the first 50 ns discarded as the equilibration period, based on the convergence of
the bonded distributions (SI Fig. 54.8).

4.2.2 COARSE-GRAINED MODEL PARAMETERISATION

The CG representation of P(NDI2OD-T2) is given in Fig. 4.1. Each aromatic ring
was assigned to a single spherical CG site, and the side-chain sites composed of
three (site type 5) or four (site type 4) carbon atoms. This mapping groups atoms
whose motion is expected to be correlated into the same site. We note that while
the entire NDI group is relatively rigid and could theoretically be coarse-grained
into a single site, the planar nature of the group means that a large spherical site
in this position would not capture important properties such as the m-stacking
distance between chains. This issue is especially important when considering that
the structure of the final collapsed state of single chains has been shown to depend

on the width of the monomers perpendicular to the chain axis,'3"

meaning that an
accurate representation of the monomer shape is important for obtaining behaviour
in the CG model that is consistent with the AA systems. The four-site structure
used here for the NDI group captures the anisotropy of the backbone shape and
interactions. The use of anisotropic sites would be beneficial, especially for larger,
more anisotropic molecules, but these models are currently difficult to parameterise
for accurate solution-phase behaviour, and are not likely to offer appreciable speed-
up for a molecule such as N2200 for which the backbone can be modelled as a
small (here, 6) collection of spheres. The first general, systematic method for
coarse-graining condensed phases with anisotropic sites has only recently been
developed,280 so although it has not been used for the work in this thesis, it may
provide an interesting extension to this work, particularly for larger polymers for
which more significant speed-up and accuracy could be achieved.

Site masses were taken as the sum of the masses of atoms in the AA represen-
tation that compose each CG site. Where atoms were shared between sites, such
as within the NDI group, the masses were split evenly over the two sites (e.g. the
carbon shared between site 2, and both site 3s in the CG representation contributed
1/3 of its mass to each site; see SI table S4.13 for a list of masses).

All CG polymer systems were simulated in implicit solvent using Langevin
dynamics!®” to capture the effect of stochastic collisions with solvent molecules and
frictional drag. The equations of motion of a particle i with mass m and position r

are
m#i(t) = f;(t) —m;y#;(t)+ Ti(t) (4.2)

where f(t) is the force acting on particle i due to the CG potential and m;y#;(t)

the frictional drag in a solvent with friction coefficient y. ;(t) is the force due to
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random collisions with the solvent, which satisfies (C;(t)) = 0 and (C;(#)C;(t")) =
2ykgTm;6;;0(t —t’). Most CG simulations in this work used a friction coefficient of
y =0.02 fs7!, chosen to give a mean squared displacement (MSD) of monomers in
the CG model that was consistent with that of the AA model in DCB (SI Fig. S4.6).
With this friction coefficient, the maximum timestep that gave stable simulations
was 8 fs, which was used for all CG simulations in this work, again unless otherwise
stated. A number of simulations were also conducted at lower friction to speed up
the dynamics and observe the long time equilibrium behaviour, as well as to examine
the effect of viscosity on both single-chain folding, and multi-chain aggregation.
These simulations used y = 0.002 fs~! (1/10 the as-parameterised friction coefficient)
and a timestep of 5 fs. Note that the final equilibrium polymer conformation should
be independent of the choice of friction coefficient, with the lower friction coefficient
simply allowing the equilibrium conformation to be reached faster. All simulations
were carried out at constant number of particles, volume, and temperature (NVT
ensemble).

The CG model for P(NDI2OD-T2) was parameterised using the iterative Boltz-
mann inversion (IBI) method,!”>?8! which has been used previously with good
success to systematically coarse-grain OSC polymer P3HT in an implicit solvent

1,97 and in polymer—fullerene blends.'®® This method aims to match the local

mode
structural distribution functions between equivalent AA and CG systems through
an iterative process of updating the interaction potentials of the CG model until
the distribution functions of the CG system converge to that of the AA system. We
followed the procedure outlined in refs 168 and 167, with the potential for each

subsequent iteration, U, (x), updated according to

Uyt (x) = Up(x) + ay 1n(%) (4.3)

where U, (x) is the potential for iteration # of the procedure as a function of the
variable x, 0 < a,, <1 is a scaling factor that controls how much the potential changes
between iterations, Pget(x) the target distribution of the property being param-
eterised (in all cases this is the corresponding distribution in the AA simulation,
calculated between the centres-of-mass of the atoms that constitute each CG site),
and P,(x) the CG distribution from iteration n. For the non-bonded interactions,
P(x) is the RDF g(r). For the bonded interactions it takes the forms B,.n4(1)/1?,
Pingle(0)/sin(0), Pyined(¢), and Pprop(4) for the bond, angle, dihedral, and im-
proper distributions, respectively, where [ is the bond length, 6 the bond angle,
and ¢ and ¢ proper and improper torsions, respectively. In all cases, the resulting
potentials were fit to analytical functions. The definitions of the analytical functions
used are given in the SI, Section S4.2.1. Although some accuracy is lost in the fitting

to the analytical form, it greatly enhances the computational efficiency over using,
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for example, a tabulated potential, while still giving good agreement between the
CG and AA distributions (SI Section S4.2.3). In contrast to the AA model, for which
the 1-4 interactions were included (albeit at half their full strength), the 1-2, 1-3,
and 1-4 interactions were all set to zero in the CG model.

In all cases, systems were initialised by packing the desired monomers/polymers
into the simulation box with random position and orientation (in the case of poly-
mers, each chain was a linear arrangement of monomers in which the backbone

units were coplanar), and a soft-core potential of the form

r
1+ cos—
rC

Usort(r) = A , <t (4.4)

where 1 is a cutoff distance, r the distance between two particles, and A an energy
pre-factor that controls the "hardness" of the potential, was applied to remove any
overlaps between particles (r. = 6 A, A increased linearly from 0 to 30 kcal/mol over
5000 fs, timestep =1 fs).

The fit of an analytical function (SI section S4.2.1) to the Boltzmann inversion
of the target distributions was used as an initial guess for all parameters, with
the values of €;; in the non-bonded LJ parameters constrained to be initially 0.1 <
€;j <1 in order to prevent extensive aggregation. The constraints on €;; were
removed for the iterative procedure. Bonded interactions were optimised first,
through comparison of the target distributions from the AA trimer simulations
(8 P(NDI2OD-T2) trimers at approx 55 g/L) described above with distributions
from an equivalent CG system of 8 trimers in an (87 A)3 box. Note that not every
possible bond/angle/dihedral/improper was parameterised or included in the CG
model as many are fully defined by other parameters (e.g. the 3-6-3 angle was not
parameterised because it is effectively fixed by the 3-6 and 3-3 bonds; see Fig. 4.1
for site definitions). These un-parameterised CG distributions are compared with
the AA distributions for the fully parameterised model in the SI Section S4.2.3.
The non-bonded parameters were optimised using simulations matched to the AA
system of 18 monomers at approx 55 g/L. These CG systems contained 18 monomers
in an (84 A)3 box. The discrepancy between the CG and AA RDFs at iteration 1 was

282
b, = Zfile-]- (4.5)
L]

quantified as

where ,
Ji" [giin - &' 0)] dr
[ gref ] dr

where g;;(r) is the CG RDF for site types i and j at iteration n, Nj; the number of

fii = (4.6)

ij pairs in a monomer, glr]ef( r) the target AA RDF for each ij pair, and r; the cutoff
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for the non-bonded interactions (here 15 A, at which point the interaction strength
was less than 2% of the strength at the energetic minimum). The variable b, was
found to converge after n = 12 iterations, with further iterations not improving the
agreement between AA and CG distributions further (see SI Figs. 54.9, S4.10). The
parameters from iteration 12 were therefore used for further CG simulations.
Optimising the non-bonded interactions independently of, and after, the bonded
interactions as we have done, can potentially perturb the bonded distributions so
that they no longer match the corresponding AA distributions. We have verified that
this was not the case by comparing the AA bonded distributions to those obtained
from a 100 ns simulation of the CG model with the parameterised bonded and
non-bonded interactions (SI Section S4.2.3). Good agreement between the AA and
CG distributions was still found in all cases. The final bonded and non-bonded

parameters are given in the SI Section S4.15.

4.2.2.1 Solvent quality

In order to model a range of solvent conditions, we defined two additional sets
of non-bonded CG parameters to approximate solvation in a better solvent and a
poorer solvent. The IBI method used in this work relies on the AA reference systems
being homogeneous, which makes it especially challenging to parameterise models
in poor solvents, in which the equilibrium structure is expected to show extensive
polymer aggregation. Instead of explicitly parameterising the model in other sol-
vents, we therefore adopted a simpler approach of scaling the parameters from those
parameterised in DCB to give either stronger (representative of a poorer solvent), or
weaker (representing a better solvent) interactions. This is similar to the procedure
used in ref 167, in which the temperature was scaled to model changing solvent
quality. The better solvent parameters (referred to below as the "good" solvent) were
obtained by scaling all the non-bonded parameters of the DCB parameterisation to
be 20% weaker. Similarly, the poorer solvent parameters (referred to as the "poor"
solvent) were obtained by increasing the strength of all non-bonded parameters by
20%. The system with the original parameters, parameterised in DCB, will be re-
ferred to as the "intermediate" solvent. It is important to note that some aggregation
occurred in the CG simulations with all three of these solvent conditions meaning
all were, according to the conventional polymer physics definition, relatively poor
solvents. We therefore use the terms "good" and "intermediate" to refer to the better
solvents, in which, according to UV-vis spectra of P(NDI2OD-T2) in solvents such
as DCB and chlorobenzene, some aggregation is observed without the formation of
extended rod-like aggregates.?> The LJ parameters and curves for these three sets of

parameters are given in the SI, Section S4.15.

To confirm that the scaled solvent parameters were reasonable representations
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of the behaviour of P(NDI2OD-T2) in a better and poorer solvent, we calculated the
free energy as a function of backbone centre-of-mass separation in AA systems of
two P(NDI2OD-T2) monomers in DCB, 1-chloronaphthalene (CN) (a better solvent
than DCB), and toluene (TOL) (a poorer solvent than DCB, and one of those shown
to promote extended rod-like structures experimentally??). This free energy was
compared with the equivalent free energy calculated for CG monomers with the
poor, intermediate, and "good" solvent parameters. Free energies were calculated

using on-the-fly probability enhanced sampling (OPES),?%

which, similarly to
metadynamics,?!? facilitates the exploration of the entire probability distribution of
interest (here that of the centre-of-mass separation) by depositing small repulsive
Gaussians (kernels) in collective-variable space over the course of the simulation
in order to bias the system against exploring regions it has already visited. Further
details on the method can be found in the SI Section S4.3.1. These calculations were

carried out using the PLUMED software package, version 2.5.4.211.212

All-atom free-energy calculations. For all three solvents, a pair of P(NDI2OD-T2)
monomers in the mt-stacked configuration, with centre-of-mass (of NDI groups)
separation of 3 A, was placed in the centre of a (100 A)? simulation box, and 1000
solvent molecules packed with random position and orientation around it?”” to give
a low density system where solvent molecules do not overlap or interlock. As with
the AA simulations described above, the system was shrunk over 40 ps to a higher
density (box size (55 A)3), then expanded over a further 20 ps to give a (60.8 A)3
box. The system was then simulated at constant pressure and temperature for 5 ns
to properly solvate the monomers, and to reach the appropriate density. As OPES
generally converges faster if it starts near the expected free energy minimum, we

placed a harmonic restraining potential of the form

ky(r—ay)?, r>a,,

Uy(r) = (4.7)
0, otherwise,

on the monomer-monomer centre-of-mass separation r, which acts to keep the
separation below a,,. Here we set a,, to 10 A and k,, to 100 kcal/mol/A? to ensure
the monomers stayed close to the expected free energy minimum of the directly
mt-stacked structure. After 5 ns, this harmonic wall was removed and the OPES
simulation begun from the final configuration of this setup procedure. Three
collective variables were biased in this procedure: the centre-of-mass separation
(where the centre-of-mass was calculated as the centre-of-mass of the NDI group),
the angle between the vectors normal to the planes of each NDI group (angle 1), and
the angle between this vector of one monomer and the vector connecting the centres-

of-mass of the two monomers (angle 2). For this work, we were interested solely in
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the free-energy as a function of the monomer separation rather than both separation
and orientation, but we note that biasing the angles, which may be expected to
be slowly varying collective variables, will aid in achieving faster convergence.
The OPES simulation was conducted with a kernel deposition frequency of 5000
timesteps, where kernels were initially of width 0.2 A for the distance constraint,
and 0.06 and 0.12 radians respectively for angles 1 and 2. These initial kernel
widths were chosen to be approximately the standard deviation of the unbiased
variable at equilibrium. A bias factor, which is used to determine the shape of

the target probability distribution,???

of 10 and an estimated free energy barrier
of 30 kcal/mol were used. Additionally, to prevent the monomers becoming too
separated and sampling large regions of unimportant (large separation) space, we
placed a harmonic wall (eqn (4.7)) at a centre-of-mass separation of 20 A, again with
force constant 100 kcal/mol/A2. OPES simulations were then run for approx 1.6 us
in CN, 1.7 ps in DCB, and 1.2 ps in TOL. The reweighting procedure to obtain the

unbiased distribution is outlined in the SI, Section S4.3.1.

Coarse-grained free energy calculations. Similar OPES simulations were conducted
for the three sets of CG parameters in order to validate the choice of parameters for
the "good" and poor solvents, and confirm the agreement between the AA and CG
models for the system parameterised in DCB. These simulations were initialised by
placing two monomers in the centre of a (60 A)? simulation box (approximately the
size of the simulation box for the AA free energy calculations) again in the directly
nt-stacked configuration, with centre-of-mass separation of 5 A. A soft-core potential
(identical to that used previously) was applied to remove particle overlaps, before
switching to the L] parameters corresponding to the "good", intermediate (DCB), or
poor solvents. The energy was minimised, then OPES run for 2 ps with a timestep
of 8 fs. As with the AA calculations, the centre-of-mass separation was defined
in terms of the centre-of-mass of the NDI groups (site types 2, 3, and 6 in the CG
model), and a repulsive harmonic wall (eqn (4.7), ky, = 100 kcal/mol/A?) used to
keep the monomer centres-of-mass within 20 A of each other. All of the OPES
and reweighting parameters were the same as for the AA equivalent, although in
this case, only the separation (not the angles) was biased. Comparing the final free
energy curves as a function of centre-of-mass separation showed good agreement
between the "good" solvent parameters and CN, the as-parameterised DCB model
and its AA equivalent, and the poor solvent parameters and TOL (SI Fig. S4.15). This
finding confirms that the poor solvent conditions used here should be a reasonable
representation of the conditions that have been experimentally been shown to give

extended rod-like aggregates.
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4.2.2.2  Backbone flexibility

Finally, as the folding of single polymer chains has been shown to depend on

131-133 e examined two different backbone stiffnesses: the as-

backbone stiffness,
parameterised stiffness (we will refer to this as "regular” stiffness), and a more
flexible chain (referred to as "flexible"). The stiffness of each chain was quantified by
its Kuhn length, that is the length of freely-jointed segments of the polymer, with
more flexible chains having a lower Kuhn length than less flexible equivalents. To
model the more flexible chain, the coefficients of the 1(7)-3-3 angles, and 3-7-7-1
dihedral were reduced to 1% of the values of the regular stiffness backbone (see SI
Section S4.15 for parameters and plots of these modified potentials), reducing the

Kuhn length of the chain by 30-40% in the "good" solvent (SI Fig. S4.16).

4.2.3 COARSE-GRAINED SIMULATIONS

In order to determine the effect of the rates of single-chain folding and multi-
chain aggregation, solvent quality, and backbone stiffness on the final aggregate
structure, we examined the folding of a number of isolated single chain systems of
various molecular weights as a function of backbone stiffness and solvent quality,
as well as multi-chain systems representative of the experimental systems studied
in ref 25. Averaging of random variables was carried out both within simulations
(with most multi-chain simulations consisting of over 100 polymer chains), and over

independent simulations.

4.2.3.1 Single-chain simulation

Single-chain simulations were conducted for two backbone flexibilities ("regular”
and "flexible", described previously), and the two extremes of the solvent qualities
studied here ("good" and "poor"). To examine the effect of molecular weight on
folding kinetics, we studied three different chain lengths: 10, 20, and 30 monomers,
corresponding to M,, = 10, 20, and 30 kDa, respectively. All systems were set up fol-
lowing the same procedure. First, the single (linear) chain was placed in the centre
of the simulation box (side length of 420, 840, and 1260 A for the 10, 20, and 30
monomer chains, respectively; approximately three times the contour length of the
polymer chain). A soft-core potential was applied to remove any overlaps between
coarse-grained sites (again following the same procedure as applied previously). The
resulting system was simulated with a purely repulsive Weeks-Chandler Anderson
(WCA) (L] potential truncated and shifted at its minimum, eqn (4.24)) equivalent of
the CG potential in order to allow the chain to relax away from the fully extended
conformation to the equilibrium distribution of the bonded parameters given a
purely repulsive backbone. Temperature was controlled using a Langevin thermo-

stat. Simulation times with the WCA potentials for 10mers were 100 ns with the
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regular (matching DCB) Langevin friction coefficient, and 500 ns for 20 and 30mers
with the 10x lower friction coefficient. This time was sufficient that the radius of
gyration was no longer decreasing. The non-bonded parameters were then switched
back to the L] parameters and the Langevin friction coefficient returned to the value
parameterised to match the diffusion in DCB. 20 independent simulations of 10 ps
(for all systems in "good" solvent, and flexible backbones in poor solvent), 15 us
(30mers in poor solvent, regular backbone), 20 pus (20mers in poor solvent, regular
backbone), or 25 ps (10mers in poor solvent, regular backbone) each were run to
determine an approximate timescale of single-chain folding. The longer simulation
times were required for the polymers with regular flexibility backbones in order
to obtain an accurate estimate of the folding time, as these systems did not fold as
rapidly as the flexible chains.

An additional set of single-chain simulations were conducted at lower friction,
to determine the effect of viscosity on the rate of single-chain folding. These low-
viscosity simulations were only conducted for 20mers with a regular flexibility
backbone in poor solvent. The Langevin friction coefficient in these simulations was
10x lower than in the simulations modelling DCB. After the same setup procedure
as described above for 20mers, 20 independent simulations of 5 ps (timestep = 5 fs)
each were run to determine the approximate timescale of single-chain folding under

these conditions.

4.2.3.2 Multi-chain simulation

In order to examine the multi-chain aggregation behaviour and determine the types
of structures that are predicted under conditions of various solvent qualities and
backbone stiffness, we studied systems of 10, 20, and 30mers of P(NDI20OD-T2)
with parameters corresponding to being in "good", intermediate, and poor solvents,
again with the flexible (poor solvent only) and regular (all three solvents) backbones
flexibility. The experimental system studied in the SAXS experiments that showed
the extended aggregate structures consisted of chains with length of approximately
30 monomers at a concentration of 5 g/L.2> Assuming a simulation box approx.
three times the polymer contour length, a system of 30mers at this concentration
contains too many atoms to be easily simulated on the us timescale. Instead, we
focused the majority of this work on the slightly shorter 20mers, which (again with
a simulation box approx. three times the contour length) reduces the number of
particles by approx. 40%. Shorter (10mer) and longer (30mer) chains were also con-
sidered for a few select cases. In order to achieve approximately the same behaviour
as the experimental 30mer system, we simulated the shorter chains at a higher
concentration, such that the ratio of the polymer volume fraction, ¢, to the overlap

volume fraction, ¢, was approximately the same for all chain lengths simulated,
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and close to that of the SAXS experiments. Making the crude approximation of ideal
chains, ¢* o« 1/N/2 for polymer chain length N and so constant ¢y/¢* corresponds
to constant ¢y N1/2 (see SI Section S4.5 for the derivation of this scaling). Recent
work has shown that the concentration of a polymer solution relative to the polymer
overlap concentration is a key predictor of OSC device performance due to its effect

on the extent and type of aggregation,*

so we expected that maintaining a constant
pv N2 should give relatively consistent behaviour across different chain lengths.
The concentrations that gave the same ¢y N1/? as the experimental system of 30mers
at 5 g/L were 6 g/L for 20mers and 8.5 g/L for 10mers. Unless otherwise stated,
the results presented below are for these systems with the same ¢yN'/2. A number
of additional systems were studied at different ¢VN1/2: 10mers at 10 g/L (flexible
and regular chains), and 20mers at 12 g/L (regular flexibility) and 2 g/L (flexible
chains). A detailed list of the systems studied in this work, as well as their values of

¢VN1/2, is given in the SI Table S4.1.

For all systems, the polymers were initially placed in the simulation box at
random positions and orientations with a fully extended backbone. The number of
polymer chains and box sizes to give the desired concentrations are given in the SI,
Table S4.1. As the random packing was likely to lead to overlaps between chains, a
soft-core potential was again applied to remove overlapping CG sites (see eqn (4.4),
same procedure and parameters as described previously). As with the single-chain
simulations, the backbone structure was allowed to relax by initially simulating the
system with purely repulsive non-bonded interactions (WCA equivalent of the CG
LJ potentials). Simulation times with the WCA potentials for 10mers were 100 ns
with the regular (matching DCB) Langevin friction coefficient, and 500 ns for 20
and 30mers with the 10x lower friction coefficient, as described for the single chain
simulations. The non-bonded interactions were returned to the L] potentials, the
friction coefficient returned to the desired value (generally that parameterised to
match DCB, but 10x lower in some cases), and the systems then simulated for
between 1 and 4.5 ps (see SI Table S4.1) using a Langevin thermostat to simulate
an implicit solvent environment at a temperature of 300 K. This amount of time
was sufficient that extensive aggregation was observed in the poorer solvents. In
the poor solvent, the aggregate sizes were approaching the size of the box after
approximately 3-4 us, so further increasing the simulation time was unlikely to
yield physically meaningful results without also increasing the system size. Two
independent simulations (and in one case, three) were conducted for each set of

simulation conditions studied.
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4.3 RESULTS AND DISCUSSION

The solution-phase behaviour of P(NDI20OD-T2) (M,, = 31.2 kDa, b = 2.1) has
previously been examined experimentally via UV-visible absorption spectroscopy
and SAXS.?> The absorption spectrum indicated extensive aggregation in poor
solvents TOL and xylene (XY), in which the SAXS measurements suggested the
formation of large (high R) aggregates with rod-like aspect ratios. These aggregates
were measured to have R, an order of magnitude greater than the same polymer
chains in better solvents, and lengths that could not be achieved without multi-
chain aggregation (see Table 4.1 for a summary of the experimental results). The
formation of extended aggregates as described here is not predicted by existing
theories of solution-phase polymer aggregation, by which, based on a conventional
understanding of solution-phase behaviour of flexible polymers, the polymer’s R,
is expected to decrease with decreasing solvent quality. It is therefore clear that a

better understanding of the solution-phase behaviour of P(NDI20D-T?2) is required.

Table 4.1 Published radii of gyration (R,) and estimated aggregate lengths of
P(NDI20D-T2) in various solvents.?> A value roughly consistent with single-
chain behaviour of M, = 31.2 kDa (approximately 30mers, see Section 4.3.3,
Table 4.2) was observed for the good, moderately good, and moderately poor
solvents, but a large increase was observed for poor solvents. Analysis of the
SAXS data, conducted in ref 25, indicated the formation of extended rod-like
aggregates. The length L of the aggregate was estimated assuming a rod-like
structure, for which Ré = L2/12,'27 and the number of monomers calculated
from the aggregate length assuming each monomer is 1.4 nm long.

solvent solvent quality Ry, lit.?> (nm) L (nm) L (monomers)
CN good 15.6 54.0 39
DCB moderately good 11.7 40.5 29
CB moderately poor 13.4 46.4 33
TOL poor 255.1  883.7 631
XY poor 299.8 1038.5 742

While the transition of flexible polymers to a collapsed structure should be
favoured in poor solvents, semiflexible polymers, in which the stiffer backbone
results in bending being energetically unfavourable, are expected to show behaviour
that depends on both stiffness and solvent quality. Previous computational studies
of semiflexible polymers have reported a dependence of the equilibrium aggregate
structure on both these properties.!3* For relatively stiff backbones, bundles of
fully overlapping chains, rather than collapsed globules, are expected due to the
unfavourable bending energy. However, while these fully-overlapped bundles are

expected to be the equilibrium structure in a poor solvent, due to maximising
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favourable polymer-polymer interactions while minimising unfavourable polymer—
solvent interactions and bending energy, this structure would not lead to rod-like
aggregates of the size observed experimentally, which have lengths much larger
than that of a single chain (see Table 4.1).

The CG model for P(NDI2OD-T2) that we have developed allows us to exam-
ine its solution-phase behaviour in more detail, enabling the simulation of chain
lengths on the order of experimental lengths on a ps time scale while still maintain-
ing enough molecular detail to distinguish the important interactions and accurately
represent the highly anisotropic shape of its monomers. We first examine the be-
haviour of this model of P(NDI20D-T2) under conditions corresponding to varying
solvent quality (Section 4.3.1), observing the formation of multi-chain aggregates
with lengths much longer than a single chain in the poorer solvents. For the for-
mation of an extended aggregate to occur, we propose that two conditions must
be met: firstly that multi-chain aggregates which are not fully overlapping are
sufficiently stable that they do not separate on the timescale of further aggregation
(Section 4.3.2), and secondly that single-chain collapse (or folding) occurs on a
timescale slower than that of multi-chain aggregation (Section 4.3.3). This points to
a possible dependence of aggregation properties on concentration and chain length,
potentially explaining the apparent discrepancies between experimental work on

this polymer.225

4.3.1 SOLUTION-PHASE STRUCTURE OF P(NDI2OD-T2)

We begin by analysing the behaviour of multi-chain systems of P(NDI2OD-T2) in
"good", intermediate, and poor solvents, as defined in Section 4.2.2. The multi-chain
aggregation behaviour was examined predominantly for P(NDI20D-T2) 20mers,
although 10mers and 30mers in the poor solvent were also considered to determine
how (or if) the behaviour depended on chain length. Concentrations were chosen
to give the same value of ¢yN'/2, for polymer volume fraction ¢y, as a system of
30mers at 5 g/L as described in Section 4.2.3.2, as well as some systems at different
concentrations in an attempt to elucidate the effect of concentration on multi-chain

aggregation (for a full list of the systems studied, see the SI Table S4.1).

In order to understand the aggregation behaviour, the properties of the aggregate
and the kinetics of aggregate formation were analysed in a number of ways. For
all analyses, two chains were considered to be in the same aggregate if any of their
monomers had a backbone centre-of-mass separation of less than 7 A. The simplest

parameter considered in this work was the aggregate size N,,,, where the aggregate’s

88’
size was simply the number of chains that it contained. The time dependence of the

average value of this property is related to the kinetics of aggregation.
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The conformation of an aggregate was characterised in terms of its radius of
gyration, R, (that is the radius of gyration of the entire aggregate, not each individual

chain), and the shape anisotropy x? (again of the entire aggregate), defined as

, 3 AHASHAL

2(Ax+ A+ 202 2
where A; are the eigenvalues of the gyration tensor. This quantity is 0 for a spher-
ical aggregate, and 1 for a linear aggregate, allowing for rod-like aggregates to
be distinguished from more disordered structures that are likely to be closer to

spherical.

In all cases, aggregation occurred through interactions of the NDI groups (CG
site types 2, 3, and 6) in the n-stacking direction. This highly anisotropic aggrega-
tion behaviour is consistent with the behaviour expected of conjugated polymers,
whose attractions in the m-stacking direction are substantially stronger than via the
alkyl side-chains due to the strongly attractive m—m interactions, highlighting the
importance of accurately capturing the shape anisotropy of the monomer unit.

Aggregate size (number of chains). We first consider the growth over time of the
average aggregate size, (N,g¢(t)), in each solvent (Fig 4.2a). For 20mers in the poor
and intermediate solvents, aggregation initially occurred rapidly, with the average
aggregate size approaching three chains in the intermediate, and four chains in the
poor solvent, after 3 ps. In the better ("good") solvent, aggregation occurred much
slower, with the average aggregate size remaining under 2 chains, indicating the
presence of many unaggregated chains. The time-dependent aggregation properties
presented in Fig. 4.2a appear to be roughly independent of chain length at the same
¢y N2 (see SI Fig. S4.18), but show a strong dependence on concentration, which
will be discussed further in Section 4.3.3.

In order to get a better understanding of the long-time behaviour in the "good"
solvent, which should be representative of solvents in which some aggregation is
expected but the formation of rod-like aggregates is not, we conducted the same
simulation with lower friction in order to speed up the dynamics of the system.
Although this will not accurately capture the kinetics of aggregation in a realistic
solvent, the equilibrium behaviour should be the same. Aggregation in this low-
friction system occurred faster, as expected, but extensive aggregation was still not
observed, with the average aggregate size remaining below 2 (Fig 4.2a). This is
consistent with a conventional understanding of aggregation and solvent quality,
with aggregates becoming less stable as solvent quality improves due to the effective

polymer—polymer interactions becoming more repulsive.
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Fig. 4.2 (a) Average aggregate size (number of chains), (b) RMS radius of gyration
of aggregates, and (c) average shape anisotropy for aggregates containing at least
2 chains versus time for 20mers in varying solvent qualities. The low-friction
results in the "good" solvent are also shown (dotted blue line). Shaded regions
indicate 95% confidence intervals based on two replicate simulations. In (a),
a system with no aggregation will have an average aggregate size of 1. In (b),
the horizontal black line indicates the R, of a single 20mer in "good" solvent
conditions, calculated as the RMS R, of the final 2 us of the 20 single chain
simulations. In (c), a value of 1 indicates a rod-like structure, and 0 spherical;
unaggregated chains (aggregate size = 1) are not included in this plot as we
were predominantly interested in the structure of aggregates. Inset images show
snapshots of the same aggregate in a poor solvent at 0.7 ps and 4 ps, highlighting
the more ordered, rod-like structure at later time. The horizontal black line
indicates the shape anisotropy of a single 20mer in "good" solvent, calculated as
the average over the final 2 ps of the 20 single-chain simulations.
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Radius of gyration and shape anisotropy. The experimental SAXS results showed that
the aggregates in extremely poor solvents may be significantly larger than in better
solvents, and have a rod-like structure.?> Over time, as the average aggregate size
increased, we observed a corresponding increase in the root-mean squared (RMS) R,
(Fig. 4.2b). Separating this into the R, of aggregates of a specific size, showed that as
aggregate size (N,gq,
increased beyond that of a single chain much more rapidly that would be expected

number of chains) increased, the RMS R, of the aggregate also

if stacking in a perfect m-stacking arrangement (Fig. 4.3a). Though not yet up to the
reported hundreds of nanometers, this behaviour is indicative of the formation of
extended aggregates where chains are not fully overlapping. Due to computational
constraints, it is challenging to model a system large enough to form aggregates with
R; on the order of 300 nm as observed experimentally. These large aggregates would
require significantly larger systems (on the order of 20,000 20mers, corresponding
to almost 1,000,000 CG sites, to fill a (500 nm)> simulation box at a concentration of
6 g/L) and much longer timescales (likely at least 10s of ps) to be observed, which
is currently not feasible. However, the trend towards more extended structures as
chains are incorporated into the aggregates suggests that the formation of these

large, extended aggregates is expected.

Turning to the shape anisotropy, k2 (eqn (4.8)), a decrease in this quantity, which
classifies how close to a rod (x? = 1) or sphere (k2 = 0) the structure is, was observed
for larger aggregates (Fig. 4.3b). Although this result suggests that the larger
aggregates are branched and disordered, rather than rod-like, the formation of more
branched aggregates can be attributed to the aggregation mechanism, by which
chains initially collide with random orientation of the backbones, before ‘zipping’
up to form a more rod-like structure. Over time, these structures are expected to
become more ordered, as branches collapse onto the growing rod-like backbone of
the aggregate. This mechanism is consistent with the time-dependent behaviour of
the average 2 for aggregates of at least 2 chains (Fig. 4.2c), which initially indicated
a structure that was significantly less rod-like than the single chain, before gradually
increasing over time towards (and occasionally exceeding) the single-chain values,
corresponding to more rod-like structures. The decomposition of the curves in
Fig. 4.2¢ into aggregates of various sizes (SI, Fig S4.17) shows a corresponding

increase in k2

over time for the smaller aggregates, though it appears possible that
perfectly rod-like aggregates will never be achieved. The timescale of this process is
likely to become slower as aggregate size increases due to the slower diffusion of the

larger branches.
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Fig. 4.3 (a) RMS radius of gyration and (b) average shape anisotropy as a func-
tion of aggregate size for 20mers in varying solvent qualities, averaged over
the entire simulation. The shaded region indicates the reported R for good—
intermediate solvents, though we note that the experimental systems used chains
approximately 30 monomers in length, compared with the 20mers presented
in this plot. Horizontal black lines indicate the value of Ry or «? for a single
20mer in the "good" solvent conditions, calculated as described in Fig. 4.2. The
dotted black line in (a) is an approximation of the radius of gyration of an ag-
gregate where chains fully overlap, forming a rectangular block, calculated as
Ré = (L2/12) + (R2/12) where L is the length of a single polymer chain (here
approximated as 20 x 1.4 nm for a chain of 20 1.4 nm long monomers), and R
the dimension of the aggregate in the m-stacking direction, assuming perfect
stacking, where each additional chain is assumed to add an additional 0.4 nm to
this dimension.

4.3.2 PARTIALLY OVERLAPPING CHAINS LEAD TO EXTENDED AGGREGATES IN POOR

SOLVENTS

The results presented in the previous section show behaviour consistent with the
formation of extended, multi-chain aggregates in poor solvents, as observed exper-
imentally.?> Although we did not observe the order-of-magnitude increases of R,
due to system-size and time-scale limitations, the steadily growing RMS Ry with
aggregate size suggests that large aggregates are not unfeasible, with values already

reaching multiple times that of a single chain, and increasing much faster than
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would be expected for the formation of fully overlapping aggregates.
The aggregation behaviour observed for 20mers depends strongly on the choice
of solvent. From previous Monte Carlo simulations of a generic bead—spring model

of a semiflexible polymer,!3

it is expected that the thermodynamically favoured
aggregate in a poor solvent would be one in which all monomers between two chains
overlap to give a fully stacked structure. However, the formation of fully overlapping
aggregates would not give rise to the observed order of magnitude increase in R, for
poor solvents, nor to the smaller, though still significant and rapid increase in this
property observed in our simulations. Instead, to explain the observed formation
of large rod-like structures, chains must not be fully overlapping, allowing for the
growth of the aggregate in a brickwork-like fashion. For non-overlapping chains
to lead to significant growth of aggregates, it is necessary that these incompletely
overlapped chain pairs are sufficiently stable that they are inseparable, or at least
do not separate on the time scale of further aggregation, such that they become
effectively trapped as additional chains are incorporated into the aggregate.

To characterise whether polymer chains in aggregates were overlapping or not,
and whether they were likely to be trapped in those structures, we have defined
three order parameters: Npair, Niotal, and Nyrap (Fig. 4.4). For all three quantities,
monomers were considered to be overlapping if their centre-of-mass separation was
less than 7 A. Npair defines the number of overlapping monomers between a given
pair of polymer chains. A value of <N (or Np,;;/N < 1), where N is the polymer
chain length, indicates that two chains are only partially overlapping. Ny, extends
this parameter to include the number of overlapping monomers between a chain
and any other chain. Therefore, a value of N (or Ni,1/N = 1) indicates either a pair
of fully overlapping chains, or a chain that is fully covered by multiple other chains
in a partially overlapping fashion. Finally we considered monomers to be trapped in
an aggregated structure if they had a monomer on each face. Ni,, was thus defined
as the number of monomers in aggregates overlapping with two other monomers on

separate chains. These parameters are illustrated in Fig. 4.4.

Chain overlap fraction. As incompletely overlapping chains are required to give
a substantial increase in R as aggregates grow, we first examine the number of
overlaps between pairs of chains, Np,,;;. Note that only interactions between chains
that are considered aggregated (any monomer-monomer centre-of-mass separation
< 7 A) are counted so this variable has a minimum value of 1. It also gives no
indication of how much aggregation occurs, as chains which do not interact with
any other chains are excluded. Fig. 4.5a shows the evolution of (Np,;;) over time for
20mers at a concentration of 6 g/L in the three different solvent conditions studied.

By approximately 1 ps, the average overlap fraction (Np,i)/N of 20mers in the
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Fig. 4.4 Definition of Npair, Niotal, and Nypap for the green chain. Ny, is the
number of overlaps between a single pair of chains. Ny, is the overlaps between
a chain and any other chain. Ny, is the number of monomers on the specified
chain that have a monomer from a different chain on each face.

poorest solvent has converged to 0.4 (8 overlaps) and does not appear to increase
further over the rest of the simulation. This is well below the expected 100% overlap
predicted previously as the equilibrium structure.!3* In the "good" solvent, however,
(Npair)/N 1is still increasing, albeit very slowly. In better solvents, we expect that
chains are able to separate rapidly enough that less thermodynamically favourable
structures, being those held together by only a few monomers, do not become
kinetically trapped by the aggregation of more chains around them. Over time, this
behaviour, where thermodynamically less favourable partially overlapping chains
can separate, should give aggregates that tend toward the expected thermodynamic
minimum of fully overlapping ({(Np,i;)/N = 1) chains. While the results in Fig. 4.5a
suggest that this process may be occurring, especially in the "good" solvent, the
timescale of this process appears to be so long that it is unfeasible to observe
full rearrangement with the available computational resources. Again, we have
compared the behaviour in the "good" solvent with an equivalent system with lower
friction to attempt to elucidate the equilibrium behaviour. This low-friction system
showed greater overlaps between aggregated chains, indicating that when able, the
system appears to converge towards the expected equilibrium (fully overlapping)

behaviour.

Comparing the behaviour for different chain lengths at the same ¢y N2 (SI
Fig. S4.19), a slightly lower average overlap fraction (Np,;,)/N is observed for 20
and 30mers than the shorter 10mers, which may be attributed to slightly faster
folding of the longer single chains. This behaviour will be discussed in more detail
in Section 4.3.3. It should also be noted that in using ¢y N2 to scale the polymer
concentration, we have assumed ideal chains, from which the behaviour of our CG

model in poor solvents is likely to deviate.
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Fig. 4.5 Average (a) chain overlap fraction (Np,i;)/N, (b) total overlap fraction
(Niota1)/N, and (c) fraction of trapped monomers (Ni,p)/N versus time in multi-
chain 20mer systems. In all cases, the dotted blue line indicates the simulations
conducted in "good" solvent conditions with low friction, which should tend
more quickly towards the equilibrium structure. Shaded regions indicate 95%
confidence intervals calculated for the two replicate simulations. Only aggregated
chains (i.e. those that interact with at least one other chain) were counted
in calculating these quantities so in (a) and (b) the value can never be zero.
Accordingly, neither (a) nor (b) alone give any insight into how much aggregation
is occurring. In (c), a value of zero indicates that all monomers in the system
that are interacting with any other chains interact only on one face. For the two
"good" solvent plots, this value is always zero.
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Stability of partially overlapping chains. The differences in the time evolution of
(Npair) in "good" and poor solvents, with the structure able to rearrange towards fully
overlapping in the "good" solvent but trapped in partially overlapping structures
in poorer solvents, suggests that aggregation through fewer monomers is sufficient
to hold two chains together as solvent quality decreases. If partially overlapping
chains are effectively inseparable, at least on the timescale of becoming trapped
by further aggregation, a build-up of extended aggregates with increasing R, will
occur.

The strength of the attraction between two monomers under the different solvent
conditions was estimated from the free energy as a function of intermolecular
separation (NDI group centre-of-mass distance between two monomers) calculated
from OPES simulations (Fig. 4.6). Although this free energy was calculated as
a function of distance only (i.e. not considering the orientation of the particles,
which is important for distinguishing different aggregate geometries), the minimum
at approx. 4 A is due almost exclusively to conformations close to the 7-stacked
structure as it is the only conformation that allows such close packing. The well
depths from the free energy profiles suggest a preference for aggregation of a pair of
monomers of approximately 3.8 kcal/mol (6.4 kg T) in the poor solvent, 2.2 kcal/mol
(3.7 kgT) in the intermediate solvent, and 0.9 kcal/mol (1.5 kgT) in the "good"
solvent (kgT at T = 300 K). In the poor solvent, this attraction is sufficiently strong
that even chains held together by a single monomer are unlikely to separate often,
allowing for the build-up of large aggregates. Additionally, the convergence of
(Npair)/N to a value far less than 1 in the poor and intermediate solvents (Fig. 4.5)
indicates that with an average Np,;; of just 8 in the poor solvent, the average number
of overlaps is neither decreasing nor increasing. This finding again suggests that
chains that are much less than fully overlapping are stable for long periods of time

in the poorer solvents.

Trapping of aggregates. Although it appears that aggregates in which chains overlap
by only a few monomers are stable enough that the chains become effectively
inseparable, further aggregation, where new chains create stacked structures in
which parts of a central chain are sandwiched between two other chains, may result
in trapping of the non-equilibrium structure, making these partially overlapping
structures even more long-lived. We have quantified this as Ny, the number of
monomers that have a monomer on each face (Fig. 4.4). This parameter increased
over time in the poor and intermediate solvents, but did not go above zero in the
"good" solvent over the time simulated (Fig. 4.5¢), highlighting again that the chains
in the "good" solvent should be able to rearrange towards the fully overlapping

structure while those in the poorer solvents will eventually become trapped in the
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Fig. 4.6 Free energy as a function of centre-of-mass separation of two CG
P(NDI20OD-T2) monomers under different solvent conditions. Centres-of-mass
were taken as the centre-of-mass of atoms corresponding to the NDI groups (site
types 2, 3, 6). Well depths in each system are reported in the legend. The black
dotted line indicates —2kgT at T = 300 K. Error bars (two standard errors) are
shown and are approximately the width of the plotted lines. A comparison with
the same free energy in the AA system can be found in the SI, Fig. S4.15.

partially overlapping structures.

4.3.3 SINGLE-CHAIN FOLDING IS SLOWER THAN MULTI-CHAIN AGGREGATION FOR

SUFFICIENTLY STIFF BACKBONES

As it appears that the first condition that we have proposed for the build-up of
extended aggregates — that partially overlapping chains are able to hold two chains
together long enough for the build up of an extended multi-chain aggregate —
holds, we turn our attention to the second, related to the relative rates of multi-
chain aggregation and single-chain folding. In poor solvents, flexible polymers are
expected to collapse into globules. The single-chain conformations of semiflexible
polymers have also been extensively studied,!317133135-143 and the equilibrium
behaviour predicted to depend on both the backbone rigidity, and the solvent
quality (or equivalently the strength of the attractive intermolecular interactions
or temperature), with folded conformations such as toroids and hairpins being
relatively common. This kind of behaviour — that is, the formation of compact,
folded, structures — is neither consistent with the formation of extended aggregates,
nor the rod-like aspect ratios observed in the SAXS measurements of P(NDI20OD-T2),

1.%22, who

although it matches the lower concentration results of Steyrleuthner et a
attributed shifts in the UV-visible absorption spectra to intramolecular aggregation
of P(NDI2OD-T2). We therefore propose that this folding process occurs slower than

the multi-chain aggregation of P(NDI2OD-T2) chains at the concentrations studied
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via SAXS, if indeed the backbones are flexible enough that folding is favoured at
all, and that once aggregated, further folding becomes significantly less favourable.
As this is a kinetic effect, it should have a concentration, and possibly chain length,
dependence, explaining the discrepancy between the two sets of experimental

results for the same polymer/solvent systems.??2>

Single-chain folding: expected structure and kinetics. Single CG P(NDI20OD-T2)
chains were studied in the extreme solvent conditions (poor and "good") for flexible
and regular backbones of length 10, 20, and 30 monomers. Three broad classes
of structure were observed and distinguished by their radius of gyration Rg and
shape anisotropy x?: the extended chain (large radius of gyration, shape anisotropy
> 0.5), hairpin (smaller radius of gyration, shape anisotropy > 0.5), and toroid
(small radius of gyration, shape anisotropy < 0.5). Over 20 independent 10-25 ps
simulations, most chains (whether regular or flexible) displayed a transition to a
folded conformation within 10 ps in the poor solvent, but remained extended in
the "good" solvent. The exception to this behaviour was for the 10mers, which were
too short to consistently give folded structures even within the 25 ps time period
in the poor solvent, assuming the folded structure even has significant probability
at equilibrium for such short chains. Collapsed structures were either hairpins or
toroids, with the 2D distributions as a function of Rg and «x2, calculated at early
(0.5-1 ps, corresponding to the time required to achieve an average aggregate size
(Nagg(t)) ~ 2 in the multi-chain simulation), intermediate (4.5-5.5 ps), and late
times (9-10 ps) given in Fig. 4.7 (early time), and SI, Fig. S4.20 (intermediate and
late time). Fig. 4.7 highlights that, while some chains may have folded by 1 ps,
most chains, especially for the regular flexibility backbones, remain extended on the
timescale of initial multi-scale aggregation. The more flexible backbones fold faster,
and a greater proportion of these are expected to be folded prior to multi-chain
aggregation occurring.

To determine an approximate timescale for the folding process, we have fit the
mean-squared radius of gyration (averaged over the 20 independent single-chain
simulations for each chain length, flexibility, and solvent quality) to an exponential
of the form?83

(Rg(t)) = aexp(=(t/7,)) +(R2 ;) (4.9)

g,min

where (Rémin> is the equilibrium mean squared radius of gyration for each chain

length and 7, is the folding timescale. a is an additional fitting coefficient. <R§,min>
was fit for both chain flexibilities in the poor solvent, but as the chains did not fold
in the "good" solvent the values calculated for the corresponding chains in the poor
solvent were used to fit the folding time in the "good" solvent. In the poor solvent,

flexible chains had 75 on the order of 1 us and regular chains between 3-20 ps. This
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Fig. 4.7 2D histogram of the radius of gyration R, and shape anisotropy k2
calculated over 20 independent simulations of various chain lengths in poor
solvent conditions. The distributions were calculated over the period 0.5-1 s,
corresponding to the time by which the average aggregate size (N,g¢(t)) in the
poor solvent for both flexible and regular backbones was approximately 2 in
the multi-chain simulations. The Ry is normalised by Rg may, the Rq of a fully
extended rod, with Ré =L1?/12 and L = 1.4 nm per monomer. Representative
structures of some of the more common conformations are shown near their
corresponding peak in the distribution. The colour scale is the same in all cases
with darker regions corresponding to higher probability.
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timescale is indicative of the time for single chains to fold (Fig. S4.22, Table 4.2).
Slower chain collapse for stiffer chains is consistent with previously reported studies
on the kinetics of single chain behaviour as a function of semiflexibility.!3> In terms
of the dependence of the kinetics of chain collapse on molecular weight (chain
length), scaling of the folding rate with N''/3 has been previously reported.'3® The
regular chains in the poor solvent showed behaviour consistent with this scaling (SI
Fig. S4.23), while those in the "good" solvent did not fold within 10 ps.

Table 4.2 Fit parameters to eqn (4.9) for the various single-chain systems with
chain length N. Fits are shown in Fig. 54.22 and S4.21. The values of Ré,min
calculated for both chain flexibilities in the poor solvent were used for the systems
in the "good" solvent. The final two columns list the single chain folding time, 7,
and approximate coagulation time, 7., calculated as the time for the single-chain
concentration to drop to 25% of the original concentration for each system. The
poor solvent system indicated with a * uses a lower viscosity solvent with friction
coefficient 1/10 of the value of the other systems. Where 7. = N/A, the single-
chain concentration in the multi-chain systems remained higher than 25% of the
original concentration over the course of the entire simulation. Where 7. is not
given, multi-chain equivalents of these systems were not studied. Coagulation
times reported here are for the multi-chain systems at constant ¢yN'/2. The
values for systems at different concentrations are given in the SI Table S4.1.

solvent flexibility N (monomers) a (A?) Ré,min (A%) 1o (us) 7. (us)

poor regular 10 847.64 326.57 19.78 0.42
poor regular 20 2338.40 934.60 5.61 0.69
poor regular 30 5532.71 1743.18 3.39 0.60
poor” regular 20 2694.05 971.07 0.37 0.06
poor flexible 10 768.04 324.33 1.15 -
poor flexible 20 2256.38 654.63 1.61 N/A
poor flexible 30 3015.52 1682.00 1.17 -
"good"  regular 10 910.80 326.57 >100 -
"good"  regular 20 2736.18 934.60 85.59 N/A
"good"  regular 30 4630.85 1743.18 > 100 -
"good"  flexible 10 648.43 324.33  >100 -
"good"  flexible 20 1914.58 654.63 > 100 N/A
"good"  flexible 30 2509.32 1682.00 > 100 -

Kinetics of multi-chain aggregation. The aggregation kinetics were approximated
based on the depletion of single chains in solution, from which the aggregation
time 7. was approximated as the time for the concentration of unaggregated chains

in solution to fall to 25% of the original concentration. The values of 7. for the
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multi-chain systems studied are given in Table 4.2 alongside the timescales of the
corresponding single-chain folding. For 20mers of regular backbone flexibility in
poor solvent, the aggregation timescale is almost 10 times faster than single-chain
folding.

Controlling relative rates of single-chain folding and multi-chain aggregation. As the
multi-chain behaviour described above is kinetically controlled, it is expected to
depend on the concentration of the system. If it is assumed that multi-chain aggre-
gation is a diffusion-limited bimolecular process, that occurs via binary collisions
(all of which lead to aggregation) between spherical aggregates of one chain to give
an aggregate of two chains, it can be shown, for the conditions studied here under
which coagulation occurs on times scales significantly shorter than R?/D, where R
is the typical size and D the typical diffusion coefficient of the aggregating species,

that the coagulation time scale can be approximated as
7.~ f(N)/c? (4.10)

where ¢ = CN is the monomer concentration (or, equivalently, the mass concen-
tration) for chains of length N and concentration C, and f(N) is some function
of N that depends on the simulation system properties and conditions besides ¢
(see derivation in the SI Section S4.10). We define a critical monomer (or mass)
concentration, cf, at which multi-chain aggregation, 7, is expected to occur on
the same timescale as single-chain collapse, 75, by setting 7. = 7,. Combined with
eqn (4.10), this gives

1/2
M) (4.11)

H(N) ~ ( .
where f(N) can be determined from 7. and ¢ measured in the multi-chain simula-
tions. The value of this concentration for regular-flexibility backbones of different
chain lengths, N, in the poor solvent is shown in Fig. 4.8. Points on this plot corre-
spond to the critical crossover concentration, below which single-chain folding is
expected to occur faster than multi-chain aggregation.

The expected scaling of ¢ with chain length N can be calculated assuming ,

scales as N~1/3

, and that the polymer conformation initially corresponds to that in
a good solvent (Flory exponent v ~ 0.6). In the absence of hydrodynamics, which
is neglected in the Langevin dynamics simulations that we have used, the polymer
diffusion coefficient should scale with N=!, which gives, under conditions corre-
sponding to this work, a predicted scaling of ¢ ~ N04 (eqn (4.63); see Section S4.10

for a derivation of this expected scaling). Overall, we observe scaling of

ct~0.51N042 (4.12)
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Fig. 4.8 Scaling of the crossover concentration at which the timescale of single
chain folding and multi-chain aggregation are expected to be equal, ¢, with chain
length N. Where multiple points are present for the same chain length, they
were calculated using 7. from multi-chain simulations at different concentrations
or solvent viscosity. Solid circles indicate the values of c' calculated from the
Langevin dynamics simulations (i.e. with no hydrodynamics). Lines of best fit to
the Langevin dynamics data are shown in red (calculated using the weighted least-
squares method as implemented in scipy.optimize.curve_fit), with the dashed
line showing the scaling expected from the theory (~ N%4%), and the solid line
the observed scaling from simulations. The grey circle for N = 20 corresponds
to the low friction system in poor solvent. This point was not included in the
fit. 7. was calculated as the time for the concentration of single chains to fall
below 25% of their original concentration. Unfilled squares are the values of c*
corrected for hydrodynamic interactions using eqn. (4.13). Grey lines indicate
the scaling with the hydrodynamic correction included, calculated from the
fits for both the theoretical (dashed lines) and simulation (solid lines) scaling
without hydrodynamics (eqn (4.14); with ¢y and A taken from the best fit (or
theoretical scaling) to the simulation data, given by the red solid (dashed) lines.
¢o = 0.51 (0.44) and A = 0.42 (0.46)). The value of ¢" at N = 180, corresponding
to the work in ref 22, is indicated on the graph. This value was calculated
from the theoretical scaling both with (cLLtheory) and without (conLtheory) the
hydrodynamic correction.

from the Langevin dynamics simulations, which is remarkably close to the expected
scaling of N%46 obtained from the simple theory considering the numerous assump-
tions that have been made. Probably the most significant of these assumptions is
that aggregation only occurs between two single chains to give an aggregate of size
2. This is not the case for the simulations studied in this work, in which many aggre-
gates form containing more than 2 chains (see Fig. 4.3). In addition, the definition
of 7. as the time taken for the concentration of single chains to fall to 25% of the
original concentration, although consistent with the notion that the coagulation
time scale should correspond to when most chains are in aggregates, is somewhat

arbitrary. Nevertheless, an alternative physically motivated measure of 7. as the
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time for the average aggregate size in the simulations to reach 2, gives a similar
scaling prediction of ¢’ ~ N%47 indicating that our definition of 7, is reasonable.
Considering the large uncertainties in the values of ¢ for certain chain lengths
(which predominantly arise from uncertainty in the rate of multi-chain folding), the
simple theory still matches the observed scaling relatively well.

It should be noted here that neither these calculated concentrations, nor the
theory presented in the SI, Section S4.10, consider how the process of single-chain
folding will affect the multi-chain aggregation rate. As chains fold, they gradually
become more compact, which will increase the distance required to diffuse to
interact with another polymer chain. There is therefore a complex interdependence
between the degree of chain folding at a given time and the collision rate of polymers
that cannot be fully captured by the simple model used here. This means that the
estimated crossover concentrations are a lower bound: accounting for chain collapse
during aggregation will increase the concentration at which aggregation dominates
single-chain collapse. Nevertheless, especially for the shorter chains, for which
the size difference between a fully extended and collapsed chain is less significant,
the calculated concentrations should be a reasonable approximation to the actual
concentrations at which folding may occur faster than interchain aggregation.

Although these simulations used Langevin dynamics, in which hydrodynamic
interactions are neglected, an approximate correction to account for the effect of
hydrodynamics on the polymer diffusion coefficient can be applied (see SI Sec-
tion S4.10, eqns (4.66)—(4.74)). This amounts to

v o\1/2
N ) (4.13)

+ _ 1
CHI = ChoHI N+N”

where the subscripts "noHI" and "HI" indicate the absence and presence of hydro-
dynamic interactions, respectively. For N > 1 and v < 1, the expected scaling of c*
with N becomes

b (N) - 6N 201 (4.14)

where ¢ is a constant, and A a scaling exponent obtained from the fit of the Langevin
dynamics simulation values of ¢' for which c:rloHI(N) = ¢oN*. The values of ¢ ob-
tained from eqn (4.13) are included in Fig. 4.8, along with the theoretical scaling
of cf;; with N from eqn (4.14). Note that the rate of single-chain folding was not
adjusted for hydrodynamics as it is expected to depend on the rate of monomer
diffusion rather than that of the whole polymer. The monomer diffusion coefficient
was parameterised in the CG Langevin dynamics simulations to match that in the
explicit-solvent AA simulations, which include hydrodynamic interactions. Accord-
ingly, the Langevin dynamics simulations effectively account for hydrodynamics at

the monomer level.
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Examining the value of c¢' at conditions corresponding to those used in the work
of refs 25 (30mers, c & 5 g/L) and 22 (180mers, ¢ < 1 g/L) highlights the utility
of this parameter. For 30mers, such as those used in ref 25 for which extended
rod-like aggregates were observed, the critical concentration is predicted to be
approximately 1 g/L accounting for hydrodynamics, well below the concentrations
used in the experiments. At concentrations of 5 g/L (roughly corresponding to
the concentrations used in the simulations conducted in this work) multi-chain
aggregation is therefore expected in preference to chain collapse, giving rise to the
observed rod-like aggregates. The effect of concentration on the behaviour of a
number of different systems that are otherwise identical is given in the SI, Fig. 54.24,
highlighting that more rapid aggregation, and the formation of larger aggregates,
is indeed observed at higher concentrations. Extrapolating the observed chain
length dependence (Fig. 4.8) to longer chains (e.g. 180mers, consistent with ref 22),
single-chain folding is expected to be the dominant pathway at concentrations up to
approximately 2 g/L. These concentrations are above those used in the experiments
of up to 1 g/L.?? The predicted folding behaviour is therefore consistent with the
experimental observations for these longer chains at lower concentrations. This
kinetic effect, by which the relative rates of single chain folding and multi-chain
aggregation are important for predicting the structure of any aggregates, reconciles
the apparent discrepancy in the experimental studies, and highlights the impor-
tance of both concentration and chain length for achieving the desired thin-film

morphology.

It is important to note here that c™ has very different scaling with N from the
overlap volume fraction ¢*, which has been used previously*® to predict aggregation
properties. The work of ref 43, which considered only a single polymer (DPP-DTT,
which is significantly different chemically to P(NDI2OD-T2)) at concentrations close
to the overlap concentration, suggested that the optimal concentration for achieving
high performing organic field-effect transistor (OFET) devices is the polymer overlap
concentration. If this is the case, the optimal concentration is expected to decrease
with N, and ¢’ should be constant for constant ¢yN'/2. Fig. S4.25a shows that
this is not the case for the simulations in this work, with the value of ¢pyN/? at
which 7, = 7. showing a dependence on N. This chain length dependence would
not be expected if ¢y N'/? were a good parameter for controlling aggregation. Our
work suggests that there is a lower concentration (at least for some range of chain
lengths) that might more accurately predict the transition to extended aggregates
correlated with good device performance. This concentration is determined by the
relative rates of single-chain collapse and multi-chain aggregation and scales in
the opposite way with N compared with the overlap concentration. It should be
noted, however, that the model presented in this work (SI Section S4.10) breaks
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down at the overlap concentration as aggregation will be instantaneous at this
concentration (giving 7. = 0), and so the crossover concentration becomes ill-defined.
The values of ¢’ calculated from the short chain simulations are well below this
overlap concentration (approx. 25 g/L for 30mers, assuming the size is the radius of
gyration in a good solvent, and higher for shorter chains), though are approaching
the estimated overlap concentration for 180mers (approx. 6 g/L, calculated using
the scaling of R; with N obtained from the shorter chains in good solvent). This
calculated overlap concentration is, however, a lower bound on the value, which will
be higher in poor solvents where single chains are more collapsed, so the estimated

values of ¢’ for 180mers are still expected to be reasonable.

Effect of solvent viscosity on relative rates of single-chain folding and multi-chain ag-
gregation. All of the previous analysis was conducted using the same solvent
viscosity (friction coefficient chosen to match monomer MSD of CG system with
AA monomers in DCB) in order to facilitate comparison between different solvent
qualities. However, the viscosity of TOL (0.560 mPa-s at 25°C) is approximately
half that of DCB (1.324 mPa-s at 25°C).284 It is therefore important that the effect of
viscosity on the competition between single-chain folding and multi-chain aggre-
gation be considered, as it should affect the rates of both processes. Based on the
theory presented in the SI Section S4.10, the rates of both single-chain folding?8>
and multi-chain aggregation are expected to scale linearly with viscosity, as they
both depend on the diffusion coefficient of either the monomer or polymer, which
from the Stokes-Einstein equation are inversely proportional to solvent viscosity.
To determine the effect of viscosity in the simulations, the single-chain folding
and multi-chain aggregation timescales were calculated for a system with Langevin
friction coefficient y = 1/10ypcp, where ypcp is the value used for all other simula-
tions in implicit DCB. The calculated time constants for single-chain folding ()
and multi-chain aggregation (7.) are given alongside the DCB-viscosity results in
Table 4.2. Both the single- and multi-chain aggregation timescales were found to
scale approximately linearly with y, indicating that while viscosity will change 7.
and 7, it will do in such a way that it is not expected to change the calculated value
of c*. Indeed, the low viscosity system is included as one of the 20mer points in
Fig. 4.8 and shows roughly the same scaling of ¢’ with N as the higher viscosity

points.

Effect of aggregation on backbone stiffness. The structure of P(NDI20OD-T2) consists
of a fused-ring NDI system, connected through a bTh group. Any flexibility of
the backbone must therefore come from the rotatable Th-Th and Th-NDI bonds.
As aggregation occurs in a manner in which both the NDI and the Th groups =

stack, aggregation has the effect of reducing the flexibility of the chain. The Kuhn
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length b of a single 30mer, and each chain in a pair of aggregated (fully overlapping,
Npair/N = 1) 30mers are compared in Table 4.3. The Kuhn length increased from
approximately 8 in the single chain case, to 20 monomers in the fully overlapping
aggregate, corresponding to a substantial increase in bending rigidity («xy, = bkgT/2
for a worm-like chain?®). This increased backbone stiffness means that folding of
sections of the polymer where aggregation has occurred (meaning a monomer is

interacting with at least one other monomer) becomes highly unlikely.

Table 4.3 Kuhn length b (number of monomers) and bending rigidity x}, of
either a single chain (30mer, regular backbone flexibility, poor solvent, averaged
over 20 independent simulations over the 0.9-1 us time period of the 10 ps
simulations described above), or a single chain in a pair of fully overlapping
chains (30mers, regular backbone flexibility, poor solvent, averaged over each
chain in the aggregate over the final 100 ns of a 1 us simulation). The values for
the more flexible chain, and both chains in the "good" solvent, are given in the SI
Table S4.3. The Kuhn length is reported as the number of monomers, where each
monomer is assumed to be 14 A long.

system b (monomers) «y (kcal/mol.A)
single chain 7.66 31.98
aggregated chains 20.00 83.44

To determine whether this regime, where the chains are so covered as to pre-
vent further folding, is relevant for the aggregation observed here, the fraction of
monomers in aggregates that interacted with other monomers in any other chain
was calculated. This variable, Nyy,1/N, defined in Fig. 4.4, gives the total number
of monomer-monomer interactions between one chain and any other chain. In
the poor and intermediate solvents, this quantity was in excess of 80% of the full
chain length (about 16 monomers for 20mers; Fig. 4.5b) after 4 ps of simulation,
indicating that chains that are in aggregates are almost fully covered by other chains.
Although the small regions where chains are not overlapped may still be able to fold,
the aggregates will be substantially stiffer than the single chains, and effectively
stuck in an extended state, from which the further build up of extended rod-like

structures can occur.

Effect of backbone flexibility on multi-chain aggregation. To better understand the
effect of the single-chain folding kinetics on the multi-chain aggregation properties,
we examined the same P(NDI2OD-T2) polymer with an artificially flexible backbone.
The flexible backbone had angle bending and dihedral coefficients between NDI and
thiophene groups reduced to 1% of the values for the regular flexibility chain. Single
chains of this flexible polymer exclusively collapsed into more compact structures

within the 10 ps single-chain simulations, with relaxation times on the order of

- 146 -



4.3.3. Single-chain folding is slower than multi-chain aggregation for sufficiently stiff backbones

1 ps, rather than remaining extended (Figs. 4.7, S4.20, and S4.22). At the same
concentration as the regular flexibility 20mers (6 g/L), the flexible 20mers did not
meet either of the metrics discussed above for the calculation of 7. (single chain
concentration fallen to 25% of the original concentration, or an average aggregate
size of 2) within the simulation time of 3 us. Given the value of 7, of ~ 1 us for
these chains, this corresponds to a critical concentration c' of > 6 g/L. It is therefore
expected that much more single-chain collapse would be expected here than in
the corresponding stiffer chain system, in which multi-chain aggregation should

generally occur before chains have a chance to collapse.

Comparing the aggregate size (number of monomers) and radius of gyration of
the flexible and regular backbones showed a slower rate of aggregate growth, and
generally more compact structures for the flexible chains than the stiffer regular
chains (Fig. 4.9) as expected from the relative rates of folding and aggregation.
This behaviour can be attributed to a more rapid collapse into hairpin/toroid
structures, which has the twofold effect of reducing the collision rate due to the
more compact structures, and giving more compact structures when collisions do
occur as chains may already be partially collapsed. Examining a system with an
even lower concentration showed the same behaviour, with very little multi-chain
aggregation observed over the simulated time period (Fig. 4.9a). While there was still
a brief initial aggregation period, during which chains that were initially positioned
close to each other were able to aggregate prior to folding, little aggregation was
observed after this point with the average aggregate size remaining well below 1 over
the entire simulation period. Although multi-chain aggregation is not completely
prevented at this lower concentration, it is greatly suppressed and could be expected

to lead to different final aggregate properties, as observed experimentally.?%2>

The lower radius of gyration of the flexible chains in poor solvent observed in
Fig. 4.9b could be attributed to both less aggregation than for the regular-flexibility
backbone and more compact aggregates even when consisting of many chains. From
the behaviour in Fig. 4.9a, the flexible-chain aggregates were generally smaller
(contained fewer polymer chains) than those with the regular backbone flexibility,
indicating that less aggregation does occur as previously discussed. From examina-
tion of the R, and «? of aggregates of various sizes (Fig. 4.10) it can also be seen that
when larger aggregates did form with the flexible backbone, they were generally
more compact (lower R,) than their regular-flexibility counterparts, though the
scaling of x? with aggregate size, particularly in the poor solvent, appeared random,
likely due to the fewer aggregates of each size leading to poorer statistics. Overall, it
appears that the more rapid single-chain collapse of the flexible polymer leads to a
stronger preference for intrachain aggregation compared with the regular flexibility

chain. This has the combined effect of reducing the number of aggregates, due to
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Fig. 4.9 Comparison of the multi-chain aggregation kinetics of flexible and
regular 20mers in "good" and poor solvent. (a) Average aggregate size (number
of chains in aggregate, (N,gq(f))) and (b) RMS R, over time. The horizontal black
line in (b) indicates the value of the RMS Rg for single, regular flexibility, chains
in the "good" solvent, calculated as described in Fig. 4.2. The results for flexible
chains in the poor solvent at two concentrations that are expected to be lower
than ¢’ (2 and 6 g/L) are also presented (dotted and dashed red lines).

the greater distance required for the more compact aggregates to diffuse in order
to aggregate, and giving slightly more compact aggregates where aggregation does
occur. Similar behaviour could likely be obtained in a more dilute system of stiffer
chains, which, although they take longer to fold, could be expected to collapse prior

to extensive multi-chain aggregation at low enough concentration.
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Fig. 4.10 (a) RMS R, and (b) average shape anisotropy 2 as a function of aggre-
gate size for regular (filled symbols) and flexible (unfilled symbols) backbones
in a "good" (blue triangles) or poor (red circles) solvent at a concentration of
approximately 6 g/L. Horizontal grey lines indicate the values of R, and «? for
single 20mers of the regular backbone in "good" solvent.

4.4 CONCLUSIONS

The solution-phase morphology and dynamics of OSC polymer P(NDI2OD-T2) was
studied using CG MD simulation in order to understand the reported formation
of extended rod-like aggregates in poor solvents. We found that sufficiently strong
intermolecular attractions (equivalent to poor solvent quality), for which interaction
through only a few monomers resulted in effectively inseparable chains, led to the
build up of extended aggregates of partially overlapping chains. Although we were
not able to observe the formation of aggregates of the size observed experimentally
(on the order of 100s of nm) due to computational limitations, the formation of
aggregates with radius of gyration exceeding that of a single chain in the simulations
suggests that these larger aggregates should indeed be able to form. Over time, a
trend towards more linear, rod-like aggregates was also observed, consistent with

the experimental results.

We proposed that this behaviour, which is not predicted by existing theories

of polymer solubility in which decreasing solvent quality is conventionally asso-
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ciated with chain collapse, is due to the relative rates of multi-chain aggregation
and single-chain folding. The formation of extended aggregates is expected under
conditions in which aggregation occurs faster than folding, assuming interchain
attraction is strong enough to hold chains together in an only partially overlapping
chain configuration. Firstly, we have shown that under conditions that correspond
to P(NDI2OD-T2) in poor solvent toluene, at concentrations representative of ex-
periments where rod-like aggregates were observed, aggregated chains overlap by
only around 40% of their full chain length. Under conditions corresponding to
a better solvent, this overlap fraction is still increasing over the timescale of the
simulations, and is expected to reach upwards of 70% overlap. This finding is
consistent with the difference between the experimentally observed behaviour in
good—-intermediate and poor solvents, with rod-like aggregates observed in the poor
solvents, and structures in the better solvents showing sizes consistent with single
chains, despite some aggregation occurring, suggesting almost fully overlapping

chains.

For semiflexible polymers, a class that describes many OSCs, the folding of a
single polymer chain is expected to depend on the chain stiffness. By comparing
CG simulations of P(NDI20D-T2) with a backbone parameterised to match the
flexibility of the all-atom model with those of a much more flexible equivalent, we
found more rapid folding of the flexible chain than that with regular flexibility. In
both cases, the folding rate also displayed a chain-length dependence, increasing
with increasing chain length as has previously been reported.!*® By comparing the
approximate time for single-chain folding and that characterising multi-chain aggre-
gation in the poor solvent, we were able to determine approximate concentrations
at which each of these processes should be expected as the dominant pathway. A
theory relating this critical concentration to chain length was developed, and the
simulations were found to be in excellent agreement with the predictions. The
critical concentration depended both on backbone flexibility, with a more flexible
backbone expected to result in predominantly single-chain folding at higher concen-
trations than a more rigid one, and chain length, with longer chains transitioning
from single-chain folding to multi-chain aggregation at higher concentrations due
to their more rapid folding. In comparing the simulated solution-phase behaviour
of flexible and regular P(NDI2OD-T2) chains, this proposed dependence was ob-
served, with the more flexible chains giving more compact structures and less
multi-chain aggregation. This finding rationalises apparent discrepancies between
experimental measurements of the P(NDI2OD-T2):TOL system?>?> and emphasises
the importance of both concentration and chain length on predicting solution-phase

behaviour.

Overall, multi-chain aggregation, resulting in the formation of extended rod-like
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aggregates, is expected to occur under conditions in which

1. partially overlapping chains are inseparable over large timescales such that
they do not rearrange to the energetically favourable fully-overlapped chains

before becoming trapped, and

2. single-chain folding occurs slow enough that it is not expected to occur before

multi-chain aggregation prevents further folding.

The relative rates of the single- and multi-chain pathways that control the second
of these conditions depend on the the polymer concentration, chain length, and
backbone flexibility. Although we have assumed these processes to be independent,
they are likely to show a complex interdependence, with the progress along the
single-chain folding pathway affecting the aggregation rate. A more complex model
that accounts for these processes more completely, as well as explicitly including the
effects of hydrodynamics, and potentially considering polydisperse systems rather
than the monodisperse ones considered here, will further improve understanding of
the solution-phase behaviour of semiflexible polymers. Finally, we have studied this
behaviour using a CG model systematically parameterised to accurately represent
P(NDI2OD-T2). However, these results are not expected to be specific to just
this molecule, with the reported dependence of the solution-phase morphology
on solvent quality, backbone flexibility, concentration, and chain length, likely

applicable more generally to any semiflexible polymer.
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Supporting Information

S4.1 PARAMETERISATION OF ALL-ATOM MODEL OF P(NDI2OD-T2)

The all-atom model of P(NDI20OD-T2) was parameterised following the method
outlined in ref 24 for conjugated polymers in the OPLS force field.?#202 As de-
scribed in the main text, the charges were averaged over atoms in the same chemical
environment to reduce the number of parameters.

The full set of parameters, as well as the definition of atom and bond types for
each site are given in Section S4.14 of this document.

To increase the symmetry and reduce the number of atom types required, a
monomer of P(NDI20D-T2) was considered as a symmetric equivalent to its more
commonly represented naphthalene diimide (NDI)-bithiophene (bTh) structure,
with the bTh group split between the ends of the monomer (Fig. S4.1). Within a

polymer chain, this will give exactly the same structure, with the only difference

m

being at the terminal monomers.

m

a) Asymmetric b) Symmetric

m
oe “
m

Fig. S4.1 Structures of the (a) more commonly used asymmetric, and (b) our
symmetric representation of monomers of P(NDI2OD-T2).
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s4.1.1 ATOMIC POINT CHARGES

Atomic point charges were calculated separately for the bTh and NDI conjugated
entities of the backbone as described in ref 24. Each unit was terminated with a
thiophene ring at each end to mimic the environment of a fully conjugated backbone,
the alkyl sidechains on the NDI group truncated to methyl groups after the tertiary
carbon (i.e. -N-CH,-CH-(CHj;),), and the geometry optimised at the B3LYP/6-
31+G** level. ChelpG charges for the optimised geometries were used as atomic
point charges. Due to the symmetry of the P(NDI2OD-T2) monomer, atoms in the
same chemical environment were assigned the same atom type (see Fig. S4.29 for
the P(NDI2OD-T2) atom types), and their charge averaged over equivalent atoms in
the system. Any excess molecular charge, related to the introduction of the terminal
thiophenes and truncation of the side-chains, was added to the carbon atoms that
connect the side-chains to the backbone (i.e. the CH, group bonded to the N,
site type 955 for monomer unit or central monomer of polymer, 957 for terminal
monomer of polymer; see Fig. S4.29 for definitions). OPLS charges?0>268-273 were

used for the atoms in the alkyl chains.

s4.1.2 BONDED POTENTIALS

While most bonded parameters were obtained from a combination of the OPLS
force-field parameters for equivalent atom types and the optimised geometries of
a P(NDI20OD-T2) monomer, with the bond lengths and angles from the optimised
geometries and the force constants from the OPLS force field, the parameters for
the bond lengths and angles between the NDI and thiophene (Th) conjugated
entities were obtained from quantum-chemical calculations. Specifically, the NDI-
Th bond and the NDI-Th and Th-Th dihedrals were explicitly parameterised using

constrained geometry optimisations.

NDI-Th bond

The NDI-Th bond was parameterised from the energy of the entire asymmetric
monomer unit (B3LYP/6-31+G**) with the length of the NDI-Th bond fixed at
0.01 A intervals from Iy — 0.1 to Iy + 0.1, where I, is the bond length determined
from the unconstrained optimisation. The potential energy was fit to a harmonic

potential of the form

Uparm(1)(1) = ky (1 - o) (4.15)

where ky, is the bond stretching coefficient (half the force constant), and [j again the

bond length in the unconstrained optimisation (Fig. S4.2).

-154 -



S$4.1.2. Bonded potentials

4.0 === Ul',","nﬂ‘ =345 kcal/mol (I —1.468 f{)z
3571
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Fig. S4.2 Fit to the NDI-Th bond potential. Constrained optimisations were
performed at each of the points shown, at 0.1 A intervals from the optimised
bond length of 1.468 A. Dashed line indicates the fit to the form Upgng = ky(I~1p)?,
where [ is the value of the bond length in the unconstrained optimisation. All
data with Upgpg < 2 kcal/mol were used for the fit.

Dihedral potentials

The explicitly parameterised dihedral potentials in this work used the form

Ugthy(i)(¢) = ) kycos™(¢) (4.16)
n=0

where ¢ is the dihedral and k,, are fit parameters. In LAMMPS this is implemented
as the "multi/harmonic" dihedral style for m = 4. For the Th-Th and NDI-NDI
dihedrals we use m = 4 and 8 respectively. For m = 4, the dihedral form in eqn (4.16)

is equivalent to the more commonly used OPLS dihedral, which has the form

UQPLS () = %kl (1 + cos(¢)] + %kz (1= cos(2)] + %k3 (1 +cos(3)] + %k4 (1 = cos(4¢)]

(4.17)
where k,, are fit parameters, but is more flexible when m > 5. The more flexible form
of eqn (4.16) with m = 8 was required to accurately capture the height of the barrier
at ¢ = 0 for the NDI-NDI dihedral, but m = 4 was found to be adequate for the
NDI-Th dihedral (see Fig. S4.3)

For both the NDI-Th and Th-Th dihedrals, 4 different combinations of atoms
define the same dihedral due to the connectivity of the conjugated units. Rather than
parameterise four interdependent dihedral potentials to define the dihedral between
each unit, we have set the parameters of three of these to zero, and parameterised
the one remaining, effectively capturing the effect of all four possible dihedrals in
one set of parameters. The definition of the two dihedrals, and the atoms used for

their parameterisation, is shown in Fig. S4.4.
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Fig. S4.3 Comparison of the dihedral form (eqn. (4.16)) with m =4 or m = 8 for
fitting to the (a) Th-Th and (b) NDI-Th dihedrals. The points labelled RIMP2
are the energies obtained from quantum calculations. For the final parameters
we use the fit parameters with m = 4 for the Th-Th potential, and m = 8 for the
NDI-Th.

Fig. S4.4 The structure of a P(NDI20D-T2) monomer unit, with the atoms used
to define the NDI-Th (blue) and Th-Th (orange) dihedrals highlighted.

In order to calculate the dihedral potentials, the following procedure was fol-

lowed, as outlined in ref 24:

1. Geometry was optimised (B3LYP/6-31+G**) with the dihedral of interest
fixed at 10° increments from —180 to 180°. Each optimisation started from
the optimised geometry of the immediately preceding calculation, leading to
structures getting trapped in non-optimised geometries, particularly around 0
and 180°, giving a non-symmetric potential. To obtain a symmetric potential,
additional optimisations were carried out in the opposite direction from —160
to —180°, and from 20 to 0°, both at 5° intervals and the energy of these

structures used.

2. RIMP2/cc-pVTZ single-point energy calculations on the optimised geometries
with the single dihedral fixed were used to construct the MP2 dihedral poten-
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tial, which was fit to eqn (4.16) to give the five (or nine) coefficients k,. The
results of these calculations, and the fits to the obtained potentials are shown
in Fig. 54.3.

. The potential energy as a function of dihedral angle in an molecular dynam-
ics (MD) system, including other bonded and non-bonded interactions, was
obtained and compared to the previously obtained RIMP2 potential. As the
dihedral energy in the MD simulation will be influenced by the non-bonded in-
teractions (in OPLS the 1-4 interactions, being those between atoms separated
by three bonds, are set to 0.5x their full value, which has been done in this
work), the dihedral potential obtained from the quantum calculations cannot
be used as is. The relevant dihedral potential for accurately modelling the
behaviour in the MD simulation is the difference between the RIMP2 potential,
and that obtained from an equivalent MD system, again calculated with the
dihedral constrained at various positions over the whole 360° interval. For the
NDI-Th dihedral, an energy minimisation at each constrained dihedral some-
times resulted in the structure becoming trapped in local minima (similarly
to in the geometry optimisations outlined in step 1), so the MD potential was

calculated using the following cooling protocol:

a) Dihedral of interest restrained to ¢, at 10° intervals between 0 and

360°with a restraining potential of the form

Utest = krest [1 + COS(”‘P - (‘PO))] (4-18)

with kyes; = 5000 kcal/mol and n = 1.

b) The system was cooled from 100 K to 0 K, with temperature controlled

using a Langevin thermostat (y = 0.01, see eqn. (4.2)) over 100 ps.

c) The system was run for an additional 10 ps at 0 K, then the energy
minimised.
d) This final minimised energy at each value of the dihedral constraint was

used to construct the potential energy in the same way as for Fig. 54.3.

For the Th-Th dihedral, the energy with the dihedral restrained as outlined
above was simply calculated from an energy minimisation of the structure

rather than following the cooling procedure.

. The potential obtained from the MD energy minimisation procedure was then
fit to the same form as that from the quantum calculations (eqn (4.16) with
m = 4 or 8). The difference in the coefficients from the quantum fit and the
MD fit then gives the final coefficients for the potential in the MD force field.
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A comparison between the dihedral potentials calculated from the quantum

calculation and the final MD force field parameterisation is shown in Fig. 54.5.
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Fig. S4.5 Comparison of dihedral potentials calculated from quantum calcu-
lations (black circles) or MD simulation with the final force field parameters
(red squares) for (a) the Th—Th torsion, or (b) the NDI-Th torsion. Both show
reasonable agreement between the two methods.

S4.2 COARSE-GRAINING OF P(NDI20OD-T2)

All coarse-grained (CG) simulations in this work used an implicit solvent, modelled
using Langevin dynamics. The friction coefficient y (eqn (4.2)) was chosen to give
good agreement between the mean squared displacement (MSD) of monomers in
the all-atom (AA) (in o-dichlorobenzene (DCB)) and CG representations, shown in
Fig. 54.6.

—— AA, DCB B

3004 === CG.r=0.021s" ///
'S 200 F
[a) P
0 2
=

100

0 ! ! ! !
0 1 2 3 4 5

time (ns)

Fig. S4.6 MSD of P(NDI2OD-T2) monomers in the AA (solid lines), and CG
(dashed lines) simulation of P(NDI20D-T2) monomers with friction coefficient
set to y = 0.02 fs~! to match the diffusion in DCB.

-158 -



S§4.2. Coarse-graining of P(INDI20OD-T2)

P(NDI20D-T2) was coarse-grained from simulations of monomers in DCB. The
AA simulations (described in the main text) were deemed to be at equilibrium
by 50 ns of the 200 ns simulation based on the time dependence of the monomer

center-of-mass radial distribution function (RDF) (Fig. S4.7).

35
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=~ —— 125-150ns
RELE —— 150-175ns
— 175-200 ns
10+
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0.0 25 50 7.5 10.0 12.5 15.0 17.5 20.0

o

r (A)

Fig. S4.7 Monomer center-of-mass RDF for P(NDI20OD-T2) monomers in DCB
averaged over various time slices of the simulation.

The bonded interactions were parameterised from simulations of trimers, again
in DCB. The equilibration period of these simulations was estimated from the time
dependence of the bonded distributions. While most converged within 1 ns, the
time dependence of the slowest varying distribution — the 3-1-7-3 dihedral - is
shown below (Fig. S4.8). A 50 ns equilibration time was used based on the time

dependence of this dihedral distribution.

0.020 A 0-10ns —— 50-60 ns
10-20 ns — 60-70 ns
20-30 ns —— 70-80 ns
0.015 A1 —— 30-40ns 80-90 ns
S
B
< 0.010
.l
_
0.005 A1
0.000 1 , . .
0 45 90 135 180

Fig. S4.8 Distribution of the 3—-1-7-3 (site types defined in Fig. S4.31) dihedral
in DCB, averaged over various time slices of the simulation. Each line is the
distribution calculated over the indicated 10 ns block.
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s4.2.1 ANALYTICAL FORMS OF BONDED AND NON-BONDED POTENTIALS

The following analytical functions were fit to the CG potentials to facilitate simula-

tion. See Fig. 4.1 for site type definitions.

Bonds. For the bonds that did not contain side-chains atoms, a harmonic potential
(eqn (4.19a)) was used. For those that did (site-types 4-5 and 5-5), a quartic
potential was used (implemented in LAMMPS as the "class2" bond style).

uham(1)(1) = ky(1 - 1y)? (4.19a)
U2 (1) = ko (1 = 1g)* + k(1 = o) + kg (1~ Io)* (4.19b)

In both cases k; are the bond stretching coefficients, and [ the equilibrium bond

length between two bonded sites with bond length .

Angles. Angles 3—2—4 and 3-6-4 were modelled with a harmonic angle potential
(eqn (4.20a)). The others used a quartic potential (eqn (4.20b)).

Upein(6)(0) = ko(6 - 6,)° (4.20a)
Ua‘*;‘;?(@)(@) = k(0 — 0)* +k3(0 — 09)° + ka(0 — 0p)* (4.20b)

k; are the angle bending coefficients, and 6, the equilibrium angle between three

bonded sites at angle 6.
Dihedrals.  All dihedrals were modelled with the dihedral form given by eqn (4.21):

Uning(@i)(@) =) kycos"(¢) (4.21)
n=0

with m = 4 where k, are fit parameters and ¢ the dihedral angle between four

bonded sites. Note this is the same as eqn (4.16) used for the AA simulation

Improper dihedrals. A cosine improper dihedral style was used (eqn. (4.22), imple-
mented in LAMMPS as the cvff improper style):

Uit o)1) = k[1 + d cos(n)] (4.22)

impro

where k is an energy parameter, d = 1 or —1 and # is the multiplicity (an integer).

Here we use d = -1 and n = 2.
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Non-bonded interactions. Non-bonded interactions were fit to a Lennard Jones (L])

potential (eqn (4.23)), with interactions cut off and shifted to zero at r, = 15 A:

4ei]- [(%)12 - (%)6], r<t,

0, otherwise

(4.23)

where 0;; and €;; are the interaction diameter and strength, respectively. A purely re-
pulsive form of this potential was also used in order to relax the backbone structure
prior to simulation with attractive non-bonded interactions. The Weeks-Chandler
Anderson (WCA) potential was used:

oij \12 _ (i \® 1/6
461']' [(7) —(7) +€l']', r<2 0ij

Uwca = (4.24)

0, otherwise

where all symbols are as defined for the LJ potential. The potential is shifted to

21/6

zero at the cutoff of ojj (the position of the L] energy minimum) to give a purely

repulsive potential.

s4.2.2 CONVERGENCE OF NON-BONDED PARAMETERS

Non-bonded parameters were optimised following the iterative Boltzmann inver-
sion (IBI) protocol described in refs 172, 281. The convergence of the RDFs was
monitored using eqn (4.5), as shown in Fig. S4.9. The parameters from iteration
12 (highlighted in orange in Fig. S4.9) were used as the final P(NDI2OD-T2) CG
parameters. The behaviour of the RDFs, and corresponding LJ potentials, for the 5
iterations leading up to iteration 12 are shown in Fig. S4.10.

40

35

30

25

20

X4 %Ny
£

15

15
iteration

Fig. §4.9 Convergence of the IBI procedure for the coarse-graining of the
P(NDI20OD-T2) non-bonded interactions from simulations of monomers in DCB.
The orange bar indicates the iteration that was used for further simulation, as all
subsequent iterations showed little to no improvement.
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Fig. $4.10 Comparison of the target AA (red) and CG site-site RDFs for the
final 5 iterations prior to the one that was used (coloured by iteration with
yellow the earliest and purple the final iteration, number 12). The inset diagrams
indicates the site-types that the distribution is calculated for (for sites on different
monomers). The L] potential that resulted in the plotted distributions is shown
in the lower plots, with the parameters of the final iteration (12) listed. The plots
of the LJ potentials follow the same colour mapping as the RDFs.
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$4.2.3 COMPARISON OF COARSE-GRAINED AND ALL-ATOM DISTRIBUTIONS

Following the parameterisation of both the bonded and non-bonded interactions, all
the bonded distributions were recalculated with the final non-bonded interactions
to determine whether the parameterisation of the non-bonded interactions affected
the previously obtained bonded distributions. Distributions between additional
bonded sites, which were not explicitly parameterised as their behaviour should be
captured by the combination of other parameters, were also examined to determine
whether they behaved as expected. The simulations used to generate these were
set up identically to the CG trimer simulations used to parameterise the bonded
interactions (18 trimers in (87 A)3 box). The same soft potential as for the previous
simulations was used to remove overlaps, and the simulations run for a total of
100 ns (timestep = 5 fs), with the bonded distributions calculated from the final
50 ns. In all cases, good agreement was found between the AA (solid grey line) and
CG (dotted black line) distributions, even for the potentials that were not explicitly

parameterised.
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Fig. S4.11 Final bond distributions calculated from simulations with the full set
of optimised parameters (including non-bonded). Where the bond length was
explicitly parameterised, the final potential is shown in red, and its parameters
given in the top left corner of each plot. An inset diagram shows a representation
of P(NDI2OD-T2) with the pair of atoms defining the bond highlighted.
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Fig. S4.12 Final angle distributions calculated from simulations with the full set
of optimised parameters (including non-bonded). Where the angle was explicitly
parameterised, the final potential is shown in red, and its parameters given in
the top left corner of each plot. An inset diagram shows a representation of
P(NDI20D-T2) with the trio of atoms defining the angle highlighted.
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Fig. S4.13 Final dihedral distributions calculated from simulations with the full
set of optimised parameters (including non-bonded). Where the dihedral was
explicitly parameterised, the final potential is shown in red, and its parameters
given in the top left corner of each plot. An inset diagram shows a representation
of P(NDI2OD-T2) with the four atoms defining the dihedral highlighted.
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Fig. S4.14 Final improper distributions calculated from simulations with the full
set of optimised parameters (including non-bonded). Where the improper was
explicitly parameterised, the final potential is shown in red, and its parameters
given in the top left corner of the plot. An inset diagram shows a representation
of P(NDI2OD-T2) with the four sites defining the improper highlighted (central
site highlighted in red).
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S4.3 OPES SIMULATIONS

s4.3.1 REWEIGHTING PROCEDURE

Free-energy calculations for the AA and CG monomer systems were used to estimate
the relative strength of the interactions between monomers in different solvents.
These calculations used the on-the-fly probability enhanced sampling (OPES) pro-
cedure.??” As OPES biases the behaviour of the monomers, the free energy cannot
simply be calculated from the probability distribution in these simulations, but
must be reweighted to properly account for the effect of this bias. The sampled
distribution By;,4(s) is related to the unbiased equilibrium distribution P(s), where
s is the collective variable(s) that is (are) being biased (here the center-of-mass
separation) through the addition of a bias V (s), where
Pbias(s)

The bias introduced by the harmonic wall that restrains the center-of-mass sepa-
ration of the monomers to be less than 20 A is also accounted for in this man-
ner. The weights to return to the unbiased distribution are then simply w =
exp (%) This can be used to calculate an estimate of unbiased distribution, which
in PLUMED?!!212 js done using kernel density estimation, as

(Bis, 1)y = Tz @K =), 0) 4.26)

Ypoow(t))
where w(t’) is the weight at time t' (w(t’) = exp(V(s,t")/kgT)), and K(s —s(t’), ox)
are kernels (here Gaussians), centered at s(t) with bandwidth oy (here 0.25 A)

and summed over all times between ¢’ and t. This procedure is implemented
in PLUMED as reweight_bias, combined with the histogram functionality to

calculate weighted probability densities.?!1-212

s4.3.2 COMPARISON OF AA AND CG OPES RESULTS

To validate the choice of scaled parameters, where the interactions corresponding
to P(NDI20OD-T2) in a better and poorer solvent are obtained by uniform scaling
of the parameters from DCB, we have compared the free energy as a function of
center-of-mass separation of the three sets of CG parameters used in this work,
and the AA equivalent in toluene (TOL) (a poor solvent for P(NDI20OD-T2), and
one in which rod-like aggregates are observed experimentally), o-dichlorobenzene
(DCB) (the solvent the intermediate solvent interactions were parameterised in),
and 1-chloronaphthalene (CN) (a good solvent for P(NDI20OD-T2)). In all three

cases, the scaled parameters give reasonable agreement between the CG and AA
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free energies. Importantly, the poor solvent parameters are a good representation

of the TOL environment in which the formation of extended rod-like aggregates is

expected.
4 — CG | e — CG
AA | AA AA
2 |
B 0 “\
£ ‘u |\
© \
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< ]
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center-of-mass separation (A) center-of-mass separation (A) center-of-mass separation (A)

Fig. S4.15 Free energy as a function of center-of-mass separation for the interac-
tion between two monomers of P(NDI2OD-T2) as either the AA (dashed lines) or
CG (solid lines) representation. Error bars (shaded) indicate two standard errors,
calculated by block averaging (they are approximately the thickness of the line
for the CG curves). The poor solvent parameters were obtained by scaling the
parameters obtained from AA simulations in DCB to be 20% stronger, while the
good solvent parameters are 20% weaker than the DCB parameterisation.

S4.4 PROPERTIES OF THE CG P(NDI20D-T2) POLYMER CHAIN

We have quantified the flexibility of the polymer chains with regular and flexible
backbones as the Kuhn length, b, calculated from simulations of single chains of
length 10, 20, or 30 monomers under "good" solvent conditions. The flexible chains,
where the bonded parameters that define the flexibility (see Section S4.15) were
set to 1% of the original parameters, have a Kuhn length approximately 30-40%
shorter than the regular backbone (Fig. S4.16). The Kuhn length b was calculated as

b — <R6238

Rmax

(4.27)

where R, is the end-to-end distance, measured as the distance between the centers-
of-mass of the first and last monomers, and R,,,, the contour length, approximated
as (14 A)xN, where 14 A is the approximate distance between equivalent thiophene

groups of adjacent monomers and N the number of monomers in the chain.
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109 == fiexible "good" solyent
I original

b (monomers)

20
N (monomers)

Fig. S4.16 Kuhn length b of P(NDI20OD-T2) with the flexible and regular flexibil-
ity backbone in the "good" solvent. Error bars are the standard deviation of the
mean Kuhn length calculated over 1-10 ps of the 20 independent simulations

for each chain length and flexibility.

S4.5 POLYMER OVERLAP VOLUME FRACTION, ¢*

For comparing chains of different lengths, we conducted simulations at concen-
trations intended to give a constant value of the ratio of ¢y, the polymer volume
fraction, to ¢*, the overlap volume fraction. For an ideal chain, the overlap volume

fraction, ¢, is defined as
Nvmon

* - mon 4.28

¢ == (4.28)

where N is the chain length (number of monomers), vy, is the volume of a
monomer, and V is the pervaded volume with V = R3 where R is the size of the

chain. Here we have used R = (Ré)l/2 giving

® Nvmon
¢ = (R§)3/2' (4.29)

The radius of gyration R of an ideal chain is

2
2\ _ (Ree
(Rg) = . (4.30)
where R, is the end-to-end distance, with (R2,) «c N. Thus,
Ry oc VN (4.31)
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and

(V)

1

¢" o
(4.32)

Constant ¢vy/¢* is therefore equivalent to constant ¢pyN/2,

The volume fraction of the polymer chain ¢y was calculated as

¢V = CVmon (4.33)

where ¢ is the monomer concentration.

S4.6 LIST OF COARSE-GRAINED SYSTEMS STUDIED

A variety of systems with different chain lengths N, concentration, and flexibility
were used to study the effect of these properties on the aggregation behaviour of
P(NDI2OD-T2). Table S4.1 summarises the conditions of each simulation, including
the number of chains and box size used to achieve the target concentration, as well
as the calculated coagulation time, 7., for each system. To examine the average
behaviour of most systems, a number of systems were simulated starting from
multiple independent starting configurations. The number of independent systems

is given in the "replicates" column of Table S4.1.
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S4.7 TIME EVOLUTION OF SHAPE ANISOTROPY

The evolution of the average shape anisotropy, (x?), over time for aggregates of
various sizes in the three solvent conditions is shown in Fig. S4.17. In the poor
solvent, although aggregates initially formed in a relatively disordered structure,
they became more rod-like over time ({x?) increasing) as the chains "zipped up"
to form aligned aggregates. This was especially notable for the smaller aggregates
(consisting of 1-5, or 6-10 chains). The larger aggregates formed later in the
simulation (and therefore had less time to organise), and also displayed slower
dynamics, so the trends are not as clear. These longer chains are, however, expected
to eventually show a similar increase in (x?) to the smaller aggregates. Note that
data for large aggregates is quite sparse, as only a few aggregates of this size formed.
Discontinuities in the data arise from the continuously increasing size of many
aggregates, where aggregates with N4, within a specific range may only exist for a
finite amount of time before further aggregation pushes them to the next bracket.
This becomes particularly noticeable for intermediate to large aggregate size, where

only a few aggregates of this size typically form.

1.0 1.0

poor Nage intermediate
4 - 175 4
08 — 6-10 0.8 Nage
— 11-15 — 1-5
~ 0.6 — 16-20 ~ 0.67 — 6-10
5: — 21-25 & — 11-15
< 0.4 — 26-30 < g4 —— 16-20
— 31-35 21-25
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021 56-60 021
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1.0
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0.81
_. 0.6 Nuge
g — 15
~ 0.44 — 6-10
0.2
0.0

0.0 0.5 1.0 1.5 2.0
t (ps)

(c) "Good" solvent

Fig. $4.17 Evolution of the average shape anisotropy (x?) for aggregates of regu-
lar flexibility 20mers (6 g/L) in (a) poor, (b) intermediate, and (c) "good" solvent
conditions. k2 = 1 corresponds to a rod-like structure, and «2 = 0 to a sphere. To
make the plots clearer, data has been combined for aggregates made up of 1-5,
6-10, etc. chains.
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54.8. Chain length and concentration dependence of aggregation properties

S54.8 CHAIN LENGTH AND CONCENTRATION DEPENDENCE OF
AGGREGATION PROPERTIES

The effect of chain length and concentration on the evolution of aggregate size

and structure over time is shown in Figs. S4.18 and S4.19. The rate of aggregate

growth appears to be roughly independent of chain length, particularly at early

time (Fig. S4.18a), indicating that the choice of constant ¢yN1/? is a reasonable way

to compare systems with different chain lengths. The number of overlaps between

aggregated chains appears to decrease slightly for the 20 and 30mers (Fig. S4.19a).

4.0
...... 10 e LT
351 — 20 107 Wasiing B
- 30 ’E\ ’__/
3.0 ,V
= € g
325 ‘ <
= r =
< W < 6l
2.0 S
[ 0
1.5 — 20
4 --- 30
1.0 : : -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
t (ps) t (ps)

(a) Average aggregate size

(b) Radius of gyration

1.0

0.0 0.5 1.0 15 2.0

(c) Shape anisotropy

Fig. S4.18 Dependence of (a) average aggregate size (b) root-mean squared (RMS)
radius of gyration, and (c) shape anisotropy on polymer chain length under
poor solvent conditions. All systems were at the same ¢y N'/? where ¢y is the
polymer volume fraction and N the chain length. Only the first 2 ps are shown.
Horizontal black lines in (b) and (c) indicate the Ry and 2, respectively, of a
single 20mer in good solvent for reference.
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Fig. $4.19 Dependence of (a) (Npair)/N, (b) (Niota1)/N, and (c) (Nirap)/N on chain

length in the poor solvent. Again, all systems are at the same ¢yN'/? and only
the first 2 ps are shown.
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S4.9 SINGLE-CHAIN FOLDING KINETICS

$4.9.1 INTERMEDIATE- AND LATE-TIME 2D HISTOGRAMS OF SINGLE-CHAIN BEHAVIOUR

The distribution of single chain structures at intermediate (4.5-5.5 ps) and late
(9-10 ps) times (early time given in the main text) in the poor solvent are shown in
Fig. 54.20. This highlights that the flexible chains fold more readily than the chains
with regular flexibility. A variety of structures were observed, corresponding to
extended coils (high Ry, high «?), hairpins/racquets (lower Rg, high «2), and toroids
(lower R, lower x2). At late time, toroid structures appear to be generally favoured
for the flexible backbones, especially the shorter chains, while both hairpins and
toroids were common for the regular flexibility backbones and the longer flexible

chains.
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Ro/Ry, max Reo/Ry.max Ro/Rymax :

(a) 4.5-5.5 us (b) 9-10 us

Fig. $4.20 2D histograms of the radius of gyration, Ry, and shape anisotropy,
«2, for 20 independent simulations of various chain lengths in poor solvent
conditions. Early time distributions (0.5-1 ps) can be found in the main text
(Fig. 4.7). The Ry is normalised by Ry may, the R of a fully extended rod, with
Ré =1%/12'?7 and L = 1.4 nm per monomer. The colour scale is the same for all
plots, with darker colours corresponding to higher probability.
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$4.9.2 DETERMINING TIME CONSTANT FOR FOLDING OF SINGLE-CHAINS.

As described in the main text, the approximate timescale for single-chain folding
was determined from fit of the mean-squared Ry, averaged over the 20 independent
single-chain simulations, to a exponential function (eqn (4.9)). The plots of the
decay in (Rg) over time for each set of systems (varying chain length, solvent quality,
and flexibility) and the lines of best fit are given in Fig. S4.21 for the low viscosity
systems (y = 0.002 fs~!), and in Fig. S4.22 for the systems with regular viscosity
(y =0.02 fs71).

4000 —— regular: 7, =0.37 us
3500 4
30001

2500

RZ (A?)

2000

1500

1000

20mer, poor, low viscosity
0 1 2 3 4 5
t (ps)

500

Fig. $4.21 Decay of mean-squared radius of gyration over time for single-chains
of P(NDI2OD-T2) with regular flexibility backbone of length 20 in poor solvent
with friction coefficient 1/10x that of the other simulations. Shaded regions indi-
cating the 95 % confidence intervals calculated over 20 independent simulations.
Dotted line is the fit of eqn (4.9) to the simulation data used to determine ;.
Fit parameters are given in Table 4.2 of the main text. The horizontal grey line

indicates the value of R; min Calculated from the fitting procedure.
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54.9.2. Determining time constant for folding of single-chains.
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Fig. S4.22 Decay of mean-squared radius of gyration over time for single-chains
of length 10 (a,b), 20 (c,d), and 30 (e,f) with parameters are representative of
being immersed in a poor (a,c,e) or better (b,d,f) solvent with regular (solid lines)
or flexible (dashed lines) backbones. Coloured shaded regions indicating the 95 %
confidence intervals calculated over 20 independent simulations. Dotted lines
are the fits of eqn (4.9) to the simulation data used to determine the single-chain
folding time, 7. Fit parameters are given in Table 4.2 of the main text. Grey lines
indicate the value of Ré’min calculated from the fitting procedure (dashed line for
flexible, and solid line for regular backbone). The values of Ré’min for the good

solvent fits were fixed as the values for the corresponding flexibility backbone in
the poor solvent.
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$4.9.3 SCALING OF FOLDING RATE WITH CHAIN LENGTH

The rate of single-chain folding for semiflexible polymers has been previously
shown to scale with N1/3 for chains of length N.'3® We have fit the folding rate
(calculated as 1/t where 7, is calculated from the fit to the single chain folding data
in Fig. $4.22) to an equation of the form 1/, = aN''/3 + b and found that this scaling
accurately describes the behaviour of the regular flexibility backbones (Fig. S4.23).
The fitting parameter b shifts the x-intercept of the plot to higher N (here N ~7.5),
which is consistent with single-chains not folding (t; — oo and so 1/t; — 0) for
chains with length on the order of a single Kuhn length (approx 6—-8 monomers for
the model here).

—— 1/z)=0.0003N"'? - 0.0005
0.00030 1

0.00025 1

—

'», 0.00020 -

0.00015 1

1/75 (ns

0.00010 1

0.00005 1
regular

10 20 30
N

Fig. $4.23 Scaling of folding rate 1/7, with N''/3 for the single chain simulations
with regular flexibility backbone in poor solvent. Error bars are two standard
deviations from the estimate of the fit parameter 7.

S4.10 SCALING OF KINETICS OF MULTI-CHAIN AGGREGATION VS
SINGLE-CHAIN COLLAPSE

The derivation of the scaling relationships for the crossover concentration with

chain length, and a correction for hydrodynamic interactions, is given below.

SINGLE-CHAIN FOLDING, Tg

Consider a system of polymer chains of degree of polymerisation N and chain
concentration C (monomer concentration ¢ = NC) transferred from a good to a poor

solvent at time t = 0. Assume that the time scale for single-chain folding collapse
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follows the scaling
Ly
= —N* 4.34
w=p (4.34)
where Dy is the monomer diffusion coefficient, L) some length scale, and « a scaling

exponent. Based on previous work,!38

and the simulations here of single-chain
folding (Fig. S4.23), a = —%. Examination of the single-chain folding rate with
Langevin friction coefficient (where Langevin friction coefficient o DLO; Fig. 54.21)
1

shows the expected?®® 7, o 3

D, scaling.

MULTI-CHAIN AGGREGATION, T.

Let’s assume that multi-chain aggregation is diffusion limited and occurs via binary
collisions between spherical aggregates, with the radius and diffusion coefficient of
an aggregate of i chains R; and D; respectively (note that the effect of chain collapse

on R; is ignored). The kinetics of aggregation is governed by a series of kinetic

equations for the concentration C; of aggregates of size i:'88
dc, 1 & o .
dr = E ZK],Z—]C]CI—] — ZKi,jCile 1>2 (435)
j=1 j=1
dc;
< =- ZKL].C1 C; (4.36)
=1

where (see ref 287), assuming all collisions lead to aggregation,

(R; +R;)

K ;= 4:7'[(Dl‘ + D])(Rl +R]) 1+

i (4.37)

7(D; + D)t

Note that the derivation of this equation assumes that there are particles in the
system that are initially separated by more than (R; + R;), since aggregation occurs
when particles reach a separation of (R; + R;). Above the overlap concentration, all
particles will on average be separated from their nearest neighbours by less than
this distance, so aggregation will be instantaneous (the coagulation time will be
zero), and so the crossover concentration becomes ill-defined.

Eqns 4.35-4.37 are typically solved ignoring the time-dependent term in eqn 4.37,
for which analytical solutions exist in some cases (e.g. constant K; ; = K). But this
term can only be ignored if

_RirR) (4.38)
n(D; + D;)t
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i.e.

(R; +R;)?

P> ——
7(D; + D;)

(4.39)
Comparing an estimate of this time scale using the RMS radius of gyration and
diffusion coefficient from the simulations of single chains in the "good" solvent with
the aggregation time from multi-chain simulations, this condition does not appear
to hold, and, in fact, the time-independent part of eqn (4.37) appears negligible for
large N (see Table S4.2; here, R; = Rj = Ry, D; = Dj = Dy, and so (Ri+R;)” _ 2R}

TZ(DZ'-FD/') T[Dl 4
we take Ry ~ Rg(f = 0) from simulations of single chains).

Table S4.2 Properties of single-chain diffusion and aggregation, compared to
the multi-chain aggregation time, all measured in poor solvent with viscosity
corresponding to implicit DCB. D; and R; are the diffusion coefficient and size
of a single polymer chain of length N, and 7. the coagulation time, measured
as the time for the concentration of single chains to drop to 25% of the initial
concentration. All data is for the chains with regular backbone flexibility, and
the multi-chain simulations at the concentrations that gave constant ¢y N /2.

N D (A%’/ns) R%2(A%) 2R%/mDj (us) 7 (us)

10 1.23 1200 0.6 0.42
20 0.85 3400 2.5 0.69
30 0.47 8000 11 0.60

In all cases, coagulation occurs on a shorter timescale (and much shorter for
N > 20) than for which K;; is constant. Furthermore, we are interested in the
conditions for which 7, = 7.. As 7, decreases with increasing N, we expect the
time-dependant part of K; ; to be come dominant for larger N.

Unfortunately, we cannot solve eqns (4.35)—(4.37) in this case, so we just consider
the reaction of single chains to form aggregates of size 2, which should accurately
approximate the kinetics at short enough times when the population of larger
aggregates is small. In this case, eqns (4.35) and (4.36) become (with K =K ;)

dc,

—L - _kc? 4.40
dt CI ( )
dc, )

72 _K 4.41
1 =KCi (4.41)

and eqn (4.37) becomes (with R=R; and D = Dy)

K :KL] = 167'(DR(1 +

V2R
o)

=A+Bt /2 (4.42)
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where

A=16nDR (4.43)
and

B=16V2rD"?R? (4.44)

Combining eqns (4.40) and (4.42):

dcy

5 = —(A+ BtV (4.45)

which can be solved with initial condition C;(0) = C to give

1 1
= — + At +2BtY? 4.46
Cin c T (4.46)

Defining the characteristic coagulation time 7. as the time for the concentration

of single chains to fall to a fraction x of the initial concentration, i.e.

Cy(t) = x§ (4.47)

then inserting eqn (4.47) into eqn (4.46) and rearranging gives

-1\N
0 :ATC+2BTC1/2+(X—)— (4.48)
x /¢
which has the general solution
2B2 - AG +2VB* - AB2G
"[C = (449)
A?
where
-1\N
c=(-)% (4.50)
x )¢

We will restrict ourselves to two cases:
1. At.> 2Bt}/?

2. At. < 2Btl”?

noting that case 2 appears to correspond to the conditions in this work.
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Case 1: At > 2Bt}/?

Under these conditions, eqn (4.48) becomes

G N {(1-x
— T 4.51
CTTAT Ac ( x ) (4.51)
Inserting the definition of A from eqn (4.43) gives
1 1-x\N
= — 4.52
‘= T6nDR ( x ) c (4.52)
If we assume
D = DyN* (4.53)
and
R =RyN" (4.54)
(4.55)
then
1 1—x\NI-p-v) NIV
T, = ( x) « (4.56)
16mDyRy \ x c c

Defining the critical monomer concentration, ¢t

eqns (4.56) and (4.34) gives

PO 2(1—x)N(l_a_,s_wocNu—a—ﬁ—v) (4.57)
16mRy L2\ x

, as ¢ where 7. = 75, combining

Case 2: At. < 2Bt}/?

Under the conditions corresponding to case 2, eqn (4.48) gives

N2 (1-x)\?
o= 4p2c2 ( x ) (4:58)
Insterting the definition of B from eqn (4.44):
1 1-x)\>N?
e = o1 DRS ( X ) 2 (4.59)
Using eqns (4.53) and (4.54)
1 1= 2 N(Z_‘B_4V) N(Z—ﬁ—4v)
7. = ( x) o (4.60)
211mDyRy \  x 2 c2

Again defining the critical monomer concentration, ¢, where 7, = 7, combining
eqns (4.60) and (4.34) gives

e 1 1-x N(1-a/2=p/2-2v) (. N\j(1-a/2-p/2-2v) (4.61)
(2M7R)2 Lo\ x |

The scaling of ¢ with N is therefore quite different in cases 1 (eqn (4.61)) and 2
(eqn (4.57)).
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Comparison of scaling

As described above, from both the literature!3® and the simulations in this work,
a =~ —1/3. Given no hydrodynamic interactions in the Langevin dynamics simu-
lations, p = —1. Assuming polymer conformation (initially) corresponds to a good
solvent, v ~ 0.6. With these exponents, from eqns (4.57) in case 1 and (4.61) in

case 2:

Case 1: C+ oc N(l—a—ﬁ—v) — N(1+1/3+1—0.6) — N1.73 (462)
Case 2: C+ o N(l—d/2—/3/2—21/) — N(1+1/6+1/2—2X0.6) — N0.46 (4.63)

Note that case 2 corresponds to the time-scale regime of the simulation in which the

time-dependent part of the coagulation rate coefficient dominates.

CALCULATION OF C+

To determine ¢’ from Langevin dynamics simulations for case 2 (which is the case
for the simulations conducted in this work), the fraction x of single unaggregated
chains in solution used to define the coagulation time was chosen to be x = 0.25.

This value is kept fixed for all the analysis. From eqn (4.60)
_ f(N)

=
c?

(4.64)

where f(N) is a function of N that depends on the simulation system properties
and conditions but not on c¢. From 7. and ¢ measured in the simulation, f(N) for
each chain length N simulated can be determined. Then, setting 7. = 75, where 7 is

the single-chain collapse time measured in the simulation , c¢* for each N simulated

1/2
cf(N) = (M) (4.65)

Ts

can be determined as

CORRECTING THE SCALING FOR HYDRODYNAMIC INTERACTIONS

The simulations in this work used Langevin dynamics, in which hydrodynamic
interactions (HI) are ignored. The scaling relationships in eqns (4.62) and (4.63)
therefore need to be corrected to account for the effect of hydrodynamic interactions.
From ref 288, the Kirkwood formula?8® for the translational diffusion coefficient of
a polymer of degree of polymerisation N is

D= % ¥ ?:z_Z<RLH> (4.66)

where D, is the monomer diffusion coefficient and Ry the hydrodynamic radius,

with . | .
()= L) e

1#]
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where 7;; is the distance between monomers i and j.

From Zimm theory (see e.g. refs 127, 290)

kgT [ 1 D;
B )\ =0 (4.68)
6y \Ry/ NV

where v is the scaling exponent for polymer size, and Dy is the segmental diffusion
coefficient, which is expected to be similar to the monomer diffusion coefficient Dj.

Assuming Dj ~ Dy, and combining eqns (4.68) and (4.66):

DzDO(%+%) (4.69)
Note that eqn (4.69) is incorrect for N = 1, but should be reasonably accurate for
N>1.

Since the scaling of the 7. and ¢’ involves D in the denominator (see eqns (4.56),
(4.60)), which contributes a scaling of ¢' with N~F for case 1 and N /2 for case 2, cor-
recting the ¢’ for § = —1 from Langevin dynamics simulations involves multiplying

¢’ calculated from the simulations by

1(1 1\ NV

Case 1: ﬁ(ﬁ-i-m) = N+NY (470)
11 12 N\

Case 2: W(ﬁ—'—m) :(N+NV) (471)

From eqn. (4.61) we expect c'(N) from the Langevin dynamics simulation to have

the form

chorn(N) = &N+ (4.72)

where "noHI" denotes the absence of hydrodynamic interactions, ¢, is a constant
(which depends on the system type, but not on concentration or N) and A is a scaling
exponent. To correct this relationship for hydrodynamic interactions, we multiply
eqn. (4.72) by eqn. (4.71) (for case 2):

N 1/2
For N> 1landv<1:
b (N) - 6N 201 (4.74)

So given values of ¢y, and A from fitting the data for ¢ vs N without hydrody-
namic interactions, and assuming a value of v (e.g. 0.6 for a good solvent), c" with

hydrodynamic interactions can be predicted using eqn (4.74) for N > 1.
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S4.11 CONCENTRATION EFFECTS

s4.11.1 EFFECT OF CONCENTRATION ON AGGREGATE SIZE

The effect of concentration on the average aggregate size was examined by comparing
three sets of simulations with the same chain length and properties, but different
concentrations: regular flexibility 10mers at 8.5 and 10 g/L, regular flexibility
20mers at 6 and 12 g/L, and flexible 20mers at 2 and 6 g/L. More rapid aggregate
growth, and the formation of larger aggregates, was observed at higher concentration.
Comparing the 6 and 12 g/L simulations, 7. is approx. 4x faster at the higher
concentration (see Table S4.1), consistent with the predicted 1/c? scaling from the
theory (eqn. (4.60)).

— 8.54¢/L '____,'- g{ — 6alL
54 --- 10g/L A - 12gL
ki P
=4 JNSTeL e =9 /’l
g A < !
z3 st = /
= YV < 44 y;
e - S
5 /
21/
; :
1 T T T T T T T T
0.0 05 1.0 15 2.0 0 1 2 3 4
t (ps) t (ps)
(a) Regular 10mers (b) Regular 20mers
1.84 — 29 vt
T --- 6L gt
e
1.6 o
= i
2 141/
~ U
r
/
/
1.0

0.0 05 1.0 1.5 20 25 3.0
t (ps)

(c) Flexible 20mers

Fig. S4.24 Average aggregate size (number of chains) versus time at different
concentrations for different chain lengths and flexibilities. Higher concentrations
(dashed lines) give more rapid aggregate growth and overall larger aggregates.

s4.11.2 EFFECT OF FLEXIBILITY ON CRITICAL CONCENTRATION

The critical concentration ¢ was calculated from simulations of multiple chain
lengths, at different concentrations, and for polymers with different flexibility.
While the results for the regular flexibility backbones are presented in the main text,
Fig. 4.8, the effect of chain flexibility was not presented. An additional data point
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from the more flexible chains is shown in Fig. S4.25, as well as a breakdown of the

original flexibility points into the concentration of the multi-chain simulations.

0.014 '3
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0.012
® 5
0.010 flexibility flexibility
© e original j e original
flexible 4 flexible
all =
= ¢ 0:008 g = g
Z> o 2 I3 e 2
< 0.006 P 3 x 5 % 2 x 5
P 6 i = 6
0.004 + 85 2 L ® + 85
e 10 ¢ 10
+ 12 ¢ + 12
0.002 @ 1
0.000 0
10 20 30 10 20 30
N (monomers) N (monomers)
(a) Volume fraction relative to overlap (b) Concentration
concentration

Fig. S4.25 Scaling of the concentration where 75 = 7. with chain length N, pre-
sented as either (a) ¢y N'/? or (b) concentration (g/L). The points corresponding
to different concentrations were calculated using the coagulation time from
multi-chain simulations at the labelled concentration. The horizontal dashed
line in (a) indicates the value of ¢yN'/2 used for the majority of simulations in
this work. Systems at concentrations below the points on these plots are expected
to favour single-chain folding, while higher concentrations should lead to more
prominent multi-chain aggregation.

The majority of simulations in this work were conducted at concentrations
higher than ¢™ (¢yN'/? given by dashed black line in Fig. S4.25a), though the
flexible chain simulations approached, or dropped below, this critical concentration.
Accordingly, although all simulations in poor solvents showed some degree of multi-
chain aggregation, there was substantially less in the case of flexible chains. The
scaling of this critical concentration with chain length N is discussed in the main
text, and can explain the conflicting behaviour in the two published experimental
studies.?>?> We also examined one system at a concentration expected to be well
below the critical concentration for the flexible 20mers in poor solvent (2 g/L).
Although this system initially still showed a small amount of aggregation, due to
random placement of chains in the box resulting in chains that were close enough
to aggregate before they folded, there was significantly less multi-chain aggregation

observed in this case, and almost none after the initial aggregation (Fig. S4.24c).
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S4.12 EFFECT OF VISCOSITY ON MULTI-CHAIN AGGREGATION

As the experimental viscosity of DCB and TOL differ significantly,?®* it is important
to consider the effect of this parameter on the single- and multi-chain behaviour of
the CG model. The effect of this change in viscosity on the multi-chain aggregation
properties is shown in Figs. S4.26 and S4.27. 7. in the low viscosity solvent is
approx. 10x faster than in implicit DCB (0.06 vs 0.7 us, calculated as the time for
the single-chain concentration to fall below 25% its original concentration). This

scaling is consistent with the 10x smaller friction coefficient for the low viscosity

solvent.
8l DCB viscosity 14 —— DCB viscosity
--=- low viscosity ---low viscosity
] I
"y = 1 1, 0=
~ 6 Al g 12 ]
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(a) Average aggregate size (b) Radius of gyration
1.0
—— DCB viscosity
0.8 --- low viscosity

2,
0.6 7L A n N jet Y P W
. AT 7

0.0 05 1.0 15 2.0
t (ps)

(c) Shape anisotropy

Fig. S4.26 (a) Average aggregate size (b) RMS radius of gyration, and (c) average
shape anisotropy as a function of time for different solvent viscosities under poor
solvent conditions. Horizontal black lines in (b) and (c) indicate the Ry and 2
respectively of a single 20mer in good solvent for reference.
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Fig. §4.27 (a) (Npair)/N, (b) (Niota1)/N, and (c) (Nirap)/N as a function of time for
different solvent viscosities under poor solvent conditions.

-190 -



S54.13. Backbone flexibility

S4.13 BACKBONE FLEXIBILITY

s4.13.1 EFFECT OF OVERLAPS AND BACKBONE FLEXIBILITY ON KUHN LENGTH AND

BENDING RIGIDITY

The effect of backbone aggregation on chain flexibility is discussed briefly in the
main text. Fully overlapping chains were shown to increase the overall rigidity of
the aggregate backbone, with a 3-5-fold increase in Kuhn length observed on going
from a single free chain to an aggregated pair, even on transitioning from a good to
a poor solvent. The Kuhn length and bending rigidity for the single-chain systems
not listed in the main text, and for a fully overlapping aggregate of flexible chains

in poor solvent, are given in Table S4.3.

Table S4.3 Kuhn length, b (A or number of monomers), and bending rigidity, «y,
for 30mers with different backbone and solvent conditions. Where b is given as
a number of monomers, each monomer was assumed to be 14 A long. Systems
labelled "aggregated" are from a single 1 ps simulation of two fully overlapping
30mers, with listed values averaged over the final 100 ns for each chain in the
aggregate pair. The single chain simulations (labelled "single") use data from the
same 10-15 ps single-chain simulations described previously, using the values
averaged over the 0.9-1 ps period in each of the 20 independent simulations.

flexibility solvent system b(A) b (monomers) «y (kcal/mol.A)
flexible poor single 24.04 1.72 7.16
flexible poor aggregated  287.28 20.52 85.63
regular poor single 107.29 7.66 31.98
regular poor aggregated  279.91 20.00 83.44
flexible good single chain  57.04 4.07 17.00
regular good single chain  100.17 7.15 29.86

s4.13.2 EFFECT OF BACKBONE FLEXIBILITY ON CHAIN OVERLAPS

The effect of backbone flexibility on some of the properties defining the aggregate
structure of P(NDI2OD-T2) in both good and poor solvents is shown below. The
overall aggregate size (in terms of number of monomers and Ry) is given in the
main text Fig. 4.9, and chain overlap fractions (Npair/N, Niotal/N, and Niop/N) are
shown in Fig. $4.28. For the poor solvent, a similar degree of overlap was observed
for aggregated chains with the flexible and regular backbones. This indicates that,
although less aggregation was observed overall (Fig. 4.9), where aggregation did
occur, it was in a similar manner to the regular backbone, with partially overlapping

chains. Overall, some chain collapse prior to aggregation, as observed for flexible
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chains, resulting in less aggregation and an overall lower R, (due to collapse of either
single chains or partially overlapping aggregates), though the initial aggregation
process followed a similar path for both backbones, giving partially overlapping
chains with Np,;;/N =~ 0.4 in the poor solvent. The difference was more prominent
in the good solvent, in which aggregation did not initially occur irreversibly as it did
in the poor solvent. The more compact chains formed with the flexible backbones
resulted in both less aggregation and fewer overlaps in the good solvent compared
with the same system with the stiffer backbone. These chains were able to collapse
more prior to extensive aggregation, with Ré of the single flexible chains being

approximately 60% of the regular ones in the good solvent.

1.0 20 1.0 20
—— poor — original
081 good —=- flexible 16 0.8 16
122 E\ 0.61 /7 cocommsmmmmm T 12=
8 £ £o04f 8 2
4 0.2 —— poor —— original 4
A —— good === flexible
0 0.0 0
0 1 2 3 4

t (ps)

(a) <Npair>/N
1.0

0.8

(Nuap(D))IN
o o o
N IS o

o
<)

t (ps)

(b) <Nt0tal>/N

20

—— poor
—— good

— original

=== flexible |

(Nuap(1))

o

(c) (Ntrap>/N

Fig. $4.28 (a) (Npair)/N, (b) (Niota1)/N, and (c) (Nirap)/N as a function of time
for different backbone flexibilities of 20mers at 6 g/L for good and poor solvent
conditions.
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S4.14 ALL-ATOM PARAMETERS

The all-atom parameters for the symmetric P(NDI2OD-T2) model are reproduced
below. The atom and bond types are defined in Fig. S4.29. Where parameters were
not parameterised explicitly (for the side-chains for example), they were taken
directly from the OPLS force field for equivalent atom types.20%268-273

81 1 81 8
*;F/‘ N N N

2 81 81 8 80
3\%& %/I}\‘; g/é\g ,3,/?;5\%/3
948 938 937 H

0., N, O\

s )?‘\g/’\%/%\%/ﬁ\;%}\%ﬂ%\;g

8”\1%/‘\; A BNy - Hi:

Fig. $4.29 Definition of the different atom (blue) and bond (red) types for this
parameterisation of P(NDI2OD-T2). Atom types with values 932 and above differ
from those in the OPLS force field, with their partial charges obtained from
quantum-chemical calculations, but van der Waals (vdW) parameters from the
OPLS force-field for equivalent atom types. Bond types with values 110 and
above also differ from those in the OPLS force field, with the bond lengths and
angles obtained from the optimised geometry, and force constants from the OPLS
force field for equivalent atom types. The energy parameters for the 113-113
bond length, and the 120-124-113-112, and 112-113-113-112 dihedrals were
explicitly parameterised (as described in Section S4.1) as these potentials were
not expected to be accurately represented by the OPLS force field. For the sake
of representing both a terminal and central monomer of a polymer chain in a
single image, the left terminus is shown with the site types corresponding to a
terminal monomer, and the right to a central monomer (connecting to another
monomer). For clarity, only a few side-chain hydrogens are shown.
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s4.14.1 NON-BONDED PARAMETERS

Table S4.3 Masses, partial charges, and L] parameters for the AA symmetric
P(NDI20D-T2) monomer model. The non-bonded potential between two parti-
cles of type i and j is defined as

.\12 ..\6 a0
UNB(rij):z;eij{(ﬁ) _(ﬂ) ]+ qi4;

i’i]' i’i]' 47‘(601’,']'

where o;; is the homonuclear L] diameter, €;; the homonuclear LJ interaction
strength, and ¢; the charge. Geometric mixing rules were used to define the
heteronuclear parameters from the homonuclear ones: o0;; = {/0;0; and ¢;; =
\E€i€j. The excess charge of the system, resulting from the truncation of the
side-chains in the model parameterisation and the use of OPLS charges for the
final side-chain atoms, was added to atom type 955 (or 957 for teminal monomers
of polymer chain) to enforce charge neutrality. The optimised charge of this atom
type was approx. —0.08 ¢, but the charges used in the force-field depended on
whether the monomer was an isolated monomer (955"), central polymer unit
(955P¢), or terminal polymer unit (957) in order to maintain charge neutrality.
Charges and L] parameters for atom types 80, 81, 82, and 85 came directly from

the OPLS force field.
atom type (i) mass (g/mol) q; (e) € 0
932 12.01 0.126452 0.07 3.55
933 12.01 -0.222396 0.07  3.55
934 12.01 -0.271944 0.07 3.55
935 12.01 0.1209635  0.07  3.55
936 32.06 -0.1260135 0.25 3.55
937 1.008 0.1944945 0.03 242
938 1.008 0.1890015 0.03 2.42
939 12.01 0.110991 0.07  3.55
940 1.008 0.182183 0.03 242
941 12.01 —0.099982 0.07 3.55
942 12.01 0.6655695  0.105 3.75
943 12.01 -0.205615 0.07 3.55
944 12.01 0.083396 0.07  3.55
945 12.01 -0.1794755 0.07  3.55
946 12.01 0.5946645 0.105 3.75
947 14.01 —0.344225 0.17 3.25
948 16.00 -0.45413 0.21 296

Continued on next page
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atom type (i) mass (g/mol) qi (e) € 0
949 16.00 -0.5356155 0.21 2.96
950 12.01 0.149833 0.07 3.55
951 12.01 0.132339 0.07 3.55
952 1.008 0.128893 0.03 2.42
953 1.008 0.043813 0.03 2.42
954 1.008 0.128152 0.03 2.42
955™ 12.01 -0.0667025 0.066 3.5
955p¢ 12.01 0.120969 0.066 3.5
956 1.008 0.07051275 0.03 2.42
957 12.01 0.040045 0.066 3.5

80 12.01 -0.18 0.066 3.5
81 12.01 -0.12 0.066 3.5
82 12.01 —-0.06 0.066 3.5
85 1.008 0.06 0.03 2.5

" charge for monomer

P¢ charge for central monomer of polymer chain

s4.14.2 BONDED PARAMETERS

Bonds, angles, dihedrals, and impropers for the AA model of P(NDI2OD-T2) are
listed in terms of their bond types (red numbers in Fig. S4.29).

Table S4.4 Bond length parameters. Bond stretching coefficients, k,, were taken
directly from the OPLS force field with the exception of the identical 115-124
and 111-124 bonds, which were parmeterised explicitly. Most equilibrium bond
lengths (Iy) were obtained from the optimised geometry of P(NDI2OD-T2). Bonds
13-13 and 13-46 contain only side-chain atoms so both k; and [y were taken
from the OPLS force field. The harmonic bond length potential is defined in

eqn (4.19a).
bond bond style k, (kcal/mol/A%) I, (A)
49-112 harmonic 367 1.084
111-112  harmonic 546 1.371
111-114  harmonic 250 1.733
112-112  harmonic 469 1.419
112-113  harmonic 546 1.383

Continued on next page
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bond bond style k, (kcal/mol/A2) 1, (A)
112-115  harmonic 546 1.379
113-113  harmonic 512 1.449
113-114  harmonic 250 1.751
114-115  harmonic 250 1.757
115-124* harmonic 345 1.468
116-111 harmonic 367 1.081
117-118  harmonic 400 1.486
117-122  harmonic 490 1.400
117-123 harmonic 570 1.225
118-119  harmonic 469 1.417
118-125  harmonic 469 1.382
119-119  harmonic 469 1.424
119-120  harmonic 469 1.420
120-121  harmonic 400 1.492
120-124  harmonic 469 1.400
121-122  harmonic 490 1.408
121-123  harmonic 570 1.224
122-13 harmonic 337 1.482
124-49 harmonic 367 1.084
124-125  harmonic 469 1.415
125-49 harmonic 367 1.084
111-124* harmonic 345 1.468
13-13 harmonic 268 1.529
13-46 harmonic 340 1.090

* Bonds for which force constant was explicitly parameterised
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Table $4.5 Bond angle parameters. Angle bending coefficients, k,, were taken
directly from the OPLS force field. Most equilibrium bond angles (6y) were
obtained from the optimsed geometry of P(NDI20D-T2). Angles 13-13-13,
46-13-13, and 46-13-46 contain only side-chain atoms so both k, and 6, were
taken from the OPLS force field. The harmonic bond angle potential is defined
in eqn (4.20a).

angle angle style k, (kcal/mol/rad?) 6, (°)
111-112-112  harmonic 70 112.8
112-112-49 harmonic 35 123.6
112-112-113  harmonic 70 113.5
112-113-113 harmonic 70 128.9
112-113-114 harmonic 74 110.2
113-114-111 harmonic 74 91.8
113-114-115 harmonic 74 92.3
114-111-112 harmonic 70 111.7
114-113-113 harmonic 74 120.8
114-115-112 harmonic 74 110.0
115-112-49 harmonic 35 122.8
115-112-112 harmonic 70 113.9
112-115-124 harmonic 70 129.6
115-124-125 harmonic 70 116.2
115-124-120 harmonic 70 125.6
124-125-49 harmonic 35 120.2
124-125-118 harmonic 63 121.7
124-120-119 harmonic 63 119.9
114-115-124 harmonic 70 120.1
125-124-120 harmonic 63 119.0
125-118-119 harmonic 63 120.4
125-118-117 harmonic 85 119.2
118-119-119 harmonic 63 118.4
118-119-120 harmonic 63 121.0
118-117-123  harmonic 80 122.0
118-117-122 harmonic 35 116.8
118-125-49 harmonic 35 118.1
117-118-119  harmonic 85 120.5

Continued on next page
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angle angle style k; (kcal/mol/rad?) 6, (°)
117-122-121 harmonic 70 124.7
117-122-13 harmonic 50 117.6
122-121-120 harmonic 70 117.5
122-121-123 harmonic 80 120.0
122-117-123 harmonic 80 121.2
122-13-46 harmonic 35 106.2
122-13-13 harmonic 80 114.9
121-122-13 harmonic 50 117.4
121-120-119  harmonic 85 118.9
121-120-124 harmonic 85 121.1
123-121-120 harmonic 80 122.5
120-119-119 harmonic 63 120.6
120-124-49 harmonic 35 119.0
116-111-112 harmonic 35 132.1
116-111-114 harmonic 35 125.0
113-112-49 harmonic 35 123.4
13-13-13 harmonic 38.35 112.7
46-13-13 harmonic 37.5 110.7
46-13-46 harmonic 33 107.8
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Table S4.7 Improper torsion parameters. All parameters are from the OPLS
force-field for equivalent atom types. The cosine potential defined in eqn (4.22)

(implemented in LAMMPS as "cvff") was used for all improper torsions.

improper improper style k (kcal/mol) d n
X-X-117-123 cvff 10.5 -1 2
X-X-118-X cvff 1.1 -1 2
X-X-119-X cvff 1.1 -1 2
X-X-120-X cvff 1.1 -1 2
X-X-121-123 cvff 10.5 -1 2
X-X-122-X cvff 1.1 -1 2
X-X-124-X cvff 1.1 -1 2
X-X-125-X cvff 1.1 -1 2
X-X-111-X cvff 1.1 -1 2
X-X-112-X cvff 1.1 -1 2
X-X-115-X cvff 1.1 -1 2
X-X-113-X cvff 1.1 -1 2
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s4.14.3 SOLVENT (DCB) PARAMETERS

All-atom simulations were conducted in an explicit solvent of o-dichlorobenzene
(DCB). All parameters for this molecule were taken directly from the OPLS force-
field,202268-273 hut we have reproduced them below for clarity. The structure of the
molecule and the atom/bond types are given in Fig. S4.30 and the parameters in
the following tables. Atom and bond type numbering follows the oplsaa.prm file
distributed with Tinker.?°> The numbers for the atom and bond types of P(NDI2OD-
T2) described above were chosen to not overlap with the existing OPLS atom types

from this source.

2:Cl

Fig. S4.30 Atom (blue) and bond (red) types for the AA model of DCB used as
the solvent for parameterisation of the CG system. These atom/bond types are
referenced in the tables below for the parameters of this molecule.

Table S4.8 Masses, partial charges g;, and homonuclear L] parameters €;; and
o0;; for the AA DCB model, with parameters taken directly from the OPLS force

field.
atom type (i) mass (g/mol) g; (e) € O
90 12.01 -0.115 0.07 3.55
91 1.008 0.115 0.03 242
205 12.01 0.18 0.07 3.55
206 35.453 -0.18 0.3 3.4
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Table S4.9 Bond length parameters. All parameters come directly from the OPLS
force field. The harmonic bond potential has the form given in eqn (4.19a).

bond bond style k, (kcal/mol/A%) I, (A)

48-48 harmonic 469 1.4
48-21 harmonic 300 1.725
48-49 harmonic 367 1.08

Table $4.10 Bond angle parameters. All parameters come directly from the OPLS
force field. The harmonic angle potential has the form given in eqn (4.20a).

angle angle style k; (kcal/mol/rad?) 6, (°)
48-48-48 harmonic 63 120.0
48-48-49 harmonic 35 120.0
21-48-48 harmonic 75 120.0

Table S4.11 Dihedral parameters. All parameters come directly from the OPLS
force field. The opls style dihedral potential has the form given in eqn (4.17)

dihedral dihedral style ko ky k ks

X-48-48-X opls 0 7.25 0 0

Table S4.12 Improper torsion parameters. All parameters come directly from
the OPLS force field. The cosine (cvff) style potential has the form given in
eqn (4.22).

improper improper style k (kcal/mol) d n

X-X-48-X cviff 1.1 -1 2
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S54.15 COARSE-GRAINED MODEL PARAMETERS

The parameters for the coarse-grained model are given in this section. The forms
of the potentials, and the definitions of the parameters are given in Section S4.2.1.
Although it is included in the main text, we replicate the image of the site-type
definitions and their relationship to the all-atom model for clarity, as we will refer

to the sites by their number in the following tables.

Fig. $4.31 Definition of site types for the CG P(NDI20OD-T2) model. Sites are
coloured and labelled according to their site types, with sites that have the same
non-bonded parameters (though not necessarily the same bonded parameters)
shown as the same colour.

s4.15.1 SITE MASSES

Table S4.13 Site masses for the CG representation of P(NDI2OD-T2). Masses
correspond to the mass of the particles in the AA representation that make up
the CG site. Where atoms are shared between multiple CG sites, the mass is split

evenly among those sites.

site type mass (g/mol)

84.116
86.050
45.040
55.096
42.078
86.050
82.116

N O Ok W=
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s4.15.2 NON-BONDED PARAMETERS

The non-bonded parameters for the P(NDI20OD-T2) model corresponding to the
three solvent conditions are given in Table S4.14, and plotted in Fig. S4.32.

Table S4.14 Non-bonded interaction parameters for the three solvent conditions.
epcs is the as-parameterised parameters. €goo4 and €p00r are the same parameters
scaled by + 20 %. All € are given in units of kcal/mol. The same values of o;;
are used for all three sets of parameters (units of A). The WCA cutoff is the
cutoff used for the setup simulations with repulsive particles (units of A). It
is equal to 21/601-]- and the potential is shifted to zero at this point. Note that
some parameters (e.g. 1-1 and 7-7) are identical, as the site types are chemically
equivalent. They are assigned different site types as the bonded interactions

differ, but the non-bonded interactions have been constrained to be the same.

pair  €pcB  €good  Epoor oij  WCA cutoff

1-1 0.364 0.291 0.437 3.987 4.475
1-2 0.023 0.018 0.028 5.089 5.712
1-3 0.331 0.265 0.397 4.605 5.169
1-4 0.070 0.056 0.084 5.425 6.089
1-5 0.027 0.022 0.032 5.556 6.236
1-6 0.023 0.018 0.028 5.089 5.712
1-7  0.364 0.291 0.437 3.987 4.475
2-2 0.586 0.469 0.703 3.778 4.241
2-3 0.551 0.441 0.661 3.449 3.871
2-4 0.555 0.444 0.666 4.141 4.648
2-5 0.050 0.040 0.060 5.230 5.870
2-6 0.586 0.469 0.703 3.778 4.241
2-7 0.023 0.018 0.028 5.089 5.712
3-3 0.369 0.295 0.443 3.798 4.263
3-4 0.338 0.270 0.406 4.153 4.662
3-5 0.047 0.038 0.056 5.165 5.798
3-6 0.551 0.441 0.661 3.449 3.871
3-7 0.331 0.265 0.397 4.605 5.169
4-4 0.243 0.194 0.292 5.977 6.709
4-5 0.068 0.054 0.082 5.182 5.817

Continued on next page
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pair  €pcB  €good  Epoor 0ij WCA cutoff
4-6 0555 0.444 0.666 4.141 4.648
4-7 0.070 0.056 0.084 5.425 6.089
5-5 0.076 0.061 0.091 5.068 5.689
5-6 0.050 0.040 0.060 5.230 5.870
5-7 0.027 0.022 0.032 5.556 6.236
6-6 0.586 0.469 0.703 3.778 4,241
6-7 0.023 0.018 0.028 5.089 5.712
7-7 0.364 0.291 0.437 3.987 4,475
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Fig. S4.32 1J non-bonded potentials for all possible pairs of interactions in
the CG P(NDI20OD-T2) model. The "good" solvent has parameters that are 20%
weaker than those obtained in DCB, while the "poor" solvent interactions are 20%
stronger. The as-parameterised model (from DCB) is labelled as "intermediate".
The site types for the interactions are listed in the bottom left of each plot.
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s4.15.3 BONDED PARAMETERS

For the bonds, two different potentials were used for the stretching parameters: a
harmonic potential (eqn (4.19a)), and a quartic potential that uses the LAMMPS
"class2" bond style (eqn (4.19b)). Angles also made use of two different potential
forms: a harmonic (eqn (4.20a)) and a quartic potential (eqn (4.20b)). All dihedrals
were modelled with the dihedral style described in eqn (4.21) with m = 4. The
improper torsion was modelled with a cosine form (eqn (4.22)).

In order to model the flexible backbone, the 1-7-3 and 7-1-3 angles, and the
3-7-1-3 dihedrals were reduced to 1% of their original stiffness (Fig. S4.33). The
modified parameters are given in Tables S4.16 and S4.17. All other parameters are

the same as for the regular backbone
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(a) Dihedral 3-7-1-3 (b) Angle 1-7-3 (c) Angle 7-1-3

Fig. $4.33 (a) Dihedral and (b)-(c) angle potentials used to tune the flexibility of
the polymer backbone from regular (black lines) to flexible (red dashed line). In
all three cases, the coefficients were reduced to 1% of their original values.

Table S4.15 Bond length parameters for the CG model of P(NDI20OD-T2). Bond
stretching coefficients k; are in units of kcal/mol/A’. The forms of the harmonic
and quartic bond styles are given in eqns (4.19a) and (4.19b) respectively. Note
that the quartic bond potential is implemented in LAMMPS as the "class2" bond
style.

bond bond style [, (A) ko k3 ky

1-3  harmonic 4.12 129.33
1-7  harmonic 3.91 101.73
2-3  harmonic  2.90 679.95
2-4  harmonic  3.57 83.39
3-3  harmonic 2.47 1206.79
6-3  harmonic  2.89 525.52
6-4  harmonic 3.57 80.73

Continued on next page
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bond bond style [, (A) ky ks ky

7-3 harmonic 4.12 138.60
4-5 quartic 3.92 92.92 596.82 1014.01
5-5 quartic 3.86 88.96 556.24  890.46

Table §4.16 Bond angle parameters for the CG model of P(NDI2OD-T2). Angle
bending coefficients k; are in units of kcal/mol/rad’. The parameters for the flex-
ible backbone are also included (see Fig. S4.33). These replace the corresponding
angle of the regular flexibility backbone. The forms of the harmonic and quartic
angle styles are given in eqns. (4.20a) and (4.20b) respectively.

angle anglestyle 6 (°) k, ks ky

1-3-2 quartic 138.60 62.00 -163.76 2.00
1-3-3 quartic 161.44 129.09 1062.34 2561.64
1-3-6 quartic 89.61 104.08 -1308.04 4778.21
1-7-3 quartic 164.05 60.76 426.09  967.28

2-4-5 quartic 110.48 5.69 -11.47 6.85
4-5-5 quartic 177.89 24.91 51.38 29.35
5-5-5 quartic 174.92 15.91 33.06 19.92
6—4-5 quartic 112.21 5.88 -11.15 6.68

7-3-2 quartic 89.89 96.31 -1192.48 4517.46
7-3-3 quartic 161.55 108.44 946.50 2560.32
7-3-6 quartic 137.74 76.89 12.79 2.00
7-1-3 quartic 164.25 40.77 401.68 1106.43
3-2-4  harmonic 148.42 49.80
3-6-4 harmonic 148.11 47.04

1-7-3% quartic 164.05 0.61 4.26 9.67
7-1-3* quartic 164.25 0.41 4.02 11.06

* Flexible backbone parameters
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Table §4.17 Dihedral parameters for the CG model of P(NDI20OD-T2). Energy
parameters k; are in units of kcal/mol. All dihedrals use the dihedral potential de-
fined in eqn (4.16) with m = 4 (implemented in LAMMPS as the "multi/harmonic"
style). The parameters for the flexible backbone are also given (see Fig. S4.33).
This replaces the corresponding dihedral of the regular flexibility backbone.

dihedral  dihedral style ko kq k, ks ks

1-7-3-2  multi/harmonic 0.10 -0.11 -0.32 0.21 0.65
1-7-3-3 multi/harmonic 0.33 -0.44 -0.34 0.13 0.51
1-7-3-6 multi/harmonic 0.19  -0.51 0.38 -0.72 0.99
2-4-5-5 multi/harmonic 0.03 0.02 0.15 0.03 -0.02
3-2-4-5 multi/harmonic 0.46 -0.84 -0.31 0.56 0.34
3-6-4-5 multi/harmonic 0.16 -0.70 0.55 0.67 -0.32
3-7-1-3 multi/harmonic 0.96 0.48 -0.63 -0.76 -0.07
4-5-5-5 multi/harmonic 0.13  -0.26 0.10 0.12 -0.06
5-4-5-5 multi/harmonic 0.01 0.01 0.08 0.00 0.04
6-4-5-5 multi/harmonic 0.03 0.05 0.01 -0.02 0.08
7-1-3-2 multi/harmonic 0.17 -0.30 -0.05 -0.74 1.37
7-1-3-3 multi/harmonic 0.42 -0.30 -0.71 -0.10 0.78
7-1-3-6 multi/harmonic 0.12 -0.14 -0.53 0.23 0.83

3-7-1-3* multi/harmonic 0.010  0.005 -0.006 -0.008 -0.001

* Flexible backbone parameters

Table S4.18 Improper torsion parameters for the CG model of P(NDI2OD-T2).
Energy parameter k is in units of kcal/mol. The form of the cosine style improper
is given in eqn (4.22).

improper improper style k d n

2-6-3-3 cosine 35.24 -1 2
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Abstract

The effect of side-chain chemical structure on the aggregate morphology
and solution-phase behaviour of the organic semiconductor (OSC) polymer
P(NDI20OD-T2), also known as N2200, is examined using molecular dynamics
simulations. While Flory-Huggins theory has been commonly used in the past
to understand the solution-phase behaviour of OSCs, we show that, while it
gives results that are qualitatively consistent with certain experimental tech-
niques, it neglects important aspects of the solution-phase behaviour. For a
derivative of N2200 with ethylene oxide (EO) side-chains, wrapping of these
chains around the backbone is shown to lead to a more disordered aggregate
structure, without the backbone planarisation that appears characteristic of
aggregates of N2200 with the conventional alkyl (A) side-chains. This side-
chain wrapping has not been reported previously for any OSC molecule, but
appears to be important for fully understanding how the structure with EO
side-chains aggregates in solution. We also examine the behaviour of the con-
ventional polymer (A side-chains) in 1-chloronaphthalene, which has shown
contradictory aggregation properties when measured using different experi-
mental techniques. These experimental contradictions are reconciled through
a proposed solvent-separated, sandwich-like structure in this solvent, where
strong solvent-backbone interactions may allow the build-up of a large aggre-
gate, without increasing the electronic coupling between or along the polymer
backbone. Overall, this work highlights that simple solubility theories, while
generally thought to be at least qualitatively accurate for OSCs, can fail to
account for how specific interactions may influence the overall aggregation
behaviour. In cases where, for example, interactions between solvent and back-
bone, or backbone and side-chains are important, this can lead to qualitatively

incorrect predictions.
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5.1 INTRODUCTION

Organic semiconductors (OSCs), molecules whose conjugated backbone imparts
interesting optical and electronic properties, are likely to play a large role in many
future technologies, from energy efficient, flexible displays, to lightweight pho-
tovolatics. Although already finding prominence in energy efficient lighting and
displays, their use in other applications is more limited, due to their generally
poorer performance than current inorganic counterparts. Although performance is
improving, greater progress is hampered by the unpredictability of the morphology
and device electronic properties of OSCs, with many factors — ranging from, among
others, molecular weight,?”3? solvent,?!:222539-41 and chemical structure,3>35-38
— all impacting the solution-phase behaviour and the final thin-film structure of
the commonly polymeric OSC. As many of the promising applications of these
molecules stem from their ability to be solution-processed,? it is important that this

behaviour be better understood.

The importance of solution-phase behaviour for OSC device performance, par-
ticularly for OSC polymers, has been well studied, with strong correlations ob-
served between solution-phase structure, thin-film microstructure, and device
performance.?!-2>3044 While at least some aggregation is generally required to
give sufficiently ordered structures, fully crystalline structures are not required for

t,°® with ordered nanoscale domains connected by long-tie

good charge transpor
chains giving as good, if not better charge mobility.2® Of the number of ways of
controlling thin-film microstructure and device performance, the nature of the
sidechains,3!32:36.37 and the choice of solvent,21:22:25:3940 3re known to be particu-

larly important.

Solution-phase aggregation properties are commonly examined experimentally
through UV-visible spectroscopic measurements, in which electronic coupling be-
tween aggregated chains (or within a single chain) induces changes in the spec-
trum.?%3 The solution-phase aggregation properties of high-performing OSC poly-
mer P(NDI2OD-T2) (also known as N2200, by which we will refer to it) have

been extensively studied by UV-vis spectroscopy,>?”

with aggregation typically
associated with a strong red shift in the absorption spectrum. The effect of the
alignment of monomers (that is, whether the naphthalene diimide (NDI) groups in
different chains are directly stacked, or offset; see Fig. 5.1 for chemical structure
of the monomer) within the aggregate has also been studied,*®* but was reported
to have only minor effects on the shape of the absorption spectrum. Interestingly,
recent work on a derivative of N2200, where the alkyl (A) side-chains are replaced
with ethylene oxide (EO) chains (see Fig. 5.1), has shown significant differences

in the shape of the absorption spectrum in the same solvents.?*> The difference
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O S

Fig. 5.1 Structure of (top) the symmetric N2200 backbone and (bottom) side-
chains where R = (a) gives N2200-A and R = (b) N2200-EO.

between the spectral shapes for these two variants of N2200 has not been previously
explained, though it suggests significant differences in the aggregate structure.

Side-chains are often considered only in terms of the changes in solubility they
impart to the overall polymer, and therefore the overall degree of aggregation, rather
than how they may change the aggregate structure. Details of specific interactions
between backbone and side-chains are therefore often neglected. These specific
interactions are also not typically amenable to study through experimental tech-
niques. In Section 5.3.1 we have used molecular dynamics (MD) simulations to
examine the aggregate structures of N2200 with the typical alkyl (A) side-chains
(referred to here as N2200-A for simplicity) and with the modified ethylene oxide
(EO) side-chains (referred to here as N2200-EO). Side-chains were found to change
the aggregate structure, as well as to modify the backbone structure of single chains
in aggregates, highlighting that, under certain circumstances, side-chains act as
more than just solubilising agents. Understanding the specifics of the side-chain—
backbone interactions is therefore an important, though generally neglected, factor
in understanding the solution-phase aggregation properties, with implications for
thin-film microstructure and charge transport.

In addition to the differences in behaviour between N2200-A and N2200-EO,
both polymers show interesting aggregation behaviour when studied using different
experimental techniques: in certain solvents in which no aggregation is indicated
by the UV-vis absorption spectrum, poor solubility (or extensive aggregation) is
observed using other experimental techniques.??>2%¢ For N2200-EO, the absorption

spectrum suggests no aggregation in chloroform (CF), while size-exclusion chro-
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matography (SEC) measurements suggest the formation of structures many times
the molecular weight of a single chain.?%> Similarly for N2200-A, the UV-vis absorp-
tion spectrum in 1-chloronaphthalene (CN) again suggests no aggregation, though
anecdotal evidence suggests that CN may, in fact, be a poor solvent for N2200-A.?%°
While MD simulation techniques have been used to study the solubility of N2200-A
in CN in the past,'?° the measures of solubility used in the previous work considered
only the relative interactions between the components of the mixture, rather than
considering any specific interactions. Particularly strong solvent-polymer attractive
interactions may, for example, lead to a stacked, sandwich-like, structure in which
ordered solvent molecules separate the N2200-A backbones. The final aggregate
structure may therefore involve both polymer and solvent molecules. This kind of
behaviour has been observed in a co-crystal of an NDI derivative (which is similar
in structure to the backbone of an N2200 monomer) with CN, in which the CN
molecules stacked in between the planes of the NDI groups.?®” However, it is not

clear whether this behaviour could translate to solution.

In the following sections, we have examined the solution-phase behaviour of
N2200 with the commonly used A (N2200-A), or EO side-chains (N2200-EO), using
MD simulation (see Fig. 5.1 for chemical structures). We have also used Flory-
Huggins theory!?” to determine the relative strength of the polymer—polymer,
solvent—solvent, and polymer—solvent interactions, while also considering the
backbone-side-chain, side-chain—-solvent, and backbone-solvent interactions (Sec-
tion 5.3.1.1). Flory-Huggins interaction parameters calculated from MD have previ-
ously been used relatively successfully to understand the solution phase behaviour
of OSC polymers, and understand how the structure of the polymer aggregate,!3°
and the choice of solvent, 247130 affect polymer solubility. However, their application
for understanding the relative solubilities of polymer components, and especially
the differing interactions between various side-chain structures and the polymer
backbone as in this work, is novel. Additionally, although differences in the ab-
sorption spectra of N2200-A and N2200-EO have previously been reported,?® the
differences in spectral features have not been explained. These features can be
qualitatively explained through an analysis of the structure of aggregates of the
two polymers, which appear to be strongly influenced by the interactions between
side-chains and backbone in a way that cannot be fully described by Flory-Huggins
theory calculations (Section 5.3.1.2).

Finally, the possible formation of unconventional aggregate structures in which
the backbones do not interact in the typical rt-stacking manner is of interest for
understanding the discrepancies between different experimental techniques for both
N2200-A and N2200-EO. These experimental discrepancies are expected to result

from aggregation that occurs without strong electronic coupling between or within
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chains, leading to a lack of an observable shift in the UV-vis absorption spectrum.
One of the advantages of MD simulation in this regard is the atom-scale resolution,
which potentially allows for the observation of structures that may explain the
experimental behaviour. An in-depth analysis of the aggregation behaviour of
N2200-A in CN is presented in Section 5.3.2, and the behaviour of N2200-EO in
CF is discussed briefly in Section 5.3.3. The molecular-level insight obtained from
MD simulations highlights the importance, in some cases, of considering specific
molecular interactions in order to accurately predict the solution-phase aggregation
properties. In many cases, it may not be sufficient to rely purely on simple theories of
solubility, such as Flory-Huggins theory, as has been done in the past.!?%130 Similarly,
care must be taken when using a single experimental technique, especially one in
which assumptions must be made about the behaviour of aggregated molecules such
as UV-visible spectroscopy, for understanding solution-phase behaviour. A number
of challenges associated with molecular simulation of OSC polymers are discussed
in Section 5.3.4.

5.2 METHODS

In this work, we have used all-atom molecular dynamics (MD) simulations to study
the solution-phase behaviour of N2200-A and N2200-EO. All simulations have used
the LAMMPS software package,?4+263-265 and visualisation and analysis conducted
with ovito,?*> and VMD.26¢

5.2.1 FORCE-FIELD PARAMETERISATION

Although general purpose force-fields exist, their parameters are often not suited
to capturing the rigid backbones and extended conjugation of OSC polymers,>®”
which will affect the charge distribution and certain bonded parameters, especially
those connecting conjugated segments. We have previously developed a set of
parameters for N2200-A consistent with the OPLS force-field (see Chapter 4), fol-
lowing a method previously outlined in the literature.?* The OPLS force-field is
particularly suited to the study of organic liquids, such as the solvents studied
here, and when combined with the explicit parameterisation of certain important
bonded parameters has been shown to accurately represent a wide variety of OSC
polymers.2

In comparing the behaviour of N2200-A and N2200-EO, the aim in this work
is to isolate the effect of side-chains on the polymer behaviour and aggregation
properties. We have therefore kept the same backbone (partial charges, van der

Waals, bond, angle, dihedral, and improper) parameters, and simply changed the
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side-chains from the A to EO structure. Both A and EO side-chains used parameters
directly from the OPLS force-field with no further modification.?0%268-273 The
parameters that are not defined in Chapter 4 can be found in the SI Section S5.1.

The backbone and side-chain structures were also modelled individually as
separate units in order to elucidate the effect of each of the components on the
overall solubility. To model the backbone, the side-chains were truncated to a methyl
group (R = CH; in Fig. 5.1). This required the addition of an extra hydrogen to the
methylene group directly attached to the backbone relative to the full monomer.
This hydrogen had the same type and charges as in the monomer (atom type 931,
see Chapter 4) and the charge of the methyl carbon was adjusted to absorb the
excess charge (g = —0.137215e). The single A side-chains were modelled as decane
(CH;(CH,)4CH,;), and the EO side-chains as CH,(OCH,CH,),;OCH,. In both cases,
all parameters were obtained directly from the OPLS force-field (see SI Section S5.1
for the EO parameters, and Chapter 4 for the A side-chains).

5.2.2 MOLECULAR DYNAMICS SIMULATION

All-atom MD simulations were conducted for N2200-A and N2200-EO in a variety
of solvents in which the solubility of the two polymers has been studied experimen-
tally.2>252%5 Three solvents were examined for N2200-EO: chlorobenzene (CB, a
poor solvent for N2200-EO), chloroform (CF, a good solvent for N2200-EO from
UV-vis spectrum, but inconsistent with other experimental techniques), and 1-
chloronaphthalene (CN, a good solvent), in which N2200-EO has varied solubility.
For N2200-A, CN (good from UV-vis spectrum, but inconsistent with other experi-
mental techniques), o-dichlorobenzene (DCB, good), and toluene (TOL, poor) were
examined, as well as CF (poor) for comparison with the behaviour of N2200-EO.
Simulations of monomers were initially used to qualitatively examine the side-
chain and polymer behaviour and how this may affect the aggregation properties
(Section 5.2.2.1). Larger simulations of oligomers consisting of 6 monomer units
(6mers), either initialised as randomly positioned or aggregated chains, were also
examined to determine whether the behaviour of an oligomer (which should be
closer to that of an experimental polymeric system) is consistent with the monomer
simulations (Section 5.2.2.2). Finally, to investigate the relative strength of the
different interactions in the system, smaller monomer simulations were conducted
from which Flory-Huggins parameters were calculated (Section 5.2.2.3).

In all cases, non-bonded interactions were calculated using a truncated and
shifted Lennard Jones (LJ) potential with a cutoff of 11 A, consistent with the pa-
rameterisation of the OPLS force-field.20>268-273 The electrostatics were calculated
using the particle-particle particle-mesh (PPPM) method.?’! Non-bonded interac-

tions between atoms separated by 1 (1-2), or 2 (1-3) bonds were set to zero, and
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those between atoms separated by 3 (1-4) bonds to 0.5 of their full strength, again
consistent with the OPLS force-field. The SHAKE algorithm was used to constrain
the hydrogen containing bonds to their equilibrium bond-length, allowing for the
use of a 2 fs timestep. Simulations were conducted at constant temperature and pres-
sure (NPT ensemble) with temperature and pressure controlled with a Nosé-Hoover
thermostat!?®27? and barostat,'?8 respectively.

Unless otherwise specified, all simulations followed a similar setup procedure:
molecules were placed with random positions and orientations using Packmol?””
in a large box at low density in order to prevent overlaps and interlocking rings,
and the energy of the system minimised. With the target density defined as the
experimental density of the pure solvent system, the box was shrunk linearly in
all three dimensions to a density approx. 25% higher than the target density, then
expanded to a size approximately consistent with the target density, as described
in the literature.?’8 Velocities of all particles were then assigned from the Maxwell-
Boltzmann distribution at 300 K. The initial, intermediate, and final box sizes are
given for all systems in the SI, Table 55.6.

Although N2200 is typically represented as an asymmetric unit (i.e. NDI-
bithiophene), we use a symmetric equivalent in this work where the bithiophene
group is split to either side of the NDI group (thiophene (Th)-NDI-Th) as described
in Chapter 4 and shown in Fig. 5.1.

5.2.2.1 Monomer simulations

We initially modelled both N2200-A and N2200-EO immersed in each of the five
solvents. Using monomers means the system can be smaller than required for even
short oligomers, due to the shorter range of intermolecular correlations, allowing
simulations to reach longer timescales than what would be possible for larger
systems. Monomers also diffuse faster than oligomers, allowing aggregation to occur
more rapidly. Simulations were conducted at a concentration of approx. 55 g/L,
with 18 monomers immersed in approx. 3000 solvent molecules (see SI Table S5.6
for the exact number of solvent molecules for each system). The setup procedure
describe above was followed (initial random placement at low density, shrinking
to high density over 40 ps, then expansion to target density over 20 ps), then the
simulations run for 100-300 ns at constant temperature (300 K) and pressure (1 atm).
The resulting trajectories were examined to determine the aggregation properties.

5.2.2.2 Oligomer simulations

Although monomers are expected to diffuse faster through the solvent, and therefore
likely to aggregate faster than polymers or oligomers, the aggregation properties of
longer chains are not necessarily well represented by the behaviour of monomers.
Accordingly, we examine 6mers of both N2200-A and N2200-EO at approximately
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the same concentration as the monomer simulations. Larger box sizes, chosen to
be approx. twice the length of a fully extended 6mer, were required to contain
the oligomers, with all systems containing approx. 20,000 solvent molecules (see
SI Table S5.6). Systems were set up following the same procedure outlined above
(shrinking over 40 ps, expansion over 20 ps), followed by 25-60 ns of simulation at
300 Kand 1 atm.

A number of oligomer simulations were also conducted starting from an aggre-
gated structure. To initialise these simulations, three 6mer chains were positioned
at the center of the box, with center-of-mass separation of 4 A, aligned with their
backbones parallel, such that they were close to the expected m-stacked aggregate
structure. Solvent (either CB, CF or CN for N2200-EO, and CF, CN, or DCB for
N2200-A) was packed randomly around the polymers at low density and the setup
procedure outlined above was followed (shrinking over 40 ps, expansion over 20 ps).
Each system was run for between 20-100 ns at 300 K and 1 atm (see Table S5.6 for
details).

To examine some of the more interesting structures proposed to form in CN,
N2200-A 6mers were studied starting from a solvent-separated structure in CN
and DCB. To initialise these structures, three oligomers were positioned with a
center-of-mass separation of 9 A between each chain in the 7t-stacking direction
and perfectly aligned in the other directions. The simulation setup procedure
was modified slightly to allow the solvent to penetrate into the stacked polymer
structure. The energy of the system was initially minimised with the centers-of-mass
of each monomer (approximated as the two carbons in the center of the naphthalene
ring of the NDI group) fixed. The simulation box was then shrunk and expanded
as described for all other simulations, but with the positions of all the polymer
atoms fixed. The constraints on the entire polymer were then released, and the
system equilibrated with the monomer centers-of-mass fixed (this allowed for the
side-chains and other backbone atoms to rearrange while preventing unwanted
aggregation of the chains) for 5 ns. The restraints on the monomer positions were
then released and the unconstrained system run for a total of 40 ns in CN and 20 ns
in DCB.

5.2.2.3 Flory-Huggins theory calculations

Flory-Huggins theory was used to predict the solubility of both N2200-A, N2200-EO,
and the various components of the polymer (backbone or side-chains) in different
solvents. Methods based on MD simulation have been used in the past to calculate

128-130 3nd we have used

Flory-Huggins interaction parameters of OSC polymers,
a method inspired by these works in the following calculations. Flory-Huggins

theory quantifies the free energy of mixing in terms of the chain length, volume
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fraction, and relative interaction energy. The Flory-Huggins parameter, xpy, can
be obtained from the energetic component of this free energy, and is related to the
relative strength of the polymer—polymer, solvent—polymer, and solvent-solvent

interactions in a lattice-site model of a binary mixture. xpy can be calculated
25129,130

XFH = —Umix
NoppskgT

where ¢, and ¢, are the polymer and solvent volume fractions respectively in the

(5.1)

mixture, and N the number of lattice sites in the mixture. Uy is the energy of
mixing, with!30
Unmix = Um —NsUs = Ny Up (5.2)

where Uy, is the total potential energy (non-bonded + bonded interaction energy)
of the mixture containing N; solvent molecules and N, polymer monomers, U is
the total potential energy per solvent molecule in a pure solvent system, and U, is
the total potential energy per monomer in a pure polymer system. Previous MD
calculations of Flory-Huggins parameters have used the cohesive energy density
— that is the total intermolecular non-bonded interactions per unit volume — to
calculate Upy, and accordingly xpp.!'?° As MD force-fields artificially separate
the bonded (especially dihedral) and non-bonded interactions, which may still be
strongly interdependent, using only the non-bonded for the calculation of U,,;, may
result in the neglect of important interactions for mixing. The total potential energy
used in this work is therefore expected to give a more accurate estimate of Uj,. To
facilitate comparison between the different solvents, we have calculated an effective
Xxry for which the volume of a lattice site was assumed to be the volume of a CF
molecule, calculated as the total volume of a pure CF system divided by the number
of solvent molecules in that system (1000).

As eqn. (5.2) includes the energy of pure polymer and solvent systems, simula-
tions of these pure phases, as well as the polymer-solvent mixtures were required
in order to calculate ypy. For the pure solvent simulations, systems of 1000 solvent
molecules were set up by placing the molecules with random position and orien-
tation in a cubic simulation box at low density (see SI Table S5.6 for simulation
box sizes). The setup procedure outlined above was followed (with shrinking over
100 ps, expansion over 20 ps) and the final system simulated for 10-15 ns (or 80 ns
for CF) at constant pressure and temperature (1 atm, 300 K), from which the total
potential energy of the system was calculated. The time required for equilibration

248,249 i which

of this property was calculated using pymbar’s timeseries module,
the equilibration time is calculated to maximise the number of uncorrelated sam-
ples (see ref. 250 for details), and the energy calculated only using data from this

equilibrated period.
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The structure of the pure polymer phase, whether amorphous or crystalline,
has been shown to affect the value of Flory-Huggins parameters calculated from
MD simulations.!3® However, as we are interested predominantly in the relative
solubility of the N2200 variants in the different solvents rather than the absolute
values, the choice of polymer structure is less important. We have used a monomer
crystal (that is, monomers arranged in a crystalline structure) as the pure polymer
phase in this work for consistency with the solution-phase simulations of monomers.
The monomer-crystal was constructed by positioning monomer centers-of-mass
at the approximate coordinates, and in the correct orientation, to give previously
reported spacing in the 7t-stacking, lamellar stacking, and backbone directions for
the N2200-A crystal.!?° For N2200-A, monomers were positioned at intervals of
15 A in the direction along the backbone (10 monomers), 25 A in the side-chain
stacking direction (3 monomers), and 4 A in the 1t-stacking direction (10 monomers)
to give a crystalline structure containing 300 monomers. The same setup was used
for the N2200-EO monomer-crystal, with the exception of using 16 A spacing in
the backbone direction. For the backbone (no side-chain) monomer-crystal, the
nt-stacking spacing remained at 4 A, and the backbone at 16 A, but the spacing in the
side-chain direction was reduced to 11.5 A. The initial box size was chosen to give
exact continuation of this spacing into the adjacent periodic images. As these crystal
structures as defined are not necessarily in a minimum energy structure, an anneal-
ing procedure was followed to attempt to reach the thermodynamic minimum. The
energy of the monomer crystal was initially minimised, then the system simulated
at constant volume and energy for 40 ps to initialise the packing. Particle velocities
were assigned from a Maxwell-Boltzmann distribution at 300 K and the system
heated at constant pressure (1 atm, box sizes in x, y, and z dimensions allowed to
vary independently) from 300 to 450 K over 200 ps. The simulation was then run
at 450 K for 2 ns at constant temperature and pressure before cooling slowly over
10 ns from 450 to 300 K. The system was then run at 300 K for 2 ns, from which the
equilibrium properties were calculated (equilibration time again calculated using
pymbar, based on the fluctuations of the total potential energy). Representative
structures of all of these crystals as initially defined, and following the equilibration

procedure, are given in the SI, Section S5.2.2.

Mixtures were simulated as 4 monomers (either N2200-A, N2200-EO, or the
N2200 backbone without side-chains) at a polymer volume fraction of approx. 5%
(approx. 600 solvent molecules, see SI Table S5.6 for exact numbers). Flory-Huggins
theory is a lattice model that makes a number of assumptions, one of which is
that, in the homogeneous mixture, lattice sites of type A interact with the other
sites in the system, whether also of type A or B, in proportion to their relative

volume fractions in the solvent. For this assumption to hold, the system should not
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aggregate in the MD simulations used to calculate xgy, which can be particularly
challenging in the poorer solvents. To prevent as much aggregation as possible,
monomers were initially positioned in the center of four of the eight octants of a
(100 A)3 box to start at maximum separation. As with the other simulations, the box
was shrunk over 40 ps to high density, then expanded over 20 ps to the target density.
The simulations were each run for 4 ns, over which time minimal aggregation was

248-250 35 described

observed. The equilibration time was determined using pymbar
previously and the total potential energy calculated from the data after this time.

Finally, the solubility of backbone monomers (with no side-chains) in a "solvent"
of side-chains, as well as the solubility of the free side-chains in each solvent, were
studied using Flory-Huggins theory. The same setup procedure as outlined above for
the monomer mixtures was followed in all cases. Pure side-chain systems contained
1000 side-chain molecules, while the backbone—side-chain mixtures were set up to
have approximately the same polymer volume fraction as the simulations for the
monomer—solvent Flory-Huggins theory calculations (4 monomers, approx. 300
side-chain molecules). Side-chain-solvent mixtures used 72 side-chain molecules in
3000-4000 solvent molecules to give approximately the same solute volume fraction
as in the monomer simulations described in Section 5.2.2.1. See SI Table S5.6 for
details.

5.2.2.4 Free energy calculations

A number of free energy calculations were conducted for N2200-A monomers in
various solvents. These use the OPES methodology,??® which, similar to metady-
namics,?!? periodically deposits repulsive gaussians in collective-variable space in
order to bias the system away from sampling regions it has already visited. All
free energy calculations were conducted exactly as outlined in Chapter 4, using the
PLUMED software package.?!!'21? Free energies were calculated as a function of
three collective variables: the backbone center-of-mass separation, and two angles
that define the orientation of the monomers. These angles, 6, _,, and 6, _, ., where
vy and v, are the vectors normal to the plane of the NDI groups of monomers 1 and
2 respectively, and v the vector connecting the centers-of-mass of the NDI groups
of each monomer, are defined in more detail in the SI Fig. S5.5.

5.3 RESULTS AND DISCUSSION

A number of differences have been reported experimentally between the behaviour
of N2200-A and N2200-EO in different solvents, despite having the same back-
bone structure. Based on published UV-vis absorption spectra of N2200-A2%2> and
N2200-EO,??> changing the side-chains appears to have a significant effect on the
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solubility of the polymer, as well as potentially changing the aggregate structure in
solvents where the polymers are comparably soluble. In Section 5.3.1 the differences
between N2200-A and N2200-EO are examined in more detail: Section 5.3.1.1 high-
lights the differences in solubility of the backbone and side-chain components and
how this influences the overall solubility of the polymer. The structure of the aggre-
gate is discussed in Section 5.3.1.2. For both N2200-EO and N2200-A, experimental
techniques show contradictory results under certain conditions. In CF, the UV-vis
absorption spectrum of N2200-EO suggests that the polymer does not aggregate,
while SEC shows the formation of structures with molecular weight exceeding that
of a single chain.??> Similarly for N2200-A, the UV-vis absorption spectrum in
CN suggests no aggregation, while preliminary results using other experimental
techniques show that significant aggregation does occur in this solvent.??® Some
possible explanations for the observed behaviour are given in Sections 5.3.2 and
5.3.3. This work highlights a number of challenges for both molecular simula-
tion and experimental measurements of OSC polymers which will be discussed in
Section 5.3.4.

5.3.1 comMPARISON OF N2200-A AND N2200-EO

Despite their similar chemical structures, the UV-vis absorption spectra of N2200-A
and N2200-EO (Fig. 5.2) indicate different solubility of the two polymers based
on the red shift of the absorption maximum (especially in CF, in which N2200-A
is poorly soluble while N2200-EO appears to be very soluble), as well as featuring
significantly different shapes. The solubility difference is expected to be related to
the relative solubility of the side-chains in the different solvents, which is examined
in Section 5.3.1.1 using Flory-Huggins theory, though the exclusion of solvent from
the backbone due to different side-chain structures has also been proposed to be
a critical factor for polymer solubility.!®! The structure of the aggregates of each
polymer in a selection of these solvents is examined in Section 5.3.1.2, and can be
used to explain the differences in the absorption spectra of the two polymers.

5.3.1.1 Backbone and side-chain Flory-Huggins parameters
The difference between the relative solubilities of N2200-A and N2200-EO was

examined using Flory-Huggins theory. Although often used to determine the overall
solubility of a polymer (e.g. refs 129, 130), here we extend this analysis to examine
the relative solubilities of the backbone and side-chains, and relate this to the
solubility of the entire monomer. This separation into backbone and side-chain
Flory-Huggins parameters highlights the importance of the chemical nature of both
the side-chain and backbone for the design of OSCs with a particular microstructure,

and also some of the limitations of Flory-Huggins theory. In the analysis that follows,
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Fig. 5.2 Experimental UV-vis absorption spectra of N2200-A (dashed lines) and
N2200-EO (solid lines) at room temperature, reproduced from refs 25 and 295,
respectively.

we consider only the relative values of the Flory-Huggins parameters as the absolute
values are expected to strongly depend on the choice of pure polymer phase,!3°

which will be discussed further below.

We first address the difference in solubility between N2200-A, and N2200-EO,
which we propose is due to differences in the relative solubility of the backbone
and side-chains. Examining the Flory-Huggins parameters of the different com-
ponents (backbones and the two types of side-chains), and the entire monomers,
showed solubility trends consistent with the red shifts in the UV-vis measurements
(Fig. 5.3):2225 N2200-A showed greater solubility than N2200-EO in CN (although
the Flory-Huggins parameters are within error), poorer solubility in CF, and similar
solubility in CB. In the absence of side-chains, the backbone showed poor solubility
in all three solvents, though was most soluble in CN. The greater solubility in CN
can be explained by the chemical similarity of the naphthalene ring of CN and
the NDI group of the backbone, which likely results in strong solvent-backbone
interactions as has been discussed previously.!?° The Flory-Huggins parameters of
the side-chains, combined with the previously obtained backbone parameters, are
consistent with the different solubility of the overall polymers. The good solubility
of the A side-chains, combined with the better solubility of the backbones in this sol-
vent compared to other solvents, means the lack of aggregation of N2200-A in CN, as
suggested by the UV-visible absorption spectrum, is not unexpected. Similarly, the
poorer solubility of the A side-chains in CB and CF relative to CN, combined with
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the poorer solubility of the backbones, is consistent with the poorer solubility of the
entire monomer. In comparison, the EO side-chains showed much greater solubility
in CF than the other solvents. These highly soluble side-chains explain the lack
of observed aggregation (from the absorption spectrum) of the overall N2200-EO
monomer in this solvent compared with either of the other solvents despite the
comparatively less soluble backbone. The poorer solubility of the EO side-chains in

CN and CB is again translated to poorer solubility of the entire monomer.

I CN
6 1 = CB
04 I CF
R
4 i
E -1 . , . :
R 27 N2200-A N2200-EO A EO
N W
_2 4
back'bone NZZbO-A NZZdO-EO A side'-chain EO sidé-chain

solute

Fig. 5.3 Flory-Huggins parameters, xpy, of the polymers with the two differ-
ent side-chains (N2200-A, and N2200-EO), and the individual components of
the polymers (backbone, A side-chain, EO side-chain) in 3 solvents of interest
(1-chloronaphthalene (CN), chlorobenzene (CB), and chloroform (CF)). Error
bars are + two standard errors.

All of the behaviour described above is consistent with the UV-vis absorption
spectra of N2200-A and N2200-EO, though it does not explain the potentially
contradictory behaviour of N2200-EO in CF, or N2200-A in CN, for which different
experimental techniques give contrasting predictions of the solubility. Nor can it
explain the different shaped spectra for N2200-A and N2200-EO. While it therefore
seems that Flory-Huggins theory performs relatively well for predicting the solution-

t128-130 _ at least compared

phase behaviour of OSCs as has been shown in the pas
with UV-visible absorption data — it does not necessarily tell the whole story.

At this point, we note that there are a number of limitations to Flory-Huggins
theory which must be considered when analysing the results presented above. Firstly,
as discussed briefly earlier, Flory-Huggins theory is a lattice model which assumes
that each site in the homogeneous mixture interacts with other sites in proportion
to their volume fractions. The use of an off-lattice simulation technique like MD
means that this is not necessarily the case. Though we have ensured that aggregation
in the mixture simulations is minimal, the vast discrepancy between the sizes of
the molecules, where in the most extreme case, an N2200-A monomer is approx.

11 times the size of a CF molecule, means that the distribution of lattice sites will
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never be homogeneous (Fig. 5.4). This problem is exacerbated for polymer chains,
in which monomers are bonded together, pushing the system further from the

ideal case of homogeneously distributed lattice sites. For this reason, we have used

monomers to calculate the Flory-Huggins parameter, while previous studies have
129,130

used oligomers.

90,
o

IOOS
. +

>

(a) Ideal behaviour (b) Actual behaviour

Fig. 5.4 Representation of the (a) ideal (homogenous distribution of lattice sites)
and (b) actual (homogenous distribution of monomers) behaviour of the lattice
model used here for Flory-Huggins theory calculations. Note that we have
represented the system as a lattice in this diagram, but this is also an assumption
that is not directly applicable to MD, which is by nature an off-lattice technique.

Secondly, although not necessarily an assumption of the theory itself, the struc-
ture of the pure polymer phase must be assumed in the MD simulations used in the
calculation of xpy. Importantly, different structures, whether amorphous or crys-
talline, have been recently shown to give different absolute values of xgy for OSC
polymers.'3? We have assumed crystalline structures of the polymers and backbone,
while the solvents and the pure side-chain systems were liquids at the simulation
temperature (300 K). In terms of comparing the relative solubilities of a specific
polymer in different solvents, the choice of pure polymer phase is unimportant as it
will only affect the absolute values of xpy, i.e. changing the structure of the pure
polymer phase will shift the values of xpy up or down by the same amount for
each solvent. This does, however, mean that quantitatively comparing the values
between different polymers (or between polymer, backbone, and side-chain) is less
straightforward. The effect of the pure polymer structure on Flory-Huggins param-
eters of OSC polymers has been recently studied so will not be discussed further
here.!3% Nevertheless, despite the many associated assumptions, Flory-Huggins
theory has proven to generally provide accurate predictions of the mixing of OSC
solutions.!28-130
As mentioned previously, calculations of Flory-Huggins parameters from MD

have, in the past, used only the cohesive energy density, rather than the total
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potential energy, to calculate Up;y, and accordingly xpy.'?? While this appears to
have given reasonable results, it ignores the possible effect of changes in the bonded
distributions (bond lengths, angles, and dihedrals), that may occur on aggregation,
on the mixing energy. Additionally, in parameterising an MD force-field, dihedral
and non-bonded potentials are arbitrarily partitioned. This means that important
contributors to the non-bonded energy could be neglected if not considering changes
in dihedral potentials that occur on mixing. It is therefore important that these
bonded interactions are also accounted for in order to obtain a reliable estimate of
Xru- These interactions have been included in this work by using the total potential
energy (that is the inter- and intramolecular non-bonded interactions, plus the
bonded energies) for the calculation of U,;y. It should be noted, however, that if
the intramolecular conformation does not change significantly between the pure
systems and the mixture, these intramolecular interactions should not contribute to

the calculated Flory-Huggins parameter.

5.3.1.2 Aggregation behaviour

Although Flory-Huggins parameters calculated from MD have recently been shown
to correlate relatively well to the aggregation properties of specific OSC polymers,!3°
other studies have shown that solubility parameters (albeit the simpler Hildebrand
solubility parameter rather than yxpy) do not accurately predict the experimental
solubility of these polymers.'®! The work presented in the previous section showed
that Flory-Huggins parameters were consistent with the UV-vis absorption spectra
of N2200-A and N2200-EO, but the different shapes of the spectra could not be
explained through this simple theory. Flory-Huggins theory also could not provide
any evidence for why CF may be a poor solvent for N2200-EO, and CN for N2200-A,
despite the absorption spectra (and Flory-Huggins parameters) suggesting that both
of these polymer-solvent pairs should be highly miscible. Examining the structure
of aggregates of N2200-A and N2200-EO in the various solvents, a number of differ-
ences between the behaviour of the two polymer derivatives were observed. These
differences are useful for understanding the differences between the absorption

spectra of the two polymers.

EO side-chains wrap around the N2200 backbone. The first of the observed differences
between N2200-A and N2200-EO is the wrapping of the EO side-chains around the
monomer backbone in all three solvent studied, which does not occur for N2200-A
(Fig. 5.5). The prevalence of this wrapping behaviour was confirmed by the analysis
of the distribution of side-chain atoms relative to backbone atoms (Fig. 5.6), which
shows the clear preference for EO side-chains to interact with the backbone, while A
side-chains remained extended. Note that this behaviour was most significant in CF,

but was also observed for N2200-EO in CB, albeit to a slightly lesser extent, and even
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slightly in CN. The reduced prevalence of this side-chain wrapped structure in CB
and CN is likely due to the stronger backbone-solvent interactions in the aromatic
solvents. Side-chain wrapping was never observed for N2200-A. Side-chain position

distributions for the other solvents and polymers can be found in the SI Fig. S5.6.

(a) N2200-A in CF (b) N2200-EO in CF

Fig. 5.5 Snapshot of a simulation of 4 monomers of (a) N2200-A and (b)
N2200-EO in CF (solvent molecules and side-chain hydrogens removed for clar-
ity). The side-chains of N2200-EO are observed to wrap around the backbone,
effectively shielding it from interactions with the solvent, while those of N2200-A
remain extended.
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Fig. 5.6 Probability distribution of side-chain atom positions around the back-
bone for both (a) N2200-A and (b) N2200-EO in CF from a side-on (in xz plane) or
front-on (in yz plane) perspective, calculated from the simulations of 4 monomers
used for the Flory-Huggins theory simulations. Darker colours indicate higher
probability of finding side-chain atoms in that position, with the same colour
scale used across all four plots. The positions of the backbone atoms are given as
black circles.

The side-chain position probability distributions can be converted to a free
energy in order to determine an approximate free energy preference for side-chain
wrapping for N2200-EO relative to N2200-A, and in the different solvents. The free
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energy preference for side-chain wrapping has been calculated here as the difference
between the free energy of an extended chain compared with a wrapped one. The
probability distribution of just the 6-8th heavy atoms in each of the side-chains
(where the first side-chain atom is the one directly bonded to the tertiary carbon,
see Fig. 5.1) was used to calculate the free energy as these atoms are expected to be
those that interact most closely with the backbone when wrapped. Side-chain atoms
were considered to be in a wrapped configuration when between x = +6 A, p = +4 A,
and z—+4 A (where the center of mass of the N2200 backbone is at x = y=2z=0).
The unwrapped configuration was defined for regions of the same total volume with
the same x and y limits, but with 8 <z< 12 and ~12<z< -8 A, chosen to capture
the region of highest probability of the three side-chain atom positions in the z
dimension. The x, v, and z coordinates are as shown in Fig. 5.6. The free energy
preference for side-chain wrapping was then calculated from the probabilities of
the selected side-chain atoms existing in either the wrapped (Pyrapped) O extended
(Pextended) regions as AG = —kg T In(Pyrapped/ Pextended)- While we emphasise that this
measure is qualitative, giving the relative stability of the two different structures,
with the absolute value depending strongly on the choice of region used to define
wrapped and unwrapped side-chains, in the most extreme cases, the wrapping of
side-chains is up to 0.5 kcal/mol more favourable compared to remaining extended
for N2200-EO, while remaining extended is up to 0.75 kcal/mol more favourable

than wrapping for the N2200-A side-chains.

0.75 1 = N2200-EC

' EEE N2200-A -
. .
]

CF cB CN
solvent

0.254

0.00

AG (kcal/mol)
S
N
bl

Fig. 5.7 Free energy difference between wrapped and extended side-chains. A
negative value indicates side-chain wrapping is favoured. The free energy differ-
ence is calculated from the probability of side-chain atoms being in the regions
—6<x<6A,—4<y<4A,and8<z< 12A(and—12<z<—8A)fortheextended
chains, and -6 <x< 6 A, -4 < y<4 A, and -4 <z <4 A for the wrapped chains.

As the backbone and solvent are the same for both N2200-A and N2200-EO,
the side-chain wrapping must be attributed to either changes in the side-chain—

solvent, or side-chain-backbone, interactions. In this case, the cause appears to be
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XFH

A side-chains EO side-chains
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Fig. 5.8 Flory-Huggins parameters calculated for the backbone-side-chain sys-
tems where backbone monomers were immersed in a "solvent" of side-chains.

the strength of the side-chain—backbone interactions, which are strong enough to
displace a solvent molecule and give the wrapped structure. The relative strength
of the A side-chain-backbone and EO side-chain-backbone interactions were in-
vestigated through calculation of xpy of backbone monomers (with no side-chains)
immersed in a "solvent" of side-chains (Fig. 5.8). Based on the difference between
the Flory-Huggins parameters, the EO-backbone interactions were much stronger
than those between the A side-chains and backbone. For solvents such as CF and
CB, in which the backbone—solvent interactions are relatively weak (higher xgy, see
Fig. 5.3), this leads to a strong preference for side-chain wrapping. As backbone-
solvent interactions become stronger, such as in CN, the preference for wrapped

side-chains diminishes as it becomes more difficult to displace a solvent molecule.

An alternative explanation for the side-chain wrapping behaviour is that the
EO side-chains are less soluble than the A side-chains, with side-chain wrapping
resulting in the structure which minimises side-chain-solvent interactions. However,
calculations of the Flory-Huggins parameter indicates that EO side-chains are much
more soluble than A side-chains in CF (Fig. 5.3), suggesting that less soluble side-

chains are not the predominant cause for the side-chain wrapping.

Based on previous work studying the effect of side-chain structure on polymer

161 side-chains that exclude solvent from the backbone are expected to

solubility,
increase the solubility of the polymer. The wrapping of EO side-chains around the
backbone has this solvent-excluding effect and is therefore expected to increase the
solubility of N2200-EO even further than what could be expected from energetics
alone in solvents such as CF and CB. This increased solubility would not be captured
by Flory-Huggins theory, again highlighting the importance of not considering Flory-

Huggins theory a black box for predicting the solubility of OSCs.
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EO side-chains disrupt backbone packing. Differences in the experimental UV-vis
absorption spectra for N2200-A and N2200-EO under conditions in which they
both show aggregation (e.g. in CB, see Fig. 5.2) indicate that the structure of the
aggregated polymer may vary with side-chains. Given the observed wrapping of the
EO side-chains around the N2200 backbone, it stands to reason that the aggregate
structures will be different. As the aggregation process is expected to be slow, and
the system size for solvated systems of oligomers prohibitively large to reach the
necessary timescales, the effect of the observed side-chain wrapping on the structure
of the aggregate was examined through simulation of systems of 6mers beginning
in a fully aggregated state. Stacks of three chains were considered in order to mimic
a crystal-like environment where a chain interacts with other polymers on each
face. Two key differences were observed between the behaviour of N2200-EO and
N2200-A 6mer aggregates: greater structural disorder and a shift of the peak in the
NDI-NDI radial distribution function (RDF) to shorter separation for the polymer
with EO side-chains, and significant planarisation of the N2200-A backbone which
was not observed for N2200-EO (Fig. 5.9).
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Fig. 5.9 Comparison of some properties of the aggregate structure of N2200-A
and N2200-EO in solvents where aggregation unambigously occurs (CB for
N2200-EO and CF for N2200-A). (a) NDI-NDI RDF, g(r), calculated between
NDI groups in the central chain (sandwiched between the other chains) and NDI
groups in either of the other chains of N2200-EO (purple, solid line) or N2200-A
(green, dashed line). (b) NDI-Th dihedral distribution. The dihedral is defined as
in Chapter 4. The behaviour of this dihedral in the central chain in the aggregate
stack (green or purple) or in a system starting from random positions of chains
where no aggregates with a fully surrounded chain are observed (black) is shown
for N2200-EO (lines) or N2200-A (dashed lines).

Examining the RDFs of N2200-EO and N2200-A in solvents where aggregation
is unambigously known to occur (CB for N2200-EO and CF for N2200-A; Fig. 5.9a)
showed strong crystalline ordering of N2200-A in this solvent (and indeed in all
solvents studied in this work, Fig. $5.7a). While N2200-EO was also quite crystalline,
some disorder was observed (e.g. the region at around r = 10 A). This disorder

corresponds to a shift of one of the outer aggregate chains away from the directly
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stacked structure in order to allow for the side-chains to interact more readily with
the backbones. This third chain eventually almost fully dissociated in both CF and
CB over the course of 80-100 ns. In comparison, all three of the N2200-A backbones
remained almost fully aggregated in a highly crystalline structure over the entire
simulation (up to almost 120 ns in CF), though the NDI groups were slightly offset
(shifted marginally towards a structure in which NDI groups stack over Th groups;
see SI Fig. S5.8) relative to the structure of the N2200-EO aggregate. The slightly
offset structure for N2200-A resulted in the large peak in the RDF being shifted to
larger separation. However, given that even a full shift from a NDI-NDI-stacked to
NDI-Th stacked structure results only in subtle changes to the UV-vis spectrum,?%4
this slight displacement is unlikely to be the major cause for the differences in the

UV-vis spectra.

More significant changes were observed when examining the dihedral distri-
bution for the dihedral between the NDI and Th groups within the central chain
of the stacked aggregate (Fig. 5.9b). Planarisation of the N2200-A backbone has
been previously reported as a significant contributor to the spectral shift in the
UV-visible absorption spectrum.?> Comparing the distribution of the NDI-Th dihe-
dral in unaggregated (or at most aggregated with one other chain) oligomers with
the same dihedral in the central chain of the stack of 6mers showed significant
planarisation of the N2200-A backbone, as well as a restriction of the rotation about
the NDI-Th bond in the aggregated stacks compared with the unaggregated chains.
While the rotation about the bond was similarly restricted in aggregated N2200-EO,
planarisation was not observed, with the dihedral distribution peaked around ap-
proximately the same angle as the unaggregated chains. Note that the planarisation
of the N2200-A backbones was only observed for the central chains (i.e. those that
had another chain on each face) for both N2200-A and N2200-EO. The exterior

chains showed behaviour that was much closer to that of the unaggregated chains.

The effect of polymer conformation and aggregate morphology on the UV-vis
absorption spectrum can be understood through analysis of the relative amounts
of inter- and intrachain coupling.??3?°8 Where intrachain coupling dominates, the
aggregate can be considered to be J-like in character (characterised by a red shift
and a stronger 0-0 — lower energy — vibronic peak), while strong interchain coupling
gives a more H-like aggregate (characterised by a blue shift and a stronger 0-1 —
higher energy — vibronic peak). In reality, the aggregate is likely to fall between these
two extremes giving intermediate H-J aggregates in which the observed spectral
shift and vibronic features will be a result of the relative amounts of the competing

H and J character of the aggregate.?32%8

Examining the effect of aggregation on the intrachain behaviour of N2200-EO
and N2200-A, the significant planarisation of the N2200-A backbone is expected
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to result in both a red shift and an increase in the 0-0 vibronic peak as aggregation
occurs. This is due to the stronger intrachain coupling that is expected to be induced
by the backbone planarisation, as has been studied previously.?? Assuming the
peak at approx. 810 nm in the N2200-A spectra in CF, CB, and TOL (Fig. 5.2)
corresponds to the 0-0 vibronic peak, the observed red-shift and the emergence
of this peak as solvent quality decreases agrees well with the behaviour observed
in the simulations. However, the size of the N2200-A 0-0 peak is small, especially
compared with the N2200-EO spectra, in which the higher wavelength peak is
much more significant despite the weaker intrachain coupling expected due to the
lack of backbone planarisation. The large 0-1 peak for N2200-A suggests that the
H-character of this polymer is significantly greater than in N2200-EO, and sufficient
to greatly enhance the size of the 0-1 peak relative to the 0-0 peak in the N2200-A
spectra. Our MD simulations of aggregates support this behaviour, with the greater
disorder in the N2200-EO aggregates expected to reduce interchain coupling relative
to the highly crystalline N2200-A aggregates. It also appears that the locking of
backbone dihedrals in N2200-EO enhances the intrachain coupling sufficiently that
its strength is on the order of the weaker interchain coupling, despite the absence of
backbone planarisation.

Overall, the different shapes of the UV-vis absorption spectra of N2200-A
and N2200-EO can be explained in terms of the behaviour of aggregated chains.
N2200-A formed a highly crystalline aggregate with a more planar backbone, re-
sulting in increasing J-character as aggregation occurs whilst maintaining strong
H-character due to the crystallinity. On the other hand, N2200-EO formed a more
disordered structure, likely due to the strong side-chain-backbone interactions, in
which H-character is reduced enough that the 0-1 and 0-0 peaks are roughly equal
in size despite the weaker intrachain coupling compared with N2200-A.

5.3.2 N2200-a IN CHLORONAPHTHALENE

While the previous section highlights the differences between the aggregate struc-
tures of N2200-A and N2200-EO, and the effects this may have on the measured
UV-vis absorption spectrum, neither Flory-Huggins parameters, nor the structures
observed when starting from already-aggregated polymer chains, appear to give
any insight into the experimentally reported behaviour of N2200-A in CN. The
UV-visible spectrum of N2200-A in this solvent suggests that the polymer does
not aggregate, while the observation of precipitates at low polymer concentration
show CN to be a poor solvent for N2200-A.??¢ Based on observations from unbiased
MD simulations of monomers, we propose an aggregation mechanism through
which a CN molecule becomes sandwiched between two N2200-A backbones. This

solvent-separated structure would prevent the direct backbone aggregation that
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results in changes to the UV-vis absorption spectrum whilst still giving extensive
aggregation that may be observed through other experimental techniques. The
solution-phase behaviour of N2200-A was examined in various solvents, observing
transient solvent-separated structures only in CN, though not the formation of per-
sistent aggregates (Section 5.3.2.1). To attempt to further explain this behaviour, the
strength of the polymer-solvent interactions were examined through the analysis of
Flory-Huggins parameters (Section 5.3.2.2). As this proved to be inconclusive, more
extensive free-energy calculations were conducted to determine the existence of
any possible free-energy minima that may explain the experimental discrepancies
(Section 5.3.2.3).

5.3.2.1 Observation of solvent-separated structure

The discrepancy between experimental results — with UV-visible spectroscopy show-
ing no aggregation of N2200-A in CN, while precipitation methods suggest that it is
insoluble in this solvent — is expected to be due to aggregation that occurs in such a
way that the backbones are not electronically coupled and therefore gives no shift in
the UV-vis absorption spectrum. In examining the trajectories of monomer simula-
tions in this solvent, we observed the formation of semi-persistent solvent-separated
structures, in which two N2200-A monomers were separated by a single solvent
molecule sandwiched between the backbones (Fig. 5.10). The RDF of monomers
(measured as the RDF of centers-of-mass of the backbone atoms) and the orientation
of monomer pairs as a function of center-of-mass separation (Fig. 5.11), showed a
small peak in the RDF of N2200-A in CN at the separation corresponding to the
solvent-separated structure (= 7.5 A). The orientation of pairs at this separation also
showed a preference for a close-to face-face alignment, which was not observed in
either DCB or TOL. The peak in the RDF in all three solvents at approx 10-15 A
corresponds to the interaction between monomer thiophene groups, which is an
effect that is expected to be significantly reduced in oligomers (see SI Fig. S5.10 for
RDFs of 6mers).

While this solvent-separated structure was observed, and may explain the ex-
perimental discrepancies (the interdigitated solvent molecule preventing electronic
coupling of the backbones), it appeared only transiently in monomer simulations,
persisting for only approx. 10 ns, with no build up of aggregates containing this
motif observed. It is possible that these transient sandwich structures, though not
strong enough to hold monomers together over long timescales, may, if many form
between a pair of longer oligomers, be sufficiently strong in concert that they can
hold longer chains together in such a way that larger aggregates can form. We have
therefore examined the aggregation behaviour of 6émers, beginning with randomly

positioned and oriented oligomers. Again, a small peak was observed at 7.5 A
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Fig. 5.10 Representative structure of the N2200-A-CN solvent-separated struc-
ture taken from the monomer simulations of N2200-A in CN. Side-chain hydro-
gens and all other solvent molecules are removed for clarity. Backbone atoms are
coloured dark grey, side-chains white, and the CN molecule pink.

with orientation corresponding to the solvent-separated structure (see SI Fig. S5.10).
However, these structures were not particularly persistent, again lasting only approx.
10 ns. Notably, the proposed structure in which chains are held together by multiple
solvent-separated monomers was never observed, with all observed instances of a
solvent-separated structure occurring between terminal monomers of oligomers.
The absence of the multi-solvent separated structure may possibly be attributed to
the relatively short timescale of the simulations (on the order of 60 ns). However,
due to the large size of the fully solvated systems, it is difficult to go far beyond this
timescale to observe the long-time behaviour which may be more indicative of the
experimental behaviour.

In an attempt to circumvent the timescale limitation, simulations were conducted
in DCB (a good solvent in which aggregates should not be stable) and CN (in which
the solvent-separated structure may be stable) with three polymer chains initialised
in a solvent-separated stack. The fully-overlapping sandwich structure persisted for
at least 40 ns in CN (the entire simulation length), while the same structure in DCB
dissociated within 10 ns. After the 40 ns simulation in CN, the structure was not
significantly different from the starting structure, giving no indication that it would
dissociate on even longer timescales. While not conclusive, the persistence of this
solvent-separated polymer stack suggests that, when involving multiple monomer-
solvent-monomer interactions, the solvent-separated structure may be sufficiently

stable that it could lead to the build up of extended aggregates. A representative
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Fig. 5.11 Average orientation of monomer pairs in (a) CN, (b) DCB and (c) TOL
at separation r (S = (P,(cos(0))), coloured lines, averaged over time) defined by
two angles: 6, _,,, the angle between the vectors normal to the plane of each
monomer’s NDI group, and 6,, _,., the angle between the normal to the plane of
the NDI group of one monomer, and the vector connecting the two monomer’s
centers-of-mass (see Fig. S5.5 for pictorial definition). 0 is the angle between the
two vectors in each case. A value of S = 1 indicates that the vectors are parallel,
and S = -0.5 that they are perpendicular. Randomly oriented monomers will
have S = 0. The RDF, g(r), is shown as a black line. In DCB and TOL, the
tops of the RDFs are cut off to better observe the behaviour corresponding to
the potential solvent-separated structure at approx r = 7.5 A. The full RDFs
are shown in the SI Fig. S5.9a. Vertical dashed lines indicate the separations
that roughly correspond to a face-face pair (4.25 A), or a solvent separated pair
(7.5 A).

snapshot of the solvent-separated structure of N2200-A in CN is shown in Fig. 5.12.
Although not all pairs of monomers appear to be separated by a solvent, enough
are that the aggregate appears to be stable and not prone to either collapse into the
fully aggregated structure, or separation into single chains. In some cases in which
a solvent molecule was not observed between monomer backbones, the side-chains

(not shown) penetrated into the aggregate structure instead.
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P e O e

=
é

Fig. 5.12 Snapshot of the solvent-separated structure of N2200-A in CN begin-
ning from this structure. Snapshot is taken after 40 ns of simulation. Side-chains
are not shown for clarity. Only solvent molecules within 4 A of the backbone
atoms of two different oligomers are shown, and are coloured pink.

Comparing the dihedral distribution of N2200-A in the CN sandwich structure
with that of either the conventionally m-stacked aggregate or the unaggregated
chains shows that intramolecularly, the solvent-separated aggregate behaved sim-
ilarly to unaggregated chains (Fig. 5.13). This suggests that the solvent molecule
separating the N2200 backbones is able to prevent the restriction of rotation about
the NDI-Th bond that appears to be a significant contributor to the spectral shifts
observed on aggregation, as discussed earlier in Section 5.3.1.2. The formation
of this kind of aggregate is therefore likely to not show significant changes in the

UV-vis absorption spectrum relative to an unaggregated chain.

—— single chains
...... solvent separated
--- stacked

0.04 -

Fig. 5.13 NDI-Th dihedral distribution for N2200-A chains in the solvent-
separated aggregate (dotted line), fully aggregated (dashed line) structure, or
free in solution (black solid line).

5.3.2.2 Relative solvent—backbone interaction strength

In order to understand why the solvent-separated N2200-A structure may form
in CN, but not in other solvents, Flory-Huggins parameters for various N2200-A—

solvent mixtures were calculated. Flory-Huggins parameters were calculated as
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described in Section 5.3.1.1 for the comparison of N2200-EO and N2200-A. Three
different solvents were considered: CN, the solvent for which experimental tech-
niques show discrepancy and UV-visible spectrum indicates no aggregation; DCB,
in which the UV-visible spectrum indicates low aggregation; and TOL, in which
UV-visible spectrum indicates extensive aggregation. We have again broken the
Flory-Huggins parameters down into parameters for the backbone and side-chain
components, as well as the entire monomer (Fig. 5.14). The relative Flory-Huggins
parameters are again consistent with the behaviour predicted by the UV-vis ab-
sorption spectrum: poor solubility in TOL, and much better solubility in CN and
DCB. Based on the behaviour of the backbone and side-chains individually, these
solubility trends can be attributed to the better solubility of both the side-chains
and backbone in CN and DCB.

I CN
61 0.5 =3 DCB
B TOL
E
4 X
£
S
-0.5 T :
21 N2200-A A
04 #j_#
back'bone N22b0-A A side'-chain

solute

Fig. 5.14 Flory-Huggins parameters for the N2200 backbone, N2200-A, and the
A side-chains in CN, DCB, and TOL.

The lower values of xgy for the N2200 backbone in CN suggest strong backbone—
solvent interactions, which is a requirement for the formation of the solvent-
separated structure. Examining the distribution of solvent molecules directly above
the backbone (Fig. 5.15) a stronger preference for CN, compared with the other sol-
vents, to interact with the plane of the NDI group of N2200-A was observed. This is

129 where CN molecules were seen to

consistent with behaviour observed previously
interact strongly with the backbones of N2200-A. Although not conclusive evidence
for the formation of the solvent-separated structure in CN, it is plausible that the

strong backbone-solvent interactions may lead to this unexpected behaviour.

5.3.2.3 Free-energy calculations

Although the unbiased simulations presented above provide some circumstantial

evidence for the formation of a stable solvent-separated structure that would explain
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00 25 50 7.5 100 125 15.0

Fig. 5.15 Probability density of finding a solvent molecule directly above the
plane of the NDI group of a monomer at distance r, where r is the is the x
component (perpendicular to the plane of the NDI group) of the center-of-mass
separation. Given a monomer where the plane of the NDI group is in the yz
plane, r is the absolute distance in the x direction between solvent and NDI
centers-of-mass for all solvents with |y| < 5 Aand |z] < 5 A. This restriction on
the y and z coordinates approximately selects only particles that are directly
above the plane of the NDI group. The probability density was calculated from
the monomer simulations used for the Flory-Huggins theory calculations where
little aggregation was observed over the timescale of the simulations (4 ns). As
aggregation occurs over time, the distribution of solvent directly above the NDI
group is expected to change as it is displaced by other monomers.

the conflicting experimental results,?”® the transient nature of these structures casts
some doubt onto their relevance for aggregation over an experimental timescale. Ad-
ditionally, as large-scale simulations of longer oligomers are hampered by both the
large system size required to fully solvate these longer chains and the slower diffu-
sion of the longer polymer, potential solvent-separated structures — in which chains
are connected through multiple instances of this behaviour — become challenging
to observe. This is largely due to the timescale required for favourable oligomer—
solvent—oligomer encounters. However, if these multi-monomer solvent-separated
structures are able to be formed under equilibrium conditions, they do appear to be
stable based on the behaviour of simulations starting from the solvent-separated
aggregate of 6mers. To obtain a better understanding of the equilibrium behaviour,
we have mapped the full distance and orientation dependent free-energy landscape
for a pair of solvated monomers.

The free-energy calculations described in this section use the OPES method,2%?

biasing the backbone (NDI and Th groups) center-of-mass separation between the
two monomers, and the three angles defined in Fig. 55.5: 6, _,,, 0,,_,., and 6,,_,_.
Free energy surfaces as a function of combinations of 6, _,,, 6,, ., and separation
for N2200-A in CN are shown in Fig. 5.16. Additional plots at shorter separation
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Fig. 5.16 Free energy surfaces (in units of kcal/mol) as a function of distance and
angle (60,, _,, or 6, _,, small left plots), or two angles (6, _,, and 6,, _,. at 7.33 A
separation, large right plot) for N2200-A in CN. Colour indicates the free energy,
with the minimum at AG = 0 kcal/mol. The orientations of the backbone planes
at certain extreme configurations are overlaid on the angle—angle plot. Vertical
white lines on the distance—angle plots indicate the separations corresponding
to the directly face-face aggregated structure, and the expected position of the
solvent-separated structure. The red points indicate the position of the free
energy minimum at r = 7.33 A. Note that data was collected over the full 0-180°
range, but due to the symmetry of the molecule, we combine this into 0-90°.

and for the other solvents are given in the SI Figs. 55.13- S5.15. Note that 0, _,_
and 6,,_,_ are equivalent for identical monomers.

A free energy minimum was observed corresponding to the solvent-separated
structure in CN (separation ~ 7.5 A, 6, \—v, ® 0, . = 0), though it is not the global
minimum (Fig. 5.16). While a minimum corresponding to the solvent-separated
structure was also observed in DCB (SI Fig. S5.14), it appears less significant than
in CN. However, further considering the behaviour in CN, a barrier of ~ 2 kcal/mol
surrounding the solvent separated structure was observed, which may limit access
to this structure.

While Fig. 5.16 shows that the the solvent-separated structure is expected to
be stable in CN, examining the overall free energy as a function of separation (i.e.
averaged over all orientations; Fig. 5.17) shows little difference between N2200-A in
DCB and CN. While, again, N2200-A is expected to show the poorest solubility in
TOL due to the substantially deeper minimum at 4.5 A, there is no clear evidence
for the formation of any other structures in CN that may describe the experimental

discrepancies. One notable feature of the free energy as a function of intermolecular
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Fig. 5.17 Free energy as a function of only intermolecular separation r, calcu-
lated from the OPES simulations described above. Shaded regions indicate two
standard errors, calculated by block averaging.

separation is the broad minimum at 10-13 A in CN. This minimum corresponds
to a structure in which monomers are interacting through the Th groups in a side-
side/L-shaped manner (see Fig. S2.18). While this does appear to be an important
interaction for N2200-A in CN, indicating potentially poorer solubility of the Th
groups, this direct Th-Th interaction is expected to be less important for polymers,
in which these groups are shielded by the connected monomers. This structure may,
however, still be an important factor for explaining the experimental discrepancies
in solubility. It is important to emphasise that these free energy calculations were
conducted for systems of monomers, rather than oligomers or polymers. Longer
chains, in which multiple instances of the solvent-separated structure can hold
chains together more strongly, as described above, may have a deeper minimum at
this position. The aggregation pathway may also change on going to longer chains,

which may improve access to the solvent-separated structure.

Although the results presented above for the formation of a solvent-separated
structure in CN are somewhat inconclusive, they do highlight that solubility theories,
such as Flory-Huggins theory, that consider only the intermolecular interactions,
may sometimes be inadequate for accurately describing, even qualitatively, the
solution-phase behaviour of OSCs. This is especially true when specific interactions,
such as between backbone and solvent molecules, may play an important role.
Similarly, experimental techniques such as UV-vis spectroscopy, which is heavily
relied upon in the field for understanding aggregation properties, may also fail when
predicting solution-phase behaviour as it is sensitive only to specific changes in
the local environment. The use of multiple experimental techniques, coupled with
molecular simulation methods that can give greater insight into the molecule-scale

behaviour of polymer and solvent, is therefore vital for obtaining a comprehensive
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understanding of how OSC polymers behave in solution.

5.3.2.4 Alternative structures

Although the solvent-separated sandwich structure proposed above is a plausible
explanation for the experimental behaviour of N2200-A in CN, there are a number
of other alternate structures which may be able to describe this behaviour similarly
well. One possible candidate involves the interaction of Th groups, which is shown
to be another relatively deep free-energy minimum in CN. However, although
some interaction between terminal Ths was observed in oligomer simulations, there
was no evidence that would suggest the formation of large aggregates with this
interaction motif. However, due to the large system size (approx. 300,000 atoms)
the timescales accessible to these simulations are short; being able to examine the
long-time behaviour may give more conclusive results.

Another possible structure is an aggregate in which, instead of stacking with
the NDI groups directly face-face, an NDI-Th stacked structure forms. Examining
the NDI-Th RDF, calculated from unbiased simulations of 6mers starting from
random positions and orientations, a small peak at short separation in CN that
is absent in the DCB systems as well as a somewhat different shape to the DCB
and TOL distributions (Fig. 5.18), was observed. These differences in the RDF
may indicate a preference for a different aggregation geometry. However, even if
this offset aggregate is preferred to the directly stacked one, there still remains
the question of overall solubility, which is expected to be good in CN due to the
strong interactions between the NDI group and CN molecules, as well as the good
solubility of the side-chains. Both the monomer and oligomer simulations show
this behaviour, with substantially less aggregation observed in CN than in either
DCB or TOL. Additionally, differences in the UV-vis absorption spectrum due to a

staggered aggregation mode have been shown to be minimal,?%*

so it is unlikely that
this structure is the source of the discrepancies between experimental techniques.
The solvent-separated structure, therefore, appears to still be the best explanation

for the inconsistent results between different experimental techniques.

5.3.3 N2200-EO IN CHLOROFORM

While the solvent-separated structure appears to be a plausible explanation for
the discrepancies between experimental techniques in measuring the solubility of
N2200-A in CN, a similar structure for N2200-EO in CF is unlikely to be the cause
of the experimental inconsistencies for this polymer-solvent pair. Though solvent—
backbone interactions are strong between N2200 and CN, they are much weaker
in CF. However, based on the wrapping of the side-chains around the N2200-EO
backbone, which was not observed for N2200-A (see Section 5.3.1.2), it is possible
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Fig. 5.18 NDI-Th RDFs in CN, DCB, and TOL. The NDI-NDI, and Th-Th distri-
butions are given in the SI, Fig. S5.17. Note that RDFs do not go to one at 40 A
as the 6mers are longer than this, meaning there are still correlations out to this
larger separation.

that a structure in which the backbones are separated by the side-chains, in much
the same way that CN separates the N2200-A backbones, could be responsible for
the experimental discrepancies. While this explanation is appealing, no evidence
of a side-chain separated structure was observed in simulations, with monomer—
monomer RDFs and orientation profiles showing no orientation preference at dis-
tances corresponding to the approximate position where the side-chain-separated
structure should be observed (approx. 7-8 A, Fig. 5.19a). Interestingly, a small peak
was observed in the RDFs for N2200-EO 6mers in CB at this separation (Fig. S5.12b),
which, due to the poorer solubility of the side-chains, is expected to be due to
stronger aggregation of the polymer in the poorer solvent. As in Fig. 5.11, the peaks
in the RDFs at 10-15 A correspond to the interaction between thiophene groups
in the monomer simulations, which is not expected to be a significant effect in

polymeric systems (see SI Fig. S5.12 for RDFs of 6émers).

As with N2200-A in CN, although the results here are inconclusive, they again
highlight the importance of expanding the analysis of polymer solubility and
solution-phase behaviour beyond simple solubility theories. While measures such
as Flory-Huggins parameters are valuable, and generally give a good estimate of the
expected solution-phase behaviour of OSCs, it can be dangerous to rely too heavily
on them as they may not capture sufficient detail to even qualitatively predict the
correct behaviour in some cases. It is tempting, when comparing the good agreement
between Flory-Huggins parameters and UV-vis absorption aggregation trends, to
assume that both methods are accurate. However, it appears that even standard
experimental techniques may occasionally fail to capture the aggregation properties

of certain OSCs under specific conditions. The work in this chapter also shows that,
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Fig. 5.19 Average orientation of N2200-EO monomer pairs in (a) CF and (b) CB
at separation r defined as S = (P5(cos(0))), shown as coloured lines. Two angles
were used to define the orientation: 0,, _,,, and 6, _,. (defined in Fig. §5.5). 6 is
the angle between the two vectors in each case. A value of S =1 indicates that
the vectors are parallel, and S = —0.5 that they are perpendicular. Randomly
oriented vectors will have S = 0. The RDF, g(r), is overlaid as a black line (only
shown up to 10 to better observe the behaviour at larger separation). The full
RDFs are shown in Fig. S5.11a. Vertical dashed lines indicates the position where
the directly face-face interacting monomer pair (approx. 4.25 A) or the proposed
side-chain separated structure (approx. 7.5 A) are expected to be observed.

while MD is a powerful technique for examining solution-phase behaviour with

molecular detail, it has a number of limitations which will be discussed below.

5.3.4 CHALLENGES FOR MOLECULAR SIMULATION OF OSC POLYMERS

Overall, while it does appear that a solvent-separated structure can form in CN,
and is the free-energy minimum at the corresponding center-of-mass separation,
it is not clear whether this structure is accessible enough in polymers to impart
changes to the large-scale aggregation behaviour. Additionally, although side-chain
wrapping was observed for N2200-EO, neither a structure in which these wrapped
side-chains resulted in a side-chain separated aggregate structure, nor any other
structure that may explain the discrepancies between the measurements of different

295 were observed in CF. There are a number of reasons

experimental techniques,
which may explain the inability of these unbiased MD simulations, and even the

extensive free-energy calculations, to provide conclusive evidence for the formation
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of unconventional aggregates, and the likely effect of these aggregates on the final

aggregate structure.

Considering the behaviour of N2200-A in CN, it is possible that the proposed
structure is simply not the cause of the experimental behaviour. Though it is shown
to form in the unbiased simulations, is stable when a simulation is initialised from
this structure, and corresponds to a free-energy minimum, there may be other more
significant structures which better explain the observed experimental behaviour.
We have examined a number of possible structures in Section 5.3.2.4, and although
the solvent-separated structure still appeared to be the most plausible, there may
be other structures that have not been considered. Similarly for N2200-EO, al-
though a structure in which wrapped side-chains become sandwiched between the
N2200 backbones is consistent with the experimental results, there may be other
structures that can equally well describe the behaviour. However, as no structures
were observed in the unbiased simulations that could explain the behaviour, it is
impossible to draw further conclusions from these simulations, other than to say
that the behaviour may be related to the wrapping of the EO side-chains around the
N2200-EO backbone as this was the only significant difference observed between
N2200-A and N2200-EO.

As previously mentioned, the timescales accessible for all-atom oligomer sim-
ulations is a limiting factor, meaning only short-time behaviour can be examined
for longer chains. We have therefore predominantly focused on monomer simula-
tions in order to reach longer timescales and potentially observe the formation of
structures relevant to the experimental behaviour. There is, however, the possibility
that the experimental behaviour is due to the interaction of many monomers in a
polymer chain, meaning the behaviour may not be accurately translated to a system
of monomers. Interactions that occur between multiple monomers on two chains
will likely require entire chains to be in a specific orientation. This concerted aggre-
gation mechanism is expected to significantly increase the time required to observe
the formation of ordered oligomer structures to beyond the reach of all-atom simu-
lations. Simulations of oligomers initialised from the aggregate structures have been
used in this work to address this issue, but, whether or not the aggregated structures
spontaneously form under experimental conditions remains unclear. Enhanced
sampling methods are likely to be more useful in determining where any free energy
minima lie, but these also become more difficult for longer polymer chains due to
the introduction of more slowly-varying collective variables which must be biased.
Hybrid simulations, in which, for example, the polymer and first few solvation
shells of each polymer chain are modelled atomistically, while the rest of the solvent
is either treated implicitly or coarse-grained, are a potentially useful alternative

for reaching larger timescales while retaining the interaction specificity required
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for the formation of structures such as the solvent-separated structure proposed
here. The Adaptive Resolution Simulation (AdResS) method,??3%0 which allows
for an atomistic and coarse-grained (CG) region to be defined is one such means of
achieving this, and has been shown to agree well with full atomistic simulations.3%°

Finally, we note that the OPLS force-field used in this work is a general-purpose
force-field parameterised to accurately capture the structure and thermodynamics
of small organic molecules. As conjugated polymers can differ significantly from the
set of molecules used in the original parameterisation, we have specifically parame-
terised the partial charges, and the bonded parameters that are expected to deviate
most significantly from the general OPLS parameterisation, for N2200. However,
the non-bonded LJ parameters were taken directly from the force-field without fur-
ther optimisation, which may introduce inaccuracies into the calculation. Although
good agreement between structural and thermodynamic properties calculated either
using the OPLS force-field or experimentally has been found in the past for certain
OSCs,?’# there is no guarantee that simulations will yield quantitatively accurate
results. Additionally, the OPLS force-field does not include polarisability. Of the
three solvents studied here for N2200-A, and also the additional two studied for
N2200-EO, CN is the most polarisable (Table $5.7).284 It is possible that including
polarisability would further stabilise the N2200-A-CN solvent-separated structure
through stronger backbone—-CN interactions, or uncover an alternate aggregate
structure that satisfies the experimental observations. Polarisable force-fields do
exist (see refs 301-303), though are computationally more demanding, and extend-
ing this work to include the effect of polarisability may lead to more conclusive
results. As it stands, however, while the formation of a solvent-separated structure
for N2200-A in CN is appealing, in that it satisfies the experimental observations
whilst still remaining consistent with the stronger backbone-solvent interactions,
the results presented above cannot unambiguously show that this structure is indeed

the driving force behind the discrepancy between experimental techniques.

5.4 CONCLUSIONS

The effect of solvent and side-chains on the aggregation behaviour of high perform-
ing OSC P(NDI2OD-T2), also known as N2200, was studied through classical MD
simulations. Significant differences have been observed experimentally between the
UV-vis absorption spectra of N2200 with the conventional A side-chains (N2200-A)
and a derivative with EO side-chains (N2200-EO),?>?%> though these differences
have not been explained in the past. In this work, Flory-Huggins theory calcula-
tions of the solubility of the different components (backbone, side-chains) of each

polymer showed that, without side-chains, the N2200 backbone is expected to be
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highly insoluble in all solvents studied. With side-chains, the relative solubilities
of the polymers in each solvent can accurately describe the aggregation properties
as measured by UV-vis absorption spectroscopy, as has been recently shown for
other OSC polymers.!3? Flory-Huggins parameters cannot, however, account for
the different shapes of the spectra of N2200-A and N2200-EO, nor can they explain
the potential discrepancies between experimental techniques for the solubility of
N2200-A in CN or N2200-EO in CF.

From analysis of the aggregate structure of N2200-A and N2200-EO in various
solvents, the shape changes in the UV-vis absorption spectra can be attributed to
differing aggregate structures. While N2200-A formed a highly crystalline aggregate
which induced significant backbone planarisation relative to the single chain, the
N2200-EO aggregate was significantly more disordered and less stable. The greater
disorder in the N2200-EO aggregate structure appeared to be due to the wrapping
of the EO side-chains around the N2200 backbone, a phenomenon that has not been
previously reported. For N2200-EO, although the backbone was also locked into a
specific conformation in the aggregate, it was not planarised significantly compared
to a single chain. In terms of the effect on the balance between H and ] character
of the aggregate, and how this is expected to affect the absorption spectra, all of
the observed behaviour is consistent with the different shapes of the experimental
spectra of these two polymers.

Two interesting experimental results have also been examined using MD sim-
ulation. Both involve formation of aggregates in specific solvents that appear to
be invisible to UV-vis absorption spectroscopy, but not to other experimental tech-
niques such as SEC or simple precipitation-based methods. This behaviour has
been reported for N2200-A in CN,%%¢ and N2200-EO in CF.?> We have proposed
the behaviour of N2200-A in CN to be due to the formation of a solvent-separated
sandwich-like structure, where the intercalation of a solvent molecule between two
monomer backbones prevents electronic coupling whilst still resulting in signifi-
cant aggregation. Although some evidence for the formation of this structure was
observed, and it does appear to be stable if it is able to form with the concerted
aggregation of multiple monomer—solvent-monomer pairs in a chain, free energy
calculations of monomers were inconclusive and it is unclear whether this structure
is likely to be a significant contributor to the experimental-scale aggregation proper-
ties. For N2200-EO in CF no evidence of the formation of any structure that could
explain the experimental behaviour was observed in unbiased MD simulations.
The observed side-chain wrapping may be related to the interesting experimental

behaviour, but it is not yet clear exactly how this may be.

A number of important points have come out of this work, particularly in relation

to best practices for predicting solubility from MD simulation, and how solubility
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parameters compare to experimental solubility. As previous studies,'?>13% and
the work here, have shown, good agreement can be found between Flory-Huggins
interaction parameters and the aggregation properties of polymers as measured
by UV-vis absorption spectroscopy. It can therefore be tempting to conclude that
Flory-Huggins theory accurately captures the aggregation behaviour of OSCs poly-
mers. While this may be true in many cases, it does not appear to be so for two
of the cases studied here, and likely others in the literature. Specific interactions
between, for example, solvent and backbone, or backbone and side-chains, may be
able to disrupt the aggregate structure in such a way that no changes to the UV-vis
absorption spectra are observed. These interactions should not be ignored. Spe-
cific solvent (or side-chain)-backbone interactions are challenging to observe with
experimental techniques, so combined experimental-computational approaches
become important. There are, however, challenges associated with detailed molec-
ular simulations, most notably accessing the relevant length- and time-scales to
observe experimentally-important behaviour. Enhanced sampling methods can be
applied to attempt to circumvent these issues, but are still expensive, especially for
oligomeric systems. The development of more efficient models, and the improve-
ment of computer hardware, should allow these kinds of calculations to become
more routine in the future, giving greater insight into the molecular scale behaviour

of OSC polymers in solution.
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Supporting Information

S5.1 ALL-ATOM PARAMETERS FOR N2200-A AND N2200-EO

All parameters for N2200-A, and the backbone of N2200-EO, are exactly as described
for the all-atom simulations in Chapter 4. The parameters for the EO side-chains
were obtained directly from the OPLS force-field29>268-273 and are reproduced in
the tables below. The atom types and their relationship to the all-atom structure are
shown in Fig. S5.1.

O Als A O ln ‘8
ST TR o M T e

956
46 125 122 124 124 122 124
B QAR B, O
gng_ 3 O 13 20 3 O 3 20 4*13
R all other hydrogens:*27

Fig. §5.1 Definition of the site types for the EO side-chains. Atom type 955 and
956 are defined in Chapter 4 while all other parameters are directly from the
OPLS force field.
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Table S5.1 Masses, partial charges, and LJ parameters for the all-atom N2200-EO
side-chains. The non-bonded potential between two particles of type i and j is

defined as " .
(o
I’i]' I’i]' 47‘(601’1']'

where 0;; = is the homonuclear L] diameter, €;; = homonuclear L] interaction

Unp(rij) = 4€;j

strength, and g; = the charge. Geometric mixing rules were used for ij interac-
tions: 0;; = \/0;05; €;j = \/€;€;. Charges and L] parameters for all five side-chain
atom types come directly from the OPLS force-field. Parameters for atom types
955 and 956 are given in Chapter 4.

atom type (i) mass (g/mol) g, (e) € O
122 15.999 -0.4 0.14 2.9
123 12.01 0.11 0.066 3.5
124 12.01 0.14 0.066 3.5
125 12.01 0.17 0.066 3.5
127 1.008 0.03 0.03 2.5

Table S5.2 Bond length parameters. All parameters come directly from the OPLS
force-field. The harmonic potential has the form Upong(l) = k;(I - Iy)* where k is
the bond stretching coefficient, and [, the equilibrium bond length.

bond bond style ki (kcal/mol/A?) I, (A)

13-13 harmonic 268 1.529
13-20 harmonic 320 1.41
13-46 harmonic 340 1.09

Table S5.4 Bond angle parameters. All parameters come directly from the OPLS
force-field. The harmonic angle potential has the form Uyug1e(6) = kg(0 - 00)?,
where k is the angle bending coefficient and 6 the equilibrium bond angle.

angle angle style kg (kcal/mol/rad?) 6, (°)
13-20-13 harmonic 60 109.5
20-13-46 harmonic 35 109.5
13-13-46 harmonic 37.5 110.7
13-13-13  harmonic 58.35 112.7
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S5.1. All-atom parameters for N2200-A and N2200-EO

Table S5.5 Dihedral parameters. All parameters come directly from the OPLS
force-field. The OPLS style dihedral potential has the form

Udinea(9) = 31 [1+cos(p)]+ ko [1 - cos(2)] 3 k3 1+ cos(3)}+ 5 ka1 - cos(4)]

X is a wild-card atom. All energy parameters k; have units of kcal/mol.

dihedral dihedral style kq k, ks ky
20-13-13-20 OPLS —-0.55 0 0 0
13-13-13-20 OPLS 1.3 —-0.05 0.2 0
46-13-13-46 OPLS 0 0 0.3 0
20-13-13-46 OPLS 0 0 0.468 0
13-13-13-46 OPLS 0 0 0.3 0
X-13-20-13 OPLS -0.521 -2.018 1996 0
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s5.2.2 CRYSTAL STRUCTURES

The structures of the monomer crystals as initialised, and following the annealing

procedure are shown below. The dimensions of the cell, initialised to give periodic

packing in all three dimensions, are also given. Over the course of the simulation,

the x, v, and z box side-lengths were allowed to vary independently.
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(a) Starting structure from a (left) front-on or (right) side-on view

(b) Final structure from a (left) front-on or (right) side-on view

Fig. §5.2 (a) Starting and (b) final (post-annealing) structure of the N2200-A
monomer crystal. The periodic box is indicated on each image (black square)
and the number of monomers in each direction and initial box size labelled
on the starting structures. Backbone (blue) and side-chains (grey) are coloured
separately, and side-chain hydrogens are not shown for clarity.

- 258 -



§5.2.2. Crystal structures

oo Er o
EES oo s s as s = & N :
T G

e

S oo
A e e e e e e | 5 |/ Ervie
N S ahaan: i
i ThnaRR
AT, TR

side-on view

(a) Starting structure from a (left) front-on or (right)
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(b) Final structure from a (left) front-on or (right) side-on view

Fig. §5.3 (a) Starting and (b) final (post-annealing) structure of the N2200-EO
monomer crystal. The periodic box is indicated on each image (black square) and
the number of monomers in each direction and initial box size labelled on the
starting structures. Backbone (red) and side-chains (grey) are coloured separately,
and side-chain hydrogens are not shown for clarity.
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10 phomers,

(a) Starting structure from a (left) front-on or (right) side-on view
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(b) Final structure from a (left) front-on or (right) side-on view

Fig. S5.4 (a) Starting and (b) final (post-annealing) structure of the backbone
monomer crystal. The periodic box is indicated on each image (black square) and
the number of monomers in each direction and initial box size labelled on the
starting structures.
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S5.3 ORIENTATION-ANGLE DEFINITIONS

The orientation of two monomers has been described in this work using two angles:
0y,—v,, and 0, _,.. These angles are defined in Fig. S5.5. Note that this definition
does not distinguish between rotations about the v; axis so will not uniquely define
the relative orientation of molecules that do not have in-plane symmetry. While
the presence of side-chains, and the asymmetry of the monomer unit, mean that
this in-plane symmetry is lacking for N2200 (and therefore that the same values of
0y,—v, and 6, _, may describe different relative orientations), the effect of rotation
about the v; axis is expected to be minimal compared to changes in the orientation
of the planes of the molecules. The angle 0,,_,. also exists, but is equivalent to

0y, - for identical monomers.

Fig. S5.5 Definition of the angles used to define the orientation of two planar,
disk-like particles. 0, _,, is the angle between the vectors normal to the plane of
each molecule. 0,, _,. and 0,,_,,. are the angles between the normal to the plane,
and the vector connecting the centers-of-mass.
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S55.4 PROBABILITY DISTRIBUTIONS FOR EXTENDED AND WRAPPED

SIDE-CHAINS

The free energy difference between extended and wrapped side-chains was calcu-

lated from the probability distributions of the side-chain positions relative to the
N2200 backbone for both N2200-A and N2200-EO. The probability distributions

for all solvents are shown in Fig. S5.6.
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Fig. S5.6 Probability distributions of side-chain atom position around the back-
bone for both (a,c,e) N2200-A and (b,d,f) N2200-EO in (a,b) CF, (c,d) CB, or (e,f)
CN. Both a side-on (in xz plane) or front-on (in yz plane) perspective are shown.
Darker colours indicate higher probability of finding side-chain atoms in that
position, with the same colour scale used across all plots. The positions of the
backbone atoms are given as black circles.
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S55.5 AGGREGATE STACK BEHAVIOUR

A number of systems were examined starting from a fully aggregated structure.
These contained three 6mer chains in order to give a crystal-like environment for
one of the chains, in which it interacts with two other chains, one on each face. Most
of the analysis below will therefore be conducted for the central chain of the stack

(the one that interacts with both other chains if fully aggregated).

$5.5.1 RADIAL DISTRIBUTION FUNCTIONS

The NDI-NDI RDF, g(r), of the central chain of the N2200-A and N2200-EO stacks
is shown below for all the solvents studied. In all solvents, the structure of N2200-A
remained highly crystalline, while N2200-EO became slightly more disordered.

200 150
1000+ 1250 /
800 /100 i g
J /\ 1000 501
g 600+ 0 | . | £ 7504 0 ‘ ‘ :
0 5 10 15 20 0 5 10 15 20
400+ r(4) 500 r(A)
— CF
200 j\ DCB 250 — cB
— CN — CF
LIV N AL~ ST A
0 10 20 30 40 0 10 20 30 40
(a) N2200-A (b) N2200-EO

Fig. S5.7 NDI-NDI RDF of the central chain of a stack of 3 N2200 6mers with
either (a) A or (b) EO side-chains in various solvents.
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$5.5.2 STRUCTURE OF AGGREGATES IN CHLOROFORM

Representative structures of the N2200-A and N2200-EO aggregates in CF (after
100 ns for N2200-A, and 40 ns for N2200-EO), starting from the stacked structure,
are shown below. N2200-A shows slightly offset NDI groups, resulting in the first
peak in the RDF occurring at larger separation than for N2200-EO.

(b) N2200-EO

Fig. S5.8 (a) Representative final aggregate structure (after 100 ns) of N2200-A in
CF. (b) Representative aggregate structure after 40 ns (prior to full dissociation
of the third (yellow—green) chain of N2200-EO in CF. Side-chains are not shown
for clarity. In both (a) and (b), the red line indicates the approximate direction of
the polymer backbone, the black arrow the direction of stacking between chains
(i.e. connecting the monomer centers-of-mass), and the dotted black line where
the arrow would be if chains were arranged with NDI groups directly stacked
(i.e. perpendicular to the plane of an NDI group of a monomer in the central
chain). In (b), the dotted black line and arrow are indistinguishable.
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S5.6 ADDITIONAL RDFS AND ORIENTATION PROFILES

A number of additional RDFs and distance—orientation profiles are given in the

following sections.

s5.6.1 ~N2200-a

The RDFs shown in Fig. 5.11 are cut off at the top to better visualise the behaviour
at separations corresponding to the potential solvent-separated structure. The full
RDFs are given in Fig. S5.9 for both monomers and 6mers. Note that the 6mer RDFs
do not appear to go to one at large separation as the size of the 6mer is larger than
the maximum 40 A plotted to here, meaning there are still correlations out to this

large separation, particularly when chains are aggregated.

_ | 15 —
75 CN H H CN
: : DCB | 101 E DCB
6 %50 i 5 —— TOL 6 ) \ —— TOL
s : : 5
op % & & 10 < 41 574 & 8 10
% (A s r(A)
’ A g
\ A\W
—— ;
. W J U
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
r (A) r(A)
(a) Monomers (b) 6mers

Fig. S5.9 RDFs of N2200-A (a) monomers, (b) 6mers in various solvents. Vertical
dotted lines indicate the separations expected to correspond to a fully face-on
pair of monomers (4.25 A) and a solvent-separated structure (7.5 A). Inset plots
show the full height of the first peak at approx 4.25 A. In the 6mer plots, the
RDF is calculated between all pairs of monomers on different chains.

RDFs and orientation profiles as a function of intermonomer separation r are
shown for 6émers of N2200-A in various solvents in Fig. S5.10. A small peak is
observed at approx. 7.5 A in CN with orientation that is consistent with the solvent-
separated structure. The behaviour of N2200-A in DCB at this position is also
similar, though the peak in the RDF is smaller and the directly interacting structure
is much more prominent. As described previously, the 6mer RDFs do not converge

to one because of the length of the oligomers, which is greater than 40 A.
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Fig. §5.10 Average orientation of N2200-A monomer pairs in 6mers at separation
r (i.e. the average orientation at monomer-monomer separation r between two
monomers on different oligomers) defined as S = (P;(cos(6))) in (a) CN, (b) DCB,
and (c) TOL. Two angles are used to define the orientation: 6, _,,, 0, _y. (defined
in Fig. §5.5). 0 is the angle between the two vectors (v, v, or v¢) in each case.
A value of S =1 indicates that the vectors are parallel, and S = —0.5 that they
are perpendicular. Randomly oriented vectors will have S = 0. The RDF, g(r),
is overlaid as a black line (only shown up to 10 to better observe the behaviour
at larger separation. The full RDFs are shown in Fig S5.9. Vertical dashed line
indicates the position where the directly face-face interacting monomer pair
(approx. 4.25 A) or the solvent-separated structure (approx. 7.5 A) are expected
to be observed. Shaded regions indicate two standard errors, calculated using
block averaging.
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s5.6.2 N2200-eo

Equivalent plots to those shown in section S5.6.1 for N2200-EO are shown in
Figs. S5.11 and S5.12.
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Fig. $5.11 RDFs of N2200-EO (a) monomers, and (b) 6mers in various solvents.
Vertical dotted lines indicate the separations expected to correspond to a fully
face-on pair of monomers (4.25 A) and a solvent-separated structure (7.5 A). In
the 6mer plots, the RDF is calculated between all pairs of monomers on different
chains.
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Fig. $5.12 Average orientation of N2200-EO monomer pairs in 6mers at separa-
tion r (i.e. the average orientation at monomer—monomer separation r between
two monomers on different oligomers) defined as S = (P;(cos(6))) in (a) CF, and
(b) CB. All features are as defined in the caption to Fig. S5.10. Shaded regions
indicate two standard errors in S calculated by block averaging.
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S5.7 FREE-ENERGY SURFACES AT POINTS OF INTEREST

Monomer-monomer free energy surfaces, calculated using OPES simulations, for
N2200-A in CN, DCB, and TOL are shown in Figs. S5.13, §5.14, and S5.15, re-
spectively. The angle—angle surfaces are shown at two different separations, corre-
sponding to the directly face-face pair, and the distance where a solvent-separated
structure should be observed. While a slip-stacked, face-face structure appears to
be the global minimum in all cases, an additional minimum was observed corre-
sponding to the solvent-separated structure in CN and DCB, though this was much
more strongly favoured in CN than in DCB.

A representation of the minimum of the free energy at various separations is
given in Fig S5.16. Again, this shows that the position and orientation corresponding
to the solvent-separated structure is stable in CN, and to a lesser extent in DCB,
but was not observed in TOL. Note that these orientations simply represent the
orientation corresponding to the minimum free energy at each separation. There is
no guarantee of a physical pathway linking these states. Other, slightly less stable,
but more accessible, states may therefore be more representative of the orientation

along the "actual" aggregation pathway.
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Fig. $5.13 Free energy surfaces for N2200-A in CN calculated from OPES sim-
ulations of two monomers with the distance, r, and the three angles defining
the orientation, 6, _,,, 0y, _y., and 6,,_, . (see Fig. S5.5 for definitions of angles),
biased. In each plot, the minimum of the free energy (reported in kcal/mol)
is shifted to zero. The red points indicate the free energy minimum for each
plot. Vertical white lines on the distance—angle plots indicate the approximate
separations where the directly face-face (4.25 A) and solvent-separated (7.5 A)
structures are expected to be observed. Diagrams corresponding to the combina-

tion of 6, _,, and 6, _,. are overlaid on the angle-angle plot.
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Fig. $5.14 Free energy surfaces for N2200-A in DCB calculated from OPES sim-
ulations of two monomers with the distance, r, and the three angles defining
the orientation, 6, _,,, 0y, _y., and 6,,_, . (see Fig. S5.5 for definitions of angles),
biased. In each plot, the minimum of the free energy (reported in kcal/mol)
is shifted to zero. The red points indicate the free energy minimum for each
plot. Vertical white lines on the distance—angle plots indicate the approximate
separations where the directly face-face (4.25 A) and solvent-separated (7.5 A)
structures are expected to be observed. Diagrams corresponding to the combina-

tion of 6, _,, and 6, _,. are overlaid on the angle-angle plot.
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Fig. §5.15 Free energy surfaces for N2200-A in TOL calculated from OPES sim-
ulations of two monomers with the distance, r, and the three angles defining
the orientation, 6, _,,, 0y, _y., and 6,,_, . (see Fig. S5.5 for definitions of angles),
biased. In each plot, the minimum of the free energy (reported in kcal/mol)
is shifted to zero. The red points indicate the free energy minimum for each
plot. Vertical white lines on the distance—angle plots indicate the approximate
separations where the directly face-face (4.25 A) and solvent-separated (7.5 A)
structures are expected to be observed. Diagrams corresponding to the combina-

tion of 6, _,, and 6, _,. are overlaid on the angle-angle plot.
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Fig. S5.16 Relative positions and orientations of monomer pairs at the free energy
minimum for each separation coloured by free energy in (left) TOL, (center)
CN, and (right) DCB. Each monomer is represented as a line corresponding to
looking down the plane of the NDI group and separation and orientation given
relative to the black reference molecule. The arrows indicate the direction of
vy (or vy) — the vectors normal to the plane of the monomer’s backbone — and
are positioned at the center-of-mass of the particle. Dotted lines indicate the
separation that corresponds approximately to the directly interacting (4.25 A) or
solvent-separated (7.5 A) structures. Lines/arrows are coloured according to the
depth of the free energy minimum at this separation, with more stable structures
darker than less stable ones.
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S55.8 NDI-TH DISTRIBUTIONS

The RDFs, g(r), between the NDI-NDI, NDI-Th, and Th-Th groups from sim-
ulations of 6mers are given in Fig. S5.17. These show slight differences in the
spontaneous aggregation behaviour of N2200-A in CN compared with the other

solvents, though, overall, little aggregation in this solvent was observed.
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Fig. §5.17 (a) NDI-NDI, (b) NDI-Th, and (c) Th-Th distributions of N2200-A
6mers in CN, DCB, or TOL. Distributions are calculated between all pairs of
monomers in different oligomer chains.

S5.9 SOLVENT POLARISABILITIES

Table S5.7 Polarisability of the organic solvents examined in this work.?84 Where
two values are listed, two different sources were available (see references within
ref. 284).

solvent polarisability (A3)
1-chloronaphthalene (CN) 19.30
o-dichlorobenzene (DCB) 14.17
toluene (TOL) 11.80 (12.25)
chlorobenzene (CB) 14.10 (12.30)
F) 9.50(8.23)

C
chloroform (C
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"Now, I'm fairly confident I've come up with several valuable insights — in
fact, I'm sure of it — but, uh, I've only slept six hours in the last few days, so,

"

um...

— Rodney McKay, Stargate: Atlantis




Chapter 6

6.1 SUMMARY AND FUTURE DIRECTIONS

The previous chapters present an in-depth analysis of the behaviour of organic semi-
conductors (OSCs) in solution and at interfaces. Molecular simulation techniques
have been used to obtain molecular-level insights into the kinetics and thermody-
namics of various important aspects of OSC morphology, rationalising previously
unexplained, or unexpected, experimental behaviour, and leading to novel methods

for predicting this morphology.

Orientation of OSCs at interfaces with solid and vapour can be simply predicted

Chapter 3 presented an analysis of how small-molecule OSCs align at solid and
vapour interfaces. Using generic coarse-grained (CG) ellipsoids, with parameters
chosen to represent a range of typical OSC-like particles, universal scaling of the
orientation of interfacial particles with a simple free energy parameter was observed.
In most cases, the equilibrium orientation of the interfacial layer of an isotropic
liquid at a solid substrate was found to be face on, and side-on at the interface
with a vapour. This has implications for the fabrication of OSC devices in which a
particular interface orientation may be required for high performance. A number
of strategies for controlling the orientation at both the solid and vapour interfaces
were proposed, based on the scaling of orientation with the components of the
free energy. Changing the shape anisotropy was found to be a useful method for
controlling the orientation at both interfaces, while the orientation at the solid
interface can perhaps be most easily controlled by changing the substrate to one
that interacts more strongly with either the face or the side of the molecule. It
should be noted that, under circumstances where the electronic structure of the
substrate, for example, is important for achieving good device performance, it may
become challenging to change the strength of the substrate interactions without
losing performance on other fronts. However, as the substrate does not necessarily
always play an active role in the device, it may be possible to change the substrate
to optimise the OSCs’ interfacial orientation without compromising other aspects of
device performance.

The work in Chapter 3 exclusively examined interfaces with bulk isotropic lig-
uids of disk-shaped small molecules. This is only a small subset of possible OSC
structures, which also include rod-like particles, polymers, and molecules with
side-chains, as well as materials that form bulk anisotropic liquid-crystalline phases.
It is likely that many of the same principles — that is, the balance between entropic
and energetic contributions which can be tuned by changing particle shape and
interaction anisotropy — can be applied to these other classes of molecules. Exam-
ining other structures in more detail may confirm the generality of the predictor,

increasing its utility beyond the cases studied in this work. While the behaviour of
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nematic fluids of anisotropic particles has been studied previously at the vapour
interface,?* it would also be interesting to examine how well our predictor translates
to bulk anisotropic systems, including to interfaces of such systems with a solid
interface. Likely the interactions with adjacent layers would need to be considered
to maintain good predictive power.

General models such as that used in Chapter 3 are also potentially valuable for
studying non-equilibrium processes such as solution-phase deposition or solvent
evaporation. While molecular dynamics (MD) studies of these kind of processes do
exist, 169175304305 they have typically looked at specific systems rather than using
general models. While the observations from these specific studies are interesting,
it is difficult to formulate general design rules from them. The use of more general
models, parameterised to be within the range of typical OSCs, as done in the work
in Chapter 3, would therefore be useful for better understanding the processes that

govern solution-phase deposition.

Rapid formation of partially overlapping chains leads to rod-like aggregates

In Chapter 4, we parameterised an all-atom (AA) model of high-performance OSC
polymer P(NDI20OD-T2), also known as N2200, which was used to develop a CG
model of this polymer. N2200 has been shown experimentally to form large, rod-like
aggregates in poor solvents, with size up to an order of magnitude larger than a
single polymer chain, indicative of a directional, multi-chain aggregation process.?>
This observation contradicts all known theories of polymer solubility — which pre-
dict chain collapse in poor solvents — as well as earlier studies on the same polymer
that suggested it formed single-chain, collapsed structures.?? CG simulations at con-
ditions approximating those studied in ref. 25 showed the formation of multi-chain
aggregates in poor solvent, in which chains held together by interactions between
only a fraction of their constituent monomers were sufficiently stable that they did
not separate on the timescale of further aggregation. This led to chains becoming
trapped in structures that are not the expected thermodynamic minimum of fully
overlapping chains, and to the build-up of large extended aggregates. Importantly,
whether a single-chain folding, or multi-chain aggregation, pathway is followed was
found to depend on the relative rates of these two competing processes: if multi-
chain aggregation occurred faster than single-chain folding, extended aggregates
formed, while faster single-chain folding gave more collapsed structures, and no
build up in aggregate size. The relative rates of these processes can be controlled
by changing backbone stiffness and length, as well as polymer concentration. A
critical crossover concentration was determined for N2200, above which multi-chain
aggregation is expected to be favoured, reconciling the apparently contradictory

experimental results. Overall, this work provides a novel and general theoretical
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framework for predicting, and thus controlling, OSC polymer aggregate morphol-
ogy. This could be exploited to design better OSC devices, given the experimentally
observed correlation between the formation of extended rod-like aggregates and
charge-carrier mobility.

The quantitative accuracy of the prediction of the critical crossover concentration
from the MD simulations conducted here could be further improved by including
hydrodynamic interactions in the simulations. Although we have estimated the
effect of hydrodynamic interactions on the behaviour of the multi-chain systems, a
number of assumptions were made in this process. Whilst these assumptions appear
to be generally reasonable, explicitly including hydrodynamics, such as by using a
Lattice-Boltzmann fluid,?%8-206-308 should allow for better predictions of the critical
crossover concentration with direct applications to experimental systems.

In terms of accurately modelling the aggregation properties, the effect of in-
cluding dipoles or quadrupoles may be another interesting extension to this work.
While the work here is a first approximation, and provides valuable insights into
the behaviour of OSC polymers in solution, many OSCs molecules have significant
quadrupoles which may play an important role in their solution-phase and aggrega-
tion behaviour. To the best of our knowledge, no CG models of OSCs have included
either dipoles or quadrupoles, so the development, and use, of these models would
be an important next step in achieving greater understanding of OSC behaviour.

The ability to control whether polymer chains aggregate or collapse in poor
solvents is hugely important for the development of high-performing OSC devices
as the solution-phase structure has implications for the final thin-film structure
and, accordingly, the charge transport properties. Although this work only exam-
ined a single OSC polymer (N2200) the presence of some critical concentration
which controls the preference for single- or multi-chain behaviour in poor solvents
should not be unique to this polymer. The extension of this work to other OSC
polymers, particularly those that deviate significantly in structure from N2200,
would be valuable for confirming the transferability of this theory. Additionally,
while the simulation results presented here are consistent with both experimental

2223 further experiments studying, for example, the effect of concentration

sources,
on solution-phase behaviour in poor solvent, would be useful for both validating the
computational results, and determining the quantitative accuracy of the calculated

critical crossover concentration and its dependence on chain length.

Specific molecular interactions may be important for solution-phase behaviour

Solution-phase behaviour of OSC polymer N2200 was further studied in Chapter 5
using the AA model parameterised in Chapter 4. This chapter examined solution-

phase aggregation in more detail, looking at a number of chemical factors that may
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influence both the aggregation process, and the final aggregate structure: the solvent
and side-chains. In general, it was found that Flory-Huggins theory, which has been
used in the past to explain the solution-phase behaviour of OSC polymers, fails
under certain circumstances where it appears specific molecular interactions may
be important. It is also unable to explain differences in aggregate structure, which
may account for observed differences in, for example, the UV-visible absorption
spectrum of N2200 with either alkyl (A, referred to as N2200-A), or ethylene oxide
(EO, referred to as N2200-EO) side-chains. Examining the simulations, wrapping
of the side-chains around the N2200-EO backbone was observed in solvents where
the backbone showed poor solubility (and to a lesser extent when the backbone was
more soluble), leading to a more disordered aggregate structure that can explain the
differences in the absorption spectrum. This kind of specific side-chain-backbone

interaction has not been reported previously.

A sandwich-like solvent-separated structure was observed for monomers of
N2200-A in 1-chloronaphthalene, which may reconcile differences in behaviour of
this polymer—solvent pair when using different experimental techniques.?® Evi-
dence from simulations of monomers and oligomers, as well as calculations of the
monomer—-monomer free energy surface in a variety of solvents, supported this
proposed sandwich structure, but was not conclusive. Further investigation into the
prevalence of this structure in oligomeric systems was hampered by the large system
size, which drastically reduced the timescale accessible to simulations. Although
enhanced sampling methods may be useful here, the additional slowly-varying
collective variables introduced by extending the length of the polymer chain, make
these calculations challenging. The aggregation behaviour of N2200-EO in chloro-
form has also shown inconsistencies when measured using different experimental
techniques.??> Although the observed side-chain wrapping may be related to this
discrepancy, no evidence was observed in either monomer or oligomer simulations
for an aggregate structure that could explain the experimental behaviour. Neverthe-
less, these results highlight that simple solubility theories, such as Flory-Huggins
theory, which is commonly applied to OSC polymer solutions, may not accurately
describe the solution-phase behaviour, particularly when specific (e.g. side-chain-
backbone, or solvent-backbone) interactions may be important. Capturing the
polarisability of both the solvent and polymer may also prove a useful next step
towards better understanding the contradictory experimental results. As an alter-
native to using expensive, fully polarisable force-fields, partial charges could be
modified to enhance the strength of the dipole, for example, allowing for the effect

of solvent polarisability to be examined.

CG simulations could be employed to access the longer time and polymer

length scales possibly required to conclusively determine the source of experi-
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mental discrepancies between techniques for measuring the aggregation N2200-A
in 1-chloronaphthalene and N2200-EO in chloroform. Models like that described
in Chapter 4 only account for solvent implicitly, so could not capture the proposed
solvent-separated structure for N2200-A in 1-chloronaphthalene. Models with ex-
plicit, but CG, solvent could, however, be used to further study these systems on
longer timescales while still maintaining some of the specificity of the AA model.
Alternatively, hybrid models, where the polymer and nearby solvent is treated atom-
istically and all other solvent either coarse-grained or accounted for implicitly, may
also be valuable.

Finally, more definitive experimental studies on the solution-phase aggregation
behaviour of N2200 are required to confirm the contradictory observations from
different experimental techniques. While anecdotal evidence suggests that N2200-A
is insoluble in 1-chloronaphthalene, in contrast to all previous experimental studies
and the UV-vis spectroscopic data, these experimental results remain unpublished,
and it is therefore challenging to compare to the simulation results with any certainty.
Unfortunately, experiments by our collaborators that could confirm these interesting

solubility properties have been hindered by the Covid-19 pandemic.

Combining solution-phase and interfacial behaviour

While the work presented in Chapter 3 focused on the behaviour of pure liquids at
interfaces, and that of Chapters 4 and 5 on bulk solutions, the intersection of these
studies — OSC solutions at interfaces - is also significant. Pre-aggregation in solution
has been shown to affect the alignment of OSC polymers at a solid interface,!-66:67
which in turn has implications for charge transport. Understanding how these multi-
component systems behave, and what factors influence their interfacial behaviour,
is an important next step. The work conducted in the previous chapters lays the
groundwork for further increasing understanding of the processes that impact the
final thin-film structure, particularly at device interfaces.

Many device fabrication methods involve the deposition of OSCs onto a substrate
from solution. Understanding the dual nature of how OSC molecules aggregate
in solution, and how these aggregates (or free molecules) behave at the interfaces
both in the initial solution, and as solvent is evaporated, is therefore an important
step towards optimising the fabrication process. Being able to choose, or even
design, molecules that behave in solution in such a way that they give the optimal
interface structure after solvent evaporation, should help improve OSC-based device

efficiency, and bring them closer towards commercial viability.
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