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Abstract 
Polythiophenes are conductive polymers with outstanding semiconducting, optical, 

electroluminescent and processing properties making them a promising compound class 
for applications in organic electronics, sensor design, etc. The ability to organize 
molecules into various functional structures at micro and nano scale in a controlled 
fashion is now seen as an important challenge which will contribute to the ongoing 
technological revolution in the field of nanotechnology. A perspective approach towards 
the design of such structures is the chemical conjugation of synthetic polymers with 
specific biopolymers which are known to self-assemble into well ordered supramolecular 
aggregates. In the lab of Prof. Bäuerle, University of Ulm, several new hybrid compounds 
have been recently synthesized containing the oligothiophene moiety conjugated with a 
-sheet forming peptide, which are known to self-assemble into amyloid-like fibrillar 
structures similar to those featured in many human diseases (Alzheimer, type II diabetes, 
etc.). These compounds were indeed shown to self-assemble into fibrillar aggregates 
(molecular nanowires) in organic solvent. However, the structure of the aggregates as 
well as the rational understanding of the self-assembly principles and their properties 
remained elusive. In this thesis we aimed at applying an arsenal of theoretical approaches, 
including molecular mechanics, molecular dynamics, crystalline packing prediction, 
dissipative particle dynamics, quantum chemistry calculations, etc. to deduce the possible 
atomistic models for the arrangement of the molecules in the observed fibrils, study their 
morphological, conformational and conducting properties, as well as develop a 
methodology for computer simulations of these complex systems. 

The thesis is organized as follows; in Introduction the motivation and aims of the 
thesis are presented. Chapter 1 surveys our current understanding of the amyloid fibril 
structure, formation and properties, the application of amyloid-like fibrils as a scaffold for 
new nanomaterials as well as available information on the thiophene-peptide conjugates. 
The theory and practical issues behind the computer simulations methods based on 
molecular mechanics are surveyed in Chapter 2. Starting from Chapter 3 original results 
are presented, beginning with the discussion of challenges encountered during the 
computer simulations of large fibrillar aggregates at atomistic level. In Chapter 4 an 
original attempt to predict the structure of fibrillar aggregates based on crystalline 
structure prediction algorithms and subsequent large scale atomistic simulations of the 
aggregates are presented. In Chapter 5 an original combined experimental/theoretical 
methodology based on multi-scale atomistic simulations of fibrillar aggregates in solvent, 
vacuum and on the substrate as well as virtual AFM simulations is developed. Using this 
methodology the relations between the intermolecular arrangement and supramolecular 
morphology of the fibrils were studied and a most probable structural model for the 
experimentally observed fibrils was devised. We also discuss the basic principles of 
fibrillar organization and advice further strategies for experimental study and design of 
conducting nanowires formed by thiophene-peptide diblock oligomers. Chapter 6 is 
devoted to quantum mechanical consideration of charge transfer along the molecular 
wires formed by oligothiophene stacks within the fibrillar aggregates in terms of semi-
classical Marcus theory of charge transfer. The high dependence of charge mobility on 
the peculiarities of molecular arrangement is elucidated. 



8 
 

 



9 
 

Zusammenfassung 
Polythiophene sind leitfähige Polymere mit hervorragenden halbleitenden, optischen, 

elektrolumineszenten und Verarbeitungseigenschaften. Aus diesem Grund handelt es sich 
bei dieser Stoffklasse um ein vielversprechendes Material für Anwendungen in der 
organischen Elektrotechnik, für Sensor-Design, etc. Die Fähigkeit, Moleküle auf eine 
kontrollierte Art und Weise  in verschiedenen, funktionellen Mikro- und Nanostrukturen 
anordnen zu können, stellt eine wichtige Herausforderung dar, die zu der laufenden 
technologischen Revolution im Bereich der Nanotechnologie beitragen wird. Eine 
mögliche Herangehensweise solche Strukturen zu konstruieren ist die chemische 
Konjugation synthetischer Polymere mit speziellen Biopolymeren, welche bekannt dafür 
sind, selbständig in gut geordnete supramolekuläre Aggregate zu assemblieren.  Im Labor 
von Prof. Bäuerle, Universität Ulm, wurden vor kurzem eine Reihe neuer Hybrid-
Verbindungen synthetisiert, in denen die oligothiophene Einheit mit einem -
faltblattförmigen Peptid, welches sich bekanntlich in Amyloid-ähnliche, fibrilläre 
Strukturen selbstorganisieren kann, konjugiert ist. Diese Strukturen ähneln Fibrillen, die 
am Prozess vieler menschlichen Krankheiten (Alzheimer, Diabetes Typ II, etc.) beteiligt 
sind. Für solche Verbindungen ist in der Tat die Selbstorganisation in fibrilläre Aggregate 
(molekulare Nanodrähte) in organischen Lösungsmitteln beobachtet worden. Allerdings 
waren die Struktur der Aggregate sowie das rationelle Verständnis des 
Selbstorganisationsprozesses und dessen Eigenschaften schwer zu fassen. Ziel dieser 
Arbeit ist es, durch die Anwendung eines Arsenals von theoretischen Ansätzen, 
einschließlich der molekularen Mechanik, Molekulardynamik, Vorhersagen der 
kristallinen Packung, dissipativen Partikeldynamik, quantenchemischen Berechnungen, 
etc.,  mögliche atomistische Modelle für die Anordnung der Moleküle in den 
beobachteten Fibrillen abzuleiten, die morphologischen und leitenden Eigenschaften der 
Aggregate als auch deren Konformation zu studieren, sowie eine Methodik für 
Computersimulationen dieser komplexen Systeme zu entwickeln. 

Die vorliegende Arbeit ist wie folgt aufgebaut: Im Abschnitt Einleitung werden die 
Motivation und die Ziele der Arbeit vorgestellt. In Kapitel 1 werden unser gegenwärtiges 
Verständnis der Amyloid-Fibrillen-Struktur, dessen Entstehung und Eigenschaften, die 
Anwendung von Amyloid-Fibrillen als Gerüst für neue Nanomaterialien, sowie die 
verfügbaren Informationen über die Thiophen-Peptid-Konjugate, überprüft. Die Theorie 
und die praktischen Probleme der Computersimulations-Methoden, welche auf der 
Molekulardynamik basieren, werden in Kapitel 2 untersucht. Ab Kapitel 3 werden 
unsere Ergebnisse präsentiert, beginnend mit der Diskussion über die Herausforderungen, 
Simulationen großer fibrillärer Aggregate auf atomarer Ebene zu verwirklichen. 
Kapitel 4 stellt einem ersten Versuch vor, die Struktur der fibrillären Aggregate auf der 
Basis von kristallinen Struktur-Vorhersage-Algorithmen und anschliessenden 
großräumigen, atomistischen Simulationen der Aggregate zu bestimmen. In Kapitel 5 
wird die Entwicklung einer theoretisch/experimentell kombinierten Methodik 
beschrieben, die auf atomistischen Multi-Skalen-Simulationen von fibrillären Aggregaten 
in Lösungsmitteln, im Vakuum und auf Oberflächen, als auch auf virtuellen AFM-
Simulationen basiert. Mit dieser Methode wurden die Beziehungen zwischen der 
intermolekularen Anordnung und der supramolekularen Morphologie der Fibrille 
untersucht und damit das wahrscheinlichstes Strukturmodell für die experimentell 
beobachteten Fibrille entwickelt. Zudem diskutieren wir die Grundprinzipien des 
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fibrillären Aufbaus und beschreiben weitere Strategien für experimentelle Studien und 
mögliche Konstruktionen von leitfähigen Nanodrähten, welche aus Thiophen-Peptid-
Diblock Oligomere gebildet werden. Kapitel 6 konzentriert sich auf die 
quantenmechanische Betrachtung des Ladungstransfers entlang der molekularen Drähte, 
welche durch oligothiophene Stapel innerhalb der fibrillären Aggregate im Rahmen der 
semi-klassischen Marcus-Theorie des Ladungstransfers gebildet werden. Die hohe 
Abhängigkeit der Ladungsmobilität von der Ausprägung der molekularen Anordnung 
wird ebenfalls erläutert. 
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Introduction 
 

Hybrids between oligothiophenes and peptides present a promising approach 
towards the design of self-assembling functional π-systems. Owing to electron 
delocalization and thus π-conjugation, polythiophenes belong to the class of conductive 
polymers (“synthetic metals”) [1]. The (semi)conducting, optical, and electroluminescent 
properties of polythiophene derivatives combined with facile processing techniques 
(compared to that of solid-state semiconductors) have drawn much attention in recent 
decades caused by many possible technological applications in fields such as organic 
electronics (including light emitting diodes [2], flexible displays [3], and photovoltaic 
cells [4]), sensor and biosensor design (since optical and fluorescent properties of 
oligothiophenes strongly depend on their conformation and are subjected to the influence 
of the environment) [5, 6], design of bioelectric interfaces [7] and others. Covalent 
attachment of functional groups to thiophene moieties may influence the structural and 
electronic properties of thiophenes, which are known to depend on ordering effects on 
both the molecular and the nanoscale level [8]. The majority of research data gathered 
indicates that thiophene derivatives are one of the most promising conjugated compounds 
for nanoelectronic applications [1]. 

Polymer-bioconjugates are macromolecules that consist of synthetic polymer 
blocks covalently linked to biological (macro) molecules such as peptides, nucleotides, 
and saccharides. These hybrid materials are either designed to benefit from the synergistic 
behavior of both components or to overcome shortcomings inherent to one component 
alone. Recent progress in the field of bioconjugate design, synthesis, and functions has 
been comprehensively summarized and highlights the structure–property relationships of 
functional hybrid block copolymers [9-15]. The conjugation of oligothiophenes and 
biological macromolecules may result in new compounds that supplement the potentially 
semiconducting, optical, and electroluminescent properties of oligo- and polythiophenes 
with the self-assembling, specific binding, and stimuli-responsive behavior of biological 
moieties, thus opening opportunities for the design of smart materials and molecules at 
the nanoscale for application in organic electronics, sensor design, fabrication of 
bioelectrical interfaces, etc. Moreover the conjugation with biological moieties adds the 
new “biological” paradigm of using multiple levels of structure to create diversity of 
function out of simple, universal elements to synthetic chemistry [16]. 

Current research trends include the design of self-assembling oligothiophene 
“nanowires” [17-19], chemical and biological sensors with specific binding [20], 
bioelectrical interfaces, etc. 

To date, hybrids of oligothiophenes with nucleotides [21, 22], single amino acids 
[23], peptides [17-19], and sugars [24] have been synthesized. The dominant factors 
responsible for self-assembly of such hybrid compounds are the hydrogen-bonding 
patterns of the biological moieties that are determined by the sequence of their building 
blocks and usually dominate the resulting nanostructure [25]. Owing to the relatively 
weak nature of hydrogen bonding, the resulting interplay of intermolecular interactions 
(H-bonding, van der Waals interactions, and - stacking) also suggests the dependence 
of the supramolecular organization on the external conditions (such as temperature, 
solvent quality, pH value, etc); therefore, these hybrids are promising for technological 
applications [26]. 
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In the design of polymer-peptide conjugates, one of the most promising 
approaches is to use peptides with a -sheet secondary structure motif [27], because these 
peptides are known for their strong intermolecular aggregation. An inspiration for such 
systems comes from natural amyloid-like fibrils (involved also in a number of diseases 
such as Alzheimer’s disease, type 2 diabetes, Huntington’s disease, and Creutzfeldt-
Jacob’s disease [28]), which are formed because of the aggregation of certain protein 
sequence fragments into a cross--sheet quaternary structure, in which the -sheets run 
perpendicular to the fibril axis [29]. These fragments are typically 8–16 amino acids in 
length, and have an alternating sequence of hydrophobic and hydrophilic amino acids that 
forms a stack of β-sheet tapes with either the hydrophilic or the hydrophobic side chains 
buried between the tapes. These remarkably ordered and stable filamentous aggregates 
can be useful as building blocks for protein-based functional nanomaterials (amyloid 
fibrils are among the stiffest biological materials known to date, with a Young's modulus 
up to 20 GPa) [30-33]. 

The few examples of biohybrids that combine oligothiophenes and -sheet-
forming amino acid sequences have been reported only recently. Klock et al. have 
synthesized a T-P type molecule [18] where a regioregular 3-hexylquaterthiophene (T) is 
functionalized with the pentapeptide sequence Gly-Ala-Gly-Ala-Gly (P), known to form 
-sheet domains in silkworm silk. Schillinger et al. have recently carried out 
investigations on a symmetrically substituted alkylated quaterthiophene-peptide hybrid 
(P-T-P) that comprises two β-sheet-forming sequences, (Val-Thr)3 [19]. Diegelmann et al. 
[17] have reported the successful synthesis of a bithiophene incorporated into an Ala-Phe-
Glu-Gln-Gln-bithiophene-Glu-Phe-Ala-Gln-Glu sequence (P-T-P type hybrid). Two more 
examples of oligothiophene peptide hybrids were introduced by Stupp and co-workers. 
Initially, an amphiphile-based terthiophene hybrid that incorporates one glutamic acid and 
two alanine building blocks was presented [34]. This approach was extended in the 
following to two derivatives of a central quinquethiophene symmetrically substituted with 
two Lys-Lys-Leu-Leu sequences [35]. In all cited studies, the self-assembly of the 
presented hybrids has been visualized through atomic force (AFM), scanning tunneling 
(STM) or transmission electron microscopy (TEM); it was shown that under certain 
conditions, the oligothiophene-peptide-hybrids can self-assemble into long 
morphologically similar fibrillar aggregates in the micrometer range. 

However, the direct structure of the self-assemblies on a molecular level could not 
yet be probed, although different models are hypothesized [17, 19, 36]. Computer 
simulations provide the important possibility of shedding some light on the possible 
supramolecular organization patterns, their stability and the governing interplay of 
intermolecular interactions. To the best of our knowledge, our group was the first to apply 
the rational principles of structure prediction by using conformation space search, based 
on molecular mechanics, and subsequent molecular dynamics simulations to study the 
peptide-directed noncovalent assembly of thiophene-peptide conjugates [36-39]. 
Gus’kova et al. recently summarized the possible models of fibrils formed from 
conjugates of alkylated quaterthiophenes with silk-inspired Gly-Ala-Gly-Ala-Gly 
sequences [36] (see also a recent review [40]). 

Recently, in the lab of Prof. Bäuerle at the Institute of Organic Chemistry II and 
New Materials, University of Ulm a new compound was synthesized, a PEO-
functionalized alkylated quaterthiophene-β-sheet-peptide diblock oligomer (Figure 1), 
which is experimentally shown to self-assemble into fibrillar aggregates in organic 
solvent. The core idea behind such a synthesis is to obtain molecular structures capable of 
self-assembly into filaments at the nanoscale level that would potentially be electrically 
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(semi)conductive and at the same time would have high tensile strength as observed in 
natural amyloid and silk fibers [30]. 

 

 
Figure 1. Structural formula of PEO-functionalized alkylated quaterthiophene-β-sheet-peptide 

diblock oligomer, incorporating three repeats of Thr-Val sequence. 
 
 

The purpose of the present thesis is to supplement the experimental findings with 
atomistic computer simulations (molecular dynamics and quantum chemistry) of possible 
supramolecular organization patterns for the observed aggregates, deduce the possible 
atomistic models for the arrangement of the molecules in the observed fibrils, study their 
morphological; conformational and conducting properties, as well as develop a 
methodology for computer simulations of such systems. 
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1 Amyloids and amyloidinspired 
materials 

 
In the present chapter we survey the phenomenon of amyloid fibrils, discuss their 

structure, self-assembly properties and experimental methods used to probe them. We 
proceed with an overview of advances in design of new materials based on covalent 
attachment of synthetic moieties to -sheet forming (amyloidogenic) peptides, and focus 
on the experimental results for PEO-functionalized alkylated quaterthiophene-β-sheet-
peptide diblock oligomers which are the main object of the present study. 

1.1. Structure of natural amyloid fibrils and its polymorphism 

The term «amyloid fibrils» in its modern sense refers to elongated protein 
aggregates characterized by their long and relatively straight morphologies, cross-β 
diffraction patterns [41], specific dye binding properties and rigid core structures [42]. To 
date, more than 20 plasma proteins have been identified that may form pathological 
amyloid protein deposition in human body which is associated with many devastating 
diseases such as Alzheimer’s disease, Parkinson’s disease, Type II diabetes, Huntington’s 
disease, Creutzfeldt‐Jacob disease, Prion disorders and many more [43-45]. It is known 
that pathological amyloid fibril formation involves a structural rearrangement of the 
native state of the proteins into a β-sheet rich fibrillar conformation [46]. It now appears 
that all proteins can potentially assemble into amyloid fibrils [43, 47] and many de novo 
model sequences were derived that aggregate into fibrils under specific conditions [48]. 

Amyloid fibrils are approximately 7-10 nm in their diameters (as observed by 
electron microscopy (EM) or atomic force microscopy (AFM) [43-45]), and are 
composed typically of 2–6 protofilaments. Intrinsic structure of all amyloid fibrils has the 
same structural motif, the cross-β motif which is revealed by a characteristic X-ray 
diffraction pattern [41] with 4.7–4.9 Å meridional reflections (termed main chain 
spacing) and more diffuse equatorial reflections at approximately 10 Å (variations from 
8.8 to 14.6 Å has been observed [49]) (termed side chain spacing), these reflections are 
the evidence of high order and periodicity in the intrinsic structure of the fibrils along and 
perpendicular to the fibril direction. Understanding the molecular details of peptide self-
assembly into fibrillar aggregates has been a challenge owing to the large size, the low 
solubility and the noncrystalline and heterogeneous nature of the fibrils. During the last 
decade considerable progress in our understanding of the principles of fibril formation 
has been achieved owing to numerous experimental and theoretical studies and, 
importantly, the resolution of peptide arrangements at atomistic level by X-ray 
crystallography and solid-state NMR. For more information see a number of recent 
reviews on amyloid(-like) fibril structure and formation [42, 50, 51].The understanding of 
amyloid fibril structure improved greatly by X-ray structure determinations of 
microcrystals of the amyloid-forming segments of amyloidogenic proteins [29, 52]. These 
studies indicate that the cross-β motifs in amyloid fibrils formed by these amyloidogenic 
segments consist of a pair of β-sheets (Figure 2) made from aligned peptide fragments. 
Two such β-sheets self-complement to form a pair of sheet structures, in which the side 
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chains protruding from the two sheets intercalate to form a dry ‘steric zipper’ (Figure 2b), 
which is believed to be an important stabilizing interaction. 

Solid-state NMR studies, combined with measurements from electron microscopy 
images have allowed to propose direct atomistic models of molecular arrangement in the 
twisting protofilaments of amyloid-β1–40 [53, 54] (Figure 2c). The two β-strands of each 
amyloid-β1–40 molecule are connected via a bend region containing residues 25–29, and 
are parts of two distinct in-register, parallel β-sheets interacting through their side chains 
in the same protofilament. A single amyloid-β1–40 protofilament appears to comprise two 
cross-β motifs, i.e. four β-sheets with an intersheet distance of ~1 nm. The protofilament 
manifests a left-handed helical twist, which is typical property of  β-sheets [55].  

 

 
Figure 2. Models of -strands arrangement in amyloid protofibrils via cross- structure. Side (a) 

and top (b) view of the cross-β core structure by the example of microcrystals of the yeast protein 
Sup35 peptide fragments [29], main chain and side chain spacing are shown respectively. The green 
arrow shows the fibril direction. On panel (b) a steric zipper between the side chains of juxtaposed 
sheets is seen. (c) Ribbon diagram of an amyloid-β1–40 protofilament, as viewed parallel to the fibril 
axis. The structural model is based on solid-state NMR data combined with constraints from electron 
microscopy data. Each Aβ molecule contributes two β-strands in the parallel β-sheets. Reprinted 
from Petkova et al. [53] 
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The abovementioned examples, however, are far not the only possible molecular 
arrangements consistent with the cross-β motif. The intrinsic structure of the latter may 
vary significantly in different fibrils. The X-ray structures of 13 microcrystals of a 
number of amyloid-forming segments of amyloidogenic proteins solved by Sawaya et al. 
[52] have shed further light on how the cross-β motif can show variations. Depending on 
the orientation of the β-strands (parallel or antiparallel) within the sheets, on the 
orientation of the β-sheets (parallel or antiparallel) with respect to one another, or on the 
packing of the sheets (face-to-face or face-to-back) 8 different basic 'steric zipper' 
arrangement classes can in principle be consistent with the cross-β motif (see Figure 3), 5 
of which were already observed in the solved atomistic structures of the microcrystals. 
Solid-state NMR of amyloid fibrils formed by various peptides homologous to regions of 
the Alzheimer’s peptide have also shown that β‐sheet may be arranged in different ways -
- parallel or antiparallel within the protofilaments depending on the properties of the 
precursor polypeptide [56-59], although as described earlier studies of fibrils formed from 
full‐length amyloid-β, have shown that the peptide folds into a β‐bend structure that then 
associates with other molecules to form parallel, in register β‐structure [53, 60]. 

 

 
Figure 3. Possible options for β-sheets to be arranged in a cross-β motif. Two identical sheets can 

be classified by: the orientation of their faces (either ‘face-to-face’ or ‘face-to- back’), the orientation 
of their strands (with both sheets having the same edge of the strand ‘up’, or one ‘up’ and the other 
‘down’), and whether the strands within the sheets are parallel or antiparallel. Both side views (left) 
and top views (right) show which of the six residues of the segment point into the zipper and which 
point outward. Green arrows show two-fold screw axes, and yellow arrows show translational 
symmetry. Below each class are listed protein segments that belong to that class. Adapted from 
Sawaya et al. [52]. 

 
Although considerable progress has been achieved during the last decades, we are 

still far away to say that the complete picture of the fibril self-assembly is now available 
both at molecular, nano- and microscale levels. It turns out that amyloid(-like) fibrils tend 
to be highly polymorphic structures [51] with an intricate interplay between the 
interactions at molecular level which can give rise to a vast spectrum of various 
aggregates with different morphologies. The structural and morphological polymorphism 
of amyloid fibrils extends much further than just sequence dependent variations of cross-
β motif structure – the same polypeptide sequences are known to form fibrils of different 
morphology depending on such factors as pH value, temperature, agitation, salts or other 
co-solutes [59, 61-65]. Even under the same conditions and within the same sample 
substantial variations of the fibril morphology may exist. Variable protofilament 
arrangements can give rise to various distinct amyloid fibril morphologies. These fibrils 
can differ in several structural properties, such as the cross-sectional thickness of the 
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fibril, the helical pitch, the way the amyloid protofilaments stick together and intertwine 
to form the three-dimensional fibril structure. Fändrich et al. have summarized the 
available data and defined three possibilities of how amyloid fibrils can differ in structure 
(see Figure 4) [51]. First, fibrils may consist of a different number of protofilaments. 
Second, fibrils may differ in the relative orientation of their protofilaments. Third, the 
fibrils can differ in their protofilament substructure, and therefore, in the conformation of 
the underlying peptides in the cross-β motifs these variations might be in the nature and 
registry of the β-sheets, in the number of residues in the β-strands, as well as in the 
spacing between the β-sheets. 

 
Figure 4. Structural types of amyloid fibril polymorphism. Schematic representation of different 

amyloid fibril morphologies that differ in the number, relative orientation or structure of the 
underlying protofilaments. 

 

1.2. Experimental Techniques Used to Study Amyloidlike Fibers 

A great deal of various experimental approaches are now being applied to study 
amyloid(-like) fibrillar aggregates including X-ray and electron diffraction, optical and 
electron microscopy, AFM, ssNMR, neutron scattering, IR, UV-vis and CD spectroscopy, 
dye binding, combined with intricate preparation and modification of the fibrils and 
aggregating molecules. 

While the chemical structure of aggregating compounds is almost always known and 
the fibrillar morphology in the submicro scale is resolved by electron or atomic force 
microscopy, the structure of fibrils at atomistic and nano scales including the packing of 
single molecules very often remains above the capabilities of experimental 
measurements. In particular cases it becomes possible to get insight into the intrinsic 
structure of the fibrils when corresponding microcrystals could be obtained (via X-ray 
diffraction) or when sufficient ssNMR data is available. However, this data, although 
invaluably useful, is up to now limited only to several small peptides under specific 
conditions. For the majority of compounds and moreover for polymer-bioconjugates 
available experimental evidence regarding the intermolecular interactions is in most cases 
limited to spectroscopic analysis (IR, UV-vis, CD spectroscopy) and characteristic 
diffraction patterns (X-ray, SAED) and thus the exact structural arrangement at nanoscale 
and its connection to the morphology remains elusive. 
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1.3. Selfassembly and fibril formation 

Much attention is focused on revealing the mechanism of amyloid fibrils formation 
since insights into the mechanisms underlying polymerization of soluble, monomeric 
peptide into mature insoluble fibrils may hint at possible therapeutic approaches to 
halting, reversing or avoiding fibril formation. The process of amyloid fibril formation 
seems to commence from partially structured conformers of proteins [66, 67]. The partial 
(un)folding of proteins seems to facilitate specific intermolecular interactions, such as 
hydrophobic and electrostatic interactions, which are required to drive the polymerization 
of protein molecules into amyloid fibrils. This thermodynamically unfavorable state then 
progresses to the stable amyloidogenic form. 

For some proteins a nucleation dependent polymerization (NDP) model to describe 
fibril formation is proposed, likening the process to crystallization [68]. A heterogeneous 
nucleus (‘seed’) or peptide micelle form above a critical ‘threshold’ concentration and 
fibrils nucleate within these, elongating by irreversibly binding monomers to their free 
ends [69, 70]. Fibril growth may be represented diagrammatically as a lag exponential 
growth curve where the phase is considerably shortened in the presence of seeds.  

However, it is increasingly being realized that for many proteins, models of NDP are 
not adequate for extracting information on the size of the nucleus from the protein 
concentration-dependence of the kinetics of amyloid fibril formation [71]. In the case of 
amyloid fibril formation by many proteins, spherical oligomers and/or protofibrils are 
seen to form rapidly, and, in many cases, mature fibrils appear upon extended incubation 
[72-78]. This aggregation mechanism has been referred to as ‘assembly via oligomeric 
intermediates’ [72, 79, 80]. In this mechanism, it appears that the formation of the pre-
fibrillar aggregates is not limited by an unfavorable nucleation event [77, 78, 81], and can 
be considered as isodesmic polymerization [81]. 

The initial phase of fibril formations by many proteins is characterized by the 
accumulation of spherical oligomers and protofibrils. Electron microscopy and atomic 
force microscopy experiments show that the earliest pre-fibrillar aggregates are spherical 
oligomers [72-74, 77-83], which subsequently seem to coalesce to form beaded, 
elongated worm-like amyloid protofibrils. The elongated protofibrils may sometimes 
circularize to form annular, ring-like protofibrils [84-86]. Recently, the annular 
protofibrils of the amyloid-β protein were shown to differ structurally from spherical 
oligomers; they display an epitope that is absent in spherical oligomers and in fibrils of 
the protein [86]. Alternatively, fibril formation may follow an ‘offset pathway’ without 
the production of fibrils but instead involving conversion of the intermediates into 
amorphous deposits [50].  

It is important to determine when β-sheet conformational conversion occurs during 
amyloid fibril formation. In amyloid fibril formation reactions displaying the 
characteristic features of the NDP mechanism, and in most examples of assembly via 
oligomeric intermediates, the growth of aggregates and the acquisition of β-sheet 
structure seem to be coupled [77-80, 87, 88]. It appears that the associating units 
(monomers or oligomers) first add on to the ends of the growing aggregates, and then 
undergo the β-sheet conformational change. Recently, it has been seen for two proteins 
that amyloid fibril formation involves conformationally converted oligomeric 
intermediates, i.e. the β-sheet conformational change occurs in the oligomeric 
intermediates before they add on to the ends of the growing aggregates [75]. 

The process of amyloid fiber formation is a relatively slow one, the in vitro 
oligomerization of amyloid-β protein make take up to 72 hours before distinct fibrils can 
be resolved [75]. 
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A distinct hallmark of the amyloid self-assembly is the presence of a hierarchy of 
various interactions which govern the fibrillar structure and morphology at various levels 
of organization: e.g., β-sheets -> 'steric zippers' -> protofilaments -> amyloid fibers. 
Although the interplay between various intermolecular interactions and its influence on 
the morphology is rather complex and not fully understood, a nice statistical mechanical 
model supported by experimental data which outlines the main levels of hierarchy and 
dominating intermolecular interactions was proposed by Aggeli et al. [89]. The model 
describes the self-assembly of chiral rod-like units, such as β-sheet-forming peptides, into 
helical tapes, which with increasing concentration associate into twisted ribbons (double 
tapes), fibrils (twisted stacks of ribbons), and fibers (entwined fibrils) (see Figure 5). The 
finite fibril width and helicity is shown to stem from a competition between the free 
energy gain from attraction between ribbons and the penalty because of elastic distortion 
of the intrinsically twisted ribbons on incorporation into a growing fibril. Fibers are 
stabilized similarly. The behavior of two rationally designed 11-aa residue peptides, P11-I 
and P11-II, is illustrative of the proposed scheme. P11-I and P11-II are designed to adopt 
the β-strand conformation and to self-assemble in one dimension to form antiparallel β-
sheet tapes, ribbons, fibrils, and fibers in well-defined solution conditions. 

 

 
Figure 5. Model of hierarchical self-assembly of chiral rod-like units. Local arrangements (c–f ) 

and the corresponding global equilibrium conformations for the hierarchical self-assembling 
structures formed in solutions of chiral molecules (a), which have complementary donor and acceptor 
groups, shown by arrows, via which they interact and align to form tapes (c). The black and the white 
surfaces of the rod (a) are reflected in the sides of the helical tape (c), which is chosen to curl toward 
the black side (c). The outer sides of the twisted ribbon (d), of the fibril (e), and of the fiber ( f) are all 
white. One of the fibrils in the fiber (f) is drawn with darker shade for clarity. (e and f ) The front 
views of the edges of fibrils and fibers, respectively. Reprinted from Aggeli et al. [89]. 

 

1.4. Functional amyloids and synthetic amyloidinspired aggregates 

Amyloid fibrils are, however, not always harmful. It is now increasingly being 
seen that living organisms, ranging from prokaryotes to humans, exploit amyloid fibrils 
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formed by their endogenous proteins for carrying out normal physiological functions [43, 
90]. Many fungi produce amphipathic proteins called hydrophobins [91]. These have the 
ability to assemble into β‐sheet rich fibrils at air‐water interfaces and these are thought to 
play a protective role in fungal structures such as spores and fruiting bodies. The yeast 
prions have been suggested to play a functional role, forming cytoplasmic fibrillar 
assemblies that may be associated with a method of heritable information transfer [92]. 
Amyloid and amyloid-like fibrillar aggregates formed by natural proteins or synthetic 
peptides and polymer bioconjugates have been attracting much attention both due to their 
possible applications as building blocks in nano- and biotechnology. The amyloid fibrils 
have been increasingly examined for its potential role in forming nanotubular (and not 
only) scaffolding for bionanotechnology [93-95]. The fibrils themselves can be very 
strong, described as having a similar tensile strength to steel [30] a property that they 
share with their structural cousin, silk which may be considered to have traits of a 
functional amyloid [96], they are extremely stable and resistant to degradation. Peptide 
fibers may be functionalized by assembling fusion proteins [97] or used as a template for 
binding to metals [93, 98]. 

Baldwin and co‐workers [97] assembled a fusion protein composed of a functional 
cytochrome b562 with an amyloidogenic SH3 sequence. The assemblies have the 
amyloid‐like core, displaying functional, folded, globular cytochrome. Nanowires have 
been fabricated by assembling proteins such as the N‐terminal region of the yeast prion, 
Sup35. Conjugate colloidal gold particles were associated along the fibers using exposed 
cysteine residues of a variant Sup35, yielding wires around 100 nm in diameter [93]. A 
very short peptide, composed of two phenylalanine residues, assembles to form 
amyloid‐like nanotubes and these may be functionalized using ionic silver in the centre of 
the nanotube. This work yielded nanowires around 20 nm in diameter [98]. 

The other approach gaining more and more attention is the synthetic conjugation 
of peptides to other molecular compounds. Conjugates of synthetic and natural 
macromolecules are of great current interest because of their promising biomedical, 
microelectronic, and other advanced technological applications [9, 11, 14, 27, 99, 100]. 
Covalent attachment of synthetic polymers to amyloidogenic peptide sequences leads to a 
new class of block copolymers that can inherit typical properties of their constituents, 
e.g., enhanced performance characteristics, conductivity, biocompatibility, and high 
propensity to self-organization. Reviews [9, 11, 14, 27] summarize recent progress in the 
field of chemistry of polymer bioconjugation, of which the bioconjugation with 
amyloidogenic peptides is one of the most frequently used. The resulting interplay of 
intermolecular interactions is influenced both by the synthetic and peptide parts leading to 
an even greater structural polymorphism than observed in natural amyloid fibers, keeping 
in mind that synthetic chemistry provides more variability in the structure of the building 
blocks, including branched molecular topologies [101]. A number of hypothesized self-
organizing morphologies that may be adapted by various polymer bioconjugates are 
depicted in Figure 6. Moreover the interplay between different interactions may also 
suggest the dependence of the supramolecular organization on the external conditions 
(such as temperature, solvent quality, pH value, etc), which is promising for technological 
applications [26]. 
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Figure 6. Various morphological organization examples of fibrillar aggregates presumably 

formed by polymer bioconjugates: (a) wide planar tapes [102], (b) helical superstructure [103], (c) 
tapes with dumb-bell shaped cross-section [104], (d) helical tapes with polymer in the middle [17]. 
Adapted from refs. [17, 102-104]. 

 
 
 

1.4.1. Thiophene‐peptide conjugates 

As highlighted in Introduction a notable example of peptide-polymer conjugates 
are the conjugates of β-sheet forming peptides and electrically conducting polymers − 
thiophenes that were shown to form fibrils both in water [17] and organic media [19]. The 
examples of synthetic "molecular chimeras", where one part of the molecule consists of 
oligothiophene and another of a -sheet-forming amino acid sequence, have been 
reported by several groups. Klock et al. [18] have synthesized an T-P type molecule 
where quater(3-hexylthiophene) (T) is functionalized by the pentapeptide sequence Gly-
Ala-Gly-Ala-Gly (P), which is known to form -sheet domains in silkworm silk (see 
Figure 7a,a’). These authors revealed the formation of long linear strands of 3.5 to 4.0 nm 
in width and 3 Å in height on the surface from the T-P molecules and the tendency of the 
peptide blocks to form β-sheets via multiple hydrogen bonding. However, the exact 
architecture of the observed superstructure is not yet known and a detailed scheme of the 
hydrogen bonds cannot yet be drawn. Schillinger et al. [19] have carried out the 
investigation of symmetrically substituted P-T-P alkylated quaterthiophene-peptide 
hybrid that includes (Thr-Val)3 sequence, which is known to have a high propensity to 
adopt -sheets (see Figure 7b,b’). AFM and TEM again indicated the formation of fibrous 
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structures, with lengths up to 1–2 mm (AFM), heights of 2.4±0.4 nm (AFM), and widths 
of 8±2 nm (TEM) and 11±2 nm (AFM). Diegelmann et al. [17] have reported successful 
synthesis of bithiophenes attached to Ala-Phe-Glu-Gln-Gln and Glu-Phe-Ala-Gln-Glu 
sequences (P-T-P type hybrid) (see Figure 7c,c’). Atomic force microscopy (AFM) of gel 
samples deposited on mica revealed 1-D nanostructures with heights ranging from 2 to 6 
nm. Two more examples of oligothiophene peptide hybrids were introduced by Stupp and 
co-workers. Initially, an amphiphile-based terthiophene hybrid that incorporates one 
glutamic acid and two alanine building blocks was presented [34]. This approach was 
extended in the following to two derivatives of a central quinquethiophene symmetrically 
substituted with two Lys-Lys-Leu-Leu sequences [35] (see Figure 7d,d’). The 
nanostructures observed were found to have a width of 4.94±0.76 nm. 

In all studies it has been visualized through atomic force microscopy that under 
certain conditions, these compounds can self-assemble into long (in the micrometer 
range) morphologically similar fibrillar aggregates with width of the fibril typically 
varying from 4 to 50 nm and height from 0.3 to 6 nm. However, the relationship between 
molecular composition, molecular conformation, intermolecular forces and the 3D 
supramolecular organization of these materials has been little studied. Therefore, more 
experimental and theoretical studies are necessary to deduce a structural model describing 
the arrangement of these oligothiophene-oligopeptide-based hybrids. 
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Figure 7. Various conjugates of thiophenes and b-sheet forming peptides and the corresponding 

AFM or TEM images of observed fibrillar aggregates. Adapted from refs. [17-19, 35]. 
 
 

1.4.2. Quaterthiophene‐β‐sheet‐peptide diblock oligomer 

In the present section we will describe the experimental data available for the self-
assembly of the quaterthiophene-β-sheet-peptide diblock oligomer (depicted in Figure 1). 
The data presented here was obtained from the group of Prof. Bäuerle. 

 
Hybrid design. T-P hybrid compound (Figure 1) was designed by the combination of 

a symmetrically didodecyl-substituted quaterthiophene that is functionalized on one side 
with a PEO-β-peptide conjugate. The sequence of the peptide comprises three repeats of 
Val and Thr. The quaterthiophene employed has been shown previously to self-assemble 
into highly regular superstructures at the liquid-solid interface (STM) and in the bulk (X-
ray diffraction, XRD) [105-107]. (Val-Thr)x repeats are known to form stable β-sheets in 
aqueous and organic media [48, 102, 103]. 

Such β-sheet forming sequences are known as “difficult sequences” [101, 108] 
because they tend to aggregate during synthesis and work-up. Two strategies were 
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pursued to circumvent such unwanted aggregation and in addition to gain control over the 
self-assembly process. Firstly, a so-called pseudoproline unit was incorporated into the 
peptide, which upon acidic deprotection is converted into a Val-Thr repeat [109]. 
Secondly, a switch ester moiety was utilized that produces a temporary defect in the 
native amide backbone by introduction of a β-ester connectivity between Val5 and Thr6 
[110-112]. The switch defect is preserved under acidic conditions, but the native amide 
backbone can be re-established by an increase in pH, thus triggering a rearrangement in 
the switch ester unit (O->N-acyl transfer) (see Figure 8). For better flexibility of the 
resulting hybrid, a potentially secondary-structure-breaking glycine was introduced 
between the para-azido-phenylalanine and the β-sheet sequence. Eventually, the hybrid 
was equipped with a PEO chain at the N-terminus in order to enhance solubility and to 
prevent potential lateral interactions of fibrillar aggregates. 

 
Figure 8. The synthesized T-P compound in its “protected” form. The inset shows the O-N-acyl 

switch that is triggered by an increase in pH. 
 
 

To promote the conversion of the disturbed peptide segments of hybrid (Figure 8) into 
native β-strands, a controlled approach was chosen by addition of 0.001M sodium 
hydroxide dissolved in methanol to a previously prepared solution in dichloromethane 
(DCM) by a syringe pump, until a solvent ratio of 1:1 was reached (solvent-guided 
strategy, see below; 0.001M NaOH in MeOH 0 vol% -> 50 vol% in 12 h). The presence 
of the fully extended β-sheet sequence was proven by IR spectroscopy. In the FT-IR 
spectrum, the absence of the bands for the intact switch ester moiety (ν = 1785 cm-1 and 
ν = 1743 cm-1) accompanied by a shift of the amide I band to a region specific for β-sheet 
secondary structure (ν = 1636 cm-1) indicate the presence of a fully extended peptide 
structure, which is engaged in the formation of a β-sheet secondary structure. Because of 
the rather broad shape of the amide I band for the hybrid in a β-sheet secondary structure, 
it was unfortunately impossible to unambiguously determine whether an antiparallel 
(specific band at ν = 1690 cm-1) or a parallel orientation (lack of this band) of the peptide 
strands is present in the β-sheet. 

Self-assembly. For the unsymmetrical PEO-β-peptide-oligothiophene hybrid, self-
assembly on the surface and in solution was investigated. Taking into account the 
different polarities of the hybrid (dominating hydrophobic interactions on the part of the 
oligothiophene, hydrogen bonding of the peptide segment) and the strong aggregation 
tendencies of the β-sheet peptide in its native form, a solvent-guided strategy utilizing a 
syringe pump was chosen for the simultaneous rearrangement of the peptide backbone 
and the self-assembly of hybrid [19]. 
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Figure 9. AFM height and phase images of native PEO-peptide-quaterthiophene, spin coated on 

mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by syringe pump; a) AFM height 
images of left: fiber bundles obtained after 7 days, right: single fiber; b) AFM phase images, left and 
right: zoom of single fiber, showing the composition of the bigger fiber from small filaments. 
Courtesy of Eva-Kathrin Schillinger, group of Prof. P. Bäuerle. 

 
With the help of AFM, fibers were detected in a spincoated sample on a muscovite 

mica substrate (Figure 9). The images were obtained in tapping mode after stabilization 
of the adsorbate for several days. An accumulation of fibers could be visualized, the 
pattern of which does not correspond to a network but is more reminiscent of clusters 
(Figure 9a, left). Surrounding these larger areas of concentrated material, single “bigger” 
fibers can be found (Figure 9a, left and right). It could be shown that these single bigger 
fibers are bundles of several thinner fibers of different length aligned in parallel (Figure 
9b, both images), which explains the irregularly frayed appearance of the bigger single 
fibers, which we therefore refer to as bundles. Furthermore, short fibrillar structures that 
surround the bundles are deposited regularly on the mica surface (Figure 9b). These short 
fibrillar structures can be considered to represent the smallest single structures, which 
then hierarchically self-assemble into bigger structures (bundles or even clusters). 

The size of the bundles disperses between lengths of 1 to 2 µm, heights of 1 nm ± 0.2 
nm and widths of 15-48 nm, although also sporadic widths of up to approximately 80 nm 
could be observed. The smallest self-assembled unit on the mica substrate (the 
aforementioned short fibrillar structures that are presumably single-layered β-sheets, see 
further discussion of Chapter 5) show lengths of 100 to 500 nm and repeated widths of 
7 nm ± 2 nm and heights of 0.5 nm ± 0.2 nm. The inconsistencies of the dimensions for 
the bundles, especially the width, are considered to be a result of a proposed hierarchical 
self-assembly that leads from single β-sheets (smallest observed fibrillar features) to 
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double tapes, that is double-layered β-sheets (single fibers within a bundle), which in turn 
laterally interact to form bundles. 

In transmission electron microscopy (TEM), structures very similar to the ones 
investigated by AFM were observed.  

Since the fibrillar objects could be observed by AFM on mica after spin-coating and 
also in TEM after drop-casting on carbon-coated copper grids, it can be assumed that 
these nano- and microstructures are already present in solution, and predominant effects 
of the substrates on the self-assembly are unlikely [19]. As was mentioned before, also 
the quaterthiophene part in the hybrid presented here is able to self-assemble by π-π 
stacking and van der Waals interactions [105-107]. Hence, the potential role of π-π 
interactions in the final self-assembled suprastructure was investigated by UV-vis, 
fluorescence, and CD spectroscopy. 

Fluorescence spectroscopy, as a very sensitive method, however, did not reveal any 
aggregation that directly affects the π-system. From CD spectroscopy, no indication of a 
chiral excitonic coupling of the conjugated π-systems of the quaterthiophenes could be 
obtained. However, a very weak nonbisignated signal in the CD spectrum at energies 
lower than the absorption maximum of the conjugated π-system pointed out to the 
existence of chromophore aggregates in a chiral environment. 

 
 



31 
 

2 Atomistic simulations methods 
 
In this chapter atomistic simulation methods are discussed with respect to the 

simulations of thiophene-peptide fibrillar aggregates. We start with the general survey of 
molecular dynamics simulations technique and the specific force fields that may be used 
for simulations of thiophene-peptide hybrid compounds, this section is followed by the 
review of computer simulations studies of amyloid fibrillar aggregates based on 
experimentally determined intermolecular arrangements and discussion of various 
methodologies that can be applied when the exact intermolecular arrangement of the 
compound under study is now known, although indirect experimental data is still 
available. We finish up with the discussion of technical challenges posed by the large 
scale fibrillar simulations. 

2.1. Molecular Mechanics and Molecular Dynamics Simulations 

Theoretical consideration of molecular objects is always based on the models used to 
describe the structure, interactions and time evolution of corresponding compounds. 
While the solution of the Schrödinger equation for the whole molecular system consisting 
of electrons and nuclei could potentially provide the level of accuracy being far more than 
satisfactory for the study of any molecular structure, the computational complexity of this 
method makes it practically unfeasible (even with most advanced techniques) for 
consideration of molecular systems with more than approx. one thousand of atoms. A less 
precise (in terms of model quality) but, however, a much wider applicable approach to 
model molecular systems in the one based on molecular mechanics (MM). In molecular 
mechanics molecular system is described in terms of classical mechanics by a set of point 
particles (usually, representing atoms or groups of atoms) and their interactions given by 
a potential energy function. The form and structure of the potential energy function is 
called the force field. To date a great deal of various force fields ranging from generic 
force field to force fields specific to a certain class of compounds has been developed. 
The most popular include OPLS-AA [113], AMBER [114], CHARMM [115], GROMOS 
[116], CVFF [117], PCFF [118], MM3 [119] and others. These force fields may be 
parameterized against experimental data (specifically heats of formation and vibrational 
frequencies) as well as to reproduce the potential energy surfaces calculated by an initio 
methods. The complexity of the force field functional form may vary, however, almost all 
molecular force field contain 6 common basic interaction terms to describe bonded and 
non-bonded interactions. Among the bonded interactions are the bond stretching term, the 
angle term, the torsion angle term and the improper torsion term. The non-bonded 
interactions are usually described by a combination of pair wise Van-der-Waals 
interactions and Coulomb interactions based on point partial charges at atomic sites. 
Figure 10 and equation (2.1) further illustrate these terms. Many of the conventional force 
fields used for biomolecular simulations include only the above mentioned basic energy 
terms. More sophisticated force fields (e.g. MM3, PCFF) may also include anharmonic 
terms and cross-terms for the bonded interaction which reflect the coupling between the 
internal coordinates. For example, as the bond angle is decreased it is found that the 
adjacent atoms stretch to reduce the interaction between the atoms. Cross terms were 
found to be important in force fields designed to predict vibrational spectra [120]. It has 
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been suggested that the presence of cross-terms (together with some other features) can 
provide a general way to classify force fields [121]. A class I force field was considered 
one which is restricted to harmonic terms (e.g. for bond stretching and angle bending) and 
which does not have any cross terms. A class II force field would have anharmonic terms 
and explicit cross terms to account for the coupling between coordinates. Another 
characteristic of the class II force field was that it could be used without modification to 
model the properties of isolated small molecules, condensed phases and macromolecular 
systems [120]. 
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Figure 10. Graphical depiction of common energy terms in molecular mechanics force fields. 

Atoms are depicted by green spheres. The figure corresponds to the terms presented in equation 
(2.1). 
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Having defined the molecular mechanics model different methods may be applied to 
analyze it; these include energy minimization, molecular dynamics simulations, Monte-
Carlo simulations as well as various advanced techniques based upon these methods. The 
key method to this work (as well as probably the most used one for the study of complex 
molecular system) is the method of molecular dynamics (MD) simulations and its various 
variations (for a comprehensive overview ref. [122] is suggested). The basic idea of the 
MD simulations technique is very simple and relies on numerical solution of classical 
equations of motion for the atoms in molecular system based on Newton’s second law: 
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The numerical solution is usually obtained by one of the integration schemes such as 

velocity Verlet algorithm [123]: 
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Although the basic idea behind MD simulations looks rather simple and 

straightforward at first glance, its validity and interpretation is connected with 
fundamental problems in theoretical physics and mathematics at the joint of mechanics, 
statistical physic and theory of chaos [124]. One of such questions being the relation 
between the time reversible Newtonian equations used to model the time evolution of the 
system and empirical irreversible laws of thermodynamics driving the system to the state 
where the entropy is maximized. 

The other set of questions and approximations that is of much importance to the 
practical implementation of MD simulations upon real molecular systems will be 
discussed briefly below and includes the use of periodic boundary conditions, the 
implementation of statistical ensembles, Langevin and dissipative particle dynamics, 
computation of non-bonded interactions, parallel implementation of MD codes. 

 

2.1.1. Periodic boundary conditions 

Periodic boundary conditions (PBC) is a technique used to alleviate the influence of 
boundary effects on the molecular system during simulations and approximate the 
properties of bulk systems (such as gasses or liquids) by a model consisting of a finite set 
of molecules. A common application of periodic boundary conditions is the simulations 
of macromolecules in explicit solvent. 

In periodic boundary conditions the simulation cell is surrounded by its periodic 
replicas in all three spatial directions (see Figure 11) thus effectively forming an infinite 
crystal-like structure. Each atom characterized by its actual coordinates also has the 
coordinates of its periodic images. A common form of bookkeeping for particles in 
periodic boundary conditions is the minimal-image convention in which each individual 
atom in the system interacts with the closest image of the remaining particles in the 
system. 
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Figure 11. Illustration of periodic boundary conditions used in MD simulations. Circles represent 

atoms and their periodic images in adjacent periodic cells. 
 
PBC are also used in conjunction with the long range electrostatics summation 

methods, such as Ewald summation, used to alleviate the error arising from the truncation 
of electrostatic interaction using plain cutoffs [125]. The net electrostatic charge of the 
system must be zero to avoid summing to an infinite charge when PBC is applied. 
However, even the systems is neutral, a net dipole moment of the cell can introduce a 
spurious bulk-surface energy, equivalent to pyroelectricity in polar crystals. 

To prevent periodic artifacts the size of the simulation box must be large enough to 
avoid the unphysical topology of the simulation. If a box is too small, a macromolecule 
may interact with its own image in a neighboring box, which is equivalent to a head to 
tail interaction of the molecule with itself. This can produce unphysical dynamics in most 
macromolecules. 

 

2.1.2. Statistical ensembles in MD simulations 

Real molecular systems are never isolated from the environment. The interaction of 
the molecular system with the environment in terms of energy, volume and particle 
exchange from the point of view of statistical physics may be described in terms of 
statistical ensembles [126]. An ensemble of the microstates of the molecular system 
coupled to an external bath with constant temperature is referred to as the canonical 
ensemble (or NVT-ensemble), analogously the system under piston coupled to a thermal 
bath yields the isobaric-isothermal ensemble (or NPT-ensemble). 

Since pure MD simulations technique provides the solution to the equations of motion 
for an isolated system (the microcanonical ensemble) special algorithms are usually 
introduced that mimic the coupling of the system to an external reservoir of energy or 
volume [122]. The purpose of such algorithms is to maintain the correct average 
temperature (volume) properties while at the same time allowing the correct magnitude of 
fluctuations, which depend on the system intrinsic properties, such as heat capacity and 
compressibility. 

Among the temperature coupling algorithms the following algorithms have found 
application in modern day simulation codes: Berendsen thermostat [127], Nose-Hoover 
thermostat [128], Nose-Hoover chains [129], Andersen thermostat [130], Velocity 
rescaling thermostat [131]. 
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The Berendsen thermostat, being the simplest one, relies on rescaling the velocities by 
a factor  every time step: 

 01 1
T

Tt

T



       

  
 (2.4) 

The effect of this algorithm on temperature is that the actual temperature is corrected 
to the reference temperature T0 in an exponential manner: 

 0T TdT

dt 


  (2.5) 

The Berendsen thermostat has, however, serious drawbacks, firstly it does not allow 
temperature fluctuations and thus does not implement the correct ensemble, and secondly 
the velocity rescaling procedure have been shown to cause a “flying cube effect” in 
vacuum simulations, when the constant energy terms (overall translation and rotation) 
grow continuously while the energy from high-frequency fundamental modes is drained 
[132]. 

Nose-Hoover formalism is an approach based on extended Lagrangian containing 
additional artificial coordinates and velocities which leads to a deterministic molecular 
dynamics at constant temperature. The extended Hamiltonian proposed originally by 
Nosé [133] may be written as follows: 
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where ps and s – are the coordinates of the extended variable and Q its fictitious mass, 
k – is the Boltzmann constant, T0-reference temperature, g – parameter. This Hamiltonian 
generates a microcanonical ensemble of 6N+2 degrees of freedom. The variable present 
in this Hamiltonian are called virtual variables. Meanwhile a set of real variables is 
defined which relate to virtual variables as follows: 
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and a pseudo Hamiltonian function can be then defined 
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It can be shown that the microcanonical ensemble generated by solving the equations 
of motion for the extended system in virtual variables will correspond to a canonical 
sampling of real variables according for the corresponding pseudo Hamiltonian (2.8) if 
the parameter g=3N and other conditions are satisfied (see below). The heat is transferred 
in and out to the real system from the extended variable in an oscillatory fashion, leading 
to nearly periodic temperature fluctuations. 

It was later shown by Nosé and Hoover that the corresponding equations of motions 
may be formulated in terms of real system variables yielding the Nosé-Hoover equations 
of motion: 

 

 0( )

i
i

i im m

kg
T t T

Q





 

 

iF r
r




 (2.9) 



36 
 

A detailed theoretical analysis of non-Hamiltonian dynamics generated by Nosé-
Hoover equations reveals that the algorithm only generates the correct distribution if there 
is a single constant of motion, normally the total energy of the extended system, and no 
other constants of motion [122]. An exception is the conservation of total momentum if 
the center of mass remains fixed.  

This derivation implies that the dynamics is ergodic, i.e. the trajectory average can be 
taken into the phase space average. However, it was shown that for small or stiff systems 
the dynamics is not ergodic and the correct distributions are not generate. To alleviate this 
problem Martyna et al. [129] proposed a scheme in which the Nosé-Hoover thermostat is 
coupled to another thermostat or a chain of thermostats. 

In Andersen approach to isothermal simulations the system is coupled to a heat bath 
by stochastic impulsive forces that act occasionally on randomly selected particles. In the 
course of collision the particles obtain new velocities according to Maxwell-Boltzmann 
distribution corresponding to the desired temperature. Andersen thermostat ensures the 
correct statistical ensemble but makes the dynamics non-continuous due to random 
collisions. 

Velocity rescaling thermostat proposed by Bussi et al. [131] is a combination of 
Berendsen thermostat with a stochastic term that ensures the correct kinetic energy 
distribution. 

Analogous to the temperature coupling algorithms the pressure coupling algorithms 
exist which allow the implementation of the correct target pressure and the NPT 
ensemble. The weak pressure coupling scheme of Berendsen [127] allows to rapidly relax 
the  system to the target pressure and maintain it throughout the simulation. The 
Berendsen algorithm rescales the coordinates and box vectors every step with a matrix μ, 
given reference pressure P0: 
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Where  is the isothermal compressibility. 
This results in an exponential like relaxation of pressure according to the law: 
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As in the case of thermostat the Berendsen barostat does not strictly implement the NPT-
ensemble and suppresses the correct fluctuations of pressure and volume, however, if 
these fluctuations are not thermodynamically relevant present and easy way to implement 
the pressure coupling. 

Another pressure coupling scheme analogous to the Nosé-Hoover thermostat which 
correctly implements the NPT-ensemble is the Parrinello-Rahman pressure coupling 
scheme [134]. 

2.1.3. Langevin and dissipative particle dynamics 

Langevin (or stochastic) dynamics and dissipative particle dynamics (DPD) are 
techniques that allow mimicking the effect of solvent on the dynamics of molecular 
system through the introduction of dissipative and stochastic terms into the equations of 
motion. The interplay of dissipative and stochastic forces not only alters the dynamics but 
also may ensure the correct NVT sampling of the system. In the limit of small coupling 
(small solvent viscosity) these techniques are also algorithms of choice to ensure the 
correct statistical ensemble during simulations. 
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The stochastic or velocity Langevin dynamics adds a friction and a noise term to the 
Newton’s equations of motion: 
 ˆi i i i im m  r F r r    (2.12) 

 
where i  is a friction constant and r̂i (t) is a noise process with correlation function  

 r̂i (t)r̂

j (t  s)  2miikT (s) ij    (2.13) 

i.e. uncorrelated for different particles, different components and different times. The 
formal derivation of the Langevin equation through the reduction of fast degrees of 
freedom and their approximation by the last two terms of equation (2.12) relies on the 
projection operator technique introduced by Mori and Zwanzig [135]. The friction and 
stochastic terms otherwise have an intuitive physical meaning, the first represents a 
dissipative force which is caused by the friction with the solvent, the second is a kind of 
driving force which is caused by ‘hits’ from the surrounding solvent particles. 

The random friction and stochastic forces conserve neither momentum nor energy of 
the system. Through the action of friction force the energy is drained from the system, 
while the stochastic process may pump the energy into the system, thus the dynamics and 
sampling does not correspond to the microcanonical ensemble any more while the energy 
of the system fluctuates which resembles the canonical NVT ensemble. It may be further 
shown that the for the Boltzmann distribution to be realized in stochastic dynamics the 
friction and stochastic forces have to be related through eq. (2.13). 

Although the Langevin method is appealing for fluid systems where the structure of 
the solvent is not important or as an algorithm for rigorous implementation of NVT 
ensemble, it suffers from the fact that it does not produce the correct hydrodynamics as 
the random and friction forces do not conserve momentum. In order to overcome this 
problem but still retain the positive features of stochastic dynamics the dissipative particle 
dynamics (DPD) technique was developed originally by Hoogerbrugge and Koelman for 
mesoscopic simulations of simple and complex fluids [136]. In DPD the force acting on 
each particle has following three terms [137]: 
 ( )C D R

i ij ij ij
j i

  F F F F  (2.14) 

conservative force, dissipative force and random force, respectively. While the 
conservative force is a usual pair wise force, the dissipative and random forces are 
defined as follows: 
 Fij

D  D (rij )(nij v ij )nij  (2.15) 
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where rij  ri  rj , nij  rij / rij ,   and   are the scalar parameters representing the 

friction and random force strength. D  and  R  are the weighting factors that vary 
between 0 and 1 and vanish above the cut-off radius RC .  ij - represents the Gaussian 

white noise with the following properties: 

 
 ij (t)  0,  ij  ji  (2.17) 
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 (2.18) 
A remarkable feature of DPD equations in contrast to Langevin dynamics is that the 
dissipative and random forces depend only on relative positions and velocities of the 
particles and act along the vectors connecting the pairs of particles. This combined with 
the symmetry of indices yields the fulfillment of the Newton’s third law and the 
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conservation of momentum. It can be further shown that the DPD equations describe a 
system in NVT ensemble when  2  2 kT . The choice of one weighting function may 
be arbitrary, however, it may be shown that both functions have to be related as 
D (r)  ( R(r))2 . A typical choice for this function is 
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DPD is mainly applied as a mesoscopic simulations technique where the DPD particles 
represent whole molecules or fluid regions, rather than single atoms. However, the 
friction and random terms may be also used in atomistic simulations to simulate the 
influence of solvent and to implement NVT ensemble. The advantages of DPD thermostat 
over the Langevin one is the momentum conservation and short radius of DPD 
interactions, both factors facilitate the large scale conformational transitions in the 
molecular system if they are to occur. 

 

2.1.4. Computation of non‐bonded interactions 

Computation of non-bonded interactions and especially the Coulomb interactions is 
one of the challenges of MD simulations. An important hallmark of electrostatic 
interactions is their slow decaying character (1/ r ) which strictly speaking makes the 
truncation of electrostatic interaction at some distance during MD simulations incorrect. 
In a 3D bulk system the interaction energy of a point particle with the surrounding 
medium characterized by the charge density (r)  would be given by the integral: 
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which may only be conditionally convergent. Thus special care has to be taken during 
the calculation of electrostatic interactions in MD simulations. It was shown that with 
simple truncation of Coulomb interactions severe artifacts may arise especially in 
simulations of charges systems ranging from noise and simulations instability to adverse 
effects on molecular ordering [125]. 

If the system under study is not periodic (i.e. no periodic boundary conditions are 
used) the only alternative to full treatment of electrostatic interactions (which for large 
systems is prohibitively expensive as it scales like ~N2) is their truncation at some 
distance Rc. However, the absence of severe adverse effects has to be justified. Most 
common pitfalls may arise from (i) force discontinuity especially to uncompensated 
charges at the cut-off length leading to algorithmic noise and heat generation, (ii) for 
charged and systems with internal periodicity the energy and behavior of the system may 
depend on the cut-off radius in a bizarre way. 

In systems which employ periodic boundary conditions an alternative more robust 
strategy for electrostatic summation may be used, it is based on the Ewald summation 
technique and congener algorithms: particle mesh Ewald (PME), particle-particle 
particle-mesh (PPPM) [122]. The idea behind Ewald summation is to replace the infinite 
slowly converging sum of electrostatic interaction of a given set of particle and all their 
periodic images with two rapidly converging sums one in direct and the other in 
reciprocal space. Consider a representation of a set of point charges supplemented by a 
Gaussian screening functions and their inverse in Figure 12. 
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Figure 12. Schematic representation of charge decomposition used with Ewald summation. 
 
The Gaussian screening functions having the form of  

 Gauss (r)  qi ( / )3/2 exp(r2 )  (2.21) 
It may be shown that in this case the total electrostatic potential may be expressed as 

the sum of potentials of both subsystems presented in Figure 12 minus the self-interaction 
energy term. The electrostatic potential of the screened point charges decays rapidly and 
may be summed in direct space, while the potential of the compensating subsystem 
(smoothly varying periodic Gaussians) may be easily calculated in reciprocal Fourier 
space based on the solution of the Poisson equation. The resulting total energy of the 
system may be written as follows: 
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where (k)  qi exp(ik ri )
i1

N

 , V is the volume of the periodic cell. 

The Ewald sum is, however, computationally expensive for large systems with the 
scaling order of O(N3/2) and remains costly compared to conventional cutoff schemes. TO 
alleviate this problem the particle mesh–based approaches were developed, they all 
attempt to accelerate the solution of Poisson’s equation in periodic boundary conditions, 
using the profound advantages of the fast Fourier transform (FFT) for calculating discrete 
Fourier transforms [125]. These methods may scale as O(N log(N)). 

Although the Ewald-like summation techniques may calculate the electrostatic energy 
in periodic system with the predefined accuracy, and the use of Ewald summation and the 
particle mesh–based approximations has led to dramatic improvements in stability of 
biomolecular simulations some fundamental simulation problems still exist that may lead 
to artifacts during simulations [125]. Smith & Pettitt [138, 139] have studied dynamical 
artifacts due to Ewald summation. They focused on the question of the size of barriers to 
free rotation of dipoles, due to long-range periodicity. Imagine a single ideal dipole at the 
origin of the unit cell, which is then replicated periodically. The potential energy of the 
system will depend on the dipole orientation, which is not appropriate for solution studies 
of biomolecules. However, Smith & Pettitt showed that the rotational barriers are 
negligible for dipolar molecules in high dielectric solvents at room temperature, with 
typical simulation cell sizes. For the simulations in low dielectric solvents or in vacuum 
the absence of the artifacts cannot be justified. 
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2.2. MM Models for ThiophenePeptide Hybrids 

The choice of a suitable force field is the key step in atomistic simulations of 
molecular structures. The oligothiophene-oligopeptide molecular hybrid which is the 
object of the present study incorporates at least two different moieties (thiophene and 
peptide) which belong to rather different classes of molecular compounds. Whereas a set 
of well tested popular force fields for simulations of biomolecules is available (OPLS-
AA, AMBER, CHARMM, GROMOS, etc) these were not parameterized for simulations 
of thiophene moieties. 

Meanwhile during the past decade, potential models for a wide range of organic and 
inorganic compounds have been developed. There are also works on the development and 
testing of effective force-fields for crystalline oligo- and polythiophenes. In particular, the 
thiophene derivatives were explicitly parameterized within the class II force fields [140], 
thus providing a starting point for the geometry and non-bonded interactions. It should be 
noted, however, that the original class II consistent force fields lacked the parameters for 
the inter-ring torsion potential of oligothiophenes [40]. To overcome this problem, Rios et 
al. [141] presented the results of first-principles QM calculations of the intrinsic torsion 
potential about the inter-ring C-C bond of 2,2’-bithiophene, using the second-order 
Møller-Plesset (MP2), coupled-cluster singles and doubles (triples) [CCSD and 
CCSD(T)] and B3LYP electron correlation methods. Special emphasis was given to the 
systematic investigation of basis set effects by the use of a correlation-consistent basis. It 
was found that the MP2 and coupled-cluster potential energy curves agree well with each 
other for a given basis set. However, unlike B3LYP, they are rather sensitive to the 
quality of the basis. The observed disagreement between the B3LYP and MP2 methods, 
especially on the degree of ring coplanarity in the minimum-energy cis and trans 
conformations, was considerably reduced upon adoption of a large and flexible basis set 
for the latter. Ab initio methods applied to unsubstituted bithiophene (2T) showed that 
two 5-membered rings are not planar, as it is usually believed, and that two conformers 
can coexist in the gas phase or in solution [141]. These two conformations correspond to 
the S-C-C-S dihedral angle of about 150º (global minimum) and about 30º (local 
minimum). The twisted conformations observed for 2T are due to an interplay between 
two opposite forces: the electron delocalization along the molecular axis, which favors a 
planar geometry, and the strong steric repulsion between hydrogen atoms in position 3 or 
3’ and the sulfur atoms (for the anti conformation) or between the two sulfur atoms and 
the two hydrogen atoms in position 3 and 3’ (for the syn conformation) [141-143].  

Similar results were obtained earlier for the torsion potentials in α-quaterthiophene by 
Millefiori et al. [144] using DFT with B3LYP hybrid functional and conventional ab 
initio methods (see Figure 13). 
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Figure 13. Torsional potentials of α-quaterthiophene. Open marks and dashed lines refer to rigid 

rotor approximation results. Adapted from ref. [144]. 
 
Note that the generic class II force-fields give the most stable structure where the 

thiophene rings are antiplanar (the S-C-C-S torsion angle is close to 180º), which is 
adequate to simulate the solid-state behavior of conjugated compounds or their strongly 
adsorbed state. The performance of the polymer-consistent force-field (PCFF) which was 
used in simulations of amorphous thiophene was also validated by Zhang et al. [145] 
from the following three aspects. First, the geometries of thiophene and thiophene dimer 
were obtained by MP2/6-31+G* and PCFF optimization. It was found that the PCFF 
force-field provides a reasonable prediction of the inter-ring distance in comparison with 
the MP2 packing structure. Second, to assess the accuracy of the PCFF in predictions of 
the relative stabilities between packing structures, both T-shaped and π-stacked models, 
two typical packing dimers were chosen to make the comparison of the calculated 
packing energies between the CCSD(T) and the PCFF calculations. It was shown that 
using the PCFF force-field, the relative stability of T-shaped to π-stacked models can be 
correctly predicted, in close agreement with the CCSD(T) results. Finally, using MM (the 
PCFF force-field) and QM methods, the calculation of the torsion potential for 
bithiophene was performed. In our opinion, the extended class II force-fields are 
particularly successful in predicting the structural properties of thiophene derivatives. 
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Figure 14. ‘‘Low-temperature’’ (a) [146] and ‘‘high-temperature’’ (b) [147] polymorphs of 

quaterthiophene crystal structures. 
 
Marcon and Raos [148] aimed to develop a model that was sufficiently accurate to 

describe the variety of structural features observed in oligothiophenes, yet simple enough 
to be applied in large-scale molecular dynamics simulations of these materials. The inter-
ring torsion potential, the representation of the molecular charge distribution, and the 
non-bonded van der Waals parameters were varied in a systematic way, using information 
from gas phase ab initio calculations and comparing the results with crystallographic and 
thermochemical data. The offered force fields were validated using both energy 
minimizations and MD simulations of the crystal structures of the two known polymorphs 
of quaterthiophene (the so-called ‘‘low-temperature’’ [146] and ‘‘high-
temperature’’ [147] forms) (see Figure 14). These results were compared with the 
experimental unit cell data. It was established that the force field appears to reproduce the 
structure of the high temperature polymorph well – the cell parameters remain close to 
the experimental values. Packing forces kept the molecules perfectly planar, despite the 
torsion potential which tends to favor distorted conformations. The situation was less 
satisfactory for the low-temperature polymorph. Much larger distortions were observed in 
the individual cell parameters. The difficulty of correctly reproducing the structure of the 
low-temperature polymorph had been also pointed out in ref. [149]. 

Perez-Pellitero et al. [150] obtained an optimized intermolecular potential for the 
sulfur group of the thiophene family – aimed at giving a quantitative description of both 
liquid and coexistence properties – based on an extension of the intermolecular potentials 
of anisotropic united atom (UA) model. In order to test the behavior of the optimized 
parameters for polyaromatic rings, MC Gibbs ensemble and grand canonical simulations 
combined with histogram reweighting techniques were performed to investigate the 
resulting phase equilibrium and the critical region of different thiophene-containing 
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molecules. In particular, the simulations were conducted for benzothiophene and 
dibenzothiophene. In most cases, good agreement with experimental densities, enthalpies 
of vaporization and saturation pressures was observed. 

Current force fields, are extending the range of validity of atomistic simulations to 
treat the interaction between large molecules with high accuracy [151]. Of course, there is 
no best (or universal) force field for all possible applications. The reliability of a 
particular force-field depends on the type of simulated system and physical quantity it is 
applied to. Improvement of the quality and extension of the range of applicability is a 
continual concern in the area of computer simulation. 

 

2.2.1. PCFF force field 

Based on the above presented survey of literature data the PCFF (Polymer Consistent 
Force field) was chosen to build the molecular mechanics model of thiophene-peptide 
hybrids. PCFF is a force field intended for application to a wide range of polymers and 
organic materials.  

The PCFF force field was developed based on the protein CFF(91) force field [152] 
and augmented with a dozen functional groups that are typical constituents of the most 
common organic and inorganic polymers [118, 153-157]. 

In the class II consistent force fields (CFFs), such as CFF91/97, PCFF and 
COMPASS, the bonded terms include the energy contributions for bond, angle, torsion 
and out-of-plane angle coordinates, as well as the energy contributions for cross-coupling 
terms between internal coordinates. Among the cross-coupling terms, the bond-bond, 
bond-angle and bond-torsion are the most significant. The non-bonded terms, which 
include a Lennard-Jones ‘‘9-6’’ potential for the van der Waals’ interaction and a 
Coulombic term for electrostatic interactions, are used for interactions between pairs of 
atoms that are separated by three or more intervening atoms, or those that belong to 
different molecules. The treatment of electrostatic interactions is based on ab initio 
charges derived by fitting electrostatic potentials with constraints. 

The full form of the potential function defined by the PCFF force field including the 
cross coupling terms for the internal degrees of freedom is illustrated below: 
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2.3. Applying Computer Simulations to Study Amyloidlike Fibrils 

Computer simulations may be used to study the structure, formation and properties of 
amyloid(-like) fibrils, supplement and interpret experimental data, rationally design new 
compounds and predict the self-assembling morphologies. Depending on the problem 
under study various models and simulation techniques may be applied, however, those 
based on molecular dynamics simulations remain the most widely used [158-161]. MD 
simulations allow to study specific compounds in atomistic details and trace the 
connection between their chemical structure, aggregation propensity and kinetics, 
conformational preferences and morphology of the aggregates. When applying MD 
simulations (or derived methods such as replica exchange simulations [162]) to small 
molecular systems (consisting of e.g. several aggregating peptide segments) the 
computational power may be enough to study the aggregation of molecules ab initio and 
probe the likely aggregation patterns [163] or study the process of fibril elongation [164]. 
On the other edge would be the MD simulations of large nanoscale fibrillar aggregates 
(see e.g. refs. [31, 39]), these allow to trace the connection between the molecular 
arrangement at the atomistic level and the nanoscale morphology of the fibrils as well as 
to probe its geometrical and mechanical properties. Simulations of such assemblies are 
dominated by the choice of the initial state of the molecular system i.e. the initial 
construction of the fibrillar aggregate, since the available simulation resources would not 
allow observing spontaneous self-assembly of such aggregates or rearrangement of 
aggregation blocks in an already assembled fibril. A bunch of methods is being developed 
to bridge these two extremities and extend simulation techniques to be capable of 
studying the spontaneous self-assembly of fibrils from the monomers, notable examples 
include discontinuous dynamics simulations [165] and the use coarse-grain models [166, 
167], however, this comes at an expense of considerable simplification of the models and 
thus has limited applicability and predictive strength for real compounds. 

In this thesis we focus on the simulations of nanoscale fibrillar aggregates based on 
peptides-thiophene synthetic conjugates thus and overview of approaches that try to 
bridge the molecular structural data with the behavior and polymorphism of fibrillar 
aggregates at nanoscale is essential.  

The molecular simulations methods in this respect become an attractive tool to 
supplement and interpret experimental data because they can fill in the missing link in the 
understanding of structure-arrangement-morphology relationship. When 3-D atomistic 
structures of microcrystals or oligomeric aggregates are available these may be used to 
construct fibrillar aggregates in silico and by applying MD simulations expand the 
structural data into dynamical domain, study morphological and mechanical properties of 
the constructed aggregates and compare the results to other experimental measurements. 
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Since microcrystals usually provide only structures of the basic aggregation units, 
different arrangements of these units into the protofilaments and then fibers may be 
probed in silico. When no initial 3-D structural data is available the application of 
computer simulations may be less straightforward – it is necessary to predict or suggest 
various trial arrangements then construct aggregates and test their characteristics against 
experimentally observed. The latter approach has a much wider applicability in terms of 
studied compounds and potential applications for the rational in silico design of new 
macromolecular systems with specific properties. In the next subsection we will give an 
overview of the current progress in simulations of systems constructed based on 
experimental 3-D data while the development of the other approaches which is the 
original part of this thesis is discussed in the following chapter. 

 

2.3.1. Overview of simulations based on experimentally resolved structures 

To date a few peptides have 3-D molecular-level models of short fibrillar oligomers 
available including those related to β-amyloid [168, 169] and the yeast prion protein 
Sup35 [29, 52]. These cases present excellent examples of how computer simulations 
may be used to trace the link between structural-mechanical properties observed at scales 
of hundreds of nanometers and the underlying atomic structure as well as outline the 
principles of fibrillar organization. 

Using atomistic models of short segments of amyloid fibrils composed of several 
layers (approx. 20-40 Å in length) based on either X-ray structures of microcrystals or 
solid state NMR data atomistic models of long fibrillar aggregates may be constructed 
[31, 170-174]. The notable examples include the GNNQQNY sequence from yeast prion 
protein Sup35 (Figure 15a) and threefold and twofold models of fibrils from Aβ1–40 
(Figure 15b,c). 
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Figure 15. Examples of experimentally determined arrangements for amyloidogenic peptides and 

corresponding long fibrillar aggregates constructed and studied using MD simulations. (a) structure 
of GNNQQNY sequence (from yeast prion protein Sup35) microcrystal and corresponding fibril 
snapshot from MD simulations [174], (b)-(c) the twofold and threefold symmetry structures for Aβ1–
40 fibrils proposed by Paravastu et al. and the corresponding morphologies obtained in MD 
simulations [171, 175]. Adapted from refs. [169, 174, 175]. 

 
These atomistic structures may be further minimized to relax strain, and then 

equilibrated at finite temperature using MD simulations. While the initial fibrils 
constructed from oligomeric models are planar, its characteristic left-handed twisting 
occurs during minimization and relaxation steps. The twisting of the cross-β filament is 
associated with relatively small structural changes within the individual peptides. The 
resulting twist may range by an order of magnitude (e.g. 1.3° [175], 11.6° [170] per 
peptide) depending on the compound and its arrangement. The twist may arise during the 
minimization step and then enhanced during subsequent finite temperature equilibration. 
While the latter is supposed to be driven by entropic effects associated with an increase in 
backbone dynamics, the former is supposed to be driven by the geometric properties of 
the fibrils [170]. The value of normalized twist as well as interstrand distance was found 
to vary with the number of peptide in the fibril (e.g. the twist angle around 5° and around 
2° for a fibril of 10 and 20 strands respectively [171]) but becomes size-independent after 
some critical length (around 20 strands [171]). The observed geometrical characteristics 
including the helical pitch and fibril width may be compared to those experimentally 
observed in TEM. 

When several possible morphologies may be constructed, like in the case of twofold 
and threefold structures of β-amyloid, MD simulations allow a systematic comparison 
between the two morphologies, including energetic properties, structural changes and H-
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bonding patterns, for varying fibril lengths [175]. Investigating these two morphologies 
(Figure 15b,c) Paparcone et al. has found that the double layered morphology is more 
stable than the threefold morphology and predicts the formation of twisted amyloid 
microfibers with a periodicity of ~133 nm and ~82 nm, for the twofold and threefold 
structures, respectively. Based on their approach they proposed the missing atomistic 
structures for long amyloid fibers. 

The working dynamical models of the fibrils may be further used to gain insight into 
the interplay of molecular interactions governing the twist of the fibril. Periole et al. has 
performed simulations of Sup35 based fibril both in vacuo and explicit solvent [170]. It 
was found that the potential energy changes little as a function of the twist angle which 
suggests that cross-β by the GNNQQNY peptide fragment would readily adopt different 
degrees of twist depending on the environment. At least in part, this result could explain 
the different values of the twist observed in amyloid fibrils composed of different 
numbers of cross-β filaments, and the different morphologies of amyloid fibrils that can 
be formed under various conditions. The simulations in vacuo demonstrated that although 
the solvent is not required for the cross-β filament to twist, nevertheless, the presence of 
solvent favors the twisted form. 

The atomistic models of the fibrils combined with elastic network modeling, and 
finite element simulation can be used to probe the mechanical properties of the fibrils. Xu 
et al. calculated the elastic constants associated with torsional, bending, and tensile 
deformation as a function of the size of the amyloid fibril, covering fibril lengths ranging 
from nanometers to micrometers [173]. The resulting Young’s moduli were found to be 
consistent with available experimental measurements obtained from long amyloid fibrils, 
and predicted to be in the range of 20–31 GPa. It was shown that A(1-40) amyloid 
fibrils feature a remarkable structural stability and mechanical rigidity for fibrils longer 
than ~100 nm. However, local instabilities that emerge at the ends of short fibrils (on the 
order of tens of nanometers) reduce their stability and contribute to their disassociation 
under extreme mechanical or chemical conditions, suggesting that longer amyloid fibrils 
are more stable. Moreover, it was found that amyloids with lengths shorter than the 
periodicity of their helical pitch, typically between 90 and 130 nm, feature significant size 
effects of their bending stiffness due the anisotropy in the fibril’s cross section. 

Paparcone et al. have also studied the nanomechanical properties of Alzheimer’s 
Ab(1–40) amyloid fibrils under compressive and tensile loading [31]. A correlation of the 
mechanical behavior with chemical and nanostructural rearrangements of the fibril during 
compressive and tensile deformation, showing that the density of H-bonds varies linearly 
with the measured strain was found. It turned out that both compressive and tensile 
deformation is coupled with torsional deformation, which is manifested in a strong 
variation of the interlayer twist angle that is found to be proportional to both the applied 
stress and measured strain. In both compression and tension an increase of the Young’s 
modulus from 2.34 GPa to 12.43 GPa for compression and 18.05 GPa for tension was 
observed. The moduli at larger deformation are in good agreement with experimental 
data, where values in the range of 10–20 GPa have been reported. 

The fibril in MD simulations may be also probed by the modification of their 
chemical structure, for instance, by in silico mutations of single amino acids in the 
peptide sequence. In ref. [172] a series of molecular dynamics simulations of large-scale 
amyloid fibrils with local mutations that result in the disruption of the key intrapeptide 
salt bridge were performed. It turned out that mutations, through alterations in the nature 
of the salt bridge, have a significant effect on the geometry and mechanical properties of 
the amyloid fibril. A severe decrease in amyloid fibril periodicity (the period length) of 
up to 43%, and extreme variations of the Young’s modulus (a measure of the fibril’s 
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mechanical stiffness) of up to 154% was observed. These results confirm that, while on 
one hand side chains are not involved in the formation of the β-strands composing the 
inner core of the amyloid structure, their presence, size, and interactions can be crucial in 
determining the larger-scale properties of amyloid fibrils. 
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3 Challenges for fibrillar 
simulations with unknown 
intermolecular arrangement 

 
In this chapter the challenges of applying computer simulations to fibrils with 

unknown intermolecular arrangement are outlined. The key ideas of this work aimed at 
overcoming these challenges and methodological results are summarized. 

 

3.1. Modeling workflow 

For the compound under study no experimental data concerning spatial arrangement 
of molecules at atomistic level is available and is probably hardly attainable since it may 
be extremely difficult to obtain microcrystals for such complex hybrid molecules. 

Predicting the aggregation of molecules completely ab initio in molecular dynamics is 
also hardly feasible because of the time scales involved, since the amyloid fibril growth is 
a rather slow process as pointed out in chapter 1 (on the order of hours to days), where as 
the best timescales attainable by MD simulations are on the order of microseconds. 

Hence as a starting point for the simulations of the aggregates some initial 
intermolecular arrangements have to be supposed. On the other hand while suggesting 
these arrangements it may be worthwhile to benefit from some indirect structural 
experimental data that may still be available for such systems like CD and IR spectra, 
SAED - these data may give rational constraints and hints for constructing these 
arrangements. 

The theoretical methodology suggested and employed in the present work is further 
illustrated in Figure 16. During the first step (1) various periodic intermolecular 
arrangements were proposed. At step 2, these arrangements are used to construct long 
fibrillar aggregates, the dynamic and statistical behavior of which is investigated by using 
MD simulations. At step 3, the obtained analysis results of the computer simulations are 
compared with experimental data, which enables us to suggest the most likely molecular 
arrangement pattern observed in the experiment. 
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Figure 16. Theoretical analysis methodology. 
 

3.2. Initial arrangement construction 

The first delicate step in the methodology outlined above is the construction of initial 
arrangements. In our study two approaches were attempted: (i) an automatic approach 
based on the generation of possible packing arrangements in reasonable space groups to 
search for low lying minima in the lattice energy surface (chapter 4) and (ii) the rational 
construction of arrangements based on the analogy to conger amyloid arrangements 
combined with subsequent minimization/relaxation procedure (chapter 5).  

These two techniques represent different approaches to initial arrangement prediction 
and are documented in the corresponding chapters. 

3.3. Technical challenges in fibrillar simulations 

Apart from certain challenges connected with the step 1 in our theoretical workflow 
(Figure 16), the simulation of large-scale fibrillar aggregates in MD simulations also 
present definite challenges which we wish to outline in this section. 

 

3.3.1. Spatial and temporal size challenges 

 
The challenges connected with the system size and time limits imposed by available 

computational facilities are intrinsic to MD simulations. Fibrillar amyloid-like aggregates 
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present a kind of system for which large-scale simulations are needed if we wish to study 
the morphology of the aggregates at length scales comparable to AFM and TEM 
measurements. Moreover, the characteristic length scales at which the certain 
morphological characteristics such as axial fibrillar twist become pronounceable may be 
on the order of hundreds of nanometers (see section 3.4). This implies the simulation of 
rather long fibrils (at least around 50 nm) if their morphology has to be studied. The 
simulations in explicit solvent may lead to systems of up to a million of atoms which is 
already a serious challenge for modern supercomputers. 

The other challenge is the characteristic time limit of MD simulations. In case of fibril 
simulations this becomes an important bottleneck when certain large scale conformational 
changes are happening to the fibrils. Let say, a fibril 100 nm in length initially planar 
wants to adopt a curled conformation during MD simulations. The rate of these large 
scale conformational changes is also greatly hindered by the presence of solvent in 
explicit solvent simulations because of the viscosity imposed by solvent and the 
necessary rearrangement of solvent molecules. 

To tackle these challenges a multi scale approach was applied (see chapter 5) which 
included the simulation of shorter fibrils in explicit solvent and longer fibrils in implicit 
solvent modeled by dissipative particle dynamics thermostat. 

 

3.3.2. Large scale conformational transitions and temperature coupling 

Large scale conformational transitions that may happen rather quickly during the 
relaxation phase of MD simulations present another technical challenge that is not 
apparent at first sight but is nevertheless a key challenge in simulating long fibrillar 
aggregates. In Figure 17 an example of such transition is depicted for a fibrillar aggregate 
in vacuum, due to internal instability of the structure this transition happens during 2.5 ns 
of simulation time. To guide the system through this relaxation phase special 
methodology has to be developed which allows the relaxation to happen rather smooth on 
one hand and in reasonable simulation time on the other hand. During this relaxation step 
a certain temperature coupling algorithm or dumping algorithm is needed which will 
remove excess heat that may be generated locally during conformational transitions and 
strain relaxation. It turned out that among conventionally used algorithms for temperature 
coupling (Berendsen or Nose-Hoover coupling schemes) non was found to be applicable 
for several reasons: (i) the Berendsen coupling scheme is known to have intrinsic 
problems when applied to isolated systems in vacuum, it pumps the energy into collective 
degrees of freedom (e.g. translational or rotational), (ii) both algorithms (unless specially 
configured) perform temperature coupling globally on the whole system, but not locally, 
this can lead to severe artifacts when one part of the systems becomes considerably 
overheated, (iii) the Nose-Hoover coupling scheme may not perform well in systems with 
low ergodicity which is the case of fibrillar aggregates [129]. 

Another frequently used option and a natural approach that may be attempted for the 
relaxation of such system is simulation of molecular system in implicit viscous medium 
using Langevin dynamics. The Langevin dynamics allows to relax smoothly the strain 
from the molecular system and allow smooth conformational changes and plays the roles 
of temperature coupling algorithm that acts locally on the system. However, it was shown 
that Langevin dynamics while being a good relaxation methodology to relax local strain 
hinders (almost prohibitively) fast large conformation changes due to the friction term in 
the Langevin equation. 

A solution to the problem was found by applying a relatively recently developed 
method of dissipative particle dynamics. In dissipative particle dynamics (see section 
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2.1.3) the dissipative interactions are “local” i.e. they have a cut-off radius and while the 
dissipative forces allow the local strain to be relaxed they do not hinder the large scale 
conformational transitions in the fibril. 

Another even more technical challenge is the poor behavior of parallel MD 
algorithms based on domain decomposition technique when large conformational changes 
occur and thus the simulation cell alters its dimensions. This challenge may partially be 
combated by dynamic load balancing algorithms and selection of appropriate domain 
decomposition grid. 

 

 
Figure 17. An example of large scale conformational transition taking place during MD 

simulations. (a) initial conformation of fibrillar aggregate composed of thiophene-peptide diblock 
oligomers in a parallel -sheet fashion. (b) The conformation of the fibril after relaxation. 

 
 
 

3.3.3. Interaction cut‐off 

Perhaps the main challenge presented by the large scale simulations of fibrillar 
aggregates is the problem of interactions cut-off and its influence on the predicted 
morphology. The problem of electrostatic interaction cut-off is perhaps one of the key 
issues in the methodology of MD simulations [125]. The slow decay (~1/r) of 
electrostatic interactions poses several problems both for periodic and non-periodic 
simulations. When simulations with periodic boundary conditions are employed and the 
molecular system is formally infinite the electrostatic energy can be correctly computed 
only by the use of Ewald summation or similar methods since the electrostatic sums on 
lattice are conditionally convergent. However, even in the case of Ewald summation the 
effect of infinite number of periodic images on the dynamics of the system is a matter of 
debate. Smith & Pettitt [139] showed that the rotational barriers are negligible for dipolar 
molecules in high dielectric solvents at room temperature, with typical simulation cell 
sizes. In low dielectric solvent and in the absent of solvent an interaction of periodic 
images will occur [176]. In the case of non-periodic system simulations the other 
problems appear connected with the truncation of electrostatic interactions: (i) the long 
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range neglect of Coulomb interaction may influence the dynamics of the system, (ii) 
excess heat production in the system may occur as an artifact of interactions cut-off. 

In the case of fibril simulations in vacuum two additional problems appear: (i) since 
the fibril is a quasi periodic structure the energy of the system is very much dependent on 
the cut-off radius (see Figure 18). It can be seen that for relatively large cut-off distances 
that are routinely used in simulations of biomolecules (15-20 Å) the energy oscillations 
can be as large as several hundred percent. Moreover due to the periodic nature of the 
fibril these interactions sum up and the behavior of the molecular system (interstrand 
distance, twisting angle) may considerably depend on the cut-off distance. Another (ii) 
crucial problem is the influence of long range interaction (electrostatic and van der 
Waals) on the large scale morphology of the system. In Figure 17b it is seen that the 
distance between the coils of the helix formed by the tape is around 10 nm. And it is this 
long range interaction between the coils that make approach each other. Of course in the 
presence of solvent this “long range” interaction will be severely renormalized, but 
setting the cut-off distance below this value would simply turn of the influence of such 
inter coil interactions and thus changing the morphology. 

Hence in our simulation studies extremely large cut-off radiuses of up to 50 Å were 
used, which in turn came at the cost of simulation performance and attainable simulation 
times. 

 

 
 
Figure 18. Dependence of electrostatic energy on the interaction cut-off radius for the system 

depicted on Figure 17a. 
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4 Largescale atomistic simulation 
of a nanosized fibril based on 
crystalline packing prediction 

 
In this chapter we present an attempt to study the self-organizing nano fibrils from 

thiophene-peptide hybrid compounds based on the initial prediction of likely polymorphic 
crystalline packing favorable to the formation of fibrils. Initial fibrillar configurations for 
molecular dynamics simulations were then constructed from the replicated crystalline 
packing of the molecules and subjected to large scale MD simulations. In this study we 
demonstrate that the system simulated in this work is stable, at least on the nanosecond 
timescale, and can be viewed globally as a linear alternating "super-polymer" where 
thiophene rich segments alternate with peptide rich segments along the direction of the 
fibril. We perform a detailed study of its stability, evolution, and properties using all-
atom molecular dynamics simulations at the experimentally comparable size scale (length 
of the fiber up to 80 nm).  

 

4.1. Models and methods 

The chemical formula of the compound under study is presented in Figure 19. This 
oligothiophene-peptide diblock copolymer consists of 3,3'''-dibihexylquaterthiophene 
segment attached to an amino acid sequence Gly-(Thr-Val)3-Gly-aPhe-Gly via aPhe (4-
azidophenylalanine). It differs from the original experimentally tested compound by the 
lack of flexible PEO-tail.  

 
Figure 19.  Structural formula of the studied molecule: 3,3'''-dibihexylquaterthiophene segment 

is attached to an amino acid sequence Gly-(Thr-Val)3-Gly-aPhe-Gly via aPhe (4-azidophenylalanine. 
 

 
All-atom molecular model of the compound under study was based on the Class II 

polymer-consistent force field (PCFF) with the parameters adjusted to reproduce the ab 
initio energy surfaces [118, 140, 177]. The total potential energy of the system was 
represented as a sum of the energy contributions which can be divided into the following 
two categories: (i) valence terms, Vval, including the energy contributions for bond, angle, 
torsion, and out-of-plane angle coordinates as well as the energy contributions for 
diagonal and off-diagonal cross-coupling terms between internal coordinates; (ii) intra- 
and intermolecular non-bonded interaction terms, Vnb, which include a Lennard-Jones 
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“9−6” potential for the van der Waals interactions and a Coulombic term for electrostatic 
interactions.  

The molecular model of a single molecule was first constructed, which in its initial 
configuration contained the quaterthiophene segment in planar conformation and 
polypeptide segment in extended conformation (backbone dihedral angles φ = 180o and ψ 
= 180o). To construct a many-molecule fibrillar aggregate from a single molecule in a 
rational way, the following strategy was employed. We first aimed at predicting the likely 
polymorphic structures that are favorable to the formation of fibrils. Initial fibrillar 
configurations for molecular dynamics simulations were then constructed from the 
replicated crystalline packing of the molecules. The reason for starting with the 
preliminary generated crystal structures is that, even with multiteraflop computers, the 
spontaneous formation of well-ordered periodic structures from randomly distributed 
molecules with complex architecture is highly challenging because of the time and 
length-scales involved. 

In general, computer-aided methodology for crystal structure prediction involve the 
following three main steps: (i) construction of a 3D molecular model by molecular 
mechanics methods, (ii) searching through many hundreds or thousands of hypothetical 
crystal structures built from the trial molecule in various space groups, and (iii) selection 
of stable structures according to some criterion, usually the calculated lattice potential 
energy. The GULP [178] and Polymorph [179] packages were used to predict the 
crystalline packing of the molecules with simultaneous optimization of the geometry 
parameters of the unit cells and the molecular conformations. To have a reasonable 
chance of successful crystal structure prediction within the practical computation limit, 
the number of the space groups was restricted to the six most frequent as recorded in the 

Cambridge Structural Database (CSD), that is: P1, 1P , P21/c, P212121, C2/c, and P21 (in 
CSD frequency order). The best crystalline structure based on energy minimum criterion 
was then selected. The additional criteria for this selection were as follows: (i) positioning 
of the thiophene blocks for - stacking and (ii) formation of a network of intermolecular 
hydrogen bonds within and/or between the β-sheets in the peptide sections. The predicted 
unit cell was consistent with P21/c space group and contained four molecules. The unit 
cell was orthorhombic with lattice vectors a = 0.62 nm, b = 10.67 nm, c = 1.66 nm. It 
should be stressed that since the space group P21/c includes the mirror plane, which is 
incompatible with the stereoisomerism of chiral molecules and particularly amino acids, 
additional modification to some molecules in the unit cell was applied by changing the 
chirality of amino acids to the L-form isomers (this was done by interchanging the amino 
acid side chain with the hydrogen bonded to C atom in each amino acid residue). In 
Figure 20, the final unit cell, which was used for fibril construction, is demonstrated.  

 

 
Figure 20. The predicted crystalline unit cell used for fibril construction. The inset shows the orientation of 

lattice vectors. 
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As a next step, the unit cell was replicated to obtain a fibril-like aggregate. The 

replication method was chosen to produce a fibril with maximal packing of molecules and 
structural similarity of molecular arrangement along the fibril. The initial unit cell was 
replicated two times along the a crystallographic axis, then 6 times along the c 
crystallographic axis, and the obtained block was replicated 8 times along the vector d = b 
+ c. The resulting initial structure of the fibril is presented in Figure 21a; it consists of 
384 molecules (96768 atoms) and has a cross-section diameter of approximately 4 nm 
and length of 87 nm. As a next step of our study this structure was subjected to extensive 
molecular dynamics (MD) simulations.  

We performed large-scale MD simulations in parallel on 128 CPUs. To this end, 
LAMMPS simulation package [180] based on the domain decomposition strategy was 
employed. Integration step of 1 fs was used. Cut-off radius for Coulomb and van der 
Waals interactions was 1.5 nm. The dielectric constant for electrostatic interactions was 
set to 3.0 as to reproduce that of organic solvents used in the experimental works. 
Unfortunately, explicit solvent simulation is not currently feasible for our system, which 
is composed of 384-atomic molecules with a total simulation period longer than 30 ns. 
NVT ensemble at T = 300 K was implemented using Nose-Hoover coupling algorithm 
with relaxation constant of 0.1 ps. The equilibration run of 1 ns was used to allow the 
molecules adopt their bulk configuration from the initial crystalline arrangement, which 
resulted in noticeable shrinkage of the fibril. Figure 21b presents the snapshot of the fibril 
after the equilibration run. The properties and evolution of the system were then studied 
in a simulation run of 35 ns. No visible drift in the potential energy was observed during 
the simulation. 

 

 
Figure 21. (a) Initial structure of the fibril constructed by replicating the predicted crystalline unit cell. 

(b) The geometry of the aggregate after 1 ns of MD equilibration.  
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4.2. Results and discussion 

The "alternating super-polymer" molecular structure of the fibril consists of 16 
thiophene sections, 15 peptide sections and 2 peptide-containing tails sections at each 
end. This fibril-like structure maintained its integrity and initial fibrillar shape during the 
35 ns MD simulations run, however, certain intrinsic structural rearrangements and 
conformational changes were observed.  

 

4.2.1. Spatial configuration, evolution and stability 

Initial configuration of the fibril originated from the packing of molecules in the 
predicted crystalline state and resembled a planar zig-zag-like object with thiophene 
sections positioned at vertices. The initial structure was then refined by long MD 
simulations allowing the molecules to undergo certain degree of self-organization. During 
the subsequent run, the structure as a whole evolved and deviated from planarity and 
linearity. These deviations are due to structural rearrangement of the molecular blocks 
belonging to the peptide-containing and thiophene-containing domains. From a global 
viewpoint, the structural evolution observed for the fibril can be described in the same 
terms as those used for conventional semi-flexible long-chain polymers changing their 
conformation in a dilute solution. Therefore, the supramolecular aggregate can be viewed 
globally as a linear "super-polymer" ("wormlike chain") exhibiting a large length-to-
thickness ratio and characterized by a persistent length. Of course, molecular details are 
also important since interactions between different molecules are highly specific. 

During the MD simulation, certain conformational rearrangement in the fibril 
occurred as can be noticed in Figure 22, which presents the fibrillar aggregate after 35 ns 
of simulations.  This conformational evolution can be described by two types of 
conformational rearrangement: (i) a short-time-scale twist of the supramolecular 
aggregate and (ii) bending of the aggregate, which resulted from a structural 
rearrangement in the P-T-P super-polymer sections (see Figure 22), when the adjacent 
peptide-containing sections leaned towards each other and formed a kink. This suggests 
that the fibril behaves approximately as a linear elastic material in bending and torsional 
modes. 

It is known that the dynamic structure of functional thiophene-based materials is 
important to determine physical properties such as thermochromism, in which soft 
motional degrees of freedom are thermally excited [181, 182]. These motions are related 
to collective twisting/bending-type deformations and determined by the existence of the 
barrier at the planar conformation, or in other words, the competition between the intra- 
and the intermolecular interaction. With this in mind, we have examined the torsional 
deformation of our model that reflects twisting along the fibril axis.  
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Figure 22. Snapshot of the fibrillar aggregate after 35 ns of MD simulations. Alkylthiophene blocks are 

depicted in blue, while peptide blocks in green. A notable bending of the fibril is observed accompanied by 
structural rearrangement of adjacent thiophene-peptide sections. 

 
In order to calculate the twist angle , the unit vector u directed along the x-axis of the 

molecularly fixed coordinate system attached to each thiophene section was employed 
(see Figure 23a). As depicted in Figure 23a, the twist angle is defined as the angle 
between two vectors ui and ui+1 when they are projected into the plane bisecting the 
virtual bond connecting the center-of-mass of two adjacent thiophene sections i and i+1 
jointed by a peptide section. The vectors u are "glued" to their corresponding thiophene 
sections and move with them. For a straight, non-twisted fibril (e.g., for the initial 
configuration),  = 0. After an initial period of about 2 ns in which the fibril twisted away 
from the initial configuration, the twist per thiophene-peptide segment oscillated in the 
range || < 15o. The twisted structure sampled in the simulations is highly dynamic. The 
local axial twist of the molecular aggregate that was observed in some parts of the fibril is 
illustrated in Figure 23b,c. The average twist angle is not constant along the fibril axis 
and its amplitude may reach 30o per two repetitions of thiophene-peptide segments (see 
Figure 23b,c). Presumably, the axial twist of our model fibril is partly due to the chirality 
of the constituent molecules and their specific packing inside the corresponding domains. 

The root-mean-square of the twist angle 
2/12 )(  was found to be about 10o per thiophene-

peptide segment. This value is qualitative because of the limited range of sampling. The 
analysis showed that torsional correlation along the fibril persists only over a few 
thiophene-peptide segments. Two mechanisms contribute to the loss of torsional 
coherence along the fibril: thermal fluctuations and structural defects. Therefore, the axial 
twist observed for our model may be regarded as manifestation of the internal axial 
conformation flexibility of the fibril rather than as the systematic bias implied by its 
structure. In other words, the non-zero values of the twist angle are mainly associated 
with thermal fluctuations in the transient configurations. 
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Figure 23. Panel (a): Schematic illustrating the definition of the axial twist angle. For each thiophene-

containing section (schematically depicted as a cube), we define the molecularly fixed system of coordinates 
(MFSC) in the following way. The elements of the symmetric tensor of inertia T are computed and then the three 
principal moments (t1, t2, t3) and the corresponding eigenvectors (a1, a2, a3) appearing in the diagonalized form of 
T are determined for each generated configuration. The principal moments are ordered according to their 
magnitude so that t1  t2  t3. The z-axis of MFSC is oriented along the vector connecting the center-of-mass of 
two adjacent thiophene sections, the x-axis is oriented in the direction of the vector a1, forming with it an acute 
angle, and the y-axis is normal to the xz plane with an orientation assuming a right-handed system of 
coordinates. The unit vectors u coincide with the x-axes of MFSCs. The local twist angle is calculated as i = 
arccos(uiui+1). Panels (b) and (c) illustrate the local twist of the aggregate viewed from different directions: (a) 
from the side and (b) along the fibril axis. Peptide blocks of the molecules are depicted as green tubes while the 
atoms of thiophene blocks are depicted using the standard van der Waals representation. The red arrows stand 
for the vectors u that are "glued" to their corresponding thiophene sections and rotate with them.  

 
 
In principle, the thermally induced twisting can be "frozen" when fibrils are rapidly 

adsorbed on a substrate surface from a solution and therefore the instantaneous twist 
angle can be measured experimentally. Indeed, in their experiments, Schillinger et al. [19] 
have observed a helical twist behavior of long fibrillar aggregates formed from the 
oligothiophene–-sheet–peptide compound similar to that shown in Figure 19, when 
these aggregates were strongly adsorbed on mica after spin-coating from an organic 
solvent. The authors assume that these microstructures are already present in solution, 
and predominant effects of the substrate on their organization are unlikely. 

It is instructive to compare the results obtained for our model with those for natural 
amyloid fibrils. It is well established that natural amyloids share a range of common 
features, including their cross- core, consisting of -strands separated by 0.48 nm 
oriented perpendicularly to the fibril axis [29, 183, 184]. This elongated stack is stabilized 
by a dense network of hydrogen bonds. The chiral nature of the intermolecular 
interactions stabilizing amyloid fibrils causes the incorporated molecules in general to 
pack into twisted structures [185]. Also, it is commonly accepted that twisted -sheets are 
more stable than flat ones, since -sheets have a natural tendency to curve [183]. In a 
series of recent simulations, both atomistic and coarse-grained [170, 171, 174, 186-190], 
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it has been shown that amyloid-like fibrils composed of -sheets are left-handedly twisted 
around the fibril axis (that is, the axis normal to the peptide chains). In amyloid fibrils, the 
inter-strand twist angle is usually very small, ranging from 1.5° to 2.5°, but regular. This 
leads to a helical geometry of fibril as a whole, with a helical pitch of ~120 nm, thus 
demonstrating a large conformational rigidity of these supramolecular structures. In 
contrast to this, we do not observe a periodically twisted geometry. There is nothing 
strange about that. Indeed, in our case the fibril has a heterogeneous structure, with 
alternating thiophene and peptide domains. The presence of local defects in the thiophene 
domains may effectively destroy the periodic twisting induced by polypeptide chains. In 
addition, as has been noted, -strands forming the sheets are perpendicular to the axis of 
natural amyloid fibrils, while in our model they are oriented along the axis. 

The bending of the supramolecular aggregate, which occurred between 25 and 30 ns 
of simulation (Figure 22), resulted in a substantial decrease in the end-to-end distance of 
the fibril. However this does not appear to destabilize the fibrillar suprastructure. This 
nanoscale rearrangement of the intrinsic structure stems from the lack of perfect ordering 
in the fibrillar domains, both in peptide-containing ones and thiophene-containing ones. 
In particular, the peptide sections failed to adopt a perfect β-sheet structural organization 
that would prohibit bending of the fibril as a whole. Rather the peptide-containing 
domains resembled a topologically disordered amorphous-like phase with relatively low 
content of hydrogen bonds (for more details, see below). Whether or not these bending-
type dynamics reach a steady state is not presently clear.  

The fibril diameter, measured as the distance separating the outermost atoms, ranged 
between 3.6 and 4.5 nm (depending on whether a thiophene or peptide segment is 
considered), is comparable to the experimental cross-section of the thiophene-peptide 
fibrils studied by AFM in [19]. It is worth mentioning that natural amyloid fibrils are 
typically about 10 nm in width, with a range of 5-25 nm, and up to 10 m in length. 

In order to further assess the stability of the fibrillar aggregate, we have additionally 
performed shorter simulations at elevated temperatures, namely, at 350 K and 400 K. To 
this end, the last configuration from the 300 K MD trajectory was chosen to be the 
starting point for these simulations. The system temperature was gradually increased to 
350 K or 400 K during the first 100 ps period. The simulations were run for 4 ns and the 
final snapshots are presented in Figure 24. It can be seen that during these simulations, 
the integrity of the aggregate remains preserved. Although the systems at T > 400 K have 
not been simulated, the trend clearly suggests that the microstructure under study is stable 
in a wide temperature range. We note only that the temperature elevation increases 
conformational flexibility of the fibril, as expected. 
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Figure 24. Snapshots from the MD simulations at elevated temperatures, 350 K and 400 K. Peptide blocks 
of the fibril are depicted in green, while thiophene blocks are blue. 

 
 
Generally, we can conclude that the supramolecular fibril-like system simulated in 

this work is very stable, at least on the nanosecond timescale. We would also like to 
emphasize that the fibrillar structure of the simulated aggregate proved to be stable 
despite the intricate heterogeneous structure of the molecules involved. Indeed, these 
molecules containing oligothiophene, azidophenylalanine and long alkyl chains are 
substantially different from natural protein analogs capable of forming fibrillar 
aggregates. Also, it is important to note that the high structural stability observed for our 
model fibril as a whole is mainly provided by relatively short oligopeptide Thr-Val blocks 
having only 6 amino acids; this length corresponds to the lower bound of that found in 
natural amyloid-like fibrils.  

 

4.2.2. Intrinsic structure of the fibril 

The peptide sections of the fibril play a role of "linkers" between the adjacent 
thiophene sections as can be seen in Figure 25. To elucidate the nature of these linkers, 
we have analyzed the secondary structure of the (Thr-Val)3 moiety in these sections of the 
fibril using STRIDE package [191]. The assignment of possible secondary structure 
elements was based on the algorithm that detects simultaneously hydrogen bonds and 
dihedral angle distributions; in addition, electrostatic, distance and angle criteria were 
also taken into account. Some results from our analysis are shown in Figure 26. 

It may be thought that the (Thr-Val)3 moiety should form solely β-sheet structures 
that are typical for amyloid fibrils. In our case, however, only 28% of amino acid residues 
participated in β-sheets or bridges, while 71% remained in coils and turns. It is also seen 
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(Figure 25) that parallel β-sheets are mainly formed between peptide chains of similar 
orientation in the outer layers of the fibril, playing role in stabilizing the structure in the 
perpendicular plane rather than along the fibril axis. Thus, we can conjecture that the 
exact register of hydrogen bonds in the peptide backbone does not seem to be important 
in determining single fibril properties, including fibril stability. The fibril sections are 
linked together mainly due to entanglements and non-specific interaction between the 
peptide chains coming from different sections. Due to those interactions, the model 
supramolecular structure preserves its integrity, despite the fact that the peptide chains 
have partly irregular secondary structure motifs. 

 

 
Figure 25. A snapshot of the secondary structure formed by peptide blocks in one section of the fibril. The 

yellow arrows represent β-sheets formed by adjacent molecules. Other peptide segments are depicted with tubes 
colored as follows: β-bridges are in brown, turns in blue, and coils in white. Nonregular secondary structure 
elements are indicated by spline curves through the C atom coordinates of the corresponding amino acid 
residues. Thiophene sections with aPhe linker (see text) are depicted using van der Waals sphere representation.  

 
Hydrogen bonds inside the fibrillar aggregate were analyzed since they present one of 

the strongest non-covalent interactions that contribute to the stability of the peptide-
containing domains. Atoms capable of participating in hydrogen bonding include the 
nitrogen and carbonyl oxygen of the backbone as well as the hydroxyl oxygen at the side 
chain of threonine. The PCFF force field does not include a specific hydrogen bonding 
term [118, 140]. Instead, hydrogen bonding is accounted for by a combination of 
electrostatic and van der Waals interactions. To assess the number of hydrogen bonds, we 
applied the following widely accepted criterion: a hydrogen bond between the donor (D) 
and acceptor (A) atom was considered to be present if the distance between them was less 
than 0.35 nm and the deviation of the D-H-A angle from 180o was less than 60o. The 
analysis showed that both backbone and side chain H-bonds are formed within the fibril. 
The average overall number of H-bonds formed by the peptide chain of the molecule was 
estimated to be 9.2 per molecule while the maximum achievable number of H-bonds 
would be ~13.5 bonds per molecule since each molecule can at maximum form 27 H-
bonds with its neighbors (if no bifurcated bonds are considered). In the equilibrated 
region of the generated trajectory, the average distance of the H-bond interaction is 0.30 
nm, whereas the average angle D-H-A is 150o. In a -sheet, all H-bonds involving the 
odd-numbered amino acid residues are on one side of an individual -strand (which is 
well seen in Figure 25), while those of the even-numbered residues are on the opposite 
side. 
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Figure 26. Histograms of secondary structure composition of the peptide sections of the fibril averaged 

along the generated 35 ns MD trajectory. The first histogram presents the data averaged over all peptide 
sections except the end ones. 

 
To further analyze the hydrogen bonds statistics, we have calculated for each 

molecule in the system the number of inter- and intramolecular hydrogen bonds as a 
function of time, the resulting histograms averaged over time and over all molecules in 
the system are presented in Figure 27. We find that the number of intermolecular H-bonds 
has a Gaussian-like distribution, with a maximum at the number of H-bonds close to 6. It 
can also be found that 78% of all molecules have on average at least one intramolecular 
H-bond. As seen, both intra- and intermolecular H-bond distributions are rather wide, 
suggesting that there are several energetically close but structurally different states that 
the peptide chains can adopt in the fibril domains. Although, as previously suggested, the 
stabilization of the fibril is mainly due to non-specific van der Waals interactions, our 
analysis shows that hydrogen-bonding interactions involving amino acid residues 
belonging to different molecules may also play a role. 
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Figure 27. Histograms of the number of inter- and intramolecular hydrogen bonds formed by peptide 

blocks in the fibril. The data are averaged along the 35 ns trajectory. 

 
 

To further study the conformational state of peptide chains, we have calculated the 
Ramachandran plot for the  and  dihedral angles of (Thr-Val) sequences. The 
population density map averaged along the MD trajectory has three distinct regions 
(Figure 28). The most populated area on the map corresponds to the values of dihedral 
angles typical of -sheet-like structures. Another domain typical for -helical structures 
is also present but is much less pronounced. The last domain, depicted as "glycine 
region", corresponds to the dihedral angles at the ends of the (Thr-Val) block where the 
terminal amino acid residues are connected to the rest of the molecule through glycine 
linkers, which are known to have enhanced conformational flexibility and thus allow the 
values of dihedral angles typically inaccessible for other amino acid residues. 

The thiophene sections of the fibril (see Figure 29) formed by alkyl-thiophene 
moieties of diblock molecules serve as linkers to the adjacent peptide sections since the 
molecules, which have their oligopeptide chains at different sides of the section, 
participate in this junction. The oligothiophene blocks of the molecules also possess the 
ability to self-organize through - interactions of the conjugated system or van der 
Waals interactions of the alkyl side chains [105, 106]. The thiophene blocks inside each 
section can be divided into four distinct categories with similar orientation and 
arrangement, as presented in Figure 29a, that stems from initial crystalline structure. The 
spatial proximity and orientation arrangement of molecules in these groups was more or 
less preserved during the 35 ns simulation at 300 K as well as during the shorter 
simulations at 350 K and 400 K. Since molecules within each group are oriented in the 
same direction along the fibril, the interactions between molecules within each group 
would account only for the stability of the fibril cross-section, while interactions between 
these groups would account for the binding of consecutive sections along the fibril. 
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Figure 28. The Ramachandran plot for the  and  dihedral angles of (Thr-Val) sequences. 

 
 

 
Figure 29. A snapshot of a thiophene section of the fibril after 35 ns of simulation. Part (a) presents the 4 

groups of thiophene blocks forming the junction; each block has a different color. In part (b) one group of 
thiophene blocks forming a π−π-stack is depicted. The alkyl-chains are depicted with green cylinders. 

 
A key question here is the behavior of stacking interactions between aromatic 

moieties in these sections and their role in the formation and stability of the structure. The 
radial distribution function of thiophene rings within the section (see Figure 30) has 
several maxima (approx. at 0.38, 0.53 and 0.86 nm) with the first maximum (at 0.38 nm) 
being responsible for π-π stacking interactions (e.g., the distance between centers of mass 
of aromatic rings for a π-π stacked dimer of tetracene would be 0.3747 nm [192]). Visual 
inspection of a series of snapshots reveals stacks of thiophene moieties belonging to the 
same thiophene group, which is depicted in Figure 29b. Due to the specific geometry of 
thiophene molecules, in such type of stacks each thiophene ring has only one π-π stacking 
partner either in the upper or lower molecule in the stack. This structural organization 
corroborates the statistical data revealing that only about 1.4% of thiophene rings in our 
supramolecular structure had on average two π-π stacking partners, while totally 27% of 
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rings participated in π-π stacking interactions. Typically, π-π stacking interactions are an 
important driving force for molecular self-organization [105, 106], however, the low level 
of stacking interactions in our case is in correspondence with experimental findings of 
Ref. [19], where on the basis of photophysical studies it was shown that π-π stacking is 
not the main driving force for supramolecular aggregation in oligothiophene-oligopeptide 
systems forming fibrillar microstructures and for their stabilization. 

 

 
Figure 30. Radial distribution histograms of distances between thiophene rings inside the thiophene section 

of the fibril. The distances were calculated between the corresponding centers of mass. In case (a) all distances 
were considered except those between the rings in one molecule, in case (b) the distances only inside thiophene 
groups were considered, in case (c) only distances between rings in different thiophene groups were considered.  

 
Additional analysis of the thiophene rings radial distribution between different groups 

or within one group (Figure 30b,c), indeed, revealed that π-π stacking interactions occur 
only within the above mentioned groups and not between thiophene moieties belonging to 
the different groups. In Figure 29a it can also be seen that stacking interactions between 
the quaterthiophene moieties from different groups is sterically restricted by the presence 
of relatively long alkyl-chains attached to the thiophene rings. Thus, the stacking 
interactions may not be responsible for linking neighboring fibrillar sections, which 
seems to be maintained mainly due to dispersion interactions. However, the rigidity of 
thiophene-containing domains implies definite semi-crystalline ordering structure, and 
visual inspection reveals that these sections are similar in their shape and orientation 
throughout the fibril.  
 

4.3. Conclusions 

Using extensive atomistic molecular dynamics simulations, we have investigated the 
supramolecular organization of a nanofibril formed by bioinspired oligothiophene-
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oligopeptide diblock copolymers consisting of β-alkylated quarterthiophene segment 
attached to amino acid sequence Gly-(Thr-Val)3-Gly-aPhe-Gly via aPhe (4-
azidophenylalanine). This amino acid sequence contains three dyades of alternating 
threonine and valine residues, (Thr-Val)3, that is known to form amyloid-like fibrils. 
Because the molecular details of fibril assembly remain poorly understood, we used a 
hypothetical periodic fibril model based on a concept of "alternating super-polymer" in 
which thiophene-containing and peptide-containing domains alternate along the long axis 
of the fibril. In order to construct the initial fibril configuration, a rational approach based 
on predicting the likely polymorphic structures that are favorable to the formation of 
fibrils has been used.  

During a 35 ns MD simulation at 300 K, we have analyzed the intrinsic organization 
of the fibrillar aggregate and its evolution as a whole. It was found that the system 
simulated in this work is very stable, at least on the nanosecond timescale. The fibril 
diameter ranged between 3.6 and 4.5 nm, comparable to the experimentally measured 
cross-section of analogous thiophene-peptide fibrils [19]. The supramolecular aggregate 
can be viewed globally as a linear "super-polymer" that exhibits a large length-to-
thickness ratio (~20) and behaves like a conventional semi-flexible long-chain polymer in 
a solution. It was found that only 28% of amino acid residues entering the peptide-
containing domains participate in β-sheets or bridges, while about 71% remain in coil and 
turn conformations. Finally, we have demonstrated that the thiophene blocks play a 
stabilizing role, tending to form π-stacks, although the fraction of the thiophene rings 
participating in π-π stacking interactions is relatively low (about 27%).  

The simulation results presented in this work provide insight into the supramolecular 
organization of complex oligothiophene-oligopeptide hybrids and show the ability of the 
simulation technique to study fibrillar microstructure at levels that experiment cannot 
access. In addition, high-resolution experimental data has proven difficult to obtain 
because of the non-crystalline nature of these elongated structures.  
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5 Multiscale Simulations of Fibrils 
from ThiophenePeptide 

Oligomers 
 
In the present chapter we present a complex simulations study of fibrillar aggregates 

from quaterthiophene-β-sheet-peptide diblock oligomers based on various supposed 
intermolecular arrangements inspired by congener amyloid fibrils structures. We perform 
a multiscale study which consists of (1) prediction of various intermolecular 
arrangements, (2) simulations of short fibrils in explicit solvent, (3) simulations of long 
fibrils in vacuum, (4) simulations of fibrils on graphite substrate. We outline a combined 
experimental/theoretical approach aimed at determining the structure and properties of 
amyloid-like fibrillar aggregates. In contrast to the approach rendered in previous chapter 
we find the presented approach more reliable given the modern capabilities and accuracy 
of molecular mechanics and dynamics methods. However, the approach is much more 
demanding in terms of human and computational effort as well as availability of 
experimental data. 

 

5.1. Formulation 

As discussed earlier in the Introduction and section 1.4.2 a symmetrically didodecyl-
substituted quaterthiophene that is functionalized on one side with a PEO-β-peptide 
conjugate (see Figure 1) was found to self-assemble into fibrillar aggregates in solution, 
which were visualized using TEM and AFM (see Figure 9), the internal structure of the 
aggregates is not resolved by experimental techniques, although the spectral data suggests 
that the β-sheet structure is formed in solution. In this work we aim at using molecular 
mechanics models and molecular dynamics simulations to study possible organization 
patterns of hybrid thiophene-peptide (T-P) molecules and devise links between the 
intermolecular arrangement and supramolecular morphology of fibrillar aggregates. 

Since the use of a single approach or methodology would be not sufficient to tackle 
this problem (see Chapter 3) we perform a complex multiscale study for this system 
which combines simulation techniques with available experimental data and rational 
understanding of the interactions hierarchy in self-assembly. Our study consists of the 
following steps: (i) the molecular mechanics model of the T-P compound is constructed 
and various intermolecular arrangements consistent with experimental data and general 
principles of amyloid-fiber formation are suggested, (ii) structure optimization and 
evaluation of these molecular arrangements is conducted by MD simulations of 1-D 
periodic crystals, (iii) from the selected periodic arrangements short fibrils are 
constructed (~10 nm in length) which are simulated in explicit organic solvent, (iv) 
longer fibrils (~40 nm in length) are simulated in vacuum and their morphology is 
studied, (v) a special simulation in performed for the fibrils adsorbed on graphite to study 
the effects of adsorption and get direct correspondence with the AFM data. 
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5.2. Molecular mechanics model 

As a starting point for the theoretical considerations of the experimentally observed 
nanofibers, the molecular structure of the oligothiophene-peptide hybrid as depicted in 
Figure 31 was chosen and a corresponding all-atom molecular mechanics model was 
constructed. The model compound differs from the experimental one by the absence of 
the flexible PEO tail, since the PEO tail does not dispose of the ability for defined 
intermolecular interactions and initially was mainly added for solubility reasons. 
Therefore, at our level of simulations methodology, the PEO chains are unlikely to play 
an important structure-determining role. 

 

 
Figure 31. Various representations of the molecule used for computer simulations of self-

assembling fibrillar aggregates. a) structural formula, b) all-atom representation with backbone 
conformation corresponding to that of the b-strand, c) schematic representation of the -strand and 
the quaterthiophene moiety. 

 
An all-atom molecular model of the compound under study was based on the Class II 

polymer-consistent force field (PCFF) with the parameters adjusted to reproduce the ab 
initio energy surfaces [118, 140, 177]. 

5.3. Construction and analysis of periodic arrangements 

In principle both parts of the hybrid molecule (conjugated part and peptide part) are 
capable of strong intermolecular interactions, thus leading to the formation of highly 
anisotropic structures such as nanofibers, nanorods, etc. As the formation of fibers at the 
nanoscale (especially amyloid-like fibers) from β-sheet peptides is a common self-
assembly mechanism [193], similar peptide-peptide interactions may play the structure-
determining role for suprastructure formation of our hybrid compound. 
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The majority of the experimental data available in literature (including X-ray and 
NMR-spectroscopy-resolved structures of amyloid-like fibrils) suggest that in biological 
amyloid fibers, the main structural aggregation motif of the peptides is the formation of 
long β-sheet tapes by laterally interacting single peptide β-strands. These tapes may in 
turn stack on top of each other face-to-face to form fibrils (filaments) with the so-called 
cross-β-spine quaternary structure that is considered to be the main characteristic feature 
of amyloid fibrils. Stacks of the tapes may further interact with each other and form 
thicker filamentous aggregates [89]. However, if the face-to-face interactions between 
tapes are hindered, the tapes may curl into helical structures as proposed by Aggeli et al. 
(see Figure 5) based on their theoretical models supported by experimental observations 
[89] and also found in congener PEO-peptide or poly(butylacrylate)-peptide or 
poly(butadien)-peptide conjugates [103, 194]. The preference for parallel or antiparallel 
β-sheet arrangements in such fibrillar structures is disputable. Although many 
experimentally investigated amyloid-like fibrils were found to have a parallel β-sheet 
arrangement, different amyloid fibrils that may be astonishingly similar in coarse 
structural design, can vary substantially in molecular details, including the parallel or 
antiparallel arrangement of β-sheets [195]. 

Starting from the above-mentioned ideas related to the structural organization of 
peptide molecules into filamentous aggregates, we propose several periodic arrangements 
for our hybrid compound, based on the assumption that the peptide part of the compound 
is organized in a similar manner. Two proposed basic periodic arrangements comprise an 
either parallel or antiparallel organization of the peptide moieties in the β-sheets. Another 
four arrangements were derived from these single layer arrangements by stacking the β-
sheets face-to-face in an aggregation manner similar to the cross-β-spine structure of 
amyloid fibrils. Two basic single-layer periodic arrangements based on parallel and 
antiparallel β-sheets were constructed according to Methods subsection using the 
combination of molecular alignment and molecular dynamics simulations and are 
depicted in Figure 32. The obtained single-layer periodic structures were then used as 
building blocks to form various double-layer structures. We constructed these double-
layer arrangements from the equilibrated single-layer dimers, striving to mimic the 
arrangement of the peptide part seen in amyloid-like fibrillar structures resolved by X-ray 
diffraction or NMR spectroscopy [29, 60] followed by an extensive relaxation MD 
simulation run that allows the molecules to adjust their periodic arrangement to the best 
local minimum of free energy. 

The double-layer arrangements were created as follows: the single-layer structure was 
replicated, turned 180 around the axis of the tape, and then adjusted in the lateral plane, 
so that the peptide segments of two single-layer fibrils would be approximately in 
register, thus forming the center of the hybrid fibril. The β-sheets within such a fibril can 
interact with either the valine side chains or the threonine side chains of each sheet facing 
each other. Any overlap of molecular fragments that occurred (e.g. within alkyl chains) 
was solved by small adjustments of the involved torsion angles that would anyway obtain 
their equilibrium values during the relaxation run. The discussed procedure resulted in 
four different double-layer periodic systems presented in Figure 33. In principle, for the 
parallel arrangement of the -strands, another two double-tape conformations with 
reduced symmetry may be thought of when the -strands in both tapes run parallel to 
each other (see Figure 3). However, such structures were considered to be unlikely since 
(i) such a structural arrangement of -strands was not observed experimentally to date for 
biological amyloid fibers, (ii) such an arrangement will not be favored by the interaction 
of dipole moments of the adjacent tapes, and (iii) only one such arrangement is sterically 
allowed because of the bulkiness of the thiophene fragments of the hybrid molecule. 
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Figure 32. Constructed periodic crystalline cells for a) antiparallel and b) parallel arrangement 

of peptide strands in single-layer fibrils. Alkyl chains were omitted for clarity; dashed lines represent 
the hydrogen bonds responsible for -sheet formation. Right insets show the principal arrangement 
of peptide and thiophene moieties. 

 
 
 

 
Figure 33. Schematic representations of constructed double-layer periodic arrangements from 

the hybrid molecule classified by -sheet orientation (parallel or antiparallel) and the type of -sheet 
interlayer contact (hydrophobic: valine-valine, hydrophilic: threonine-threonine).  

 
Since double layers are considerably more complex conformational assemblies, 

particularly with respect to the organization of the surfaces buried between the two -
sheets and the interaction of the side chains at these surfaces, a 10 ns molecular dynamics 
relaxation run was performed for these periodic structures. During this run, a certain 
rearrangement of the side chain conformations between the -sheets took place. 

The relative enthalpies of formation for all structures during the run were monitored: 
the lowest enthalpy of formation being observed for structure (III) (i.e. the most 
energetically favorable structure). With respect to structure (III), structures (I), (II), and 
(IV) were less energetically favorable and had higher values of enthalpies of formation by 
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11, 6 and 12 kcal/mol per molecule, respectively (statistical error: 1-2 kcal/mol). 
Although this data set was obtained in vacuum simulations and the effect of solvent was 
neglected, it gives valuable quantitative data for the understanding of the hierarchy of 
interactions in such systems and is consistent with the hypothesis that hydrophilic 
interlayer contacts and an antiparallel arrangement of the -sheets are the factors that lead 
to a gain in enthalpy of formation. However, in our case because of the specific geometry 
of the molecules, the aggregation pattern based on antiparallel -sheets and hydrophilic 
interlayer contact (see Figure 33, system (IV)) leads to the loss of close packing between 
the thiophene moieties and thus becomes energetically unfavorable. Owing to the 
specificity of the attachment of the thiophene moiety to the peptide, a closer packing may 
only be achieved by conformational changes of the peptide backbone, which, however, 
leads to less efficient interactions between peptide strands in the -sheet1. 

It is known that the stability of double layer arrangements in amyloid fibrils is often 
attributed to the “steric zipper” that forms at the interface of -sheets. The interlayer 
arrangement of side chains for systems (II) and (III) is illustrated in Figure 34. It can be 
seen that the side chains of opposite -sheets are in close steric contact with each other. 

 

 
Figure 34. A view of two double layer arrangements depicting the intercalation of amino acid side chains 

forming a steric zipper. The snapshots are taken after the equilibration run. 

 

5.3.1. Methods and details 

The construction of single layer periodic arrangements from single molecules was 
carried out with the inclusion of subsequent minimization and relaxation steps as follows. 

                                                 
1 Several additional trial structures (data not shown) based on structure (IV) were analyzed, in which a 

distorted conformation of the peptide (the corresponding peptide backbone torsion angles were rotated) was 
used to arrange thiophene moieties in a closer contact. However, because of the energy penalty that 
originates from the distorted peptide conformation (hydrogen bond loss) none of the trial structures 
occurred to be more energetically favorable than the ones presented in Figure 33. 
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At first the conformations of the initial molecules were adjusted: the peptide block was 
considered to be in the form of a -strand engaged in an ideal either parallel or ideal anti-
parallel -sheet that is solely determined by the values of the dihedral and  angles of 
the peptide backbone, which are known to be  for peptide strands in 
parallel sheets and  for peptide -strands in antiparallel sheets 
[196]. The thiophene block including the 4-azidophenyl-alanine side chain and alkyl 
chains was considered to be in a planar, extended conformation that corresponds to the 
local energy minimum as depicted in Figure 32b. To obtain at a proper periodic 
arrangement that could be used as an elementary structure to construct long fibrils, a 
corresponding periodic unit cell that consists of two (for single-layer fibrils) or four (for 
double-layer fibrils) molecules was derived. The period implied by the unit cell along the 
fibrillar axis was set to be 4.8 Å per -strand as to correspond to the one generally 
observed in amyloid fibrils (9.6 Å for two strands) [197]. As a first step, two molecules 
were arranged into two single-layered periodic structures with a parallel and an 
antiparallel arrangement of -strands, the peptide segments in both cases were aligned as 
to maximize the number of interstrand hydrogen bonds (see Figure 32). Energy 
minimization for such periodic single-layer systems (that can be regarded as infinitely 
long crystalline tapes) was then performed followed by a relaxation MD simulation run of 
1 ns. 

All simulations were performed using the LAMMPS simulation package [180]. 
Periodic systems were at first subjected to energy minimization using Polak-Ribiere 
version of the conjugate gradient (CG) algorithm with the same potential parameters 
(described further) used during MD simulations. MD simulations for periodic systems 
employed cut-off radius for Van-der-Waals interactions of 1.0 nm, Coulomb interactions 
were accounted using particle-particle particle-mesh solver technique [198] with 1.0 nm 
cut-off in real space and precision parameter of 10-4. Integration step was 1 fs. NVT 
ensemble with T=300 K was maintained by adding friction and stochastic terms to the 
equations of motion according to Langevin equation, the inverse fiction constant of 1 ps 
was used. No need to employ DPD thermostat or long cut off radiuses (as discussed in 
Chapter 3) were needed since the periodic arrangements are just the aggregates of 2-4 
molecules but not the long fibrillar aggregates which will be studied in sections 5.5 and 
5.6. 

 

5.4. Simulations of fibrillar aggregates in solvent 

Both obtained single-layer periodic arrangements and two of the double-layer 
structures were used to construct short fibrils by replicating the periodic cell along the 
axis of the filament. Among the double-layer structures, arrangements (II) and (III) were 
chosen for further study since they (i) are the arrangements with the lowest enthalpies of 
formation among others and (ii) represented two different basic kinds of arrangement 
with either parallel or antiparallel stacking of strands, which should allow interesting 
comparative analysis of the influence of parallel or antiparallel arrangement patterns on 
the fiber morphology and evolution. For the selected systems, planar straight fibrils of 20 
strands in length (approximately 40 nm) were constructed the fibrils were soaked in a 
box of solvent with the dimensions of 5x12x10 nm3. The solvent itself was the 50% by 
50% mixture of methanol and dichloromethane (by volume) corresponding to the one 
used in experimental set up. Total number of atoms in the system varied around 40 
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thousand. These systems were subjected to a 10 ns MD simulation at T=300 K in order to 
investigate their stability and analyze conformational relaxation and behavior. 

A visual representation of one of the systems under study is presented in Figure 35.  
 

 
Figure 35. Initial snapshot of a solvated short one layer fibril based on antiparallel -sheet 

arrangement. The fibril is visualized using combined representation: peptide strands are depicted as 
green arrows, quaterthiophene – in space filling representation with red and para-azido-
phenylalanine linker – yellow. Alkyl chains are not depicted. Solvent molecules (methanol and 
dichloromethane) are shown with dots. 
 
 

5.4.1. Results 

 
Conformational evolution 
 
During the simulations all fibrils proved to be stable molecular aggregates and no 

detachment of molecules from the aggregate was observed, although the initial 
conformation of short fibrils changed in order to adopt the most energetically favorable 
conformation. The snapshots of initial fibril geometry as well as their snapshots after 10 
ns of simulation time are presented in Figure 36. The presented four fibril types will be 
further referred by their abbreviations: SL-AP (single layer fibril based on anti parallel 
arrangement of strands, depicted in Figure 36a), AL-PAR (single layer fibril based on 
parallel arrangement of strands, depicted in Figure 36b), DL-AP (double layer fibril 
based on anti parallel arrangement of strands, type (II) in notation of Figure 33, 
depicted in Figure 36c), DL-PAR (double layer fibril based on parallel arrangement of 
strands, type (III) in notation of Figure 33, depicted in Figure 36d). 

The single layer fibrils tend to be more conformationally flexible than the double 
layer fibrils as seen from the end-to-end distance plots of Figure 36, where the distance 
between the centers of mass of the molecules residing at the two ends of the fibrils is 
depicted as a function of time. 

The SL-AP fibril after the simulation manifested a left-handed axial twist of peptide 
backbone with some hints for curling of the fibril in such a way the hydrophilic side of 
the tape (that with the threonine residues exposed) was at the concave side of the curl and 
the hydrophobic one (that with the valine side chains exposed) at the convex side of the 
curl (see Figure 36a).  

For the SL-PAR fibril the axial left-handed twist is also present and is combined with 
curling of the fibril which tends to adopt a less straight conformation which is also seen 
from the end-to-end distance plot (see Figure 36b). The SL-PAR fibril is also less stable 
at the ends, it can be seen that the strict hydrogen bonded pattern of the -sheet is 
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perturbed at one end. The topology of the curl is the same as for SL-AP fibril (the 
hydrophilic side of the tape is at the concave side). 

The double layer fibrils tend to be much more rigid and straight. While the DL-AP 
fibril is almost planar the DL-PAR fibril forms a pronounced left-handed axial twist of 
90 which corresponds to about 4.5 per strand. 

 
It is worthwhile to compare the final configurations of the fibrils with the models 

proposed by Aggeli et al. (see Figure 5). In the notation of Figure 5 the observed fibrils 
can be classified as following types: SL-AP and SL-AP – type (c) - tapes, DL-AP and 
DL-PAR – type (d) - ribbons. 

 

 
 

Figure 36. Snapshot from simulations of short fibrils in solvent after 10 ns of simulation time. Fibrils based 
on single -sheets: a) antiparallel -sheet (SL-AP), b) parallel -sheet (SL-PAR). Fibrils based on double layer -
sheets: c) type (II) structure based on antiparallel -sheet (DL-AP), d) type (III) structure based on parallel -
sheet (DL-PAR). Alkyl tails are not depicted, the thiophene moiety is depicted with red spheres, the para-azido-
phenylalanine linker is depicted in yellow, the peptide moieties are depicted with green arrows. As a third 
column the plots of the distance between the centers of mass of edge molecules are given. 
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The conformational evolution can be further revealed by looking at the root mean 

square deviation (RMSD) plots of peptide and thiophene moieties in the fibrils in Figure 
37. The RMSD was calculated with respect to the initial conformation of the fibril 

according to formula 
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is the radius vectors of atoms, the minimum of the function with respect to rotations 

and translations of the structure is calculated. 
It is clearly seen that the RMSD fluctuations for the peptide moieties are much less 

for double layer arrangements than for single layer arrangements. The initial drift of 
RMSD for during the first 3-4 ns of simulation is connected with the conformational 
rearrangement of peptide and thiophene moieties. For example, for DL-PAR fibril the 
RMSD plots (Figure 37d) clearly illustrate the twisting of the fibril. 
 

 

 
Figure 37. Root-mean-square deviation of fibrils’ structure versus the initial structure as a function of 

simulation time. 
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Hydrogen bonds 
 
Next we will analyze the role of hydrogen bonds in the stability of the fibrils. Table 1 

and Figure 38 present the H-bonds data for various fibril types. It is known that hydrogen 
bonds are the main interaction behind the sheet formation. Each residue in a sheet 
typically forms 2 hydrogen bonds with the residues in the next strand. The maximum 
number of hydrogen bonds that the [Thr-Val]3 sequence, which is considered to be the 
main moiety behind sheet formation, can thus form is 12, or if calculated per one 
molecule − 6 (because each H-bond belongs to 2 molecules). However, other groups in 
the hybrid molecule such as the side chains of threonine (the OH-group), and other linker 
amino acids (glycine, phenylalanine) and the terminal groups can also form H-bonds in 
our molecule. Since the exact definition of the hydrogen bond may influence the absolute 
values of H-bonds we will better concentrate on the comparative analysis of H-bonds in 
different fibril types. 

The known fact that anti parallel sheets tend to form more straight and robust 
hydrogen bonds [199] corroborates the calculated inter fibril H-bonds number for 
different types of fibrils. While the anti parallel fibrils have around 3.3-3.5 H-bonds per 
hybrid molecules, the parallel ones have 2.1-2.5. From the time evolution plots (Figure 
38) it can be seen that it takes approximately 2 ns for the conformational relaxation of the 
hydrogen bond structure to take place. 

If SL-AP and DL-AP fibrils are compared we see that for DL-AP there is an increase 
in inter fibril H-bonds (3.3 vs 3.5) which is compensated by decrease in the fibril-solvent 
H-bonds (2.5 vs 2.2). This may be regarded as the consequence of higher regularity of 
peptide packing in the double layer arrangements. For the fibrils based on parallel 
sheets the tendency is alike, but the much greater decrease in the fibril-solvent H-
bonds may be attributed to another fact: the threonine side chains containing the hydroxyl 
group all point to the same side of sheet, in the SL-PAR fibril these OH-groups a likely 
to make H-bonds with the methanol molecules. But in the DL-PAR fibril these groups are 
confined between the layers of the two neighboring sheet and have less opportunities 
for hydrogen bonding.  

The last observation, in fact, conveys an important message for understanding the 
energetic issues of double layer fibrils formation. The single layer sheet has in our case 
hydrophobic and hydrophilic sides and while forming double layer fibrils they can stick 
together either with hydrophobic or hydrophilic sides as outlined in Figure 33. The 
hydrophobic or hydrophilic interactions are in fact mediated by solvent and the total 
number of hydrogen bonds which the system has in this or that conformation is the rough 
measure of the energetic favorability of hydrophobic or hydrophilic stacking of sheets. 
In the discussed case of DL-PAR fibril it seems that the hydrophilic stacking of sheets 
although energetically favorable as is, is not favorable in the presence of solvent, since 
the hydroxyl groups of threonine residues can make more hydrogen bonds while exposed 
to the solvent. 

By the total number of H-bonds the DL-AP fibril outperforms all other fibrils and 
thus is probably energetically more favorable than other fibril types. 
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Fibril type Inter fibril H-bonds 
per molecule 

Fibril-solvent H-
bonds per molecule 

Total H-bonds one 
molecule makes 

SL-AP 3.3 2.5 9.1 
SL-PAR 2.1 2.9 7.1 
DL-AP 3.5 2.2 9.2 
DL-PAR 2.5 1.4 6.4 

Table 1. The average number of hydrogen bonds per hybrid molecule, averaged during the last 2 ns of 
simulation. The last column represents the total average number of H-bonds one hybrid molecule makes with 
solvent or other hybrid molecules (note that the inter fibril H-bonds are calculated here twice). 

 
The plots of the number of H-bonds as functions of time (Figure 38) show the 

magnitude of H-bonds fluctuations and also the change in there quantity as the fibrils 
relax form initial state. 

 
Figure 38. The number of hydrogen bonds per hybrid molecule as function of simulation time. 

 
 
Peptide packing 
 
To further analyze the conformation of peptide moieties in the fibrils the secondary 

structure analysis was conducted for the peptide backbone presented in Figure 39 using 
the STRIDE algorithm [191]. The high prevalence of sheet structure was revealed for 
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the fibrils based on anti parallel arrangement (70% for SL-AP and 75% for DL-AP). The 
sequence from the peptide tail of hybrid molecule that was analyzed by STRIDE consists 
of 11 amino acids was GLY-[THR-VAL]3-GLY-PHE-GLY, and the specially included 
sheet forming [THR-VAL]3 sequence constitutes only 55% of the total sequence. Thus 
it can be seen that for antiparallel arrangement the sheet propensity extends much 
beyond the [THR-VAL]3 sequence and includes also the neighboring amino acid residues. 

For the parallel arrangements the sheet propensity was 45% (+1% of bridges) for 
SL-PAR and 47% (+4% of bridges) for DL-PAR fibrils. Again it is seen that the 
double layer arrangements are a bit more ordered and have a bit greater part of sheet 
structure. The part of peptide sequence that is organized into sheet or bridges for 
parallel arrangement is considerably less than for antiparallel, however, this corresponds 
with the overall less precise structure of the parallel sheets in terms of the regularity of 
hydrogen bonds. Anyway for the DL-PAR fibril the combined propensity of sheet 
structure is 51% which is very close to the share of [THR-VAL]3 sequence in the total 
sequence and this sequence may be considered as a perfect sheet. 

 

 
Figure 39. Histograms of secondary structure elements in various fibrils simulated in solvent. The data is 

averaged during the last 2 ns of simulation. The fibrils are denoted by their pictograms below the plots: a) SL-
AP fibril, b) SL-PAR fibril, c) DL-AP fibril, d) DL-PAR fibril. 
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The analysis of peptide and thiophene arrangement was also done through the linear 
distribution histograms for the distances between the centers of mass of peptide and 
thiophene moieties (cf. Figure 40). These plots provide a clear indication that the peptide 
moieties are robustly organized with good long range order. The comparison of plots 
again reveals that double layer arrangements have a better long range order that the single 
layer arrangements. The coordinates of the second main peak of red lines (peptide-peptide 
distributions) present the periodicity of the structure and read as follows: SL-AP - 0.95 
nm, SL-PAR – 0.98 nm, DL-AP – 0.96 nm, DL-PAR – 1.0 nm, which when divided by 2 
gives the inter strand distance. We see that the anti parallel arrangement has a somewhat 
narrower packing of strands 4.8 Å between the strands versus 4.9-5.0 Å for parallel 
arrangement. 

As seen from the plots the periodic arrangement of peptide moieties is conveyed to 
thiophene moieties in the cases of SL-PAR, DL-PAR and DL-AP fibrils. The best long 
range order of quaterthiophene blocks is achieved for the DL-PAR fibril while in the case 
of SL-AP almost no ordering can be seen. 

The peaks of thiophene-thiophene distribution histograms follow those of the peptide-
peptide histograms but not exactly. For parallel arrangements the first peak for thiophene 
moieties is at 0.54 nm for both SL-PAR and DL-PAR. This shift of inter thiophene 
distance compared to inter peptide distance may be attributed only to the axial twist of the 
fibril. While the SL-PAR fibril is a more dynamic one and its axial twisting behavior may 
not be at once seen by visual inspection (due to curling of the fibril) the correspondence 
of its distribution function to that of DL-PAR clearly indicated that the twisting behavior 
is the intrinsic property already of a single layer fibril.  

For the DL-AP fibril the first and second peaks of the thiophene-thiophene 
distribution correspond to 0.57 and 0.86 nm which can be explained due to lateral shift in 
the thiophene moieties with respect to each other since this kind of structure is less 
regular and straightforward than the one based on parallel arrangement. 

 



81 
 

 
Figure 40. The plots present the linear distance distribution of peptide and thiophene blocks in the fibrils. 

All distances were calculated between the centers of mass of either [THR-VAL]3 blocks or quaterthiophene 
blocks from the last 2 ns of the simulation trajectory. The distributions are normalized by (10 - x), where x – is 
the distance. 

 
 
Thiophene packing 
 
Now we can proceed with the analysis of thiophene ordering in our fibrils – a 

question which has the utmost interest for the possible application of the fibrils in the 
field of organic electronics.  

We will first proceed with the qualitative description. The enlarged snapshots of 
quaterthiophene blocks ordering are presented in Figure 41. 

 
Qualitative description. 
 
In SL-AP fibril (as seen during simulation and as seen from snapshot in Figure 41a) 

the quaterthiophene blocks are very conformationally mobile. Since the thiophenes are 
rigid by themselves their conformational mobility comes in part (i) from the mobility of 
the para-azido-phenylalanine linker side chain through which the thiophene block is 
connected and in part (ii) from the rotation of the peptide backbone dihedral angles 
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between phenylalanine and glycine, forming a kind of a glycine hinge. The latter type of 
conformational mobility may lead to considerably different orientations of thiophene 
moiety, as seen in Figure 41a, some thiophene blocks may even point to the opposite 
direction compared to the other blocks. This extreme flexibility is also provided by the 
fact that in this type of fibril the thiophenes are placed within the double strand spacing 
(~1 nm) from each other effectively leaving no opportunity to interaction and electron 
transfer. 

The thiophene structure in SL-PAR fibrils Figure 41b is more stable since the 
thiophenes here are arranged closer within single strand spacing (~0.5 nm) and have 
the opportunity to sterically interact. This sterical interaction, however, is not strong 
enough to keep all thiophene moieties together, they turn to form the regions of close 
packing separated by gaps and this structure is still dynamic – the gaps tend to close and 
reappear. The appearance of gaps is also fostered by the packing distance mismatch: for 
thiophenes the ideal distance of - stacking is around 3.3-3.5 Å [200, 201] while the 
strand spacing is around 5 Å, so the thiophenes have to adjust themselves to the 
spacing enforced by the sheet either by forming gaps or by tilting. 

The thiophenes in double layer arrangements form a more ordered structure; however, 
the DL-AP fibril still lacks the degree of ordering needed for good electron transfer. As 
seen in Figure 41c because of the spacing mismatch the thiophenes stick together but 
have gaps between the continuous stacks of thiophenes (upper row) or due to flexibility 
of the linker amino acids the thiophenes can change their orientation, rotate in the way 
that their planes are aligned along with the fibril plan (see lower row) so that no 
continuous thiophene stack capable of electron transfer along the fibril is formed. Beside 
that in this fibril the thiophenes are not ideally situated laterally for stacking interactions. 

The DL-PAR fibril seems to have thiophenes in the best order among the studied 
ones, the thiophenes are arranges in uniform order with some twist and tilt along the fibril 
axis (see Figure 41d). The thiophenes are in dynamic order − the clefts between adjacent 
thiophenes in the stack may form but they heal in tens of picoseconds. 

 
Figure 41. Snapshots of the quaterthiophene block arrangement in various type of simulated fibrils: a) SL-

AP fibril, b) SL-PAR fibril, c) DL-AP fibril, d) DL-PAR fibril. Alkyl chains are not depicted for clarity of 
representation. 
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Quantitative description 
 
Having qualitatively described the thiophene ordering in various types of fibrils, we 

will now quantitatively describe the position of adjacent thiophene moieties in terms of 
their ordering, distance and orientation. In order to do this we define the three principal 
vectors connected with each quaterthiophene block, the TI1-TI4 vector, the surface 
normal vector, and the third complimentary vector (see Figure 42a). The TI1-TI4 vector 
is the vector connecting the centers of mass of the first and last thiophene ring in the 
quaterthiophene, the surface normal vector may be viewed as the vector representing the 
average plane of the quaterthiophene moiety calculated as the average from the normal 
vectors of each thiophene ring. The complimentary vector is perpendicular to the two 
vectors. These three vectors will be later referred as x,y and z as depicted in Figure 42a. 

In terms of these vectors, their ordering and the position of adjacent thiophene 
moieties with respect to these vectors the ordering of quaterthiophene blocks was 
analyzed, the data is presented in Table 2 and Figure 42. 

 
Fibril 
type 

Most 
probable 
distance, 
Å 

TI1-TI4 
order 
parameter 

Surface 
normal 
order 
parameter 

Average 
displacement 
x, Å 

Average 
displacement 
y, Å 

Average 
displacement 
z, Å 

SL-
PAR 

5.4 0.97 0.94 1.4 3.7 3.46 

DL-
AP 

5.7 0.82 0.96 2.9 2.4 3.47 

DL-
PAR 

5.4 0.98 0.95 2.0 3.3 3.55 

Table 2. Ordering parameters of adjacent quaterthiophene blocks in fibrils calculated during the last 2 ns of 
simulation, for further information see text. 

 
Table 2 includes information about the most probable distance between the centers of 

mass of adjacent quaterthiophene blocks, the order parameters (calculated as P2 (cos ) , 

where P2 is the second Legendre polynomial) for two vectors and the projections of 
average distance between the centers of mass of thiophene moieties onto the principal 
vectors (referred as average displacement). The parameters of average displacement allow 
characterization of how the next quaterthiophene in a stack is positioned relative to the 
previous one. 

Form Table 2 it can be seen that arrangements based on parallel sheets have higher 
ordering parameters of thiophenes compared to that of the DL-AP fibril for the long 
thiophene axis (the TI1-TI4 vector) (0.98 vs 0.82). However, the order parameter for the 
surface normal vector which describes the planarity of the adjacent thiophenes is on 
comparable scale (actually even better) for the DL-AP fibril than for the DL-PAR fibril. 

Histograms of Figure 42 give additional insight into this ordering of thiophene 
moieties in the fibrils. For the SL-PAR and DL-AP the angle distributions for both 
vectors are narrow Gaussian-like peaks in the range between 0 and 10, while for DL-
AP the situation is different. For the TI1-TI4 vector the distribution maximum is around 
15 and spans a wider region from 0 to 35. This points out that there is still some kind 
of ordering in the direction of thiophenes, but they tend to be not collinear but rather have 
some angle between them. For the surface normal vector the situation is a bit different: 
due to the structure of the arrangement the adjacent quaterthiophene blocks tend to have 
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their surface normal anti parallel. Although the distribution for surface normal vector in 
DL-AP it has a very pronounced peak around 170 which points out the high co-planarity 
of thiophenes in this type of fibril. 

The displacement parameters in Table 2 allow understanding of the typical 
configuration of thiophene moieties. It can be seen from the last column that the average 
distance between the planes of thiophenes is around 3.45-3.55 Å which is at the upper 
limit of the ideal --stacking distance 3.3-3.5 Å [200, 201]. The other values give clues 
to understanding snapshots of Figure 41. 

 
 
 
 
 

 
 

Figure 42 a) Graphical representation of the main vectors in quaterthiophene block used for further 
ordering analysis: in red is the vector connecting the centers of mass of the first and last thiophene ring (TI1-TI4 
vector), in green is the vector perpendicular to the average surface plane of the thiophene block, in blue is the 
vector perpendicular to the two other vectors. b),c),d) the histograms of angle distributions between the TI1-TI4 
and surface normal vectors of adjacent quaterthiophene blocks for SL-PAR, DL-AP and DL-PAR fibril 
respectively. 
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5.4.2. Methods and details 

 
Simulation methods 
 
The simulations of fibrils in solvent were performed in the LAMMPS simulation 

package [180]. The simulations were conducted with the following parameters: the 
Lenard-Jones interaction cut off 10 Å, electrostatic interaction were treated via PPPM 
algorithm [202] with real space cut off of 10 Å and the precision value of 10-4, Langevin 
dynamics with T=300K and the damping parameter of 0.5 ps-1 (the   parameter in eq. 
(2.12)), the isotropic Berendsen pressure coupling algorithm was applied with reference 
pressure of 1 atm, damping time parameter of 2 ps and the bulk modulus of the system set 
at 20000 atm, which is in the range of the bulk modulus of typical liquids. The integration 
step for the first 100 ps of simulation was 0.1 fs in order to allow a smooth relaxation for 
the system, while for the rest of the simulation if was 1 fs. 

The simulations were conducted in parallel using domain decomposition technique on 
up to 512 processors simultaneously. 

 
Analysis methods 
 
The visualization was accomplished using VMD program [203] and the Tachyon ray-

tracer [204]. 
The hydrogen bonds were determined using VMD H-bonds plug-in. A hydrogen bond 

was considered to be formed between an atom with hydrogen bonded to it (the donor, D) 
and another atom (the acceptor, A) provided that the distance D-A is less than the cut-off 
distance of 3.0 Å and the angle D-H-A is less than the cut-off angle of 20 degrees. 

For the secondary structure determination we relied on the STRIDE algorithm [191]. 
To analyze the thiophene ordering the thiophenes with distances less than 6 Å 

between them were considered. The principal vectors were calculated as following: the 
TI1-TI4 vector (x-vector) – is the vector connecting the centers of mass of first and last 
thiophene ring in quaterthiophene block. As a preliminary step for calculating the y-
vector the vectors connecting the center of mass of carbon atoms with the sulfur atom for 
each thiophene ring were calculated. The combination of these four vectors with 
alternating signs determined the y-vector. The surface normal vector (z-vector) was then 
calculated as the vector product of x-vector and the y-vector. The analysis was conducted 
based on the last 2 ns of the simulation run. 

5.5. Large scale morphology simulations of aggregates in vacuum 

Our next goal in multiscale simulations is to study the large scale conformational 
morphology of the fibrils based on the selected molecular arrangements on the length 
scale comparable to those that can be captured by AFM and TEM measurements 
(typically tens of nanometers), so that some comparison between experimental and 
simulation results can be made. 

Unfortunately, the simulations of long fibrils in explicit solvent seem to be an 
unachievable goal now since (i) the size of the system requires a lot of computational 
resources, (ii) the evolution time needed for a large system to adopt its favorable 
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conformation is much longer, and the solvent prevents large scale conformational 
transitions to happen in reasonable simulation time. 

In this work we decided to omit the explicit solvent molecules but still partially mimic 
the solvent using the dissipative particle dynamics approach. 

As in previous section the two single-layer periodic arrangements and two of the 
double-layer arrangements were used to construct long fibrils by replicating the periodic 
cell along the axis of the filament. For the selected systems, planar straight fibrils of 80 -
strands in length (approximately 40 nm) were constructed and subjected to up to 10 ns 
MD simulations using DPD thermostat with special relaxation and heating protocol (see 
Methods subsection) employed during the first 2.5 ns of simulation. The length of the 
fibrillar aggregates was chosen large enough to avoid the influence of possible “edge” 
effects on the overall conformation of the aggregates (which for congener amyloid fibrils 
may be estimated in the order of 10 nm [173]) on one hand and computational tractability 
on the other hand. The lengths of the fibrillar aggregates used in the state of the art works 
on all-atom simulations of amyloid fibrils, which is believed to allow tracing their 
geometric characteristics, is around 20-30 nm [31, 171]. 

The initial fibril structures and the evolution of the fibrils during simulations can be 
seen in Figure 43 and Figure 44. The large conformational changes that happen during a 
short simulation time was one of the methodological challenges of the present work, 
another challenge was the correct treatment of long range interactions, since it turned out 
that long range interaction (such as the electrostatic interactions) are responsible for large 
scale conformational behavior of the fibrils and their truncation at small distances can 
alter the large scale conformation of the fibril. These questions are further clarified in the 
subsequent methods section. 

In order to study the influence of thiophene and peptide moieties on the large scale 
morphology of the fibrils we have additionally made simulations of the fibrils composed 
of only peptide part of the hybrid molecules (see Figure 45). 

5.5.1. Results 

 
Qualitative description 
 
The considerable increase in length of the fibril aggregates compared with the 

previous study allowed us to reveal the aggregate morphology and behavior at the larger 
nanometer scale in the regime when fibril length is much larger than its width.  

The conformational evolution of the constructed aggregates during the simulations 
allows both the study of the shape and morphology of the fibrils and also the tracing of 
the influence of the intermolecular arrangement on the conformation of the aggregates at 
nanoscale. Comparative analysis of various fibrils allows us to discuss the role of various 
intermolecular interactions in stability and behavior of the aggregates. 

A comprehensive list of snapshots that describe the conformational evolution of 
different fibril types is presented in Figure 43 and Figure 44. Although all systems 
demonstrated their stability during the simulation run, that is, all molecules preserved 
their relative positions in the aggregates with respect to their neighbors, conformational 
rearrangements both at the molecular level and at the supramolecular level were 
observed. In all cases the -sheet organization dominated the structure and remained the 
main scaffold for the fibril organization. 2.5 ns relaxation protocol combined with further 
1-7 ns simulations were enough to grasp the main characteristics of the fibril morphology 
and its evolution (bending, twisting, curling, etc). 



87 
 

As seen from Figure 43 the single-layer fibrils are capable of a more pronounced 
conformational rearrangement than double-layer fibrils, since the double-layer 
organization of the fibrils rigidifies them. 

The simulations of long single layer fibrils (Figure 43) reveal the different types of 
curling conformational morphology that the fibrils may adopt. The SL-AP fibril (Figure 
43a) changed its conformation in the way that a twisted sheet curled forming a type of a 
tightly wound left-handed helix tape with a helix pitch of around 10 nm and helical angle 
of around 30. The SL-PAR fibril (Figure 43b) formed a different type of left-handed 
helix tape, its helical pitch is around 7 nm, and helical angle is close to 90, thus forming 
a hollow ring-like structure. 

For geometrical considerations a left-handed axially twisted tape (-sheet) will 
always curl to form a left-handed helix from this tape, however, this helix can have two 
different types if the surfaces of the tape (-sheet) are different (in our case hydrophobic 
or hydrophilic). It is easy to show that these two types differ by the tape surface which 
points to the inside or outside of the helix. The solvent effects should play a considerable 
role for the curling of the helix and it should depend on the balance between the 
interactions of the side chains on each side of the tape with each other as well as with the 
solvent. In the previously conducted simulations of short fibrils in solvent (section 5.4) 
hints for the type of curling when threonine side chains (the hydrophilic side of the tape) 
are at the inner face of the helix where revealed, but these fibrils were not long enough to 
reveal this effect at the longer scale. The simulations of long fibrils in vacuum indeed 
supported this finding: the SL-AP and SL-PAR fibrils curled into a helix in such a way 
that the threonine side chains were buried at the inside of the helix. The preference of the 
fibrils to curl this way may be explained by the fact that during curling threonine side 
chains come closer together and form additional H-bonds which is energetically 
favorable. For the pure peptide fibril simulations (see Figure 45) the same behavior was 
observed, in what follows that this type of curling is the characteristic feature of peptide 
backbone of the fibril and is not influenced by thiophene or alkyl chain interactions. 

It should, however, be noted that the simulations in vacuum present an auxiliary role 
in highlighting the geometry of the curling fibrils rather than a means of determining the 
exact parameter of its geometry, since the absence of the solvent not only renormalizes 
interactions, but also makes the conformational energy landscape rather rugged, the initial 
planar conformation of the fibril energetically very unfavorable and unstable. In terms of 
the curling type (hydrophilic or hydrophobic core of the helix) the solvent simulations 
should be considered as a more reliable evidence of curling type. Thus in our earlier work 
[205] it was, for instance, observed that under slightly different conditions the SL-AP 
fibril in vacuum evolved into a helix with hydrophobic core while the pure peptide fibril 
still evolved into a helix with hydrophilic core. 

Contrary to the single-layer fibrils, double-layer fibrils result in much more rigid and 
linear fibril tapes. The DL-AP fibril (Figure 44a) evolved into a slightly left-handed 
twisted tape which is bent at around 30 per 80 -strands. During the initial period of 
relaxation (see end-to-end distance plot of Figure 44a) the fibril experiences high 
conformational bending fluctuations with changing bending direction, as the excess 
kinetic energy was drained from the fibril it assumed a stable bended shape with some 
thermal fluctuations around it. The overall axial twist may be estimated at around 1 per 
-strand. 

The DL-PAR fibril (Figure 44a) manifested another type of behavior; it adopted a 
considerably more axially twisted conformation with around 2.8 per -strand, while 
almost no preferential bending of the fibril was seen. Comparing the behavior of DL-AP 
and DL-PAR fibrils it may be further hypothesized that the increased twist rate results in 
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increased bending rigidity of the fibril. Moreover, due to symmetry considerations it is 
highly probable that the observed bending of the DL-AP fibril is partially promoted by 
the finite size effects, since the length of the fibril is not enough to manifest the full 
influence of axial twist (when the fibril twists at least 180), while the twisting makes the 
fibril axially symmetrical and thus the preferential bending direction may be lost. Hence 
it is probable that at an even larger scale the morphological difference of DL-AP and DL-
PAR fibril will rust only to different axial twist period and persistent length. Our current 
simulation data predicts the approximate value of helical twist distance (when the plane 
of the fibril tape a 360 twist) for DL-AP − 170 nm, for DL-PAR around 60 nm. For the 
discussion of these values in the context of experimental data see section 5.7.2. 

It is worthwhile also to compare the simulations of thiophene-peptide fibrils and pure 
peptide fibrils (see Figure 45). It can be seen from the snapshots that the principal 
conformational structure is the same, i.e. the peptide backbone plays the dominant role in 
determining the overall conformation. However, certain differences are seen that can be 
attributed to the influence of alkylated quaterthiophene blocks: (i) the SL-AP fibril 
becomes more compact in the presence of synthetic blocks, (ii) for the SL-PAR fibril the 
presence of synthetic blocks hinders the interaction of end of the fibril and makes the 
structure less knot-like, (iii) for the pure peptide DL-AP fibril no preferential bending was 
observed, which means that the synthetic blocks may induce additional bending of the 
fibril in order to saturate their steric interactions. 

 
 
 

 
Figure 43. Initial snapshots and the evolution of fibrils during simulations for single layer thiophene-peptide 

arrangements as well as the plot of end-to-end distance evolution: a) SL-AP type fibril, b) SL-PAR type fibril. 
Alkyl tails are not depicted, the thiophene moiety is depicted with red spheres, the para-azido-phenylalanine 
linker is depicted in yellow, the peptide moieties are depicted with green arrows. 
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Figure 44. Initial snapshots and the evolution of fibrils during simulations for double layer thiophene-

peptide arrangements as well as the plot of end-to-end distance evolution: a) DL-AP type fibril, b) DL-PAR type 
fibril. The same fibril is depicted in three projection views. Alkyl tails are not depicted, the thiophene moiety is 
depicted with red spheres, the para-azido-phenylalanine linker is depicted in yellow, the peptide moieties are 
depicted with green arrows. 

 
 

Figure 45 The snapshots of the final conformation of pure peptide fibrils (without quaterthiophene 
moieties). Peptide backbone is depicted with green arrows, the phenylalanine side chain which was formerly 
used to connect thiophene is depicted in yellow. The peptide fibrils correspond to the following hybrid fibrils: 
SL-AP (a), SL-PAR (b), DL-AP(c), DL-PAR (d). 
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Quantitative description 
 
The characteristic geometrical parameters of the final conformation of fibrils are 

presented in Figure 46. For values of helical twist and pitch please refer to the previous 
subsection. 

 
 

 
Figure 46. Final snapshots and the evolution of large scale fibrils and their dimensions: a) SL-AP type fibril, 

b) SL-PAR type fibril, c) DL-AP type fibril, d) DL-PAR type fibril. Alkyl tails are not depicted, the thiophene 
moiety is depicted with red spheres, the para-azido-phenylalanine linker is depicted in yellow, the peptide 
moieties are depicted with green arrows 

 
The persistent length of a polymer chain is their key mechanical characteristic which 

is defined as the length over which the correlations in the direction are lost.  

 cos ( ) exp( / )l l P    (5.1) 
In formula (5.1) P – is the persistent length, l  – the contour length of the polymer, 

 - the tangent angle between the points in the polymer separated by contour length l . 
The concept of persistent length can be also applied to describe the conformational 

behavior and stiffness of the fibrils. However this cannot always be done in a 
straightforward manner in our simulations, since some of the fibrils (like single layer 
fibrils) have rather complex conformational behavior and would require very extensive 
conformational sampling. For the DL-AP fibril which exhibits a constant bending 
behavior the concept of persistent length has also to be extended. 

In this work we confined ourselves to calculating the persistent length of the DL-PAR 
fibril since it was possible to do in a straightforward manner while the fibril most likely 
conformation was straight and the persistent model of polymer flexibility may be applied 
to describe it. The average tangent cosine as a function of the contour length is shown in 
Figure 47. It is seen from the plot that the average cosine decreases monotonically with a 
more abrupt decrease when the distance is comparable to the length of the simulated 
fibril. The latter deviation from the exponential decay is attributed to the end effects. The 
fitting of the dependence with the exponent yields the persistent length of 1.7 m. This 
corroborates the experimental findings where the persistent length was found in the order 
of micrometers. For a more detailed discussion see section 5.7.2. 
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Figure 47. The average tangent cosine as a function of the contour length of the fibril for the DL-PAR fibril 

type averaged of the last 4 ns of simulations (red line) and fitting with an exponent (green line). The 
conformation of the fibril was approximated as a curve going through the centers of mass of the peptide 
moieties. 

 

5.5.2. Methods 

Simulations of long fibrillar aggregates present considerable challenges for molecular 
dynamics simulations (see Chapter 3). The main problems are connected with (i) the 
necessity of sufficiently precise treatment of long range interactions and (ii) the need for 
gradual and careful conformational relaxation of the initial structure in reasonable time. 
The protocol for conformational relaxation and parameters of simulation developed for 
current fibril simulations is described below. The LAMMPS software package was used 
for simulations [180]. 

Step 0: Energy minimization of the molecular system. The cut off for non-bonded 
van der Waals and Coulomb interactions was set to 400 Å (effectively no cut off). The 
energy minimization using Polak-Ribiere version of the conjugate gradient (CG) 
algorithm was realized until the length of the global force vector was less than 100 
kcal/mol/A. 

Step 1: Relaxation using MD simulations at T=1K with DPD temperature coupling 
for 0.5 ns. The cut off for non-bonded van der Waals interactions was set to 20 Å while 
for the Coulomb interaction to 50 Å. The cut off radius for DPD interactions was 20 Å. 
The friction parameter in DPD thermostat ( in eq. (2.15)) was set to 1 ps-1. Integration 
step was 1 fs. 

Step 2: Relaxation using MD simulations with gradual heating from 1K to 300K 
during 1 ns. All the parameters were similar to the previous step except for the changes in 
the temperature enforced by the DPD thermostat. 

Step 3: Relaxation using MD simulations at T=300K during 1 ns. All the parameters 
were similar except for that of the DPD thermostat. The friction parameter was set to 0.2 
ps-1, which resulted in lower friction than in previous steps. 
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Step 4: Production MD run for up to 10 ns. All parameters similar to the previous 
step. 

 

 
Figure 48. Illustration of MD simulation protocol for the simulation of long SL-AP fibril. The plot depicts 

the evolution of the energy terms and temperature during the initial 2.5 ns of simulation. 

 
The relaxation steps 1-3 are further illustrated in Figure 48, showing the temperature 

and energy variations in the system during the run. The time axis starts at the same 
moment as on the inset plots of Figure 43 and Figure 44. 

 

5.6. Adsorption of aggregates on the surface 

In experiment the fibrils are usually visualized using atomic force microscopy (AFM), 
the sample is drop casted or spin-coated from the solution onto the substrate. In order to 
reveal the possible influence of the substrate on the fibril morphology as well as to 
understand the geometrical parameters of the adsorbed fibrils we conducted a series of 
adsorption simulations. 

The long double layer fibrils (DL-AP and DL-PAR) 80 -strands (~40 nm) in length 
we placed near the graphite surface in their relaxed conformations (see section 5.5) and 
their adsorption was simulated. 

Using the virtual AFM algorithm (see section 5.6.2 Methods) the heights profiles of 
the adsorbed fibrils were visualized. 

 

5.6.1. Results 

The fibrils were placed in the close vicinity of the graphite surface modeled explicitly 
(see section 5.6.2 Methods). The initial conformation of the fibrils was taken in their most 
favorable state after the relaxation simulations (see section 5.5). The evolution of the 
fibril morphology near the substrate is illustrated by snapshots in Figure 49 and Figure 
50. The fibril adsorption was a rapid process, and after 1.5 ns of simulation the fibrils 
achieved their steady adsorbed state. 
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As seen in Figure 49 the DL-PAR fibril which initially had a twisted conformation 
untwisted during the adsorption process and acquired a planar conformation. During this 
process the two ends of the fibril were at first adsorbed and the fibril was then ruptured in 
the middle for the full untwist to take place. This remarkable behavior shows that: (i) the 
surface forces may be strong enough to untwist the fibril, (ii) the fibril as a whole is a 
stable aggregate to withstand surface forces since the intrinsic structure of the fibril was 
preserved. The DL-AP fibril (see Figure 50) in the course of adsorption also acquired 
planar conformation, but no ruptures were observed since they were not needed form the 
structural point of view. 

To further analyze the structure of the fibril in the adsorbed state we present the 
snapshots of the final conformations from different perspectives in a more detailed 
representation (also with alkyl chains shown explicitly) in Figure 51 and Figure 52. 

It is seen in the snapshots visualized perpendicular to the fibril axis (Figure 51b and 
Figure 52b) that the cross-section geometry of the two fibril types is different and the 
configuration of alkyl chains plays an important role here – they sterically interfere with 
the adsorption of quaterthiophene moieties on graphite. For the DL-PAR fibril the 
quaterthiophenes segments as well as the alkyl chains are arranged in register at both side 
of the fibril – this leads to a more ordered structure and more tight packing and adsorption 
of synthetic moieties on graphite. For the DL-AP fibril due to its geometry the alkyl 
chains form a more disordered structure and even form an intermediate molecular layer 
between graphite and thiophenes. The differences in packing of alkyl chains lead to the 
fact that the DL-PAR fibril cross-section is thicker in the middle (peptide part) than at the 
edges (thiophene-alkyl part) while the DL-AP fibril cross-section has a more rectangular 
shape. 

To further enhance the understanding of the fibril geometry we have calculated the 
virtual AFM images that correspond to the adsorbed structures (see Figure 51c and Figure 
52c). These simulated AFM images correspond to a tip radius of 1 nm. The 
corresponding cross-section height profiles are presented in Figure 53. It is clearly seen 
that these profiles have a slightly different shape: the profile for DL-PAR fibril (Figure 
53a) is more hump-shaped while the profile for DL-AP fibril (Figure 53b) is more 
rectangular-shaped. 

The virtual AFM images also allow to tackle the problem of fibril width and height 
estimations both in silico and in experiment. It is seen from Figure 51b and Figure 52b 
that the width of the fibril is around 7-8 nm, although the alkyl chains can extend a bit 
further The virtual AFM images give a more detailed information of this problem and an 
opportunity for a more direct comparison with experimental data, since just the single 
value of width is not too informative and is prone to inaccuracies connected with finite 
AFM tip radius as well as the whole definition of width for objects with smooth borders. 
Using our virtual AFM image the suggest width values for the DL-PAR fibril is around 8-
10 nm and for the DL-AP fibril around 8 nm. 
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Figure 49. Snapshots from the adsorption simulation of DL-PAR fibril on graphite surface representing the 

evolution of adsorption process. Graphite surface (consisting of 4 layers) is depicted in cyan color. The depiction 
of fibril corresponds to that used in section 5.5. In the bottom left corner of each snapshot the corresponding 
simulation time is given. 

 

 
Figure 50. Snapshots from the adsorption simulation of DL-AP fibril on graphite surface representing the 

evolution of adsorption process. Graphite surface (consisting of 4 layers) is depicted in cyan color. The depiction 
of fibril corresponds to that used in section 5.5. In the bottom left corner of each snapshot the corresponding 
simulation time is given. 
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Figure 51. (a), (b) - snapshots of the adsorbed final state of DL-PAR fibril on graphite. Graphite is depicted 

in cyan, quaterthiophenes in red, alkyl chains in grey, peptide moieties with green tubes. (c) the corresponding 
model of the AFM image is represented, the green line corresponds to the cross-section presented in Figure 53a. 

 
The height of the fibrils is another important parameter which can be measured more 

accurately in experiment and to lesser extent depends on tip radius. From our virtual 
AFM profiles the maximum height of the fibrils are 1.9 nm for DL-PAR fibril and 1.7-
1.8 Å for DL-AP fibril. 

Additional virtual AFM measurements of single layer fibrils were made by simple 
cleaving the upper molecular layer. The maximum height of the single-layer fibril was 
estimated to be around 1 nm 

However, it should be noted that the actual profile of the fibril may depend on many 
factors (tip radius, cantilever rigidity and amplitude, etc.), that is why in comparison with 
experimental data some reference structures should be considered. 
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Figure 52. (a), (b) - snapshots of the adsorbed final state of DL-PAR fibril on graphite. Graphite is depicted 

in cyan, quaterthiophenes in red, alkyl chains in grey, peptide moieties with green tubes. (c) the corresponding 
model of the AFM image is represented, the green line corresponds to the cross-section presented in Figure 53b. 

 

 
Figure 53. Height profiles of fibril cross-section adsorbed on graphite for (a) DL-PAR and (b) DL-AP 

fibrils. The corresponding cross-section are depicted in Figure 51c and Figure 52c with green lines. 
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5.6.2. Methods 
 

System construction and simulations 
 

The graphite substrate was modeled by 4 layers of graphite constructed as a supercell 
from the unit cell of graphite by replicating it along the unit cell vectors. The total 
substrate dimensions were 50 nm by 15 nm. All simulations were conducted using 
molecular dynamics simulations method with LAMMPS software and PCFF force field 
as described previously. 

The simulations were conducted with periodic boundary conditions and NVT-
ensemble. The constant volume as well as the constant dimensions of graphite layers 
allowed to maintain the substrate in a stretched flat conformation. The non bonded 
interactions were treated as following: the Lenard-Jones interaction cut off 10 Å, 
electrostatic interaction were treated via PPPM algorithm [202] with real space cut off of 
10 Å and the precision value of 10-4. The DPD thermostat was used with reference 
temperature of 300 K, cut off radius of 10 Å and the friction parameter was set to 0.2 ps-1. 

 

Virtual AFM analysis 
 

The procedure of virtual AFM measurements was accomplished by custom-made 
software. In our algorithm, a probe sphere 1 nm in diameter approached the surface of the 
substrate form above at each point of the horizontal grid with 0.1 nm spacing. Then the 
highest position of the probe sphere was determined when the sphere did not overlap with 
any of the van der Waals spheres of atoms in the system. The vertical position of the 
sphere was devised using bisection method with accuracy of 0.1 nm. The obtained data 
were further visualized using WSxM imaging software [206]. 

5.7. Discussion 
 

5.7.1. A combined computational/experimental methodology for 
structure/properties prediction of amyloid‐like fibrils 

In the present work we have demonstrated a multi-scale computer simulations 
methodology for understanding the structure, morphology and properties of specific 
fibrillar aggregates with limited experimental knowledge about the intermolecular 
structural arrangement. The methodology was developed based on the ideas formulated in 
chapter 3 (see Figure 16) and consists of 3 steps – (i) the trial intermolecular 
arrangements consistent with available experimental evidence are at first predicted, (ii) 
the fibrils based on these arrangements are then analyzed using multi-scale simulation 
techniques and (iii) their long scale properties are further compared to available 
experimental data yielding a feedback mechanism to understand the correctness of initial 
predictions. This methodology is of interest per se as it can be applied not only to 
thiophene-peptide hybrids but to a wide class of amyloid-like fibers that lack theoretical 
and structural understanding. In this discussion we would like to dwell more on the 
peculiarities of the methodology as a combined simulations/experimental approach 
intended to tackle the problems in research of amyloid-like fibrils and describe ways for 
its improvement. 

The prediction of possible initial intermolecular arrangements is the first key step in 
our methodology. In an ideal case the spatial structure of microcrystals formed by 
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molecules under study solved by X-ray crystallography or data on spatial arrangement of 
molecules in the fibrils detected by NMR is desirable. However, these data sets can be 
obtained only in some rare cases, hence an alternative strategy has to be pursued – the 
principal trial arrangements have to be constructed which are consistent with 
experimental data – and then the simulations techniques have to be used to optimize those 
arrangements to the most likely conformation. The data coming from different 
experimental methods may be of great help here and facilitate the understanding and 
construction of the trial arrangements. The experimental techniques valuable at this step 
are summarized in Table 3, Part A. Relying on such experimental methods as dye 
staining, IR and CD spectroscopy or X-ray and electron diffraction it may possible to 
understand the propensity of -sheet structure in the fibrils and such details of its 
organization as (i) parallel or antiparallel organization of -sheets, (ii) the distance 
between the stacks of -sheets if they form stacks, (iii) the packing of the side chains, etc. 
Albeit these details may be analyzed by a number of experimental techniques in practice 
the experiments may be challenging to set up and in some cases the only thing we know 
about the intermolecular arrangement is the evidence of -sheet organization behind the 
fibril structure. 

The construction of trial arrangements based on single -sheets may be further guided 
by basic energetic principles such as: (i) the number of hydrogen bonds per molecule 
formed by backbone and side chains, (ii) possible ionic interactions between certain 
charged residues or peptide termini, (iii) possible stacking interactions between aromatic 
residues, (iv) electrostatic repulsion or attraction of charged residues. The optimization of 
the suggested trial arrangements have to further be done using molecular mechanics and 
molecular dynamics techniques. Using these techniques the enthalpy of formation of 
various arrangements may be further compared giving an additional criterion for the 
preference of one arrangement over another. If from the experimental evidence the 
stacking of the -sheets is suggested than in a step-by-step manner various trial stacking 
arrangements based on the single layer arrangements have to be suggested. Here 
additional energetic principles may guide the construction such as (i) the ionic, stacking, 
hydrogen bonding, steric interactions at the interface of the sheets and (ii) the influence of 
solvent on the stacking, including hydrophobic interactions. Here again computer 
simulations may be used to optimize the structures and give an estimate of the preference 
of one arrangement over the other. Some trial simulations of fibrils in solvent and the 
analysis of solvent fibril interaction (such as the number of hydrogen-bonds formed 
between solvent and fibril) may provide understanding for the energetical favorability of 
various stacking variants. The contribution of hydrophobic interactions may be also 
assessed by calculating the solvent accessible hydrophobic surface in different trial 
arrangements. 

The currently suggested methodology, however, still heavily relies on trial and error 
approach and human involvement in the process. The main challenge currently is the 
optimization procedure which is local since it cannot drive the structure to far away from 
the initial trial arrangement constructed manually. This challenge becomes more 
pronounced as the structures become more complex, i.e. stacking of several -sheets or 
increasing the complexity of the molecules seen in the peptide-polymer conjugates. A 
possible workaround to the described method would be the development of special 
efficient optimization algorithms which will try to find the global energy minimum of 
molecular arrangement simultaneously taking into account the experimental constraints 
on the structure organization. These methods might be based on parallel tempering 
techniques (allowing the molecules to easily cross free energy barriers) [207] or highly 
parallel optimization starting from different random molecular conformations, like used 
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in GULP [178] (as used in Chapter 4). An ideal would be a sort of combination of the 
approaches used in this chapter and in chapter 4 when the automatic crystalline packing 
prediction could be adapted to the prediction of 1-D amyloid fibrils and at the same time 
could take in the constrains coming from experimental data. 

 
Experimental technique Useful data 

Part A – techniques revealing the intermolecular arrangement 
CD spectroscopy Detects -sheet content 
IR spectroscopy Detects -sheet content, may possibly 

distinguish between parallel and 
antiparallel -sheets 

UV-vis spectroscopy With staining by Congo Red may detect the 
presence of amyloids 

Fluorescence spectroscopy With staining by Thioflavin T or Congo 
Red may detect the presence of amyloids 

X-ray powder or fiber diffraction -sheet spacing, stacking of the -sheets, 
side chain packing, parallel of antiparallel 
arrangement 

Dye staining (Congo Red, Thioflavin T) Detect the presence of amyloids 
Electron diffraction -sheet spacing, stacking of the -sheets 
Chemical structure modification, 
dependence of self-assembly on various 
parameters (solvent, temperature) 

May reveal key inter- and intramolecular 
interactions as well as the influence of 
solvent on self-assembly – the prevalence 
of polar or hydrophobic interactions 

Part B – techniques imaging the fiber properties 
Atomic force microscopy Fibril dimensions, twisting parameters 

(probable influence of surface) 
Transmission electron microscopy Fibril dimensions, twisting parameters 

(probable influence of substrate) 
Cryo-fixation electron microscopy Fibril dimensions, twisting parameters 
Neutron, x-ray scattering Fibril dimensions, structure factors 

Table 3. Experimental techniques used to examine the amyloid fibrils as well as the valuable data that can 
be obtained and used in the discussed methodology. For further discussion of the techniques see also [208]. 

 
The next step in our multi-scale methodology is the simulations of the fibrils based on 

predicted intermolecular arrangements in the bulk solvent. The main purpose of such 
simulations is to (i) test the stability of the fibrils in solvent environment, (ii) optimize 
and study the intermolecular structure of the molecules in fibrillar state, (iii) reveal and 
study the supramolecular morphology of the fibrils in different environments (e.g. on 
substrate). 

The experience gathered in this work indicates that the most important challenges in 
simulations of fibrils come from (i) their large spatial scale which makes simulations 
computationally demanding, (ii) the importance of long range interactions for 
supramolecular morphology whose proper treatment may greatly increase computational 
complexity and reduce the evolution timescales that can be studied, (iii) large scale 
conformational transitions that may happen during fibril relaxation, which require special 
attention, (iv) for simulations without explicit solvent the majority of temperature 
coupling algorithms are not suitable. In an attempt to balance between these challenges 
we have suggested a two step simulations approach which includes (i) simulations of 
middle sized fibrils (around 20 -strands long) in explicit solvent, and (ii) simulations of 
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loner fibrils (around 80 -strands) without explicit solvent. The simulations in solvent 
allow assessing the stability and basic conformational properties of the fibrils as well as 
to describe the solvent-fibril interactions and further optimize the fibril structure in the 
presence of solvent. However, the behavior of short fibrils in these simulations cannot 
with confidence be extrapolated to larger scales since (i) the conformational behavior 
may well be distorted by the edge and finite size effects and (ii) some conformational 
traits may be even not seen at these scales, e.g. small values of axial twist, which for 
many amyloid fibers may be only 1-2º per strand [169], or larger scale effect such as 
formation of super-helix, etc. Hence, some larger scale simulations are needed, these, 
however are challenged by several facts: (i) simulations in explicit solvent are impractical 
since very big simulation systems are needed, and much greater simulation times are 
needed to observe large conformational rearrangement that may take place because they 
will be hindered by the time scales of solvent rearrangement, (ii) computation schemes 
for non-bonded interactions (van der Waals and Coulomb) should be examined with care 
since in 1-D periodic systems the charges are correlated in space over long distances and 
the long range interactions play important role in formation of large scale morphology 
(such as twisting), (iii) the relaxation protocols (including temperature coupling 
algorithms) for initially planar fibril should be selected carefully since abrupt relaxation 
of stress in the fibril may lead to unpredictable results. To partially overcome these 
challenged we have introduced the method of simulating the fibrils with DPD thermostat 
and special relaxation protocol which proved to be an easy and valuable technique. The 
DPD thermostat effectively allows to mimic kinetic effects of solvent and guide the 
conformational relaxation of the fibrillar structure in a predictable and smooth manner in 
short period of time. 

The validity of our vacuum simulations, can be challenged by two points. Firstly, the 
energetical effects of solvent were neglected in our simulations, these may renormalize 
the electrostatic interactions between the molecules of the fibril due to dielectric 
permittivity of the solvent as well as induce some solvent mediated interactions. 
However, we do not believe that the inclusion of solvent would change the qualitative 
behavior of the fibrils in simulations drastically (although the dielectric permittivity of 
methanol and dichloromethane mixture is around 20) since the conformations of the 
fibrils observed in solvent and vacuum simulations in our study were compatible. The 
axial twist parameters measured in vacuum and solvent simulations although differed, for 
instance for DL-PAR fibril the measured twist in solvent was around 4.5 per -strand, 
where as in vacuum simulations around 2.8 per -strand. However, this difference may 
well be also attributed to the finite size effects present in small fibrils. Anyway for 
simulations in higher dielectric solvents and water the use of implicit solvent models may 
be advised where these models are available. 

Secondly, the large scale conformational evolution of the fibrils may have multiple 
pathways and depend on the conditions of the starting conformation as well as the kinetic 
properties of the implicit medium (DPD thermostat), especially for conformationally 
flexible fibrils like single layered ones. For instance, the SL-AP starting its evolution 
from a perfectly straight conformation curls into a left-handed superhelix, however, if due 
to some initial conditions the initial fluctuations will drive the fibril towards the right-
handed superhelix it may continue this pathway. Considering this, care should be 
exercised in creating initial structures that do not have preference to any of the large scale 
morphology modes. It is also a good idea to start several simulations with different 
random seed for DPD thermostat or initial velocity generation. 

An additional simulation technique that we have introduced is the simulations of 
fibrils on graphite substrate after their relaxation in vacuum. This technique was intended 
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to mimic the standard experimental procedure, when the fibrils already formed in solution 
are spin-coated on substrate and there morphology is analyzed. The correspondence of the 
fibrillar structure in solution and on the substrate is a matter of debate nowadays (see e.g. 
ref. [209]). However, it is believed that the structure of the fibrils from polymer-peptide 
conjugates obtained through AFM images should correspond to that in the solution, and 
the twist of the fibrils may frequently be seen in AFM images [17, 19]. Here we have 
shown that it may not always be the case. The fibrils that are twisted in the solution may 
rupture and untwist by the surface forces. 

The corresponding fibril properties obtained in solvent, vacuum or substrate 
simulations such as fibril width, height, helical pitch and helical angle may be compared 
to those obtained by experimental methods summarized in Table 3, Part B. This 
comparison provides a feedback mechanism so evaluate the correctness of the simulations 
and predicted structure. 

In conclusion we would like to stress that computer simulations alone still cannot 
present an ultimate tool that can predict structure, properties and morphology of the 
amyloid-like fibril starting just from a chemical structure of the molecules, however, the 
combination of experimental techniques with computer simulations techniques in a 
synergetic research methodology have potential to become such an ultimate tool and even 
more a tool for rational design of fibrils with predefine properties for the needs of bio- 
and nanotechnology. The idea of such a methodology is again illustrated in Figure 54. 

 

 
Figure 54. A schematic representation of combined experimental/computational methodology to study 

amyloid-like fibrils. 
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5.7.2. Structure‐morphology‐properties relations in fibrils formed by thiophene‐
peptide oligomers 

The multiscale simulations of thiophene-peptide aggregates highlighted the basic 
organizational principles of these fibrillar aggregates including the detailed interplay 
between the intermolecular organization of quaterthiophene and peptide blocks and its 
influence on the structure, morphology and properties of the fibrils. Below we discuss the 
observed findings. 

 
Patterns of hybrid fibril self-assembly and the hierarchy of interactions 
 
Although the formation of -sheets by peptide parts of our molecules was initially 

suggested in our methodology, further simulations proved that the fibrils were stable both 
in vacuum and in solution. The evolution of the fibrils and the comparative analysis of the 
organization of peptide and thiophene parts of the fibrils clearly showed that the fibrils 
structure and morphology is dominated by the peptide-peptide interactions and not the 
thiophene-thiophene interactions. As the self-assembly of -strands into -sheets is still 
the main driving force for self-organization of our hybrid molecules we argue that the 
hierarchical self-assembly mechanism of the latter might be described similar to that 
proposed by Aggeli et al. for pure peptide fibrils [89]. In the approach of ref. [89] a 
hierarchy of interactions as well as sequential hierarchy of aggregate structures with 
increasing monomer concentration is introduced (see Figure 5). It is supposed that the 
following inequality 

  


tape
 kT  

ribbon
 

fibril
 

fiber  (5.2)  
 

holds for the corresponding energies gained per one peptide inside the corresponding 
structures as compared with a peptide inside the structure of the previous level. 

In notation introduced by Aggeli et al. in our simulations only the tape and ribbon 
aggregates were studies. From the simulation results it seems that the attachment of 
synthetic part to a peptide part does not rearrange the hierarchy of interactions (and hence 
the hierarchy of aggregates) at these lower levels of organization (tapes, ribbons), but 
certain deviation from this simple model at the higher levels (fibrils, fibers) might be in 
principle possible. 

However, at these lower levels of self-organization the introduction of synthetic part 
may alter the balance between different modes of self-assembly, e.g. parallel vs 
antiparallel strand organization, stacking of ribbons with different faces. As was shown in 
our solvent simulations the solvent-fibril interaction may also play an important role in 
the choice of preferential self-assembly mode. 

An important point that has to be kept in mind is that the level of hierarchy achieved 
by the self-assembly of monomers is dependent on the concentration of monomers, thus 
at lower concentrations in experiment we might see only single tapes while at high – 
complex fibers. 

Electrostatic and dipole interactions seem also to be important in determining the 
pattern of fibril self-assembly. Even if the peptide termini are not charged each -strand 
has a slight dipole moment directed from C-terminal (partially negative) to N-terminal 
(partially positive). Thus it is energetically favorable when the dipole moments of 
adjacent -strands are antiparallel, this can be accomplished either by using the 
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antiparallel -sheet organization or by stacking together the parallel -sheets in such a 
way that dipole moments of the adjacent sheets cancel each other. 

 
 stacking versus H-bonding 
 
With respect to applications, the arrangement of the conjugated thiophene moieties 

and the interplay between  stacking and -sheet formation is the most interesting 
aspect of the work presented herein. The spacing between the peptide strands imposed by 
the -sheet structure corresponds to 4.7-5 Å, while the spacing between the -conjugated 
planes of oligothiophenes for  stacking interactions is estimated by quantum 
chemistry methods to ideally be around 3.3-3.5 Å [200, 201] hence, these interactions 
might show competing behavior in terms of the periodicity implied during molecular 
aggregation and this periodicity mismatch should be somehow alleviated. The analysis of 
histograms for the distribution of distances between the centers of mass of peptides and 
also between quaterthiophenes (Figure 40) clearly revealed the domination of the 
periodicity implied on the aggregates by the arrangement of the peptides into -sheets for 
all types of simulated fibrils. 

The strength and origin of  stacking interactions in planar unsaturated organic 
molecules is still disputed. In ref. [192] it was shown that for relatively small aromatic 
systems (less than 10-15 carbon atoms) the stacking interactions can be described purely 
by dispersive (van der Waals forces) and only for bigger systems certain additional 
energetical contribution at small stacking distances coming from electron correlation 
effect comes into play. In our simulations we were in the limit of pure van der Waals 
description of stacking since no electron correlation effects might be included. However, 
since quaterthiophenes are relatively small conjugated molecules this is hopefully a good 
approximation to reality. 

To understand the qualitative behavior of quaterthiophene in a stack alone we have 
conducted an energy minimization simulation of an in register assembled stack of 
quaterthiophenes using the same PCFF force field as in fibril simulations. The resulting 
interplane distance of thiophenes was 3.55 Å which is not contradictory to quantum 
chemistry calculations. The quaterthiophenes, however, was also laterally displaced with 
respect to a neighboring molecule by 1.4 Å in the long axis direction (direction x) and 1.8 
Å in the perpendicular direction (direction y). 

These values can be compared to that present in Table 2 for thiophene arrangement in 
fibril. It is seen that the average distance between the thiophene planes (average 
displacement z) is still around 3.5 Å in agreement with the typical  stacking distance. 
How is this achieved? In the case of a parallel arrangement of the -strands (see Figure 
41b,d) the thiophene moieties tilt synchronously, thus simultaneously preserving the high 
degree of ordering and fulfilling the periodicity restrictions implied by the -sheets. 
However, this comes at a cost of additional lateral displacement compared to the values 
of an ideal stack. In the case of the antiparallel arrangement, the proposed double-layer 
fibril (Figure 41c) in principle has the same linear density of quaterthiophenes along the 
fibril as in the case of fibrils with parallel arrangement, since the thiophene moieties from 
both tapes come in contact to form a “steric zipper” along each side of the double tape 
(oligothiophene moieties from both sides are in alternating contact). However, for the 
antiparallel arrangement, the thiophene parts tend to lean toward one another to form 
dynamic clusters with gaps between the individual clusters; such an arrangement reduces 
the differences between the optimal interthiophene and interpeptide distances. On the 
other hand, because of this tendency to form dynamic clusters, the degree of long-range 
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order in the oligothiophene arrangement is considerably lower for the fibrils with 
antiparallel arrangement than for the ones with parallel -strands. 

Another interesting example of the influence of peptide organization of thiophene 
ordering is the influence of fibril twist on the distance between quaterthiophenes. It is 
seen from Figure 40d that the average distance between thiophenes in a twisted fibril is 
even more than the periodicity of -sheets for purely geometrical reasons. Since the edges 
of the twisted ribbon have to be more stretched then the central part. 

 
Twisting and bending of the fibrils 
 
Axial twist is an internal property of -sheet structures originating mainly from the 

chirality of amino acids. It seems that twist is associated with alternating fluctuations in 
the dihedral angles to prevent the individual β-strands in a larger sheet from splaying 
apart [210], however, other contributions to the twist angle have been also suggested in 
literature, including the entropy associated with the backbone degrees of freedom [183], 
the out-of-plane deformation of peptide groups [211], intrastrand [212], tertiary 
interactions [213, 214], the tendency to minimize the surface area of the system [215]. 
However, the exact understanding of twist dependence on molecular organization is still 
elusive. In the pioneering studies of β-sheet geometry a greater twist for antiparallel 
sheets was predicted [216], however, modern evidence suggest that the problem is much 
more complex, for instance, the interface between the two sheets may considerably 
influence the extent of twist and even reverse the tendency [217]. It is also argued that the 
experimentally observed twist in fibrils could arise not only from variation in packing 
symmetry but also potentially from kinetic trapping in states which have a twist other 
than that of the global minimum [217]. The periodic twisting in classical amyloid fibers is 
usually observed at scales of hundreds of nanometers [171]. 

As showed by molecular simulations the fibrils formed by our thiophene-peptide 
hybrid molecules might also exhibit twisting behavior. In the case of DL-PAR fibril a 
clear twisting distance of 60 nm (the tape plane turns roughly 360º) was observed, while 
for DL-AP fibril a twisting period of around 170 nm might be suggested although it is 
accompanied by bending of the fibril. These values are within the range of that typically 
observed in amyloid fibrils. The origin of this twisting might be further elucidated by 
comparing these simulations to a separate simulation study where only peptide part of the 
fibril was concerned. By comparing the final fibril structures presented in Figure 44 and 
Figure 45 it becomes evident that: (i) the extent of twist of DL-PAR fibril is not changed 
by the alkyl-thiophene moieties, (ii) the pure fibril in the DL-AP case is neither twisted 
nor bent, while the addition of alkyl-thiophene moieties causes the fibril to bend which is 
accompanied by the axial twist, but a much smaller one that in the case of DL-PAR fibril. 
Deriving some general conclusions from the analysis of these two cases would be 
premature, but we can point out some possible trends in the fibril morphology changes 
due to additions of synthetic part. We would argue that if the fibril had a well defined 
twist already originating from the interaction of its peptide moieties (with corresponding 
elastic energy associated with the twist) the addition of alkyl-thiophene moieties to the 
chemical structure would be unlikely to change this twisting behavior in a serious 
manner. We have to consider again that the twist of the fibril does not favor the tight 
packing of thiophene moieties connected to the peptides, but the perturbation of this 
packing multiplies by relatively mild van der Waals interaction responsible for thiophene 
packing does not outweigh the loss of elastic energy in the peptide part of the fibril that 
would be caused by untwisting of the fibril. 
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On the other hand if the peptide part of the fibril does not show considerable 
preference for twisting, the factors connected with the packing of thiophenes become 
more important in determining the overall shape of the fibril. Since even small 
interactions may perturb the structure and cause its twisting-bending but at large spatial 
scales. 

Another point that has to be mentioned is the difference between single and double 
layer arrangement – it seems that the axial twist comes from a subtle interplay of various 
interactions hence the data on axial twist of single layer fibrils cannot be extrapolated to 
double layer ones. This is clearly seen when comparing their behavior in our simulations. 

 
Persistent length of the fibrils 
 
While for single layer fibrils it hard to determine the persistent length from computer 

simulations due to high conformational lability of the latter and thus complex flexibility 
mechanism, for double layer fibrils ideas of simple persistent flexibility mechanism may 
be applied. The value of 1.7 µm was obtained in our simulations for the DL-PAR fibril. 
Unfortunately the exact measurement of persistent length were not possible in 
experiment, however, from the AFM images of the fibrils an estimate of several 
micrometers can be proposed which is in fine agreement. In special studies of congener 
biological amyloid fibrils the exact numerical values of persistent length were obtained, 
which are between 3-12 µm depending on the type of the fibril, which again corroborates 
our finding [218]. 

 
The influence of substrate adsorption on the fibrils 
 
One of the most common methods to visualize the fibrillar structures is atomic force 

microscopy which requires the deposition of fibrils on the substrate, usually muscovite 
mica or highly oriented pyrolytic graphite. Hence, the influence of substrate-fibril 
interactions on the morphology of the aggregates is important to interpret experimental 
findings. From our simulation results we can suppose that for double layer fibrils the 
surface adsorption forces are strong enough to change the twisted morphology of the 
fibrils to flat ones and even rupture the fibrils during adsorption process. This poses a 
question of whether the data on morphology of the fibrils obtained by dry state AFM or 
TEM techniques can be extrapolated to the state of the fibrils in solution. 

Since a paper by Börner et al. [209] who compared the dimensions and morphology 
of the fibrils from poly(ethylene oxide)-peptide conjugates obtained by dry state AFM 
and TEM with the data obtained by cryo-fixation transmission electron microscopy and 
small angle neutron scattering, it is assumed that AFM and TEM techniques are 
sufficiently trustworthy to judge about the morphology of fibrils in solution as well. 

In the view of our simulation results we will argue the absolute correctness of this 
assumption and point out that at least for certain types of fibrils the interaction with the 
substrate may cause the changes in its morphology such as untwisting and thus care 
should be taken in interpreting experimental results. 

At least in the DL-PAR fibril the elastic energy of fibril twisting/untwisting was not 
enough to compete with adsorption forces. It may be, however, supposed that whilst the 
adsorption would take place in the solution the adsorption forces will be lower and the 
twist may remain. This would be interesting to probe also using wet mode AFM. 

But even in dry mode AFM the amyloid fibrils in many cases show characteristic 
twisted behavior on the substrate, it may be supposed that as the ribbons aggregate further 
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into fibers and fibrils (see Figure 5) their twisting becomes more stable against the 
adsorption forces. 

 
 
Conductivity of the hybrid fibrils 
 
The conductivity of possible fibrillar arrangements is one of the key interesting 

questions for technological application of thiophene peptide aggregates. However, this 
question can be better addressed by quantum mechanical treatment and we will postpone 
the detail quantum chemical discussion till the next chapter. 

From the classical point of view two properties of nanofibers will definitely favor the 
electrical conductivity: (i) the close packing and arrangement of thiophene moieties and 
(ii) the formation of “percolation” clusters along the wire – i.e. the continuity of 
thiophene stack and conducting path. 

Comparing the thiophene ordering according to these principles (see Figure 41) (an 
especially according to the latter criterion) – the DL-PAR fibril arrangement can be 
considered the best one among other studied since the thiophene moieties are mostly 
ordered and form an almost continuous stack albeit with some fluctuating defects 
(dynamic disorder). In other arrangements both single and double layer the long living 
gaps between the clusters of thiophenes may be seen, which will definitely hinder the 
conduction properties of the wires, since for charge hopping to occur the thiophenes have 
to be close to each other or at least to be in dynamic interaction. It is for instance, clearly 
seen that for DL-AP fibril in solution the thiophenes tilt around there long axis and the 
whole conduction path is split into clusters of 2-4 quaterthiophenes blocks. 

The ordering of thiophenes when the fibers are absorbed on substrate may also be 
interesting for technological applications. From our simulations two conclusions may be 
pointed out: (i) the adsorption makes the structures and the thiophene stacks more ordered 
with less dynamic fluctuation, (ii) but at the same time the lack of dynamic fluctuations 
hiders the closing of the possible gaps formed in thiophene stacks during the adsorption. 

Since the ordering of thiophenes is a key issue to combat the dynamical and statical 
disorder in the system needed for electrical conductivity further aggregation of ribbons 
into larger fibers (see Figure 5) might improve the situation. 

 

5.7.3. Structure of the observed fibrils 

In this section we will try to suppose the possible structure of the fibrils seen in 
experiment. Unfortunately the experimental data is rather limited so we will not be able to 
make the ultimate conclusion, however, we will try to suggest a plausible model that will 
not fall into contradiction with any of the experimental results, supposed they are 
interpreted correctly, or simulation findings. 

As stated earlier and as supported by the data for congener peptide and polymer-
bioconjugate systems [209, 219] molecular aggregation in our system is likely governed 
by a number of interactions of different nature and strength leading to a common 
hierarchical self-assembly pattern for -sheet peptides: firstly the molecules assemble 
into -sheet tapes, which then aggregate laterally to form double tapes - ribbons (as in 
cross--structure of amyloid-like fibrils), which in turn form larger assemblies by various 
types of aggregation. 

It also seems to be a reasonable hypothesis that aggregates of different organizational 
levels (single tapes, double tapes, bundles of double tapes) may be present in solution at 
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the same time in a dynamic equilibrium. An argument to support this point would be the 
observation of various morphological types of fibrils in AFM (see Figure 9). 

Judging by the characteristic height of the typically observed structures (see Figure 9) 
and comparison with computational data it may be proposed that the shortest fibrillar 
structures visible in the background of the AFM image correspond to single -sheet tapes 
(with heights of 0.5 nm ± 0.2 nm), while the bigger fibrils (with heights 1 nm ± 0.2 nm) 
are bundles of double tape ribbons (see Figure 55). The difference between the 
experimental and virtual AFM heights determined in simulations (see Figure 53) may 
stem from the fact that the fibril in experiment seem to be embedded into the layer of 
residual material. 

AFM measurements of our fibrillar aggregates did not reveal any periodic height 
fluctuations along the fibrils, also in TEM, no indications for a helical superstructure of 
the fibers were found, the extrapolation of these data to the solution properties of the 
fibrils might not be correct as we have discussed in the previous section. However, if 
choosing between DL-AP and DL-PAR organization an argument towards the non-
twisted variant can be raised: it is energetically more favorable to create flat bundles of 
fibrils (as observed in AFM) from initially untwisted structures, otherwise a penalty for 
elastic untwisting of the fibrils have to be paid, and this would be less in case of DL-AP 
type fibrils. 

Among the theoretical models based on single -sheet tapes, both models manifested 
high conformational flexibility and small persistent lengths (compared to the double tape 
models), which is consistent with their behavior observed in AFM (as compared to the 
bigger fibers). It is hypothesized that for small single tapes the fast adsorption of the 
species on the substrate (here: mica) during sample preparation could make them adopt a 
planar conformation. The width of the smallest self-assembled fibrils measured in AFM is 
7 nm ± 2 nm, which also nicely corresponds to the width of this type of fibrils being in 
planar conformation. The fact that such smaller fibrils are not seen in TEM may again 
point to the assumption that the presence of such fibrils in AFM is due to kinetic reasons 
during sample preparation (single tapes are “trapped” on the substrate by fast adsorption) 
and lower concentration of monomers. 

In the obtained CD and fluorescence spectra there was no sign for an excitonic 
coupling of the π-systems, which should occur with π-π stacking in a chiral environment 
at close to ideal π-π stacking distances of the π-conjugated backbones. Among the 
theoretically studied models, SL-AP type fibril corroborates these experimental findings 
in the best way, because it has the lowest number of thiophene rings that are in close 
contact with one another as compared to other models. Moreover, in the suggested 
arrangement type, the hitherto neglected flexible PEO tails of the molecules that are 
positioned in neighboring β-sheets may further interfere with the ordered arrangement of 
the thiophene moieties in the adjacent β-sheet and thus hinder the direct interaction of the 
π-systems; the PEO chains can even be hypothesized to interact with the energy levels of 
the π-systems [19]. On the other hand, the interaction of π-systems of thiophene moieties 
at distances greater than those characteristic for ideal π-π stacking, would be in 
accordance with the suggested interactions over greater distances from experimental 
results. Such “long-range” interactions might be accomplished in molecular assemblies 
similar to J-type aggregates with an arrangement of the hybrid molecules based on double 
layers of β-sheets. 

For the aggregation of SL-AP tapes into double layer ribbons the DL-AP model 
(where the valine side chains are buried between the sheets) seems also be supported by 
the solution simulations and its energetical favorability in terms of the number of 
hydrogen bonds formed per molecule (see Table 1). 
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Summarizing the above mentioned argument the following possible model of 
aggregates structure observed in AFM images might be suggested (see Figure 55a): 
hybrid molecules aggregate in solution in tapes based on antiparallel β-sheets, these tapes 
then further aggregate to form double-layer structures by interaction of their respective 
hydrophobic faces. These ribbons depicted are suggested further to aggregate laterally in 
bundles (see Figure 55a,b), which have a bump-shaped periodic nature at AFM images 
with a periodicity of approximately 6-7 nm and lower height fluctuations. 

We have to also make a note about the PEO which we have not considered in our 
theoretical calculations for the sake of simplicity and assuming that they do not play a 
primary structural determining role for single tapes and ribbons. However, when speaking 
about the aggregates of higher order, like bundles of fibril the effect of PEO tails on 
organization might be important. In the model presented in Figure 55 we assume that the 
PEO tails are flexible enough to adapt to the structure of the depicted arrangement. 

 

 
 
Figure 55. Proposed schematic model for the likely arrangement of hybrid molecules in the observed 

nanofibrils and bundle consisting of smaller fibrils formed by thiophene-peptide molecular hybrids. (a) An AFM 
image and proposed structure of smaller fibrils and bundles of double layer fibrils. -strands are depicted by 
green arrows; quaterthiophenes are depicted by van der Waals spheres in red. Alkyl and PEO chains are not 
depicted. (b) Another view of the model of the observed bundles. Model substrate is depicted in cyan, 
quaterthiophenes in red, alkyl chains in grey, peptide moieties with green tubes, the azido group linking 
thiophene to peptide and PEO tails are not depicted. 

 

5.7.4. Further design and experimental strategies 

Based on our simulation results and the analysis of experimental data some ideas for 
further experimental studies as well as possible tuning of chemical structure of the 
molecules may be advised. 
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Further experimental studies of obtained aggregates with more advanced methods 
would be undoubtedly valuable in determining more precisely their intermolecular 
aggregation patterns. Following methods might be attempted: (i) the X-ray fibril 
diffraction – which will unable to determine the periodicity between the strands and 
between the -sheet stacks, (ii) other methods of AFM sample preparation (perhaps by 
spin-coating from a more diluted solution) in order to visualize truly single fibers on the 
substrate without the residual material, (iii) dye staining with Congo Red and Thioflavin 
B might give interesting information on the structure and kinetics of fibril self-assembly, 
(iv) cryo-TEM might be also a method of choice to visualize the fibrils in “quasi 
solution”, (v) further conductive AFM might shed some light on the conductive properties 
of the fibrils, (vi) AFM in solution, if possible, might provide information of the strength 
and influence of substrate on the morphology of the fibrils. 

As for the improvement of the thiophene-peptide hybrid molecules with respect of the 
potential use as conductive/semiconducting nanowires following ideas might be 
suggested. It may be seen in AFM measurements that both smaller and large fibrils 
(bundles) are present, this points out the fact that one fibrillar conformation does not have 
a profound energetical preferences over other conformation but different types of 
aggregates are in dynamic equilibrium. The other fact is that the obtained fibrils seem to 
be not very stable and not very ordered at long distances. Hence it may be suggested that 
some modifications to the structure of hybrid molecules might be introduced that will 
reinforce the fibrillar conformation of aggregates and strengthen the fibrillar self-
assembly patterns. This might be, for instance, done by introduction of charges at the two 
ends of the-stands which will enforce the self-assemble due to electrostatic interactions, 
at the same time this will ensure the anti-parallel self-assembly pattern. Alternatively, 
different peptide sequences and topologies might be probed. It was already shown by 
Schillinger et al. [19] that a tri-block copolymer, where the quaterthiophene is attached to 
two oligopeptides at each end form nicely ordered fibrils. 

In register association of molecules through parallel -sheets will likely produce more 
ordered thiophene organization than an antiparallel arrangement, thus the conditions for 
such an assembly should be investigated. 

The formation of high order fibrillar aggregates through stacking and intertwining of 
tapes might be also an perspective strategy, since the added ordering of the structure will 
again contribute to better electronic and conducting properties. 

 

5.8. Conclusion 

In this chapter we have presented a complex simulations study of fibrillar aggregates 
from quaterthiophene-β-sheet-peptide diblock oligomers based on various supposed 
intermolecular arrangements inspired by congener amyloid fibrils structures. We 
developed a multiscale methodology based on prediction of periodic arrangements, 
simulations of fibrils in explicit and implicit solvent as well as on the substrate. 

The relations between intermolecular organization of the aggregates, supramolecular 
morphology of the fibrils, as well as their properties were revealed and discussed. 

The simulation results were compared against the available experimental data, and the 
likely intermolecular structure of the observed fibrils was proposed. Further experimental 
and design strategies for creation of conductive nanowires from thiophene-peptide 
oligomers were suggested. 
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6 Charge mobility in 
oligothiopheneoligopeptide fibrils 

 
The purpose of the present chapter is to supplement the molecular mechanics studies 

of fibrils presented in previous chapter by quantum chemical consideration of the charge 
transfer issues in such fibrils. We examine the charge transfer properties between adjacent 
quaterthiophene units in terms of Marcus semi-classical theory of charge transfer. 

 

6.1. Theoretical introduction 

Description of charge transport in one dimensional nanowires formed by conjugated 
polymers still present considerable theoretical challenges. Firstly, there is no complete 
understanding of charge transport mechanism even in 3D conducting polymer films till 
now and discussion on this subject is currently underway [220]. At the same time the 
charge transport in such low-dimensional systems as polymer nanofibers is even less 
studied than that in 3D conducting polymer films. It is known that even for inorganic 
conductors the electron transfer in 1D systems is strongly affected by electron–electron 
interactions leading to phases different from conventional Fermi liquid [221]. 

Charge transport in organic semiconductors differs significantly from that in metals 
and may vary considerably depending on the degree of molecular disorder. In metals, 
electrons are delocalized and charge carrier mobility is determined from their effective 
mass and the mean relaxation time of the band states [222]. In perfect molecular crystals 
of organic semiconductors at low temperatures the analogous band transport theories may 
be applied albeit with corrections for electron-phonon coupling [223]. However, in the 
majority of cases either due to dynamic disorder at room temperatures or static disorder in 
amorphous materials the charge carries (electrons and holes) in organic semiconductors 
become localized [224]. In the limit of strong localization, transport can be described as 
hopping of charge carriers, the charge transfer in this case is referred to as weak coupling 
or non-adiabatic transfer, and the charge carriers are localized on single molecules or 
conjugated segments in case of polymers. 

Room temperature charge mobility in molecular crystals as high as 20 cm2/Vs (rubren 
crystal) have been reported [224], while in amorphous solids charge localization leads to 
mobility lower than 10−3 cm2/(V*s) [225]. The temperature dependence of charge 
mobility also varies depending on the charge transport mechanism: for the band regime it 
shows characteristic power law dependence, while in the case of strong localization the 
mobility depends on the electric fields which points out the activation like mechanism of 
charge transfer. The overall conductivity of organic semiconductors is also a function of 
the charge carriers concentration which may be readily increased by (reversible) chemical 
or electrochemical redox transformations and leads to drastic changes in their electrical 
and optical properties [224]. 
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6.1.1. Semi‐classical Marcus theory of charge transfer 

 
The description of charge transfer in organic semiconductors at room temperatures is 

often treated through the formalism of semi-classical Marcus theory of charge transfer 
[226]. Below we will describe the main assumptions of this theory developed by R.A. 
Marcus starting from 1956 [227] and also independently by N.S. Hush, V.G. Levich, and 
R.R. Dogonadze [228]. 

Let us consider a single electron transfer reaction from a localized state on molecule 
D (donor) to a localized state on molecule A (acceptor): 

 
D−A→ DA− 

 
where D− and A− are the donor and acceptor molecules with an excess electron 

localized on them respectively. 
The key aspects of the Marcus theory is that (i) the electrons are transferred by 

tunneling through a potential energy barrier, (ii) it is assumed that a transition is initiated 
by thermal fluctuations of the nuclei, and that the Frank-Condon principle is fulfilled, (iii) 
the complex D−A and the solvent molecules surrounding it undergo structural 
rearrangements prior to electron transfer. The energy associated with these 
rearrangements together with the standard reaction Gibbs energy determines the rate of 
electron transfer. 

A semi-classical derivation of the Marcus formula for charge transfer rate might be 
given through the quantum mechanical consideration of loosely coupled quantum initial 
and final states of the charge transfer complex, treating their interaction as perturbation 
and applying the Fermi’s Golden Rule to calculate the transfer rate supposing the 
Boltzmann distribution of energy states in the system. Let us determine the electronic 
Hamiltonian of the charge transporting complex through the diabatic representation of 
initial and final states [229]: 

 

 I FE I I  + E F F  + J ( I F + F I )elH   (6.1) 

 

where I  and F  are the donor and acceptor states in Dirac’s bra-ket notation, EI,EF 

are the energies of the individual states (site energies), and J is the electronic coupling 
(transfer integral) for the two states. 

Further we introduce a reaction coordinate q coupled to nuclear motion to describe the 
transfer reaction. It is related to the coordinates of the nuclei and connects the initial and 
final states (see Figure 56). 

Additional assumptions introduced in Marcus theory are following: (i) the transfer 
integral does not depend on the nuclear coordinates, (ii) we assume the potential energy 
surfaces for the initial and final states to be harmonic with identical curvatures and treat 
the nuclear vibrations classically. 
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Figure 56. Potential energy surfaces of charge transfer complex in a harmonic approximation. The driving 

force (free energy difference) and the reorganization energy are depicted. Adapted from [228]. 

 
The total Hamiltonian can then be rewritten as: 
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The vibrations are represented with a single mode and corresponding force constant f 

as well as equilibrium positions qI and qF. Treating the transfer integral as a perturbation 
to the non-interacting donor and acceptor states with the help of Fermi’s golden rule 
[230] and taking into account the Franck-Condon principle the total rate can be calculated 
as follows: 
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where 2
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nuclear coordinates and weights the probability according to Gibbs distribution. 
The calculation of the integral in (6.3) leads to the Marcus expression for transfer rate: 
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where IF  is the reorganization energy related to the curvature of the energy surface, 

IF I FG E E    is the difference in free energies between the donor and acceptor states 

(the so-called site free energies), IFJ  is the corresponding transfer integral, k is the 

Boltzmann’s constant and   is the Planck constant. 
In the following subsections the parameters from eq. (6.4) are discussed in more 

detail. 
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6.1.2. Transfer integrals 

The transfer integrals reflect the measure of the electronic coupling between two 

interacting molecules, D and A, and are defined by the matrix element I FJ V , 

where the operator V describes the intermolecular interactions and I and F are the 
quantum vectors of the two charge-localized states {D−A} and {DA−} or {DA+} and 
{D+A} in case of hole conductivity. 

Various computational techniques, based on ab initio or semiempirical 
methodologies, have been developed to estimate the electronic coupling (for a review see 
[231-233]). A widely used approximate approach is based on the application of 
Koopmans’ theorem [232] and estimation of electronic coupling for electron or hole 
mobility as a half splitting of the LUMO or HOMO levels in a system made of two 
molecules in the neutral state respectively. The absolute value of the transfer integral for 
electron or hole transfer might be then calculated as: 
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   (6.5) 
 
where the energies of the orbitals are taken from the closed-shell configuration of the 

neutral state of a dimer.  
However, caution is required when using Koopmans’ theorem to estimate transfer 

integrals in asymmetric dimers. In such instances, part of the electronic splitting can 
simply arise from the different local environments experienced by the two interacting 
molecules, which create an offset between their HOMO and LUMO levels [224]. 

A number of more elaborate approaches has also been developed, such as projective 
method which relies on the projection of molecular orbitals of monomers onto the 
manifold of the molecular orbitals of the dimer [234], or an approximate approach based 
on Zerner’s Independent Neglect of Differential Overlap (ZINDO) Hamiltonian [235]. 

Another approach is based on the Corresponding Orbital Transformation Method 
[236, 237], which we use in the current chapter. The expressions for direct calculation of 
matrix elements are needed for the computation of J from molecular orbitals, however, 
they become cumbersome, in order to simplify the evaluation, in this method each set of 
spin orbitals, corresponding to initial and final states are linearly transformed in such a 
way that the overlap matrix between the two new sets is diagonal. 

 

6.1.3. Reorganization energy 

The reorganization energy  is a parameter which may be described as the 
hypothetical change in the conformational energy of nuclear degrees of freedom which 
would occur as result a of a sudden electron transfer and the corresponding changes in 
potential energy surface for the nuclear degrees of freedom. Following the eq. (6.3) in a 
harmonic case the reorganization energy is given as: 

 20.5 ( )IF I Ff q q    (6.6) 

 
It is straight forward to understand that the reorganization energy can be estimated 

using quantum chemical calculations by estimating the energy of the donor and acceptor 
states in different conformations. 

The reorganization energy might be then calculated using following formula: 
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 ( ) ( )c n n c

n n c cE E E E      (6.7) 
where the left (right) term is the energy change connected with the donor (acceptor) 

molecule. c
nE  is the energy of a charged molecule with a structure optimized in the 

neutral state, n
cE  the energy of a uncharged molecule in charged conformation and so on. 

In real systems the electron transfer process usually is not isolated and takes place in 
solution or other medium; in this case the electronic and nuclear polarization/relaxation of 
the surrounding medium also makes a contribution to the reorganization energy, the so-
called outer reorganization energy. In many cases these contributions are of the same 
order of magnitude as the intermolecular relaxation of the electron transfer complex 
(inner reorganization energy) [226]. In the framework of our study here we will consider 
only the inner reorganization energy. 

 

6.1.4. Site energy difference 

The difference in free energy between the two charge localized states IFG  is the 

main driving factor for charge transfer (see Figure 56). Two main factors are known to 
contribute to it: (i) the energies of transporting orbitals being different (e.g. transfer 
between different molecules), (ii) an external electric field. Additional contributions may 
arise due to large dipole moments of molecules [237], highly polarizable molecules [238] 
etc. 

In our simple case we will consider only one contribution arising from the external 
electric field, which can be written as: 

 ( )IF DAG e E r  
 

 (6.8) 

where E


- is the external electric field, DAr


- vector connecting the donor and acceptor 

molecules, e – charge of the electron. 

6.2. Methods 

The quantum chemistry calculations were performed using NWCHEM software 
package [239]. The 6-31g basis set within unrestricted Hartree-Fock (UHF) method was 
used to determine the optimal geometries, molecular orbitals and reorganization energies. 

We found that the values of electron transfer integral varied insignificantly with the 
increased complexity of basis sets (less than 2% difference between 6-31g and 6-31g* 
basis sets) thus the use of a rather simple basis set was justified. 

 
Electron transfer calculations 
 
The electron transfer (ET) module implemented in NWChem quantum chemistry 

package was used which utilizes the method of Corresponding Orbital Transformation 
(see previous section). 

The calculation proceeded as follows:  
(i) The geometry of a single quaterthiophene molecule in neutral state was optimized 

using UHF method.  
(ii) The dimers of quaterthiophene molecules were constructed having different 

positions with respect to one another. The geometries of molecules in the dimer were not 
further optimized since this will be beyond the scope of the Marcus charge transfer theory 
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which assumes that the values of transfer integrals do not depend on the nuclear positions 
of atoms in the molecule. 

(iii) The molecular vectors corresponding to charge localized orbitals were 
precalculated separately for each molecule in a dimer and a combined molecular orbital 
for the dimer was then constructed. The frozen orbital approximation was used, i.e. the 
molecular orbitals were not further optimized in dimer state. 

(iv) Using Corresponding Orbital Transformation Method within unrestricted Hartree-
Fock approximation the transfer integrals for hole and electron transfer were calculated. 

 
Reorganization energy calculations 
 
Four quantum chemical calculations for hole and electron charge transfer were made 

within the UHF approximation according to consideration of Section 6.1.3. The neutral 
states of quaterthiophene were treated as singlets, while the positively and negatively 
charged states as doublets. 

6.3. Results and Discussion 

During the ab initio geometry optimization the conformation of quaterthiophene 
molecules remained almost planar. It was earlier discussed (see Chapter 2, section 2.2) 
that with more elaborate quantum chemistry methods which include the electron 
correlation effects (MP2, hybrid DFT functionals) it may be shown that the absolute 
energy minimum corresponds to a non-planar conformation with torsion angles of C-C 
bonds connecting the adjacent thiophene rings of around 150º. However, at our level of 
consideration we suppose the quaterthiophenes to be planar which might be justified by 
the fact that planar geometry favors the compact packing of thiophene moieties in to 
stacks as observed in the simulations of fibrils in Chapter 5. The planar geometry is both 
found in crystalline packing of quaterthiophenes. 

The transporting orbitals for positive charge carriers (HOMO) and for negative charge 
carriers (LUMO) in the optimized conformation of quaterthiophenes are further 
illustrated in Figure 57. 

 
Figure 57. a) Highest occupied molecular orbital (HOMO) of quaterthiophene, b) lowest unoccupied 

molecular orbital (LUMO) of quaterthiophene. 

 

6.3.1. Dependence of electron transfer integral on the relative position of 
quaterthiophenes 

In order to understand the dependence of charge transport efficiency between two 
quaterthiophene molecules on their spatial configuration intermolecular charge transfer 
integrals for various cofacial and laterally displaced dimers of quaterthiophenes were 
calculated. The transfer integrals are seen to play a central role in the understanding of 
transport properties in both the band and hopping regimes.  
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We started with constructing an in register aligned cofacial dimer from two molecules 
optimized in their non-charged states with varying distance between the planes of the 
molecules (Figure 58a). 

 

 
Figure 58. The figure illustrated displacement modes of molecules in a co-planar dimer of quaterthiophenes 

used to probe the dependence of electron coupling on relative positions of quaterthiophenes. (a) A cofacial dimer 
with varying distance between planes, (b) displacements along the long and short axis of the molecule. The sign 
of the orbital is represented by color either green or violet. 

 
The results of the calculation are presented in Figure 59. An exponential like decay of 

charge transfer integral can be observed which corroborates conventional view that 
molecular orbital overlap of two molecules decreases exponentially. The transfer integrals 
essential fade out at distances of more than 6 Å. It has also to be kept in mind that the 
electron transfer rates according to eq. (6.4) depend on the square of the transfer integral 
thus making the decrease in charge transfer properties with intermolecular separation 
even more abrupt. 

 

 
Figure 59. Dependence of the transfer integral for hole and electron charge transfer in a cofacial dimer of 

quaterthiophene depending on the interplane distance (z-direction). 

 
In our calculations the electron and hole transfer integrals in an ideally cofacial dimer 

are essentially of the same magnitude. This, however, differs from conventional views 
where as the hole transport is considered to be more prevalent for a cofacial organization 
of conjugated molecules. Brédas et al. [226] have reported the transfer integral values 
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calculated using HOMO/LUMO splitting technique within semi-empirical INDO 
methods being around 550 meV for electron transport and 750 meV for hole transport for 
a cofacial dimer of quaterthiophene with 4.0 Å separation between the planes. Within our 
method both values are around 100 meV. This discrepancy might be explained by the 
different methods (semi-empirical vs ab initio) used to evaluate the energy and overlap of 
Hartree-Fock orbitals. Particularly the INDO method, being a semi-empirical method 
parameterized upon experimental data, implicitly includes the electron correlation effects 
which were neglected in our ab initio calculations. The absolute values of transfer 
integral in our case are several times lower than that predicted with the INDO method; 
however, the qualitative behavior of transfer integrals depending on intermolecular 
separation is in good agreement. 

The dependence of transfer integral upon the lateral displacement of molecules in a 
dimer at fixed interplane separation (3.5 Å) is further presented in Figure 60a,b. The 
value of chosen interplane separation corresponds to that found in fibrillar simulations in 
Chapter 5 (see Table 4). For the lateral displacement in the long axis direction (Figure 
60a) the transfer integrals exhibit a strongly oscillating behavior with different 
periodicities for electron and hole transfer integrals. Surprising is the fact of strong 
oscillations with displacement: even for small displacements around 1 Å the values of 
hole transfer integrals may drop almost to zero, while for considerably long 
displacements (around 7.5 Å – half of the quaterthiophene length) the transfer integrals 
may be still half of the maximum value. 

For the displacement along the short axis (y-direction) from the ideal cofacial 
configuration again the non-monotonic behavior of the transfer integrals can be seen 
(Figure 60b). The transfer integral for electrons vanishes already at 2 Å displacement but 
then again returns to significant values at 4 Å, while the transfer integral for holes decays 
almost monotonically to zero at 4 Å. It should be noted, however, that simultaneous 
displacement in x-direction may change the picture and it would be too prematurely to 
think that the electron transport dominates at high lateral displacements of 
quaterthiophenes along the short axis. 

The rational explanation for such non-monotonically behavior of transfer integrals 
upon lateral displacements in conjugated oligomers may be addressed through the 
analysis of the shape of frontier orbitals of the isolated units and the interaction pattern 
between the HOMO (LUMO) wave functions of the two molecules [226]. 

 

 
 
Figure 60. Dependence of the transfer integral for hole and electron charge transfer in a coplanar dimer of 

quaterthiophene depending on the displacement along (a) the long axis of the molecule (x-direction) and (b) 
short axis of the molecule (y-direction). The distance between the planes is fixed at 3.5 Å. 

 
The important consequence of the obtained results is that small translations in relative 

positions of quaterthiophene molecules can lead to drastically different charge mobilities 
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and the prevalence of charge transport mechanism (hole or electron transport) is also 
highly dependent on the molecular arrangement. 

 

6.3.2. Charge mobility in different fibrillar aggregates formed by thiophene‐peptide 
hybrids 

Further we aimed at analyzing the electron transfer properties of the different fibril 
types formed by hybrid thiophene-peptide diblock oligomers. For this purpose we used 
the data on quaterthiophene arrangement obtained from solution simulations of various 
types of fibrils (see Section 5.4.1, Table 2). Three fibril types were analyzed: single layer 
fibril based on parallel arrangement of the -sheets (SL-PAR), double layer fibril based 
on parallel arrangement of the -sheets (DL-PAR), double layer fibril based on 
antiparallel arrangement of the -sheets (DL-AP). Since in all these arrangements the 
thiophene oligomers manifested high order of coplanarity and ordering we further based 
our transfer integral calculations on coplanar dimer as in previous subsection. Here we 
assume that the direct effects of conjugation with the peptide part of the hybrid molecule 
on the electronic properties of quaterthiophenes might be neglected. The average relative 
positions of adjacent thiophene molecules in the fibril we taken to construct the dimer 
charge transfer complexes. It has to be noted that within this approximation 
conformational disorder connected with the fluctuations of thiophene moieties around 
their relative positions is not taken into account, which might additionally hinder the 
charge transfer. Moreover, we assume that the statistical distribution of the parameters 
describing thiophene positions is rather narrow thus allowing us to use one representative 
calculation based on averaged relative configuration of thiophenes moieties rather than 
making an ensemble average over all different configurations of thiophenes found in 
simulations. 

The transfer integral calculations for thiophene arrangements from different types of 
fibrils are presented in Table 5. 

 
Fibril type Average 

displacement 
x, Å 

Average 
displacement 
y, Å 

Average 
displacement 
z, Å 

Transfer 
integral for 
holes, meV 

Transfer 
integral for 
electrons, 
meV 

SL-PAR 1.4 3.7 3.46 24 35 
DL-PAR 2.0 3.3 3.55 37 2 
DL-AP* 2.9 2.4 3.47 17 43 

* - for the antiparallel arrangements the quaterthiophenes were also rotated by 180º 
around the long axis (x-direction) of the molecule. 

Table 4. Average conformation parameters of adjacent quaterthiophene moieties found during simulations 
of various types of fibrillar aggregates (see Chapter 5) and the corresponding transfer integrals for charge 
mobility calculated using quantum chemistry methods. 

 
All values of transfer integrals are significantly (5-10 times) lower than those of an 

ideally cofacial dimer. This, however, is not surprising since the ideally cofacial dimer is 
by itself an artificial construction, it is energetically non favorable configuration due to 
electrostatic imbalance of the in register interacting partial charges of atoms of two 
molecules. Further distortion from an ideal configuration comes from the intermolecular 
organization of the fibrils and the interaction with the peptide part of the fibril. It may be 
seen that principally analogous arrangements SL-PAR and DL-PAR – exhibit drastically 
different electron transfer integrals resulting from a small difference in lateral 
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displacements of conjugated molecules (0.6 Å in x-direction and 0.4 Å in y-direction). 
The highest transfer integral is observed for the electron transfer (43 meV) in DL-AP type 
fibril, a characteristic feature of this arrangement is that the thiophene moieties are not 
only displaced but also arranged in the antiparallel fashion. 

Since the transfer integral appear to be a very fluctuating function of the molecular 
arrangement the exact values reported here (taking into consideration the intrinsic error of 
molecular mechanics model) should not be treated ultimately, however, they show that 
the transfer integral in the order of 10-50 meV might be observed in such fibrils. 
Assuming also that our method likely underestimates the transfer integrals by 5-7 times, 
values of 50-200 meV might be supposed when comparing our results with the INDO 
calculations for congener systems [226]. 

 

6.3.3. Absolute values of charge mobility in thiophene nanowires 

Based on the calculations of transfer integrals it is worthwhile to make theoretical 
estimations of the possible charge mobility in simulated fibril morphologies. An 
important parameter here is the reorganization energy. The estimates of the inner 
reorganization energy are presented in Table 5, the values of 0.46 eV for hole transfer and 
0.36 eV for electron transfer were obtained. 

 
 

Transfer 
type 

Energy: 
neutral state -- 
neutral 
conformation, 
eV 

Energy: 
charged state -
- neutral 
conformation, 
eV 

Energy: 
neutral state -- 
charged 
conformation, 
eV 

Energy: 
charged state -
- charged 
conformation, 
eV 

Reorganization 
energy, eV 

Holes -59901.0 -59895.18 -59901.18 -59895.82 0.46 
Electrons -59901.0 -59901.18 -59901.23 -59901.77 0.36 

Table 5. Reorganization energy during electron or hole transfer between two quaterthiophene molecules. 

 
We further make use of eq. (6.4,6.7,6.8) to estimate the Marcus rate constant of 

charge transfer varying equation parameters within the range of the calculated ones and 
using two different electric field magnitudes. The charge carrier mobilities are than 
calculated according to equation: 

 /v E   (6.9) 
where E is electric field magnitude, and v the average charge velocity. We assume 

that electric field is oriented perpendicular to the plane of thiophene molecules. 
The charge mobility estimations according to the Marcus theory are presented in 

Table 6. Firstly, it is seen that no dependence of charge mobility on the electric field in 
the range typical for technological applications (10-1000 V/m) is observed. The linear 
dependence of charge transfer rate on the electric field (and hence the constant charge 
mobility) follows directly from the Marcus formula eq. (6.4) as an asymptotic expansion 
as long as the site energy difference generated by electric field is much less than the 
reorganization energy. In our case the field as strong as 109 V/m is required to generate a 
site energy difference term compared to the reorganization energy term. 
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Reorganization 
energy, eV 

Transfer integral, 
meV 

Electric field, V/m Charge mobility, 
cm2/(V*s) 

0.4 50 100 3.3*10-2 
0.4 50 1000 3.3*10-2 
0.4 200 100 5.2*10-1 
0.4 200 1000 5.2*10-1 
0.5 50 100 1.1*10-2 
0.5 50 1000 1.1*10-2 
0.5 200 100 1.8*10-1 
0.5 200 1000 1.8*10-1 

Table 6. Charge mobility in fibrils formed of thiophene-peptide oligomers depending on reorganization 
energy, charge transfer integrals and electric field. 

 
The influence of reorganization energy on the charge mobility is profound, increase of 

reorganization energy by 0.1 eV results in more than an order of magnitude decrease in 
charge mobility. This points out the extreme significance of correct reorganization energy 
estimations and both the importance of influence of surrounding medium and the 
accounting for the outer reorganization energy for reliable charge mobility estimations. 
The dependence of charge mobility on the supposed range of charge transfer integral 
values (50 to 200 meV) is also within an order of magnitude. 

The absolute values of estimated charge transfer mobilities span the range of 10-1-10-3 

cm2/(V*s) which is promising since this is more than is usually found in disordered 
polymer systems [240], however, for technological applications the charge mobilities at 
the upper bound of this interval are desired which might still be a challenge for real 
fibrillar systems assuming additional hindrance of charge mobility may occur due to 
conformational disorder and the influence of surroundings on the reorganization energy. 

 

6.4. Conclusions 

In the present chapter the charge transfer between quaterthiophene molecules in the 
framework of Marcus theory was studied. The dependence of charge transfer along the 
molecular wires formed by quaterthiophene stacks on the relative positions of adjacent 
thiophene molecules was elucidated. The thiophene morphologies obtained in molecular 
dynamics simulations of fibrils formed by specific thiophene-peptide oligomers were 
analyzed for their charge transporting properties. Estimations of charge mobilities 
depending on reorganization energy and charge transfer integrals were made. 

We find the high dependence of charge mobility on the peculiarities of molecular 
arrangement; the subtle details of molecular organization exert a profound influence on 
the (semi)conductive properties of the fibrils. The estimated potential charge mobilities in 
model fibrillar aggregates are promising for creation of nanowires with satisfactory 
conductance for technological applications. 
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Conclusion and Outlook 
 
In this thesis we have used a set of computer simulation methods to predict structural 

organization patterns of fibrillar aggregates formed by oligothiophene-oligopeptide 
hybrid molecules as well as to study their properties and organization principles. As an 
object under study a specific PEO-functionalized alkylated quaterthiophene-β-sheet-
peptide diblock oligomer was used for which experimental data was available. By 
comparing the behavior and properties of fibrils based on various intermolecular 
arrangements we were able to suggest the likely molecular model of the fibrillar structure 
seen in experiment but, more significantly, to reveal the interplay between the 
arrangement of thiophene and peptide moieties at the molecular level, the supramolecular 
morphology of the fibrils, their experimentally and technologically important properties 
as well as develop the rational understanding of further research strategies in the field of 
thiophene-peptide aggregates. 

We find that the scaffold formed by aggregation of peptide part of the hybrid 
molecules into amyloid-like fibrils is a promising way to create 1D (semi)conducting 
structures, which may be further used in the field of organic electronics, sensor design or 
even creation of biocompatible electric interfaces with the cell membranes. However, the 
self-assembly process appears to be a very versatile one with significant dependence of 
molecular organization on the subtle differences in chemical structure and environmental 
conditions. These subtle details of molecular organization (as was shown in Chapter 6) in 
turn exert a profound influence on the (semi)conductive properties of the molecular wires. 
The robustness of the aggregates may also vary. In order to further push the idea towards 
the technologically applicable results considerable effort both experimental and 
theoretical has still to be invested. In this thesis we have outlined a combined 
experimental/theoretical methodology highlighting the possibilities to incorporate 
experimental data into theoretical models, validate them and provide feedback for further 
experimental trials. Further improvements to this methodology might include at the 
theoretical side (i) tuning of molecular force fields to be able both accurately represent 
the biological and synthetic moieties, (ii) further development of methods for large scale 
simulations of fibrillar aggregates including implicit solvent models in combination with 
DPD-like thermostats, (iii) development of automatic structure prediction methods which 
will incorporate the experimental constraints and be able to assess free energy differences 
between various molecular arrangements; at the experimental side setups and protocols 
have to be tuned and developed that will allow to gain additional structural insight into 
the organization of the aggregates with such methods as X-ray diffraction, IR 
spectroscopy, AFM, NMR, etc. 

We would like to mention that the combined research approach developed here is also 
applicable to reveal the structure and properties of general class amyloid-like fibrils, 
which are now under active research in biology, medicine and nanotechnology. As a 
follow up to this work we are now applying this methodology to reveal the structure of a 
particular type of peptide fibrils found to enhance the retroviral transfection in biological 
cells. 
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