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ABSTRACT

SPECTROSCOPY OF POLARONS IN ORGANIC SEMICONDUCTORS:

A NEW THEORETICAL MODEL

by

Raja Ghosh

DOCTOR OF PHILOSOPHY

Temple University, AUGUST, 2019

The spectral line-shape of the mid-IR absorption spectrum provides valu-

able information about the “hole” polaron coherence length in doped and un-

doped conjugated polymer films. In poly(3-hexylthiophene) (P3HT) films the

spectrum generally consists of a narrow, low-energy peak A (700-1000 cm−1)

followed by a much broader, higher-energy peak B (2500-5000 cm−1). Using

a theory based on the Holstein Hamiltonian for mobile holes in P3HT, the

IR line-shape is successfully reproduced for several recently measured spec-

tra recorded in doped and undoped films, confirming the association of an

enhanced peak ratio (A/B) with extended polaron coherence. Emphasis is

placed on the origin of components polarized along the intra- and inter-chain

directions and their dependence on the spatial distribution of disorder as well

as the position of the dopant relative to the π-stack. The model is further

adapted to treat donor-acceptor copolymers where the local HOMO energy

varies periodically from donor unit to acceptor unit. The calculated line shape

for a diketopyrrolopyrrole-based copolymer agrees well with the recently mea-

sured spectrum.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Charge/Polaron transport in organic semiconductors has received a lot of

attention over the last three decades [1–6]. Most optoelectronic devices in the

market nowadays such as organic light emitting diodes, organic solar cells and

field effect transistors work by moving charges through an electrostatic poten-

tial. In solar cells, a low carrier mobility negatively affects power conversion

efficiency. In addition, low and unbalanced hole and electron mobilities reduce

the power efficiency of light-emitting diodes. Finally, the switching speed of

a transistor is directly linked to the carrier transit time through the channel,

which is directly proportional to its mobility. Therefore it is absolutely crucial

that we understand the science and the underlying principles behind charge

transport; so that we can come up with better design principles to improve

structure property relations.

One of the reasons conjugated polymers have attracted much attention in

the last two decades is the fact that synthetic chemistry promises to produce a

nearly limitless library of materials that do not exist in nature and whose func-

tionality can be tailored by molecular design: the challenge becomes knowing

what molecules to synthesize. Charge transport is a multi-scale process that

involves many aspects of the polymer microstructure, from molecular-scale
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charge transfer events to meso-scale percolation through preferential paths.

This complexity has made it difficult to extract rational design rules linking

the molecular structure of the conjugated polymer to its carrier mobility in

thin film form. Recent experimental and theoretical breakthroughs however

have fundamentally changed this landscape.

It was believed for a long time that the main strategy to obtain high mo-

bilities in conjugated polymers was by achieving high degree of microstructure

crystallinity. However, recent discovery showing disordered polymers having

very high mobility seems to have contradicted this claim. The microstructure

problem was resolved recently and Salleo and coworkers found that a high

degree of crsytallinity helps but is not a necessity to achieve high mobility.

Rather local, short range order in conjunction with crystalline connectivity

between them is absolutely vital in order to attain high mobility. The crys-

talline regions are interconnected via “tie chains” which facilitates the charge

to efficiently move around the polymer matrix thus enabling higher mobility.

In order to harness the energy of moving charges, we first need to create the

charges in organic semiconductors. Charges can be created either by adding

an electron to the antibonding orbital or by taking away an electron from the

bonding orbital. When an electron is removed from the bonding orbital, the

spatial distribution of the electron cloud in the strongly bound σ orbitals is

modified considerably. This alters the bond lengths in the molecule yielding a

cation geometry that is slightly different from the neutral molecule. A similar

situation arises for the anion created upon reduction of the neutral molecule.

There are several ways we can generate polarons/charges and capture polaron

absorption in organic semiconductors:

1. Photo-induced absorption spectroscopy, a very popular pump probe

technique, can be used to create charges in organic semiconductors. Photo-

induced absorption spectroscopy has been widely used to investigate charge

transfer processes in various kinds of dyes, polymers and organic devices. In

organic light-emitting diodes (LED), electrons can be readily injected or ex-

tracted at the metal electrode-molecule interface.
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2. Molecular doping is another efficient technique to create mobile holes.

Introducing free charge carriers in organic semiconductors increases the con-

ductivity and the overall performance of these materials. Molecular dopants

can be classified into N-type (electron-donating) and p-type (electron-withdrawing)

molecular dopants. P-type molecular dopants, having high electron affinity,

such as iodine, bromine, chlorine or 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(F4-TCNQ), can oxidize a typical organic semiconductor such as poly(p-phenylene)

derivatives, leaving them positively charged. N-type doping is however less

common due the oxygen-rich nature of the Earth’s atmosphere.

3. Charge Modulation spectroscopy is another powerful and unique tech-

nique to capture polaron absorption in conjugated polymers.

1.2 Optical Signatures of Polarons: Conven-

tional Interpretation

Figure. 1.1: The bandgap of semiconducting polymers like P3HT lie between 2-3 eV.

Semiconducting polymers like poly(3-hexylthiophene) or P3HT shown in

Fig 1.1a generally have an optical band gap of 2-3 eV. As a result, the ab-

sorption spectrum in regular polythiophenes shows a single peak in the range
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between 2-3 eV. However, the absorption spectra changes dramatically in the

presence of a polaron. In what follows, we briefly describe the conventional in-

terpretation of how positively charged polarons (holes) impact the absorption

spectrum, from the mid-IR up through the near-IR.

1.2.1 Single Chain Polaron

Figure. 1.2: (a) Schematic showing the formation of mid-gap states, P1 and P2, between the

valence band and the conduction bands in the presence of a positively charged polaron(hole).

(b) The absorption spectrum of regioregular P3HT doped with iodine shows the formation of

the two main peaks, P1 and P2

Polarons can be generated in a polymer film either by photoexcitation,

doping or by electrochemical methods. In the conventional adiabatic descrip-

tion, the formation of a polaron in a conjugated polymer chain is accompa-

nied by the creation of two mid-gap states, one slightly above the valence

band and one slightly below the conduction band, leading to additional mid-

and near-infrared peaks (labelled P1 and P2) in the absorption spectrum(see

fig. 1.2a). [7] The appearance of mid-gap states are due to lattice distortions

(electron-vibrational coupling) and thus, generation of polarons results in the

formation of two new optically allowed transitions. Vardeny and coworkers [8]
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showed that the absorption spectrum of regio-regular P3HT films doped with

iodine contains two main peaks, P1 at 0.45 eV and P2 at 1.3 eV with as-

sociated Infrared active vibrational modes(IRAVs) between 0.1-0.2 eV. The

presence of the dopant counter-anions in addition to the inherent disorder

present in the films localizes the hole to a single P3HT chain. Similar spectral

signatures were also observed in regio-random P3HT films which do not show

any evidence of π-stacking. Thus the spectral signatures shown in fig. 1.2b

are generally associated with one-dimensional (1D) polarons. In P3HT, such

peaks have been detected using transient absorption spectroscopy [9] [8] and

charge modulation spectroscopy [10] [11] [12].

1.2.2 Interchain Polaron

Figure. 1.3: Schematic represantation of a P3HT π-stack
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In the semicrystalline phase, P3HT exhibits lamellar packing, in which the

thiophene backbones form π-stacks separated by alkyl-rich layers containing

the hexyl side-chains (see fig. 1.3). As the π-stacking distance is only 3.8

Å, interchain interactions become important in exciton and polaron trans-

port - indeed there is convincing evidence of two-dimensional (2D) polaron

delocalization (along the polymer backbone and along the π-stacking axis)

from transient pump-probe spectroscopy [9] [8] and charge modulation spec-

troscopy [10] [11] [12]. Interchain interactions result in additional peaks in

the polaron absorption spectrum; a low-energy, infrared peak (referred to as

Delocalized Polaron, DP1) due to a direct charge transfer transition between

chains, and a higher energy, near-infrared partner (DP2). Both peaks arise

from splitting of the main intrachain polaronic bands, P1 and P2, due to inter-

chain interactions as shown in fig. 1.4a. The peaks P1, P2, DP1 and DP2 have

been labelled in fig. 1.4b. The dominant low energy peak is mainly attributed

to interchain interactions. However, we will show later in this thesis, that this

interpretation is over simplified and that generally the low-energy peak also

contains (and can even be dominated by) intrachain polarized polarons.

Figure. 1.4: (a)Interchain interactions in regioregular P3HT films result in the formation

of additional peaks in the absorption spectrum.(b) The photoinuced absorption spectrum

of regioregular P3HT shows a dominant DP1 peak which has been attributed to interchain

interactions.
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1.3 Bound and Unbound polarons

As we have seen, a polaron (missing electron) is just a radical ion as-

sociated with lattice distortions. This results in the formation of localized

electronic states in the gap between the valence and conduction bands, re-

ferred to as “Polaron states”, P1 and P2. Polarons that are generated either

optically [9] [8] [13] or electrically [10] [11] [12] are free to move around in the

polymer matrix and are referred to as “unbound” polarons. Polarons can also

be generated chemically by introducing a molecular dopant having a higher

electron affinity compared to the ionization energy of the polymer film. When

this condition is satisfied, the electron is transferred from the HOMO of the

polymer to the LUMO of the the molecular dopant, thus creating a mobile

polaron/charge in the polymer. This polaron is “bound” coulombically to the

static dopant counteranion and is referred to as “bound” polaron. The mid-

IR spectral signatures of “unbound” and “bound” polarons are very different.

We also show for the first time that the infrared spectral signatures of bound

and unbound polarons can be used to extract valuable information about the

polaron coherence both along the polymer backbone and along the stacking

direction.

Unbound polarons

There exists a vast collection of experimental literature describing the spec-

tral features that arise in the IR absorption spectrum of undoped P3HT films.

[8–15] The strong dependence of the mid-IR absorption spectrum on sample

morphology is well-documented in P3HT films since the pioneering studies of

Vardeny and coworkers [8,9] and Sirringhaus and coworkers. [12] [14] [10] [16]

In such films, free polarons (i.e. unbound to a dopant anion) are generated

either optically using a strong pump beam [8,9] to excite excitons (which sub-

sequently dissociate at defect sites), or electrically via a field-effect across a

gate dielectric [12] [14] [10] [16]. A recent investigation by Brabec and cowork-
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ers very effectively portrays the dramatic changes in the mid-IR spectral region

exhibited by P3HT films of varying crystallinity. [13] The experimental spec-

trum for a highly disordered and amorphous film of regio-random (RRa) P3HT

as well as the spectrum for a far more ordered, crystalline film of regio-regular

(RR) P3HT are shown in Figure 1.5. In RRa P3HT, aggregation is prevented

as the chains are riddled with torsional defects due to the irregular positons of

the hexyl side chains. The intramolecular disorder results in localized polarons

likely limited to only a small number of thiophene units. The associated spec-

trum shows a broad, featureless peak around 0.5 eV which has been referred

to in the literature as the intrachain polaron absorption peak P1, [13] [9] [8]

and C1 [12] [14], [11] [10]. There is also a weaker, lower energy peak in the in-

terval 0.10-0.15 eV, over which is superimposed a cluster of very narrow peaks

derived from infrared active vibrational modes or IRAVs, discussed in much

greater detail in ref [9]. From hereon, we will refer to the low- and high-energy

peaks as A and B, respectively in this thesis.

Figure. 1.5: Photoinduced Absorption spectra of a series of P3HT films with varying crys-

tallinity
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Bound polarons

The optical properties of organic semiconductors can be fine tuned or mod-

ified by doping. One common way of doping is by adding n-type or p-type

molecular dopants to the polymer films. However, in order to be effective,

n-type molecular dopants need to have an ionization energy lower than the

electron affinity of the polymer films. This significantly increases their chances

of oxidation and hence n-type molecular dopants are challenging to use. On

the other hand, p type dopants like the fully fluorinated versions of TCNQ

have been successfully used to dope a wide variety of polymer films. In the

case of p-type dopants, the electron is transferred from the energetically higher

lying filled HOMO of the polymer to the lower lying LUMO of the dopant thus

creating an ion pair (see fig. 1.6). The electron-withdrawing (hole-generating)

molecule, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), which

hosts a lowest unoccupied molecular orbital (LUMO) of -5.2 eV (vs vacuum),

has emerged as one of the most popular hole-generating dopants for conjugated

polymers. However using F4TCNQ can be problematic; i) low sublimation

temperature can cause contamination of vacuum chamber and partial doping

of samples thus reducing doping efficiency and ii) F4TCNQ can easily diffuse

into P3HT films in the presence of an external electric field. These problems

can be avoided by using bulky dopants like DDB-F72, C60F36 and F6TCNNQ.

Bulky dopants have higher sublimation temperature and do not diffuse in the

the presence of an external electric field.
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Figure. 1.6: Schematic showing electron transfer from the HOMO of a host polymer film to

the LUMO of p type dopant, F4TCNQ

Molecular dopants [17, 18] enhance the performance of a wide variety of

polymer-based optoelectronic devices, including light emitting diodes [17, 19],

solar cells [20,21] and field effect transistors (OFETS) [22–24] Moreover, chem-

ical doping is finding increased applications in the field of organic thermo-

electrics [25–27] and has resulted in a considerable increase in conductiv-

ity. [28,29] However, low doping efficiency [30–32] is an area of major concern.

Dopant aggregation, strong coulomb binding and trapping of free holes due to

inherent disorder are all responsible for low fraction of charges contributing to

transport. [33] [28]
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Figure. 1.7: Measured IR spectra of sequentially-processed P3HT films cast from chloroform

(blue curve), o-dichlorobenzene (green curve), and 100 % RR P3HT (red curve) doped with

1 mg/mL F4TCNQ. Reprinted with permission from ref [34]. Copyright 2017, John Wiley

and Sons.

The spectral signatures of F4TCNQ doped P3HT films shows similar trends

like undoped P3HT films. As exemplified by the spectra taken from ref [34] and

displayed in Figure 1.7, the IR spectrum of a dopant-induced hole is dominated

by a featureless, broad peak (labeled B in fig. 1.7), with a maximum occurring

in the range of 0.35-0.60 eV, depending on sample morphology. As shown in

ref [34], the peak position is sensitive to crystallinity, with the most redshifted

spectrum belonging to the most ordered form of P3HT.

The IR spectrum of doped P3HT also shows a lower-energy peak (labeled

A in Fig. 1.7) at approximately 0.150 eVs, [35] [34] which is narrower and

attenuated compared to its higher energy partner (peak B). As shown in the

figure, peak A spectrally overlaps a cluster of much narrower peaks derived

from IR-active vibrational modes or IRAVs. [8] [9] These are Raman active

modes made IR-active by hole-induced symmetry breaking. In doped films,

measurements from the Schwartz group show peak A red-shifts and substan-
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tially increases in intensity with increasing crystallinity. This behavior is con-

sistent with observations involving (unbound) holes in the absence of dopants

by the Brabec group(see fig. 1.5: Moreover, peak A also increases with MW

as the films become more ordered, leading to substantial increases in hole

mobility. [36] [37]

1.4 Polaron Coherence

The polaron coherence length can be thought of as the range over which the

hole’s motion can be considered wave-like; large coherence lengths are associ-

ated with more ordered packing and higher charge mobilities, ideal conditions

for device applications such as solar cells and field-effect transistors. How-

ever, the unambiguous measurement of electronic coherences has been a sub-

ject of considerable controversy: room-temperature temporal coherences have

ultrashort (sub-picosecond) lifetimes and the ranges over which spatial coher-

ences are established are extremely small, on the order of a few nanometers

or less, due to the inherent disorder characteristic of many organic materials

like conjugated polymer films. Moreover, some of the methods used to detect

coherences are challenging to interpret; for example, electronic (vibronic) co-

herences present in the cross-peaks of an electronic two-dimensional spectrum

interfere with vibrational coherences. [38, 39]. In this thesis, we show how

information about polaron coherence can be obtained from the hole infrared

absorption spectrum. To put it simply, from experimental measurements of

infrared absorption spectrum, one can extract quatitative information about

polaron coherence in the sample; both along the polymer backbone and in be-

tween chains. We seek to understand how the generally anisotropic hole coher-

ence length depends on morphology in thin films of semiconducting polymers.

We also investigate how the presence of dopant counteranions in the polymer

matrix affect the shape and size of polarons. Although excitons and polarons

are similar in some respects, they are affected quite differently by disorder,

and the question as to how extensive hole delocalization is in semiconducting
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polymer films naturally arises. The answer to this question is the one of the

main goals of this thesis.

1.5 Brief Overview of our Theoretical Approach

Our theoretical approach to be described in detail in the following chapters,

is based on the Holstein Hamiltonian and yields nearly quantitative reproduc-

tions of the measured infrared line shapes of doped and undoped homopoly-

mers as well as donor acceptor copolymers. Additionally, we employ the theory

to investigate the nature of hole coherence in P3HT films. We utilize the multi-

particle basis set [40] [41] [42] truncated at the two-particle level, which allows

us to account for both local and non-local nuclear distortions surrounding the

hole. The basis set is analogous to that used to successfully account for the

photophysics of excitons in P3HT π-stacks. [43] [44] [45] [46] [47] We focus on

the case of a single hole confined to a two-dimensional lattice with electronic

coupling between adjacent HOMOs along and across chains.

Several previous theories have been advanced to account for the effect of

interchain coupling on polarons in conjugated polymers films. [11] [14] [48]

[49] [50] The general consensus of the early works was that disorder is needed

to localize the polaron wave function to the point that self-trapping is possi-

ble. [49] [50] The more recent works of Beljonne et al. [14] and Chang et al. [11]

investigated the infrared spectral signatures of interchain coupling. In ref [14],

the polaron absorption spectrum was evaluated for a cationic PPV dimer using

quantum chemical techniques revealing the presence of a low-energy peak po-

larized along the interchain axis with an absorption cross-section proportional

to the peak absorption energy. A nonadiabatic analysis based on charge trans-

fer between a single donor chain and a single acceptor chain was later employed

by Chang et al. [11] Their approach mirrors that of Piepho et al. [51] [52] [53]

used to investigate mixed-valence CreutzTaube complexes. [54] One of the ma-

jor advantages of our approach to charge transfer over the more conventional

theories of Hush [55] and Piepho et al. [51] [52] [53] is that the latter are lim-
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ited to just two coupled chromophores, that is, a donor-acceptor pair. With

current computational facilities, we can investigate lattices as large as 10X10,

that is, 100 coupled chromophores, all of which participate in nearest-neighbor

hole hopping mediated by vibronic coupling.

Although the theories of refs [14] and [11] shed important light on the

more general features of polaron absorption, they were unable to capture the

vibronic structure present in the measured spectra. Moreover, neither work

considered the profound influence of disorder. We investigate diagonal and off-

diagonal disorder with variable spatial correlation lengths defined both along

the polymer axis and along the stacking axis and perform configurational av-

eraging over thousands of realizations of disorder in order to accurately obtain

the mid-IR polaron absorption spectrum and the associated polaron coher-

ence function. Diagonal disorder is manifest as a distribution of hole site

energies, while off-diagonal disorder arises from a distribution of intrachain

and interchain couplings. Disorder arising from changes in the π-stacking dis-

tance, often referred to as paracrystallinity, [56] [57] [58]plays a major role in

limiting hole mobility and has been shown to depend strongly on the poly-

mer molecular weight. [56]. Another major difference between our theoretical

model and earlier theories is we identify certain spectral signatures which di-

rectly correlate to the spatial coherence properties of the polaron. This is very

important because we can in principle derive mobility directly from the IR

spectrum. The lattice sizes used by us are large enough to achieve complete

spectral convergence for sufficiently large disorder. The different types of dis-

order models used in this thesis and their impact on the absorption spectrum

will be explained in greater detail in chapter 2 and chapter 3 respectively.

There is currently no other theory which can get quantitative fits to ex-

perimental measurements. With the convincing comparison to experiments

in hand, we also provide fundamental insights into the nature and origin of

the polaron peaks which differs from the conventional mid-gap polaron theory

popular in literature and explained in the previous sections.
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1.6 Overview of the Thesis

This thesis addresses the following important issues:

• What is the spatial extent of polarons in doped and undoped organic

semiconductors?

• What is the anisotropy of the polaron coherence - what are the coherence

lengths along the polymer backbone and across chains?

• What is the origin and nature of the mid-Infrared polaron peaks?

• How can we extract information about the polaron coherence directly

from the mid-IR absorption spectrum? Are there spectral signatures

which indicate small vs. larger coherence lengths?

• How does disorder and microstructure play a role in charge transport

processes in organic semiconductors?

• Can we predict what molecular structures will give rise to the highest

mobilities in conjugated polymers?

This thesis is structured as follows:

• Chapter 21: Based on a lattice model consisting of a 2D array of thio-

phene units linked electronically along the polymer axis (tintra) and be-

tween adjacent chains (tinter), a disordered 2D Holstein-style Hamilto-

nian is developed. The Hamiltonian includes vibronic coupling involving

the polaron-forming vibrational mode responsible for aromatic/quinoidal

oscillations. The Hamiltonian treats the potential energy and nuclear ki-

netic energy derived from the aromatic-quinoidal stretching mode fully

quantum mechanically, thereby differing from conventional Born-Oppenheimer

descriptions present in the literature. The multiparticle basis set is also

discussed elaborately.

1Reprinted with permission from Ghosh, R.; Pochas, C. M.; Spano, F. C., “Polaron
Delocalization in Conjugated Polymer Films”, J. Phys. Chem. C 2016, 120(21), 11394-
11406. Copyright 2016 American Chemical Society



16

• Chapter 32,3: The theory of Chapter 2 is used to investigate the spa-

tial coherence length of polarons in disordered conjugated polymer films,

revealing a simple relationship between the oscillator strength of the mid-

IR absorption band and the polaron coherence function. Applications are

made to positively charged polarons or holes in poly(3-hexylthiophene)

π-stacks where polaron delocalization occurs in essentially two dimen-

sions: along the polymer axis (x axis) and along the interchain stacking

axis (y-axis). Spectral signatures are identified which can be used to

extract the polaron coherence lengths both along the polymer backbone

and along the stacking directions. We investigate the role of molec-

ular weight, microstructure and disorder in charge trasport processes.

Calculated spectral line shapes are in very good agreement with previ-

ously published experimental charge-modulated spectra from Sirringhaus

group [10] as well as with the recent measurements from Salleo [37] and

Brabec [13] groups. By comparing our theoretical simulations of the

IR polaron absorption spectrum with polarized CMS measurements on

P3HT films having different microstructures we have also determined the

intrachain polaron coherence length for the first time and show how it is

affected by disorder.

2Reprinted with permission from Ghosh, R.; Chew, A. R.; Onorato, J.; Pakhnyuk, V.;
Luscombe, C. K.; Salleo, A.; Spano, F. C., “Spectral Signatures and Spatial Coherence of
Bound and Unbound Polarons in P3HT Films: Theory Versus Experiment”, J. Phys. Chem.
C 2018, 122(31), 18048-18060. Copyright 2018 American Chemical Society

3Chew, A. R.; Ghosh, R.; Pakhnyuk, V.; Onorato, J.; Davidson, E. C.; Segalman, R.
A.; Luscombe, C. K.; Spano, F. C.; Salleo, A., Unraveling the Effect of Conformational and
Electronic Disorder in the Charge Transport Processes of Semiconducting Polymers. Adv.
Funct. Mater. 2018, 28 (41), 9. Copyright 2018, John Wiley and Sons.
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• Chapter 44: The model is extended to provide a quantitative descrip-

tion of the IR line shape for chemically induced (bound) holes in P3HT

films. The origin of the mid-infrared (IR) spectral features for hole ab-

sorption in doped poly(3-hexylthiophene) (P3HT) films is investigated

theoretically and and compared to experiments of our collaborators. In

sharp contrast to the conventional polaron theory, the theory presented

herein shows that the low energy peak in chemically doped samples is

not related to a self-trapped, mid-gap polaron state derived solely from

interchain coupling. We also develop spectral signatures to give insights

about the possible location of the dopant counteranions in the polymer

matrix. We back up our claims with convincing comparison to experi-

ments with the Salleo [35] [36] and Schwartz [59] groups.

• Chapter 5: The model is further adopted to treat copolymers where

the ionization potential varies periodically from donor unit to acceptor

unit. The calculated line shape for the copolymer DPP agrees well with

the recently measured spectrum of Hambsch et.al. [60]

• Finally we conclude by highlighting the main differences between the

model developed in the Spano group over the last 5 years compared to the

standard polaron models available in the literature. Hopefully this thesis

will shed new light on how we view polarons in organic semiconductors

and also convince the readers that we need to move on from the standard

mid-gap polaron theory which may have some drawbacks and is definitely

over-simplified.

4Reprinted with permission from Ghosh, R.; Chew, Luscombe, C. K.; Hambsch,
M; Mannsfeld, S.C.B; Salleo, A.; Spano, F. C., “Anisotropic Polaron Delocalization
in Conjugated Homopolymers and Donor-Acceptor Copolymers”, Chem. Mat. 2019.
doi:10.1021/acs.chemmater.9b01704 Copyright 2019 American Chemical Society
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CHAPTER 2

THEORETICAL MODEL

2.1 Holstein Hamiltonian

Figure. 2.1: A 6X4 P3HT π-stack. The nearest neighbor distances between thiophene units

along the polymer chain (dintra) and along the stacking axis (dinter) are approximately equal

to d = 0.4 nm.

A model P3HT π-stack is shown in Fig. 2.1. The polymer backbone is

taken to lie along the x-axis while the stacking direction is along y. Every
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thiophene unit is identified by the coordinate (m,n) indicating the mth thio-

phene unit on the nth chain. As has been demonstrated in previous works on

excitons [45] [61] and polarons [62], individual chains are treated in a course-

grained approximation; a hole on a given thiophene unit is taken to be a

missing electron in its local HOMO (see Fig. 2.2). The neighboring HOMOs

for adjacent units along the polymer backbone are coupled through the hole

transfer integral, tintra. In a π-stack of such chains, there is also significant

wave-function overlap between the HOMOs on neighboring units on adjacent

chains. The associated electronic coupling is represented by the interchain hole

transfer integral, tinter. Hence, electronic coupling induces two-dimensional de-

localization of the hole over the entire lattice. [9] [8]

Figure. 2.2: Course-grained model for polarons in a P3HT chain. Hole transfer is accompa-

nied by significant nuclear rearrangement along the aromatic-quinoidal stretching mode with

energy Ωvib = 0.17 eV and with Huang-Rhys factor λ2 = 1.

Unlike polymers like trans-polyacetylene, which have a degenerate ground

state (i.e the exchange of single and double bonds yield two geometries which

have the same energy), polymers like polythiophene have non-degenerate ground
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state. The exchange of single and double bonds yields two different geometries

having different energy (see fig. 2.3). The adiabatic potential energy in fig. 2.3

shows that the quinoidal structure has a higher energetic minima compared

to the aromatic geometry. The quinoid structure is in the higher excited state

while the aromatic structure is in the ground state.

Figure. 2.3: The adiabatic potential showing the quinoid structure to have a higher energetic

minima compared to the aromatic geometry.

In order to account for the nuclear relaxation accompanying the forma-

tion of a hole on a particular thiophene unit, we consider coupling to the

aromatic/quinoidal stretching mode, with frequency at 0.17 eV/h̄, which is re-

sponsible for pronounced vibronic progressions in the absorption and emission

spectra of aggregated P3HT [63] [64] [46]. Importantly, the coupling is treated

non-adibatically thereby going beyond the Born-Oppenheimer approximation.

To do so, we employ a site based Holstein Hamiltonian, where, in the simplest

scheme, the nuclear potentials for molecular vibrations in the ground (So) and

cationic (S+) states of a given thiophene unit are shifted harmonic wells of

identical curvature as shown in Fig. 2.4.
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Figure. 2.4: Harmonic potential wells of the ground and excited states. The excited state

(|e〉) nuclear equilibrium is shifted by the distance ∆0 relative to the ground state (|g〉)
nuclear equilibrium.

In the vector subspace containing a single hole within a MXN square

π-stack, the Hamiltonian is given by:

H0 =
N−1∑
m=1

M∑
n=1

tintra{d+
m+1,ndm,n + h.c}+

N∑
m=1

M−1∑
n=1

tinter{d+
m,n+1dm,n + h.c}

+h̄ωvib

N∑
m=1

M∑
n=1

b+
m,nbm,n + h̄ωvib

N∑
m=1

M∑
n=1

{λ(b+
m,n + bm,n) + λ2}d+

m,ndm,n

(2.1)

where h.c. means hermitian conjugate. The first term in eq. 2.1 governs

the intrachain polaron hopping along the polymer backbone while the second

term determines the interchain polaron hopping along the π-stacking direc-

tion. The operators d+
m,n and dm,n respectively create and annihilate a hole

on the mth thiophene unit of the nth chain. We make an approximation that

the nuclear potential wells associated with each electronic state are harmonic

oscillators having identical curvature. The second line in eq. 2.1 accounts for

local vibronic coupling involving the symmetric aromatic/quinoidal vibration
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with energy, h̄ωvib = 0.17eV . The operators, b+
m,n(bm,n), respectively create

(annihilate) a vibrational quantum on the mth thiophene unit of the nth chain

- the monomer at (m,n) - within the ground (S0) potential well. b+
m,n and

(bm,n) are respectively given by,

b+
m,n =

√
mωvib

2h̄
(x+

h̄

ωvib

dv

x
) (2.2a)

bm,n =

√
mωvib

2h̄
(x− h̄

ωvib

dv

x
) (2.2b)

The Huang-Rhys (HR) factor, λ2, represents the geometric relaxation en-

ergy experienced by a single thiophene unit upon oxidation (in units of h̄ωvib).

The HR factor is nonzero whenever the ground and cationic potential wells

are shifted relative to each other. For all simulations in this thesis, we have

set λ2=1. Finally, the Hamiltonian omits a constant term representing the

zero-point vibrational energy as well as the on-site polaron energy. As we are

only interested in transitions between eigenstates, such terms are unimportant

and can be neglected.

2.2 Modeling Disorder in polymer aggregates

Polymers are never really disorder free. Disorder in polymer π-stacks in-

cludes random changes in the site energy of the hole as well as changes in

the hole transfer integrals. Both forms of disorder are due to an inhomoge-

neous polarizing environment surrounding the hole as well as intrachain de-

fects. [65] [66]. Polymers in solution encounter conformational disorder due

to thermal fluctuations. Inhomogeneity can be manifest as variations in the

nearest-neighbor π-stacking distances, as occurs in paracrystalline films [56]

[67] [57] [58] accompanied by variations in the intramolecular torsional angles

within the polymer [56] [57] [58]. Such disorder can disrupt the π-conjugation

along the polymer backbone and at times completely break the conjugation.

Breaks in π-conjugation result in vanishing transfer integrals. Inhomogeneity
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may also arise from a spatially varying local electric fields. Thus, disorder in

polymers has a significant impact on their electronic properties.

In this section, we introduce different kinds of disorder models that have

been used extensively in this thesis. All such sources of aforementioned disor-

der are accounted for phenomenalogically. The various forms of disorder induce

random changes in the hole energy, ∆εm,n, for a hole located at position (m,n),

as well as variations of the hole transfer integrals: ∆tm,ninter denotes the random

deviation in the interchain coupling between monomer (m,n) and (m,n+ 1),

while ∆tm,nintra denotes the random deviation in the intrachain coupling between

(m,n) and (m + 1, n). The complete Hamiltonian for a disordered π-stack is

given by,

H = H0 +Hdiag +H inter
off−diag +H intra

off−diag (2.3)

where H0 was introduced in Eq.2.1 and the remaining terms will be ex-

plained in detail below.

2.2.1 Diagonal Disorder

Short- and long-range broadening represent the two extremes in spatial

correlation: in short-range broadening each ∆εm,n is selected independently

from a Gaussian distribution, P (∆εm,n), with standard deviation σ along a

chosen direction (i.e., along the polymer backbone or along the stacking axis),

P (∆εm,n) =
1√
2πσ

exp(−
∆ε2m,n)

2σ2
(2.4)

In the case of long-range broadening, all ∆εm,n, along a chosen direction

and within a given configuration are identical and equal to ∆εC (although ∆εC

is selected randomly from a Gaussian distribution of width σ). For a π-stack,

short- and long-range broadening along each of the two directions defines four

general cases, denoted as (a) LL (isotropic long-range): every thiophene unit

in the π-stack has the same energy shift within a given configuration of the

ensemble. (b) LS (long-range along the polymer axis, short-range along the
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stacking axis): For a particular configuration, every thiophene unit along the

polymer backbone has the same energy shift while thiophene units between

chains have random (spatially uncorrelated) energy shifts. (c) SL (short-range

along the polymer axis, long-range along the stacking axis): This is the ex-

act opposite of the LS model. Here, every thiophene unit along the polymer

backbone has randomly chosen energy shifts but all chains are identically dis-

ordered. and (d) SS (short-range along both axes). This is the most realistic

scenario among all the disorder models, where every thiophene unit in the

stack has independently and randomly chosen energy shifts. The cartoon rep-

resentation of the four general cases are depicted schematically in Fig. 2.5.

Every circle represents a thiophene unit. The radius of the monomer-unit cir-

cle at (m,n) is proportional to the magnitude of the site energy shift,|∆εm,n|.
The color of every monomer units indicates the sign of the deviation, ∆εm,n.
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Figure. 2.5: Schematic representations of the four spatial correlation limits of site disor-

der in a 6X6 π-stack for the: LL: isotropic long-range broadening; LS: long-range (short-

range) broadening along the polymer x-axis (π-stacking yaxis); SL: short-range (long-range)

broadening along the x-axis (y-axis); and SS: isotropic short-range broadening. The radius

of the monomer-unit circle at (m,n) is proportional to the magnitude of the site energy

shift,|∆εm,n|. The color indicates the sign of the deviation, ∆εm,n.

The diagonal disorder term of the Hamiltonian in eq. 2.1 is given by:

Hdiag =
N∑
m=1

M∑
n=1

∆m,nd
+
m,ndm,n (2.5)

The impact of the different kinds of disorder models on the mid-IR polaron

absorption spectrum and coherence will be discussed elaborately in chapter 3.

2.2.2 Off-Diagonal Disorder

As with diagonal disorder, off-diagonal disorder can also be short- or long-

range. Off-diagonal disorder in the intermolecular couplings derive from changes
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in the interchain separation. Without such disorder, all chains are separated

from their neighbors by the distance d (which for P3HT is approximately

0.4 nm). With paracyrstalline disorder the value of d can change randomly.

The change in separation between the nth monomer on one chain and the

nth monomer on its neighbor is denoted by ∆dn. In long-range broadening,

all ∆dn are the same within any given configuration (∆dn = ∆dC), although

∆dC remains randomly distributed. All the nearest neighbor distances are

equal to d + ∆dC within a given configuration, but ∆dC differs between con-

figurations. On the other hand, for short-range broadening, all of the ∆dn

are chosen independently of each other within each configuration. Short range

broadening can be of two types. In the first case, as shown in Fig. 2.6b, d

is spatially uncorrelated and there are generally five independent deviations,

∆dn(n = 1,2,3,4,5) within each configuration. However, we can have another

possibilty, which is also the more realistic scenario, where every inter-unit dis-

tance, d, between monomers on adjacent chains are different. Hence, within

a single configuration, for a 6X6 π-stack there are generally 30 independent

deviations. In both the cases, the d′s are selected radomly from a Gaussian

distribution with standard deviation, σd. The schematic representations of

paracrystalline disorder in a 6X6 π-stack is shown in Fig. 2.6. The impact of

increasing paracrystallinity disorder on the hole absorption spectrum will be

discussed in the next chapter.
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Figure. 2.6: Schematic representations of paracrystalline disorder in a 6X6 π-stack. In

long-range broadening (a) all nearest neighbor distances are equal to d+ ∆dC within a given

configuration, but ∆dC differs between configurations. (b) In short-range broadening, d is

spatially uncorrelated and there are generally five independent deviations, ∆dn(n=1,2,3,4,5)

within each configuration. (c) Similar to b but we have 30 independent deviations. In all

the three cases, the d′s are selected from a Gaussian distribution with standard deviation,

σd.

In paracrystalline π-stacks, the interchain coupling between chain n and

chain n+ 1 is given by [56] [58]

tinter(n) = t0interexp(−β∆dn) (2.6)

where d + ∆dn is the distance between the two chains and t0inter is the

coupling corresponding to ∆dn = 0. The factor β represents how rapidly the

interchain orbital overlap diminishes with increasing separation and was taken

here to be β = 2.35Å−1 , the value calculated using DFT in Ref. [58]. The
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deviation in the interchain electronic coupling appearing in Eq.2.8 is given by,

∆tn = tinter(n)− tointer (2.7)

The off-diagonal disorder terms of the Hamiltonian in eq. 2.1 are given by,

H inter
off−diag =

N∑
m=1

N−1∑
n=1

∆tm,ninter{d+
m,n+1dm,n + d+

m,ndm,n+1} (2.8)

H intra
off−diag =

N∑
m=1

N−1∑
n=1

∆tm,nintra{d+
m,n+1dm,n + d+

m,ndm,n+1} (2.9)

Fig. 2.7 shows a schematic illustration of a 6X6 π-stack having both site

disorder and paracrystallinity disorder. Every inter-unit distance, d, between

monomers on adjacent chains are different and every site has different energy

shifts.

Figure. 2.7: Schematic representations of SS diagonal disorder and SS paracrystalline dis-

order in a 6X6 π-stack.

2.3 Multiparticle Basis Set

The polaron-vibrational basis set can be extremely large which makes the

Hamiltonian in Eq. 2.1 very challenging to solve. The basis set size grows ex-
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ponentially with the number of vibrational quanta: if we accompany v vibra-

tional quanta with the electronic excitation, the number of ways of distributing

v vibrations and one electronic excitation over N sites is given by,

w(N, v) = N(N + v − 1)!/(N − 1)!v! (2.10)

The size of the basis set will be N for 0 vibrational quanta, N2 for one

vibrational quanta and N2(N + 1) for two vibrational quanta. As you can

see, the size of the basis set diverges exponentially and scale as N v+1 for v

vibrational quanta. The total no. of states with vmax vibrational quanta is

given by,

W (N, vmax) =
∑

v=0,1,,,,vmax

w(N, vmax) = N(N + vmax)!/N !vmax! (2.11)

As you can see from eq. 2.11, the basis set size is tremendously large and it

will be almost impossible to diagonalize the Hamiltonian with current memory

allotments in a reasonable amount of time. To address this problem, Michael

Philpott introduced a truncated basis set based on multiparticle states. The

multiparticle basis does a great job in obtaining the exact solutions for optical

observables like the absoprtion spectrum, photoluminscence etc. Such states

can be divided into several classes depending on the total no. of electronically

and vibronically excited chromophores. Let us look into the different kinds of

multiparticle states,

2.3.1 One Particle Basis States

In a single-particle state, denoted as |m,n, ṽ〉, a hole resides on the mth

thiophene unit of the nth chain with ṽ vibrational quanta in its shifted S+

potential well. The remaining N2 − 1 monomers are in their vibrationless

ground states (filled HOMO with no vibrations in the S0 well).

Fig. 2.8 shows the cartoon representation of a one particle state in a 6X4

π-stack. The 5th thiophene unit in the 3rd chain (shown in red) is vibronically
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Figure. 2.8: Cartoon illustration of a One Particle State in a 6X4-π-stack.

excited (both vibrationally and electronically) having ṽ = 2 vibrational quanta

in its shifted S+ potential well. All the remaining thiophene units in the π-

stack are in their absolute ground state with no vibrations in the ground

unshifted potential well.

The total number of one particle states in which all the vibrational quanta

reside on the electronically excited chromophore (in it’s shifted S+ potential

well) is given by,

w1p = N (vmax + 1) (2.12)

2.3.2 Two Particle Basis States

In a two particle state, denoted |m,n, ṽ;m
′
, n
′
, v
′〉, the monomer (m,n) is

vibronically excited with ṽ vibrational quanta in its shifted S+ potential well

while monomer (m
′
, n
′
) is vibrationally excited with v

′
> 0 vibrational quanta

in the unshifted S0 potential. The remaining N2 − 2 monomers are in their

vibrational ground states.

Fig. 2.9 shows the cartoon representation of a two particle state in the same
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Figure. 2.9: Cartoon illustration of a Two Particle State in a 6X4-π-stack.

6X4 π-stack. The 5th thiophene unit in the 3rd chain is vibronically excited

(both vibrationally and electronically) having ṽ = 2 vibrational quanta in

its shifted S+ potential well. Additionally, the 1st thiophene unit in the 1st

chain is vibrationally excited with v
′

= 2 vibrational quanta in it’s unshifted

So potential (shown in blue). The remaining N2 − 2 monomers are in their

vibrational ground states.

So, two particle states consist of two excited molecules, one molecule is

excited vibronically similar to one particle states and the other molecule is

excited vibrationally, i.e. it remains in the ground electronic state S0 but

contains at least one quanta within the unshifted nuclear potential. The total

number of such two particle states is given by,

w2p = N(N − 1)vmax(vmax + 1)/2 (2.13)
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Figure. 2.10: Cartoon illustration of a three particle state

2.3.3 Three Particle Basis States

In a three particle state, denoted |m,n, ṽ;m
′
, n
′
, v
′
;m

′′
, n
′′
, v
′′〉, the monomer

(m,n) is vibronically excited with ṽ vibrational quanta in its shifted S+ po-

tential well while monomers (m
′
, n
′
) and (m

′′
, n
′′
) are vibrationally excited

with v
′
> 0 and v

′′
> 0 vibrational quanta in it’s unshifted So potential. The

remaining N2 − 3 monomers are in their vibrational ground states.

Fig. 2.10 shows the cartoon representation of a three particle state. The

5th thiophene unit in the 3rd chain is vibronically excited (vibrationally and

electronically) having ṽ = 2 vibrational quanta in its shifted S+ potential well.

Additionally, the 1st (1st) thiophene unit in the 1st (4th) chain are vibrationally

excited with v
′
= 2 (v

′
= 1) vibrational quanta in their unshifted So potential

well. The remaining N2 − 3 monomers are in their vibrational ground states.

Similarly we can have four, five and higher particle states.

The eigenstates of eq. 2.1 can be solved by expressing the Hamiltonian

matrix in multiparticle basis set and numerically diagonalizing it. The mul-
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tiparticle basis is very useful in representing the low energy excited states of

the Holstein Hamiltonian in the weak electronic coupling limit ( i.e tintra, tinter

≤ λ2h̄ωvib ). When the intrachain (tintra) and interchain (tinter) electronic

coupling terms are set to zero, the multiparticle states are the eigenstates of

eq. 2.1. We can rewrite the Hamiltonian in eq. 2.1 by making a simple

transformation. We replace the creation and annihilation operators, b+
m,n and

bm,n, with the shifted creation and annihilation operators, b̃+
m,n and b̃m,n. The

shifted creation and annihilation operators are given by,

b+
m,n = b̃+

m,n + λ0 (2.14a)

bm,n = b̃m,n + λ0 (2.14b)

b̃+
m,n and b̃m,n respectively create (annihilate) a vibrational quantum on

the mth thiophene unit of the nth chain - the monomer at (m,n) with the

missing electron - in the shifted (S+) potential well. Using this transformation

and setting the electronic coupling terms (tintra,tinter) to zero, eq. 2.1 can be

rewritten as,

H0 = h̄ωvib

N∑
m=1

M∑
n=1

b+
m,nbm,nd

+
m,ndm,n + h̄ωvib

N∑
m=1

M∑
n=1

b̃+
m,nb̃m,nd

+
m,ndm,n (2.15)

From eq. 2.15 it is straightforward that the eigenstates are defined by the

number of vibrational quanta at each molecular site. Using eq. 2.15 the energy

of the one particle state is given by,

〈m,n, ṽ|H0|m,n, ṽ〉 = ṽm,nh̄ωvib (2.16)

Similarly, the energy of the two particle and three particle states are given

by eq. 2.17a and eq. 2.17b respectively,

〈m,n, ṽ;m
′
, n
′
, v
′|H0|m,n, ṽ;m

′
, n
′
, v
′〉 = (ṽm,n + v

′

m,n)h̄ωvib (2.17a)
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〈m,n, ṽ;m
′
, n
′
, v
′
;m

′′
, n
′′
, v
′′ |H0|m,n, ṽ;m

′
, n
′
, v
′
;m

′′
, n
′′
, v
′′〉

= (ṽm,n + v
′

m,n + v
′′

m,n)h̄ωvib
(2.17b)

Similarly we can have four, five and higher particle states. In all our

calculations, we cap the total number of vibrations/phonons to a maximum of

four. Three- and higher particle states with three or more monomer excitations

(electronic plus vibrational) can also be included, but their impact on the

calculated infrared spectra is negligible for the vibronic coupling parameters

used here. So, we generally truncate our system to one particle and two particle

states. As long as the hole transfer integrals (tintra, tinter) are not much greater

than the nuclear relaxation energy, λ2h̄ωvib, the two particle approximation

(tpa) turns out be an excellent basis set for calculating absorption spectra.

Moreover, we can save a huge amount of time and computer memory. The

total number of one particle and two particle states are given by,

w1p + w2p = N(vmax + 1)[(N − 1)vmax + 2]/2 (2.18)

So, under the tpa, the total number of one particle and two particle states

for N=10 and vmax = 4 is 950. This is about a factor of 10 less than the total

number of states if we do not use the approximation.

Electronic coupling induces mixing amongst the one- and two-particle states.

In the general case, the αth eigenstate of H0 in Eq.(2.1) can be written as,

|Ψα〉 =
∑
m,n

∑
ṽ=0,1,...

cαm,n,ṽ |m,n, ṽ〉

+
∑
m,n

∑
ṽ=0,1,...

∑
m′,n′

∑
v′=1,2,...

cαm,n,ṽ;m′,n′,v′ |m,n, ṽ;m′, n′, v′〉
(2.19)

The one- and two-particle expansion coefficients can be readily obtained

numerically. In what follows, the ground state polaron is indicated by |ΨG〉
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2.4 Vibrational Overlap factors in the Multi-

particle Basis States

2.4.1 Vibrational Overlap factors in one particle states

When the electronic coupling terms are not zero, the Hamiltonian is no

longer diagonal in the multiparticle basis set. The off-diagonal matrix elements

of the Hamiltonian depend on the electronic coupling terms as well as on the

vibrational overlap factors. Let us start by looking into the matrix elements

of a pair of one particle states.

〈nṽn|tn,mintra{|n〉〈m|+ h.c}|mṽ′m〉 (2.20)

where h.c is the hermitian conjugate.

In Fig. 2.11, the red circle, denoted by |n, ṽn〉 (|m, ṽm′〉) corresponds to

monomer n(m) being vibronically excited, having ṽn (ṽm
′) vibrational quanta

in their shifted S+ potential well while all the remaining orange circles are in

their vibrationless ground state in their S0 potential well.

Figure. 2.11: One particle matrix elements of the Hamiltonian

The off-diagonal one particle-one particle matrix elements in the Hamilto-

nian are given by,

= 〈n, ṽn;m, 0m|tn,mintra{|n〉〈m|+ h.c}|n, 0n;mṽ′m〉 (2.21a)

= tn,mintra〈ṽn|0n〉〈0m|ṽ′m〉 (2.21b)

tn,mintra moves the electronic excitation from the mth site to the nth site leaving

the vibrational excitations intact. Vibrational wavefunction overlap between
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the initial and final states of monomers m and n are given by 〈ṽn|0n〉 and

〈0m|ṽm′〉 respectively. The Franck Condon Factors are given by the sqaure of

the vibrational overlap factors. The vibrational overlap factors can be evalu-

ated using the recursion relations by Manneback and is given by,

〈v|ṽ〉 = 〈v|ṽ〉 =
√
v!ṽ!e

−λ20
2

min(v,ṽ)∑
k=0

(−1)ṽ−k

(v − k)!k!(ṽ − k)!
λv+ṽ−2k (2.22)

It should be obvious by now, but I would like to remind the readers that

v in eq. 2.22 corresponds to a vibration in the unshifted potential well and ṽ

corresponds to a vibration in their shifted potential wells.

2.4.2 Vibrational Overlap factors in one particle-two

particle states

Similarly, we can write down the one particle-two particle matrix elements

of the Hamiltonian for a one dimensional chain as shown in eq. 2.23

〈nṽn|tn,mintra{|n〉〈m|+ h.c}||mṽ′m; p, v
′′

p 〉 (2.23)

Figure. 2.12: One particle-two particle matrix elements of the Hamiltonian

In Fig. 2.12, the red circle, denoted by |n, ṽn〉 (|m, ṽm′〉) corresponds to

monomer n(m) being vibronically excited, having ṽn (ṽm
′) vibrational quanta

in their shifted S+ potential well. The blue circle denoted by |p, v′′p 〉 represents

a purely vibrational excitation having v
′′
p vibrational quanta in it’s ground state

potential well (S0). All the remaining orange circles are in their vibrationless
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ground state. The one particle-two particle terms based on fig. 2.12 are given

by,

= 〈n, ṽn;m, 0m; p, 0p|tn,mintra{|n〉〈m|+ h.c}|n, 0n;m, ṽ′m; p, v
′′

p 〉 (2.24a)

= tn,mintra〈ṽn|0n〉〈0m|ṽ
′

m〉〈0p|v
′′

p 〉 (2.24b)

= 0 (2.24c)

However, 〈0p|v
′′
p 〉 = 0 because these states are orthogonal; 〈0p|v

′′
p 〉 can be

non-zero only if v
′′
p = 0 but that cannot be the case since it is a two particle

state and v
′′
p has to be greater than zero. Similarly all other possibilities are

zero except the possibilities where the pure vibronic excitation is on the same

site as the electronic excitation. See fig. 2.13.

Figure. 2.13: One particle-two particle matrix elements of the Hamiltonian

From fig. 2.13 the one-particle two particle matrix elements are given by,

= 〈m, 0m;n, ṽn|tn,mintra{|n〉〈m|+ h.c}|m, ṽ′m; p, v
′′

p 〉 (2.25a)

= tn,mintra〈0m|ṽ
′

m〉〈ṽn|v
′′

p 〉 (2.25b)

2.4.3 Vibrational Overlap factors in two particle states

From fig. 2.14 we get the two particle off-diagonal terms to be,

= 〈n, ṽn; p, 0p;m, 0m; q, v
′

q|t
n,m
intra{|n〉〈m|+ h.c}|n, 0n; p, v

′′′

p ;m, ṽ
′′

m; q, 0q〉
(2.26a)

= tn,mintra〈ṽn|0n〉〈0p|v
′′′

p 〉〈0m|ṽ
′′

m〉〈v
′

q|0q〉 (2.26b)
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Figure. 2.14: Two particle matrix elements of the Hamiltonian

= 0 (2.26c)

However, 〈v′q|0q〉 = 0 and 〈0p|v
′′′
p 〉 = 0, because these states are orthogonal

to each other; 〈v′q|0q〉 and〈0p|v
′′′
p 〉 can be non-zero only if v

′
q = 0 and v

′′′
p =

0 respectively, but again that cannot be the case since it is a two particle

state and both v
′′′
p and v

′
q have to be greater than zero. Similarly all other

possibilities are zero except the arrangements shown below. Two particle

states can primarily be of two types as explained in details below,

Linker type two particle states

Figure. 2.15: Linker type two particle states

Linker type two particle states are those states in which the pure vibrational

excitation is on the same site (“linked”) as the vibronic excitation (see fig.

2.15). From fig. 2.15, we get the linker type two particle states to be,

= 〈n, ṽn;m, 0m; q, v
′

q|t
n,m
intra{|n〉〈m|+ h.c}|n, 0n;m, ṽ

′′

m; p, v
′′′

p 〉 (2.27a)

= tn,mintra〈ṽn|0n〉〈0m|ṽ
′′

m〉〈v
′

q|v
′′′

p 〉 (2.27b)

= tn,mintra〈ṽn|0n〉〈0m|ṽ
′′

m〉δv′q ,v′′′p (2.27c)

Note that eq. 2.27c can be non zero only if the condition v
′
q = v

′′′
p is

satisfied. For all other scenarios, eq. 2.27c is zero.



39

Exchange Type two particle states

Figure. 2.16: Exchange type two particle states

Exchange type two particle states are those in which the pure vibrational

excitation and the electronic excitation “exchange” their positions. From fig.

2.16 we get the exchange type two particle states to be,

= 〈n, ṽn; q, v
′

q|t
n,m
intra{|n〉〈m|+ h.c}|p, v′′′p ;m, ṽ

′′

m〉 (2.28a)

= tn,mintra〈ṽn|v
′′′

p 〉〈v
′

q|ṽ
′′

m〉 (2.28b)

2.5 Dimer and Trimer Hamiltonians

In this section, we write down the matrix Hamiltonian for a dimer consist-

ing of two coupled units and a trimer which consists of three coupled units.

We invoke the two particle approximation so that only one- and two-particle

states are retained in the basis set. As we will see, only exchange type coupling

occurs between two-particle states in a dimer while both exchange and linker

type coupling occurs in trimers (and beyond).

2.5.1 A Dimer with no vibrations

Now that we have explicitly looked at the diagonal and offdiagonal matrix

elements of the Hamiltonian in 2.1 using the multiparticle basis set, let us write

down the matrix elements for the simplest system; a dimer with no vibrations.

For a dimer without any vibration, we will have two one-particle states as

shown schematically in fig. 2.17 :
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|1, 0̃〉; chromophore one having 0 vibrational quanta in its shifted S+ potential

well while chromophore two is in the absolute ground state, |2, 0〉
and |2, 0̃〉 where chromophore two is in the vibrationally excited state while

chromophore one is in the absolute ground state, |1, 0〉.

Figure. 2.17: Schematic illustration showing two One-particle states for a dimer with no

vibration

Based on the analysis in the previous section, the one particle matrix ele-

ments of the eq. 2.1 are shown below,

(1p-1p |1, 0̃〉 |2, 0̃〉

〈1, 0̃| 0 tintra〈0̃|0〉〈0|0̃〉
〈2, 0̃| tintra〈0̃|0〉〈0|0̃〉 0

)

Energy Level Diagram

The isolated thiophene units, labeled I and II in fig. 2.18, interact with

each other via the intrachain hole transfer integral tintra and gives rise to a

symmetric ground state and an antisymmetric excited state. In the absence

of vibrations, the energy level diagram for a dimer is shown in fig. 2.18. As

we will see later in the thesis, the only allowed transition comes from the

symmetric state to the antisymmetric state and will have a transition energy

equivalent to 2tintra = 0.8 eV. We will revisit the dimer model in chapter 4

and show why it is so important in our analysis.
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Figure. 2.18: Energy level diagram showing the symmetric and antisymmetric state separated

by an energy equivalent to 2tintra

A disordered Dimer with no vibrations

So, we wrote down the matrix elements for an ideal dimer, i.e without

any form of diagonal or off-diagonal disorder. Now, if we add in diagonal and

off-diagonal disorder, the matrix elements for the Hamiltonia shown in eq. 2.3

will look like,

(1p-1p |1, 0̃〉 |2, 0̃〉

〈1, 0̃| ∆1 ∆tintra〈0̃|0〉〈0|0̃〉
〈2, 0̃| ∆tintra〈0̃|0〉〈0|0̃〉 ∆2

)

where ∆1 is the diagonal site energy disorder on site |1〉 and ∆2 is the

diagonal site energy disorder on site |2〉. ∆1 and ∆2 are selected randomly

from a Gaussian distribution with standard deviation σ. ∆1 and ∆2 will have

different values for each configuration. ∆tintra refers to the change in electronic

coupling due to deviations in the inter-unit distance, d, between sites |1〉 and

|2〉. Typically we run 103 disorder configurations to get a converged absorption

spectrum.
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2.5.2 A Dimer with one vibration

In order to write down the two particle hamiltonian, we need to look into

a dimer having at most one vibrational quantum. For a dimer with at most

one vibration, we will have 4 one-particle states: |1, 0̃〉, |1, 1̃〉, |2, 0̃〉, |2, 1̃〉 i.e

monomer 1 and 2 having either 0 or 1 vibrational quanta in its shifted S+

potential well (see fig. 2.19).

Figure. 2.19: Schematic illustration showing four One-particle states for a dimer with a

maximum of one vibration

Based on the analysis in the previous section, the one particle matrix ele-

ments are shown below,



1p-1p |1, 0̃〉 |1, 1̃〉 |2, 0̃〉 |2, 1̃〉

〈1, 0̃| 0 0 tintra〈0̃|0〉〈0|0̃〉 tintra〈0̃|0〉〈0|1̃〉
〈1, 1̃| 0 ωvib tintra〈1̃|0〉〈0|0̃〉 tintra〈1̃|0〉〈0|1̃〉
〈2, 0̃| tintra〈0̃|0〉〈0|0̃〉 tintra〈0̃|0〉〈0|1̃〉 0 0

〈2, 1̃| tintra〈1̃|0〉〈0|0̃〉 tintra〈1̃|0〉〈0|1̃〉 0 ωvib
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In addition to 4 one particle state we will also have 2 two-particle states:

|1, 0̃; 2, 1
′〉, |2, 0̃; 1, 1

′〉 (see fig. 2.20).

Figure. 2.20: Cartoon illustration of a three particle state

The two particle matrix elements of the Hamiltonian are shown below.

(2p-2p |1, 0̃; 2, 1
′〉 |2, 0̃; 1, 1

′〉

〈1, 0̃; 2, 1
′ | ωvib tintra〈0̃|1〉〈1|0̃〉

〈2, 0̃; 1, 1
′ | tintra〈1|0̃〉〈0̃|0〉 ωvib

)
These are exchange type two particle states. To understand linker type two

particle states, we need at least a trimer having a maximum of 1 vibrational

quantum. We will go over that briefly later. Similarly, we can construct the

one particle-two particle matrix elements of the Hamiltonian as shown below,



1p-2p |1, 0̃; 2, 1
′〉 |2, 0̃; 1, 1

′〉

〈1, 0̃| 0 tintra〈0̃|1〉〈0|0̃〉
〈1, 1̃| 0 tintra〈0̃|0〉〈1̃|1〉
〈2, 0̃| tintra〈0̃|0〉〈0̃|1〉 0

〈2, 1̃| tintra〈0̃|0〉〈1̃|1〉 0


Energy Level Diagram

In the presence of vibrations, the energy level diagram in fig. 2.21 shows

an additional state (shown in dotted red) which is optically allowed and has
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a vibrational quantum of energy greater than the symmetric ground state.

However, this energy level diagram is over simplified and the origin and nature

of this optically allowed state will be discussed in greater detail in chapter 4.

Figure. 2.21: Energy level diagram for a dimer with one vibration.

2.5.3 A Trimer with one vibration

For a trimer with one vibration, we will have six one particle states;

1) |1, 0̃〉
2) |1, 1̃〉
3) |2, 0̃〉
4) |2, 1̃〉
5) |3, 0̃〉
6) |3, 1̃〉
and six two particle states:

7) |1, 0̃; 2, 1
′〉

8) |1, 0̃; 3, 1
′〉

9) |2, 0̃; 1, 1
′〉

10) |2, 0̃; 3, 1
′〉

11) |3, 0̃; 2, 1
′〉
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12) |3, 0̃; 2, 1
′〉).

Among the six two particle states, the states labeled 7(9) and 9(7) and 8(11)

and 11(8) are exchange type two particle states while 8(10) and 10(8) and

9(11) and 11(9) are linker type two particle states. Please work it out your-

selves to have a better feel about how multiparticle states work.

2.6 Flowchart of the code

Let us summarize whatever we learned in this chapter in the form of a

flowchart by looking at a dimer having one vibration. This will be beneficial

in writing the code on your own.
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Indexing the lattice and the one particle and two particle

states

Figure. 2.22: Index the (a) lattice (b) 1p states (c) 1p-2p states and (d) 2p states
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Build the Hamiltonian

Figure. 2.23: Build the (a)1p (b) 1p-2p (c) 2p Hamiltonian
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Diagonalize and get observables

Figure. 2.24: Build the (a)1p (b) 1p-2p (c) 2p Hamiltonian

In this chapter, we have learned how to model the Holstein Hamiltonian

for a polaron/charge using the multiparticle basis set. The Holstein-based



49

Hamiltonian treats electronic coupling, electron-vibrational coupling, and dis-

order on equal footing. We also got an overview of the different kinds of

diagonal(static) and off-diagonal(paracrystallinity) disorder models that will

be used extensively in the thesis.

In the next chapter we will develop a simple relation between polaron

absorption and coherence and show how we can quantitatively extract the

polaron delocalization lengths from the infrared absorption spectrum. The

entire code for this chapter as well as for chapter 3 is available on my github

page. Please send me an email at raja.ghosh@temple.edu if you have any

questions of if you find any mistake in this chapter. I would be more than

happy to clarify.

https://github.com/Raja2591
https://github.com/Raja2591
mailto:raja.ghosh@temple.edu
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CHAPTER 3

SPECTRAL SIGNATURES

AND SPATIAL COHERENCE

OF UNBOUND POLARONS

3.1 Infrared Absorption and Polaron Coher-

ence

Here, we develop a direct relationship between the mid-IR infrared spec-

trum and the hole coherence function, establishing a means of obtaining the

latter from the former. We begin with the expression for the absorption spec-

trum polarized along the direction j

Aj(ω) =

〈∑
ex

f exj WLS[h̄ω − (Eex − Eg)]
〉
c

(3.1)

Here, the index j(= x, y) indicates the polarization, with x lying along a

polymer chain and y lying along the aggregate (interchain) axis. The sum in

Eq. 3.1 is over all the polaron excited states and < ... >c represents an average

over many site-energy disorder configurations (typically one thousand). The

oscillator strength, f exj , involving the transition between the polaron ground

state, |ΨG > and an excited state |Ψex > (both of which generally dependent
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upon the configuration of disorder) is given by the oscillator strength,

f exj =
2me

3e2h̄2 (Eex − Eg)|〈ψG|µ̂j|ψex〉|2 (3.2)

where the vector operator in Eq. 3.2 is given by,

µ̂ = e
∑
m,n

rm,nd
+
m,ndm,n (3.3)

arises from the interaction of the infrared electric field E and the hole,

through the interaction term given by,

Hinteraction = µ̂.E (3.4)

Here, rm,n = mdx̂+ndŷ is the position vector locating the (m,n) thiophene

unit, x̂ and ŷ are unit vectors along the x and y-axes respectively and d is the

nearest neighbor distance between chains, which is also (approximately) equal

to the distance between neighboring thiophene rings within a chain (d ≈ 0.4

nm). Finally, WLS in Eq. 3.1 is the homogeneous line shape function. In

what follows, we take WLS to be the homogeneous line shape function having

a narrow Gaussian with a standard deviation of 0.045 eV (much less than the

inhomogeneous width, σ = 0.3 eV).

The total oscillator strength corresponding to the jth polarization compo-

nent is obtained by spectrally integrating over the j-polarized component of

the absorption spectrum and is given by,

f totj =

∫
Aj(ω)dω =

2me

3e2h̄2

〈∑
ex

(Eex − EG)| < ΨG|µ̂j|Ψex > |2
〉
C

(3.5)

which, using H from Eq. 2.3 can be rewritten as,

f totj =
2me

3e2h̄2 〈< ΨG|[µ̂j, H]µ̂j|ΨG >〉C (3.6)

.
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Since the diagonal disorder component of H in Eq. 2.3 commutes with the

dipole operator in Eq. 3.3, the expression in Eq. 3.6 can be further simplified

in the case where only diagonal disorder exists. After several steps we obtain

the exact expressions given by,

f totintra =
2me

3h̄2 d
2
intra |tintra|CP [r = (1, 0)] (3.7a)

f totinter =
2me

3h̄2 d
2
inter |tinter|CP [r = (0, 1)] (3.7b)

where dintra (dinter) is the nearest neighbor distance along the intrachain

(interchain) direction and Cp(r) is the two-dimensional coherence function

describing hole delocalization [61] [68] [69] is given by,

CP (r) ≡

〈
〈ΨG|

∑
R

d†RdR+r |ΨG〉

〉
C

(3.8)

Here, R = (m,n) is a dimensionless position vector. When r=0 the coher-

ence reduces to unity, CP [(0, 0)] = 1, since
∑
R

d†RdR is the operator for the total

number of holes, which is taken to be unity. We point out that the hole coher-

ence function defined in Eq. 3.8 is consistent with that defined in Ref’s [70] [71]

and [72] to investigate electronic coherence, but differs from that used for ex-

citon coherence [45] [61] derived directly from the photoluminescence 0-0/0-1

ratio [10] [11]. The exciton coherence operator in refs. [10] and [11] contains

an electronic component like the sum in Eq. 3.8 but also a projection onto

the ground-state nuclear coordinates. When off-diagonal disorder (which does

not commute with dipole operator) is also present, the relationship between

the oscillator strength and the coherence functions becomes approximate and

is given by,

f totintra ≈
2me

3h̄2 d
2
intra | 〈tintra〉 |CP [r = (1, 0)] (3.9a)

f totinter ≈
2me

3h̄2 d
2
inter | 〈tinter〉 |CP [r = (0, 1)] (3.9b)
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Here, the mean intrachain and interchain couplings are given by 〈tintra〉
and 〈tinter〉 respectively.

Eq.’s 3.7a, 3.7b and 3.9a, 3.9b show that the total oscillator strength for

light polarized along the direction j(= x, y) scales as the polaron coherence for

a separation of one unit along direction j. Since CP [(0, 0)] is unity independent

of disorder, we can begin to appreciate the width of the coherence function in

each direction using Eq.’s 3.7a,3.7b and 3.9a,3.9b.

Figure. 3.1: (a)Ideal polymer where all the chromophores have the same site energy. The

hole can delocalize from one side of the chain to the other (b) Disordered polymer where all

the sites energies are randomly distributed. Increasing site disorder localizes the hole.

These equations therefore provide a direct link between the polarized com-

ponents of the infrared absorption spectrum and the spatial coherence lengths

in the intrachain(x) and interchain (y) directions, respectively. In the limit of

highly mobile holes along x(y), where CP [(1, 0)] (CP [(0, 1)]) approaches unity,

f totx (f toty ) is largest, while in the opposite extreme of completely trapped holes,

CP (r) = CP [(0, 0)]δr,(0,0) , and the oscillator strength vanishes in either direc-

tion. This makes sense, as the polaron transitions induced by infrared exci-

tation involve moving charge. Fig. 3.1 shows the two extreme scenarios; (a)

in the case of an ideal polymer with no site disorder, all the thiophene units

have the same site energy. As a result, the hole can easily delocalize from the

left side of the chain to the right. On the other hand, in highly disordered

polymer films, (σ = 0.4 eV), the hole gets trapped on a site having sufficiently
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low energy. Now, if a polaron is trapped on a site with sufficiently low energy,

it cannot respond to the electric field and the oscillator strength vanishes. In-

terestingly, the total oscillator strength for polaron absorption is not conserved

with changing disorder, in marked contrast to exciton absorption, where a loss

of oscillator strength in one spectral region is compensated by an increase in

oscillator strength in another.

3.2 Polaron Absorption in disorder free poly-

mer aggregates

Figure. 3.2: a) Hole absorption spectrum in the mid-infrared for a 6X6 π-stack with

dinter=dintra=d= 0.4 nm and with no disorder. b) The associated coherence function as

a function of the number of thiophene units along the x (intrachain) and y (interchain) di-

rections. The parameters defining the hamiltonian in Eq. 2.1 are tintra = -0.30 eV, tinter

= -0.15 eV Ωvib = 0.174 eV, λ2 = 1. The homogeneous line width is set to Γhomo= 0.03

eV.

Fig. 3.2 shows the calculated absorption spectrum and corresponding co-

herence function for a hole in a disorder-free lattice described by H0 in Eq. 2.1

parameterized with the values shown in the caption. The component of the

charge modulation(CM) spectrum polarized along the stacking axis (shown in
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red) arises from interchain charge transfer; the first peak is referred to as the

CT peak by Sirringhaus and coworkers [12] and DP1 by Vardeny and cowork-

ers [8]. The spectral component polarized along the polymer axis (shown in

blue) arises from intrachain polarons, with the dominant peak labelled C1,

(also referred to as P1 [8]). Fig. 3.2b shows that despite the total absence of

disorder, the coherence function is not uniform over all thiophene units. This

arises because we have taken open boundary conditions. Confinement limits

coherences with values of r approaching the sample dimensions, much like the

wave functions for the particle-in-a-box. Nintra is defined as the number of

thiophene units within a given chain over which the polaron motion remains

coherent (i.e. wave-like). Similarly, Ninter is a measure of the number of co-

herently connected chains while Ncoh is the total coherence number, equal to

Nintra for the case of a single chain, and approximately given by the product

of Nintra and Ninter for a π-stack. Nintra, Ninter and Ncoh are derived from the

coherence function [69] and are given by,

Nintra = {
∑

r∈chain

|CP (r)|} (3.10a)

Ninter = {
∑

r∈chain
normal

|CP (r)|} (3.10b)

Ncoh =
∑

r
|CP (r)| (3.10c)

In a disorder free 6X6 π-stack, the polaron is delocalized over approxi-

mately 5 thiophene units along the polymer backbone and over approximately

5 chains. Ncoh reduces to unity in the limit of strongly localized or trapped

polaron. For the mobile polaron in Fig. 3.2b, Eq.3.10c gives Ncoh = 28, some-

what less than the total number of units (36). Note that if periodic boundary

conditions were employed then Ncoh would have been equal to the total number

of units (=36) in a disorder-free lattice.

From the coherence function in Eq.3.10c one can also determine the co-

herence lengths along the polymer chain direction (Lintra) and along the π-

stacking axis (Linter). Following Ref. [45] we have,
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Lintra/dintra = {
∑

r∈chain

|CP (r)|} − 1 (3.11)

Linter/dinter = {
∑

r∈chain
normal

|CP (r)|} − 1 (3.12)

Note that the term r = (0, 0) is included in the sums appearing in Eq.’s

3.11 and 3.12. Both coherence lengths properly reduce to zero in the limit of

strong localization. When disorder is absent, as in Fig. 3.2a, the coherence

lengths approach the maximum lengths of N−1 units in each direction. Using

Eq. 3.11 and Eq. 3.12, the coherence lengths in Fig. 3.2b are approximately

4.2 units along each direction, smaller than the maximum separation of 5 units

along each direction due to the open boundary conditions.

Figure. 3.3: Hole absorption spectrum for various size π-stacks with no disorder. Parameters

defining the Hamiltonian in Eq.(1) are the same as in Fig. 3.2

The highly delocalized polaron responsible for the absorption spectrum in

Fig.3.2 is not stable, in the sense that its properties are strongly size dependent.

This is demonstrated in Fig.3.3 which shows that the (unpolarized) spectra
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are not convergent with increasing aggregate size; the spectra continue to red-

shift as the polaron coherence expands with size, reflecting an increase in the

density of energy levels responsible for absorption [62]. This behavior is also

similar to what is expected for a particle-in-a-box. Polaron stability requires

disorder so that the polaron coherence size eventually stabilizes with increasing

size. As we will see, this can be accomplished with short-range site disorder

or with paracrystallinity disorder.

3.3 Polaron Absorption in disordered polymer

aggregates

3.3.1 Diagonal/Site Disorder

To account for diagonal (site) disorder we assume a Gaussian distribution

of thiophene unit energy shifts (detunings) with zero mean. Each of the N2

detunings, ∆εm,n, within a NXN π-stack are selected from a Gaussian distri-

bution with standard deviation σ.

P (∆εm,n) = (2πσ2)
−1/2

exp(−∆εm,n
2/2σ2) (3.13)

The set of offsets, ∆εm,n, defines a particular configuration (or realization)

of disorder within a large ensemble. The Hamiltonian, H0 and Hdiag from Eq.’s

2.1 and 2.3 can be readily diagonalized numerically for each disorder configu-

ration, from which an infrared spectrum can be assembled after averaging over

many such configuration-specific spectra. In what follows we typically employ

103 disorder configurations for our simulations.

For a given disorder width, σ, the impact of diagonal disorder can vary

greatly depending on the degree of spatial correlation [61] [73]. Short- and

long-range broadening represent the two extremes in spatial correlation: in

short-range broadening each ∆εm,n, is selected independently from all others

along a chosen direction (i.e., along the polymer backbone or along the stacking
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Figure. 3.4: Polaron absorption spectra for 6X6 π-stacks according to the four correlated

disorder models of Fig. 2.5.

axis), whereas in long-range broadening all ∆εm,n, along a chosen direction and

within a given configuration are identical and equal to ∆εC (although ∆εC is

selected randomly from a Gaussian distribution of width σ). For a π-stack,

short- and long-range broadening along each of the two directions defines four

general cases, denoted as LL (isotropic long-range), LS (long-range along the

polymer axis, short-range along the stacking axis), SL (short-range along the

polymer axis, long-range along the stacking axis), and SS (short-range along

both axes). The cartoon schematic of the four cases are depicted schematically

in Fig. 2.5 in the previous section.

Fig.3.4 shows the ensemble-averaged infrared spectra for a 6X6 π-stack for

each of the four broadening cases of Fig. 2.5, using the physically realistic

electronic couplings and HR factors for P3HT. For isotropic long-range broad-
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ening (LL), disorder has no effect at all on the absorption spectrum since the

hole energy within a given π-stack configuration is entirely independent of

monomer position, i.e., ∆εm,n = ∆εC in each configuration. The value ∆εC

adds to all state energies equally including the ground state and thus does not

contribute to the transition frequency. In this limit, disorder has no impact

on the line shape and line broadening is entirely homogeneous.

In Fig. 3.4(b), long-range broadening occurs within the polymer while

short-range broadening occurs between polymers (LS). Hence, the hole en-

ergy is the same for all monomer units in a given polymer chain, but this

energy varies randomly between chains; the hole energy therefore depends

only on the chain index n; ∆εm,n = ∆εn. Fig. 3.4(c) (SL) shows the reverse

scenario from Fig. 3.4(b). Here, the hole-energy varies randomly along a

given polymer chain, but not between chains; the hole energy depends only on

m, i.e.,∆εm,n = ∆εm. Finally, in Fig. 3.4(d) short-range broadening occurs

isotropically (SS); within a given π-stack configuration all hole energies are

spatially uncorrelated. In this limit, disorder is expected to have the greatest

impact on the absorption spectrum. Fig.3.4 clearly shows that the spatial

correlation plays a very important role in the shape of the infrared absorption

spectrum. It is apparent in all cases that increasing short-range disorder leads

to an attenuation of the spectrum: the spectra with at least one component of

short-range broadening are less intense than the LL spectrum in Fig. 3.4(a).

Interestingly, Fig. 3.4 also shows that the interchain (y-polarized) and in-

trachain (x-polarized) components of the spectrum respond selectively to the

interchain and intrachain short-range components of disorder, respectively.

A disorder-free lattice is spectrally equivalent to a lattice with long-range

disorder in each direction, i.e. a LL lattice. Hence the spectrum in Fig.

3.2a is identical to that corresponding to an ensemble of LL lattices with

configuration detunings, ∆εC , chosen from the distribution in Eq. 3.13. The

absence of any change from the disorder-free spectrum is due to the fact that

the polaron ground state and all the excited states are uniformly shifted by

∆εC , so that the transition energy is unaffected, i.e. is identical for each
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configuration despite differing values of ∆εC . This is quite different from the

case of exciton absorption where long-range disorder leads to a distribution of

transition frequencies resulting in a line shape broadened by σ. The impact

on the coherence function for LL broadening in a polaron lattice is also the

same as for a disorder-free lattice. Hence, LL broadening has no effect on

the polaron coherence. The polaron wave function is more robust against site

disorder than are excitons.

Figure. 3.5: Hole absorption spectrum in the mid-infrared for a 6X6 π-stack with d =

0.4 nm and with short-range site disorder in each direction (SS).The associated polaron

delocalization numbers, Nintra,Ninter and Ncoh are shown in the right column

The situation is quite different for SS broadening. In Fig. 3.5, we demon-
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strate the impact of increasing SS disorder on the absorption spectrum and

coherence function for a polaron confined to a 6X6 polymer stack with H0

parameterized as in Fig. 3.2. The disorder width σ increases from 0.2 eV to

0.6 eV in going from the top to bottom panels. Unlike LL broadening, the

effect of SS broadening is profound. The most striking observation in Fig.3.5

is a dramatic reduction in the width of the coherence function with increas-

ing disorder, consistent with efficient disorder-induced polaron trapping. The

localization is faithfully tracked by the oscillator strengths of the polarized

components which also precipitously drop with increasing disorder. (Note the

different vertical scales in Fig. 3.5(a-c.). The relationship between the oscilla-

tor strength and coherence is entirely consistent with Eq. 3.7a and Eq. 3.7b,

which shows that throughout the increase in disorder the quantities,

f totintra/CP [r = (1, 0)] (3.14a)

f totinter/CP [r = (0, 1)] (3.14b)

remain constant, i.e. the oscillator strength tracks coherence and vice versa.

Unlike in the LL limit, in the SS limit, polarons are stable if the aggregate

dimensions sufficiently exceed the coherence lengths. Under these conditions,

the polaron no longer depends on the total number of thiophene units in the

π-stack. This is demonstrated in Fig. 3.6 which shows CM spectra for SS

disordered NXN π-stacks for various values of N. Here, the disorder width

is set to σ = 0.4 eV, as in Fig. 3.5b. The spectra are convergent by N=5,

so that r in Eq. 3.8 is bounded by 4 units in either direction, roughly double

the coherence lengths. Hence, polarons are stable in a NxXNy π-stack if the

following conditions are satisfied:

Nx − 1>̃2Lintra/dintra (3.15)

Ny − 1>̃2Linter/dinter (3.16)
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Figure. 3.6: Hole absorption spectrum for various size π-stacks with SS disorder and σ =

0.4 eV. Remaining parameters defining the Hamiltonian in Eq.(2) are the same as in Fig.3.2

As shown above, anisotropic disorder distributions (i.e. SL and LS) are

characterized by a selective attenuation of the absorption component polar-

ized along the direction containing the short-range disorder. The selective

attenuation is also reflected in the coherence lengths in a manner consistent

with Eq. 3.7a and Eq. 3.7b. Hence, in an SL distribution, for example, the

component of the absorption spectrum polarized along the polymer chain as

well as the associated coherence length are selectively attenuated. Fig. 3.7

demonstrates the effect in a SL-disordered 6X6 π-stack with σ = 0.6 eV. Com-

pared to the disorder-free lattice in Fig. 3.2, the 6X6-polarized (intrachain)

spectrum is significantly reduced with f totintra decreasing from 0.37 to 0.21 while

practically no change occurs in f totinter. The coherence length responds sim-

ilarly, with CP [r = (1, 0)] dropping from 0.87 to 0.50 along the intrachain

direction, while CP [r = (0, 1)] is only mildly affected,dropping from 0.86 to

0.83. Interestingly, the polaron delocalization numbers are far more sensitive

to SL disorder, with Nintra dropping 5.2 to 2.7 units, while Ninter is hardly

affected (5.2 to 4.9). Moreover, the 6X6-polarized peak absorption intensity
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is also extremely sensitive to SL disorder, diminishing by about an order of

magnitude compared to the disorder-free value in Fig. 3.2, as the line width

increases substantially reflecting the increased disorder. Conversely, the entire

line shape corresponding to the interchain component is essentially unaffected

by SL disorder.

Figure. 3.7: (a) Hole absorption spectrum in the mid-infrared for a 6X6 π-stack with d=0.4

nm and with SL disorder (σ= 0.6 eV).(b) The associated coherence function is shown and

the coherence numbers are reported in the inset.

3.3.2 Off-diagonal/Paracrystallinity disorder

X-ray diffraction studies by Salleo and co-workers [56] [58] have revealed

the presence of paracrystallinity disorder in poly (2,5-bis(3-tetradecylthiophen-

2-yl)thieno[3,2,-b]thiophene) (PBTTT) [58] and P3HT [56] films, in which

significant deviations exist in the π-stacking distance about its equilibrium

value, d. The paracrystallinity parameter, g, is defined as σd/d, where σd is the

standard deviation of π-stacking distances which are assumed to be normally

distributed about d. Hence, an increasing value of g represents increasing

disorder; a film with a value of g greater than 0.10-0.15 is generally considered

to be amorphous [56] [58] in nature. In paracrystalline π-stacks the interchain

coupling between chain n and chain n+ 1 is given by, [56] [58]
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tinter(n) = t0interexp(−β∆dn) (3.17)

where d + ∆dn is the distance between the two chains and t0inter is the

coupling corresponding to ∆dn = 0. The factor β represents how rapidly the

interchain orbital overlap diminishes with increasing separation and was taken

here to be β = 2.35Å−1, the value calculated using DFT in Ref. [58]. The

deviation in the interchain coupling appearing in Eq. 2.8 is thus,

∆tn = tinter(n)− tointer (3.18)

Note that because of the exponential dependence in the coupling strength,

the mean coupling, 〈tmninter〉, which is important in determining oscillator strength

(see Eq. 3.9b) is not simply tinter, but is some what greater since for a given

|∆dm,n|, ∆tmninter is larger when ∆dm,n is positive vs. negative. In our first order

approach to understanding paracrystallinity, we neglect changes in tintra.

In general, the deviations, ∆dm,n - and therefore ∆tmninter - are functions of

both m and n and can therefore be distributed with varying degrees of spatial

correlation along the two directions defining a π-stack. The four extreme

cases, SS, SL, LS and SS, are defined in a manner similar to their site-disorder

analogues. For example, for SS off-diagonal disorder depicted in Fig. 3.2,

all deviations within a given configuration are chosen independently from a

Gaussian distribution of width σd, while in LL disorder all deviations ∆dm,n

within a given configuration are identical and equal to ∆dC , (while ∆dC is

chosen randomly from a Gaussian distribution of width σd.)

To demonstrate the impact of paracrystallinity in the extreme limits we

evaluated the coherence functions and the hole absorption spectra for 6X6 π-

stacks with LL and SS distributions of off-diagonal disorder. As in the case

of site disorder, in the LL limit, the coherence function is entirely unchanged

from the disorder-free aggregate as shown in Fig. 3.2. The insensitivity of

CP (r) to the presence of LL off-diagonal disorder is readily understood: each

configuration in the LL distribution is perfectly ordered with uniform values of
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∆tmninter,C , although the particular value of ∆tmn,n+1,C varies between members

of the disordered ensemble.

Figure. 3.8: Hole absorption spectrum in the mid-infrared for a 6X6 π-stack with off-diagonal

disorder in tinter. The top two panels present the x-polarized (intrachain) and y-polarized

(interchain) spectra for LL disorder. The bottom two panels represent SS disorder. Several

values of the crystallinity parameter g are shown. Insets show the oscillator strengths and

coherence lengths in units of d = 0.4 nm.

Fig. 3.8 shows that for LL off-diagonal disorder, the component of the ab-

sorption spectrum polarized along the polymer axis is essentially unchanged

as g varies from zero to 0.06. This is consistent with an unvarying tintra, since

we have assumed that paracrystallinity affects only tinter. The constant os-

cillator strength is entirely consistent with Eq. 3.9a which is exact for the

intrachain component. By contrast, the interchain component undergoes sig-

nificant attenuation, although the oscillator strength, which scales as the area
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of the band, actually slightly increases slightly with g (see figure inset). This

unusual behavior is readily appreciated from Eq. 3.9b. Because of the expo-

nential dependence of the interchain coupling on separation, the mean coupling

〈tmninter〉 is larger than tinter and the disparity increases with increasing g. Since

the coherence function is entirely unchanged with g, the oscillator strength

according to Eq. 3.9b increases as observed in Fig. 3.8 insets.

The case for SS paracrystallinity is quite different. Our calculations reveal

that the coherence function narrows with increasing g in both directions and

this is reflected in the diminishing coherence lengths with increasing g shown

in the insets of Fig. 3.8. This behavior is again analogous to the case of SS

site disorder, where the coherence also narrows isotropically with increasing

disorder. Fig. 3.8 further shows an attenuation of the main absorption peak

in both polarization components. In the case of the intrachain component,

the oscillator strength shown in the inset also diminishes in accordance with

Eq. 3.9a, and faithfully tracks the diminishing value of CP [r = (1, 0)]. By

contrast, the interchain component of the oscillator strength increases, due to

the increasing mean value of the interchain coupling, which overcompensates

the diminishing coherence factor.

3.4 Comparison to Experiments

3.4.1 Sirringhaus and Coworkers: Polaron Coherence

as a function of Molecular Weight

Based on the approach described in the previous section, we can now de-

termine the extent to which holes are delocalized in P3HT. We accomplish this

task by comparing our calculated CM spectra with the published spectra of

Chang et. al. [10] for P3HT films prepared with polymers of varying molecular

weights, spin cast from a trichlorobenzene solution. For our analysis we choose

the 37 kg/mol and 15 kg/mol films, referred to hereon as the high and low

MW films, respectively.
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Figure. 3.9: (a,b) Comparison of simulated CM spectra to the measured spectra of Chang et.

al. [10] for two different molecular weight P3HT polymer films (37 and 15 kg/mol) spin-cast

from trichlorobenzene solution. The associated coherence functions for the high and low MW

films are shown in panels c and d, respectively.

Fig. 3.9 shows the experimental CM spectra from Ref. [10] The spectra are

considered to be independent of incident field polarization as the samples were

not oriented. The spectra are quite different for the two MW’s. Note first the

marked change in ordinate units between Fig 3.9a and 3.9b, which masks a

precipitous drop in peak intensity by about a factor of four in going from the

high to low MW film. There is also an increase in the overall line broadening,

indicative of increased disorder in the lower MW films. Both high and low MW

spectra also display sharp anti-resonances due to infrared active vibrations

(IRAVs). Such vibrations are made allowed by the symmetry-breaking induced

by the presence of charge [9] [8]. We have not accounted for such resonances

in our theory. Rather, we are concerned with the overall spectral envelope



68

which arises from all ground state hole transitions to the complex excited

state manifold represented by the eigenstates of the Hamiltonian in Eq. 2.3.

Although the line shapes of the both high and low MW spectra are very

different they basically consist of two broad peaks, the first of which (labelled

peak A) contains most of the IRAVS and has been attributed to the interchain

charge transfer by several groups [9] [8] [11] [10] [12]. The second peak (peak B)

has been loosely associated with the intrachain polaron transition, i.e. peak C1

or P1 in Ref.s [12] [9] [8] [11]. Interestingly, in both the spectra, peaks A and B

are separated by a significant dip, exacerbated by the presence of IRAVs, which

lies close in energy to the prominent vibrational mode at approximately 0.17

eV (1400 cm−1). There are also additional features that appear to be vibronic

in origin: in the high MW films, peak B displays a splitting (indicated by

the arrows) which is slightly more difficult to discern in the lower MW film

presumably due to increased disorder-induced linewidth. The lower MW film,

however, develops a pronounced high energy band centered at approximately

3 vibrational quanta (or ≈ 0.5 eV) which can be tentatively associated with

P1 or C1.

Fig. 3.9 also shows the simulated spectrum consisting of the sum of the

x- and y-polarized components based on the Hamiltonian in Eq. 2.3 for 6X6

lattices. In order to make the simulations tractable, we focus only on site

disorder and paracrystallinity, relegating the impact of off-diagonal disorder

along the chains to an effective value of tintra. DFT band structure calculations

by Northrup [74] give |tintra| = 0.45eV and |tinter| = 0.15eV for planarized

chains. For the high MW films, we reduced the intrachain value to 0.40 eV to

account for torsions but left the interchain value intact since paracrystallinity

disorder is treated directly. The vibrational parameters are the same as in

previous figures and are consistent with what is known for P3HT [11]. In order

to obtain the best agreement with experiment, we incorporated SL diagonal

broadening (σ = 0.28eV ) and SS paracrystallinity (g = 0.065) and averaged

over 5000 configurations of disorder to obtain converged spectra (Disorder

models have been discussed elaborately in chapter 2). The substantial value
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of g is in good agreement with x-ray diffraction measurements of Salleo and

coworkers for high MW P3HT films [56] [67] and may arise from the stress

induced by chain folding [75] [76]. The SL nature of the diagonal (site) disorder

emphasizes intrachain disorder and is necessary to maintain the dominance of

the first broad peak [62], (peak A) in the figure. As shown in previous chapter,

SS broadening effectively attenuates both peaks (A and B) [62].

Overall, the agreement with experiment is quite good. However, the calcu-

lated polarized components in Fig. 3.9a clearly show that peak A is has signif-

icant contribution from the intrachain transitions too. The broad asymmetric

nature of peak B is also well-reproduced, including the enhanced oscillator

strength in the vicinity of the split peaks, which are mainly due to transitions

along the polymer backbone. We will look into the orgin of peaks A and B in

the next chapter.

In order to capture the increased broadening and dramatic drop in intensity

displayed by CM spectrum of the low MW film displayed in Fig. 3.9b it was

necessary to increase the diagonal disorder significantly to σ = 0.37eV and

change it’s nature from SL to SS(SL and SS disorder have been discussed

in chapter 2). To account for paracrystallinity, the value of g was slightly

decreased to g =0.05, in agreement with x-ray diffraction measurements by

Koch et. al. [67], who showed a 10-15 % decrease in g in going from 40 kg/mol

to 15 kg/mol P3HT films. In addition to increasing the diagonal disorder, we

also reduced the value of |tintra| to 0.28 eV, consistent with enhanced intrachain

(torsional) disorder. As shown in Ref. [45], torsional disorder is larger in the

lower MW films, where the paraffinic phase is prominent. We emphasize that

the simulated spectra in Fig. 3.9 are not individually normalized. The spectral

attenuation by about a factor of four observed by Chang et.al. [10] in going

from the 37 to 15 kg/mol films is well-captured by our simulations, and justifies

the validity of our model. The attenuation is linked to a drop in band oscillator

strength which is reported in the Figure 3.9 inset.

Peak A in the simulated spectrum of Fig. 3.9b is slightly larger than its

experimental counterpart, but the remaining line shape is very well captured,
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especially, the appearance of the broad, high-energy shoulder centered around

three vibrational quanta, which is also observed in Fig. 3.5 with increasing

diagonal disorder and is primarily due to the intrachain component. Note that

in this regime of strong disorder, the two polarized components more closely

resemble each other. Of particular interest is the composition of peak A. In

marked contrast to the high MW spectra, the main contributor to peak A is

now the intrachain component, making the association of peak A exclusively

with interchain transitions questionable. In the next chapter we will look into

the origin of peak A and peak B.

We now turn to polaron delocalization in the high and low MW films. In

Fig. 3.9c,d, the calculated coherence functions for the high and low MW films

are displayed, with the coherence numbers reported in the insets. Consistent

with the increased disorder in going from the high to low MW film is a pro-

nounced drop in the polaron delocalization numbers: (Nintra,Ninter) decreases

from (4.01, 4) for the 37 kg/mol films to only (2.8, 2.4) in the 15 kg/mol

films. Hence, in the high MW films, the polaron is delocalized over roughly

four thiophene units in each direction, decreasing to only three and two in the

intrachain and interchain directions, respectively, for the low MW films. In-

terestingly, the drops in Nintra and Ninter track a similar drop in the polarized

band oscillator strengths; fintra and finter diminish by factors of 1.9 and 2.3 ,

respectively, compared to the factors of 1.6 and 1.7 for Nintra and Ninter. The

decrease in the oscillator strengths and coherence numbers with decreasing

MW is primarily due to an increase in SS diagonal disorder as well as the

associated decrease in the |tintra| (0.40 eV to 0.28 eV) used in our simulations.

Interestingly, because intrachain disorder is diagonal Eq. 3.9a is exact, and

can be used to quantitatively account for the decrease in fintra by a factor of

1.9 in going from the high MW to the low MW film.
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Discussion

Based on a nonadiabatic Holstein-style model, we have analyzed in detail

the nature of hole delocalization in conjugated undoped polymer films. The

model is highly successful in quantitatively reproducing most of the salient

features present in the mid-IR absorption spectrum of P3HT films, including

the pronounced dip observed at an energy approximately equal to one quantum

of vibrational energy involving the aromatic/quinoidal stretching mode, the

additional split pair of peaks at slightly higher energies, and the broad high-

energy shoulder at 0.5 eV, which is most pronounced in the more disordered,

lower MW films. The fine structure cannot be accounted for in the standard

polaron theory, which is based on the adiabatic approximation [14] [7]. With

the excellent agreement between the theory and experiment (see Fig. 3.9) in

hand, we proceeded to derive the generally anisotropic polaron delocalization

numbers in P3HT thin films, where polymer molecular weight is a major factor

in determining thin film morphology [56] [67] [77]. For the more ordered,

high MW films (37 kg/mol), the hole is delocalized over approximately four

thiophene units in each direction. Hence, the total number of thiophene units

within the coherence area is approximately Ncoh = 16 , which can also be

obtained using Eq.3.10c. Upon reducing the molecular weight to 15 kg/mol,

the delocalization number diminishes to three units along the polymer axis and

only 2 units along the interchain axis, reducingNcoh to about 6-7. Chang et. al.

[11] also investigated a much higher MW film (270 kg/mol) showing a roughly

30 % increase in oscillator strength compared to the 37 kg/mol films, but

with a very similar line width. The change is very likely linked to an increase

in < tintra > in the 270 kg/mol films due to enhanced chain planarization,

which, according to Eq. 3.9b would result in an increased oscillator strength

through the quantity CP [(1, 0)] < tintra >. One would also expect an increase

in the intrachain delocalization number to roughly 5-6 units, which is too

large for an accurate reproduction of the measured spectrum using lattices

(see Eq. 3.15 and eq. 3.16). Interestingly, the charge mobility was also shown
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to increase by two orders of magnitude in going from the 15 to 270 kg/mol

films, [11] although it is not likely that the increase in Ncoh is responsible for

the entire increase in mobility. Hole mobility is sensitive to disorder on various

length scales, and, in particular, to the presence of tie polymers which connect

ordered aggregates in the presence of intervening amorphous regions in high

MW films. [76] [75] [56] [67] [77] [78] The role of tie-chains in hole mobility

will be discussed later in this chapter.

A previous work by Niklas et.al. [79] based on a combination of EPR spec-

troscopy and DFT calculations estimated the delocalization number to be

about 15 thiophene units in highly regioregular P3HT/Fullerene film blends.

At first glance, this number agrees well with our estimates for the 37 kg/mol

films, however, the MW was not reported in Ref. [79] Moreover, the authors of

Ref. [79] conceded that their analysis could not determine the dimensionality

of the delocalization, i.e., whether the polaron is delocalized over 15 units on

a single chain, or over 7-8 units on two neighboring chains within a π-stack.

However, because the film EPR spectrum was very similar to the spectrum

corresponding to a frozen P3HT/ toluene solution, they concluded that de-

localization was probably intramolecular. Takeda and Miller [80] estimated

the intramolecular delocalization number to be significantly smaller - about

8-9 units for poly(3-decylthiophene) dissolved in chloroform, where holes were

generated using pulsed radiolysis and the delocalization number deduced from

the magnitude of the bleach signal in a transient absorption measurement.

To fairly compare all of the aforementioned delocalization lengths, however,

depends on a consistent definition of the polaron delocalization number. We

do not know how Ncoh from Eq. 3.10c exactly relates to the numbers deduced

from the analyses in Ref.s [79] and [80]. In the discussion surrounding Fig.

3.6 we pointed out that the hole absorption spectrum converges when each

lattice dimension exceeds roughly twice the corresponding coherence length -

see Eq. 3.15. In other words the polaron’s wave function extends beyond the

values of Lintra and Linter defined in Eq. 3.12 and Eq. 3.11 by roughly a factor

of two. We can therefore also claim a delocalization number of 10-11 along
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the polymer chain in the very high MW (270 kg/mol) films. Our definition

of Lintra (Linter) is but one way to characterize the width of the coherence

function along x(y).

3.4.2 Salleo and Coworkers: Polarized Measurements

of P3HT films

A much more accurate determination of the dimensionality of polaron de-

localization requires oriented samples, from which the spectral components for

IR excitation polarized along the polymer axis and along the stacking axis can

be derived. One can exploit the relationships between the x-polarized and

y-polarized band oscillator strengths and the coherence points, CP [(1, 0)] and

CP [(0, 1)], respectively, expressed by eqs 3.14a and 3.14b to extract more reli-

able and accurate coherence lengths. Measuring absolute oscillator strengths

can be difficult, therefore an alternative but reliable method is to vary the na-

ture and magnitude of disorder until the simulated x- and y-polarized spectral

line shapes agree with experiment, as was done successfully for the unpolarized

spectra in the previous section. Oriented samples and the ability to resolve the

mid-IR spectrum along the x and y axes will also provide additional insight

into the nature of peak A, also referred to as the CT peak [12] and DP1 [8]

in previous works. These works utilized standard polaron theory, [7] [14] to

show that the peak is entirely sourced by interchain transitions. However, as

shown in Fig. 3.9, peak A has contributions from both interchain and intra-

chain transitions. The interchain origin of peak A appears to dominate in the

higher MW films with SL diagonal disorder. As shown in ref [62], short-range

disorder along a given axis selectively attenuates the polarized spectrum along

that same axis. This is most dramatically demonstrated in the model cal-

culations shown in Fig. 3.7, where the x-polarized (intrachain) spectrum is

severely attenuated under SL disorder, leaving behind an intense low-energy

peak (A) polarized entirely along the interchain axis. However, when signifi-

cant interchain short-range disorder is added, as in going from the simulated
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spectrum in Fig. 3.9a (SL) to that in Fig. 3.9b (SS), the situation is reversed:

peak A becomes dominated by intrachain transitions, because the interchain

component is selectively attenuated. CM spectra from oriented samples will

allow one to verify the nature of peak A, as well as the intrachain nature of

the split peak, which appears in the broad region of peak B.

In order to verify our claims and check the valdity of our model, Annabel

and Prof. Salleo designed a set of polarized Charge Modulation Spectrum

(CMS) measurements to study P3HT films. Unlike standard CMS measure-

ments, where unpolarized light is used to excite the polymer films, inserting a

linear polarizer allows light of a fixed polarization to interact with the aligned

sample. Polymer films can be preferentially aligned in a particular direction

by rubbing them at very high temperatures. See Ref. [25] and Annabel’s the-

sis [81] for experimental details. They can either have a face-on or edge-on

orientation relative to the substrate (See fig. 3.10). Fig. 3.10 has been taken

from Annabel’s thesis [81]. Absorption occurs when the dipole moment of the

molecule is aligned with the electric field induced by the incident light. Thus,

by controlling the incident light polarization, the intrachain or interchain po-

laron absorption of a perfectly aligned film with crystallites that are oriented

edge-on to the substrate can be independently measured.

Figure. 3.10: Schematic of polymer crystallite orientation as a function of its thin film

deposition conditions.
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The experimental setup and procedure can be found in Annabel’s the-

sis [81]. I will give a brief overview here. Salleo group used a well-established

alignment procedure that causes the P3HT crystallites to deposit face-on [82]

with respect to the substrate. Due to the face-on alignment of crystallites as

shown in Figure 3.10, intrachain polaron absorption can be selectively mea-

sured when the linear polarizer is aligned with the chain backbone. Since the

aligned polymer chains π-stack perpendicular to the substrate surface, the ef-

fective absorption dipole moment is zero in the interchain direction and and

hence, interchain polarized absorption cannot be measured by CMS. Lastly,

bulky alkyl chains in the alkyl stacking direction makes it almost impossible

for the hole to migrate, so any absorption contribution from the alkyl stack-

ing direction can be safely neglected. Therefore, we can only capture the

intrachain polaron absorption when the incident light is polarized along the

polymer backbone, with no absorption measured along the stacking direction.

Figure. 3.11: Comparison of simulated CM spectra to the polarized measured spectra of

P3HT films using (a) single chain and (b) a 10X4 π-stack.

We used our theoretical model to model the intrachain component of the

absoprtion spectrum. In fig. 3.11a, a single chain was used while in fig. 3.11b,

the simulated intrachain component from a 10X4 π-stack was used to fit the

measured spectrum. The model does an excellent job in getting quantitative

fits to the experimentally measured intrachain absorption. Most importantly,
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Fig. 3.11 clearly shows that peak A has a significant contribution from the

intrachain component and is not solely due to interchain interactions. Thus,

in contrast to the conventional polaron theory, peak A is not related to a

self-trapped, mid-gap polaron state derived solely from interchain coupling.

Rather, Peak A is composed of spectrally overlapping intrachain and interchain

components mixed together by disorder. A detailed analysis of the origin

and nature of peak A will be discussed in the chapter 4. More polarized

measurements are being done currently in the Salleo lab with polymer films

having edge-on arrangement relative to the substrate. This will help in further

validating our model by comparing our theoretical simulations with both intra-

and inter-chain polarized measurements.

3.4.3 Salleo and Coworkers: The role of disorder and

microstructure on charge transport processes in

Organic Semiconductors.

This work was done in collaboration with Prof. Alberto Salleo and Prof.

Christine Luscombe. The Luscombe group synthesized 100% regioregular

P3HT films with varying molecular weights and the measurements were done

by Annabel in the Salleo group. We combined our recently developed theo-

retical model with Charge Modulation Spectroscopy (CMS) [12] [16] to probe

and quantify the effect of microstructure and processing on charge delocal-

ization in a model polymer system, P3HT. CMS is a direct measurement of

the polaron absorption, where the oscillator strength of polaron absorption

is inversely related to the degree of trapping [15] [36]. CMS is performed

on metal-insulator-semiconductor (MIS) structures biased in accumulation, in

the same way as a field-effect device such as a transistor would be. Therefore,

charges at the semiconductor-dielectric interface can be selectively studied [83].

Thus, CMS measurements in conjunction with theory are an excellent way to

quantify and study polaron delocalization under device-relevant conditions.

These polarons act as a sensitive probe of the local environment experienced
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by charged carriers, allowing the local chain order to be studied.

As shown in previous sections, spectral signatures can be used to directly

quantify the polaron coherence lengths along the polymer backbone and in

between chains. By correlating the polaron coherence number to well-known

trends of mobility in literature, the separate effects of delocalization and con-

nectivity on charge transport can be clearly distinguished. These results not

only demonstrate the importance of both increased delocalization and con-

nectivity for high mobility, but also provide insights into the fundamental

principles of charge transport. We systematically study a model polymer sys-

tem, P3HT, from its most disordered isomer i.e regiorandom (RRa) P3HT to

the most ordered and highly crystalline films like regioregular(RR) P3HT.

Regiorandom (RRa) P3HT films

Figure. 3.12: Cartoon representation showing a microscopic view of regiorandom (RRa)

films. RRa films are mostly coiled chains and does not form π-stacks

Regiorandom P3HT films resemble coiled single chains with no evidence of

π-stacking.(see Fig. 3.12) They exhibit amorphous morphology and very low

carrier mobility. This low carrier mobility has long been attributed in literature

to slow charge hopping through a disordered energetic landscape. Using photo-
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induced absorption [8](PIA), the polaron absorption spectrum of RRa P3HT

shows a weak peak at ≈ 0.5 eV. PIA was used instead of CMS for the study

of RRa P3HT, due to its extremely weak polaron absorption (≈10-5 a.u.),

which was difficult to capture reliably using CMS. Compared to a disorder-

free polaron spectrum [62] [15] [36], the absorption is significantly blue-shifted,

confirming the presence of strong disorder in the film. To provide further

insight into the PIA spectrum, we took a small chain having 4 thiophene

units. A reduced value of tintra = -0.30 eV was used to account for the high

intrachain torsional disorder in regio-random samples compared to RR P3HT.

From the simulated spectrum, the number of coherently connected thiophene

units in the intra-chain direction (Nintra) was calculated to be approximately

3, consistent with the polaron being localized on single coiled chains. This

low local chain order leads to the low carrier mobility observed in RRa P3HT

films.

Figure. 3.13: Simulated polaron absorption spectrum of RRa P3HT using a 4-mer polymer

chain. Inset (left) shows schematic of polymer chain used for simulation, with each P3HT

monomer represented by a red bead, (right) PIA spectrum of RRa P3HT reproduced from [8]
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In addition to using a 4-mer chain, we also modeled the experimental IR

CM spectra by introducing periodic breaks in longer P3HT chains as shown in

Fig. 3.14a. The inset in Fig. 3.14 shows an 8-mer chain with a break between

the 4th and 5th thiophene unit. The simulated spectrum looks very similar to

that of a 4-mer chain (as shown in Fig. 3.13) and agrees very well with the

experimental measurements. Similar results are obtained if we use a 12-mer

or 16-mer chain with occasional breaks after every 4 or 5 thiophene units (see

Fig. 3.14b). We use these periodic breaks to convince our readers that there is

a high possibility that these regio-random highly disordered samples encounter

frequent breaks, twists, turns and bend.

Figure. 3.14: Simulated polaron absorption spectrum of RRa P3HT using a (a) 8-mer and

(b) 12-mer polymer chain.

P3EHT films

Poly(3-(2’-ethyl)hexylthiophene) (P3EHT) has the same polythiophene-

based backbone structure as RRa P3HT. Unlike RRa P3HT, P3EHT is > 98

% regioregular, allowing it to pack more efficiently and crystallize. Despite

better crystallinity and improved packing efficiency, charge mobility remains

low at ≈ 10−5 cm2V −1s−1
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Figure. 3.15: (a) Comparison of simulated and experimental Charge Modulation (CM) spec-

trum of P3EHT. Calculated fits to the spectrum are shown in dotted lines, with (b) the

associated polaron coherence function (Cp(r)) describing hole delocalization expressed as the

number of thiophene units in the x(intrachain) and y(interchain) directions.

Theoretical modeling of the experimentally measured CM spectrum reveals

that polarons in P3EHT are localized only along a single polymer chain and

are thus 1-dimensional (1D)(Figure 3.15) in nature. The polaron is delocalized

over approximately 5 thiophene units (Nintra = 5) along the polymer backbone

(≈ 1.6 nm). The semicrystalline nature and planar polymer segements of

P3EHT films facilitates greater polaron delocalization lengths along the poly-

mer backbone compared to RRa P3HT films. Crystal refinement techniques

have shown that the branched ethyl group tilts the chains in the π-stacking

direction. This results in an increased π-stacking and a herringbone-like struc-

ture. As a result, there is a significant drop in the hole transfer integral in the

inter-chain direction (tinter), preventing polarons from delocalizing over mul-

tiple chains. Indeed, DFT calculations suggest that the electronic dispersion

in the interchain direction is nearly non-existent [84].

The larger inter-unit separation of P3EHT compared to P3HT leads to a

substantial reduction in interchain coupling (tinter), since the interchain cou-

pling between chains is exponentially sensitive to the inter-chain distance. The

interchain coupling is given by,
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tinter(P3EHT ) = tinter(P3HT )exp(−β∆d) (3.19)

and β = 2.35Å−1 for P3HT, [85] and ∆d is the change in the interchain (or

π-stacking) distance between the two polymers; ∆d = d(P3EHT )−d(P3HT )

, where d(P3EHT ) = 5.09 Å and d(P3HT ) = 3.86 Å. Using Eq. 3.19 and

tinter = -0.15 eV for P3HT, tinter for P3EHT is calculated to be -0.008 eV. We

use this value of tinter in order to fit the experimental spectra.

We also repeated our calculations using the original value tintra = -0.4

eV used for P3HT simulations. The comparison to experiment, shown in Fig.

3.16, looks reasonable resulting in a very similar polaron size. Therefore, we are

confident that our polaron localization results are an accurate representation

of the polaron size in P3EHT, and the improved fit as shown in Fig. 3.15 above

using a lowered tintra suggests increased disorder in the polymer backbone for

P3EHT films compared to P3HT films.

Figure. 3.16: (a) Comparison of simulated and experimental Charge Modulation (CM) spec-

trum of P3EHT using tinter = 0.4 eV. Calculated fits to the spectrum are shown in dotted

lines, with (b) the associated polaron coherence function (Cp(r)) describing hole delocal-

ization expressed as the number of thiophene units in the x(intrachain) and y(interchain)

directions.
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In conclusion, faster polaron hopping along the polymer backbone and

higher mobilities is mainly due to backbone planarity and semicrystalline na-

ture of P3EHT. Thus, increase in intramolecular order due to reduction in

conformational disorder leads to an increase in carrier mobility. However,

lack of efficient polaron delocalization in the intermolecular direction is likely

why mobility in P3EHT remains much lower than in P3HT, despite sharing a

similar polythiophene-based backbone.

Regioregular(rr) P3HT films

Regioregular(RR) P3HT exhibits significantly higher mobility compared

to P3EHT and RRa P3HT, with a strongly molecular weight-dependent car-

rier mobility. Despite low molecular weight films being more crystalline and

ordered compared to high molecular weight films, mobility actually increases

with molecular weight [56] [85] [86] [87]. To better understand the reason be-

hind this unusual trend in mobility, we have combined our theoretical model

with charge modulation (CM) spectra of RR P3HT films having MW between

3.6 kg/mol to 30 kg/mol.

Despite being more crystalline, aggregates in the low MW films must con-

tain significant local interchain disorder, causing localization of the polaron.

With increase in MW, Ninter increases significantly while Nintra more or less

remains the same. This shows that decreasing the MW significantly affects

polaron hopping between chains due to the presence of very high disorder.

Although low MW films generally exhibit lower paracrystallinity disorder,

chain-end effects at low MWs leading to much greater intrachain torsional

disorder and diagonal disorder (σ) along a given polymer chain. Our spectral

fits demonstrate this effect, as σ decreases from 0.30 eV to 0.25 eV with in-

creasing MW. The distribution of disorder also changes; going from isotropic

short-range disorder at low MW (i.e. SS disorder), to a distribution which

is longer range along the interchain direction (i.e SL disorder). This disorder

suppresses the interchain delocalization at low MWs, despite the lower g.



83

Figure. 3.17: Comparison of simulated and experimental CM spectra of 100% RR P3HT

without and with a SAM layer, shown in (a) and (c), respectively, with films of Mw =

30 kg/mol. Calculated fits to the spectrum are shown in dotted lines. The associated co-

herence functions as a function of number of thiophene units along the x(intrachain) and

y(interchain) directions are shown in (b) and (d) for films without and with a SAM layer,

respectively.

The simulated CM spectrum of RR P3HT of 30 kg mol−1 molecular weight

(MW) was obtained using a 10 x 7 π-stack. The simulated spectrum was av-

eraged over 103 randomly generated disorder configurations, characterized by

SL diagonal disorder with σ = 0.27 eV. The SL nature of the diagonal site

disorder is necessary to capture the increased intensity of Peak A found in

RR P3HT with SAM. The homogeneous linewidth is set to Γhomo= 0.03 eV.

Simulations also include tintra = -0.40 eV, tinter = -0.06 eV, Ωvib = 0.174 eV,

g = 0.05 and λ2 = 1. Moreover, the paracrystallinity parameter, g, was set

to 0.05 to account for stress induced due to chain folding in agreement with



84

Figure. 3.18: a(c) Comparison of simulated and experimental Charge Modulation (CM)

spectrum of 100 % RR 3.6(6.7) kg/mol P3HT and associated polaron delocalization num-

bers(b,d)

previous experimental findings. [56](Note: SL disorder and similar value of

paracrystallinity disorder (g) was used to capture the high MW P3HT mea-

surements of Chang et. al. [10]). All the parameters for all the experimental

measurements are available at the end of the thesis.

The spectroscopic measurements from the Salleo group show that polaron

delocalization increases with MW upto a certain point (≈ 12.6)kg/mol and

then saturates. Therefore, from a polaron coherence standpoint, there is no

benefit in increasing the MW beyond 12.6 kg/mol. The polaron coherence

numbers as a function of molecular weight is shown in table A.19.

Although polaron coherence remains stagnant, mobility keeps increasing

beyond 12.6 kg/mol and reaches 10−4cm2V −1s−1. The increase in mobility

below 12 kg/mol is due to the progressively better interchain order which
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Polaron Coherence Number
RR P3HT (kg/mol) Nintra Nintra

3.6 4.8 1.8
6.7 5.1 2.1
>12.6 5.2 5.0

Table 3.1: Calculated Intrachain and Interchain polaron coherence numbers as a function of

molecular weight

Figure. 3.19: Schematic illustration showing crystallite connectivity through tie-chains in

high mw films.

facilitates greater interchain delocalization of polarons. However, the increase

in mobility beyond 12.6 kg/mol is due to increased crystallite connectivity

through tie-chains. Crystalline regions in long polymer chains is very well

connected in high mw films which results in significantly higher mobilities

(see 3.19b). Therefore, two distinct regimes influencing mobility in P3HT

are observed, allowing the effects of nano-scale local disorder and meso-scale

connectivity on mobility to be clearly distinguished.
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3.4.4 Brabec and Coworkers: Why do we need polar-

ized measurements?

As discussed in the previous section, in the highly amorphous RRa P3HT

films investigated by Brabec et.al [13] the disorder landscape over which the

polaron migrates is quite complex, shaped by short-range torsional twists and

bends, the presence of chemical defects, longer-range structural defects like

grain boundaries, and inhomogeneous electric fields. Hence, during its motion,

a given hole encounters frequent twists, bends and turns which break the

conjugation, thus inhibiting charge transport and causing hole localization.

In order to model polaron absorption in such a complex environment, we

appeal to a phenomenological disorder model which considers an ensemble of

polymer chain segments with a length limited to only four thiophene units as

shown in Fig. 3.20a. Within each chain the polaron’s energy when residing

on a particular thiophene unit (the site energy) is randomly chosen from an

inhomogeneous Gaussian distribution with a standard deviation of σ = 0.3 eV.

To obtain absolute convergence in the simulated IR spectrum, we average over

103 disorder configurations. The result, shown as the blue dashed spectrum

in Fig. 3.20b agrees quite well with the measured spectrum, reproducing both

the positions and relative intensities of peaks A and B. Note that our model

does not account for the narrow IRAVs.

As first demonstrated by Vardeny and Sirringhaus, [12] [8] the improved

connectivity and crystallinity in RR P3HT films results in two-dimensional

delocalization of the hole over multiple chains. In order to model the effect

for RR P3HT films, we consider a 10x4 π-stack (four chains each with 10

thiophene units) with reduced short-range disorder, σ= 0.22 eV, compared to

the RRa films. In Fig. 3.20c we consider the so-called SL model for disorder

whereby disorder is considered short-range (S) along the chain direction but

long-range (L) in the interchain direction. To realize SL disorder, the site

energies are chosen randomly from the Gaussian distribution along a chain but

are otherwise identical across chains. This is in contrast to an SS distribution
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where the site energy is isotropic and chosen independently for any given site

within the stack.

Figure. 3.20: (a)In regiorandom (RRa) P3HT films, the polaron wave function is limited to

a maximum of 3 or 4 repeat units (represented as red circles) due to high torsional disorder

and frequent breaks in the polymer backbone. By contrast regioregular (RR) P3HT films are

more ordered, allowing 2D delocalization of the hole; a 10x4 P3HT π-stack was considered

for the simulations (b) Comparison between measured (solid) from ref. [13] and simulated

(dashed) IR spectra for the two extreme variants of P3HT films; the RR P3HT film is shown

in red and RRa film is shown in blue. The intrachain- and interchain-polarized components

of the simulated spectrum is shown in (c). SL indicates disorder along the polymer chain

only. The effect of changing from SL to SS disorder distribution is shown in d).

The simulated spectrum in Fig. 3.20b (red dashed curve) agrees well with

the measured spectrum. Notably, the simulation captures the relative inten-

sity increase and red-shift of peak A, (compared to the RRa film) as well as

the much larger red-shift of peak B, effectively causing it to merge with peak
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A. Fig. 3.20c,d also shows the spectrum polarization-resolved along the inter-

chain and intrachain axes. Interestingly, peak A is composed of almost equal

admixtures of inter- and intrachain polarization components. The figure also

shows a simulated spectrum with SS disorder. Compared to the SL spectrum,

the interchain component is strongly suppressed while the intrachain compo-

nent is hardly affected (note the change in the y-axis scale), an effect which

correlates to the enhanced chain-to-chain disorder. However, both the SL and

SS spectra are adequate fits to experiment. Hence, to unambiguously assign

the nature of peak A, more polarized measurements of oriented RR P3HT

films are needed.

The dependence of the measured IR spectra on film morphology in Fig.

3.20 can be more clearly understood in terms of the polaron coherence num-

bers, Nintra , Ninter and Ncoh. Nintra is the number of thiophene units within a

given chain over which the polaron motion remains coherent (i.e. wave-like).

Similarly, Ninter is a measure of the number of coherently connected chains

while Ncoh is the total coherence number, equal to Nintra for the case of a

single chain, and approximately given by the product of Nintra and Ninter for a

π-stack. A detailed discussion about the calculation of the coherence numbers

can be found in chapter 2. The coherence numbers for the simulated spectra

are reported in the insets of Fig. 3.20c,d. For the amorphous film, Nintra is

only 2.9, but approximately doubles in going to the more crystalline (RR) films

which are further delocalized in the interchain direction. The overall effect is

almost an order of magnitude increase in the total coherence number Ncoh in

going from the RRa to RR films. The large increase in coherence number

correlates to red-shifts in both A and B peaks as well as a marked increase in

the A/B peak intensity ratio.
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CHAPTER 4

SPECTRAL SIGNATURES

AND SPATIAL COHERENCE

OF BOUND POLARONS

Chemical doping of semiconducting conjugated polymers is a key enabling

technology to bring these materials to market and has therefore been actively

studied for several decades. [15,18,18,29–31,35–37,56,67,88–92]. The dopant

molecules act as efficient charge injectors and can introduce either electrons,

or, more often, holes into the polymer matrix. The addition of holes into

the conjugated polymer poly(3-hexylthiophene) or P3HT has been shown to

dramatically increase conductivity, [29] [93] motivating several recent works

to investigate the important relationship between the polymer/dopant mor-

phology and the method used to introduce the dopant [35] [34] [29] [28] [94].

While it has been shown that the ionization efficiency of dopants in P3HT

can be as high as 70-80 % [95] [30] the fraction of mobile charges remains low,

on the order of 5% [30] leading to overall low functional doping efficiencies

and therefore requiring high dopant concentrations to significantly increase

conductivity. The high concentration of dopant molecules can induce dra-

matic microstructural changes, such as the appearance of new co-crystallized

phases [96] [31]. These microstructural instabilities pose problems in cases
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where high conductivities are required, such as thermoelectric materials [97]

or contact/channel doping in transistors. [22,98–100]

The origin of such low efficiency of mobile carrier generation is still being

investigated. A few mechanisms have been identified such as Coulomb trapping

by ionized dopants, [30] disorder in the doped polymer energetic landscape,

[101] and carrier localization near-ionized dopants [35]. The situation is further

complicated by the occurrence of different processes as a function of the dopant

concentration. At low dopant concentrations, for instance, Coulomb traps

[35] and carrier localization in amorphous polymer regions [91] leading to a

reduction in mobility were observed. At higher concentrations, it was found

that the interaction with the dopant straightens the P3HT chains, leading to an

increase in mobility. [35] There is therefore considerable interest in providing a

fundamental understanding of the nature of the charges generated by doping.

In this chapter we extend our theoretical model developed for homopoly-

mers in the last chapter to investigate the infrared (IR) spectral line shape de-

rived from holes in doped P3HT films, emphasizing the important role played

by polaron coherence. We establish the origin and nature of peak A and its

higher-energy partner, peak B. The latter has been associated with absorption

to the low-energy gap state (P1) since the early days of polyacetylene [102].

According to the conventional polaron theory, peak A arises from interchain

charge transfer, which causes the gap-polaron responsible for P1 to split into

two states, the transition between them being responsible for a low-energy peak

polarized along the interchain direction [8] [12] [14]. As such, the conventional

interpretation fails to account for the appearance of peak A in single chains

or in π-stacks with the electric field polarized along the chain direction [25].

In what follows, we show that in chemically doped P3HT films, peak A is

primarily of intrachain origin. The dopant anion leads to hole localization on

a single chain, with peak A deriving oscillator strength from a mechanism akin

to Herzberg Teller coupling. Interchain interactions contribute to peak A, but

only in undoped films where the unbound holes, generated either optically or

electrically, are delocalized over two or more chains.
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4.1 Theoretical Model for Doped Homopoly-

mers

In our analysis of the mid-IR polaron absorption spectrum of P3HT π-

stacks in the presence of F4TCNQ dopants, we continue to utilize the Holstein

molecular crystal Hamiltonian [103] adapted to polarons in polymers in chapter

2.

Within the subspace containing a single hole residing within a polymer

π-stack interacting coulombically with a dopant anion, the Hamiltonian can

be written as,

H = H0 +Hdiag +H inter
off−diag +H intra

off−diag +HC (4.1)

where H0, Hdiag, H
inter
off−diag and H intra

off−diag have been introduced in chapter

2. The final term in the Hamiltonian in eq. 4.1 represents the Coulomb inter-

action between the hole and the dopant anion. In the simplest manifestation,

the anion is considered to be a negative point charge. Treating the holes also as

point charges (located at the thiophene ring centers), the attractive Coulomb

coupling is given by,

HC = −
N∑
m=1

M∑
n=1

e2

4πεoε|rm,n − ranion|
d†m,ndm,n (4.2)

where rm,n is the position vector identifying the mth thiophene ring center

on the nth chain, while ranion is the position of the dopant anion. In what

follows, we assume a nearest neighbor separation of 0.40 nm between thiophene

rings along a chain, and a separation between adjacent chains within a π-stack

of 0.40 nm. Finally, in eq. 4.2, ε0 is the vacuum permittivity, and ε is (unitless)

relative permittivity of the polymer film.
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4.2 Spectral signatures of polarons in doped

Homopolymers

Figure. 4.1: Calculated IR spectrum of a disordered anion/10-mer complex for various dis-

tances between the anion and chain mid-point. The parameters defining the Hamiltonian in

Eq.4.1 are tintra =-0.4 eV,ωvib = 0.17 eV, λ2 = 1 and ε = 1. Additionally, the standard

deviation of the Gaussian disorder distribution is set to σ= 0.3 eV and the homogeneous

line width is set to Γ=0.03 eV. The FWHM corresponding to the homogeneous and inhomo-

geneous broadening are indicated by the horizontal bars. 103 configurations were averaged

together to create the spectra.

Figure 4.1 shows the calculated IR spectrum corresponding to a disordered

ensemble of isolated 10-mer chains, each hosting a single hole, with a point-

charge anion placed alongside each chain at a distance danion from the chain

mid-point (see figure inset). Spectra are shown for several values of danion.

The simulations are based on the Hamiltonian in Eq. 4.1 and the disorder

distribution function in Eq. 2.5, characterized by a standard deviation, σ

= 0.3 eV. In the figure, the dielectric constant, ε, is set to unity so that the

Coulomb binding between charges is unscreened. When large π-stacked lattices
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are considered, the screening due to the induced polarization on each thiophene

unit can be approximately included by shielding the Coulomb attraction using

a dielectric constant, ε, closer to three, the bulk value for P3HT [104]. More

sophisticated methods involve solving for the induced dipole at each site self-

consistently, as described in D’Avino et.al. [105]

In Fig. 4.1, the spectrum for danion = ∞ corresponds to unbound holes,

which become increasingly localized as danion decreases. Hence, Fig. 4.1 com-

pares the signatures of dopant induced (bound) polarons to those of field-

induced or optically induced (unbound) polarons shown in the previous chap-

ter. The spectra generally consist of a low-energy narrow peak (A) followed

by a broader, higher-energy peak B. Peak B resides in the spectral region

associated with conventional polaron absorption in single chains, that is, the

peak P1 in refs [8] and [9] and the peak C1 in refs, [12] [11] [14] whereas peak

A resides in the spectral region normally associated with delocalized polaron

derived from interchain interactions, that is, the peak DP1 in refs [8] and [9]

and the peak CT in refs. [12] [11] [14] The spectra in Fig. 4.1 with peak B

centered in the range of 0.4-0.6 eV strongly resemble the measured line shapes

in refs [34] and [35]. Consistent with experiments as well as with our previous

simulations in the last chapter, the transition A peaks at an energy slightly

lower than a vibrational quantum of the aromatic-quinoidal stretching mode

with Ωvib ≈ 0.17 eV. Interestingly, peak A is unusually narrow; its line width,

defined as the FWHM, is a full order of magnitude smaller than the FWHM

corresponding to disorder-induced inhomogeneous broadening

σFWHM = 2
√

2ln2σ (4.3)

As can be appreciated from Fig. 4.1, the width of peak A is only slightly

larger than the homogeneous line width, ΓFWHM = 2
√

2ln2Γ = 0.074 eV.

Figure 4.1 further shows that as the anion is brought closer to the P3HT

chain, peak A slightly blue shifts, narrows further, and strongly attenuates.

Fig. 4.2 summarizes how the position and the line width of peak A change
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Figure. 4.2: (a) Frequency corresponding to the absorption maximum in the A and B tran-

sitions as a function of danion. (b) Line widths (fwhms) of A and B as a function of danion.

The fwhm of peak A is evaluated by doubling the half width at half maximum obtained from

the red side of the line. The peaks A and B begin to merge after danion = 1 nm so that the

fwhm of B becomes ill-defined.

with danion. The peak position tends toward Ωvib and the line width tends

toward ΓFWHM with diminishing danion. In contrast, the peak position and

line width of transition B is far more sensitive to the proximity of the anion,

strongly blue-shifting and narrowing as danion is reduced. When danion is very

large so that the anion is effectively absent, peak B is much broader than A

with a peak energy near 0.3 eV. At danion = 1 nm, the peak remains broad, with

an FWHM approximately equal to two-thirds of the inhomogeneous line width,

σFWHM . As danion is further reduced, the line width narrows, converging to a

value only slightly larger than the homogeneous line width, ΓFWHM . Curiously,

as danion approaches zero, the energy of peak B converges to 0.85 eV, which is

slightly larger than 2tintra = 0.8 eV (see Fig. 4.2a).

Fig. 4.3 shows how the coherence number, Ncoh, in a 10-mer chain responds

to changes in danion. When the anion is very close to the chain, the coherence

number is minimized (Ncoh ≈ 2), mainly because of the localizing effects asso-

ciated with Coulomb binding, which is consistent with the findings in refs [35]

and [34]. As danion increases, the coherence number expands to approximately
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Figure. 4.3: Calculated coherence number as a function of danion for a chain containing 10

thiophene units.

4.5 but is still significantly smaller than the maximum value of ≈10 because

of the additional localizing effects caused by static(diagonal) disorder.

When the anion is very close to the chain, Ncoh converges to the value of

two because of the energetic isolation of a degenerate pair of dimer levels as

indicated in Fig. 4.4. This arises because the anion is equidistant from the two

thiophene units in the middle of the chain-units 5 and 6 in the case of a 10-mer.

The isolated units, labeled I and II in Fig. 4.4, are each at distance a/2 from

the chain midpoint, where a is the spacing between adjacent thiophene units

along a chain (a ≈ 0.4 nm in P3HT). Hence, the central pair of thiophene

units are energetically isolated from the remaining units whenever

V (danion, 3a/2)− V (danion, a/2) >> |tintra| (4.4)

where the Coulomb energy for the thiophene unit at a distance, aM , from

the chain midpoint is given by

V (danion, aM) =
−e2

4πεoε
√
d2
anion + a2

M

(4.5)
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Figure. 4.4: Impact of Coulomb binding on the energies of nearby thiophene units for the

anion symmetrically situated between the two thiophene units I and II. Here, VI = VII =

V (danion, a/2) and Va = Vb = V (danion, 3a/2).

The relative Coulomb energies for the various thiophene units are depicted

in Fig. 4.4. To demonstrate that an effective dimer is responsible for the

spectrum when danion is small, we plot the spectrum for the 10-mer with danion

= 0 (blue spectrum from Fig. 4.1) against an actual dimer with no anion but

with the same level of disorder in Fig. 4.5. Fig. 4.5 shows that the 10-mer

with danion = 0 from Fig. 4.1 is spectrally equivalent to a physical dimer with

the same degree of site disorder (but with no associated anion).

Considering the size of the F4TCNQ molecule, the point charge approxi-

mation is most accurate for danion values greater than approximately 0.4 nm.

The lateral extent of a realistic anion prompted us to also investigate the

limit where the point-anion is placed directly across a given thiophene unit (as

opposed to the midpoint between two thiophene units).

Figure 4.6 introduces the two extreme geometries obtained by sliding the

anion along the chain direction near the chain center. In geometry I, the anion

is situated at the mid-point between two thiophene units, while in geometry

II, the anion is placed directly across a given thiophene unit. In the case when

the anion is directly across from a given thiophene unit, only that particular

unit is energetically isolated, as demonstrated in Figure 4.6. We consider the
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Figure. 4.5: The spectrum corresponding to danion = 0 from Fig. 4.1 in blue plotted against

the spectrum for a physical dimer with no anion but with σ = 0.3 eV (red). Also shown is

the dimer spectrum with no disorder calculated numerically (black) and using perturbation

theory (dashed).

dependence of the IR spectrum on the lateral position of the dopant anion.

Figure 4.7a-c shows the calculated IR spectra for the three anion positions

indicated in the figure inset. In geometry I, the Coulombic binding energy

is greatest when the hole is located on the two thiophene units closest to

the anion. Since the anion is equidistant from both units, the site energies

remain degenerate; in effect the anion energetically isolates a thiophene dimer.

By contrast, in geometry II, the anion is positioned closest to just a single

thiophene unit; strong Coulomb binding now energetically isolates just a single

thiophene unit. For this geometry, Ncoh converges to unity with decreasing

danion. A schematic illustration of the Coulomb binding in each geometry is

also shown in Fig. 4.6.

Fig. 4.7a-c shows the IR spectra for three danion values; 0.8 nm (4.7a), 0.5

nm (4.7b) and 0.3 nm (4.7c). The simulations are based on the Hamiltonian

in Eq. 4.1 using (spatially uncorrelated) randomly generated site energies,
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Figure. 4.6: Representations and corresponding energy level diagrams for geometries I and

II. Geometry I: the anion is symmetrically situated between the two nearest-neighbor thio-

phene units at the chain mid-point. (left); Geometry II: the anion is positioned directly

across a given thiophene unit (right).

distributed according to the Gaussian distribution in Eq.2.4 with a standard

deviation, σ = 0.3 eV. In all cases the dielectric constant was set to unity. The

simulations demonstrate that for physically relevant anion distances (danion >

0.5 nm), the IR spectra and the coherence numbers are practically independent

of the lateral anion displacement.

Interestingly, when the anion is unphysically close to the chain (danion = 0.3

nm), the two spectra corresponding to geometries I and II are very different.

The large blue-shift and attenuation for geometry II results from the energetic

isolation of the thiophene unit immediately adjacent to the dopant anion, such

that the transition energy responsible for peak B is now a measure of the

Coulomb well depth, Va − VI , as can be appreciated from Figure 4.6.
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Figure. 4.7: Calculated IR spectra for a 10-mer chain as a function of the anion position

indicated in the figure inset; geometry I (red), geometry II (blue) and an anion position in

between the two extreme geometries (black). In a) danion = 0.8 nm, while in b) and c) it is

reduced to 0.5 nm and 0.3 nm, respectively. In all calculations ε=1 has been used.

4.3 Origin of Polaron peaks

To better appreciate the unusual structure of the IR spectrum in Figure

4.1, we turn to the limit of small danion values, where an energetically isolated

(symmetric) dimer pair is created via condition 4.4 and treat vibronic cou-

pling and disorder perturbatively. Although very small values of danion are

unphysical, the symmetric dimer is the simplest geometry which supports the

coexistence of both peaks A and B and demonstrates their disparate behav-

iors. Later in this section, we consider the more physically relevant models
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Figure. 4.8: In the absence of vibronic coupling and disorder, the dimer interacts to give a

symmetric and an antisymmetric state. The IR transition between the ground state and the

electronically excited state is equal to 2tintra

which consider larger chain segments, which are relevant for increased values

of danion.

As indicated in Figure 4.4, the isolated thiophene units (I and II) are each

lowered in energy by the Coulomb interaction, VI , so that the resonant interac-

tion through the intrachain hole transfer integral tintra is maintained. Taking

tintra < 0 and neglecting vibronic coupling and disorder in the Hamiltonian of

eq. 4.1 results in a symmetric ground state,

|S >=
1√
2
{|I > +|II >} (4.6)

with energy VI − tintra, and an excited, antisymmetric state

|AS >≡ 1√
2
{|I > −|II >} (4.7)

with energy VI + tintra. The IR transition between the ground state |G >

(= |S >), and the electronic excited state |B > (= |AS >) is dipole-allowed

via the matrix element, < G|µ̂|B >= ea/2, with transition energy equal to

2|tintra|. Hence, without disorder or vibronic coupling, the associated IR spec-
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trum consists of a single peak with energy 2|tintra|, as indicated by the blue-

colored transition in Figure 4.8, which agrees well with the position of peak

B in Figure 4.1 when danion is less than approximately 0.4 nm. Interest-

ingly, although we have chosen tintra to be negative, a positive value makes no

difference-it merely interchanges the order of the antisymmetric and symmet-

ric states, but the resulting absorption spectrum remains unchanged, that is,

the IR spectrum is invariant to the sign of the electronic coupling, in contrast

to the case of Frenkel excitons.

Figure. 4.9: In the presence of vibronic coupling and disorder peak A arises from Herzberg

Teller coupling.

The appearance of the low-energy peak A and the unusual sensitivity of

peaks A and B to disorder displayed in Figure 4.1 can be understood by

treating the (electronic) off-diagonal parts of the polaron-vibrational coupling

as well as the inhomogeneous site disorder perturbatively. One first needs to

express the Hamiltonian in eq 4.1 in terms of the symmetry adapted basis set

as shown below
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Ho = V (|S〉〈S|+ |AS〉〈AS|) + tintra(|S〉〈S| − |AS〉〈AS|)

+h̄ωvib{b+
S bS + b+

ASbAS}+ h̄ωvibλ{(
b+
S + bS√

2
)(|S〉〈S|+ |AS〉〈AS|)

+(
b+
AS + bAS√

2
)(|S〉〈AS|+ |AS〉〈S|)}

(4.8)

where the symmetry adapted electronic states are given by eq. 4.6 and

eq. 4.7 and the symmetric and antisymmetric vibrational modes through the

creation operators are given by,

b+
S =

1√
2
{b+
I + b+

II} (4.9)

b+
AS =

1√
2
{b+
I − b

+
II} (4.10)

In the strong polaron coupling limit, defined by,

2|tintra| >> σ, ωvibλ
2 (4.11)

the vibronic and disorder terms, Hv and H∆, can be treated perturbatively

and are given by,

Hv =
h̄ωvibλ√

2
(b+
AS + bAS)(|S〉〈AS|+ |AS〉〈S|) (4.12)

Hdis =
∆I + ∆II

2
(|S〉〈S|+ |AS〉〈AS|)+

∆I −∆II

2
(|S〉〈AS|+ |AS〉〈S|) (4.13)

The zero-order electronic/vibrational ground state is then given by,

|G>(0) = |S; 0̃S, 0AS〉 (4.14)

where 0s̃ and 0AS indicate that both vibrational modes have no quanta. The

overstrike bar in the symmetric case indicates an excited-state nuclear poten-

tial shifted by λ/2 . The zero order excited states which are relevant to the A

and B transitions include the vibrationally excited ground state
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|A>(0) = |S; 0̃S, 1AS〉 (4.15)

and the electronically excited state,

|B>(0) = |AS; 0̃S, 0AS〉 (4.16)

The 1st and 2nd order correction to the energy of the ground state, |G〉 and

the excited states |A〉 and |B〉 due to disorder and vibronic coupling is given

by,

EG = VI − |tintra|+
∆I + ∆II

2
− (∆I −∆II)

2

8|tintra|
− (h̄ωvibλ/

√
2)

2

2|tintra|+ h̄ωvib
(4.17)

EA = VI − |tintra|+ h̄ωvib +
∆I + ∆II

2
− (∆I −∆II)

2

8|tintra|
− (h̄ωvibλ/

√
2)

2

2|tintra| − h̄ωvib

− (h̄ωvibλ)2

2|tintra|+ h̄ωvib

(4.18)

EB = VI + |tintra|+
∆I + ∆II

2
+

(∆I −∆II)
2

8|tintra|
+

(h̄ωvibλ/
√

2)
2

2|tintra| − h̄ωvib
(4.19)

Similarly, the first and second order correction to the wave function of the

ground and excited states is given by,

|G〉 ≈
∣∣S; 0̃S, 0AS

〉
− ωvibλ√

2(2|tintra|+ ωvib)

∣∣AS; 0̃S, 1AS
〉
−∆II −∆II

4|tintra|
∣∣AS; 0̃S, 0AS

〉
(4.20)

|A〉 ≈
∣∣S; 0̃S, 1AS

〉
− ωvibλ√

2(2|tintra| − ωvib)
∣∣AS; 0̃S, 0AS

〉
− ∆I −∆II

4tintra|
∣∣AS; 0̃S, 1AS

〉
− ωvibλ

(2|tintra|+ ωvib)

∣∣AS; 0̃S, 2AS
〉

(4.21)
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|B〉 ≈
∣∣AS; 0̃S, 0AS

〉
+

ωvibλ√
2(2|tintra| − ωvib)

∣∣S; 0̃S, 1AS
〉

+
∆I −∆II

4|tintra|
∣∣S; 0̃S, 0AS

〉
(4.22)

Figure. 4.10: Energy-level diagram in the limiting case of very small danion values displaying

the first-order corrected energies. Note the total cancellation of disorder in both the A and

B transitions.

Figure 4.10 displays the corresponding zero-order energy levels which are

also correct to first order in both disorder and polaron-vibrational coupling

because the perturbing Hamiltonians in eqs. 4.12 and 4.13 are off-diagonal in

the electronic basis. The transition to state |A〉 occurs at an energy ΩAG, which

is approximately equal to one vibrational quantum, while the transition to

state |B〉 occurs at ΩBG ≈ 2|tintra. The peak positions are in rough agreement

with the A and B peaks in Figure 4.1 in the limit when danion is less than

about 0.4 nm.

The transition, |G〉 → |A〉, which is much weaker than the |G〉 → |B〉
transition, is allowed by a form of Herzberg Teller coupling where the same-

symmetry states in eqs 4.15 and 4.16 are mixed together by the vibronic per-

turbation in eq 4.12, thereby allowing the A transition to borrow oscillator
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strength from the B transition. There is also a contribution arising from the

mixing of the ground state |G〉 with |B; 0̃S, 1AS >. All considered, the square

of the transition dipole moment is obtained using state |A〉 corrected to first

order (see eq 4.21) and is given by

| 〈G| µ̂ |A〉 |2 =
e2a2

8
| 4λωvibtintra
(4t2intra − ω2

vib)
|2 +O[

σ2

t2int ra

] (4.23)

Eq. 4.23 shows that under the strong polaron coupling condition 4.11,

peak A is vibronic in origin, with a line strength increasing with vibrational

frequency and HR factor, but decreasing with |tintra|. For comparison, the

square of the |G〉 → |B〉 transition dipole moment corrected to first order (see

Eq. 4.22) is much larger and is given by,

| 〈G| µ̂ |B〉 |2 =
e2a2

4
|1− 1

2

λ2ω2
vib

(4t2intra − ω2
vib)
|2 +O[

σ2

t2intra
] (4.24)

Eq. 4.24 reduces to our earlier result, e2a2/4, in the absence of disorder

and polaron-vibrational coupling. Using the parameters appropriate for P3HT

(|tintra| = -0.4 eV, ωvib = 0.17 eV and λ2 = 1) the ratio of the |G〉 → |A〉 and

|G〉 → |B〉 oscillator strengths is given by,

ωAG| 〈G| µ̂ |A〉 |2

ωBG| 〈G| µ̂ |B〉 |2
≈ 0.02 (4.25)

which is consistent with the dominance of peak B in the spectra in Figure

4.1 in the limit of small danion (i.e. the dimer limit).

The unusual sensitivities of the A and B transitions to disorder can also

be readily accounted for in the dimer and strong coupling limits defined by

conditions 4.4 and 4.11, respectively. Recall from Figure 4.2 that peak A is

hardly affected by disorder, independent of danion, while peak B is insensitive

only when danion is very close to the polymer chain. As can be appreciated

from Figure 4.10, the (zero-order) disorder terms exactly cancel out in both

the |G〉 → |A〉 and |G〉 → |B〉 transition energies, thereby accounting for the

narrow bandwidths of both peaks A and B in Figure 4.1 when danion is smaller

than approximately 0.4 nm. The enhanced sensitivity of peak B vs. peak
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A to disorder is revealed when treating disorder to second order. Expanding

the transition energies ΩAG and ΩBG to second order in both perturbations

(disorder and polaron-vibrational coupling) gives,

ωAG ≈ ωvib − 2
λ2ω2

vib|tintra|
4t2intra − ω2

vib

(4.26)

ωBG ≈ 2tintra + 2
λ2ω2

vib|tintra|
4t2intra − ω2

vib

+
(∆I −∆II)

2

4tintra
(4.27)

The equations show that transition A entirely lacks a second-order cor-

rection from disorder while transition B contains a second-order correction

arising from the difference in the energies at sites I and II. The resulting

heightened sensitivity of peak B vs peak A to disorder is apparent in Figure

4.2b. Moreover, Eq.’s 4.26 and 4.27 show that both A and B transitions contain

a second-order correction arising from the polaron-vibrational coupling which

is equal in magnitude but opposite in sign for the two transitions. The correc-

tion neatly explains the small increase in the transition frequency of peak B

above 2|tintra| by ≈ 0.04eV observed in Figure 4.2a as danion approaches zero,

and the small decrease in the transition frequency of peak A below Ωvib by

≈ 0.04eV in the same limit. To further demonstrate the validity of the pertur-

bation theory, Figure 4.5 compares the numerically evaluated spectrum for the

physical dimer (no disorder) with the spectrum obtained using perturbation

theory.

4.4 Beyond the Dimer

As the anion is further separated from the polymer chain and the Coulomb

well depth decreases the polaron becomes less bound and is delocalized over

an increasing number of thiophene units. As Figure 4.1 shows, delocalization

is characterized mainly by a diminishing peak B transition frequency and a

strongly-increasing peak A oscillator strength. Both signatures reflect the

increasing resonance amongst thiophene units, which surprisingly occurs even
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in the presence of considerable site disorder. The spectral behavior can be

qualitatively appreciated by evaluating the IR spectrum for a series of well-

defined N-mers with no anion present. Figure 4.11 shows the results for N

increasing from 2 to 10. In the figure, the disorder width σ is taken to be the

same as that used in Figure 4.1, i.e. σ = 0.3eV

Figure. 4.11: Calculated IR spectrum of a hole delocalized within various disordered N-mers

without the presence of an anion.

Figure 4.11 shows that as the physical size varies from N = 2 to 10 the

coherence size (reported in the figure inset) varies only from 1.8 to 4.6, due

to the localizing influence of disorder. As anticipated, the sizeable red-shift

of peak B and the enhancement of the oscillator strength of peak A with

increasing N roughly parallels the behavior previously observed with increasing

danion in Figure 4.1. By N = 8 the spectrum is already converged and is

essentially identical to the 10-mer spectrum in Figure 4.1 with danion =∞. In

the size-converged spectrum, the maximum of peak B is red-shifted from the

dimer value (N=2) by about 0.6 eV, whereas the oscillator strength of peak

A undergoes an ≈ 15 fold increase, comparable to the increase observed in

Figure 4.1, as danion varies from zero to infinity.
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The red-shift of peak B and the increase in the oscillator strength of peak

A can be understood as follows. For N-mers larger than a dimer, the zeroth-

order transition corresponds to an excitation from a delocalized ground state

polaron with wave vector k = π
(N+1)

(i.e. |G〉 = |k = π
(N+1)

) to an excited

polaron with wave vector k = 2π
(N+1)

. Here, we have maintained tintra<0 and

invoked open boundary conditions, see ref [62] for details. The corresponding

N-dependent transition frequency, ω
(0)
BG(N), which is correct to zeroth order in

the vibronic coupling and disorder, is given by [62],

ω
(0)
BG(N) = 2|tintra|cos

π

N + 1
− cos

2π

N + 1
| ω

(0)
BG >> λ2ωvib, σ (4.28)

where the inequality defines the strong coupling limit. Eq. 4.28 shows

that ω
(0)
BG(N) diminishes with increasing N making it increasingly difficult to

justify strong coupling; for a tetramer ( N = 4), ω
(0)
BG is exactly one-half the

value for the dimer, i.e. ω
(4)
BG = tintra . When N>>1 the transition frequency

vanishes as 3π2|tintra|/(N + 1)2. For polarons defined by a coherence number

Ncoh<N (due to a nearby anion and/or the presence of disorder), ω
(0)
BG can be

approximately obtained by replacing N with Ncoh in eq.4.28 i.e. ω
(0)
BG(Ncoh).

For example, the converged value for the peak frequency of B in Figure 4.11

(N=10 spectrum) agrees well with the value ω
(0)
BG(4.6) = 0.33eV , using the

coherence number reported in the inset. Furthermore, the associated increase

in the oscillator strength of peak A arises from the scaling,

ωAG 〈A| µ̂|G〉2 ≈ Ncoh
ω3
vibλ

2

[ω
(0)
BG(Ncoh)]

2

e2a2

2
ω

(0)
BG >> λ2ωvib (4.29)

where the Ncoh-prefactor arises from a combination of a quadratic scaling of

〈k = 2π/(Ncoh + 1)| µ̂|G〉2 with Ncoh together with an inverse Ncoh dependence

derived from the polaron-vibrational coupling. The approximately 15-fold en-

hancement of peak A in going from N = 2 to N = 10 in Figure 4.11 follows

from Eq. 4.29 after inserting the 2.5-fold increase in Ncoh (Ncoh ranges from
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1.8 to 4.6) and an almost three-fold reduction in ω
(0)
BG, from 0.85 eV when N

= 2 to 0.3 eV when N =10. Note that Eq. 4.29 remains zeroth order with

respect to the vibronic perturbation. For P3HT with |tintra| = 0.4 - 0.5 eV the

strong polaron coupling condition is satisfied for Ncoh<̃5 ; when Ncoh = 4, is

approximately twice as large as ωvib = 0.17eV .

4.5 Interchain Interactions

In this Section we briefly consider how interchain interactions impact the

IR spectrum, in particular in the low-energy region occupied by peak A. In the

seminal works of Osterbacka et.al. [8] and Sirringhaus [12], interchain interac-

tions and the subsequent delocalization of the polaron over two or more chains

within the P3HT stack were believed to be solely responsible for the mid-IR

peak (peak A). Although the spectrum was not resolved along the inter- and

intrachain directions (as the P3HT π-stacks were not oriented), the conven-

tional theory predicts the peak to be polarized in the interchain direction. [14]

Subsequent works by Pochas and Spano [62] and Ghosh et. al. [15] [36] [128],

however, showed that peak A can also carry a significant intrachain compo-

nent, which, as shown in the prior Section, derives from a Herzberg-Teller

mechanism operative in single polymer chains. Recent measurements on ori-

ented P3HT films doped with F4TCNQ have supported this claim. [25]

Figure. 4.12: Calculated IR spectrum for an unbound hole (no anion) consisting of 5, 10-

mers using the Hamiltonian in eq 4.1.
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In order to appreciate how the IR spectrum is modified in the presence of

interchain interactions, we recalculated the IR spectrum of Figure 4.1 (with

no anion) but in a stack consisting of five, 10-mer chains, and resolved the ab-

sorption in both intra- and interchain directions. The result is shown in Figure

4.12. For the calculated spectra, we maintained a spatially uncorrelated disor-

der distribution along both axes (the SS model in refs [15] [62]) and utilized an

interchain interaction, tinter = -0.15 eV, the value derived by Northrup using

DFT [74] and consistent with the values supported by Osterbacka et. al. [8]

As can be immediately appreciated from the figure, the intrachain component

(blue) is significantly larger than the interchain component (red). The com-

ponents also appear at roughly the same frequency; a more detailed analysis

shows that in the absence of disorder, the interchain and intrachain transi-

tions occur to distinct polaron excited states, which are subsequently mixed

by disorder to produce the spectrum shown in the figure.

Figure. 4.13: Calculated IR spectrum for a bound hole (no anion) in a disordered lattice

consisting of 5, 10-mers using the Hamiltonian in eq 4.1.

As shown in Figure 4.13 the additional localization induced by the presence

of a nearby dopant anion leads to a sharp reduction in peak A relative to peak

B, and a dominance of the intrachain component, as the polaron is essentially
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localized on a single chain [34] [35]. As also shown in refs [62] [15] the inte-

grated band intensity of the inter- or intrachain component is approximately

proportional to the corresponding coherence number. Hence, the interchain

component can be enhanced by allowing the polaron coherence to expand along

the interchain direction, for example, by reducing disorder along the interchain

direction. Indeed, in the so- called SL disorder distribution, where disorder

is assumed to be short-range (S) along the polymer chain, but long-range (L)

between chains, the interchain component dominates peak A [15].

To summarize, the polaron theory outlined here predicts the presence of

two main peaks in the IR spectrum for bound or unbound holes in single and

π-stacked conjugated polymer chains; the broad, higher-energy peak B is as-

sociated with the classical polaron peak, while the narrow, lower-energy peak

A arises from HT coupling in the limit of strong polaron coupling, with an in-

tensity that sharply increases with coherence number. Interchain interactions

in π-stacks give rise to a vibronic peak polarized along the stacking axis which

spectrally overlaps the intrachain peak. In any case, the intensity of peak A is

a direct probe of the polaron coherence number, showing that careful analy-

sis of the IR spectrum allows one to determine the polaron coherence lengths

along the inter- and intrachain directions.

4.6 Using Spectral Signatures to Locate the

Anion

The presence of electron-withdrawing dopants like the popular F4TCNQ

in conjugated polymer films leads to the creation of holes. (Here we assume

the dopant has been fully reduced to an anion with charge, -e.) Such holes

are bound coulombically to their parent anions, and are expected to exhibit

reduced coherence lengths compared to the free holes generated optically in the

last section. Accordingly, since hole localization is dependent on the position

of the anion (for example, whether it lies in the amorphous phase or within the
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lamellar region of the crystal phase [34] [25] [29] [97] [106] [31] [89] it should be

possible to use the hole-coherence signatures of the mid-IR spectrum outlined

in the last section to determine where the anion is most likely located within

the film. In this section, we explore this possibility presenting calculations

based on two anion geometries, as depicted in Figures 4.14 and 4.15.

Figure. 4.14: a) Geometry I: A P3HT stack with a negative point charge placed alongside

the first chain but displaced by danion from the chain midpoint along the stacking direction.

b) Infrared absorption spectrum as a function of danion. c) Intrachain (blue), and interchain

(red) coherence numbers as well as the total coherence number Ncoh (black) as a function

of danion. d) The coherence numbers plotted as a function of the ratio of the A to B peak

intensities. In c) and d) the simulations have been repeated for three different disorder

widths, σ = 0.2 eV, 0.25 eV and 0.3 eV, are shown for SS-distributed disorder.

We begin with Figure 4.14 which shows the calculated mid-IR absorption

spectrum along with the associated coherence lengths for a single hole residing

in a disordered 10x4 π-stack which lies adjacent to a negative point charge.

As defines Geometry I, the anion is positioned alongside the first chain at

a distance (danion) away from its midpoint along the stacking direction. As

first demonstrated in refs [34] and [35], moving the anion closer to the π-stack

induces mid-IR spectral evolution indicative of increasing hole localization.
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When the anion is relatively far away, at a distance of 2 nm or greater from the

closest polymer chain, the polaron coherence (see Figure 4.14c) is determined

entirely by the localizing effects of the disorder, which is assumed to be SS-

distributed in the figure. As expected, in such unbound or free polarons, peak

A is red-shifted away from a vibrational quantum of the aromatic-quinoidal

stretching mode, and dominates the spectrum. Moreover, as shown in Figure

4.14c, the hole is essentially confined to the two-three nearest polymer chains,

but with a much larger intrachain coherence number of about seven thiophene

units, similar to Figure 3.20c.

Bringing the anion closer to the π-stack results in localization/trapping

of the hole due to the enhanced Coulomb binding between the hole and the

dopant counter-anion. For all the simulations in this paper, we have set the

value of dielectric constant to be unity. A higher value of dielectric constant

does not seriously impact the spectral line shape as long as the dopant is moved

closer to the stack to keep the coherence numbers constant. In Figure 4.14b

hole localization is reflected in i) a blue-shift of peak A to almost its maximum

value of ωvib, ii) a corresponding strong attenuation of peak A and iii) a blue-

shift of peak B (along with additional broadening). As shown in Figure 4.14c,d

hole coherence is increasingly limited to the chain closest to the anion with

decreasing danion; the total coherence number drops by roughly a factor of

three, independent of disorder, in going from free holes to bound holes with

danion = 0.5 nm. Similar to the conclusions reached for undoped polymer films

in the previous section, a high A/B peak ratio in doped films generally indicates

higher coherence numbers and possible two-dimensional delocalization of the

hole. This is demonstrated in Figure 4.14d which shows the coherence numbers

plotted as a function of the A/B peak ratio for three different disorder widths; σ

= 0.2 eV, 0.25 eV and 0.3 eV. Most of the comparison to experiments that will

be shown later in this section or have been published in all our work [15] [36]

lie within this disorder range.

In Geometry II, illustrated in Figure 4.15a, the anion lies in the lamellar

region, in between two π-stacks. As opposed to Geometry I the anion can
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Figure. 4.15: a)Geometry II: A negative point charge placed in the lamellar region, at

a distance danion from the center of the lower stack. b) The calculated intrachain (blue),

interchain (red) and total (black) coherence numbers for the geometry II (solid lines) and

geometry I (dashed lines) as a function of danion and c) as a function of the A/ B peak

ratio. d) Comparison of the interchain and intrachain components of the IR spectrum for

geometry II (solid lines) and geometry I (dashed lines) for danion = 0.5 nm.

now have more than a single nearest-neighbor polymer chains (within a given

stack). Figure 4.15b shows how the coherence numbers vary in the two geome-

tries (I and II) vs danion. Interestingly, Nintra remains very similar in the two

geometries, in contrast to Ninter, which is almost twice as large in the lamellar

geometry (II). The enhanced interchain coherence is due to the difference in

the number of nearest-neighbor thiophene units relative to the dopant anion:

in geometry I the dopant is midpoint between thiophene units 5 and 6 on the

nearest 10-mer chain. Hence, strong Coulomb binding will energetically iso-

late an intrachain dimer as discussed in detail in this section and in Ref. [36]

However, in Geometry II the dopant is at the midpoint of a 10 by 4 stack and

so has 4 nearest neighbor thiophene units, two on each nearest-neighbor chain

(thiophene units 5 and 6 on chains 2 and 3). Strong Coulomb binding now

energetically isolates a thiophene tetramer consisting of two coupled dimers
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thereby accounting for a doubling of Ninter in Geometry II vs Geometry I

when danion is small (<0.6nm). The coherence behavior for both geometries is

reflected in the A/B ratio as shown in Figure 4.15c. Consistent with the be-

havior of the coherence numbers, the intrachain component of the IR spectrum

for both geometries is very similar as shown in Figure 4.15d, while a substan-

tial difference exists in the interchain components in Figure 4.15e (with danion

= 0.5 nm ). The marked difference in the interchain components of the two

geometries shown in Figure 4.15e, makes polarized measurements on oriented

doped P3HT films a viable method for distinguishing between different dopant

geometries.

4.7 Comparison to Experiments

4.7.1 Salleo and Coworkers: F4-TCNQ doped P3HT

Films

Figure. 4.16: Measured IR absorption spectrum for F4TCNQ-doped P3HT films with an

average polymer Mn of 3.6 kg/mol alongside the theoretical spectrum using a dielectric con-

stant of ε = 1 in (a) and ε = 3 in (b). The anion is situated at a distance danion from

the midpoint of the first chain in a stack of five chains, each chain containing 10 thiophene

units. The anion distances are reported in the insets. In both cases, two distances were

needed to simulate the experimental spectrum.
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To test our model, two Mn P3HT samples with 100 % regioregularity were

synthesized according to a literature method [107]. The measured IR spectrum

for F4TCNQ-doped regioregular P3HT films with an average molecular weight

of 3.6 kg/mol is shown in Figure 4.16. The films were created via sequential

processing by doping neat P3HT films with a 0.01 mg/mL solution of F4TCNQ

in acetonitrile as described elsewhere [35] [29]. The peaks A and B are clearly

discernable along with a cluster of very narrow IRAV peaks in the vicinity of

peak A. In conducting simulations for comparison to the experimental spectra

we considered an anion in association with an entire π-stack, allowing for the

possibility of interchain polaron delocalization. The effect of screening on the

dopant/hole interaction was included via the dielectric constant. Increasing

the dielectric constant from the value of unity (used up to now) to the bulk

value of three, typical of nonpolar organic solids [18], reduces the Coulomb

well depth and therefore decreases the distance, danion, needed to simulate the

measured spectrum. In ref. [34] a more accurate spatially-dependent dielectric

constant was used to interpolate between the vacuum value applicable for

small danion to the bulk value at larger distances. To demonstrate the effect

of screening in this work, we show in Figure 4.16 two simulations, one using

ε = 1 (4.16a) and the other using ε = 3 (4.16b). In both cases the anion

was placed on the side of a π-stack consisting of five, 10-mer chains, laterally

situated between the 5th and 6th thiophene units. However, as shown in Figure

4.7, averaging over the lateral displacements has only a minor effect on the

spectral line shape and coherence numbers.

In order to properly reproduce the spectral details in the regions near

0.3 and 0.7 eV it was necessary to assume a bimodal distribution of anion

distances as indicated in the inset of Figure 4.16. Overall, all of the salient

features present in the measured spectrum are captured by the theory except

for the narrow IRAVs. Such resonances have been considered by others [9] but

were not included in our analysis. Although both simulated spectra in Figure

4.16a and 4.16b agree well with experiment, there is a substantial decrease

in the danion values in the spectrum with the higher dielectric constant, as
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expected.

The maximum absorption in the measured spectrum near 0.7 eV (peak B)

is indicative of anions in relatively close proximity to the P3HT stacks. Inter-

estingly, the anion distance required for the ε = 3 simulation (Figure 4.16b)

is unphysically small, only 0.2 nm. Even in the most intimate arrangement in

which the anion is situated within a π-stack, danion would be approximately

0.4 nm, twice the value needed to obtain agreement with experiment using

ε = 3. The value danion = 0.5nm needed to reproduce the main absorption

peak for ε = 1 (Figure 4.16a) is more realistic and more in line with the sim-

ulations of ref. [34] where the spatially-dependent dielectric constant is biased

towards ε = 1 for danion less than approximately 0.5 nm. More importantly,

since the spectral features such as the position of the peak maximum (B) and

the relative oscillator strength of peak A are directly correlated to the polaron

coherence lengths, we expect the latter to be very similar in the simulations in

Figure 4.16a and 4.16b, despite the difference in danion. To show that this is

indeed the case, the coherence numbers for both cases are reported in Table 1.

Independent of the dielectric constant, the coherence number along the chain

is 3, while across chains the coherence is much smaller, about 1.3. Hence, in

chemically doped P3HT samples with relatively small MW polymers, the po-

laron is mainly confined to a single chain. This was also the conclusion reached

in Ref.s [35] and [34]. Interestingly, the high molecular weight polymers (>

30 kg/mol) in ref [35] were simulated using coherence lengths similar to those

corresponding to the red-shifted component of the low MW polymers in Figure

4.16.

As shown in Figure 4.17 increasing the molecular weight to 30 kg/mol has

a dramatic effect on the IR line shape. Peak B redshifts by ≈ 0.2 eV to a

maximum at 0.5 eV, while the oscillator strength of peak A increases several-

fold. The simulated spectra also rely on (at least) two anion distances, but

unlike the case for the lower MW polymers the two values are more distant, and

relatively closer together in value, suggesting a distribution of dopant/polymer

distances rather than two distinct polymorphs.
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Figure. 4.17: Measured IR absorption spectrum for F4TCNQ-doped P3HT films with an

average polymer Mn of 30 kg/mol alongside the theoretical spectrum using a dielectric con-

stant of ε = 1 in (a) and ε = 3 in (b). The anion is situated at a distance danion from

the midpoint of the first chain in a stack of five chains, each chain containing 10 thiophene

units. The anion distances are reported in the insets. In both cases, two distances were

needed to simulate the experimental spectrum.

As determined in the previous section, a red-shift in peak B and an increase

in the oscillator strength of peak A are both signatures of an expanded polaron

coherence length, arising from a more distant anion and a shallower Coulomb

binding well. This is consistent with the simulations in Figure 4.17, where

the anion is now almost twice the distance from the nearest polymer chain as

compared to the lower MW simulations. As shown in the Table the coherence

numbers, obtained by averaging the two values corresponding to the slightly

different danion values, are all larger in the 30 kg/mol films. The number of

coherently coupled thiophene units along a chain is approximately four, up

from the value of three for the closest anion configuration in the 3.6 kg/mol

films. There is also a corresponding increase in the interchain coherence num-

ber. The crystalline structure of P3HT depends on molecular weight, [67] with

the largest structural differences being observed at the lower molecular weights

where chain-end effects are more apparent. Different crystalline structures are

likely to exhibit different chain/anion distances for the F4TCNQ anion. The

quantitative theoretical treatment of the IR absorption of the dopant-induced
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polarons presented above allows us to detect the existence of different dopant

locations near the P3HT chain, which can be dopant-polymer polymorphs.

Importantly, our analysis shows that dopant-induced charges are more delo-

calized in high molecular-weight P3HT, where the enhanced order of the poly-

mer keeps the anion further away from the conjugated backbone. [34] This

is consistent with the conclusions of ref. [34], where the increasing red-shift

of peak B with increasing polymer order shown in fig. 1.7, was interpreted

as mainly due to increasing danion values, with GWAXS measurements [34]

supporting F4TCNQ anions incorporating into the lamellar and amorphous

regions. [29] [25]

4.7.2 Schwartz and Coworkers: DDB-F72 doped P3HT

Films

A more recent example from the Schwartz group, involves the dodecoborane-

based cluster, denoted DDB-F72 , as the molecular dopant in sequentially-

processed P3HT films [108]. The bulky nature of the molecular dopant shields

the counter-anions from the holes created on the polymer chains and leads to

a significant reduction in the electrostatic interactions between the counter-

anions and the holes in the polymer matrix. As a result, the polaron delo-

calization length is expected to increase, consistent with the higher measured

mobilities compared to films doped with F4TCNQ , where the dopant counter

anions lie closer to the polymer backbone. Indeed, the IR spectrum, repro-

duced in Figure [108], shows a dominant peak A red-shifted to approximately

0.12 eV (compared to 0.16 eV for F4TCNQ in Figure 7), consistent with a

more delocalized polaron than those responsible for the IR spectra in Figure

4.16a and 4.16b. In order to simulate the spectrum for DDB-F72 doped P3HT

films, we utilized geometry I with a bimodal distribution of anion distances,

as indicated in the figure. To obtain the best agreement with experiment, the

bulk of the dopant anions were positioned almost 2 nm from the nearest P3HT

chain, roughly twice as far as those in F4TCNQ. The calculated spectrum is
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Figure. 4.18: Measured IR absorption spectrum (solid red) for dodecaborane doped P3HT

film from ref.8 vs theoretical simulations (dashed blue). The anion is situated at a distance

danion shown in the inset for Geometry I. The π-stack consists of four chains, each chain

containing 10 thiophene units.

shown in the figure. More detailed analysis revealed a hole delocalized over 5

units along the polymer chain and across 2-3 chains.
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CHAPTER 5

SPECTRAL SIGNATURES

AND SPATIAL COHERENCE

OF POLARONS IN DONOR

ACCEPTOR COPOLYMERS

While doped OSCs have shown promising increase in hole mobility, dike-

topyrrolopyrrole (DPP) based donor-acceptor (DA) copolymers have reported

some of the highest charge mobilities among conjugated polymers to date.

[109–112] The ease in synthesizing DPP polymers combined with several key

advantages like high charge mobility, optical band gap tunabilty and its semicrys-

talline nature makes such polymers excellent candidates for OFETS [109,113–

115], photodetectors [116, 117] and organic photovoltaics [116, 118, 119]. De-

spite having less crystallinity compared to homopolymers, DA copolymers

show higher mobilities mainly because of presence of tie chains, which form

interconnecting pathways for better charge transport in the polymer films.

Siringhaus et al. has proposed that polymers which accommodate confor-

mational disorder without significantly broadening their electronic density-of

states, can maintain high mobilities [120]. Troisi et al., on the other hand,

proposed that DA copolymers have the ability to tolerate disorder because of
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band narrowing, which causes trap states to be inherently shallower than in

homopolymers. [121] Both these hypotheses provide rational materials design

guidelines connecting structure and the degree of delocalization of charge car-

riers in order to explain the origin of high mobilities in polymers. Both design

rules however are somewhat simplified and do not take into account simul-

taneously aggregation, crystalline disorder, interchain electronic coupling and

strong electron-phonon coupling.

5.1 Theoretical model for DA Copolymers

Thus far, for homo-polymers like P3HT, we have achieved considerable

success in reproducing the mid-IR spectral features for undoped (chapter 3)

and doped films (chapter 4) using a Holstein-hole Hamiltonian. In this chapter

we show that our theoretical approach based on the Holstein-style polaron

Hamiltonian shown in Eq.2.3 can be readily extended to account for donor-

acceptor (DA) polymers. As in our previous works on excitons [47] [63] and

polarons [62] [15] [36] [35] we continue to treat individual polymer chains in a

course-grained approximation; for the DA copolymers, a given chain is treated

as a sequence of donor and acceptor fragments with the local HOMO energy

alternating along the chain [122] [123–125] ∆
2

for donors and −∆
2

for acceptors

as illustrated in Figure 5.1.
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Figure. 5.1: a) Schematic showing the relative energy offset ∆ between the donor (pink)

and acceptor (black) fragment HOMOs in a DA copolymer. b) Molecular structure of the

copolymer, P(DPP6DOT2-T), which hosts diketopyrrolopyrrole (DPP) acceptor units and

terthiophene donor units.

Unlike Troisi [122] we treat the intramolecular mode quantum mechani-

cally, as its energy is much greater than kT. To do so we assume that the

nuclear potentials for molecular vibrations in the ground (S0) and cationic

(S+) states of donors and acceptors alike are shifted harmonic wells of identi-

cal curvature. Within the subspace containing a single hole residing within a

polymer π-stack, the Hamiltonian can be written as,

H = H0 +Hdiag +H inter
off−diag +H intra

off−diag +HDA (5.1)

where H0, Hdiag, H
inter
off−diag and H intra

off−diag have been introduced in chapter

2. The final term in the Hamiltonian in eq. 5.1 represents the periodic local

hole energy and is given by,
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HDA =
N∑
m=1

∑
n

∆

2
(−1)md†m,ndm,n (5.2)

Note that in retaining the form of the vibronic terms in HDA, the vibra-

tional energy, h̄ωvib, and HR factor, λ2, is taken to be same for both donors

and acceptors. It is straightforward to characterize each separately, but the

values are likely going to be close, certainly within the rather broad linewidths

of vibronic features observed in experiment.

5.2 Segreagated vs Mixed π-Stack

Figure. 5.2: Segregated (a) and mixed (a) stacks of Donor (red)-Acceptor (blue) copolymers

As shown by Brinkmann et.al. [60], there are two extreme forms of π-

stacking: in the segregated phase referred to as Form I, π-stacking maintains

an “in-phase” registry in which donors line up with donors and acceptors

line up with acceptors. In the mixed phase of Form II, the registry is “out-

of-phase”-donors line up adjacent to acceptors. The two forms are depicted

schematically in Figure 5.2. We have developed spectral signatures for both

segregated and mixed π-stacks. The two phases are distinguished spectrally in

the form of a low-energy UV-Vis absorption feature, which occurs exclusively

in the segregated form [126] [127] [94].

Using the same numerical techniques developed for homopolymers we have

evaluated the CM spectrum for DA copolymers polarized in the inter- and
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Figure. 5.3: Comparing the CM spectra for the intra- and interchain component of both the

morphologies

intrachain directions. [128] The disorder was limited to a short-range Gaus-

sian distribution of site energies along the polymer axis and long range be-

tween chains (the SL model) with a standard deviation of 0.20 eV. Fig. 5.3

compares the calculated intra- and interchain component of the CM spectra

corresponding to disordered 10X4 π-stacks with mixed and segregated mor-

phologies. Figure 5.3 shows that the spectral area of the interchain-polarized

component more than doubles in going from a mixed to segregated π-stack.

The origin of this change can be traced to the more resonant D-D and A-A cou-

plings in the stacking direction. Interestingly, the component of the spectrum

polarized along the polymer chain is hardly affected. This simple example

further demonstrates the selectivity in the spectral response to changes in

morphology.

5.3 Comparison to Experiment

Based on the approach described above and elaborately in the previous

chapters 2 and 3, we proceed to compare our simulations with the published

spectra of Hambsch et.al. [60] on the DPP-based donor-acceptor copolymer

poly3-([2,2’:5’,2”-terthiophen]-5-yl)-2,5-bis(6-dodecyloctadecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione-6,5”-diyl [P(DPP6DOT2-T)] shown in Figure 5.1b. In ref.

[60], holes were generated electrically using charge modulation spectroscopy.
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Figure. 5.4: (a)Measured CM spectrum (red) for DPP copolymer film from ref. [60]. Sim-

ulated spectrum for a single chain containing 5 DA units (black dash) using ∆ = 1.3 eV

and tintra = -0.45 eV from ref. [60] along with homopolymer result (∆ = 0 eV, blue dash)

which is peak-normalized to the ∆ = 1.3 eV spectrum for comparison. b) Simulated spectra

for the copolymer chain for various tintra values.

The mid-IR spectrum is reproduced in Figure 5.4, alongside the calculated

spectrum.

Just as in the homopolymers, the mid-IR spectrum of DPP essentially

consists of the two main peaks, A and B. In the measured spectrum, peak A is

slightly dominant indicating significnat hole delocalization. This is somewhat

unexpected for copolymers, given the large barrier ∆ =1.3 eV for intrachain

hole transfer. Figure 5.4a shows that the simulated spectrum based on a single

DPP chain does not agree well with experiment. Although, peak A is well-

reproduced, Peak B is far too intense and blue-shifted in the simulations. We

also show the spectrum for the homopolymer (∆=0) which increases the A/B

ratio to better agree with experiment, but still suffers from an over-intense

peak B. The increase in the A/B ratio is consistent with an increase in the

coherence numbers as reported in the figure inset. Figure 5.4b shows the effect

of varying tintra. Although increasing tintra increases the A/B ratio it results

in a further blue-shift of peak B.

We next considered a stack of four chains, each parameterized exactly as
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Figure. 5.5: (a)Segregated π-stack showing aligned D-D and A-A units on adjacent chains.

(b) Measured spectrum from ref. [60](black) alongside calculated unpolarized spectrum (black

dash) and polarization-resolved spectrum along the chain (blue dash) and across chains (red-

dash) using the same single-chain parameters from Figure 5.4. Disorder is SL-distributed

(σ=0.25 eV). c) Same as b) except assuming SS-distributed disorder (σ =0.2 eV).

the single chains in Figure 5.4, in a segregated configuration [94] as shown

in Figure 5.5. In Figure 5.5b the spectrum is evaluated using SL-distributed

disorder, with interchain hole transfer driven by the CT integral, tinter = -0.1

eV, a value in line with those from ref. [123]. As shown in the Figure 5.5, the

resulting mid-IR spectrum is in much better agreement with the experimental

spectrum compared to the single-chain spectrum in Figure 5.4, showing that

interchain transfer is likely very important in DPP films. The situation is how-

ever, not clear-cut without an experimental evaluation of the polarized spectral

components. For example, in Figure 5.5c we show a best-fit calculation based

on SS-distributed disorder with a slightly reduced value of σ compared to the

SL case. Similarly, good agreement with experiment is obtained despite the

large difference in the polarized components between the SS and SL spectra,

especially the interchain component. The differences are also reflected in the

coherence numbers shown in the figure inset. Note the substantional reduc-
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tion in Ninter in Figure 5.5c vs 5.5b. Such calculations further emphasize the

importance of conducting experiments on oriented samples for unambiguously

establishing the nature of the anisotropic polaron coherence in such films.

Discussion

In this chapter, we have demonstrated the general utility of our Holstein-

based Hamiltonian for treating holes in copolymers showing how the A/B peak

ratio in the components of the mid-IR spectrum polarized along and across

chains in a π-stack can be interpreted as a measure of the hole coherence

lengths along those directions. The general increase of the peak ratio with

coherence number can be qualitatively understood in terms of an HT coupling

mechanism which has been explained in details in chapter 3. For copolymers

with a strong periodicity in the ionization potentials of the donor and acceptor

units (∆ >> tintra) the HT mechanism is harder to justify due to the greater

hole localization caused by the potential barriers. However, the correlation of

the A/B ratio with polaron coherence continues to hold, as determined from

the full numerical treatment of the polaron Holstein-Hamiltonian in Figure

5.5. To more fully understand the mechanism at large in copolymers, we

plan in a future work to utilize the superexchange approach of Shuai and

coworkers [123–125] to further analyze the A/B peak ratio and the mid-IR

line shape in general.
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CHAPTER 6

CONCLUSION AND FUTURE

WORK

The theory presented in this thesis is based on a course-grained Holstein-

style Hamiltonian in which intra/inter-chain electronic coupling, vibronic cou-

pling involving the prominent quinoidal-aromatic stretching mode, and static

disorder (torsional, stray E fields) are treated with equal footing, and with-

out invoking the Born-Oppenheimer (BO) approximation as is usually done

in conventional polaron theory in which gap states play a central role. The

Hamiltonian, represented in a multi-particle basis set, accounts for local and

nonlocal nuclear distortions surrounding the oxidized donor (hole). The Hamil-

tonian so described has been used to obtain converged and accurate reproduc-

tions of the mid-IR absorption spectra for chemically-induced holes as well as

electrically and optically-generated holes in undoped P3HT films for the first

time. Importantly, the theory also provides spectral signatures from which the

generally anisotropic polaron coherence lengths (along the chain and stacking

directions) can be determined for example, the intensity of the low-energy

peak near 0.1 eV in Figure 3.9a increases with polaron coherence area. Such

coherences are important because they correlate strongly to mobilities in low

molecular-weight polymers. The theory is also quite robust and has been

readily extended to treat DA copolymers like DPP by introducing a periodic
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variation in the ionization energies to reflect the donor and acceptor HOMO

energies.

In contrast to the conventional polaron theory, the theory presented herein

shows that peak A (0.1 eV - 0.2 eV) in chemically doped samples is not re-

lated to a self-trapped, mid-gap polaron state derived solely from interchain

coupling. In the presence of the dopant anion, holes are mainly localized on

single chains where peak A is polarized along the chain. For unbound holes

generated optically or electrically, interchain interactions are responsible for

a second transition polarized in the stacking direction with an energy similar

to that of the intrachain peak A. Peak A is therefore composed of spectrally

overlapping intrachain and interchain components mixed by disorder. Peak A

is enhanced and red-shifted as the polaron is delocalized in either direction,

providing a direct measure of the corresponding coherence length.

The ability of our coarse-grained phenomenogical model to obtain near

quantitative agreement with experiment is encouraging and will hopefully

stimulate more atomistic treatments to better understand the microscopic na-

ture of disorder in these morphologically complex systems. In order to unam-

biguously understand the anisotropic nature of hole coherence in homopolymer

and copolymer films more experiments need to be conducted on aligned sam-

ples. As shown here, the intra-chain and inter-chain polarized compnents of

the mid-IR spectrum contain complimentary information about hole localiza-

tion which can be used to identify where the counter anions are likely to lie

in doped films. Using a high-temperature rubbing technique Hamidi-Sakr et.

al. [25] has succeeded in creating aligned P3HT films. Using polarized UV-Vis

and IR spectroscopy they concluded that F4TCNQ likely lies in the lamellar re-

gion, amongst the P3HT side-chains. However, as the polymers were oriented

face-on on the substrate surface, information about the interchain-polarized

component could not be readily obtained. Hopefully, experiments containing

aligned polymers oriented edge-on relative to the substrate will be performed

in order to obtain both interchain and intrachain polarized components.
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Future Work: Trions

Figure. 6.1: Three manifestations of a conjugated polymer trion: (a) an intra-chain, (b)

dimer trion, and (c) a trion formed in the presence of a molecular dopant anion.

The Hamiltonian in Eq. 2.3 is specific for a single hole delocalized over the

polymer lattice and as such is capable of accurately describing mid-IR absorp-

tion spectra. [15,34–37] Future work will be directed at enlarging the basis set

to include a fragment LUMO level for each D/A site (or for each repeat unit in

a homopolymer), along with the inclusion of terms accounting for the Coulom-

bic coupling between charges, will allow us to expand our investigation into the

UV-Vis region (2-4 eV), where excitations are dominated by neutral excitons

- a single electron and a single hole created by a HOMO-LUMO transition.

More interesting, however, is the near-IR region (1-1.5 eV) which, according

to conventional theory, is due to excitations between the polaron gap states

(commonly referred to as P2 polaron transitions). Here, we hypothesize that

near-IR absorption can also arise from exciton-like transitions in the presence

of a hole - for example, transitions resulting in the creation of an exciton on an

already-oxidized polymer chain, due, for example, to the presence of a chemical

dopant. Such quasi-particles are generally referred to as “trions” [129–135] as

they consist of 2 holes and an electron (where “electron” indicates a half-filled

LUMO). Trions can be stabilized on a single chain in the sequence, “+-+”, as
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indicated in Figure 6.1a, or across multiple chains as in Figure 6.1b. In conju-

gated polymers, the most common trion form was considered by Kadashchuk

et al. [129] and Wang et al. [130] and consists of two on-chain hole polarons

(or a bipolaron) bound to a trapped electron (or negatively charged dopant),

as depicted in Figure 6.1c. Such trions were proposed in Ref. [129] to account

for thermally stimulated luminescence in films of a poly(phenylenevinylene)

derivative and in Refs. [132–135], to account for luminescence in semiconduct-

ing carbon nanotubes. The stability of an intra-chain trion in Figure 6.1a

gained by the admixture of the “+-+” form, will red-shift its energy relative

to the (UV-Vis) exciton transition. We plan to thoroughly investigate the

near-IR line-shape in doped and undoped DA copolymers for evidence of trion

absorption. The trion signatures may be similar to those found in carbon nan-

otubes, where the peak associated with trion absorption lies approximately

100-200 meV below the peak due to bright exciton absorption.
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[113] Koen H Hendriks, Gaël HL Heintges, Veronique S Gevaerts, Martijn M
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APPENDIX

This appendix contains all the parameters that have been used to fit the

experimental spectra in chapters 3,4 and 5. The parameters are as follows:
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Simulation parameters
Parameter Description
tintra Charge transfer integral along the polymer backbone
tinter Charge transfer integral along the stacking direction
dintra Distance between thiophene units along the polymer backbone
dinter Distance between thiophene units along the stacking direction
σ Inhomogeneous line width
Γ Homogeneous line width
ωvib Vibrational frequency
λ2 Huang Rhys Factor
ε Dielectric constant

danion Distance of the counteranion from the polymer lattice
∆ Band Gap
SS Short(Short) range disorder along the intrachain(interchain) direction
SL Short(Long) range disorder along the intrachain(interchain) direction
LS Long(Short) range disorder along the intrachain(interchain) direction
LL Long(Long) range disorder along the intrachain(interchain) direction
g Paracrystallinity or off-diagonal disorder
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High Molecular Weight P3HT films
Parameter Description

Lattice Size 6 by 6 π-stack
tintra -0.4 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.28 eV
Γ 0.018 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SL
Disorder configurations 1000

g 0.065

Table A.1: Simulation parameters for Fig. 3.9a,c
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Low Molecular Weight P3HT films
Parameter Description

Lattice Size 6 by 6 π-stack
tintra -0.28 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.37 eV
Γ 0.018 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0.05

Table A.2: Simulation parameters for Fig. 3.9b,d
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Polarized Measurements
Parameter Description

Lattice Size 10 by 1 (single chain)
tintra -0.40 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type Short range disorder
Disorder configurations 1000

g 0

Table A.3: Simulation parameters for Fig. 3.11a
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Polarized Measurements
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.06 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.27 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0.05

Table A.4: Simulation parameters for Fig. 3.11b
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RRa P3HT films
Parameter Description

Lattice Size 4 by 1 (single chain)
tintra -0.30 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type Short range disorder
Disorder configurations 1000

g 0

Table A.5: Simulation parameters for Fig. 3.14
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P3EHT films
Parameter Description

Lattice Size 10 by 2 π-stack
tintra -0.35 eV
tinter -0.008 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0

Table A.6: Simulation parameters for Fig. 3.15
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P3EHT films
Parameter Description

Lattice Size 10 by 2 π-stack
tintra -0.40 eV
tinter -0.008 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0

Table A.7: Simulation parameters for Fig. 3.16
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High MW RR P3HT films
Parameter Description

Lattice Size 10 by 7 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.25 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SL
Disorder configurations 1000

g 0.05

Table A.8: Simulation parameters for Fig. 3.17a,b
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Low MW RR P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.06 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.27 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0.05

Table A.9: Simulation parameters for Fig.3.17c,d
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3.6 Kg/mol RR P3HT films
Parameter Description

Lattice Size 8X3 π-stack
tintra -0.40 eV
tinter -0.10 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0

Table A.10: Simulation parameters for Fig. 3.18a,b



165

6.7 kg/mol RR P3HT films
Parameter Description

Lattice Size 10 by 3 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SS
Disorder configurations 1000

g 0.0

Table A.11: Simulation parameters for Fig. 3.18c,d
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RR P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.22 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1

Disorder type SL
Disorder configurations 1000

g 0.0

Table A.12: Simulation parameters for Fig. 3.20b



167

F4TCNQ doped low mw P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
ε 1

danion 3:1(0.50 nm : 0.85 nm)
Disorder type SS

Disorder configurations 1000
g 0.0

Table A.13: Simulation parameters for Fig. 4.16a
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F4TCNQ doped low mw P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
ε 3

danion 3:1(0.20 nm : 0.38 nm)
Disorder type SS

Disorder configurations 1000
g 0.0

Table A.14: Simulation parameters for Fig. 4.16b
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F4TCNQ doped high mw P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
ε 1

danion 2:1(0.70 nm : 1.10 nm)
Disorder type SS

Disorder configurations 1000
g 0.0

Table A.15: Simulation parameters for Fig. 4.17a
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F4TCNQ doped high mw P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
ε 3

danion 2:1(0.33 nm : 0.45 nm)
Disorder type SS

Disorder configurations 1000
g 0.0

Table A.16: Simulation parameters for Fig. 4.17b
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DDBF72 doped high mw P3HT films
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.40 eV
tinter -0.15 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
ε 1

danion 3:1(1.80 nm : 0.80 nm)
Disorder type SS

Disorder configurations 1000
g 0.0

Table A.17: Simulation parameters for Fig. 4.17b
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Donor Acceptor Copolymer
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.45 eV
tinter -0.10 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
∆ 1.3 eV

Disorder type SL
Disorder configurations 1000

g 0.0

Table A.18: Simulation parameters for Fig. 5.5b
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Donor Acceptor Copolymer
Parameter Description

Lattice Size 10 by 4 π-stack
tintra -0.45 eV
tinter -0.10 eV
dintra 0.4 nm
dinter 0.4 nm
σ 0.30 eV
Γ 0.03 eV
ωvib 1400cm−1/0.174 eV
λ2 1
∆ 1.3 eV

Disorder type SS
Disorder configurations 1000

g 0.0

Table A.19: Simulation parameters for Fig. 5.5c
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