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SUMMARY

Organic materials continue to be explored as the active component in wearable, �exible

electronics, and thermal devices. Their low-temperature thermal transitions and extensive

chemical tunability makes them straightforward to process for a variety of applications,

including thermal switches, devices that dynamically control the �ow of heat, and thermo-

electric generators, devices that convert heat into electrical energy (or vice versa). Despite

these applications, the physical and electronic characteristics that lead to different thermal

and charge transport in organic materials require further understanding. This dissertation

examines the physical and electronic features of conjugated organic materials through a

characterization of three unique chemistries. Factors that affect the electronic structure in-

clude morphology, such as the extent and quality of crystallinity, and doping, or reduction-

oxidation processes.

I demonstrate how these factors further alter thermal and charge transport by showcas-

ing three distinct chemical structures. In each case study, the morphological changes in

response to chemical tuning differs, allowing for the deduction of chemical design guide-

lines for potential thermal and energy applications. In the �rst case study, I show how a

crystalline molecule that decreases its intermolecularp-electron overlap yet maintains a

high degree of structural order undergoes a fourfold decrease in thermal conductivity. Be-

cause a high extent of crystallinity is maintained in the material, the diminished thermal

transport is in part due to the decreased conjugation measured in the material and the de-

creased heat capacity. For the second case study, I address changes in charge transport

in highly disordered amorphous conjugated polymers. In these highly disordered materi-

als, I increase thep-electron interactions by increasing the main-chain planarity in a se-

ries of poly(dioxythiophenes). This increased planarity, in turn, increases the polymer's

susceptibility to oxidation, increases the electrical conductivity, and rapidly decreases the

Seebeck coef�cient. The decrease in the Seebeck coef�cient is related to the electronic

xx



structure. The chemical structure can be further modi�ed to remove the side chains; this

side chain modi�cation increases the carrier density of the material, which further increases

the electrical conductivity and decreases the Seebeck coef�cient. In the �nal case study, I

consider a system with both ordered phases and disordered phases—semicrystalline con-

jugated polymers. For this study, I show how the phase behavior of these materials at the

macroscale affects the electronic structure at the local scale. Furthermore, the phase be-

havior (and resulting electronic structure) can be altered by combining the two materials.

This phase interaction of each polymer can result in an enhancement of the thermoelectric

power factor, which I demonstrate at intermediate doping levels.

Overall, this dissertation examines the complex relationships between phase morphol-

ogy and electronic structure in conjugated organic materials, establishes structure-property

guidelines for materials with ranging degrees of order, and contextualizes these relation-

ships for potential thermal and energy management applications.

xxi



CHAPTER 1

INTRODUCTION

1.1 Thermal switches and thermoelectric generators

There is a growing need to develop devices that allow us to reuse or control heat effectively.

Over 50% of the world's energy is lost as waste heat that dissipates into the atmosphere

from industrial energy sectors, and almost 80% of which enters the ambient at tempera-

tures less than 300 °C [1, 2]. This abundance of low-temperature waste heat presents an

opportunity to investigate technologies that can harvest and reuse this waste heat. Ideally,

the operation of these devices should also not contribute to the global rise in temperature by

releasing carbon into the atmosphere. Two thermal management devices that offer sustain-

able functionality and can be used to recuperate this waste heat are thermal switches and

thermoelectric generators, both of which have been shown to improve engine ef�ciencies

and stabilize temperature �uctuations [3, 4].

A thermal switch, analogous to an electrical switch, is a device that controls the heat

�ux ( Q) through it by responding to some external stimulus. Its �gure of merit, the thermal

switching ratio (r ), is the ratio of the switch's high thermal conductivity (� ) state, or ON

state (� on), divided by its low� state or OFF state (� o� ):

r = � on=� o� (1.1)

Ignoring extreme conditions (i.e. ultra-high vacuum and pressure), reportedr values range

from 1 to 100, with the majority going no higher than 3.5 [3]. Thermal switches can either

operate primarily on the vibronic contribution to the thermal conductivity (� v) or the elec-

tronic contribution to the thermal conductivity (� e), as illustrated in Figure 1.1.a. Thermal

switches with outstanding performance (r � 80) are often multi-part devices that require

1



Figure 1.1: Thermal switch and thermoelectric generator are two devices for thermal man-
agement. (a) A thermal switch can be based on� v , shown above as a �rst-order melt
transition, or on� e, shown below as a material capable of switching from more mobile to
less mobile charge carriers. (b) A thermoelectric generator consists of two semiconductors
sandwiched between thermal and electrical conductors to operate. In this con�guration,
thermal energy from the top hot side is converted into electrical current to power the light
bulb in the circuit.

some mechanical actuation [5, 6, 7], such as the paraf�n-based switch coupled to a battery

in the Mars Rover used to regulate extreme temperature �uctuations in space [5]. The com-

plex design of these switches is not always the most practical. Moreover, mechanical wear

over time limits its lifetime. For this reason, phase change materials have garnered com-

mercial (e.g. aqueous sodium acetate packets for hand warmers) and lab-scale attention

as materials for thermal management (e.g. building insulation) because they demonstrate

modest to great performance (r= 5–130) [8]. However, phase-change materials pose other

challenges, such as large volume changes and potential leakage due to the �rst-order tran-

sition. Thus, solid-state thermal switches with at least modest performance (r � 5) need to

be further examined for thermal management.

A thermoelectric generator (TEG) is a device that converts thermal energy into electri-

cal energy, or vice versa. It is composed of thermoelectric modules sandwiched between

heat exchangers, where each thermoelectric modules contains upwards of tens to hundreds
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of thermoelectric pairs connected electrically in series and thermally in parallel. Each

thermoelectric pair consists of a p-type semiconductor and an n-type semiconductor, as

shown in Figure 1.1.b. The performance of a TEG depends on the semiconductor mate-

rial's properties, speci�cally its� , electrical conductivity (� ), and Seebeck coef�cient (S).

The material thermoelectric �gure of merit (zT) is given by:

zT =
S2�
�

T (1.2)

whereT is the absolute temperature. Commercial TEGs have achieved aZT � 1 with

semiconductor materials like bismuth telluride, but their low conversion ef�ciencies (� 10%)

still limit their utility to space power generation [9] or small-scale heating/cooling in auto-

motives [10]. Improving TEGs requires the optimization of the thermoelectric properties

of a semiconductor material. One approach is to decrease� by increasing phonon scatter-

ing, which is commonly done in inorganic materials [11]. A second approach is to begin

with a material that exhibits a low� , such as a semiconducting polymer, and maximize

the power factor= S2� . While it is possible to improve the thermoelectric performance

of semiconductors, it is important to understand that each transport property,� , S, and� ,

is either inversely or proportionally correlated with each other. Thus, optimizing the ther-

moelectric properties of a material for TEGs is nontrivial. Eventually, different processing

conditions need to be identi�ed to further optimize thermoelectric materials. While thermal

switches and TEGs are often high in cost and thus found in niche applications outside of a

laboratory, such as powering space crafts, opportunity exists to optimize these devices for

low-temperature heat scavenging if the right materials and processing conditions lead to

the desired thermal and electronic properties.

Conjugated organic materials are a promising class of materials for recovering low-

temperature waste heat for the following reasons. First, they generally have low degrada-

tion temperatures, less than 300 °C, and thus even lower phase transition temperatures. In
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other words, these materials offer accessible and low operating temperatures. Second, or-

ganic materials have low� relative to inorganic materials, which can result in signi�cantly

higherr for thermal switches. For example, an organic material can exhibit a change in�

from 20 to 2 W m� 1 K � 1, resulting in a highr = 10. This change in� has been shown in

poly(ethylene) nano�bers [12]. The same performance is implausible for metallic copper

as its� would need to decrease an order of magnitude from 400 W m� 1 K � 1 to produce

the same switching performance. Third, organic materials such as polymers are generally

inexpensive to process because they do not require high processing temperatures (� 103

°C) and can often be dissolved or dispersed into a liquid to be cast in a variety of ways,

including slot-die coating or roll-to-roll printing. This cheaper and versatile processabil-

ity makes organic semiconductors attractive for next-generation electronics, such as TEGs,

that are printable, �exible, and wearable. Fourth, organic materials can be synthesized with

functionality tailored for target applications. For instance, azobenzene moieties can be used

as light-triggered switches [13], hydrophilic functional groups will enhance water absorp-

tion [14, 15], and side chain selection can affect solvent compatibility [16] and solid-state

ordering [17]. In the following sections, I present a review of thermal and charge transport

in conjugated organic materials.

1.2 Thermal transport in conjugated organic materials

Fourier's Law for heat conduction,q = � � r T, is analogous to Ohm's Law. Here, a

heat �ux, q, travels through a material induced by a thermal gradient,r T, where the ease

in which heat travels is dictated by the� . � values span about 5 orders of magnitude, a

smaller range compared to that for� . Unlike the case of charge carriers, where in the

insulating case some carriers are permanently bound, all materials conduct heat because all

atoms that make up a material vibrate atT > 0 K. Therefore, it is very dif�cult to engineer

thermal components. To engineer thermal components, such as a thermal switch, the�

of an organic material needs to be understood. The� can be broken down into two main
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contributions, the� v and the� e where:

� = � v + � e (1.3)

This equation shows that there are two primary ways to control the �ow of heat. The

�rst way is to control the �ow of heat through vibrations. A vibrational mode with a

mean free path much greater than the lattice constant of a material is a phonon, a quasi-

particle that can be formally described with a wave vector and frequency. For materials

with extended translational symmetry,i.e. they are crystalline, lattice dynamics with a

phonon-gas formalism can be utilized to explain what factors affect� . � in crystalline

materials is modeled when integrating the product of the volumetric heat capacity (C),

the phonon's group velocity squared, and the phonon relaxation time across all phonon

frequencies [18]. However, for more disordered materials, such as organic materials, such

a formula is unavailable because their vibrational modes do not propagate like phonons.

Instead, each mode's mean free path is much less than the lattice constant—or atomic

spacing if a unit cell cannot be de�ned—of the material [18, 19] . Due to this shorter mean

free path, the vibrational modes now move diffusively through an organic material as non-

propagating yet non-localized vibrational modes (termed diffusons by Allen and Feldman

[20]), an illustration of which is shown in Figure 1.2.a. A more general expression must be

used for organic materials:

� v = CD (1.4)

where� v is proportional to theC and thermal diffusivity (D). TheC of a material is sim-

ply its density (� ) times its speci�c heat capacity at constant pressure (cp). C measures

the quantity of heat needed to increase a material's temperature by 1 K normalized by its

volume. The quantity of heat an organic material absorbs to increase its temperature de-

pends on the degrees of freedom in the material. A degree of freedom is de�ned as both

a coordinate needed to �x a molecule's position and an independent pathway in which en-
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ergy is absorbed [21]. By affecting the pathways in which energy is absorbed in an organic

material,C changes.D, for phonon transport, is analogous to the product of the group

velocity squared and the relaxation time. For diffusive transport, it generally describes the

diffusive movement of all vibrational modes, where some vibrational modes are more local-

ized than others. For example, vibrational modes with low frequencies, previously termed

“propagons,” may propagate several atomic spacings before being scattered. Vibrational

modes of intermediate frequencies, coined “diffusons,” dominate transport and account for

the majority of thermal transport in a disordered material. Lastly, localized carriers known

as “locons” have the highest oscillator frequencies and contribute minimally towards trans-

port [20]. By altering each of these properties (cp, � , andD), the organic material's�

changes and a thermal component, like a switch, is actualized.

Though there is more to be done in investigating thermal transport in organic materials,

progress has been made. Diamond is a crystalline material made up of covalent carbon

bonds and is one of the most thermally conductive materials (� � 2000 W m� 1 K � 1 [22]).

Until only recently have other graphitic materials, like carbon nanotubes, shown as high�

values [23]. With these carbon-bonded materials in mind, certain trends can be expected

when measuring� of organic materials. First,� is higher for more ordered materials and,

speci�cally, along the direction of the covalent carbon bonds. This higher� has been ex-

perimentally shown in high-modulus �bers [24] and extruded polyethylene nano�bers [25].

Simulations on nano�bers show thermal transport along the chain increases when conju-

gation increases [26]. Because strong covalent bonds promote thermal transport, and be-

cauase conjugation increases the bond dissociation energy (i.e. approximate bond strength)

[27], conjugation can also affect� . Bond strength and order are key parameters that affect

� v of a material. Lower� are measured perpendicular to the aligned polymer chains [28],

where secondary forces (e.g.hydrogen bonding, van der Waals) prevail. Because of weaker

electrostatic interactions between molecules/chains,� is lower along the direction of these

weak interactions. Importantly, the degree of order along the direction of the bonds matter.
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For example, crosslinking, a chemical reaction that converts weak interchain interactions

into covalent bonds, does not necessarily result in an enhanced� [29, 30].

However, even with these general trends, engineering materials for vibrational ther-

mal switching is dif�cult and often relies on large conformational changes in addition to

a phase change to produce a moderater . For example, aligned poly(ethylene) nano�bers

that undergo an all-trans to mixed-gauche conformation exhibit ar � 10 [12]. Similarly,

liquid-crystalline azobenzene molecules tethered to the side chains of a linear polymer in-

duce melting of the polymer when the molecule changes conformation from trans to cis,

resulting in anr � 3.5 [13]. These examples are presented in Figure 1.2.b-c. The con-

formational change of azobenzene disrupts the moiety'sp-stack. Others have corroborated

the importance of thesep-interactions and examined their importance in semiconducting

polymers to �nd that a greater density ofp-conjugation increases� [31, 26]. To summa-

rize, microstructure, bond strength, andp-interactions are three characteristics that should

be tailored to achieve dynamic thermal switching in organic systems.
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Figure 1.2: As vibrational modes become more diffusive (non-propagating and non-
localized) in nature, such as when an ordered-to-disordered conformation occurs,� de-
creases. (a) Illustration of diffusive vibrational modes, known as diffusons, and propagat-
ing models known as phonons. As vibrational modes become localized,� approaches zero.
As they propagate with a mean free path greater than the atomic constant,� increases.
Figure adapted with permission from Ref. [19]. Copyright 2018 Royal Society of Chem-
istry. (b) A phase transition resulting from a trans-to-cis conformation of an azobenzene
moiety functionalized onto a linear polymer. This conformational change results in a �rst-
order transition, with a switching ratio ofr � 3.5. Figure adapted with permission from
Ref. [13]. Copyright 2019 National Academy of Sciences. Exclusive licensee National
Academy of Sciences. Distributed under a Creative Commons Attribution NonCommercial
License 4.0. (c) An example of a phase transition resulting from a trans-to-cis conforma-
tion of a poly(ethylene) nano�ber. The trans-to-gauche (mixed trans-and-cis) conformation
results in a switching ratio ofr � 10 [12]. Figure adapted from Ref. [12]. Copyright 2019
American Association for the Advancement of Science. Distributed under a Creative Com-
mons Attribution NonCommercial License 4.0 (CC BY-NC).
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1.3 Charge transport in conjugated organic materials

The second method to control the �ow of heat is through electron transport. Electrons ex-

periencing a higher temperature will also move with greater speed. For a material subjected

to a temperature gradient, there will be a net diffusion of its electrons from the hotter side

towards the colder side. For metallic conduction, Wiedemann and Franz found that the

ratio of the� to the� was a constant at around room temperature. Lorenz further explored

the temperature dependence of this empirical relation, and we now understand the� e to be

proportional to the� , Lorenz number (L), and absolute temperature (T) [32]:

ke = �LT (1.5)

For metals,L is approximately equal to the Sommerfeld value,L0 = 2.44� 10� 8 V2 K � 2;

thus,L0 is a constant that describes free electron charge transport. When charge carriers do

not behave as free electrons, but rather as localized or semi-localized carriers,L is greater

thanL0 (L=L 0 > 1). This largerL serves as an advantage for organic thermal switches

because� e will also scale relative toL and� . One notable report by Weatherset al. [33]

measuredL of poly(3,4-ethylenedioxythiophene) (PEDOT) processed in various ways and

found thatL=L 0 > 1, replotted in Figure 1.3. This study con�rms the inherent semi-

localized nature of charge carriers in semiconducting polymers. Unfortunately, few others

have examined� e in organic materials, in part due to practical dif�culties in measuring a

thermally isolated organic thin �lms. Nevertheless, this proportional relation between the

� e and� offers direction towards designing conjugated organic materials for electronic ther-

mal switching, for instance. From Figure 1.3 it is clear that the minimum� for a conjugated

polymer with a� v= 0.3 W m� 1 K � 1 in a switch must be 175 S cm� 1, which is dif�cult to

achieve in many polymer:dopant systems [34]. Moreover, a highr of 10 would require the

polymer to exhibit a maximum� = 1750 S cm� 1. This high� cannot be achieved in many

materials other than PEDOT [35, 36, 37]. Chain alignment post-processing techniques can
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increase� , but to what extent remains a question [38]. Nevertheless, by optimizing� , we

can understand which semiconducting polymers will be the ideal candidates for electronic

thermal switching.

Figure 1.3: Wiedemann-Franz relationship between a material's� and� offers guidelines
for designing an electronic thermal switch. If a material's Lorenz number (L) is greater
than the Sommerfeld value (L0) for free electron charge transport, the minimum� for an
electronic thermal switch is lowered. In this example,L = 2:83L0, following the work of
Weatherset al. [33].

The� in semiconducting polymers is not easily de�ned by the Drude equation for clas-

sical electron transport,� = ne� , wheree is the elementary charge,n is the carrier density,

and� is the carrier mobility. This dif�culty is due to the inherent semi-localized nature

of charge carriers in semiconducting polymers. Because organic materials are disordered,

carriers introduced in the material can interact with the material's conformational disorder,

electronic disorder, or both. These interactions often stabilize the charge within a particu-

lar location, forming a polaron [39]. In other words, a polaron is a charge “dressed” by a

conformational deformation and, as a result, has a characteristic localization. The charge

carriers found in semiconducting polymers are thus limited by Coulombic interactions as

well as different inter- and intra-molecular energy transfer barriers. Figure 1.4.a gives a

representative energy diagram for a positive charge carrier on an isolated molecule, such as

a 3,4-ethylenedioxythiophene (EDOT) unit, and across a few repeat units. [40] These car-

riers form potential wells of �nite energy barriers that need to be overcome for transport to

occur [41], which can be visualized across multiple repeat units and neighboring polymer

chains as shown in Figure 1.4.b-c. The microstructure further plays a role in determining
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the thermal and electronic properties, as illustrated in Figure 1.4.d.

Figure 1.4: Summary of how charge carrier localization in a polymer solid contribute to
charge and thermal transport. (a) In an isolated molecule, the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels shift due to
chemical p-type doping. This shift in a solid (more than one molecule) affects the sur-
rounding HOMO and LUMO levels of neighboring molecules. Figure adapted from Ref.
[42]. Copyright 2015 Royal Society for Chemistry. Distributed under a Creative Commons
Attribution 3.0 Unported License. (b) An example of a polymer “solid” with multiple
molecules and charge carriers is shown. (c) The energetic wells due to chemical p-type
doping represent a localization energy,WH , that affects charge and thermal transport. As
more charge carriers are introduced,i.e. as carrier density (n) increases,WH decreases.
Figure adapted from Ref. [41] with permission. Copyright 2021 under exclusive license
from Springer Nature Limited. (d) In a semicrystalline polymer, microstructure affects
charge localization, in turn affecting charge and thermal transport. Figure adapted from
Ref. [43] with permission. Copyright 2022 Wiley-VCH GmbH.

With these implications, models used to describe charge transport in semiconducting

polymers often rely on fully localized, hopping-like formalisms. Common models include

those derived by Mott-based nearest-neighbor hopping, whereby an energy barrier is re-

quired to overcome transport, and a temperature dependence further describes different

regimes of localized hopping [44]:

� = � 0 exp
�

� EA

kBT

�
(1.6)
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S =
�

kB

e

��
� EA

kBT
+ C

�
(1.7)

Here, the transport behavior is modeled for carriers that are below a critical energy where

band-like transport occurs, referred in the following as transport edge (ET ) (though some-

times also called the mobility edge). These thermally-activated carriers exhibit hopping-

like transport and must overcome an activation energyEA to conduct. This model is appli-

cable in lightly doped systems, for instance, where there exist few carriers that are highly

localized. Similar Arrhenius-like expressions were derived by Mott and others for polaron

hopping [45] and variable-range hopping [46]. However, these models inadequately �t

the measured data of chemically doped semiconducting polymers, which have been shown

to follow different temperature dependencies solely by increasing the extent of doping in

the same polymer [47]. Other theories take a more molecular rather than macroscopic

approach, such as Marcus theory, which is based on transport values such as the reorga-

nization energies, transfer integrals [48]. These models are limited to providing insight at

the molecular level and fall short of offering design guidelines at the macroscopic level

[48]. Models that account for varying extents of localization have also been suggested

[49, 50], which improve our current understanding of charge transport in semiconducting

polymers with inhomogeneous structure at the spatial and electronic level. One model,

the semi-localized transport (SLoT) model [41], corroborates the �ndings of Weatheret al.

[33]; by accounting for semi-localization in PEDOT, anL=L 0 approaching 1 was reached

[43]. In other words, the SLoT model is a useful framework to examine charge transport in

semiconducting polymers.

To describe charge transport in inhomogeneous semiconductors, a general expression

of � must be used [51, 50]:

� =
Z 1

�1
� E

�
� df
dE

�
dE (1.8)

where� E is the transport function anddf=dE is the Fermi-Dirac selection function. De-
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pending on the material, the transport function (� E ) takes on a different expression. Gen-

erally, it is accepted that� E is a function of the electronic density of states (g(E)) and the

movement of those states (e.g.velocity, scattering rate, mobility) [51]. For example, for in-

organic semiconductors such as Si,g(E) is de�ned by the single parabolic band model, the

velocity of carriers is described by classical kinetic kinetic as a squared average velocity,

v2(E), and the carrier lifetimes,� (E), are affected by acoustic phonon scattering. Within

these assumptions,� E = v2(E)� (E)g(E), [52, 53]. A diagram depicting each component

to � E is presented below, taken from [53]. As a result, the convolution of� E with df=dE

determines� , S, and� e, as shown in Figure 1.5.

Figure 1.5: The� E for the single parabolic model. Note that� E in this work is labeled in
the �gure asG(E) and� is the chemical potential synonymous with the Fermi level. (a)
The velocity of carriers takes anE 1 dependence, the carrier lifetime anE � 1=2 dependence,
and the density of states anE 1=2. (b) The area of the convolution of an� E / E 1 with energy
differences with respect to� and the Fermi-Dirac selection function is approximately the
charge transport properties. Figure reproduced from Ref. [53] with permission. Copyright
2018 provided by AIP Publishing.

De�ning � E is key to properly modeling� in semiconducting polymers. The SLoT

model asserts that� E exhibits anE 1 dependence [41]. ThisE 1 dependence is possible

within the single parabolic band model described previously, which determines the energy

dependence of both the velocity of carriers,v2(E) / E 1, and density of statesg(E) / E 1=2

(see Figure 1.5) [53]. For� E / E 1, acoustic scattering is assumed to be the mechanism
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that dominates the relaxation time of charge carriers such that� (E) / E � 1=2. Thus,� E =

v2(E)g(E)� (E) / E 1 [53]. Lastly, the SLoT model draws inspiration from hopping-like

transport expressions like Equation 1.6 and attributes a term that accounts for localized

transport. The� E within the SLoT model is de�ned as:

� E = � 0 exp
�

� WH

kBT

�
�

�
E � E t

kBT

�
; E � E t (1.9)

and� E = 0 atE � E t , i.e. when carriers are too localized to contribute to the measured� .

The �rst term, � 0, is a theoretical maximum conductivity prefactor, the second term is the

localized contribution (with a similar Arrhenius-dependence like in Equation 1.6), and the

third expression is the non-localized energetic dependence (like in the Kang-Snyder model,

buts = 1 in this case [50]). The activation energy for hopping-like transport (WH ) depends

on then, which can be experimentally measured using X-ray photoelectron spectroscopy

(XPS).

Because� is heavily dependent on both electrostatic and spatial localization effect—

the former affecting the weighted energy difference and the latter affecting the Arrenhius

term—theS must also be used to understand charge transport in semiconducting polymers.

The Seebeck effect arises from an electric �eld induced by carriers moving in response to

the temperature gradient. The general expression forS is given as [41, 50, 51]:

S =
kB

�e

Z 1

�1
� E

�
E � EF

kBT

��
� df
dE

�
dE (1.10)

Because� appears in the denominator, the energy-independent terms in Equation 1.9 can-

cel out, leaving an expression forS that solely depends on the energetic distribution of

carriers with respect to Fermi level (EF) andET . Thus, an important consequence of Equa-

tion 1.10 is thatS is entirely dependent on the energetic landscape of chemically doped

semiconducting polymers, which allows us to map the electronic structure of semiconduct-

ing polymers from measurable properties. In Figure 1.6, I plot a summary of some common
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conjugated polymers and their transport behavior. The dashed line indicates the minimum

� needed for an electronic thermal switch given a� v of 0.3 W m� 1 K � 1.

Figure 1.6: Summary of� , � , andS for some common conjugated polymers. (a)� versus�
for three conjugated polymers: PBTTT (blue triangles [54]), PANI (brown [55] and orange
triangles [56]), PEDOT (gray [33] and black stars [33]). (b)S versus� for four conjugated
polymers: IDTBT (green triangles [57]), P3HT (dark blue [57], medium blue [41], light
blue [57]) PBTTT(C14) ([57]) PEDOT (gray stars [37]).

1.4 The electronic and physical structure of conjugated organic materials

To design conjugated organic materials with desired charge transport properties, fundamen-

tal principles of these materials must be understood before they can be engineered. The

foundation for the unequaled electronic properties exhibited in conjugated organic mate-

rials can be attributed to thep-electrons of the material. Alternating singly- and doubly-

bonded carbon atoms containsp2-hybridizeds-bonds in-the-plane of the bond (lower in

energy) and, more importantly,p-bonds perpendicular to the bond (higher in energy rela-

tive to the hybridized bonds). The overlap of thep-bonding orbitals across the bond results

in conjugation, where the electrons in thisp-orbital are now delocalized across the bond.

Because electrons exhibit wave-like behavior, thep-orbitals of each carbon atom interact

both constructively to form an occupied bonding state lower in energy and destructively to

form an anti-bonding state higher in energy. The highest-lying bonding orbital with elec-

trons occupying it is known as the HOMO, and lowest-lying anti-bonding orbital without
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electrons is known as the LUMO. With the formation of these states, we begin to construct

the electronic structure of conjugated organic materials.

Molecular units withp-electron delocalization can be linear (e.g.,C2H2) where the de-

localization is across the double bond, or cyclic and aromatic, wherep-electron delocal-

ization spans the entire (hetero)cyclic molecule. Aromatic molecules, such as benzene or

thiophene, have shown greater thermodynamic stability, and will be the focus of this disser-

tation. Increasing the number of units of material, forming oligomeric or polymeric materi-

als, increases the HOMO and LUMO states in the material. Eventually, one may imagine a

distribution of states occupied with electrons (analogous to the valence band in crystalline

inorganic materials), as well as a distribution of unoccupied states (the conduction band

in crystalline inorganic materials) (see Figure 1.7) [58]. The distribution of these states

further evolves when considering that these neighboring units exist in a three-dimensional

solid, where local intermolecular forces are felt between each oligomer or macromolecular

chain.

Figure 1.7: Building the electronic structure of polythiophene starting with one thiophene
molecule. Thiophene, havingp-electrons fully delocalized across the entire molecule, has
a single HOMO and LUMO level. As the molecule length increases, conjugation increases,
and new HOMO and LUMO levels exist at higher and lower energies, respectively.
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As a result, the physical morphology of a material will impact the resulting electronic

structure. In molecular semiconductors, for example, molecular conformations dictate the

ease and the direction with which carriers move from one molecule to another, often termed

a transfer integral [48]. Since they are able to form single crystals under the right growth

conditions, these packing structures are highly ordered and unique to one another. They

include the slippedp-stack packing, the brick-wall packing structure, and the herringbone

packing structure with three transfer integrals [59]. The slippedp-stack has favorable in-

termolecularp-interactions along one direction, which increases the electronic bandwidth

of the material [60, 61]. Moreover, along this direction, some of the highest carrier mobili-

ties can be achieved [59]. The other packing structures, such as the herringbone structure,

exhibit more isotropic structures where more than one direction becomes favorable for

charge transfer. Because these molecular semiconductors exhibit high carrier mobilities on

par with amorphous silicon, it was thought for a long time that crystallinity in conjugated

materials was necessary for charge transport.

Conjugated polymers cannot practically achieve 100% crystallinity and are, at most,

semicrystalline. Semicrystalline polymers consist of metastable phases of crystalline re-

gions and amorphous regions. For a while, semicrystalline polymers were accepted to need

a large degree of crystallinity to increase charge transport. For example, increased regioreg-

ularity in poly(3-hexylthiophene) (P3HT) increases carrier mobilities [62]. Moreover, de-

creased structural disorder in the form of paracrystalline disorder decreased the population

of trapped states within the sub-bandgap of simulated polymeric semiconductors [62, 63,

64]. Then, next-generation polymers have since been designed with backbones that are

signi�cantly more rigid. This backbone rigidity, in turn, decreases the extent and quality

of crystallinity. Depending on the chemical structure, some polymers even exhibit largely

amorphous phase behavior. Interestingly. these highly disordered conjugated polymers

exhibit carrier mobilities about an order of magnitude higher than that of semicrystalline

polymers like P3HT. Unfortunately, these next-generation polymers do not resemble the
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structure and phase behavior of workhorse polymers like P3HT. The rapid development of

increasingly rigid polymers that no longer �t previous understandings of charge transport

in polymeric semiconductors is thus motivation to examine changes in transport through

subtle modi�cations.

Introducing charge carriers to neutral polymers further complicates the electronic and

physical structure of materials. Charge carriers in conjugated materials are introduced

through a reduction-oxidation (red-ox) process, also known as doping. Active doping

is commonly achieved by exposing the material, often polymers, to molecules that are

electron-de�cient (or electron-rich). To dope a p-type polymer, it is exposed to an electron-

de�cient molecule where an electron is removed from the HOMO of the polymer and added

to the frontier orbital of the molecule (see Figure 1.8.a). This process leaves a positively

charged backbone and negatively charged ion to balance the charge and affects the energy

levels of the polymer as shown in Figure 1.8.b. Dopants can be introduced chemically by

co-casting with the polymer �lm or by exposing the polymer thin �lm to a solution of a

swelling solvent and the solvated oxidant. They can also be introduced electrochemically

by applying a voltage potential that attracts the solvated oxidant towards the �lm. Doping

can have profound effects on the morphology, electronic structure, and electrical perfor-

mance of the polymer [65].

18



Figure 1.8: Chemical doping and resulting changes in ionization potential, glshomo posi-
tion, and LUMO position. (a) Simple schematic of chemical oxidation. Generally, a dopant
molecule in a solvent that swells the polymer is deposited on the polymer �lm. The dopant
molecule diffuses into the �lm and, having a LUMO lower than the polymer's HOMO,
removes ap-electron from the polymer. The result is a positively charged backbone with
an anion byproduct that remains in the �lm to balance the backbone charge, as shown in
(b) with a thiophene pentamer. Due to bond reorganization and Coulombic interactions,
the HOMO of the positive molecule splits into a singly occupied and a singly unoccupied
orbital. The ionization potential (IP) increases with doping, making the site more dif�cult
to oxidize. The charge carrier's localization energy (E loc) related to charge transport [66,
67, 68].

1.5 Statement of purpose

From this introduction, it is evident that thermal and charge transport in conjugated organic

materials require consideration of various factors, including the various extents of structural

disorder, the electronic distribution of states and carriers, and how active doping further

affects the aforementioned factors. It is also evident that through careful chemical tuning,

design guidelines for for making conjugated materials with tailored transport properties can

be established. The purpose of this dissertation is to construct structure—transport property

relationships of conjugated organic materials undergoing subtle chemical modi�cation. I

selected four types of chemical modi�cations in conjugated organic materials and examined

their effects on thermal or charge transport within the context of either thermal switching

or thermoelectric generation. The chemical modi�cations selected are a conformational
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bond reorganization, side chain removal, main-chain substitution, and mixing. I achieved

this purpose by completing three objectives. In Chapter 2 I present the experimental details

needed to execute my statement of purpose.

My �rst objective, presented in Chapter 3, was to identify mechanisms that alter the

� v without signi�cantly impacting volume changes. To complete this objective, I selected

a small molecule capable of undergoing a topochemical polymerization. Moreover, I an-

swered two questions within this objective. First, I answered, “what is ther of this po-

tential thermal switch?” by �rst characterizing the topochemical polymerization. Then, I

measured the thermal conductivity before and after the polymerization and quanti�ed ar

of 4.4, which is impressive for a solid-state chemical reaction. I answered my second the-

sis question, “what properties of BIT and polyBIT contribute to their measured thermal

properties?” by examining the phase behavior of the material before and after polymeriza-

tion. I found that thecp of the material decreased after the photo-polymerization, which

in turn affects thermal transport. In completing this thesis objective, I demonstrated that

thermal transport can be impacted in a solid-state reaction. Thus, to design vibrational ther-

mal switches, I recommend altering thecp of the material by, for example, restricting the

degrees of freedom a molecule has in a a material, as was achieved in this objective.

For my second objective, discussed in Chapter 4, I examined how chemical structure al-

ters the physical and electronic structure of semiconducting polymers. To complete this ob-

jective, I selected a family of poly(3,4-alkylenedioxythiophene) (PXDOT)s that underwent

slight main-chain or side-chain changes. I answered my third question, “why are higher�

and lowerS measured in polymers with a greater fraction of EDOT?” by quantifying the

extent of oxidation, distribution of occupied states, andp-stacking distances. Drawing from

computational simulations, I asserted that greater interchainp-interactions increased� and

decreasedS. The SLoT model was employed to support the view that wider bandwidths

would rapidly decrease theS. To answer my fourth thesis question, “how does main-chain

and side-chain chemistry affect the temperature-dependent properties of each polymer
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chemistry?” I measured the temperature-dependent� and found that these materials exhib-

ited thermally-activated transport until ambient sensitivities were encountered. EDOT-rich

backbones increase the propensity for ambient doping, which was con�rmed with electro-

chemistry. Moreover, the phase behavior for fully 3,4-propylenedioxythiophene (ProDOT)

and fully EDOT chemistries were evaluated in answer to this question. Greater liquid-

crystalline character was found with increased EDOT chemistry. In completing this objec-

tive, I highlighted design principles for highly electrically conducting materials. First, it is

desired for side chains to be removed after solution-processing. Second, the backbone of

the material must be electron-rich and as planar as possible.

In my �nal thesis objective, I tested the following hypothesis: if P3RT and P3RTe

were combined as a block or physical blend and oxidized with the same dopant concentra-

tion, then the individual transport properties of each polymer may result in a maximized

the power factor of the bulk �lm. To test this hypothesis, I answered my �nal two thesis

questions. To answer “to what degree does mixing semiconducting polymers with differ-

ent heteroatoms affect the macroscopic thermoelectric properties?” I measured the� and

S of each poly(3-(3,7-dimethyloctyl)chalcogenophene) (P3RX) homopolymer, blend, and

block copolymer across a range of doping levels de�ned by the homopolymers. In doing so,

I concluded that combining two dissimilar semiconducting polymers can alter theS–� in-

terdependence. Moreover, at intermediate dopant concentrations, the thermoelectric power

factor of the block copolymer exceeded that of the homopolymers and the physical blends.

To answer my �nal thesis question, “how do the physical and electronic properties differ

with respect to heteroatom chemistry and mixing relate to the measured transport?” I ex-

amined the phase behavior, nanoscale order, and optoelectronic properties of each sample.

These characterizations indicate that the two components interact and affect each other's

crystallization, which in part explains the enhancement in the power factor. Moreover, I

demonstrated that blending and block copolymerization are effective tools to engineer the

electron structure of semiconducting polymers.
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CHAPTER 2

EXPERIMENTAL METHODS

To construct structure–property relationships of conjugated organic materials that undergo

subtle chemical modi�cations, I �rst quanti�ed either the� or � in each objective (see

Section 2.2). Because the transport properties of conjugated organic materials are related

to both their physical and electronic structure, I then enlisted methods that lent insight into

these respective features. Calorimetry and scattering experiments were used in combination

to examine physical structure; speci�cally, thermal transitions (or lack thereof) and nano-

scale molecular spacings were identi�ed to understand each material's physical structure

(see Section 2.4). To assess electronic structure, voltage potentials and photons ranging

from low (visible) to high (X-ray) energies were employed to either indirectly or directly

measure the material's electronic band gap (Eg), occupied electronic states, and unoccupied

electronic states (see Section 2.3).

These three characterization groups, including the key experimental techniques and the

information gained from each, are summarized in Figure 2.1. For the �rst characteriza-

tion class, charge and thermal transport are measured using the van der Pauw, 3! , and

time domain thermore�ectance techniques to quantify each material's� or � . The S is

another transport property that lends further insight into the energetic distribution of carri-

ers by indirectly probing the difference between the Fermi level and transport edge. X-ray

spectroscopies (in photoelectron, emission, or absorption con�gurations) were utilized to

measure the carrier densities, occupied electronic states, and unoccupied electronic states,

respectively. Electrochemical experiments were used to quantify a material's HOMO, and

ultraviolet-visible absorbance spectroscopy can similarly serve as a proxy for electronic

structure by measuring the optical excitation of a nonionized electron from thep-orbital to

thep� -orbital. These orbitals vary with the extent of inter-molecular or intra-molecular in-
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teractions, which can be inferred from optoelectronic and thermophysical characterization.

This third class of techniques was employed to examine the physical structure and phase

behavior of each material. Thermal transitions indicate a material's extent of crystallinity,

and X-ray scattering offer quantitative information on the molecular spacings. Employing

the three characterization classes in this dissertation contributed towards understanding the

structure-property relationships characteristic of conjugated organic materials.

Lastly, in this chapter, I recognized the speci�c contributions from my collaborators—

the chemists who synthesized the materials and the experimentalists who performed spe-

ci�c measurements as pertained to their expertise. I am grateful for their contributions and

for the knowledge they transferred to me to establish structure-property relationships of

conjugated organic materials.

Figure 2.1: Overview of the three characterization classes employed to construct structure–
property relationships in this dissertation.
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2.1 Material synthesis, preparation, and chemical tuning

Three organic material classes were synthesized to address each respective thesis objective.

The materials used in Chapter 3 and Chapter 4 were synthesized by Dr. James F. Ponder

Jr., and the polymers synthesized in Chapter 5 were synthesized by Dr. Garion Hicks. Dr.

Ponder and Dr. Hicks also conducted the necessary characterization—nuclear magnetic

resonance (NMR) and gel permeation chromatography (GPC)—to con�rm the chemical

structure of the materials synthesized. Dr. Ponder also established the hydrolysis proce-

dures for each PXDOT. Finally, Dr. Shawn A. Gregory trained me on chemical oxidation

best practices. I am grateful for their contributions towards this dissertation.

Because my �rst objective required measuring� v in a system that does not undergo

large volume changes, a molecule that is topochemically reactive was synthesized. By na-

ture, the topochemical reaction limits changes in molecular spacings while still inducing

a reorganization of covalent bonds. The synthesis of [2,2'-bi-1H-indene]-1,1'-dione-3,3'-

diheptylcarboxylate (BIT) was accomplished by following previously reported procedures

[69] and verifying the chemical structure using H1 NMR (Figure B.1). To con�rm that BIT

can topochemically polymerize into its polymer, polyBIT, I processed thin �lms less than

200 nm thick samples by spin-casting BIT from chloroform in a 15 mg mL� 1 solution,

like previously done [69]. These �lms were used in subsequent structural (see Section 2.4)

and optoelectronic (see Section 2.3) characterization to corroborate literature reports of this

topochemical polymerization. Because thicker �lms are required to satisfy the geometrical

requirements of the thermal transport techniques (discussed in Section 2.2), I also melt-

casted thick �lms greater than 10 µm. A K Control Coater was used to wire-bar the viscous

liquid melt across the substrates, either glass, Au-patterned glass, or Al-coated glass. The

K-Bar had a wire width of 0.3 mm, was positioned� 0.05 mm above the substrate, and was

drawn at the slowest speed of 2 m min� 1. Finally, the �lm was cooled slowly by turning off

the heated stage and allowing the �lm's temperature to equilibrate with ambient. A high-
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pressure sodium lamp with a power of 600 W was used to polymerize the monomer �lms.

The thin and thick �lms required approximately 10 min and at least 4 hours, respectively,

to photo-polymerize the �lms (Figure B.2), which was con�rmed using UV-vis absorbance

spectroscopy. The reverse reaction, the thermal depolymerization, was monitored via opti-

cal microscopy (see Figure 3.7.d-e). Unfortunately, local overheating of the polycrystalline

�lms resulted in low depolymerization yields (see further discussion in Chapter 3).

In my second objective, I selected PXDOT chemistries because they can be designed to

be highly electrically conducting, rendering them useful for applications in electronic ther-

mal switching. PXDOT, especially EDOT-based polymers, can exhibit high� [70, 71].

Side chains can also be decorated on the ProDOT unit to form a soluble, regiosymmetric

polymer. We previously published on the synthesis via direct (hetero)arylation polymeriza-

tion of PXDOTs where the main chain chemistry can range from a fully ProDOT copoly-

mer to a fully EDOT polymer [72, 71]. These polymers can be solution-processed by

blade-casting from chlorobenzene:chloroform solutions at a concentration of 30 mg mL� 1.

These polymer �lms contain over 50% side chains by mass that can be reduced to less than

10% by placing the �lms in a 2 M potassium hydroxide/methanol bath heated to 50 °C

for approximately two hours. The �lms were subsequently rinsed in methanol to remove

excess salt [72, 71].

Finally, each transport property was assessed after chemically oxidizing each polymer

to the same concentration of dopant. Each PXDOT was intentionally oxidized because

they differed in extent of oxidation after polymerization, processing, or in some cases,

both. For example, the EDOT-rich, hydrolyzed polymers exhibited the highest extents of

oxidation after preparation. The oxidant solution selected was a 50 mM solution of iron(III)

para-toluenesulfonate, also known as iron(III) tosylate (FeTos3), in acetonitrile. Fe-based

oxidants are known to oxidize a polymer via an integer charge transfer and thus are stronger

than organic molecular dopants that may sometime form charge transfer complexes [73].

Additionally, FeTos3 contains sulfonate groups that can be spectroscopically quanti�ed
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using X-rays (see Section 2.3.3). To chemically oxidize the polymer, 50–100 µL of the

dopant solution was pipetted on top of the thin �lm. The droplet of solution was left on

the samples long enough to ensure the solvent swells the polymer, allowing the dopant to

enter the polymer matrix and oxidize the bulk �lm. A petri dish was placed above the

sample containing the solution droplet to prevent evaporation of the solvent. After 1 min,

the solution was removed, and each �lm was rinsed with excess acetonitrile. Finally, the

�lms were placed under vacuum for 5 min to dry. Subsequent characterization detailed in

later sections were performed after this step.

For my third thesis objective, the P3RX main chain chemistry is varied such that

the heteroatom is either a sulfur (X= T) or a tellurium (X = Te). These chemistries

were selected because, upon exposure to the same concentration of chemical oxidant,

poly(3-(3,7-dimethyloctyl)thiophene) (P3RT) exhibits a higherS relative to poly(3-(3,7-

dimethyloctyl)tellurophene) (P3RTe), while P3RTe displays a higher� relative to P3RT

[74, 75]. Each chemistry thus deserves further attention since mixing them together can

potentially maximize the thermoelectric power factor= S2� . Furthermore, owed to the

chemical tunability of semiconducting polymers, a block copolymer consisting of each ho-

mopolymer constituent was also synthesized. In this way, different mixing methods can be

assessed for thermoelectric performance. Each homopolymer and block copolymer were

synthesized by Kumada catalyst-transfer polycondensation. The number-averaged molec-

ular weight (M n) of each polymer was taken from NMR and GPC, a summary of which

is provided in Table D.1. Because the block copolymer consists of an approximately 1:1

ratio of P3RT:P3RTe, physical blends of eachM n were prepared in a 1:1 ratio. To fabricate

thin �lms, I �rst dissolved the homopolymers and the block copolymer in a 20 mg mL� 1

chlorobenzene solution, stirring at 80 °C for approximately two hours. The blend solu-

tions were made by combining the homopolymer solutions in a 1:1 ratio and stirring for an

additional 30 min. Once each solution was prepared, the solution was wire-bar casted at

approximately 10–15 cm s� 1 using a substrate temperature of 60 °C on a K Control Coater
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with a close-wound bar diameter of 6.4 cm.

As processed, each �lm was too electrically insulating (� < 10 � 4 S cm� 1) to measure

the transport performance. The thermoelectric performance of each �lm was thus quan-

ti�ed after chemically oxidizing each sample with iron(III) chloride (FeCl3). FeCl3 was

chosen over FeTos3 because it is a stronger oxidant [76, 77] and thus more likely to oxidize

each P3RX. Each �lm was exposed to a FeCl3/acetonitrile solution ranging in concentra-

tion from 1.5 mM to 400 mM. To mitigate variance from doping, all dopant solutions were

prepared from one stock solution and sequentially diluted. Once the solutions are prepared,

each sample was chemically oxidized by pipetting 50–100 µL of the dopant solution on top

of the thin �lm. The droplet was left on for 5 min to ensure bulk oxidation of the �lm, and

a petri dish was used to prevent evaporation of the solvent. After, the droplet was removed,

and the �lm was rinsed with excess solvent to remove any salt residue. Finally, the �lms

were dried under vacuum for 5 min.

2.2 Quantifying thermal and charge transport

The three transport properties that govern the performance of thermal switches and ther-

moelectrics are the� , the � , and theS. Thermal conduction can be simply understood

by Fourier's Law,q = � � r T, where a heat �ux,q, travels through a material induced

by a thermal gradient,r T, and the ease in which this heat travels is dictated by the� .

Analogous to Fourier's Law is Ohm's Law,j = �E , where the current density,j , trav-

eling through a material is induced by an applied electric �eld,E, and the ease in which

charge carriers travel is de�ned by the� . Finally, theS is the ratio of an induced voltage

potential,� V , caused by the net diffusion of charge in response to a temperature gradient,

� T. These simple equations assume the material under evaluation is homogeneous and

isotropic.

I thank Dr. Sampath Kommandur and Dr. Akanksha Menon for designing and con-

structing the instrumentation in the Yee Lab that I used to conduct these measurements,
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Dr. Gregory for training me on charge transport measurements, Dr. Daron Spence for

training me on 3! measurements, Dr. Michael Adams for assisting me with cryostat mea-

surements, and Ms. Sara Marakem and Dr. Patrick Hopkins for collecting the time domain

thermore�ectance (TDTR) results and processing the data.

2.2.1 Thermaltransport

To measure the� of a material, either a steady-state method or a transient method can be

used. In a steady state measurement, a constant heat �ux is �rst applied through a material

and a temperature difference is measured at either end of it. The� is then taken as the slope

of the heat �ux versus temperature pro�le. While straightforward and an absolute measure

of the� , steady-state methods have considerable drawbacks: parasitic heat losses, contact

resistance of temperature sensors, and long wait times needed to establish a steady-state

temperature difference. For these reasons, transient methods were employed to measure the

� . In a transient method, a heat �ux is introduced to the material either periodically or as a

pulse, resulting in a periodic or transient temperature response output that is related to the

� and thermal diffusivity. These transient methods often require knowledge of a material's

C and complex solutions to heat equations, but they offer the following advantages: shorter

measurement times and less material are needed, and parasitic heat losses are reduced [78,

79].

3! method

I measured the effective thermal conductivity (� e� ) of thick BIT �lms before and after

photo-polymerization using the bidirectional 3! method. To measure the� of a �lm, a

gold heater line line about 20–60 µm wide (must satisfy geometrical requirements dis-

cussed below) is thermally evaporated onto a clean substrate using a patterned photomask.

The heater line, shown at the top of Figure 2.2.a, has a known temperature coef�cient of

resistance that will be used to convert temperature responses into an electrical output. The

28



substrate must have comparable thicknesses and thermal properties to the sample such that

heat �ows radially in two directions—into the �lm of interest and into the substrate [80]. I

selected glass, with a� � 1.3 W m� 1K � 1 andC � 1.6 J cm� 3K � 1 [81] , due to its smooth,

�at, and rigid surface and thermal stability. Then, a thick �lm is melt-casted on top of the

heater line and substrate.

Figure 2.2: Measurement architecture and signal collected to extract the thermal conduc-
tivity of the organic material (discussed in Chapter 3) in a typical (a) 3w experiment and
(b) TDTR experiment.

The heater line half-width (b) must be smaller than the thermal penetration depth (Lp)

(b=Lp < 5), and the substrate and �lm thicknesses (ds anddF) must be considered semi-

in�nite ( d=Lp > 2) [82, 83]. After these assumptions are met, the measurement is con-

ducted. An alternating current with a frequency of 1! is applied to the heater line, inducing

local Joule heating in the sample with a frequency of 2! . This Joule heating will cause a
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temperature change (� T) that depends on the electrical resistance of the metal heater line.

This resulting change in resistance is measured as the heater line's voltage response, with

a frequency component at 3! (V3! ), and proportional to� T (see Figure 2.2.a, bottom)

[82]. The � T of BIT before and after photo-polymerization are measured as a function

of frequency (f ). The� e� is extracted from the temperature response,� T, which is equal

to the amplitude of the Joule heating power times a thermal transfer function or thermal

impedance,Z . The temperature response as a function of frequency, presented in Figure

2.2.a is well modeled by the real component of the thermal transfer function, which can

be thought of as a thermal impedance and is only a function of geometry and the thermo-

physical sample properties. The linear �t is equal to the real component of the thermal

impedance,Z :

Z (! ) =
1

2��L

�
� ln(! ) + ln

�
D
b2

�
+ �

�

whereL is the heater line length,D is the thermal diffusivity, and� is a goodness of

�t parameter that usually results in a value greater than 0.8 if the above assumptions are

satis�ed [84]. To calculate the� e� of the monomer and the polymer, the� of the substrate,

� sub, is measured. Then, the� of the thick �lm on top of the substrate is measured. Finally,

the � e� for BIT before and after polymerization is calculated by subtracting the measured

� of the substrate from the measured thermal conductivity of the �lm on the substrate [80].

Three separate samples were each measured before and after photo-polymerization.

A challenge of the 3! method is the needed microfabrication. It is common for the

heater line to succumb to nanoscale nonuniformities that can lead to nonuniform heating

and, in extreme cases, break the heater line. To overcome this, many heater lines are

thermally evaporated onto glass substrates per microfabrication run. A second challenge is

that, because the heater line serves as both the heater and sensor for measuring the� , only

the portion of the �lm directly on top of the heater line is measured. This limited area may

be a misrepresentation of the entire �lm, especially if the sample has signi�cant thermal

interface resistances in the area.
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Time domain thermore�ectance

Another transient method that does not require microfabrication is TDTR. The sample

preparation required to measure the� of BIT before and after photo-polymerization is

straightforward. Like with the 3! technique, a bidirectional geometry was also used be-

cause these �lms are very rough and a smooth optical surface is required for this technique.

First, an aluminum transducer layer� 80 nm thick is evaporated onto SiO2, an optically

transparent substrate (see Figure 2.2.b, top). Aluminum is chosen because of its large ther-

more�ectance coef�cient at a wavelength of 808 nm [85], which facilitates the detection of

minute changes in thermore�ectance and enables better signal-to-noise ratios. Thick BIT

�lms are melt-cast onto the Al transducer. A Ti:sapphire Spectra Physics Tsunami laser

(80 MHz pulse repetition rate, an 11.5 nm full width at half maximum (FWHM), and an

808 nm center wavelength) was used. The output from the Tsunami oscillator is split into

a pump and probe beam, with the spot sizes focused down to a 1/e2 radii of 9.8 µm and 5.6

µm, respectively.

The details of this measurement technique and the thermal model that relates the ex-

perimental data to the thermal properties are given elsewhere [86, 87]. Brie�y, an electro-

optically modulated pump beam with a modulation frequency of 8.8 MHz is focused through

the transparent SiO2 substrate onto the Al metal transducer �lm. The beam locally heats the

aluminum surface, and this heat travels bidirectionally into the substrate and into the �lm

of interest. The metal transducer's refractive index changes as a function of temperature.

A mechanically delayed probe beam with a time domain of 5.5 ns monitors the change

in the metal's thermore�ectance. A lock-in ampli�er demodulates the signal and provides

amplitude and phase data as a function of pump-probe delay time in the form of a ther-

more�ectance decay signal. This signal, presented in Figure 2.2.b, is strongly sensitive to

the thermal effusivity,e, of the �lm and substrate, wheree =
p

�c p� , andcp is the speci�c

heat capacity and� is the density. Thee parameters for SiO2 are known [88], and those

for BIT and polyBIT are measured in this study and reported previously [69]. The� of
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BIT and polyBIT are 1.29 g cm� 3 and 1.34 g cm� 3, respectively [69]. After measuring the

cp of each sample at room temperature (details on the experimental technique are found

in Section 2.4, and the results are discussed in Chapter 3), theC of BIT and polyBIT are

calculated to be 1.46 and 1.40 J cm� 3 K � 1, respectively. With these parameters, the decay

curves are then �t with a heat conduction model to obtain the thermal properties of the

sample [86, 87]. Assuming an isotropic� model, the� of the sample can be uniquely �t

with a total systematic uncertainty of 10%, similar to previous work [89].

2.2.2 Chargetransport

The semiconducting polymers investigated in the second and third objectives were evalu-

ated within the context of either electronic thermal switching (Chapter 4) or thermoelectrics

(Chapter 5). In each case, charge transport must be quanti�ed.

The van der Pauw technique

The � measures the ease in which charge carriers move through the material under an

applied electric �eld. Higher� are ideal for both thermoelectrics and electronic thermal

switches. I conducted� measurements on a home-built set-up using custom Labview pro-

grams. The� of each thin �lm was measured using the van der Pauw method. Four

platinum metal pads were sputtered near the corner of each �lm to serve as electrical con-

tact points. Tungsten micro-manipulators wired into a 7708 Mux card into a Keithley 2700

DMM multimeter make contact with each pad on the �lm. Two of the pads are used to

source a current, while the voltage is measured on the other two pads. The resistance of

this �rst and the remaining seven con�gurations are recorded (two horizontal con�gura-

tions, two vertical con�gurations, and the remaining reversed bias directions). The resis-

tances in the horizontal and vertical directions are respectively averaged before applying

the van der Pauw equation to �nd the thin �lm's sheet resistance (Rs). Pro�lometry is used

to measure each thin �lm's thickness (t), and� = 1=(Rst). Each measurement is con-
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ducted in air with the sample resting on a Ferrotec Peltier device for precise temperature

control. This temperature control also allows for temperature-dependent� measurements.

Temperature-dependent� measurements from 150–350 K in ambient were conducted

on a Hall Effect Measuring system (HMS-5300/AMP55T, Ecopia). Samples were brought

down in temperature by being in thermal contact with liquid N2. Samples were initially

cooled to 150 K. Three measurements were taken at each temperature point and averaged

to the reported data. After the �nal measurement at 350 K (� 77 °C) was recorded, samples

were removed from the holder. Because the sample is cooled by thermal conduction in

contact with a liquid N2 dewar, water condensation was observed along the sample holder.

Measurements in different environments, such as low vacuum, were performed in a closed-

cycle Helium cryostat. For the inlet gas, ambient air with roughly 70% relative humidity,

N2 gas, and O2 gas, were used.

Measuring the Seebeck effect

The Seebeck effect is the electromotive force induced by a temperature gradient. TheS is

an indirect measure of the Fermi level in semiconductors, and characterizes how high in

energy the bands are �lled with charge carriers [53, 90]. I measured theS of the materials

presented in Chapters 4 and 5 on the same custom built set-up for electrical measurements,

except here the same sample measured is then positioned such that two contact pads are

each on a separate Peltier device. Then, each Peltier device is programmed to a achieve

different temperature (using LFI-3751 temperature controllers), which creates a tempera-

ture gradient across the sample. The temperature at each end is measured using two T-type

thermocouples mounted to micro-manipulators. The induced voltage is measured as a func-

tion of temperature, where the slope of these values isS. Measurements were performed

on at least three different �lms to capture sample-to-sample variation.
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2.3 Examining optoelectronic structure

In each thesis objective, chemical modi�cations altered the electronic structure of each

material. In the previous section, theS was discussed as a measure of the energetic distri-

bution of carriers. However, information about the carrier distribution, such as theg(E) or

the difference between theEF and theET , can only be extracted when asserting a transport

model. With this requirement in mind, I employed a suite of characterization techniques

to quantify the electronic characteristics of a given material without the need to assert a

transport model. To characterize the electronic structure, voltage potentials (50 mV), low

energy photons (on the order 0.1–10 eV), medium energy photons (0.2–3 keV), and high

energy photons (12 keV) served as the incident energy source that interacts with the mate-

rial's electrons, thus elucidating information about electronic excitations, occupied electron

states, unoccupied electron states, and oxidation extents.

I cannot neglect the collaborations with experimentalists in this section that aided in

completion of this work. I thank Dr. Abigail Advincula and Dr. Ponder for conducting

electrochemical measurements. I greatly appreciate the electrochemistry course taught by

Dr. AnnaÖsterholm, where I learned a lot about these techniques and their implications

for conjugated materials. Thank you to Dr. Dong-Chan Lee for acquiring X-ray emission

spectra and processing the data. Thank you to the National Science Foundation (grant

no. 1925797) for their generous support in acquiring the lab-scale XES spectrometer. I

appreciate Ms. Ines Saih, Dr. Elliot Gann, and Dr. Cherno Jay working late nights and

early mornings with me at the Spectroscopy Soft and Tender (SST)-1 beamline at NSLS-

II to collect X-ray absorption spectra. I am grateful for the use of beamline 7-ID-1 of

the National Synchrotron Light Source II, a U.S. Department of Energy (DOE) Of�ce of

Science User Facility operated for the DOE Of�ce of Science by Brookhaven National

Laboratory (BNL) under Contract No. DE-SC0012704.
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2.3.1 Ultraviolet-visible-nearinfraredabsorbancespectroscopy

One of the most accessible techniques to examine the optoelectronic structure of conju-

gated materials is ultraviolet-visible-near infrared (UV-vis-NIR) absorbance spectroscopy.

An incident low-energy (< 4 eV) photon generates an exciton—an electron-hole quasi-

particle—wherein the electron is excited from thep-orbital to thep� -orbital [91]. Because

the electron is still bound (i.e. ionization does not occur at these low energies), thep-p�

transition, also known as the optical band gap, is an underestimate of the true electronic

band gap of the conjugated material. Nevertheless, the electronic band gap and the optical

band gap are directly related by the exciton binding energy [92]. Thus, the optical band gap

is used routinely to assess the degree of conjugation of a material. Extended conjugation

achieved by lowering torsional strain along a molecule or polymer, for example, results in

lower energyp-p� transitions [93].

To assess conjugation, I measured the optical spectra of BIT and polyBIT �lms in

transmission mode using an Avantes Avaspec-ULS2048CL-EVO-RS optic spectrometer

equipped with a Mikropack DH-2000 deuterium-tungsten, halogen light source. I measured

the optical spectra of P3RX thin �lms using a Cary 5000 UV-vis-NIR spectrophotometer.

2.3.2 Cyclic anddifferentialpulsevoltammetry

Electrochemistry is a powerful tool to understand reaction processes that involve electron

transfer. Electron transfer reactions are also a requisite for charge transport in conjugated

polymers because electrons need to be added or removed from the material to facilitate

transport. The electron transfer reaction can be achieved either chemically, as described in

Section 2.1, or electrochemically, by applying a voltage potential to the material to induce

charge transfer. One advantage of electrochemical doping is the ability to electrochemically

reduce a p-type stable polymer. Another advantage is the ability to reference the voltage

potentials at which an electron transfer process occurs with respect to a relative potential

scale (e.g. to a chemical reduction standard) or an absolute energy scale (e.g. to vacuum).
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In this way, the onset of an electron transfer reaction, such as oxidation, can be identi�ed at

some absolute energy scale in eV. This onset of oxidation is often estimated as the material's

HOMO, which is the energy required to remove an electron and represents the edge of the

distribution of occupied states.

Because the extent of oxidation differed across the family of PXDOTs discussed in

Chapter 4 after main- and side-chain modi�cations, cyclic and differential pulse voltam-

metry measurements were performed to quantify the electrochemical onset of oxidation

(Eox) properties of each polymer. Measurements were performed in a three-electrode cell

under an inert atmosphere. Polymer �lms were coated on a glassy carbon button working

electrode with an area of 0.07 cm2 by drop-casting 2 µL of a 4 mg mL� 1 polymer in chlo-

roform solution and left to dry at room temperature. The �lms were hydrolyzed in a 0.5 M

KOH/ethanol bath for 1 hour, then the same �lm was measured before and after hydrolysis.

[71] A glassy carbon rod or a platinum �ag served as a counter electrode, and an electrolyte

solution of 0.1 M 1-ethyl-3-methylimidazolium tosylate (EMITos) in propylene carbonate

(PC) with a silver/silver chloride (Ag/Ag+) pseudo-reference electrode (E1=2 versus fer-

rocene = 427 mV for 0.1 M EMITos/PC) were used. All �lms were cycled for 10 scans

before recording data. cyclic voltammetry (CV) and differential pulse voltammetry (DPV)

measurements were recorded on a potentiostat/galvanostat (model 273A EG&G PAR, Cor-

rWare) [72, 71].

2.3.3 X-ray spectroscopy

While optical spectroscopy offers the advantage of accessibility, with most laboratories

containing a table-top set-up, it remains an indirect measure of the electronic structure.

The low-energy photons are only capable of eliciting bound electronic transitions coupled

to vibrational relaxations that broaden the spectra of the material. In addition, the tech-

nique does not provide element-speci�c resolution. In contrast, X-rays offer a probe for

measuring the local element-speci�c electronic and bonding structure. A summary of three
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techniques used in this dissertation is presented in Figure 2.3.

Figure 2.3: Diagram comparing X-ray photoelectron, absorption, and emission spectro-
scopies. Illustration draws heavily from Ref. [94].

X-ray photoelectron spectroscopy

The � and theS in a conjugated polymer depend on the number of charge carriers ca-

pable of transport. In my second and third objectives, the number of charge carriers was

increased in each polymer by chemically oxidizing it with a dopant. An illustration of a

chemical oxidation process that results in two positive charge carriers is shown in Figure

2.4.a for poly(3-alkylthiophene) (P3AT). The neutral P3AT contains two carbon species

(neutral aromatic carbon and aliphatic carbon) and one sulfur species (neutral thiophene).

After two electrons are removed, the oxidized polymer maintains a positive charge along

the conjugated backbone. Oxidized carbon and sulfur species share an extent of electron

density delocalization with neutral species, but the net positive charge along the backbone

changes the binding environment of electrons in the polymer.
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This change in the binding environment can be measured spectroscopically using XPS.

In this technique, an incident high-energy X-ray (Figure 2.3, green wave packet) ejects

electrons from elemental core-level orbitals. The electrons are photoionized and ejected

out of the material with a characteristic kinetic energy. Since the incident X-ray energy,

photoelectron kinetic energy, and material work function (� ) are known, the binding energy

(Ebinding ) of the photoelectron is calculated by:Ebinding = h� � Ekinetic � � .

Typical XPS spectra for the carbon and sulfur core photoelectrons are presented in

Figure 2.4.b-c, respectively, for neutral and oxidized P3AT. The change in electron density

resulting from the oxidation process is evident and measurable using XPS. Taking into

account the change in area from neutral (black lines) to oxidized (blue lines), the extent of

oxidation of the polymer can be quanti�ed.

Figure 2.4: Diagram depicting oxidation or reduction of a polythiophene, followed by the
experimental carbon 1s and sulfur 2p spectra of the neutral and oxidized polymers. (a) The
above chemical structure indicates a neutral polythiophene. When (electro)chemically ox-
idized, electrons are removed and bond reorganization occurs to account for the removal.
The dopant anion (A-) remains in the sample to balance charge. If the dopant does not
contain carbon or sulfur atoms, the corresponding (b) C 1sand (c) S 2p spectra for the neu-
tral and oxidized polythiophene should represent only the species present in the polymer.
The normalized experimental data plotted in (b-c) are of P3RT before and after chemically
oxidizing with 400 mM FeCl3/acetonitrile.
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The area is accounted for by deconvoluting each spectra. Deconvoluting the C 1s (see

Figure 2.4.b) spectra of semiconducting polymers is complex because multiple chemical

binding environments have similarEbinding , including aliphatic (C� C, C� H) (e.g. side

chains, potential surface contamination) and aromatic (C= C) carbon (e.g.conjugated back-

bone). Moreover, because aromatic carbon contains� -electrons responsible for electrical

conduction, their peak pro�le may take on an asymmetric peak shape [95, 96]. Oxidation

increases the signal at highEbinding , so at least one additional peak must be included to

account for oxidized C= C bonds. If two charge carriers are added for every six carrier

sites at P3AT, as shown in Figure 2.4.a, then the carrier ratio,i.e. number of carriers per

site, is equal to� 0.33 [97]. This carrier ratio is often achieved at high doping levels and

may be a theoretical limit for conjugated polymers [98]. In the C 1s spectra, a carrier ratio

of 0.33 manifests means that� 0.08, or 8%, of aromatic carbons were oxidized, which is

close to the measurement and sample-to-sample error of 0.05. Given the high variability of

error, C 1sshould not be the sole spectra used to quantify carrier ratios.

The heteroatom in a semiconducting polymer, such as sulfur in P3AT, offers addi-

tional spectra to quantify carrier ratios. In a neutral P3AT, one chemical contribution

is expected—neutral thiophene. Due to spin-orbit coupling in the 2p atomic orbital, the

signal contribution emerges as a doublet, or two peaks, corresponding to the 2p3=2 and

2p1=2 orbitals, where the� Ebinding � 1.18 eV and the areas (A) are constrained so that

0:511A2p3=2
= A2p1=2

. Again, oxidation increases the signal at highEbinding (Figure 2.4.c),

so at least one additional doublet must be included to account for oxidized sulfur in thio-

phene. Because each carrier site contains one sulfur, a carrier ratio of 0.33 means that 33%

of the sulfurs in P3AT are oxidized. This signal is signi�cant and should be relied upon as

the primary method for extracting carrier ratios.

To quantify carrier ratios in semiconducting polymers, the area of each oxidized thio-

phene doublet was summed up and divided by the area of each thiophene (both neutral and

oxidized) area to elucidate the number of oxidized species per total species. In previous
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work, the ratio of oxidized thiophene was equated to the ratio of dopant anion remaining in

the �lm because each dopant is thought to compensate the charge of each �lm. However,

in practice this ratio equality does not work due to the complex polar environment of doped

semiconducting polymers (e.g., static and dynamic disorder, Madelung, and Hubbard inter-

actions) [66]. Therefore, the ratio of oxidized thiophene-to-total thiophene species should

be prioritized. Next, if the dopant anion remains in the �lm after oxidation, it should not

necessarily be averaged with the extent of thiophene oxidation to assert a carrier ratio.

Excess counter-ions may remain in the �lm that may not be counter-balance each carrier,

which can appear in structural characterization such as grazing incidence wide angle X-ray

scattering (GIWAXS) [71, 99].

In Appendix A, I expand on the �tting methodology applied to quantify the extent of

oxidation in various polymers, present the deconvoluted spectra, and summarizeEbinding

extracted for sulfur-containing systems. The spectra of the semiconducting polymers exam-

ined in this dissertation were recorded on a K-Alpha X-ray photoelectron spectrometer un-

der ultrahigh vacuum (< 10� 7 mbar) using an aluminum Ka source (1.486 keV) equipped

with a charge neutralizing �ood gun. High-resolution elemental scans were recorded at a

0.1 eV energy resolution and a pass energy of 50 eV. Spectra peak deconvolutions were

performed using Thermo Avantage analysis software.

X-ray emission spectroscopy

The element-speci�c local chemical binding environment and distribution of occupied

states in a conjugated materials can be measured using X-ray emission spectroscopy (XES),

a technique which measures the electron decay response corresponding to an element after

photo-excitation [100, 101]. Because this technique is sensitive to the bulk of a sample

rather than to the surface, as is the case for XPS, it offers further insight on the binding

environment of conjugated organics. Furthermore, when decays that respond to incident

energy intensities in the tender X-ray range (about 2–5 keV) are examined, in-house table-

40



top systems can be utilized, evading the need for synchrotron resources. Emission spectra

were recorded in a helium environment on a Brimstone tender X-ray emission spectrometer

at energies resonant with the S Kb emission.

To examine the change in oxidation of aromatic, thiophene-based polymeric semicon-

ductors, the sulfur Kb transition was measured using XES. The transition, depicted in Fig-

ure 2.3, is induced and measured as follows. First, incident energies ranging from 2400

to 2500 eV eject photoelectrons from sulfur's innermost K-shell. Next, electrons in the

higher-energy M-shell (n= 3) relax into the K-shell, whereby the relaxation process results

in an emission of energy characteristic to the transition,i.e. the S Kb emission. The S

Kb transition is thus a valence-to-core electronic transition. As a result, the S Kb emis-

sion spectra change when the number of sulfur valence electrons increases or decreases.

The electron population of the valence states can be affected by solvation, protonation,

conjugation, oxidation, and other changes in electronic structure or bonding con�guration.

Figure 2.5: Sulfur Kb emission of small molecules illustrating the effect of conjugation.
Adapted from Ref. [102] with permission. Copyright 2021 Royal Society of Chemistry.

Small molecules have primarily been surveyed and provide a good foundation for un-

derstanding the XES spectra for conjugated polymers. Generally, non-aromatic small

molecules have a HOMO level with the highest intensity relative to other occupied orbitals,

indicating that there is a signi�cant density of occupied electrons in the S 3p valence or-

bital [102, 103]. In Figure 2.5, three peaks of highest intensity that correspond to different
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