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ABSTRACT

Conjugated polymer architecture and morphology are two of the key factors that
determine corresponding opto-electronic device performance. It is well-known that
conjugated polymers display a variety of conformations and exhibit aggregation in their
materials and even for individual polymer chains. The intrinsic structural heterogeneity
of conjugated polymers strongly complicates the active layer morphology and phase
separation, which are crucial for photoinduced charge generation and transport in
polymer based bulk heterojunction-organic photovoltaics device (BHJ-OPVs).

Aiming to probe the molecular level correlations between conjugated polymer
architecture, morphology and optoelectronic properties, single molecule spectroscopy
(SMS) and single particle spectroscopy (SPS) were employed. The molecular level
folding properties of conjugated polymers were studied and correlated to the chemical
architecture and rigidness of the polymer backbones by means of SMS and single
molecule polarization anisotropy imaging. First, a block copolymer consisting of
poly(3-hexylthiophene) (P3HT) and [60]fullerene (Cgo) Was investigated due to its
potential for forming active layers in OPV devices that exhibit long-term phase stability
and efficient exciton dissociation into free charge carriers. It was demonstrated that the
grafting of the Cgo-containing block does not significantly affect the conformation of
the backbone of the P3HT block. Next, a series of thiophene based polymers showing

different macroscale crystallization behavior were investigated. The rigidness of the



conjugated polymer backbones was found to be correlated with the chemical
architecture of the molecules. However, even the polymers that show no folding in their
respective crystals and are thus expected to be the most rigid, still exhibit folding at the
single molecule level. From this work it is clear that besides chemical architecture,
intermolecular interactions in the crystal structure also need to be considered.

For conjugated polymer materials, in this dissertation specifically the blends of
conjugated polymers with fullerenes as found in the active layer of OPVs, the
investigation of the molecular level correlations between conjugated polymer
architecture, morphology and optoelectronic properties can be prohibitively complex
due to the presence of a large number of molecules. Furthermore, in the research
presented herein, as well as in the literature, it has been clearly shown that the polymer
molecules themselves exhibit severe heterogeneity in their properties (chain
morphology, aggregation, optical and electronic properties). Therefore, in order to
simplify the structure-property investigations concerning nanodomains in BHJ-OPVs,
we developed P3HT/PCgBM (PCsBM: [6,6]-phenyl-Cg1-butyric acid methyl ester)
composite nanoparticles (NPs). The size of the nanoparticles corresponds with a few
polymer and fullerene domains when considering a similarly sized volume in the active
layer of OPVs. Single particle spectroscopy combined with this unique nanoparticle
material system reveals variations in molecular conformation and aggregation of the

conjugated polymer chains upon doping with different weight percentages of fullerene.



These newly developed NPs were embedded in a hole-injection device to study the
exciton-hole polaron interactions and the charge transfer processes at the interface
between a hole-transporting layer and the NPs. Pronounced charge trapping was
observed for donor-acceptor blend NPs due to the large amount of photogenerated free
charge carriers.

Besides fundamental studies on morphology-property relations for thiophene
based conjugated polymers, fabrication of BHJ-OPVs based on P3HT and PCgBM was
also completed. Low band gap polymer PTB-7 (poly[[4,8-bis[(2-ethylhexyl)oxy]benzo
[1,2-b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]
thiophenediyl]]) and a near-infrared (NIR) small dye molecule were incorporated into
active layers of these P3HT/PCgBM BHJ-OPVs to expand the photoresponse of the
devices. The effects of doping the P3HT/PC¢BM BHJ-OPVs with PTB-7 and NIR dye
on the device performance and film morphology were investigated. The doping of
PTB-7 can efficiently extend the photoresponse of the resultant devices into the NIR
regime and improve the device performance with respect to the reference (undoped)
devices, demonstrating an elegant and pragmatic approach in improving

light-harvesting efficiency in BHJ-OPVs.
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P3HT-b-P(S-stat-VBCCg), respectively. Figure 3(c) and (d) represent
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Figure 4. 3 Absorption and fluorescence emission spectra of P3HT (a), PQT-12 (b),
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SUMMARY

This dissertation will consist of seven chapters including the introduction as the first
chapter. Chapter 1 presents the background and significance of investigating
morphology and spectroscopy at molecular and nanometer scale of conjugated
polymers as well as broadening photoresponse range in polymer based bulk
heterojunction organic photovoltaics (BHJ-OPVs). Chapter 2 describes the
instrumentation and methods employed in this dissertation research. First, the custom
built Single Molecule Spectroscopy/Single Particle Spectroscopy (SMS/SPS)
instrumentation will be discussed, followed by sample preparation methods for
SMS/SPS experiments as well as the nanoparticle preparation and characterization
methods. Then, the fabrication of hole-injection device based on NPs is presented. At
the end, the instrumentation used for solar cell characterization is described, which is
followed by the preparation of conjugated polymer solar cells. Chapter 3 covers the
SMS study of a homopolymer poly(3-hexylthiophene) (P3HT) and a block copolymer
containing P3HT and [60]fullerene (Cgo). With single molecule spectra and polarization
anisotropy data, the molecular level conformation of these two polymers was probed
and compared. It was revealed that the attachment of the Cgo-containing block can
slightly reduce the aggregation of the P3HT block but does not significantly affect the
conformation of the backbone of the P3HT block. Chapter 4 is focusing on the SMS

investigation of four thiophene-based polymers having distinct macroscale
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crystallization behaviors. These were chosen due to the efficiencies of the OPVs
fabricated from these conjugated polymers to be among the highest reported in
literature. SMS data clearly reveal differences in the molecular conformation of these
polymers as a function of chemical architectures and the rigidness of polymer
backbones. In Chapter 5, composite nanoparticles (NPs) consisting of P3HT and
[6,6]-phenyl-Cs;-butyric acid methyl ester (PCsoBM) are developed as a model system
for nanodomains generally observed in active layers in polymer/fullerene BHJ-OPVs.
The size of these NPs corresponds to only a few of this kind of nanodomains. Various
bulk characterization results on pristine P3HT and P3HT/PCgBM composite NPs are
demonstrated, followed by detailed investigations by SPS to reveal the variations in
polymer structure at the molecular and nanometer level. The key finding is that this
material system consists of two crystalline aggregates of different emission energy,
which exhibit a variation in their relative abundance with changing PCsBM dopant
concentration. To explore the interaction between the excitons and hole polarons as
well as the charge trapping at hole-transporting-layer/nanoparticle interface in devices,
in Chapter 6 the NPs are introduced into a hole-only device. The donor-acceptor blend
NPs demonstrate distinct charge trapping at the interface caused by the large amount of
photogenerated free charge carriers. Besides the fundamental studies on
morphology-property relations in conjugated polymers, fabrication of P3HT/PCgBM

BHJ-OPVs was also conducted. In Chapter 7, the near-infrared (NIR) sensitization of
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the P3HT/PCgBM solar cell by wusing low band gap polymer PTB-7
(poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-
[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]) and a NIR absorbing small
molecule dye was investigated. It was found that the incorporation of PTB-7 can
effectively enhance the photoresponse of the P3HT/PCgBM in the NIR region and
improve the device performance with respect to the reference (undoped) devices,
suggesting a simple and efficient approach in improving light-harvesting efficiency in

BHJ-OPVs.
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CHAPTER 1. SIGNIFICANCE AND BACKGROUND

1.1 Significance of Dissertation Research
1.1.1 Single molecule spectroscopy for conjugated polymers applied in organic

electronics: a bottom-up approach for understanding conjugated polymer
morphology and optoelectronic properties at the molecular level

Since the ground breaking discovery of electrically conducting polymers three decades
ago, ™ conjugated polymers have attracted an overwhelming research interest due to the
combined processability and outstanding mechanical characteristics of polymers,
while the ability to readily tailor the electrical, optical and magnetic properties of
these functional organic molecules is available.>* In particular, conjugated polymers
have been widely used in various applications including organic photovoltaics (OPVs),
organic light-emitting diodes (OLED), organic field effect transistors (OFET) and other
opto-electronic devices.”” A tremendous amount of experimental and theoretical work
has been devoted to the investigation of the structural, electrical, optical properties and
their correlations in view of these device applications.*®°

Structurally, single conjugated polymer chains can be depicted as an ensemble of
quasi-independent and localized conjugated segments (i.e. chromophores) due to the
presence of bends, kinks, twists or chemical defects of the chain.’® Typically, a
conjugated polymer molecule itself is a highly disordered and complex system, in
which each polymer chain finds itself in a unique conformational state. This topology

feature leads to various electronic and photophysical interactions between nearby
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chromophores on a single polymer chain including energy or charge transfer, ground or
excited state aggregate formation."! Therefore, the photophysics properties of
individual conjugated polymer molecules are governed not only by the weakly-coupled
chromophores but also by the interactions between them due to various polymer chain
conformations. When it comes to practical applications such as OPVs, OLED or OFETSs,
these phenomena become more complicated due to the presence of multiple polymer
chains, the strongly inhomogeneous morphology and thus optoelectronic properties of
conjugated polymer bulk films. This issue is compounded by introducing dopants into
this material system, the processing conditions used (e.g. solvent, temperature),
specifically the effect thereof on the structural and electronic interactions between
polymer molecules in the material.'? In this circumstance, one can imagine that
conventional bulk experiments cannot unveil the structural, electrical, optical
properties and their correlations at the molecular or nanometer scale.’***3 |n the case
of OLEDs for instance, it is intriguing to know whether the electroluminescence
observed is general to the ensemble of molecules or just representative of specific
sub-ensembles present in the active layer due to possible excitation migration or energy
transfer.’® The device performance of polymer OPVs is directly related to the film
morphology,** which at its most basic level is a function of the conformation of
individual polymer chains. By studying the photophysical and photochemical

properties for single polymer chains, the correlations between molecular-level



morphology, chemical architecture, photophysical and photochemical properties can be
accessed.”™ This fundamental investigation is imperative to effectively harness the
applicability of conjugated polymers in organic electronics, and in this dissertation
specifically OPVs.

In the presented dissertation research, the focus is on the fundamental study of
structure-property relationships of individual conjugated polymer chains of several
polythiophene conjugated polymers important in organic electronics with the single
molecule spectroscopy (SMS) technique. We aim to access information about
molecular conformation, photophysical and electronic properties of individual polymer
chains by studying individual polymer chains, thereby removing the ensemble
averaging effect brought by conventional bulk measurements, in order to correlate
these properties with the architecture (chemical structure) of these molecules. This
single molecule level insight serves as guidance to efficiently engineer these materials

for improved performance in device applications.

1.1.2 Composite conjugated polymer/fullerene nanoparticles as a model system for
bulk heterojunction organic photovoltaics: probing morphology-properties relations
at nanometer scale

Over the past two decades, OPVs based on solution processed semiconductors,
particularly conjugated polymers, have emerged as a unique technology that is

complementary to inorganic photovoltaics in the race to renewable energy.**® This



technology is promising because the active layer can be fabricated as a large area on
flexible substrates through simple, low-cost, but efficient solution processing
techniques such as spin-coating, ink-jet printing and roller-casting.**%

As a consequence of the low dielectric constant of organic materials like conjugated
polymers, light irradiation mainly produces strongly bound electron-hole pairs
(excitons).?! To realize exciton dissociation into free charge carriers, the donor-acceptor
structure has been proposed, in which the conjugated polymers act as light absorbers
and electron donors and fullerenes are widely applied as electron acceptors due to their
high electron affinity.”*?* Furthermore, the most efficient exciton dissociation is
achieved in the active layers of conjugated polymer solar cells that consist of an
interpenetrating network of the conjugated polymer (as electron donor) and fullerene
(as electron acceptor). This device design, which increases the interfacial area between
the donor and acceptor, greatly enhances the charge separation efficiency - up to unity
in some cases - and has been termed the bulk heterojunction-OPV (BHJ-OPVs).?4%
The optoelectronic properties of conjugated polymers are highly dependent on polymer
chain morphology and polymer chain interactions.’®**?*® On the nanometer scale,
variations in conjugated polymer chain conformation, packing or aggregation can result
in complex heterogeneous materials. Despite of the enhanced charge separation

efficiency in BHJ, the intermingling structure between the conjugated polymer and

fullerene usually introduces an even more complex and inhomogeneous structure.*?



Unbalanced charge transport and undesired vertical phase separation have been
frequently reported.**?>2"% |n addition, different active layer thicknesses as well as
various blend ratios of the donor and acceptor have also been proposed and
discussed.’’*® Although much knowledge have been revealed through bulk
measurement techniques including current-voltage measurement and charge mobility
characterization, bulk measurements for heterogeneous systems like BHJ only provide
ensemble-averaged data on the material properties that drive material function. Hence,
there are still debates over some fundamental questions including active layer thickness,
blend ratio, processing methods, and even device structures for enhanced OPV
efficiency.’®*%" To get out of this dilemma, the fundamental understanding
concerning the nanometer scale structure-properties relations is imperative. This can
be accomplished by eliminating the ensemble-averaging effect by simplifying the
material system analyzed.

In this dissertation research, part of the research effort has been devoted to probe and
relate material composition, morphology, optoelectronic properties, and interfacial
charge transfer processes at the nanometer scale. To realize this research goal,
donor/acceptor composite nanoparticles (NPs) were developed as a simplified model
system for the active layers of efficient polymer/fullerene BHJ-OPVs. These NPs lie in
between the bulk and single molecules in terms of size, but have the functionality of the

bulk material with only a small number of molecules present. The size of the



nanoparticles corresponds with a few polymer and fullerene domains when considering
a similarly sized volume in the active layer of OPVs.*% In this context, a domain in the
active layer is considered to be a (partially) ordered polymer region surrounded by
fullerene regions (or vice versa) in the bulk that are separated from/connected to the
next domain by more disordered i.e. randomly organized polymer/fullerene
boundaries.® The latter are often termed domain boundaries or grain boundaries. By
combining the nanoparticle approach with single nanoparticle fluorescence detection
one or a few nanodomains as found in the active layer of devices can be address to
study structure-function relationships at the nanoscale and molecular level, and to
reveal the domain to domain heterogeneity of properties. Furthermore, the NPs were
applied in hole-only devices to investigate the interaction between the excitons and
injected holes as well as the charge trapping at hole transporting layer/nanoparticle

interfaces.

1.1.3 Near-infrared photoresponse sensitization in conjugated polymer/fullerene
solar cells

With the introduction of the BHJ structure in polymer based OPVs, this field has
witnessed a rapid growth in the past two decades.'*#* Among all material systems,
the blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Cs;-butyric acid methyl
ester (PC¢BM) has dominated the polymer photovoltaic cells for more than 5 years.

The highest reported power conversion efficiency (PCE) for these BHJ-OPVs is
6



4-5%.34% Although P3HT is not the ideal donor polymer, the P3HT/PCgBM system
has been proven moderately efficient with good device lifetimes, facile cell fabrication
and abundant commercial availability. Therefore, there are many ongoing research
efforts on this material system.*® Previous investigations generally indicate that the
device performance of P3HT/PCgBM system is limited mainly by two factors: narrow
solar light absorption range and poor control over morphology.*® Due to a relatively
large band gap of ~ 1.9 eV, P3HT can only capture photons with a wavelength less than
675 nm, i.e. at best 27% of the available solar photons.® In addition, even for cells
with 4-5% PCE the external quantum efficiency (EQE) is usually less than 60-70%
due to various factors including light reflection loss, charge recombination and
inefficient charge collection.

One important approach to realize this goal is the fabrication of tandem solar cells
using polymers with different energy gaps.®”* This approach incorporates at least two
solar cells linked in series with different absorption characteristics, thus offering a
broader absorption range. Although tandem solar cells appear promising in improving
the device performance, two main factors make the design complicated and challenging:
a) a perfect balance between the front and back cells in photocurrent is required for
optimal performance and b) the attenuation of light that can be absorbed by the back
cell due to the presence of the front cell.*’ Currently, the development and application

of low band gap (LBG) polymers for BHJ-OPVs is believed to be one of the most



promising strategies in improving device efficiency. These polymers have a better
spectral overlap with the solar spectrum, particularly in the NIR region of the solar
spectrum. Several LBG polymers were synthesized and employed in OPVs, including
PCDTBT (poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3
benzothiadiazole-4,7-diyl-2,5-thiophenediyl]) and PTB-7 (poly[[4,8-bis[(2-ethylI
hexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbon

yl]thieno[3,4-b]thiophenediyl]]), which exhibit light absorption up to ~ 700 and ~ 800
nm, respectively.’*** Highly efficient OPV devices were fabricated using PCDTBT
and PTB-7 in the active layer, and yielded devices with PCE of 6.1% and 7.4%,
respectively. Despite of their performance in OPVs, at present these LBG polymers are
not easily commercially accessible and are very expensive due to complicated synthetic
steps.*>* In addition, poor solubility, low charge mobility and reduced absorption in
the visible wavelength range are often associated with LBG polymers.**#°

In consideration of the structural complications with tandem solar cells and the limited
accessibility to LBG polymers, there are still many efforts in optimizing the
prototypical P3HT BHJ-OPV.*"™ Herein, with the purpose of capturing more
near-infrared photons in a typical P3HT/PCgBM solar cell, broadband absorbing
OPVs were fabricated from P3HT/PCgBM active layers that were directly doped with

near-IR absorbing low band gap polymer or dye. In addition, to simplify the device

fabrication, a solvent additive was applied in preparing the active layers to optimize the



phase separation while eliminating the necessity of post annealing process of the active

layers.

1.2 Background of Dissertation Research

1.2.1 Overview of conjugated polymer-fullerene solar cells

To address the ever increasing global energy demand with a renewable resource while
minimizing detrimental effects on the environment, the past few decades have
witnessed an upsurge in photovoltaic devices research.”™® Organic Photovoltaic
Devices (OPV) based on conjugated polymers provide great advantages due to
low-cost synthesis of materials and easy processing of thin, large area and flexible
plastic films via spin coating or ink-jet printing methods.'*>" Due to the low dielectric
constant of organic semiconductors, light absorption in conjugated polymers generally
can only result in coulombically bound electron-hole pairs (excitons) rather than free
charge carriers typically generated in inorganic semiconductors.?* To achieve an
efficient exciton separation into charge carriers, Tang seminally proposed a
donor-acceptor concept in which photogenerated excitons can be dissociated at the
interface between two materials with different electron affinity: the electron donor and
the electron acceptor.”® To make viable devices, two device architectures were
developed as shown in Figure 1. 1: the donor-acceptor bilayer and the bulk

heterojunction structure (BHJ). The former architecture has been widely adopted in

9



vacuum deposited molecular solar cells.”**® However, the performance of such bilayer
devices is strongly limited by the requirement of exciton diffusion to the donor/acceptor
interface, the short exciton diffusion length of ~ 10 nm, and optical absorption depths of
~ 100 nm of most organic materials.'® The BHJ structure can maximize the interfacial
area for exciton dissociation while reducing the distances required for the exciton to
travel to such an interface via an interpenetrating and bicontinuous network of donor
and acceptor phases. The most efficient polymer based OPVs are based on BHJ

architecture. %

-
a4 4
(A

(a) Bi-layer (b) Bulk heterojunction

Figure 1. 1 Schematic configurations of typical bilayer (a) and bulk heterojunction (b)
organic solar cells. In the bilayer structure (a), the interfacial area between the donor
and acceptor is limited. Photogenerated excitons far away from the interface cannot
diffuse to the interface and therefore cannot contribute to free charge carrier
generation. However, in the bulk heterojunction structure (b), the donor and acceptor
molecules are intimately mixed. The resultant bicontinuous interpenetrating network
provides a large interfacial area for exciton dissociation.
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Figure 1. 2 General mechanism of photogeneration of charge carriers in
polymer/fullerene solar cell. (Reproduced from reference®)

Since the discovery of ultrafast photoinduced charge transfer from the conjugated
polymer of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene] (MEH-PPV)
to buckminsterfullerene in 1992, conjugated polymer/fullerene solar cells have
attracted great attention.>*** Fullerenes are widely used as the electron acceptors in
polymer OPVs because of its high electron affinity relative to many polymers, the
ultrafast charge transfer between polymers and fullerenes as well as a very high
electron mobility of up to 1 cm?/V-s in FET device.'® Figure 1. 1(b) depicts a scheme of
the typical BHJ conjugated polymer/fullerene solar cells, in which the active layer, i.e.,
conjugated polymer and fullerene blend film, is sandwiched in between two electrodes

with different work functions. Generally, the fundamental mechanism in the energy
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conversion process of OPVs involves four steps as shown in Figure 1. 2: (1): light
absorption and exciton generation (mainly in conjugated polymer); (2): exciton
diffusion to the interface between donor and acceptor; (3): exciton dissociation into free
charge carriers at the interface; and (4) charge transport and collection via bicontinuous
networks of donor and acceptor to the electrodes.'® Over the past decade, the device
power conversion efficiency has been greatly increased: from 2.5% using
poly-(2-methoxy-5-(3’-7’-dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV)

/PCgoBM to 5% for the most prominent and extensively studied P3HT/PCgBM system
in recent years. To capture more sunlight and achieve better device performance, many
promising low band gap (LBG) polymers have also been developed.!*?*3%43%° Among
these polymers, using bensodithiophene polymer poly[[4,8-bis[(2-ethylhexyl)oxy]-
benzo-[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3
,4-b]thiophenediyl]] (PTB-7), Liang and coworkers reported the highest published PCE
of 7.4%.* Even more encouragingly, in December 2010, Konarka Technologies Inc
announced a new world record of 8.3% PCE for a single junction polymer based OPV
device with a surface area of 1 cm?, certificated by the National Energy Renewable
Laboratory (NREL).®® This new record is approaching the 10-11% efficiency mark,
which is believed to be the threshold for widespread commercialization of the

conjugated polymer solar cell technology.*®®*
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Figure 1. 3 Typical current-voltage characteristic of a solar cell under dark (unfilled
circle) and illumination (filled circle). Vo and Js. represent open circuit voltage and
short circuit current density, respectively. Vip, and Jmpp are voltage and current
density, respectively, at the maximum power point (Pmpp). (Adapted from reference®)

In order to determine the efficiency of a solar cell, current-voltage curves as presented
in Figure 1. 3, tested under both dark and light illumination, are a common way to
characterize device properties. Several important parameters are listed below.

Open circuit voltage (Vq): the voltage across the device under sunlight when there is no
current flow. It is the maximum voltage across the cell.

Short circuit current (Js): the current flows through the device normalized by the
device area under sunlight when there is no additional resistance (i.e. no load on the
device). It is the maximum current that the cell can produce.

Fill factor (FF): the ratio of the actual maximum power output to the product of V. and
Jsc, 1.€., the theoretical maximum output if both voltage and current are at maximum

values as shown in Equation 1.1:
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F = e (.1)
where Vmpp and Jmpp are the voltage and current, respectively, at the actual maximum
power output point.
External quantum efficiency (EQE): also referred to as the incident photon conversion
efficiency (IPCE) refers to the ratio of the number of photogenerated electrons
collected at the electrode to the number of incident photons impinging on the device. |
can be calculated via Equation 1.2.

EQE = Js</% (1.2)

Pin/hy .
From EQE, the Jscunder AM1.5G illumination can be calculated by convolution with
the power density of the solar spectrum (Pin) using Equation 1.3.%
q A2
Jsc = heda EQE - Pp(A) -4 -dA (1.3)
Here, q is the elementary charge (1.6x10™° C), h the Planck’s constant (6.626x1034)-S),
¢ the constant of speed of light, Pi,(4) the solar irradiance as a function of wavelength.
Power conversion efficiency (7, PCE): the ratio of actual maximum power output (Pmpp)
of the cell to power incident on the device can be estimated through Equation 1.4.
VocJscFF

Pm
n=—= (1.4)

Pin Pin

Pin defines the power integrated over all the wavelengths, which is fixed at 100

mW/cm? under Air Mass 1.5G 1 sun standard characterization conditions.
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1.2.2 Single Molecule Spectroscopy: an efficient approach in addressing
heterogeneous optoelectronic properties of conjugated polymer molecules

A conjugated polymer is generally composed of a linear framework of alternating
single and double bonds between carbon atoms of the polymeric chain, which can
support the spatially delocalized n-electrons resulting from the neighboring overlapped
p.-orbitals. However, in conjugated polymers, the m-electrons cannot be spatially
delocalized over the entire polymer chain due to the presence of bends, kinks or
chemical effects in the polymer backbone, resulting in the formation of
quasi-independent conjugated segments behaving as chromophores.'! The entire
polymer chain therefore can be depicted as a chain with optically and electronically
distinct chromophores as schematically depicted in Figure 1. 4(a).”® The strong
coupling interaction between chromophores results in a strong dependence of the
spectroscopy and photophysics on the polymer chain morphology. Figure 1. 4(b)
depicts the absorption and fluorescence emission spectra of a solution of the
prototypical conjugated polymer MEH-PPV. The broad unstructured absorption is
characteristic of all chromophores on the polymer chain being illuminated. In contrast,
the fluorescence spectrum is rather narrow and vibronically structured, which has been
assumed to arise from emission originating from a small subset of the lowest energy
chromophores. In other words, there is an efficient energy transfer, probably by F&ster
mechanism, in the polymer chain.’®*® This assertion was supported by time-resolved

fluorescence spectroscopy experiments performed for different conjugated polymers:
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gradually red shifted emission spectra within the first few picoseconds and loss in
fluorescence polarization memory.**® Conventional bulk experiments can vyield
valuable ensemble averages of the properties of interest; however, it washes out many
informative and important photophysical details at the molecular scale in the highly
heterogeneous and complex nanostructured conjugated polymer materials. For instance,

some concerns that can be raised are listed below:
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Figure 1. 4 (a) A cartoon for a polymer chain consisting of chromophores lined
together. (b) Ensemble fluorescence emission spectra of MEH-PPV dispersed in a
polystyrene matrix at room temperature (red line) and at 5 K (pin line). The
absorption spectrum (blue line) and the structure of MEH-PPV (inset) are also shown.
(c) Typical defect-cylinder conformation for MEH-PPV polymer chain in bad
solvents (e.g. toluene) and the fluorescence intensity transients exhibiting
intermittency. In this conformation, efficient intrachain energy transfer occurs due to
close contact between chromophores. The corresponding emission polarization
anisotropy distribution histogram for single molecules is shown in (e). (d) Typical
random coil conformation for MEH-PPV polymer chain in good solvents (e.g.
chloroform) and the fluorescence intensity transients showing an exponential decrease.
The corresponding emission polarization anisotropy distribution histogram for single
molecules is displayed in (f). (Adapted from reference’®®")
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1) Is there energy transfer between different chromophores within an individual

polymer chain?

2) How does polymer chain conformation affect the photophysics of the

individual optically active units and the whole molecule?

3) What is the intrinsic linewidth of absorption and emission spectra of a single

polymer chain?

4) What is the polymer chain conformation at single molecule level?
To answer these questions and thus effectively harness the potential of conjugated
polymers for applications in optoelectronic devices, a fundamental understanding on
the molecular or nanometer level scale morphology, electronic, photophysical and
chemical properties as well as their correlations is of great importance.
With improvements in low-level light detection technique in the past decade single
molecule/particle spectroscopy (SMS/SPS) has become a unique approach in
unraveling many amazing photochemical and photophysical observations for
fluorescent conjugated polymer molecules.’®***® The first SMS investigation of a
conjugated polymer with over 1000 chromophores, (MEH-PPV) by Barbara and
coworkers, led to the observation of fluorescence intermittency, i.e. milliseconds
fluorescence fluctuation between on and off states, and discrete fluorescence emission

levels.®® These astonishing quantum observations, usually observed in a single
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chromophore system, indicate that in a single polymer chain there is a strong
interaction between chromophores along the polymer chain and an effective excitation
migration to photogenerated quencher sites. These quenchers were revealed to be
resulting from photoreaction between exciton traps and oxygen.*® Later on, this
quenching process was found to be reversible by Gesquiere et al through the
Fluorescence-Voltage/Single Molecule Spectroscopy (F-V/SMS) technique.’ A strong
dependence of fluorescence spectra of single MEH-PPV polymer chains on its
conformation in toluene (a poor solvent) and chloroform (a good solvent) was
reported by Huser et al, and is demonstrated in Figure 1. 4.°”"* In MEH-PPV/toluene
samples, the polymer molecules take a tightly folded conformation; therefore
multichromophoric polymer chains behave as a single chromophore in photophysics as
demonstrated by the intermittency in fluorescence intensity transient due to a very
efficient three-dimensional exciton funneling to lowest energy sites (Figure 1. 4(c)).
The corresponding polarization ratio histogram is shown in Figure 1. 4(e), in which
the high value and broad distribution of polarization ratios indicates a well-defined
emission dipole moment. In contrast, for MEH-PPV/chloroform chains, the polymer
chains are extended and the fluorescence intensity decays continuously as the
conjugated segments bleach one by one, indicative of multichromophoric fluorescence
behavior (i.e. there is little interaction between the segments in an extended chain)

(Figure 1. 4(d)). This is supported by the Gaussian distribution around 0 of the
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polarization anisotropy shown in Figure 1. 4(f), implying a random emission resulted
from multichromophoric emission.

Yu et al studied the individual MEH-PPV molecules dispersed in poly(methyl
methacrylate) (PMMA) matrix at low temperature (20 K) to resolve emission from
different chromophores.’® It was found that the narrow bandwidth fluorescence
spectrum at low temperature shows the distinction between different types of
chromophores in the spectrum compared to the room-temperature spectra. Two types
of single molecule spectra were obtained at low temperature and they were assigned
as either a single-chromophore type (Figure 1. 5(a)) or a multi-chromophore type
(Figure 1. 5(b)). The low-energy chromophores (“red” sites) are believed to be due to
intramolecular conjugated chain contacts or long conjugated segments, which cause a
local lowering of the exciton energy.*>"®"* The histogram of low-temperature spectra
clearly shows a bimodal distribution of the chromophores with low and high energies
sites, i.e. “red” and “blue” sites, respectively. Two distinct conformations have been
predicted from computer simulation which involve defect coil and defect cylinder as
exemplified in the left of Figure 1. 5.” The defect coil conformation is an extended
structure with rod-like conjugated segments connected by defects. In contrast, the
defect cylinder involves a collapsed, ordered and compact structure. Each of these
conformations when considered separately still exhibits slight variations in the peak

emission energies due to differences between individual molecules in the extent of
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Figure 1. 5 (a) MEH-PPV single molecule spectra at room temperature of 300 K. (b)
and (c) are emission spectra of a single chromophore and a multi-chromophore,
respectively, at 20 K. The top panel shows the statistical distribution of the “red” and
“blue” sites at low temperature. The typical defect coil and defect cylinder
conformations generated by computer simulation for MEH-PPV single molecule are
given in the left. The right figure illustrates the intramolecular energy funneling from
high energy sites to the “red” site in the defect cylinder conformation. (Adapted from
reference’® %)

To directly probe the conformation of individual polymer chain and thus correlate the
structure-optoelectronic properties relationship has been of great importance in
polymer nanoscience and nanotechnology.' In the case of fluorescent conjugated
polymers, the conformation of a chain can be related to the fluorescence polarization.
Using single molecule polarization spectroscopy and computer simulation, Hu et al

measured a statistical ensemble of individual polymer chains, probing a
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two-dimensional projection of the three-dimension anisotropy ellipsoid, and the
resultant polarization distribution was fitted with Monte-Carlo simulations.” A highly
ordered, collapsed cylindrical conformation for MEH-PPV single chain was
demonstrated,” which probably dictates the observed efficient exciton funneling in
single polymer chains and significant local anisotropy in thin films. With SMS spectra,
polarization and photobleaching dynamics data, Huser et al showed clear correlations
between MEH-PPV polymer chain conformation and fluorescence features for samples
spun cast from different solvents as shown in Figure 1. 4. By taking a similar approach,
Sugimoto et al also studied a graft copolymer consisting of a polythiophene backbone
and long polystyrene (PS) branches (Figure 1. 6)."> The researchers found that at the
single molecule level the presence of the PS branch leads to a more extended
conformation of the polythiophene backbone compared to the collapsed globule-like
conformation of the polythiophene precursor molecules taken from the synthetic
process. Several other optical microscopy techniques have also been applied in
analyzing the polymer chain conformations at the single molecule level such as
combination of the wide-filed epi-illumination microscopy and total-internal reflection

11,76,77

microscopy, and defocused wide-field imaging.”®"® More detailed information

about these techniques can be found in recent references.**""%
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Figure 1. 6 Comparison between the polarization anisotropy (left) between
polythiophene without and with the graft of polystyrene (right). The middle cartoons
display the conformation for these two polymers. (Adapted from references**?)

1.2.3 Heterogeneous and complex morphology of conjugated polymer/fullerene
blend active layers in OPVs

For polymer/fullerene based BHJ-OPVs, the investigation concerning the
morphology-performance relationship has attracted great research endeavors. As one
can imagine, the blended film morphology is even more complicated compared to the
already heterogeneous morphology of conjugated polymer films. Dating back to the
MDMO-PPV/PCgBM solar cell device, SEM imaging was conducted by Hoppe et al
on cross-sections of these films as illustrated in Figure 1. 7 to probe the morphological
details in this material system.81 For films spin cast from toluene, the PCgBM cluster
size goes up to more than 0.5 um when the PCgBM content increases. However, in
chlorobenzene cast films, nanospheres with a size of 20 nm were found for all the films
even at a high PCgBM concentration. The much smoother surface and smaller clusters

in the film cast from chlorobenzene have been attributed to the better mixing of
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polymer and fullerene in chlorobenzene. The finer nanoscale phase separation observed
in chlorobenzene film yielded a more efficient BHJ device with a PCE of. 2.5% for

MDMO-PPV:PC¢BM at a weight ratio of 1:4.

IPEDOT:PSS
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Figure 1. 7 SEM imaging for the cross-section of MDMO-PPV:PCgBM films with
different weight ratios spin coated from toluene (a-b) and chlorobenzene (c-d),
respectively. (Adapted from reference®)

Microscopic heterogeneity was not only observed in morphology but also in
photocurrent. Groves and coworkers investigated the photocurrent collection for the
same materials system with photoconductive AFM (pcAFM).2? Figure 1. 8(a-c)
presents the AFM topography, spatially resolved photocurrent image under 532 nm
laser irradiation, and corresponding current-voltage curves collected in different

positions on a MDMO-PPV:PCgBM film spun cast from xylene. Analogous to the

23



AFM topography, the photocurrent map taken on the same area also exhibits nanoscale
heterogeneity, with the photocurrent varying by more than one order of magnitude over
the detected area. Although the photocurrent features are related to the PC¢BM clusters,
not all the clusters affect the photocurrent collection in the same way. For example, for
the positions marked with square and triangle, despite of similar topographical features,
the short circuit photocurrent signal is different by a factor of three, which has been

ascribed to the vertical morphology as seen in Figure 1. 7.
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Figure 1. 8 (a) AFM topography for a MDMO-PPV:PCsBM (1:4) blend film spin
coated from xylene. (b) Photocurrent imaging taken for the same area as in (a). (c)
displays the current-voltage curves collected for the positions marked in (a) and (b).
(Reproduced from reference®?)
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Figure 1. 9 Photocurrent images for P3HT/PCgBM (1:1) film before (a) and after
annealing at 110 °C for 2 min (b). The insets in each image give the photocurrent
distribution histograms. (Adapted from reference®®)

Figure 1. 9 presents two pcAFM images for P3HT/PCgBM film before (a) and after
(b) thermal annealing, in which the photocurrent histograms are shown as insets. It
can be observed that after thermal annealing, the heterogeneity in photocurrent
distribution is increased, indicative of the complex nanometer level morphology in
these solar cells. Dante et al using high resolution AFM probed the surface and
internal morphology of P3HT/PCgBM film as shown in Figure 1. 10.* As can be
observed, both the surface and the internal structures exhibit nanometer scale domains
ranging from ~ 10 nm for the surface to ~ 5 nm for the internal part of the film. In
polymer/fullerene solar cells, the size of the domains should be sufficiently small to
facilitate exciton diffusion to the interface and subsequent dissociation into free
charges. On the other hand, sufficient spatial separation of the electron and hole
transporting networks is also required to reduce charge recombination. Therefore,

reaching such a balanced phase separation inside the active layer is critical for the
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optimization of charge generation, transport and device performance.

Figure 1. 10 AFM phase images of the (a) surface and (b) cross-section of a
P3HT/PCsBM film. The imaging range is 250 nm x 250 nm. (Adapted from
reference®®)

To study the relations between surface topography and local spectral properties Nguyen
et al, using near-field scanning optical microscope (NSOM), investigated the
topographic features and spatially resolved photoluminescence (SRPL) for MEH-PPV
films spin-cast from chlorobenzene (CB) solution.®* Figure 1. 11 (right) shows an
image with predominantly flat topography with small features that are a few hundred
nanometers in diameter and 10 nm high. The SRPL spectra (Figure 1. 11, left)
collected on two different positions, on top of one of the bumps for position 1 and on
the flat region for position 2, clearly display distinctly different emission spectra
despite the fact that these two locations are only 1 um apart. Generally, the researchers
found that the SRPL spectra collected from the flat region resemble those of polymer

CB solutions, while the spectra taken for the bumps exhibit a relative increase near 620
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nm and a weak red tail, which were assigned to interchain interactions in the bumps,
specifically aggregation leading to the formation of low energy chromophores on single
chains and shared excitations between chains. Complicating matters further, the
investigators discovered that some areas in the flat regions can also exhibit emission
spectra with enhancement of the red part of the spectrum, due to interchain aggregation.

This finding further demonstrates the morphological complexity of conjugated polymer

materials.
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Figure 1. 11 Near-field scanning optical microscope (NSOM) topography image (right)
and spatial resolved photoluminescence (SRPL) spectra collected on different
positions of the MEH-PPV film cast from chlorobenzene solution. The scan range is 5

x 5 um?. (Reproduced from reference®)

1.2.4 Light-harvesting in P3HT/PCgBM solar cells

Due to the large band gap and narrow absorption bandwidth of many prototypical
conjugated polymers only a fraction of the solar spectrum can be absorbed. As shown in
Figure 1. 12, in the P3HT/PCg:BM system the absorption of light by P3HT primarily
occurs in the range of 450-650 nm, and thus only ~ 25% of the solar radiation can be

27



absorbed.®™® In contrast, crystalline Si solar cells (band gap of ~1.1 eV) absorb light
from 300 nm up to 1100 nm i.e. almost 77% of the solar radiation on earth. It has been
estimated that expanding the absorption band of organic light absorbers from 350 to
900 nm would capture 46% solar radiation, therefore doubling the power conversion

efficiency in ideal cases.®
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Figure 1. 12 Solar spectrum of sunlight at the earth’s surface (dotted curve, AM 1.5 G).
The black curve shows a typical absorption profile of P3HT film. (Adapted from
reference®’)

Nowadays, the development of LBG polymers has been a common strategy to expand
the spectral breadth of absorption. Some very efficient LBG polymers were synthesized
and applied in OPVs including PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene-alt-4,7-(2,1,3-benzothiadiazole), PCDTBT (poly

[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4

,7-diyl-2,5-thiophenediyl]) and PTB-7.294'8889 Although these polymers are very
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attractive the synthetic steps of these polymers are very complicated compared to the
synthesis of P3HT, which makes them very expensive and not easily commercially
available at present. For example, for the PTB series polymers, at the time of writing
these are only available from one company with a price more than 15 times higher than
the widely commercially available P3HT. Furthermore, many LBG polymers usually
sacrifice some absorption in the visible region in order to extend the absorption range
into the long wavelength regime.*** Finally, several LBG polymers actually yield
lower PCE compared with P3HT/PCgBM. Take for example the LBG polymer
poly({2,6-(4,4-bis(2-ethylhexyl)-4H-cylopenta[2,1-b;3,4-b’]dithiophene}-alt-{4,7-(2,
1,3-benzothiadiazole)}), with a band gap of 1.45 eV. OPV devices based on this
polymer (in a 1:1 blend with PCg BM) show an open-circuit voltage (Vo) of 0.65 eV, a
peak external quantum efficiency (EQE) of about 30%, photocurrent response at nearly
900 nm but only a power efficiency of 2.7%.* The low PCE has been attributed to the
low charge mobility in the active layer. In fact, it has been shown that the development
of polymers only having a low band gap is not sufficient for effective light harvesting
and improved efficiency.”> A common and concomitant adverse effect in low band gap
polymers pertains to low Vo, which is in part determined by the energy difference
between the HOMO of the polymer and LUMO of the acceptor in OPV device.®’
Tandem solar cells using polymers with different energy gaps represent another

alternative in achieving wide absorption range.***% This approach incorporates at
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least two solar cells linked in series with different absorption characteristics, thus
offering a broader absorption range. An added advantage is that in such architecture Vo
is increased to the sum of the individual cells. In comparison with a PCE of 5%
typically reported for single layer devices of P3HT/PC61BM, Kim et al have
demonstrated PCE up to 6.5% in tandem solar cells of P3HT/PC7,BM (PC,BM:
[6,6]-phenyl Cro-butyric acid methyl ester) and PCPDTBT/PCgBM.* Although
tandem solar cells appear promising in improving the device performance, two main
factors make the design complicated and challenging: a) a perfect balance between the
front and back cells in photocurrent and b) the attenuation of light that can be absorbed
by the back cell due to the presence of the front cell.*°

With respect to the previous two methods in broadening the cell absorption range, there
is a much simpler and versatile approach which involves a direct physically doping into
the polymer/fullerene layer of absorbers with a complementary absorption range. To
realized effective doping, the dopant must meet the following basic criteria: (1) the
energy level of the dopant should lie intermediately to those of the polymer and
fullerene; (2) the absorption coefficient of the dopant in the complementary range
should be higher relative to the polymer and fullerene blend and (3) the dopant can
either act as an electron donor and hole transporter or operate as an electron acceptor
and transporter.”* Recently, researchers have shown successful doping using either dyes

or low band polymers with longer wavelength absorption region.
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Figure 1. 13 Small molecule absorber structure and its energy levels with those of the
polymer and fullerene. The EQE data is also included to show the photocurrent
contribution of the dopant in the longer wavelength regime [solid line: reference cell
of P3HT/P7BM (10:10 mg/ml); dashed line: small molecule doped P3HT: P7xBM cell
(10:10:2 mg/ml for P3HT: P;,BM:dopant). (Adapted from reference*’)

Peet et al demonstrated a photocurrent increase in P3HT/PC;,BM cell with doping a
small molecule sensitizer for near-infrared (NIR) absorption.*” Figure 1. 13 shows the
small molecule structure and corresponding energy levels with P3HT and PC;,BM.
From the EQE spectrum, direct photocurrent contribution from the dopant in the range
of 650-750 nm can be clearly identified. Similar improvement of light-harvesting
efficiency by introducing a phthalocyanine derivative (Figure 1. 14(a)) has been
reported by Honda and coworkers.® Interestingly, the authors found that the
introduction of silicon phthalocyanine (SiPc) can not only directly yield photocurrent
output at the absorption wavelengths of SiPc but indirectly enhance charge separation

from P3HT excitons through energy transfer from P3HT to SiPc molecules located at
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the P3HT/PCgBM interface (Figure 1. 14(b)). It is estimated that this energy transfer
rate is more than 100 times faster than the energy migration rate in P3HT, therefore
promoting the P3HT exciton diffusion and subsequent dissociation (Figure 1. 14(c)).

Compared to small molecule absorbers doping, LBG polymer doping is more
structurally favorable due to the miscibility of conjugated polymers. Despite great
efforts and trials in producing single-layer cells with LBG polymer, less attention has
been put into developing LBG polymer doped cells. Only recently the NIR sensitization
of P3HT/PCgBM cells by the LBG polymer poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-
bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b"]dithiophene-2,6-diyl]] PCPDTBT have
been studied by Koppe et al.*® Basically, the researchers found that in this ternary blend
P3HT serves not only as an electron donor to PC¢BM and PCPDTBT but also as a hole
transporting matrix for PCPDTBT. Detailed analysis of photogenerated charge species
via photoinduced absorption experiments revealed that the energy transfer between
P3HT and PCPDTBT is negligible, probably due to the competing process of the

ultrafast photoinduced electron transfer from the former to the latter.
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Figure 1. 14 (a) Chemical structure of SiPc. (b) EQE spectra of P3HT/PCgBM cells
without (dashed line) and with SiPc. (c) Schematic illustration showing that with the
absence of SiPc some P3HT excitons far away from the P3HT/PCgsBM interface can
not diffuse to the interface and get dissociated (left). In contrast, these excitons with
the assistance of the incorporated dye can reach the interface by energy transfer to the
SiPc molecule. (Adapted from reference®)
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CHAPTER 2. INSTRUMENTATION AND EXPERIMENTAL

2.1 Single Molecule/Particle Spectroscopy Instrumentation

2.1.1 Introduction

Although molecular information derived using bulk measurement can be valuable for
homogeneous systems, it is not for complex and heterogeneous systems due to the
ensemble-averaging effect. That is, the distributions of properties on a molecular level
for heterogeneous systems can be averaged out and yield only a single parameter. In
fact, many materials, chemical and biological systems are really heterogeneous due to
e.g. heterogeneity of molecule structure, variations of the local environment at the
molecular scale, variations in actual molecular behavior, or randomness in time of
cycling through events by molecules in the ensemble.'®**% To understand molecular
properties and chemical and physical variations on a single molecular scale, researchers
aspire to probe and study individual single molecules.

The study of single-molecule behavior dates back to early 1900s when Einstein
conducted his famous work on Brownian motion, which basically confirmed the atomic
theory of matter.** The invention and advance in late 20th century in scanning
tunneling microscopy (STM) and atomic force microscopy (AFM) have allowed the
visualization and even manipulation of single atoms and molecules.***” Fluorescence
microscopy, in comparison, offers a unique approach for luminescent materials in

revealing a wealth of information on structure, photochemistry and photophysics,
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chemical interaction, and dynamics of molecular species. From spectral hole burning
and fluorescence line narrowing to near-field and confocal fluorescence microscopy,
these advances have allowed not only fluorescence imaging of single molecules with
high spatial resolution but also conducting single-molecule spectroscopy at room
temperature. In 1989, the first demonstration of detection of individual molecules by
the single molecule spectroscopy technique at low temperature was accomplished by
Moerner and Kador.?® Since then, great efforts have been exerted in single molecule
detection techniques at room temperature where most materials function and
biochemical reactions take place. Figure 2. 1 shows four different spectroscopy
techniques developed for studying single molecule fluorescence. Among these
techniques, the introduction of a laser confocal scanning microscopy (LCSM) greatly
advances this field due to its simplicity and sensitivity, which will be described in the

following section.'®

excitation

aperture prism excitation
probe "
sample SRS — ‘.@
 ———
cCcD D CcCD
APD APD D detection detection
detection D detection

Figure 2. 1 Four different spectroscopy techniques in detecting single molecules (a)
near-field optical spectroscopy, (b) laser confocal imaging, (c) wide-field imaging,
and (d) total internal reflection imaging. (Reproduced from reference'®)
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To probe individual molecules in SMS, two main requirements must be met: (1) only
one molecule is in resonance with the optical wavelength in the probed volume; (2)
the signal-to noise ratio (SNR) for the single-molecule signal must be greater than
unity in order to overcome contributions from detector noise, including shot noise,
and contributions from the background, including scattered excitation light and
background fluorescence.’™ The first requirement can be generally achieved by using
extremely diluted concentrations, e.g. 10™° M in our case. With respect to the second
prerequisite-to obtain as large a signal as possible, one needs to increase the efficiency
of optical detection and reduce background noise. Using high numerical aperture
microscope objectives and sensitive detectors such as silicon avalanche photodiodes
(APD) or charge-coupled devices (CCD) in combination with proper filter sets are
some of the key considerations besides the quantum yield of the fluorophore.
Minimized probe volume can help reduce Raman scattering and reject any scattered
radiation at the pumping wavelength. In confocal microscopy, the detection of a
single fluorophore in the focal volume can be achieved by focusing the laser beam to
a small probe volume of 0.5-1.0 um®, which has an approximately cylindrical shape
with a diameter of 0.5 pum (diffraction limited) and height of 2 pm (limited by
spherical aberration).®> Meanwhile, for the target molecules, large absorption

cross-section, high photo-stability, weak bottle necks into dark states such as triplet
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states, operation below saturation of the molecular absorption and a high fluorescence
quantum yield of fluorescence are desired. In addition, it is imperative to exclude
fluorescent impurities by using ultrapure solvents, host matrix and ultra clean cover

slides.
2.1.2 Home-built Sample Laser Confocal Scanning Microscope

Figure 2. 2 shows the home-built laser confocal scanning microscope (LCSM) setup
on an optical table. The selected wavelength from an Ar*-ion laser source (Melles
Griot 43 series) is filtered, expanded, collimated and then directed into a
commercially available inverted microscope (Zeiss Axiovert 200). The excitation
laser is reflected by a dichroic mirror and then focused by an objective lens (Zeiss
Fluar 100 x, NA=1.3, WD=0.17 mm) of the microscope into a small probe volume
with diffraction limited spot on the focal plane. The spot radius or the ideal resolution
is related to the laser wavelength and numeric aperture through Equation 2.1,
D=0.511/NA (2.1)
where A is the excitation wavelength and NA is the numeric aperture. In reality, for
the laser wavelength of 488 nm, the resolution is around 300 nm due to low specimen

contrast and improper illumination.'®

After the sample is excited, the fluorescence
signal is collected by the same objective lens, filtered and then split onto different
types of detectors. Single particle fluorescence spectra were obtained by diverting the

fluorescence signal through a spectrograph (Pl Acton SP-2156) that is coupled to a
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thermoelectrically cooled electron multiplying charged coupled device (CCD) (Andor
iXon EM+ DU-897 BI). Each fluorescence spectrum was collected with 10-60
seconds exposure time. Three consecutive exposures were averaged for each molecule
or nanoparticle. When the sample is raster scanned across the focused laser beam, a
fluorescence image is created simultaneously at the image plane which is located at the
the side port of the microscope in our case. The same image is collected with the optics
optics of 100X magnification onto an avalanche photodiode (APD, PerkinElmer

SPCM-AQR-14).
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Figure 2. 2 A schematic diagram of the home-built LCSM and detection system. The
excitation laser is directed to the objective lens and the emission passes through the
dichroic mirror and collected by either CCD or APD detectors. The blue frame
encompasses the fluorescence polarization anisotropy imaging set up under circularly
polarized laser excitation. Basically, by using a polarizing cube beam splitter, the
fluorescence signal is split to two orthogonal directions where fluorescence images
were obtained simultaneously with two APD detectors.
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2.1.3 Single Molecule Polarization Imaging

For fluorescence polarization measurements, circularly polarized excitation laser light
was used through a quarter wave plate (Newport). As shown in Figure 2. 2, the
fluorescence signal was split into two orthogonal directions by a broadband polarizing
cube beam splitter (Newport, 05FC16PB.3) and detected with avalanche photodiodes
(Perkin Elmer SPCM-AQR-14). The G-factor for this setup was determined to be 0.79
using a TransFluoSpheres bead sample (carboxylate-modified microspheres, 0.1 pum,
488/560, Invitrogen) at 488 nm excitation. Reported polarization ratios were calculated

calculated using image analysis software home-written in MatLab.

2.2. Single Molecule Spectroscopy Sample Preparation

2.2.1 Materials

Table 2. 1 summarizes the source, number average molecular weight (M,) and
polydispersity (PDI) of six conjugated polymers that we have studied using SMS in this
dissertation research. Thermal deposition of an Aluminum protecting layer was
performed in a thermal evaporator incorporated in a MBraun N, glove box system.
Alumina coated Mo boats (ME3-AO-Mo, R.D Mathis) were used for Aluminum

deposition and Aluminum canes (99.99%) was bought from CERAC Inc.
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Table 2. 1 Summary of conjugated polymers investigated with SMS in this
dissertation research. Corresponding structures are shown in Figure 3. 1 and Figure 4.
2. The M, values were measured with gel permeation chromatography (GPC).

Source Dr. Lei Zhai’s group BASF Merck Dr. Richard D. American
McCullough’s group Dye Sources

Material P3HT P3HT-PS-Ceo P3HT PBTTT-14 PTzQT-12 PQT-12
Mn 7,500 15,400 35,700 28,000 18,000 21,000
PDI 1.2 1.6 1.4 1.9 1.9 2.2

2.2.2 SMS Sample Preparation

To have an ultra clean cover slide is a prerequisite in performing SMS experiments. The
slides used for SMS/SPS experiments were ultrasonically cleaned sequentially in
acetone, 10 wt% sodium hydroxide (NaOH, semiconductor grade, 99.99%, Sigma
Aldrich) aqueous solution, and twice in DI H,0, for 20 min each, and finally stored in
fresh DI H,O. The slide was blow-dried with N, and then cleaned in a UV/Ozone
cleaning system (T10X10 OES, UVOCS Inc.) for 15 min before use for SMS/SPS
sample preparation.

All the studied polythiophene conjugated polymers received are used directly without
any purification. The polymer solution in chloroform (OmniSolv, 99.80%, EMD) with
a concentration of ~ 0.1 mg/ml was prepared in the ambient atmosphere. To dissolve
the polymer fully the polymer solution was heated on top of a hot plate at ~ 100 <C for

about 30 min and then cooled down to room temperature in 30 min. The polymer
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solution was further diluted to a concentration of about 10 M by a 2 wt% PMMA
(My: ~ 97,000), secondary standard, Sigma Aldrich) solution in chloroform, and then
was spin coated onto a clean cover slide at 2000 rpm for 1 min. The PMMA film with a
thickness of ~ 200 nm serves as an inert matrix for dispersed individual molecules of
conjugated polymer. The spin coated sample was then immediately transferred in to the
thermal evaporator inside the glove box and deposited with ~ 200 nm thick Al film to
prevent fast photobleaching during the SMS experiments carried out in the ambient

atmosphere.
2.2.3 Molecular Solution Bulk Characterization

UV-Vis absorption

The UV-Vis absorption spectra were collected with a Varian Cary 300 Bio UV-Vis
scanning spectrometer using a quartz cuvette with 1 cm path length.
Fluorescence

Fluorescence emission spectra were taken with a NanologTM HoribaJobin Yvon
fluorimeter using the same cuvette used in UV-Vis absorption measurements. The

excitation wavelength was set at 488 nm.

2.3. Single Particle Spectroscopy Sample Preparation

2.3.1 Materials

P3HT (> 99%, regioregular), PCsoBM (> 99.5%), polyvinyl alcohol (PVA, cold water

soluble) and anhydrous tetrahydrofuran (THF) (> 99.9%, anhydrous, inhibitor free)
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were all from Sigma Aldrich and used directly (see chemical structures in Figure 2. 3).
DI H,O (18 MQ-cm) at room temperature was obtained from an Milli-Q deionized

water purifying system (Barnstead Nanopure Diamond).
2.3.2 SPS Sample Preparation

The nanoparticle suspension was prepared using a reprecipitation method developed by
Nakanishi’s group.'®*'® Herein, we extend this method to prepare conjugated
polymer/fullerene composite nanoparticle suspensions as depicted in Figure 2. 3.
Briefly, 1 mg P3HT with 0 mg PCgBM (0 wt% PCsBM doped), 0.05 mg PCgBM (5
wt% doped), 1.0 mg PCgBM (50 wt% doped) and 3mg PCsBM (75 wt% doped),
respectively, were dissolved in 10 ml THF at 100 T and then cooled down to room
temperature. 1 ml THF solution was injected rapidly to 9 ml deionized water while
simultaneously stirring the mixture at ~ 1000 rpm. After injection, the suspension was
removed from the magnetic stage and clear pink colored suspensions were obtained. A
photograph of one polymer THF solution and nanoparticle suspensions under UV
illumination are shown in Figure 2. 3. Since THF can be mixed with water completely,
when the hydrophobic polymer molecule in THF solution are injected into water, a high
interfacial surface tension between the polymer and water molecules and a strong
intrachain hydrophobic attraction in polymer molecule result in supersaturation,
nucleation and growth to form NPs. The long term stability of nanoparticle suspension
lies in a repulsive electrostatic force between the charged surface of the NPs, which
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generally can be predicted according to Coehn’s empirical rule.'®® SPS sample
preparation consisted of first mixing an appropriately diluted nanoparticle suspension
with 4 wt% PVA in DI water. The resulting solution was then spin coated onto a glass
cover slide. A 200 nm aluminum or gold film was subsequently deposited on top of the

sample to keep oxygen from penetrating the sample.

P3HT

THF solution of P3HT
and PCBM
Composite

nanoparticle solution NP suspensions
0% 0% 5% 50% 75%
{
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Nanoparticle
suspension

ey

Reprecipitation method

Figure 2. 3 Schematic illustration of the revised reprecipitation method in making
composite nanoparticle suspension. The chemical structure of P3HT and PC¢BM are
shown on top. Basically, the polymer and fullerene were dissolved in a good solvent,
i.e., THF, and then a small volume of the blend solution was rapidly injected into a
bad solvent, i.e., H,O. The right photograph was taken under UV irradiation (UVL-21,
UVP) for an undoped solution and the composite nanoparticle aqueous suspensions
with different PCsoBM contents.

2.3.3 Nanoparticle Bulk characterization

Absorption and fluorescence

The bulk absorption and fluorescence spectra were collected using the same
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instruments as for the polythiophene molecular solutions.

TEM

The diameter of prepared NPs was characterized by transmission electron microscopy
(TEM, JOEL 1011). To prepare TEM samples, one drop (~ 1.5 ul) of a NPs suspension
was directly place don a TEM copper grid coated with carbon film (400 mesh, Electron
Microscopy Sciences), and dried in vacuum for 15 min.

AFM

The height of the prepared NPs was characterized by an atomic force microscopy
(AFM, Digital Instruments Dimension 3100) in tapping mode. The samples were
prepared by dropping ~ 6 ul of a nanoparticle suspension - after diluting five times- on

clean mica substrates (V-4 grade, SP1 Supplies) followed by vacuum drying for 15 min.

2.4. Hole-injection Device for Nanoparticles

2.4.1 Materials

The nanoparticle suspensions prepared in Section 2.3 were used directly for
hole-injection device. ITO cover-slides with a sheet resistance of 50 Q/[1 were
home-designed and processed by Evaporated Coating, Inc. Before utilization, ITO
slides were cleaned sequentially in acetone, 10 wt% NaOH aqueous solution, DI H,O
and finally in UV/Ozone cleaning system. SiO; pellets (99.99%) were bought from

ACI Alloys and N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) was from
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Sigma Aldrich. Silver paste (325 Part A and B) and UV curing epoxy (3013, 170 ml)
were obtained from Dynaloy Inc and Dymax, respectively. Au pellets (99.99%) were

bought from CERAC Inc.
2.4.2 Device Fabrication

The hole-injection device used in the fluorescence-voltage/single particle spectroscopy
(F-V/SPS) study was assembled bottom up with a metal-insulator-semiconductor
geometry as shown in Figure 2. 4 (left). Basically, on top of a clean ITO cover slide, a
200 nm-thick SiO; insulating layer was deposited in an electron beam evaporation
system (Thermionics). Then, a 100 nm thick PMMA film was spun cast from a 4 wt%
toluene (> 99.96%, Sigma Aldrich) solution at 2000 rpm on top of SiO, to prevent
direct contact between the NPs and the SiO, layer, which was suspected to cause
instability of NPs.”® On top of PMMA, a thin layer of 10 nm of polyvinyl alcohol (PVA)
was spin-coated from a 0.5 wt% PVA aqueous solution to form a hydrophilic surface
favorable for further spin-coating of the aqueous nanoparticle suspension. It should be
noted that the PVA film thickness must be less than the height of the NPs so that TPD
deposited hereafter can make close contact with the NPs for charge transfer at the
interface. After the spin coating of NPs from a 5 times diluted suspension, the device
was transferred into a N filled glove box and exposed to the N, atmosphere for two
days. A TPD layer was then deposited in the thermal evaporator at a rate of 0.5 A/s with
a final thickness of 50 nm. An Au electrode was finally deposited in the thermal
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evaporator under high vacuum (<107 Torr) with a thicknesses of 100 nm. Devices were
wired with copper wires (Magnet wire, 28 AWG Insulated, Marvac Electronics) using
silver paste inside the N, glove box and finally encapsulated with a UV-curing epoxy
and a top protective cover slip under UV irradiation to ensure the long term

photostability of the NPs.
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Figure 2. 4 Device structure of nanoparticle based hole-only capacitor device (left)
and a laser confocal scanning image (right, 10x10 pm?) of 50 wt% PCgBM doped
P3HT nanoparticles in hole-only capacitor device at zero bias collected under 488 nm
excitation from an Ar* laser with a power of 7.2 W/cm? The scale bar indicates
counts per 5 ms.

Figure 2. 5 (a) Three wave-function generators are used in obtaining the bias
modulation for the device. Basically, one is used to send trigger and gate signals to the
other two generators. The trigger then applies bias to the device and the modulated
fluorescence was recorded by APD. At meantime, the gate generator generates a
reference signal to another APD detector. (b) A hole-injection device placed in LCSM
and connected with two terminals from the function generator.
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2.4.3 Fluorescence-\oltage/Single Particle Spectroscopy

The F-V/SPS measurement was carried out on a home-built laser confocal scanning
microscope (LCSM), which has been described previously in Section 2.1.2. Briefly, the
fluorescence image was first collected with LCSM under 488 nm excitation when the
sample was raster scanned across the focused laser beam (Figure 2. 4, right). The
fluorescence vs. time traces for individual NPs were obtained by positioning a chosen
NP into the laser beam and recording the fluorescence transients while under
continuously laser excitation, with a power of 0.7 W/cm? for the undoped P3HT NPs
and 7 W/cm? for the 50 wt% PCgBM doped P3HT NPs. Then, the fluorescence-voltage
modulation experiment was conducted by applying repeatedly triangular waveform of
bias voltage, achieved with a programmable wave function generator (Fluke, Figure 2.
5), while acquiring the single particle fluorescence time transient. The data acquisition
was in turn synchronized to the applied bias cycles, allowing for the synchronously

averaging of the data as a function of time and bias over many cycles.

2.5. Solar Cell Performance Characterization

The J-V curves of the solar cells were characterized under Air Mass 1.5 Global
illumination condition using a Newport Oriel 96000 solar simulator with a 150 W

ozone free xenon lamp and a 1.3-inch (33 mm) diameter collimated beam. The
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illumination density was calibrated with a standard monocrystalline silicon reference
solar cell (Newport, 91150V) with KG-5 visible color filter certificated by NIST
(National Institute for Standards and Technology) to the ISO-17025 standard and is
traceable to the National Renewable Energy Laboratory (NREL). The current
density-voltage (J-V) curves were collected using a Keithley 2635 source measurement
unit. The ITO and Aluminum electrodes were connected to the positive and negative
terminal, respectively. External quantum efficiency (EQE) data was taken using the
QE/IPCE Measurement kit (QE-PV-SI) from Newport. In this characterization system,
a 300 W Xe Arc light source is coupled to a CS260 monochromator to create the
scanning light. A dual channel Merlin lock-in amplifier with a built-in chopper
controller is utilized for the sensitive optical power and current measurements. All the
devices were test in air without encapsulation. Note that in this EQE setup the
calibration Si detector and the solar cells measured are not in the same position. A
rough estimation indicates that the real EQE data should be about 1.5 times higher than
the data given in this dissertation.

It has been reported that the device layout has a significant effect on the accuracy of
device performance measurements.'®” The nominal device area of a solar cell shown in
Figure 2. 6(a) is region 1, i.e. the overlapped area of Al and ITO electrodes. Although
PEDOT:PSS (Clevios P VP Al 4083) has a very low conductivity (10° S/cm),®

investigations indicate that region Il in Figure 2. 6(a) has non-negligible photocurrent
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output if no mask is used when measuring the device element with nominal device area
of region 1.1 Figure 2. 6(b) shows the device layout employed in this dissertation
research. To carry out J-V or EQE measurement accurately, a device mask was applied
for every device measured. The mask size is 0.33 cm x 0.33 cm, which can effectively

remove the influence of the overlap regions between PEDOT:PSS and Al electrode.

ITO +—

PEDOT:PSS

N~

(a) (b) (¢)

Figure 2. 6 (a) OPV device element with a crossed layout. Region 1 is usually taken as
device area, which is the overlapped region of two electrodes. However, region Il
contains the overlapping area between PEDOT:PSS, the active layer and Al electrode.
Although PEDOT:PSS is not highly conductive, if not masked this region can
generate certain amount of photocurrent. Since region Il is not covered with Al, it can
not contribute to photocurrent when measuring region | without mask. (b) Device
layout used in this work. The slide size is 1 inch x 1 inch. ITO strip width is 0.33 cm
and effective metal electrode width is about 0.2 cm. (c) Device element mask used in
the J-V measurement. (Figure 2. 6(a) is adapted from reference®’)

2.6. Solar Cell Devices Fabrication

2.6.1 Materials

Patterned indium-tin-oxide (ITO) (sheet resistance: 15 Q/]) coated glass slides were
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home-designed and processed by Evaporated Coating Inc.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) aqueous
suspension was obtained from HC Starck (Clevios P VP Al 4083). The PEDOT:PSS
was filtered through a 0.450 um PTFE filter before use. Di-chlorobenzene (DCB, 99%)
and 1,8-diiodooctane (DIO, 98%) were both from Sigma Aldrich. Ca and Al pellets
were obtained from CERAC, Inc. P3HT was bought from Rieke Metals (Sepiolid P100,
electronic grade, ~95% regioregular) and used directly as received. PCsBM were
bought Sigma Aldrich (99.5%) and Nano-C (99.5%). Low band gap polymer PTB-7
was obtained from 1-Material Chemscitech Inc. The small molecule dye (SMD) was
provided by Dr. Yi Liao in the Department of Chemistry at the University of Central

Florida. The chemical structures of the materials used are shown in Figure 2. 7.
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Figure 2. 7 Chemical structures of materials used in the fabrication of solar cells.
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2.6.2 PSHT/PCgBM Solar Cell Devices Fabrication

The organic solar cell devices were fabricated on the top of pre-cleaned ITO coated
glass slides. Before device fabrication, the ITO coated slides were ultrasonically
cleaned with detergent, DI H,0, acetone (99.89%, OmniSolv, EMD) and isopropyl
alcohol (HPLC grade, 99.9%, Sigma Aldrich) sequentially for 20 min each. The ITO
substrate was blow-dried under N, and then cleaned in the UV/ozone system for 15 min.
PEDOT:PSS was spin cast from an aqueous solution at 4000 rpm to form a film of
30-40 nm thickness. The substrate was then dried for 10 min at 140 <C in an oven and
then transferred into the N, glove box for further spin casting of the photoactive layer.

A. PTB-7 Sensitized P3HT/PCgBM Solar Cell

The solution of P3HT/PCgBM (1:1 weight ratio) (P3HT: Sepiolid P100,
Regioregularity (rr) ~ 94%, Rieke Metals; PCgBM, 99.5%, Nano-C) in
dichlorobenzene was prepared with a concentration of (31.25 mg + 31.25 mg)/ml in the
N glove box, heated at 150 <C for about 2 hours under stirring and then was stirred
overnight at 50 <C in the N, glove box. The low band gap polymer solutions were
prepared separately with a concentration of 37.5 mg/ml (corresponding with the highest
LBG doping level i.e. 30 wt% and taking into account solubility of the different
materials) and submitted to similar heating and stirring treatment as P3HT/PCgBM
solutions. All these solutions were filtered with a 0.2 um PTFE filter before blending.
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According to the doping level of PTB-7 in the P3HT/PC¢BM cells and using the
precursor DCB solutions of P3HT/PCgBM and PTB-7, the ternary blend solutions
were prepared with final concentrations of (25 mg: 25 mg: x mg)/ml for P3HT, PC¢BM
and PTB-7, respectively. Here, x is 1.25 mg, 2.5 mg, 5.0 mg and 7.5 mg, respectively,
for devices with P3HT:PCgBM:PTB-7 weight ratio of 1:1:0.05 (5 wt% PTB-7 doped),
1:1:0.1 (10 wt% doped), 1:1:0.2 (20 wt% doped) and 1:1:0.3 (30 wt% doped). For
samples processed with solvent additive DIO, the spin coating solutions were prepared
by adding 2.56 ul of DIO into 100 ul DCB solutions containing different PTB-7 doping
levels. For devices prepared with DCB solutions and with DCB/DIO mixed solutions,
100 ul of these solutions were drop cast one time on top of PEDOT:PSS coated ITO
slide and then spin coated at 800 rpm for 1 min. The film thickness remains at about
200-220 nm for all the active layers prepared measured with AFM. After active layer
spin coating, the wet films were naturally dried in the N, glove box in 5 min and then
loaded in the thermal evaporator system incorporated in the glove-box for cathode
deposition of Ca (25 nm) and Al (80 nm). Note that all the devices herein were prepared
in the same run so they can be used for comparison.

The absorption spectra of P3HT/PCgBM cells with various doping levels of PTB-7
(with or without DIO additive), were measured directly with the prepared device using
the region without ITO pattern. A PEDOT:PSS covered slide was used as a reference

sample. The UV-vis spectra for the active layer of these devices were measured with a
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UV-vis spectrophotometer from Agilent Technologies Inc (Model 8453). The samples
used for photoluminescence experiments were prepared on top of clean cover slides.
Pure P3HT film was spin coated from a DCB solution with a concentration of 25 mg/ml
at 800 rpm in a N, glovebox and dried in the nitrogen atmosphere. The P3HT/PTB-7
(wt ratio: 1:0.2) film was prepared with a solution concentration of (25 + 5) mg/ml
under the same condition. Pure PTB film was spin cast from a solution of 5 mg/ml. The
photoluminescence experiment was carried out in air with a NanologTM HoribaJobin
Yvon fluorimeter. Topography and phase imaging experiments were conducted for the
active layers by an atomic force microscopy (AFM, Digital Instruments Dimension
3100) in tapping mode.

B. Small Molecule Dye (SMD) Sensitized P3HT/PCgBM Solar Cell

The solution of P3HT/PCgBM was prepared similarly as described in A. The SMD
solution was prepared separately with a concentration of 44.9 mg/ml. According to the
doping level of the dye in the P3HT/PCgsBM cells, the blend solutions were prepared
with final concentrations of (25 mg: 25 mg: x mg)/ml for P3HT, PCsBM and dye,
respectively. Here, x is 1.25 mg, 2.5 mg, 5.0 mg and 7.5 mg, respectively, for devices
with P3HT:PCgBM:SMD weight ratio of 1:1:0.05 (5 wt% SMD doped), 1:1:0.1 (10 wt%
doped), 1:1:0.2 (20 wt% doped) and 1:1:0.3 (30 wt% doped). 100 pL of the ternary
solutions were drop cast one time on top of a PEDOT:PSS coated ITO slide and then

spin coated at 800 rpm for 1 min. Immediately after film spin coating, the wet films
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were covered with a petri dish with a volume of about 15 cm?® for 20 min. The purpose
of this is to slow down the solvent evaporation rate and therefore producing an ordered
structure of P3HT domains in the active layer.** The film thickness remains at about
200-220 nm for all the active layers prepared as measured with AFM. The samples
were finally loaded in the thermal evaporator system for cathode deposition of Ca (25
nm) and Al (80 nm). Note that all the devices herein were prepared in the same run so
they can be used for comparison.

The UV-vis spectra for the active layer of these devices were measured with a Varian
Cary 300 Bio UV-Vis scanning spectrometer. The films used for photoluminescence
experiments were spin coated from chloroform solutions since pure SMD solution in
DCB cannot yield a continuous film. The concentration of pure P3HT solution is 5
mg/ml, the 10 wt% SMD doped P3HT sample has a concentration of (5 + 0.5) mg/ml
and pure SMD solution is 0.5 mg/ml. All the films were prepared on clean cover
slides with a spin coating rate of 800 rpm. No post-annealing experiments were done
with these films. Topography and phase imaging experiments were conducted for the
active layers by an atomic force microscopy (AFM, Digital Instruments Dimension

3100) in tapping mode.
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CHAPTER 3. SINGLE MOLECULE SPECTROSCOPY AND
MORPHOLOGY STUDIES OF A DIBLOCK COPOLYMER
CONSISTING OF P3HT AND Cygy

3.1 Introduction

Bulk heterojunction-organic photovoltaic devices (BHJ-OPVs) with active layer
consisting of a conjugated polymer as an electron donor and a fullerene derivative as an
acceptor have been proven to be a very promising cost-effective technology to harvest
solar energy.2%#2245759 Morphology with a balanced nanoscale phase separation and an
interpenetrating donor-acceptor structure in the photoactive layer is crucial for exciton
dissociation and transport due to the strongly electrostatically bound photogenerated
electron-hole pairs (excitons) and short exciton diffusion length (5-20 nm).8>08:109
Various approaches including thermal annealing, solvent annealing, solvent additives,
or manipulation of the weight ratio of polymer and fullerene have been employed to
achieve such nanometer scale morphology.®***° However, long term morphological
stability poses a major challenge for these approaches.””** For example, morphology
studies on devices fabricated from blends of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-Cs;:-butyric acid methyl ester (PCgoBM) demonstrate that the long term

device efficiency and stability decrease due to macroscale phase separation between

P3HT and PCgBM. 2

* This chapter has been published in Hu, Z. J.; Zou, J. H.; Deibel, C.; Gesquiere, A. J.;
Zhai, L. Macromolecular Chemistry and Physics 2010, 211, 2416.
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Donor-acceptor block copolymers have emerged as an exciting alternative to physically
blended donor-acceptor materials in realizing optimal and controlled nanoscale
morphology due to the inherent covalent linkage, the ability for chemically directed
self-assembly and ease of tuning of the chemical structure of donor and acceptor
moieties during synthesis."**™*° These donor-acceptor block copolymers include
poly(p-phenylenevinylene)-Cgo ™ poly(9,9-dialkylfluorine)-b-poly(2-alkyl- aniline)*’
and polytriphenylamine-b-polyperylene.™® Among them, block copolymers containing
P3HT and fullerene®® are of particular interest since these two materials combined
together have generated cells with power conversion efficiencies as high as 4-5%.%>**
Block copolymers containing P3HT and fullerene derivatives have been demonstrated
to stabilize the P3HT/PCBM system from destructive macroscale phase separation
and improve the interfacial morphology.*?>*?! Self-assembly and charge transport
studies on polythiophene-fullerene triblock copolymers suggest that their
optoelectronic properties are similar to that of P3HT/PCgBM BHJ films.* However,
molecular level studies on P3HT-fullerene block copolymers to investigate the effect of
the fullerene block on the conformation of the P3HT block have not been performed.
Such information is important to understand exciton migration and charge generation
of the P3HT-fullerene block copolymers. In this chapter, we focus on the single

molecule spectroscopy (SMS) and atomic force microscopy (AFM) morphology

studies of poly(3-hexylthiophene)-b-poly(styrene-stat-4-vinylbenzylfullerene)
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(P3HT-b-P(S-stat-VBCCg)), a block copolymer containing P3HT and Cg. This block
copolymer was synthesized through a modified Grignard metathesis method (GRIM)
and reversible addition-fragmentation chain transfer polymerization (RAFT) (Figure 3.
1) in Dr. Lei Zhai’s lab at the University of Central Florida. The emission properties and
their relation to molecular conformation were investigated by single molecule
spectroscopy. The SMS investigations indicate that the P3HT homopolymer and the
block copolymer both show “blue” (high energy chromophores) and “red” (low energy
chromophores) site emissions, analogous to the previously studied MEH-PPV® and
poly(3-octylthiophene) (P30T)**? conjugated polymers. However, owing to the rigid
backbone and the small amount of chromophores of the P3HT moiety in the present
polymers, the “blue” form emission dominates the single molecule ensemble spectra in
this case. Attachment of the P(S-stat-VBCCg) block slightly reduces the occurrence of
the “red” sites but does not significantly affect the conformation of the backbone of the
P3HT block according to simultaneous single molecule spectroscopy and single
molecule emission polarization studies. The morphological studies by atomic force
microscopy on spun-cast films of the block copolymer as well as the physical blend
film of poly(3-hexylthiophene)-b-poly-(styrene-stat-4-vinylbenzyl-chloride)
(P3HT-b-P(S-stat-VBC)) and PC¢BM before and after thermal annealing indicate that
the former is stable while the latter undergoes macroscale phase separation when

subjected to identical thermal annealing times.
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Figure 3. 1 Synthetic route of the block copolymer P3HT-b-P(S-stat-VBCCg). P3HT:
M,=7500 (Mp: number average molecule weight), PDI=1.21;
P3HT-b-P(S-stat-VBCCqg): x:y = 4.47:1, n:m = 1:3.01, M, = 15400, PDI = 1.55.

3.2 Results and Discussion

3.2.1 Solution Spectroscopy

Figure 3. 2 shows the absorption and emission spectra of P3HT and
P3HT-b-P(S-stat-VBCCyg) in chloroform. As shown in the absorption spectra, the
absorption peak at 330 nm demonstrates the presence of the fullerene moiety in the

copolymer P3HT-b-P(S-stat-VBCCgp). The absorption maxima for the P3HT and
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P3HT-b-P(S-stat-VBCCg) polymers are located at 449 nm and 445 nm, respectively,
while the emission maxima are located at 573 nm. These observations indicate that the
Cso block does not lead to additional ground state interactions that can be observed in
the visible region of the spectrum. As depicted in Figure 3. 2, with respect to the P3HT
emission spectra, an obvious fluorescence quenching (30%) is observed in
P3HT-b-P(S-stat-VBCCgy) When these two solutions are adjusted to have the same
absorbance at 449 nm. This quenching in the block copolymer is primarily attributed to
photoinduced charge transfer from P3HT to fullerene portion, which has been
extensively documented.?***** Contributions of energy transfer from the conjugated

polymer block to the fullerene block in the copolymer also need to be considered.?
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Figure 3. 2 Absorption (left) and emission (right) spectra of P3HT (solid) and
P3HT-b-P(S-stat-VBCCyg) (dashed) chloroform solutions. These two solutions have
same absorbance at 449 nm, which is the excitation wavelength for the emission
spectra.
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3.2.2 Single Molecule Spectroscopy

(®

Figure 3. 3 Laser confocal microscopy images (10 x 10 pm?) taken at 70 W/cm? under
488 nm excitation for P3HT single molecule sample (a) coated with 200 nm thick Al
film and (b) without Al film, and for P3HT-b-P(S-stat-VBCCgp) single molecules (c)
coated with 200 nm thick Al film and (d) without Al film. Scale bars indicate photon
counts per dwell time (20 ms).

Figure 3. 3(a) and (b) present P3HT single molecule images with and without protective
Al coating film, respectively. The molecules exposed to air show much higher
fluorescence intensity with respect to those covered with an Al film. It has been shown
that a high triplet concentration is produced under moderate to high excitation
conditions in conjugated polymer molecules such as MEH-PPV.** Furthermore, there
is a strong intersystem crossing in poly-alkylthiophene polymers due to increased
spin-orbit coupling with the presence of sulfur atom.'* The triplet state is a very
well-known efficient quencher for the singlet state in multichromophoric

molecules.*?® Therefore, a relatively low fluorescence emission intensity is observed
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for P3HT single molecules in Al coated polymer samples. In contrast, when the
polymer molecules are exposed to air, the triplet state population is decreased by O, an
effective quencher for the triplet state, leading to increased fluorescence intensity in
uncoated samples. Identical observations were made for P3HT-b-P(S-stat-VBCCsgo)
molecules (Figure 3. 3(c) and (d)), illustrating that aside from the charge transfer
process, the basic photophysics of the P3HT block in the P3HT-b-P(S-stat-VBCCsgo)

block copolymer is similar to that of the P3HT homopolymer.
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Figure 3. 4 Representative fluorescence transients of polymer molecules sealed with
200 nm thick Al film are shown in (a) and (b) for P3HT and
P3HT-b-P(S-stat-VBCCg), respectively. Figure 3(c) and (d) represent typical
fluorescence transients of molecules in Al coated samples after longer duration of
exposure to ambient air for P3HT and P3HT-b-P(S-stat-VBCCyo), respectively. All the
transients were taken under 488 nm excitation with a power density of 70 W/cm? and
dwell time of 100 ms. Corresponding single molecule spectra for transients (a-d) are
shown as (a’-d”), respectively, for which the emission peak wavelengths are indicated.

Two typical single molecule fluorescence trajectories of P3HT and
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P3HT-b-P(S-stat-VBCCg) coated with a 200 nm thick aluminum film (to remove
effects of presence of air) are presented in Figure 3. 4(a) and (b), respectively. The
fluorescence intensity approximately remains stable over measured time without strong
intensity flickering in both polymer molecules. Although ultrafast forward electron
transfer processes (less than 100 fs) and much slower backward electron transfer
processes (~ 1 ps)*® exist in the P3HT-b-P(S-stat-VBCCg;) block copolymer upon
photo-excitation, the time scale of both processes is much smaller than the time
resolution of our experimental setup (1 ms), and are therefore not observable in these
data. Several molecules in the Al coated samples show fluorescence blinking in
fluorescence intensity time traces of both the P3HT homopolymer (Figure 3. 4(c)) and
the block copolymer (Figure 3. 4(d)). Such observation provides evidence for the
formation of low energy “red” aggregate sites in these single conjugated polymer

71,127

molecules, which is confirmed by their corresponding emission spectra shown in

Figure 3. 4(c’-d’), respectively.
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Figure 3. 5 Single molecule ensemble spectra of P3HT and P3HT-b-P(S-stat-VBCC60)
are presented as back solid curves in (a) and (d), respectively. The corresponding
solution emission spectra are shown as dashed curves in (a) and (d). (b) and (e) depict
corresponding distribution histograms of single molecule emission peak wavelength,
which are fitted to Gaussian curves (dotted). Based on the fitting, the ensemble
distributions were split into sub-ensemble distributions, indicated with different colors.
Note that the blue edge was split from the bulk of the histogram (green) due to its
large blue shift compared to the bulk solution emission maximum. Panels (c) and (f)
depict the sub-ensemble spectra constructed by adding up single molecule spectra
with peak wavelengths indicated by the color scheme in the corresponding peak
wavelength histograms (panels (b) and (e)). For both the homopolymer and the block
copolymer, the sub-ensembles were constructed by using 545 nm to distinguish
between blue and green spectra, while 585 nm was used to distinguish between green
and purple spectra. The cartoons shown in the right depict extended and loosely
aggregated conformations that the polymer molecules might take.

Figure 3. 5 shows the single molecule ensemble spectra ((a) and (d)) and emission peak
emission wavelengths distribution histograms ((b) and (e)) of the P3HT homopolymer
and P3HT-b-P(S-stat-VBCCg) block copolymers. The ensemble emission spectra of
these two polymers are similar to their chloroform solution emission counterparts

(Figure 3. 2), with the emission maxima of the ensembles at 571 nm and 574 nm for

63



P3HT and P3HT-b-P(S-stat-VBCCe), respectively. Both P3HT and
P3HT-b-P(S-stat-VBCCgy) show a wide peak wavelength distribution as shown in
Figure 3. 5(b) and (e), respectively. A comparison with previously studied molecules
such as MEH-PPV and P30T can provide more detailed information about the
observed spectral distribution. SMS studies on MEH-PPV have revealed a bimodal
distribution in their peak wavelength histograms corresponding due to “blue” and “red”
sites in polymer chain.®® In contrast, only a single broad distribution was observed for
P30T single molecules,*?* which resembles our results in the presently investigated
conjugated polymers. A detailed Frank-Condon vibronic analysis has clearly revealed
the presence of “blue” and “red” chromophores in P30T, similar to MEH-PPV.
However, this bimodal distribution was masked due to the greater energy disorder in
the chromophores and the dominance of “red” forms.*** For both conjugated polymers
in present work, analogous “blue” and “red” spectra were also detected. Figure 3. 5(C)
and (f) show the sub-ensemble spectra constructed according to the peak wavelengths
depicted in histograms in Figure 3. 5(b) and (d). The spectra in the bulk of the
histogram are marked green, with their correspondingly color coded sub-ensemble
emission spectra shown in Figure 3. 5(c) and (f). The short-wavelength edge (marked
with blue) and the long-wavelength edge (marked with purple) of the histogram were
evaluated in the same way. Obvious spectral differences between the spectra in the bulk

of the histograms, and the short-wavelength and long-wavelength edges of the
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histograms can be observed from the resulting sub-ensemble emission data.
Specifically, the peak emission wavelengths of the sub-ensembles of P3HT are
strikingly different, at 543 nm, 566nm, and 603 nm for the blue, green, and purple
sub-ensembles, respectively. A similar phenomenon was observed at 544 nm, 567 nm,
and 593 nm for P3HT-b-P(S-stat-VBCCg) for the blue, green, and purple
sub-ensembles, respectively. The emission maximum of the green sub-ensemble
spectra is comparable to that of the molecular solutions. The difference in emission
maxima of about 30 nm between the green and purple sub-ensemble spectra is
analogous to that found for the “blue” and “red” spectra in MEH-PPV®® and P30T.!#
These observations suggest the presence of “red” sites in the subset of molecules that
makes up the purple sub-ensemble. In contrast, the spectra on the short-wavelength
edge of the histograms, which are severely blue-shifted with respect to the molecular
solution and green sub-ensemble data, are most likely due to emission of molecules
with high energy, short conjugation length P3HT chromophores that may be indicative
of the polydispersity of the measured samples. In addition, an approximately 10 nm
blue shift in the peak wavelength of the purple sub-ensemble spectra was observed in
the block copolymer (593 nm) with respect to the P3HT homopolymer (603 nm). This
can be explained by the interruption of the stacking in the “red” sites in the block
copolymer with the attachment of the fullerene block of P(S-stat-VBCCg).

Finally, based on the large number of single molecules that show emission spectra
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similar to the emission spectra found for molecular solutions, it can be assumed that the
single molecules embedded in a PMMA film to a large extent remain in a conformation
analogous to that in solution, which is a reasonable assumption given the low molecular
weight and rigidity of the P3HT segment in both the homopolymer and block
copolymer. Indeed, this is in contrast with the observations made for P30T, for which a
strong red shift of ~ 60 nm has been observed in single molecule ensemble spectra of a
high molecular weight P30T (M,: 142 kDa) with respect to corresponding molecular
chloroform solution.?® This substantial red shift was ascribed to the increased
occurrence of “red” sites in single polymer chains due to the formation of a collapsed
conformation in the solid state of the large molecular weight P3OT. Such an
observation is not made in our case, suggesting that the polymers in the study presented
here maintain an extended conformation similar to the conformation found in solution.
Thus, this is a clear difference from the previously reported work on high molecular
weight P3OT. In our case, a large number of molecules occur in the green sub-ensemble,
which are molecules that show solution-like emission spectra, whereas for P30T
almost all single molecule spectra are red shifted with respect to solution irrespective of
the presence of “blue” or “red” type emitters. Furthermore, while P3HT and
P3HT-b-P(S-stat-VBCCygp) have a similar distribution of single molecule peak emission
wavelengths compared to P30T, much less “red” sites (i.e. molecules with collapsed

conformation) are observed. This can again be explained by the low molecular weight
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and the rigidity of P3HT moiety which reduces the probability to form “red” sites in
polymer chains or coiled chains. This was investigated further by fluorescence
polarization studies as described below. In addition, the difference in peak emission
wavelengths of the “red” sites in the block copolymer with respect to the homopolymer
indicates that the fullerene block has the potential to disturb intramolecular folding

interactions, although the effect is only minor in this particular case.

3.2.3 Single Molecule Fluorescence Polarization Imaging

For conjugated polymer molecules, the polymer chain conformation can be related to
its emission anisotropy, which is determined by the molecular transition dipole
moment(s).""" To better understand the molecular conformation in relation to the
observed fluorescence properties, fluorescence polarization anisotropy imaging was
also conducted for P3HT and P3HT-b-P(S-stat-VBCCg). Figure 3. 6(a) and (b) depict
two fluorescence images of a P3HT homopolymer single molecule sample taken
simultaneously at two orthogonal polarization directions under circularly polarized
excitation. It is obvious that most of molecules with high intensity in one detector
channel are hardly observable in the other (see, for instance, molecules A and B). A
similar phenomenon was observed for the block copolymer (see Figure 3. 6(d-f)). For

each single molecule, the emission polarization ratio was calculated by Equation 3.1

_ L1—Gl,

T I,4GI, (3.1)
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where I; and I, are components of emission intensity split into two orthogonal

polarization directions, and G is a correction factor for the sensitivities of the two

15,71,128

orthogonally polarized emission channels.
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Figure 3. 6 Fluorescence images (scan range: 10 x 10 um?) obtained simultaneously
at two orthogonal polarization directions under circularly polarized laser excitation at
488 nm are shown in (a) and (b) for the P3HT homopolymer, and (d) and (e) for the
P3HT-b-P(S-stat-VBCCg) block copolymer, respectively. Scale bars indicate photon
counts per dwell time. The polarization ratio distribution histograms constructed from
about 100 single molecules in each polymer are given in (c) and (f) for the P3HT
homopolymer and the block copolymer, respectively.

Polarization ratio histograms were constructed for the P3HT polymer and the block
copolymer. As shown in Figure 3. 6(c) and (f), the polarization ratio indicates a
moderate polarization ratio that is centered at about + 0.5 with a minimum at 0 in both
cases, indicative of an extended conformation (Figure 3. 5) containing rigid rod-like

polymer segments connected by conformational defects such as twisted backbone
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(o-bond rotation) and chemical defects such as imperfect thiophene rings (presence of
saturated carbon atoms).*?**! Close inspection of the polarization data and the
simultaneously acquired fluorescence spectra for individual molecules reveals that, for
both the homopolymer and the block copolymer, molecules with “red” site emission
show polarization values in the range of + (0.5-0.7) as displayed in Figure 3. 7(a) and

(d). This strong polarization again substantiates the fact that only one or a
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Figure 3. 7 Single molecule spectra with for P3HT (left column, (a)-(c)) and
P3HT-b-P(S-stat-VBCCygo) (right column, (d)-(f)). The polarization anisotropy values
(P) and fluorescence emission maxima are indicated in each panel.

few chromophores emit in molecules with “red” sites, caused by efficient energy
transfer in an aggregated molecular conformation (Figure 3. 5) to a localized lower
energy chromophore. In comparison, molecules with blue and green spectra (higher

energy emission) also show high polarization but with a relatively broader range, i.e.
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from 0 to £+ 0.6 (see Figure 3. 7(b)-(c) and (e)-(f)). These observations indicate that even
in the potential presence of exciton migration along the polymer backbone, emission
depolarization is not considerable. Furthermore, based on the comparison of
polarization ratios of the P3HT homopolymer and the donor-acceptor block copolymer,
the grafting of a block of P(S-stat-VBCCsgo) to P3HT does not pronouncedly change the
conformation of the P3HT block, i.e. it mostly remains in an extended conformation
and occasionally shows folding of rigid extended segments onto themselves in a single
molecule. This is a new observation originating from the rigidity of the P3HT block,
which is clearly distinct from previously reported observations made for a
DMOS-co-MEH-PPV copolymer [DMOS=2-dimethyloctylsilyl-1,4-phenylene-
vinylene; MEH=2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylenevinylene].*** For the
latter it was found that the presence of the DMOS block in the DMOS-co-MEH-PPV
copolymer caused ordering of the MEH-PPV blocks, which lead to a significantly
larger fraction of “red” emitting MEH-PPV sites in the block copolymer compared to
the MEH-PPV homopolymer as shown in Figure 3. 8. In other words, the presence of
the DMOS block caused a collapse and folding of the MEH-PPV block onto itself,

presumably due to the flexibility of the MEH-PPV block.
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Figure 3. 8 Histograms of peak wavelengths (left) and sorted subensemble spectra
(right) for a) MEH (M,,: 186 kDa), b) MEH (M,,: 1000 kDa), and c) DMOS-co-MEH
(MEH block My,: 186 kDa), excited at 488 nm at around 20 K. The dotted vertical
lines show the peak wavelength positions of the “red” and “blue” emitting forms of
MEH in the diblock polymer as well as the polymers of different molecular weights.
(Reproduced from reference’®)

3.2.4 Phase Separation of P3HT-b-P(S-stat-VBCCg)

The morphology of a P3HT-b-P(S-stat-VBCCg) thin film drop cast from toluene
solution (2 mg/ml) was characterized by AFM. In the topography image (Figure 3. 9(a)),
nanofibrils formed by the P3HT block can be clearly identified. The simultaneously
acquired phase image shown in Figure 3. 9(c) reveals a microphase separation.

1349134 the light regions are

According to previous investigations by Dante et a
assigned to P3HT-containing rod block while the dark areas can be assigned to the

Cso-containing block. As can be observed, the microphase separation of the as-cast

71



sample was not well developed with ill-defined features whose domain size ranges
from tens to hundreds nanometer. To allow the microphase separation to become fully
developed, the P3HT-b-P(S-stat-VBCCg) film was annealed at 140 <C for 30 min. A
well-defined microphase separation is observed in Figure 3. 9(e). The domain size of
the phase separation is around 10-50 nm which is comparable to the exciton diffusion
length (5-20 nm).2>1%1% The phase separation of a P3HT-b-P(S-stat-VBC) and
PCsoBM mixture (weight ratio equals to P3HT-b-P(S-stat-VBC)/Cg ratio in
P3HT-b-P(S-stat-VBCCg)) was studied for comparison. Figure 3. 9(b) and d illustrate
the topography and phase images of the blended sample before annealing, respectively.
Clearly, P3HT nanofibrils are found to accumulate at the film surface, implying a
vertical phase separation of P3HT-b-P(S-stat-VBC) and PCgBM. A similar
phenomenon has been reported for the P3HT/PCgBM system and attributed to the
differences in solubility and surface energy of the components as well as the dynamics
of the film processing.2’**2!** After 30 min of thermal annealing at 140 <C, the phase
image (Figure 3. 9(f)) reveals microphase separation of P3HT-b-P(S-stat-VBC) and
PCsBM due to the diffusion of PCsBM to the surface of the film. However, the phase
separation is not as well-defined as P3HT-b-P(S-stat-VBCCgo). Moreover, the
microphase separation is not thermodynamically stable. Increasing annealing time to 1
hour leads to macrophase separation with the PC¢,BM aggregation size increasing to ~

1 wm (Figure 3. 9(g)). In contrast, the microphase separation of
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P3HT-b-P(S-stat-VBCCg) is stable against identical thermal annealing.

Figure 3. 9 AFM images of P3HT-b-P(S-stat-VBCCg) (top) and the blend
P3HT-b-P(S-stat-VBC)/PCgBM (bottom) thin films. (a) and (b): topography image
before annealing; (c) and (d): simultaneously acquired phase image of topography
images in (a) and (b); (e) and (f): phase images after thermal annealing at 140 <C for
30 min. (g): topography image of the blend P3HT-b-P(S-stat-VBC)/PCgBM films
after annealing at 140 <C for 1 hour. Topography image area is 2.0 < 2.0 um? with
z-scale of 50 nm. Phase angle scale of the phase images is 50<

3.3 Conclusion

The effect of molecular structure on the molecular conformation of a block copolymer
P3HT-b-P(S-stat-VBCCgp) was investigated and compared to the corresponding P3HT
homopolymer by solution and single molecule spectroscopy. It was observed that the
fluorescence emission of the P3HT homopolymer and the P3HT-b-P(S-stat-VBCCg)

block copolymer can be categorized into “blue” and “red” forms, in analogy with
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previously studied MEH-PPV and P3OT. However, in contrast to the dominant “red”
form found for those conjugated polymers, the “blue” form dominates in the present
work for both the homopolymer and block copolymer due to the low molecular weight
and rigidity of the P3HT portion. The latter was confirmed by a single molecule
polarization analysis, which suggests extended P3HT segments in both polymers. Both
spectroscopy and polarization investigations indicate that the grafting of the
Ceo-containing block does not strongly change the conformational structure of the
P3HT moiety. AFM morphological studies on the block copolymer and the blend of
(P3HT-b-P(S-stat-VBC)) and PCgBM thin films before and after thermal annealing
reveal that the block copolymer is stable upon thermal annealing while the blend

undergoes macroscale phase separation.
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CHAPTER 4. SINGLE MOLECULE SPECTROSCOPY ON
THIOPHENE-BASED POLYMERS SHOWING DIFFERENT
MACROSCOPIC CRYSTALLIZATION BEHAVIORS

4.1 Introduction

In organic opto-electronic devices such as OFET, OPVs and sensors based on
conjugated polymers, these polymers form ordered structures from the nano- to
macro-scale that are of critical importance in determining device properties, function
and performance.™ Typically, highly ordered (quasi-)crystalline structures are desired
since the performance of these devices correlates strongly with the charge mobility in
the polymer materials that make up the active layer in the device.*****" These highly
ordered structures exhibit an intimate contact between adjacent conjugated polymer
backbones that facilities efficient and rapid migration of charge through the conjugated
polymer material. Investigations on the crystallization behavior of conjugated polymers
are therefore imperative for studying intrinsic charge transport properties,
understanding the fundamental structure-property relations and designing novel
polymers with optimized properties. Like most of the other materials, the
crystallization behavior at different length scales largely depends on the chemical
structure (architecture) and morphology of the individual chains.******% Figure 4. 1
shows scanning tunneling microscope (STM) data providing a direct observation of
polymer chain folding as a function of architecture of the polymer. STM imaging on

two-dimensional poly (3-alkylthiophene) (P3AT) crystal reveals significant folding of
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these conjugated polymer chains, while no obvious chain folding was detected for the
conjugated polymer poly[(5,5’-(3,3’-di-n-octyl-2,2’-bithiophene))-alt-(2,7-fluoren-9
-one)] (PDOBT) that has a more rigid backbone.™®® These molecular
structure-dependent folding properties are expected to dominate the crystallization
behaviors in three dimensions as sketched in Figure 4. 2(a). Besides polymer backbone
folding the crystallization behavior is also driven by the intermolecular pi-pi stacking
forces. These non-covalent interactions can lead to the formation of fibrillar structures
with the pi-pi stacking along the long axis (i.e. propagation direction) of the fibril while
the alkyl side chain stacking is along the cross-section of the fibril. This arrangement is

illustrated in Figure 4. 2(a).

Ri= Cq2Hzs Rz= CaH7
R1 ‘R2
A\ __S ISP AP
i TNy s 3 7Tn
R, "

(a) (b)
Figure 4. 1 STM images for monolayers of P3DDT (a) and PDOBTF (b), respectively.
The corresponding chemical structures of the polymers are shown on top of the STM

images. (Adapted from reference™*®)
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Figure 4. 2 Illustrations of crystalline structure with polymer chain folding (top) or
non-folding  (bottom). In the study by Liu et al, rr-P3HT and PBTTT-14 polymer
chains exhibit folding while PTzQT-14 and PQT-12 show non-folding in their
crystals when these polymers have a molecule weight larger than ~ 10 kDa.'** These
four thiophene-based conjugated polymers used here are shown in the left. [rr-P3HT =
poly (3-hexylthiophene); PBTTT-14 = poly(2,5-bis(3-tetradecylthiophen-2-yl)-thieno
[3,2-b]thiophene);  PTzQT-12 = poly(2,5-bis(3-tetradecylthiophen-2-yl)
thiophene-2-yl)thiophen-2-ylthiazolo[5,4-d]thiazole); PQT-12 =
poly(3,3-didodecyl-quarterthiophene)]. Beneath the chemical structure of each
polymer, the number average molecule weight (Mn measured with GPC) and the
number of repeat units are given. Note that the numbers of repeat units were
calculated from corrected values of Mn since GPC tends to overestimate the actual
molecular weight of rigid-rod conjugated polymers by a factor of about 1.7.}%?
(Adapted from reference'**%)

Thiophene-based conjugated polymers have been intensively studied in organic
opto-electronic devices over the past decade due to their desirable properties including
the ability to self-organize into highly ordered structures that exhibit high charge

mobility and broad absorbing range of visible light.®> Recently, by studying polymer
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141 characterized in

crystals formed in dilute solutions using marginal solvents, Liu et at
detail the nanocrystal structures developed with the four different thiophene-based
polymers as shown in Figure 4. 2, and related the crystalline features with distinct
folding and non-folding properties of these polymers. Briefly, with similar number
average molecule weight the conjugated polymers rr-P3HT and PBTTT-14 show
polymer chain folding in the corresponding nanocrystals while PQT-12 and PTzQT-12
do not exhibit folding of the polymer chains. This experimental finding was also
corroborated by a theoretical analysis with respect to the inter-ring o bond.

Although a relationship between the chemical structures and crystallization behavior
has been studied for these four thiophene-based polymers, it is not clear 1) whether this
kind of folding or non-folding conformation occurs at the single molecular level (i.e.
property of individual chains) or in a specific crystallization environment (i.e. property
of the crystal), and 2) what are the possible different conformations at the single
molecule level. As we demonstrate in Chapter 3, SMS has great advantages in probing
the photophysics, photochemistry and conformation of individual chains of conjugated
polymers.*** Herein, we extend the SMS investigation to the spectroscopic and
morphological properties of individual polymer chain of these four different
thiophene-based conjugated polymers with the aim of understanding the correlation

between the polymer chain conformation and polymer architecture at the single

molecule level. These experiments will be conducted by studying the emission spectra
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and polarization anisotropy of the individual polymer chains. Our results indicate that
the folding and non-folding behavior of the polymers under investigation are strongly
related to the chemical structure of the polymers and molecular weight. It was revealed
that the chain folding properties of P3HT strongly depend on its molecular weight.
High molecular weight can result in strongly folded polymer chains with strong
segmental interaction. PQT-12, although with a similar polymer backbone and
molecule weight as the high molecular weight (MW) P3HT, displays less chain
folding relative to P3HT probably due to a higher rotation energy barrier of interring
o-bonds. With respect to the high MW P3HT, PBTTT-14 exhibits a less folding due to a
more rigid polymer backbone as a result of fused thiophene rings. The PTzQT-12
polymer chain exhibits the least folding among all the four polymers studied as a result
of the most rigid and planar conjugated segments. The study completed herein also
illustrates that the folding properties of molecules in nanocrystals and bulk materials is
also affected by interchain interactions, which needs to be considered when discussing

folding and non-folding polymers.

4.2 Results and Discussion

4.2.1 Solution Spectroscopy

Figure 4. 3 summarizes the absorption and emission spectra of chloroform solutions of

P3HT (with low and high MW), PBTTT-14, PTzQT-12 and PQT-12. The analogy of the
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Figure 4. 3 Absorption and fluorescence emission spectra of P3HT (a), PQT-12 (b),
PBTTT-14 (c) and PTzQT-12 (d) chloroform solutions, respectively. In (a), the
absorption and emission spectra of P3HT with a low MW (M,: ~ 7.5 kDa) are shown
as dot curves for comparison with a high MW P3HT (M,: ~ 37.5 kDa). All the
measurements were taken under room temperature. In (b), the absorption and
emission spectra of the high MW P3HT (M;: ~ 37.5 kDa) are included as red curves
for comparison with that of PQT-12 (shown as black and blue curves).

absorption and emission spectra of the high- and low-MW P3HT in chloroform
indicates similar statistical distribution of chromophore energies of these two polymers
in solution. In the absorption spectra of PBTTT-14, the absorption maximum is red
shifted to 474 nm compared with 452 nm for P3HT, due to a rigid backbone caused by
the fused thiophene ring and the presence of the highly delocalized thienothiophene

aromatic rings in PBTTT-14.1%"1%514 The appearance of a shoulder at ~ 590 nm in the
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absorption spectrum is probably caused by the intrachain pi-pi association.**” The
absorption spectrum of PTzQT-12 peaks at 545 nm (2.28 eV) and exhibits two
pronounced vibronic features at ~ 590 nm (2.11 eV) (with stronger intensity than
observed for PBTTT-14) and 640 nm (1.94 eV). The energy differences of about 0.17
eV between the absorption maximum and shoulder, and between shoulder and shoulder
can be associated to the C=C stretching vibration of the thiophene ring which has an
energy of 0.18 eV.2*3*°  The red shifted maximum and structured vibronic features of
PTzQT-12 absorption spectrum compared with the other three polymers are attributed
to a very rigid and coplanar backbone, and an enhanced intramolecular charge transfer
in the donor-acceptor type backbone due to the introduction of thiazolothiazole
unit.®%*! Figure 4. 3(b) presents the absorption and emission spectra of PQT-12 (black
and blue curves) in comparison with P3HT (M,y: ~ 37.5 kDa, red curves) since these
two polymers have the same polymer backbone. As can be seen, the absorption of
PQT-12 is red shifted by ~ 25 nm while the emission spectra are very similar. This
red-shifted absorption is due to a longer conjugation length in chromophores
presumably resulting from a more planar backbone PQT-12. The similarity in emission
spectra indicates a similar polymer backbone conformation in the molecular solution
despite of the distinction of the side chains in these two polymers. Compared with the
Stokes shift value of 125 nm for P3HT, the values of Stokes shift for PQT-12,

PBTTT-14 and PTzQT-12 are 104 nm, 94 nm and 43 nm, respectively. These reduced
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Stokes shift values for PQT-12, PBTTT-14 and PTzQT-12 can be attributed to reduced
degrees of freedom and conformational reorganization in the excited state as a result of

152,153

polymer backbone rigidity.
4.2.2 Single Molecule Spectroscopy

Single molecule images and transients. Figure 4. 4 displays the SMS fluorescence
images for single molecules of P3HT (high MW), PBTTT-14, PTzQT-12 and PQT-12,
respectively. All the samples are coated with a 200 nm thick Al film to ensure the
photostability of the conjugated polymer molecules. These polymer molecules when
studied in ambient air (not coated with Al overlayer) display much higher fluorescence
intensities with respect to those samples covered with an Al film, which is similar to
what we found for the low MW P3HT as discussed in Chapter 3, and is related to the
formation of triplets.** As can be seen from the images in Figure 4. 4, most
fluorescence spots (individual molecules) do not exhibit fluorescence flickering. This
observation is corroborated by the stable fluorescence intensity time trajectories of

individual molecules of each polymer as shown in Figure 4. 5.
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Figure 4. 4 SMS images (scan range: 10 x 10 um?) taken at 70 W/cm? under 488 nm
excitation for (a) P3HT (high MW); (b) PQT-12; (c) PBTTT-14 and (d) PTzQT-12,

respectively. Scale bars indicate photon counts per 10 ms.

Counts {per 100 ms)

Figure 4. 5 Fluorescence intensity trajectory of a single molecule for (a) high MW
P3HT, (b) PQT-12, (c) PBTTT-14 and (d) PTzQT-12 coated with 200 nm thick Al film.
In panel (a), the background transient of PMMA film is included as a red curve. All
the transients were taken under 488 nm excitation with a power density of 70 W/cm?
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P3HT single molecule ensemble spectra. Figure 4. 6(a) and (d) shows a comparison of
single molecule ensemble spectra of the low MW (investigated in Chapter 3) and high
MW P3HT (investigated herein). Together with each SMS ensemble spectrum, the
solution fluorescence spectra are also included as dashed curves. For the low MW
P3HT, it is found that the SMS ensemble spectrum has a similar peak wavelength as the
solution emission spectrum, which implies that the majority of these single molecules
embedded in the inert PMMA film retain the polymer chain conformation in CHCI;
solution, presumably due to the low molecular weight and rigidity. The broad and
unstructured SMS ensemble spectra of the low MW P3HT can be attributed to an
inhomogeneous broadening of the n-=” transition due to a wide distribution of emission
energies as can be seen in the peak wavelength distribution histogram in Figure 4. 6(b).
However, for the high MW P3HT, a strong red shift in the emission of ~ 43 nm has been
observed in single molecule ensemble spectra with respect to the corresponding
molecular chloroform solution. Similar results also have been observed for

122 and have been

poly-3-octylthiophene (P30T) with a molecule weight of 143 kDa
ascribed to the planarization of the polymer backbone and the dominant occurrence of
low energy site emission of aggregated conformation in the solid state. As discussed
before, these low energy sites are believed to be due to conjugated chain contacts or
longer conjugated segment in the collapsed conformation, which cause a local lowering

of the exciton energy."**"
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Figure 4. 6 Normalized single molecule ensemble spectra of low MW P3HT (M;: ~
7.5 kDa) and high MW P3HT (M,: ~ 37.5 kDa) are presented as solid curves in (a)
and (d), respectively. The dashed lines in (a) and (b) are solution fluorescence spectra
used for comparison. Corresponding distribution histograms of SMS peak emission
wavelength are shown in (b) and (e), which are fitted with Gaussians (dotted curve).
Based on the Gaussian fitting results, the ensemble distributions were split into
sub-ensemble distributions, indicated with different colors. Note that the blue edge for
the low MW P3HT sample was split from the bulk of the histogram (green) due to its
large blue shift compared to the bulk solution emission maximum. Panels (c) and (f)
depict the normalized sub-ensemble spectra constructed by adding up single molecule
spectra with peak wavelengths indicated by the color scheme in the corresponding
peak wavelength histograms (panel b and e). For the low MW P3HT, the
sub-ensembles were constructed by using 547.5 nm to separate blue and green spectra,
while 582.5 nm was used to distinguish between green and purple spectra. While for
the high MW P3HT, the sub-ensembles were constructed by using 597 nm to
distinguish between green and purple spectra, and 617 nm between purple and red
spectra. The cartoons shown in the right depict rod-like, extended, loosely and
strongly aggregated conformations that the polymer molecules might take.

P3HT single molecule peak wavelength histograms. Figure 4. 6(b) and (e) display the

SMS peak wavelength distribution histograms for low and high molecular weight
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P3HT, respectively. For the low MW P3HT, it can be seen that the peak wavelength
distribution is broad, which can be explained by a large distribution of emission
energies for individual polymer chains. The majority of molecules have their emission
peak wavelength close to the emission maximum of the bulk molecular solution. This
observation suggests a similar polymer chain conformation in both solution and PMMA
film for these molecules. The appearance of SMS spectra on the short-wavelength edge,
which are severely blue-shifted with respect to the molecular solution and green
sub-ensemble SMS data, is most likely due to emission of molecules with high energy
(short conjugation length) P3HT chromophores that may be indicative of the
polydispersity of the measured samples. In contrast to the low MW P3HT, the high MW
P3HT demonstrates a much narrower peak wavelength distribution (Figure 4. 6(e)),
presumably indicative of emissions from a limited number of chromophores due to
efficient intramolecular energy transfer. It can be found that a small fraction of
molecules (marked with green in Figure 4. 6(¢)) are still peaked at ~ 577 nm (peak
wavelength of molecular solution). The unexpected presence of this small number of
molecules with solution-like emission spectra might be a result from a random and
rapid “freezing” of molecular conformation from solution into PMMA film during the
spin coating process. As discussed in Chapter 3, the broad peak wavelength distribution
of low MW P3HT actually represents a bimodal distribution of peak wavelengths that is

122,144

masked by the greater energy disorder in the chromophores compared to for
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instance MEH-PPV.**"2 With molecular weight increase in P3HT, more chain packing
would be expected therefore leading to more occurrence of lower energy site emission
because of intramolecular energy transfer. For the high MW P3HT, a bimodal
distribution of peak emission wavelengths corresponding to solution-like (green) and
loosely aggregated (purple) chains can be observed, similar as for low MW P3HT.
However, the occurrence of molecules with solution-like conformations has
significantly decreased, as discussed above. In addition, a third peak in the histogram
(red) can be observed that is assigned to emission from polymer chains with strongly
aggregated conformation as illustrated in Figure 4. 6.

P3HT single molecule sub-ensemble spectra. The sub-ensemble spectra for low and
high MW P3HT shown in Figure 4. 6(c) and (f) are constructed by adding up the single
molecule spectra with peak wavelengths indicated by the different colors in the
corresponding peak wavelength histograms in (b) and (e), respectively. The ensemble
and sub-ensemble spectra of low MW P3HT have been discussed in Chapter 3, Figure 3.
5(a-c). The data were ascribed to the majority of the molecules retaining a solution-like
extended conformation, while a small fraction of the molecules exhibit folding into
loosely aggregated chains. In addition, a small fraction of the molecules have
blue-shifted spectra compared to the solution-like molecules, which is most likely due
to emission of molecules with high energy (short conjugation length) P3HT

chromophores. The data for high MW P3HT reveal that only a few molecules exhibit
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solution-like emission properties, thus only a few molecules adopt an extended or
rod-like conformation (Figure 4. 6). No blue-shifted molecules with short conjugation
length chromophores were found. For the red and purple sub-ensemble spectra of the
high MW P3HT, we can see that the 0-1 electronic transition intensity distinctly
decreases in comparison with the green sub-ensembles of the high MW P3HT as well as
all the sub-ensembles of the low MW P3HT. This reminds us of the Huang-Rhys factor
S, a measure of the electron-vibration coupling between the ground and excited states,
associated to the nth active mode. Usually, in the case of a single emitting species S can
be empirically calculated from the ratio of fluorescence intensity of the 0—1 transition
to that of the 0-0 transition,” i.e.

§ =l (4.1)
Previous investigations indicate that S has been correlated with the conformational
disorder of polymer chains and exciton migration in bulk materials, where smaller S
indicates longer conjugation length and larger extent of exciton migration in the
conducting polymers.”**** It can be clearly seen that for the high MW P3HT single
molecules, the S value decreases for the red and purple sub-ensemble compared with
the green sub-ensemble, indicative of a more effective exciton migration and longer
conjugation length, i.e. a collapsed and ordered structure (chain folding). Effects of
H-aggregation in the partial extinction of the vibronic shoulder for the purple and red

sub-ensembles can be ruled out. First, the red and purple spectra do not show a
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fluorescence intensity drop compared to the green spectra as would be expected for
H-aggregates. Second, both the purple and red sub-ensembles show nearly identical
vibronic progression and S factors. However, it has previously been postulated that
even the slightest variations in aggregation can lead to significant changes in S factors
in the case of H-aggregates.”® A final observation that warrants discussion is that the
data in Figure 4. 6(c) and (f) clearly illustrate that the emission spectra originating from
molecules with collapsed conformation have a well-defined vibronic structure
compared to the solution-like and low MW P3HT single molecule emission spectra.
This observation suggests that emission from molecules with collapsed conformation
occurs from only one or a few specific chromophores in the polymer chain. A similar
observation has been previously reported for MEH-PPV single molecules.®®

To further identify the spectral properties of the sub-ensemble spectra at long
wavelength range for both the low and the high MW P3HT molecules, additional
analysis on the purple sub-ensembles assigned in Figure 4. 6 was completed. As one
can see in Figure 4. 7, sub-ensemble spectra of both the low and the high MW P3HT
molecules (Figure 4. 7(b)), built with single molecule spectra peaked in the wavelength
range of 582.5 to 597 nm, exhibit analogous emission profiles. A slightly broader
emission in the short wavelength range for the low MW P3HT is observed, probably
due to energetic disorder in chromophores. This observation indicates that the high

MW P3HT molecules with emission peaking in the wavelength range of 582.5 to 597
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nm (green distribution in Figure 4. 7(d)) probably take on loosely aggregated
conformations as opposed to solution-like conformations, especially considering there
is a red shift in the sub-ensemble spectrum relative to the solution spectrum. The
sub-ensemble spectra collected in the wavelength of 597 to 617 nm of both the low and
the high MW P3HT molecules are also similar in terms of spectral shape and vibronic
structure, although the former is broader in the short wavelength due to a wider
distribution of chromophore energies. This analysis indicates that for the high MW
P3HT, the green spectra peaked in the wavelength range of 582.5 to 597 nm (Figure 4.

6(e)) actually belongs to loosely aggregated conformations.
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Figure 4. 7 (a) and (e) show the fluorescence spectra of chloroform solutions of the
low MW P3HT (black) and the high MW P3HT (red). (b) and (f) display
sub-ensemble spectra constructed based on the filled bars indicated in the peak
wavelength distribution histograms in (c-d) and (g-h). In (b), the purple and green
curves represent the sub-ensembles of the low and the high MW P3HT, respectively.
In (f), the sub-ensembles of the low and the high MW P3HT are indicated.
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Figure 4. 8 The single molecule spectral data comparison for PQT-12 and P3HT (high
MW). (a) and (d) demonstrate the peak wavelength distribution histograms for
PQT-12 and P3HT, respectively. The distributions are fitted to Gaussian shapes
(dotted curves in (a) and (d)). In (b) and (e), the normalized single molecule ensemble
spectra for both polymers are depicted with solid curves while their solution
emissions are presented with dashed curves for comparison. Panel (c) and (f) displays
the normalized sub-ensemble spectra created according to color schemes indicated
based on the Gaussian fitting shown in (a) and (d). The sub-ensembles were
constructed by using 593 nm to distinguish between green and purple spectra for
PQT-12, while for the high MW P3HT 597 nm and 617 nm were used to distinguish
between green and purple spectra, and between purple and red spectra, respectively,.
The cartoons shown in the right depict rod-like, extended, loosely and strongly
aggregated conformations that the polymer molecules might take.

PQT-12 single molecule (sub-)ensemble spectra. Although PQT-12 and P3HT have
analogous thiophene backbone and solution fluorescence spectra, these two polymers
exhibit dissimilar single molecule emission features, as depicted in Figure 4. 8(b) and
(e). As can be seen, the peak emission wavelength of the high MW P3HT SMS

ensemble spectrum is ~ 25 nm red shifted relative to that of the PQT-12 ensemble
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spectrum. In comparison with the bi-modal distribution of peak wavelengths for high
MW P3HT over the wavelength range of 597 nm to 650 nm (Figure 4. 8(d)), there is
only a narrow single modal distribution of peak emission wavelengths from 593 nm to
615 nm in PQT-12 data (Figure 4. 8(a)). This observation can be explained by a
possible inhibition of forming a strongly aggregated conformation by PQT-12 chains,
while the formation of strongly aggregated chain conformations is believed to be
responsible for the red sub-ensemble found for high MW P3HT.*?? In addition, from the
peak wavelength distribution histogram of PQT-12, one can see that ~ 33% of single
molecules still assume solution-like conformation, i.e. extended or rod-like
conformation. This reduction of the occurrence of folded molecules when comparing
PQT-12 with high MW P3HT can be explained by a higher rotation energy barrier of
inter-ring o-bond proposed by Liu et al.'*

PBTTT-14 and PTzQT-12 single molecule (sub-)ensemble spectra. Figure 4. 9(a) and
(d) present respective SMS ensemble spectra for PBTTT-14 and PTzQT-12. The
molecular solution fluorescence spectra are included as black dashed curves for
comparison. As seen for PBTTT-14, the peak wavelength of the single molecule
ensemble spectrum is red shifted to ~ 605 nm with an obvious shoulder at ~ 560 nm.
The corresponding peak wavelength distribution histogram (Figure 4. 9(b)) exhibits a

maximum at ~ 565 nm, which is close to the molecular solution emission maximum at

~ 568 nm, as well as a broad red shifted distribution above 583 nm. These data indicate
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Figure 4. 9 Normalized single molecule ensemble spectra of PBTTT-14 and
PTzQT-12 are shown as solid curves in (a) and (d), respectively. The dashed lines in
(@) and (b) show solution fluorescence spectra used for comparison. (b) and (e)
display corresponding SMS emission peak wavelength distribution histograms, which
are fitted to Gaussian curves (dotted). Based on the fitting and the distribution
occurrence, the ensemble distributions were split into sub-ensemble distributions with
different colors indicated in the histograms (see (b) and (e)). The bottom panels (c)
and (f) display the normalized single molecule sub-ensemble spectra constructed
according the color schemes in (b) and (e). For PBTTT-14, the sub-ensembles were
constructed by using 582.5 nm to distinguish between green and purple spectra, while
607.5 nm was used to distinguish between purple and red spectra. For PTzQT-12, the
green and purple sub-ensemble spectra were sorted by 597.5 nm, while the purple and
red spectra 617.5 nm was used to distinguish between. The cartoons shown in the
right depict rod-like, extended, loosely and strongly aggregated conformations that the
polymer molecules might take.

that the single molecule ensemble spectrum of PBTTT-14 is formed by the contribution
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from solution-like and aggregated polymer chains. This finding is evident from the
sub-ensemble spectra (Figure 4. 9(c)) that were constructed according to the peak
wavelengths distribution histogram (Figure 4. 9(c)). As one can see, the green
sub-ensemble spectrum is very similar to the solution fluorescence spectrum. Due to a
more rigid backbone in PBTTT-14 as a result of a fused thiophene ring, the PBTTT-14
molecule has less conformational freedom compared to high MW P3HT
molecules.’®®® This could explain the strong presence of the green sub-ensemble
showing molecular solution like emission characteristics in the SMS data. In addition,
as discussed in section 4.2.3 (below), less PBTTT-14 molecules show moderate
anisotropy values (0 to + 0.5), indicating that most molecules have strongly anisotropic
rod-like conformations. The appearance of red shifted emission from PBTTT-14 single
molecules indicates collapsed conformations for these particular PBTTT-14 single
molecules (~ 46% in this case) in the SMS samples. The distribution within the long
wavelength range (583-630 nm) can be fitted to two Gaussian shapes (Figure 4. 9(b)).
This bimodal distribution resembles that found in high MW P3HT molecules and can
be described as loosely and strongly aggregated conformations. Interestingly, the
sub-ensemble spectra built from the purple and red distributions exhibit a markedly
well defined vibronic structure in which the ratio of fluorescence intensity of the 0-1
transition to that of the 0-0 transition (Equation 4.1) is significantly smaller compared

with molecular solution data. The latter observation is analogous to that found for high
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MW P3HT, indicating a more effective exciton migration and longer conjugation
length, i.e. a collapsed and ordered structure (chain folding). The appearance of defined
vibronic structure for the purple and red sub-ensemble spectra is indicative of emission
occurring from a limited number of emitters on the chains, again indicating exciton
migration to low energy trap sites.*® A few (three) spectra peaked above 630 nm (deep
red distribution in Figure 4. 9(b)) were also found. Close inspection of the individual
spectra reveals an absence of vibronic structure in these spectra, while the spectra are
dim in intensity and strongly red shifted. Therefore, these spectra are probably
originating from nanoparticles rather than strongly aggregated single molecules. Based
on the experimental observations discussed herein, PBTTT-14 appears to have a more
rigid molecular structure than the high MW P3HT investigated here. The nature of
PBTTT-14’s molecular conformations is addressed further when discussing
polarization anisotropy data in section 4.2.3.

With regard to PTzQT-12, as can be seen in Figure 4. 9(d), the emission maximum of
the single molecule ensemble spectrum at ~ 600 nm is close to that of its molecular
solution at ~ 593 nm. This observation is very analogous to that demonstrated by the
low MW P3HT in Figure 4. 6(a-c). The peak wavelength distribution histogram shown
in Figure 4. 9(e) can be fitted to three Gaussians. Corresponding sub-ensemble
emission spectra were constructed and are displayed in Figure 4. 9(f). The green

sub-ensemble spectrum has its emission maximum at 586 nm which is close to the
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solution spectrum emission peak at 593 nm. The bimodal distribution for the red shifted
single molecule spectra again is similar to that found in the high MW P3HT and
indicates the formation of loosely and strongly aggregated conformations. This finding
implies that the majority of PTzQT-12 single molecules adopt a molecular solution
conformation with extended or rod-like conformation without low energy sites, while ~
35% of the molecules form low energy emission sites. For the PTzQT-12 studied herein,
the polymer chain consists of approximately 10 repeat units and consequently ~ 50
rings in the backbone (Figure 4. 2). The molecular weight of PTzQT-12 is thus
sufficient to observe low energy sites that can be ascribed to n-n stacking between
chromophores as shown for single chains of flexible and high molecular weight
conjugated polymers.™ Finally, again the appearance of defined vibronic structure for
the purple and red sub-ensemble spectra is indicative of emission occurring from a
limited number of emitters on the chains.®®

To sum up, from the above discussion it is clear that P3HT (high MW) exhibits the
highest tendency to form a collapsed (loosely or strongly aggregated) conformation.
PQT-12, with a relative rigid polymer backbone due to a higher c-bond rotation barrier
compared with P3HT,** displays an absence of emission from strongly aggregated
conformations as found in P3HT (high MW), which implies a less collapsed (loosely
aggregated) conformation in relation to high MW P3HT. While a planar backbone

conformation and a high o-bond rotation barrier is expected for PBTTT-14**! SMS data
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show that one half of the molecules retain solution-like spectra and the other half
exhibit aggregate (loosely and strongly) emission. PTzQT-12, which based on crystal
and modeling data exhibits the most rigid polymer backbone, has ~ 65% molecules

assuming molecular solution-like spectra and ~ 35% with aggregated emission.

4.2.3 Single Molecule Polarization Anisotropy
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Figure 4. 10 Simultaneously acquired fluorescence images (scan range: 10 x 10 umz)
at two orthogonal polarization channels under circularly polarized laser excitation at
488 nm for single molecules of the high MW P3HT (a and a’), PQT-12 (b and b’),

PBTTT-14 (¢ and c¢’) and PTzQT-12 (d and d’), respectively. Scale bars indicate
photon counts per 10 ms.

In addition to the spectroscopy data fluorescence polarization anisotropy imaging was
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also carried out to further understand the conformation of single molecules of these four
polymers.*>"™ Figure 4. 10 shows the polarization anisotropy images collected
simultaneously at two perpendicular polarization channels for single molecules of the
four polymers studied. The corresponding distribution histograms of polarization
anisotropy values measured for a statistical ensemble of the polymer molecules are
plotted in Figure 4. 11. As can be seen in Figure 4. 11(a), the high MW P3HT molecules
exhibit higher polarization ratios with a maximum in the distribution around + 0.65
compared to + 0.40 for the low MW P3HT molecules. In addition, the occurrence at low

anisotropy values (absolute values less than 0.3) are significantly reduced for the high
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Figure 4. 11 The polarization ratio distribution histograms for (a) P3HTs with high
MW (black filled) and low MW (red mesh filled), (b) PQT-12, (c) PBTTT-14 and (d)
PTzQT-12, respectively.
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MW P3HT molecules with respect to the molecules with low MW. Meanwhile, strongly
polarized fluorescence with P value of + 0.9 was detected for a few molecules in the
high MW P3HT sample. The moderately to highly polarized fluorescence can be
assigned to emission from single or few chromophores as a result of an efficient energy
funneling process, or emission from a chain with a small number of well-defined
chromophores.”® This observation fits well with the single molecule spectroscopic
data discussed above, which indicate that nearly all high MW P3HT chains exhibit
folding of the polymer chain into loosely and strongly aggregated conformations.
Furthermore, this finding of highly polarized emission stemming from limited number
of chromophores due to energy funneling also corresponds well with the red shifted
single molecule spectra relative to its molecular solution spectrum. The moderate to
low polarization values of the low MW P3HT molecules, as discussed in Chapter 3,
have been ascribed to an extended conformation of the polymer chain in which rod-like
segments are connected by defects in the polymer backbone.

As shown in Figure 4. 11(b) PQT-12 molecules also exhibit high polarization ratio,
analogous to high MW P3HT molecules, but with a slight increase in the distribution
in the low polarization ratio range (- 0.45 - + 0.45) relative to the high MW P3HT and
PBTTT-14 (Figure 4. 11(c)). The high polarization values observed for PQT-12 can

be ascribed to the aggregated polymer chain conformation, as discussed above for

high MW P3HT. However, in the case of PQT-12, the single molecule emission
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spectra indicate that only loosely aggregated conformations are formed.
Furthermore, as can be seen from Figure 4. 8(a), about 33% of PQT-12 single
molecules in the SMS sample still retain solution like emission. This observation can
explain the presence of low polarization values in the polarization distribution
histogram.

PBTTT-14 single molecules also exhibit highly polarized fluorescence. As can be
found in Figure 4. 11(c), the polarization anisotropy distribution displays a low
occurrence of P values in a broad range of -0.5 to + 0.5, while a large number of
occurrences are found towards high polarization values above 0.6. This result together
with the red shifted emission observed in the SMS data (Figure 4. 9(a) and (b))
implies an aggregated chain conformation (loosely or strongly aggregated). However,
the high polarization ratios are surprising when a 54% occurrence of solution like
spectra in the single molecule spectra data is taken into account (Figure 4. 9(a) and
(b)). Considering a rigid polymer backbone and a limited number of repeat units, the
high polarization anisotropy might mean that PBTTT-14 molecules in the SMS
sample showing solution like spectra probably have a rod-like polymer chain with
aligned rigid segments connected with a limited number of defects such as o-bond
rotation or imperfect thiophene rings (presence of saturated carbon atoms in thiophene
ring).*>>*3* This assignment is further supported when taking into account the data

obtained for low MW P3HT. In that case, a large number of single molecules
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exhibiting solution-like spectra were also observed, but with moderate to low
polarization anisotropy values, indicative of kinked polymer chains due to a large
number of defects in the backbone and/or rotations around inter-ring sigma bonds.
This rod-like conformation of PBTTT-14, however, is distinct from the folded
conformation observed in PBTTT-14 nanocrystals growth investigation.*** This result
indicates that backbone rigidness is not the only factor in determining structure of
nanocrystals, for which other factors including intermolecular interaction and solvent
effects should also be considered.

As shown in Figure 4. 11(d) PTzQT-12 molecules also exhibit high polarization
anisotropy but with a small fraction of distribution occurring in the low polarization
ratio range. Although the majority (~ 65%) of PTzQT-12 retains a solution like
conformation according to the single molecule spectra, the dominant high and
moderate polarization anisotropy of PTzQT-12 molecules indicate, for molecules with
solution like spectra, a rod-like polymer chain conformation. This observation
matches up well the bulk crystal structure analysis result, which revealed that
PTzQT-12 chains exhibit non-folding characteristics.

Table 4. 1 summaries and compares the polymer chain folding properties of these four
polymers in nanocrystal structure and at the single polymer chain level. These data
show that the rigidity and planarity of conjugated polymers can be directed through

chemical design and synthesis, however, the non-negligible fraction of rigid and planar
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polymer as inferred from crystal and modeling data indicates that conjugated polymer
folding is also a function of intermolecular interactions. In other words, an additional
factor that needs to be considered are the intermolecular interactions in the solid state
that lead to planarization during stacking into crystals and apparent non-folding

behavior.

Table 4. 1 Summary of polymer chain folding properties in nanocrystals*** and at the
single chain level based on SMS analysis of the four polymers studied in this
dissertation.

Polymers P3HT PQT-12 PBTTT-14 PTzQT-12
Conformation (high MW)
) Folding Folding - Folding
Nanocrystal
Non-folding - Non-folding - Non-folding
Extended orrod-like 8% 33% 34% 63%
SMS Looselv aggregated 38% 67% 21% 18%
Stronglv aggregated 34% - 25% 17%

4.3 Conclusion

The molecular level folding properties of four thiophene-based conjugated polymers
including low MW P3HT (non-folding in crystals), high MW P3HT (folding in
crystals), PBTTT-14 (folding in crystals), PTzQT-12 (non-folding in crystals) and
PQT-12 (non-folding in crystals) were studied and correlated to the chemical structure
and rigidness of the polymer backbones using SMS. Single molecule spectra and single

molecule polarization anisotropy imaging was completed, and allowed for the
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assignment of different conformations to the investigated polymers at the single
molecule level. Low molecular weight (M,: ~7.5 kDa), single P3HT polymer chains in
the solid state mostly retain an extended conformation, while high molecular weight
P3HT (M,: ~37.5 kDa) chains almost exclusively fold into aggregated conformations,
consistent with the observations made for their respective crystals. PQT-12, although
bearing a similar polymer backbone and molecular weight as the high molecular weight
P3HT, displays less chain folding relative to P3HT. The polymer PBTTT-14, compared
to the high molecular weight P3HT, also exhibits less folding due to a more rigid
polymer chain. This finding is in contrast with the observations made for PBTTT-14 in
its crystals, which may be due to additional factors aside from chemical architecture,
including intermolecular interactions and solvent effects during crystal growth. On the
other hand, PTzQT-12 appears to be the most rigid and planar conjugated polymer of
these four polymers. However, while PQT-12 and PTzQT-12 exhibit less folding than
high MW P3HT, there is still a significant occurrence of chain folding for the polymers
at the single molecule level. These findings thus clearly illustrate that the folding
properties of crystalline conjugated polymers are not only determined by chemical
architecture, but also by stacking interactions in their respective crystals. These single
molecule spectroscopy results provide a single molecule level insight into conjugated
polymer chain folding properties as a function of chemical architecture and are

important for understanding macroscale crystallization behavior.
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CHAPTER 5. CORRELATION BETWEEN SPECTROSCOPIC
AND MORPHOLOGICAL PROPERTIES OF COMPOSITE
P3HT/PCsBM NANOPARTICLES STUDIED BY SINGLE
PARTICLE SPECTROSCOPY*

5.1 Introduction

Conjugated polymers have been studied extensively for their application in plastic
electronic technologies such as Polymer Light Emitting Diodes (PLEDs), Organic
Field Effect Transistors (OFETs) and Organic Photovoltaic Devices (OPVs). 327156159
Significant progress has been made towards developing commercial products,
particularly for PLEDs. OFETs and OPVs, however, have progressed less because
these applications depend strongly on the conductivity of the polymer material, which
only under specific conditions reaches acceptable values.***°81%! | the past decades,
OPVs with a bulk heterojunction architecture consisting of a blended active layer of
conjugated polymer (electron donor) and fullerene derivatives (electron acceptor) have
been extensively studied to address such issues.*****" The bulk heterojunction concept
is based on an interpenetrated network of materials at the interface of which ultrafast
photoinduced charge transfer can occur, resulting in the formation of free charge
22,162

carriers.

Bulk studies on the active layer of bulk heterojunction OPVs can provide an overall

* This chapter has been published in Hu, Z. J.; Gesquiere, A. J. Chemical Physics
Letters 2009, 476, 51. and Hu, Z. J.; Tenery, D.; Bonner, M. S.; Gesquiere, A. J.
Journal of Luminescence 2010, 130, 771.
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evaluation of material properties, but can lead to complex data sets that can be difficult
to interpret. For example, impurity trap states in the organic active layer have been
shown to mask the true OPV characteristics under certain conditions.'®**** In addition,
ensemble-averaging effects can wash out detailed information on the physical
properties and mechanisms that drive material function. The optoelectronic properties
of conjugated polymers are highly dependent on polymer chain morphology and
polymer chain interactions. On the nanoscale, variations in conjugated polymer chain
conformation, packing or aggregation can result in complex heterogeneous materials.
Due to the high complexity and heterogeneity of conjugated polymers, it is impossible
to achieve a detailed understanding of optoelectronic processes occurring in bulk
conducting polymer films. By using Near Field Scanning Optical Microscopy (NSOM)
in spin-cast MEH-PPV films, Nguyen et al. revealed a direct relationship between the
local optical properties of the film and the nanoscale topography.®* The investigators
demonstrated that the spatially resolved photoluminescence of nanometer-scale
topographic features (clusters or bumps) exhibit an enhancement of the red portion of
emission relative to spectra of the flat regions, which was attributed to enhanced
interchain interactions in these topographic features. Strikingly, since then it has
become clear that even the superior optical resolution of NSOM is not sufficient to
access all the material’s detailed features at the nanoscale. While no significant changes

in the spectral properties of different locations in the flat region of the polymer films
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were observed with NSOM (typical optical resolution: ~ 50-100 nm), there are now
recent reports proving that such areas are made up by domains on the scale of 10 to 30
nm.1%18>1% gince optical resolution at those length scales cannot be attained on a
routine basis, the alternative is to develop NPs of similar size as domains in the
materials of interest as samples for in depth studies. These NPs are an intermediate
system between bulk films and single molecules, and limit the number of molecules (a
few to a few tens of molecules) under investigation while maintaining the required
functionality as found for the bulk material. This results in a material system that is
representative of the bulk, but simplified enough to be able to complete studies that
relate material function to properties at the molecular level.*6"*"

By dispersing these NPs in inert non-fluorescent host polymers at picomolar
concentrations these NPs can easily be spatially separated by several microns. This
length scale is readily accessible by laser confocal microscopy (typical optical
resolution ~ 300 nm), which can be designed to achieve highly efficient photon
collection allowing for the detection of fluorescence from single molecules. 317217
Single Molecule/Particle Spectroscopy (SMS/SPS) has proven to be an effective tool to
investigate chemical and physical processes of heterogeneous and nanostructured
systems. SMS has in fact offered extraordinary insight into the conformational and
optoelectronic properties of conjugated polymers as also discussed in Chapters 3 and

4 388171178 By combining the nanoparticle approach with single molecule/single
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nanoparticle fluorescence detection we can address one or a few domains at a time
compared to bulk films and reveal the domain to domain heterogeneity of properties.

In present work, we developed polymer/fullerene composite NPs consisting of
poly-3-hexylthiophene (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester
(PC¢BM) by means of the reprecipitation method.'®**"® This material system was
chosen since it represents the current state-of-art in OPVs.***"% Even though these
NPs do not directly relate to the thin film active layers found in bulk heterojunction
OPVs, the study of this nanoparticle system with SPS provides us a unique window to
probe the properties of conjugated polymers at the nanometer scale upon doping with
fullerenes. A particle-by-particle SPS analysis has revealed variations in molecular
conformation and aggregation of the conducting polymer chains upon doping with
different weight percentages of fullerene, which has implications for the current
understanding of the morphological and spectral properties of conducting polymer

active layers that find application in bulk heterojunction OPVs.

5.2 Results and Discussion

5.2.1 Results

A. Nanoparticle Morphology and Size
TEM (Transmission Electron Microscopy) and AFM (Atomic Force Microscopy)

images of the NPs are shown in Figure 5. 1 and Figure 5. 2, and corresponding diameter

107



P
SEysssze

.

b
4
»{
]
»

Figure 5. 1 TEM images of (a) undoped P3HT NPs, and composite NPs with (b) 5 wt%
PCsBM, (c) 50 wt% PCgoBM and (d) 75 wt% PCgBM doping levels are shown. The
inset in each panel shows the distribution of particle diameters for each sample. Each
histogram comprises data for over 150 particles.

Table 5. 1 Summary of data on the size and spectral characteristics of 0 wt%, 5 wt%,
50 wt% and 75 wt% PCgBM doped composite P3HT/PCgBM NPs.

P3HT nanoparticles with different PCEM content

0wtk 5wtk S0wek 75wtk
TEM (diameter, nm) 37+9 41+9 62+12 68+17
AP (height, nm) B+5 21+10 33+19 36+ 19
Bulk absorption { 4may, nm) 501 501 408 482
Bulk emission (s, nm) 654 652 650 649
SPS excitation power (W/cm?) 072 072 36 36
5PS emission maxima occurrence ratio® 3 23:1 1.41 11

* The ratio of the number of particles with emission maximum at 660 nm to those at 720 nm.
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Figure 5. 2 AFM images (scan range 5x5 um2) of (a) undoped P3HT NPs, and
composite NPs with (b) 5 wt% PCgBM, (c) 50 wt% PCgBM and (d) 75 wt%
PCsBM doping levels are shown. The inset in each panel shows the distribution of
particle heights. Each histogram comprises data for over 100 particles. At the bottom
of each image, a line scan graph of one of the particles in the image is shown.

and height data for the studied nanoparticle compositions is summarized in Table 5. 1.
TEM data indicate an increase in the nanoparticle diameter with increasing PCsoBM

doping level while a concomitant increase in NP height is also observed in AFM data.
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This size increase is attributed to increasing PCgBM aggregation at higher doping
levels. The nanoparticle diameter obtained from AFM data is larger than observed in
TEM data, which can be attributed to AFM tip convolution.®*® TEM provides a more
accurate account of particle diameter and therefore was used to determine particle
diameters. Comparing nanoparticle diameter and height, it is clear that the NPs do not
appear to be perfectly spherical. Since these NPs consist of soft matter, the aspect ratio
could be exaggerated by AFM tip-nanoparticle interactions even when acquiring data
in tapping (intermittent contact) mode.™®! Possible deformation caused by the drying
process on the mica substrate could be another factor contributing to this observation.
Based on the TEM and AFM data the estimated volume of these particles is ~10,000
nm®. A rough estimate of the volume of collapsed polymer chains of single P3HT
molecules is ~ 300-2000 nm? given the molecular radii of a collapsed polymer chain in
the range of 4-8 nm.*®? Therefore, there are only about 5-40 molecules in each particle.
The limited number of molecules makes the NPs an excellent sample for the study of
the properties and interactions between molecules in a material at the nanoscale.

B. Bulk solution spectroscopy

Figure 5. 3 presents the UV-vis absorption spectra for P3HT/PCgBM molecular
solutions in THF and aqueous nanoparticle suspensions with different weight ratios of
conducting polymer and fullerene. The spectra are normalized at the peak absorbance

in the visible region of the spectrum. For P3HT molecular solutions in THF, the
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absorption maximum is located at 446 nm. PCgBM addition to this solution results in
the appearance of an absorption peak at 330 nm that increases in intensity with
increasing PCgBM concentration. Compared to molecular THF solutions, there is a
strong red-shift of the P3HT absorption maximum for aqueous nanoparticle

suspensions (Figure 5. 3). In addition, the absorption maximum of PCsBM doped
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Figure 5. 3 UV-vis absorption spectra of P3HT solutions in THF (black curves) mixed
with different concentrations of PCgBM and the corresponding aqueous nanoparticle
suspension (red curves) absorption spectra are shown. All THF solutions show the
typical P3HT absorption peak at 446 nm, while the characteristic absorption peak of
PCsBM appears at 330 nm. For the 5 wt % PCgBM data the PCgBM absorption
peak is weak due to lack of sensitivity of the measurement at this low concentration.
For clarity an absorption spectrum of neat PCsBM at higher concentration is shown
in the inset. An absorption spectrum of a 50 wt% PCgBM doped P3HT film spin cast
from DCB solution (taken from Figure 7. 2(a)) is included as a blue curve. This spin
cast film exhibits a very similar absorption profile compared with the 50 wt%
PCsoBM doped nanoparticle suspension, although the former exhibits about 10 nm red
shift in absorption maximum relative to the 50 wt% suspension. This comparison
indicates that, although the nanoparticle is an intermediate system in between single
molecule and bulk film, nanoparticles closely represent the bulk films.
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nanoparticle suspensions undergoes a slight blue shift at high PCgBM content with
respect to undoped NPs. The shape of the absorption spectra of the mixed
P3HT/PCsBM THF solutions and composite nanoparticle suspensions is the
superposition of the spectral shape of PCsBM and P3HT, implying that there are no
detectable ground state interactions between them. In addition, the absorption spectra
of all nanoparticle suspensions exhibit a faint shoulder at 560 nm and a pronounced
shoulder at 610 nm, which have also been reported for cast films of polythiophene.*®

It is well-known that the spectroscopic properties of conducting polymers are closely
related to the conformation and aggregation of the polymer chains.*®***® In dilute THF

solution, a coil-like conformation of P3HT is present,'®’

which is caused by distortion
and bending at the C-C bond between adjacent thiophene rings, making the conjugation
length shorter and its distribution broad. In fact, this bending at C-C bonds was
visualized through STM imaging,*® However, in the solid state (films or particles),
interchain interactions among polymers force the polymer chains to adopt a rather
planar conformation that leads to efficient n-n stacking between adjacent polymer
chains.’® As a result, polymer chains become more extended, have limited flexibility
and rotations, and thus show an increased conjugation length with corresponding red
shifted absorption spectrum as well as the appearance of vibronic structure. In addition,

the composite NPs with 50 wt% and 75 wt % PCgBM doping levels show a slight blue

shift of the absorption maximum with respect to the absorption maximum of undoped
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(0 %wt PCgBM) NPs. This observation is attributed to the presence of PCgBM

molecules resulting in a reduction of P3HT interchain interactions, and inducing coiled

polymer chain conformations with
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Figure 5. 4 Normalized bulk solution fluorescence spectra of THF solutions of P3HT
mixed with different concentrations of PC¢BM and the corresponding nanoparticle
fluorescence spectra in water are shown in this graph. THF solutions are represented
with black curves, nanoparticle suspensions in water with red curves.

Figure 5. 4 shows normalized fluorescence spectra for the THF solutions of P3HT with

different PC¢BM concentrations, excited at the absorption maximum. All the spectra

have emission maxima located at 570 nm and show identical vibronic structure. Since

the emission intensity of all these THF solutions remains unchanged at constant P3HT

concentrations, we conclude that there is no detectable charge transfer interaction

between P3HT and PCgBM at the concentrations used in the reported experiments. A
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large red shift (~ 80 nm) in the emission maxima is observed for nanoparticle
suspensions with respect to the THF solutions. This red shift can be ascribed to both
intra- and interchain interactions leading to fast energy transfer to low-energy
chromophores,*?* which is also extensively reported in spectroscopic studies of the
conjugated polymer MEH-PPV.****** The emission peak for undoped NPs is located at
654 nm with a shoulder visible at 720 nm. For composite NPs with varying PCsBM
content the fluorescence spectral shape remains unaffected, but PCgBM induced
fluorescence quenching occurs. Compared to undoped (0 wt% PCgBM) P3HT NPs,
the fluorescence intensity of composite NPs with 5 wt%, 50 wt% and 75 wt% PCgBM
is quenched by factors of 1.6, 4.9 and 8.5, respectively. This quenching can be
attributed to efficient charge transfer from P3HT to PCgBM leading to fast
non-radiative decay of the optically excited state. Light-induced electron spin
resonance studies have shown that spin signal from electrons present in charge
separated states can be detected in conjugated polymer/fullerene blends.?*** Besides
charge transfer quenching of fluorescence we also observe aggregation quenching for
the NPs. The fluorescence intensity of undoped P3HT nanoparticle suspension
decreases two orders of magnitude compared to that of THF solutions that were
prepared to have the same P3HT absorbance at the 488 nm excitation wavelength
(Figure 5. 5). This observation is ascribed to the low fluorescence quantum yield (~

0.02 for P3HT film'*®'%) of the interchain excitations formed in P3HT aggregates.
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Polaron formation from a higher excited state upon light absorption could also
contribute to the observed quenching of P3HT in nanoparticle form. The latter
mechanism has been suggested to work in direct competition to the formation of an
emissive state, rather than as an indirect formation of quenchers through a charge

separated state.®
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Figure 5. 5 Fluorescence spectra of THF solution of P3HT (black curve, (1)) and
aqueous suspension of P3HT nanoparticles (solid red curve, (2)) collected under 488
nm excitation. Note that at 488 nm, these two samples have similar absorbance. The
dashed red curve shows the fluorescence spectrum of the nanoparticle suspension
multiplied by 100 times for guidance and comparison.

C. Single particle imaging and spectroscopy
The single particle fluorescence properties were investigated by sample scanning laser
confocal fluorescence microscopy. Figure 5. 6 shows typical single particle

fluorescence images of undoped and 50 wt% PCgBM doped P3HT NPs acquired with
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excitation of the sample by 488 nm laser light. For undoped (0 wt% PCgBM) and 5 wt%
PCeBM doped P3HT NPs ~ 0.72 W/cm? of laser excitation was applied for data
collection (with slightly lower detected count rates for the 5 wt% doped NPs) while the

50 wt% and 75 wt% PCgsoBM doped NPs required a five-fold increase in excitation
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Figure 5. 6 Single particle fluorescence images (10 x 10 pm?) collected under 488 nm
excitation from an Ar" laser are depicted. (a) Single particle fluorescence image of
undoped (0 wt% PCgBM) P3HT NPs under 0.72 W/cm? laser excitation. (b) Single
particle fluorescence image of 50 wt% PCgBM doped NPs under 3.6 W/cm? laser
excitation. The excitation intensity was increased by a factor of five to obtain similar
photon count rates for 50 wt% PCgBM doped NPs compared to undoped (0 wt%
PCeoBM) NPs, suggesting effective quenching of the P3HT fluorescence due to
charge transfer from P3HT to PCgBM in the composite NPs.
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power to achieve comparable emission count rates as the undoped (0 wt% PCgBM)
NPs, indicative of effective quenching of P3HT fluorescence by PCgBM present in the
composite NPs. It is however important to realize that the fluorescence of conjugated
polymers is quenched by PCgBM due to ultrafast charge transfer from the conjugated

polymer (electron donor) to the fullerene (electron acceptor). Previous studies by
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Heeger et al.?*'%"1% have shown that this is a dynamic quenching process. Piris et al.
have shown that the fluorescence lifetime reduces from 660 ps in pure P3HT to 40 ps
for P3HT/PCgBM (weight ratio: 1:1) composite film.**® These reports indicate that
P3HT molecules near PCg,BM that are being quenched still contribute to the detected
fluorescence signal, given that every time a molecule is cycled to the excited state it has
some probability of decaying radiatively as opposed to transferring an electron to
PCsBM. In addition, at high doping levels such as 50 and 75 wt% PCgBM it is
reasonable to assume that only few polymer molecules will not be interacting with
PCsBM, especially considering that there is no observable phase separation in as-cast
P3HT/PCsBM (weigh ratio: 1:2) film according to the work reported by Nguyen et
aIIZOO

Single particle fluorescence spectra were collected by moving individual NPs into the
focused laser beam by means of a piezoelectric stage. Figure 5. 7 depicts the single
particle ensemble spectra normalized at 660 nm for NPs with 0, 5, 50, and 75 wt%
PCsBM doping levels. For the four nanoparticle compositions reported in this
manuscript the “single particle ensemble spectra” shown in Figure 5. 7(a) were
constructed by averaging ~900-1000 nanoparticle spectra (spectra were taken and
averaged for ~900-1000 individual NPs for a given composition). Two emission
maxima of nearly equal intensity located at 660 nm and 720 nm can be observed. For all

samples the ensemble spectrum emission maxima remains at 660 nm, however, the
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intensity of the emission peak located at 720 nm approaches that of the 660 nm peak

with increasing PCsoBM doping levels.
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Figure 5. 7 (a) Single particle ensemble fluorescence spectra are shown for the
different nanoparticle compositions that were studied. The spectra are normalized at
660 nm. (b)-(e) Histograms representing the distribution of peak emission
wavelengths for individual NPs are shown for samples with different PCgBM doping
levels. The inset figure in (a) depicts the ensemble fluorescence spectra (taken with
LCSM) of the undoped P3HT nanoparticles (red) and a pure P3HT film (spin cast
from 2.5 mg/mL THF solution at 1000 rpm for 1 minute). As can be seen, these two
spectra almost overlap, indicating that nanoparticles closely represent the bulk films.

Peak wavelength histograms for the ensembles of individual NPs were constructed and
reveal a bimodal distribution with peaks at 660 nm and 720 nm (Figure 5. 7(b-e)).
Bimodal distributions of peak emission wavelength histograms haven previously been
reported for single molecule studies of single dye and single conjugated polymer

molecules.t¥?2201-2%4 |n these cases the observations came about due to conformational
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changes of the single molecules themselves. The bimodal distributions of peak
emission wavelengths reported here are however dominated by changes in
intermolecular interactions. Interestingly, as can be seen in Figure 5. 7(b-e) with
increasing PCgBM doping levels the occurrence of single particle emission spectra
with maximum at ~720 nm increases. The occurrence ratio of spectra with 660 nm peak
wavelength to those with 720 nm peak wavelength changes from 3:1 for undoped (0 wt%
PCsBM) NPs to 2.5:1, 1.4:1 and 1.1:1 for 5 wt%, 50 wt% and 75 wt% PCgBM doped
NPs, respectively. Since these data show a clear effect of the PCgoBM doping level on
the P3HT spectral properties, but only present a simple binary counting of which of the
two local maxima is greater than the other we also completed an analysis where the
relative intensities of the emission peaks are taken into account. We considered both the
720 nm versus 660 nm peak ratio (denoted as 1ISP7,0/ISPgso, With ISP the Intensity of a
Single Particle at the respective peaks, see Figure 5. 8) of emission spectra for each
individual nanoparticle spectrum in the four samples (0, 5, 50, and 75 wt% PCgBM), as
well as the 720 nm versus 660 nm peak ratio of sub-ensemble emission spectra for the
four samples (denoted as ISE7,0/ISEgso, With ISE the Intensity of a Sub-Ensemble at the
respective peaks, see Figure 5. 9). The results for the ISP;,0/ISPsgo analysis are shown
in Figure 5. 8 as ISP720/ISP660 intensity ratio histograms. Given our choice of
definition, for spectra peaked at 660 nm the ratios are less than 1, while for spectra

peaked at 720 nm the values are larger than 1. The histograms show that the peak of the
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Occurrence

Figure 5. 8 Peak intensity ratio (ISP720/ISP660) histograms of NPs are presented for
0, 5, 50, and 75 wt% PCgBM doped composite NPs.
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Figure 5. 9 For a given nanoparticle composition the emission spectra of the NPs in an
ensemble were sorted according to the emission maximum (660 nm (left column) and
720 nm (right column)). The sub-ensembles with peak emission at 720 nm increase in
intensity with increasing PCgBM doping level with respect to the sub-ensembles with
peak emission at 660 nm. The ISE,0/ISEggo ratios are 0.70, 0.77, 0.74, and 0.91 for O,
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distribution shifts from less than one to one, confirming the increasing occurrence of
emission with maximum at 720 nm. This observation obviously corresponds with the
peak wavelength histograms in Figure 5. 7(b-e). An additional observation however,
although the effect is small, is that for samples with low weight percent of PC¢BM
there are a number of occurrences of the 1SP720/ISPgeo ratio above 1.2, while there are
only few for the high weight % PCgBM samples, especially at 75 wt % PCgsBM,
indicative that the variation of PCgBM concentration may play a role in the observed
phenomena. This is confirmed unambiguously when considering sub-ensemble spectra.
The sub-ensemble spectra were constructed by averaging the individual nanoparticle
spectra as described above for a given sample after first sorting the individual
nanoparticle spectra based on their emission maximum by using 690 nm as the sorting
criterion to distinguish between the spectra peaked at 660 nm and 720 nm. It is
important to realize that the sub-ensemble spectra in Figure 5. 9 as such represent the
averaged single particle spectral shape and intensity under identical optical conditions
for both types of spectra for a particular nanoparticle sample. These unnormalized data
show that the contribution at 720 nm increases with PCsBM doping levels relative to
the 660 nm emission, an observation that becomes particularly pronounced at high

PCgBM doping levels.?®

5.2.2 Discussion

NPs as a simplified model system for bulk films
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The conjugated polymer/fullerene composite NPs in this study have a limited number
of molecules (a few to a few tens of molecules). This leads to a material system that is
representative of the bulk, but simplified enough to be able to complete studies that
relate material function to properties at the molecular and nanometer scale. It is
important to know to what extent these NPs are representative of the bulk films. In
Figure 5. 3, an absorption spectrum of a 50 wt% PCgsBM doped P3HT bulk film is
presented in comparison with the absorption spectra of the 50 wt% PCgBM doped
P3HT NP suspension. As can be seen, the NP suspension exhibits a very similar
absorption profile as the bulk film despite, although there is a slightly red shift (~ 9 nm)
in the absorption emission maximum for the bulk film relative to the NP suspension. In
addition, as shown in Figure 5. 7, the ensemble spectra collected for both the bulk
P3HT film and the pure P3HT NPs using the LCSM are almost overlapped. These
observations indicate that the ensemble properties of the NPs are very close to those of
the corresponding bulk films. As discussed above, the unique advantage of the NPs
material system relies on simplifying the investigations that can relate material function
to properties at the nanometer level.

Single particle spectra data interpretation

Changes in relative spectral peak intensities have been extensively considered in the
conducting polymer field for the PPV and polythiophene family of conducting

polymers and have been related to polymer chain packing and intermolecular
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interactions. For PPV type polymers the assignment of the observed spectral shape to
vibronic structure has been clearly invalidated.?**® Instead, the spectral shape has
been shown to be a superposition of two emitters, an excitonic (intrachain singlet)
emitter and an aggregate emission at lower energy that has its vibronic 0-0 origin near
the 0-1 transition of the excitonic emitter. For polythiophenes the discussion in the field
has been whether the PPV description (superposition of excitonic and aggregate
emission) also holds true in this case. Brown et al. ?'° have reported that modeling of
polythiophene spectra based solely on a single intrachain exciton coupled to a single
phonon mode does not correctly fit with spectra of highly ordered P3HT. Instead, the
investigators invoke the PPV description to explain the absorption and emission
spectral features of ordered P3HT. In contrast, recent reports have shown for highly
organized oligomers and regioregular polymers that the excitonic emission is forbidden
from the lowest energy state, and occurs from an allowed higher energy state where the
energy difference with the lower state is given by the Davydov splitting, in other words
the molecules form H-aggregates with perfect alignment of the molecules in a parallel
face-to-face fashion.'®>#*2'2 For these particular systems it was suggested that the
emission spectra present pure vibronic progression for which differences in relative
intensities are related to the sensitivity of the 0-0 vibronic transition to long-range order
given that the 0-0 vibronic transition is forbidden for an H-aggregate state, but becomes

partially allowed if disorder appears.’®>?*?'2 The investigators thus conclude that
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spectra for highly organized thiophene oligomers and regioregular polymers consist of
a single emitter, which is the aggregate and not the intrachain singlet. Here, it is critical
to realize that in this description a crystal structure with a single molecule per unit cell
is considered.

The situation is most likely quite different for composite P3HT/PCgoBM materials such
as the composite NPs under investigation here. First, we are dealing with a blended
material system. It is therefore reasonable to assume that the polymers will not show a
perfect alignment of the molecules in a parallel face-to-face fashion, nor should we
expect to see a single crystal type arrangement such as that observed, for example, in
sexithiophene with a single molecule per unit cell throughout an entire nanoparticle.
There are numerous papers reporting data showing that these materials more often than
not have two or four molecules per unit cell.?*?!* The polymer structure in the
nanoparticle is therefore expected to be a combination of ordered P3HT chains in
domains, where in the domains there are packing defects, including polymer chain
folding as opposed to perfectly stretched out polymer chain arrangements, and
potentially less ordered regions at, for instance, domain boundaries. As such, the
requirements imposed in order to observe strong PL emission effects on the 0-0
transition are most likely not strictly applicable to our case, which was already
speculated previously.***?#12 Second, the data in Figure 5. 9 show that it is the

contribution to emission spectra at 720 nm that increases with PCgBM doping levels
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relative to the 660 nm emission, whereas the 660 nm emission would increase due to
increased disorder with increasing PCgBM doping levels if this were a true 0-0
vibronic peak of a single H-aggregate emitter. That observation is further corroborated
by Bolognesi et al., who confirmed the presence of two different crystal structures with
XRD and NMR and concurrently also observed an increase in the emission intensity of
the lower energy crystal structure with annealing.?®

The most apparent explanation for the observed SPS data is then that the addition of
PCsBM leads to a change in crystallinity of the P3HT polymer material, where two
crystalline aggregates have a change in occurrence that has a concentration dependence
with respect to PCgBM in the P3HT/PCgBM composite NPs. This change is reflected
by the respective contributions of the two aggregate emitters to the overall emission
spectrum. Indeed, Sundstrom et al.*® have given unambiguous experimental evidence
showing that emission from two types of interchain aggregates of polythiophene
polymers exists, with energies similar to the ones we report, further supporting our
interpretation of the reported data. Emission peaks in the 650-680 nm and 720-740 nm
regions were previously reported for polythiophene powder and film. These emission
peaks have been assigned to two distinct crystalline packing structures.’®>?*’ The most
common crystalline structure (denoted as Type 1) is the well-known lamellar structure
in which the polymer backbones are stacked in a parallel fashion, and spaced by alkyl

side chains that have minimal to no interdigitation. The polythiophene backbones in
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this particular crystalline packing structure are spaced by approximately 3.8 A and thus
the arrangement is ideal for efficient n-n stacking. This dense pi-stacking arrangement
is facilitated by the fact that the alkyl chains exhibit a strong tilt with respect to the
stacking direction in Type 1 crystal structures. That arrangement precludes
interdigitation of the alkyl side chains of neighboring pi-stacks. As a result, a strong red
shift is observed in bulk fluorescence spectra collected for solid state material. The
other emission peak corresponds with a crystalline packing structure where the polymer
also forms lamellar structures (denoted as Type Il). The crucial difference between
Type Il crystal structures and Type | crystal structures is that the alkyl side chains are
tilted to a lesser degree. As a result, interdigitation between the alkyl side chains of
neighboring pi-stacks occurs. This arrangement leads to an increase in m-m stacking
distance between the polythiophene backbones to approximately 4.5 A. As a result only
a limited interchain m-system overlap can occur, which is reflected in a smaller
observed red shift in bulk fluorescence spectroscopy. Given the strong interchain
interactions and rod like features of P3HT polymer chains, we assume that
intermolecular aggregates with strong interchain interactions, i.e., as described above,
account for the majority of polymer chains in the NPs. However, the hydrophobic
interaction between the polymer backbone and water can also yield polymer chains
218,219

with a collapsed conformation (discussed further below).

With the introduction of PCgBM in the P3HT NPs, the packing structures of P3HT can

126



be expected to be significantly affected. Literature reports have shown that the PCscBM
molecules intersperse in between individual lamellae in crystalline P3HT
aggregates.?># |t is therefore most likely that the presence of PCgBM will hinder the
interdigitation of the alkyl side chains of neighboring pi-stacks, which then most likely
leads to an increase in the tilt of the polymer side chains. As a result, the formation of
Type | aggregation states is expected to be favored with increasing doping levels, which
is feasible given that annealing of bulk films leads to similar observations.?® It has
previously been shown that Type Il packing structures can be transformed to Type |
packing structures while in the solid state.?®>?'” Based on the discussion given above,
the modification of the nanoparticle structure resulting in less Type Il domains and
more Type | domains can explain our experimental observations. The assignment of
increasing occurrence of single particle spectra with 720 nm peak emission to a
PCsBM induced change in polymer chain packing to an arrangement that is consistent
with Type | domains is also corroborated by the observation that NPs of the same
samples but with peak emission at 720 nm instead of 660 nm are dimmer. This is
indicative of closer face-to-face m-stacking distances given that according to literature
such a closely stacked P3HT structure can support poorly-emissive excimers that result
in a lower observed quantum yield of fluorescence and thus a lower fluorescence
intensity. %8

While the model of two aggregate emitters discussed above clearly explains the
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observed data, additional factors need to be considered. First, the NPs increase slightly
in size as the PCgBM doping level increases (see Table 1). Size-dependent
spectroscopic properties for NPs fabricated from substituted polythiophenes have been
reported.'” The size dependence was attributed to the surface layer containing coil-like
and distorted conformation type polymer chains, while the inner region of the NPs was
proposed to consist of an ordered phase with more planar conformations of the polymer
chains. With increasing nanoparticle size, the relative amount of surface layer decreases
but that of inner ordered region increases, therefore leading to a red-shifted emission
originating from a larger contribution from the nanoparticle core. This possibility
cannot be unambiguously ruled out, but for the experiments reported in this paper a
more gradual red shift with increasing particle size would be expected, rather than a
bimodal distribution of peak wavelengths.

Second, Geng et al. have recently reported that single-walled carbon nanotubes can
enhance crystallinity of P3HT in photovoltaic devices, which is ascribed to n-stacking
interactions between polymer and nanotube.??? Given its small size and spherical shape
PCsBM and its aggregates do not appear to have the potential to pre-orient polymer
chains for growth of a highly organized material.

Finally, besides the formation of crystalline domains with extended closely packed
chains, certain polymer chains may also adopt a collapsed coiled conformation. In this

conformation the polymer chains can n-stack onto themselves to form intrachain
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contacts. These contacts have been shown to lead to red shifted emission for single
polymer molecules and are referred to as red sites.”>’%?> This possibility is likely to

occur in addition to the formation of highly organized/stacked structures.

5.3 Conclusion

Composite organic NPs composed of poly-3-hexylthiophene (P3HT) and [6,6]-phenyl
C61-butyric acid methyl ester (PCgBM) were successfully prepared via the
reprecipitation method. These NPs are an intermediate system between bulk films and
single molecules, but have a reduced complexity and heterogeneity compared to the
bulk material by limiting the number of molecules under investigation. The NPs
however maintain the expected functionality as found for the corresponding bulk
material.

Based on individual nanoparticle fluorescence data obtained from SPS analysis new
observations were revealed that were masked in the bulk spectroscopy. Two emission
peaks are observed in single nanoparticle emission spectra located at 660 nm and 720
nm that have been assigned to crystalline aggregates of P3HT with a longer (Type II)
and shorter (Type I) n-stacking distance leading to the observation of a higher and
lower energy emitter, respectively. The relative intensities of the two observed emission
peaks progressively change in favor of the 720 nm peak due to an increase of the

intensity of the 720 nm peak (i.e. lower energy emitter) with increasing PCsoBM doping
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levels. Increasing PCgBM concentration in the composite P3HT/PCgBM NPs thus
results in a favored formation of domains with close n- & stacking between thiophene
units. The reported data unambiguously show that the changes in spectral shapes for the
P3HT/PCsBM blended material system as investigated here cannot be explained by
suppression of higher energy emission due to the formation of H-aggregates with
increasing order of the polymer chains (i.e. not due to a change in vibronic structure of

a single aggregate type emitter), but are the result of two aggregate emitters.
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CHAPTER 6. CHARGE TRAPPING AND STORAGE BY
COMPOSITE P3HT/PC¢BM NANOPARTICLES INVESTIGATED
BY FLUORESCENCE-VOLTAGE/SINGLE PARTICLE
SPECTROSCOPY

6.1 Introduction

Since the introduction of the conjugated polymer/fullerene bulk heterojunction (BHJ)
concept over a decade ago,* the past decade has witnessed a burgeoning of research in
the field of organic photovoltaics (OPVs).2***?2* The BHJ structure has also been
employed as the active layer in ambipolar organic field effect transistors (OFETS) to
provide both p- and n-channel functionality in the same device.?**??*® The primary
photoexcitation in conjugated polymers is a Coulombically bound electron-hole pair
(exciton) due to the low dielectric constant and significant electron-phonon interaction
in organic materials.”* When blended with electron acceptors such as fullerene, an
ultrafast electron transfer process from the polymer (donor) to fullerene (acceptor)
generates a charge transfer state (charge-transfer exciton), which can further dissociate
into free charge carriers (hole and electron polarons) or recombine back to the ground
state.”?*" Considering the many excitations under optical stimulation, a situation arises
where excitons and free carriers are present at the same time in the active layer of
BHJ-based devices. Investigation of the optoelectronic processes and interactions
involving these excitons and polarons are crucial since they play a major role in

determining device function and performance.??® In addition, charge trapping due to
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extrinsic species such as interface states and dopants, and intrinsic species such as
aggregates and excimers is an important consideration as well.??® Hence, investigation
of the interactions between polarons and excited states as well as the charge tapping at
interfaces within the BHJ structure and between the BHJ structure and other device
layers (i.e. materials) present in a functioning device is of great significance.?%?*
However, the coexistence of excitons, polarons, charge-transfer states as well as other
chemical intermediates, in combination with the nanostructured complexity and
heterogeneity of conjugated polymer bulk films hampers the development of in-depth
understanding of how the co-existence and interactions between these species affect
device function. Single molecule and single nanoparticle spectroscopy methods have
been effective tools in removing complications caused by the study of bulk

materials. 10,11,13,74,232-238

In particular, Fluorescence-Voltage/Single  Molecule
Spectroscopy and Fluorescence-\Voltage/Single Particle Spectroscopy (F-V/SMS and
F-VISPS) have proven to be very useful tools in revealing the nature of intermediate
states associated with fluorescence blinking, and the interactions between excitons and
polarons. Specifically, singlet and triplet exciton quenching by hole polarons in single

conjugated polymer molecules and nanoparticles,’®%*%24?

and quenching of singlet
excitons by triplets have been investigated.'?%*® Light-assisted hole injection from

hole-transporting layers into single conjugated polymer chains has recently been

reported.”** F-VV/SMS and F-V/SPS involve recording single molecule/nanoparticle
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fluorescence intensity transients while applying a triangular bias modulation on a
device. These devices are basically hole-only capacitor devices or functioning

diodes,’%**

where the applied bias controls hole injection and removal kinetics at the
interface of a hole transporting layer (HTL) and the single molecules/nanoparticles.

Herein, the F-V/SPS technique was applied for the first time to the study of undoped
and 50 wt% PCgBM doped P3HT NPs embedded in hole-only capacitor devices. The
F-VISPS technique was specifically applied to investigate the interaction between
photogenerated excitons, photogenerated holes and electrons (free charge carriers
through charge transfer from P3HT to PCgBM), and injected holes (through applied
bias) on a particle-by-particle basis for both undoped P3HT NPs and composite
P3HT/PCsBM NPs. In addition, charge trapping at the HTL/NP interfaces as well as
the NP/dielectric interfaces was investigated. The devices were built on top of optically
transparent 1TO-glass substrates coated with dielectric layers on which the polymer
NPs were deposited by spin coating. The devices were then finished by thermal
deposition of (N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) as a hole
transporting layer that forms an electrical contact between the NPs and the gold top
electrode. The device is schematically represented in Figure 2. 5. In the case of these
hole-only capacitor devices, with the molecules or NPs located at the dielectric

interface, the fluorescence of these nanomaterials actually reports on the charging and

discharging of the NPs and the NP-dielectric interface. When the hole concentration in
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the NPs and at the NP-dielectric interface is high the fluorescence signal will be
strongly quenched (forward bias operation i.e. accumulation mode, or zero bias in the
case of the composite NPs) while for vanishing hole concentrations the fluorescence
signal will be unquenched (reverse bias operation i.e. depletion mode). As such, the
fluorescence-voltage signal can be interpreted as an optical derivative of a
capacitance-voltage measurement, as will also be shown in the data presented herein.
The distinction between undoped P3HT and composite P3HT/PCgBM NPs is
imperative here since the composite P3HT/PCsBM NPs enable the continuous
photogeneration of holes and electrons even under depletion mode.

The F-V/SPS data reported in this paper show that (i) undoped P3HT NPs exhibit
injected-hole-induced quenching of P3HT fluorescence due to energy transfer to holes
present at the TPD/P3HT interface’®*?2* and/or hole injection into the P3HT
NPs,0:123241,244.246-248 jiy quenching of P3HT emission in 50 wt% PCgBM doped
P3HT NPs can be eliminated under negative bias (hole depletion) as observed by P3HT
fluorescence recovery, indicating removal of holes on the polymer backbone before
exciton quenching can occur, (iii) F-V/SPS data for all undoped P3HT NPs and 50 wt%
PCsBM doped P3HT NPs exhibiting low modulation depth do not show hysteresis,
while (iv) the majority of 50 wt% PCgsBM doped P3HT NPs exhibiting moderate to
high modulation depth do show hysteresis in the fluorescence-voltage sweeps. The

variability in modulation depths for observations (i), (ii), and (iii) indicates that there
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are highly complex and heterogeneous energy and hole transfer processes occurring at
the TPD/NP and NP-dielectric interfaces. The lack of hysteresis indicates that hole
movement during hole sweep-in and sweep-out under bias is sufficiently fast and is not
hampered by e.g. deep hole trapping. These observations are similar to previously
studied MEH-PPV NPs and MEH-PPV single molecules.”®?**?* However, in the
presence of PCgBM (i.e. composite P3HT/PCgBM NPs) the fluorescence-voltage
modulation data for single NPs clearly shows a strong hysteresis that can be attributed
to significant electron trapping at the NP-dielectric interfaces. These data show that
efficient photogeneration of free charge carriers in the composite P3HT/PCgBM NPs
under illumination can actually lead to a build-up of interfacial charge (with associated
interfacial dipoles) that not only strongly affects the interfacial charge transfer process
at the nanometer scale but also leads to a charge-storage behavior. Our results
correspond well with the memory functions (via optical programming and electrical
erasing) demonstrated in bulk P3HT/PCgBM and P3HT/CdSe based OFET devices,
which are caused by an electron trapping-detrapping mechanism.?***° The interfacial
charge trapping also suggests possible applications in optical sensing and charge
coupled devices (CCD).*"%? Thus, the charge-storage effect reported here for the
first time for the composite polymer NPs presents an opportunity for future exploration
of conjugated polymer/fullerene NP applications in nanoscale memory and imaging

devices.
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6.2 Results and Discussion
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Figure 6. 1 Bias modulated fluorescence transients of an undoped P3HT NP and a 50
wt% PCgBM doped P3HT NP that exhibiting optoelectronic instability under
triangular bias modulations from + 10 V to — 10 V at a sweep rate of 40 V/s. The bias
on and off period are indicated in the figure.

The NPs studied in the present work were fabricated in aqueous environment. As is
well known, moisture and oxygen can have significant adverse effects on the
photostability of conjugated polymers.”®® Figure 6. 1 displays bias-modulated
fluorescence emission transients of an undoped P3HT NP and a 50 wt% PCgBM doped
P3HT NP that exhibit optoelectronic instability. As can be seen, comparing the
fluorescence intensity before and after bias application, one can find that the intensity

after bias modulation drops to ~ 1/3-1/2 of the initial intensity before bias modulation.
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Close inspection reveals that the intensity level after bias modulation is the same as the
intensity under the extreme positive bias (+ 10 V in the present case) during the
modulation period. This data implies that these NPs were partially oxidized once the
positive bias was applied, which is due to a (photo-)electrochemical reaction of the
polymer in the presence of residual H,O and O, molecules (either from NPs or PVA
matrix).”* To eliminate the perturbation of this oxidation and study NPs in the
hole-injection device under pristine conditions, we made every effort to remove
residual moisture and oxygen from the NPs and the devices. After spin coating of the
NPs on top of the dielectric layer, the samples were evacuated in a vacuum chamber
overnight and then exposed to a dry N, atmosphere in a glove box with O, and H,O
level both less than 0.1 ppm for several days. Experiments showed that this process
removed damage to the NPs and device caused by (photo-)electrochemistry induced by

the presence of residual H,O and O..
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Figure 6. 2 Typical fluorescence transient modulations (dwell time: 10 ms) of the
representative majority of the (b) undoped and (d) 50 wt% PC¢BM doped P3HT
nanoparticles while repeatedly applying a triangle bias sequence (a) at a sweep rate of
4.0 V/s to the device in 12-102 s. Panels (c) and (e) present the modulation of a
minority of undoped and 50 wt% PCgBM doped nanoparticles that show both
fluorescence quenching at positive bias and recovery at negative bias, respectively.
Panels (f-i) depict corresponding time averaged fluorescence modulation plots as a
function of applied bias voltage for the transients shown in panels (b-e). The arrows in
panels (f-i) signify the direction of the bias scan. The corresponding fluorescence
modulation characteristics at a higher sweep rate of 40 V/s collected for the same
nanoparticles are given in Figure 6. 3. Note that the background fluorescence intensity
is ~ 5 counts/10 ms under the excitation power of 0.72 W/cm? used for the undoped
P3HT nanoparticles and ~ 15 counts/10 ms with the excitation power of 7.2 W/cm? for
the composite nanoparticles.
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Figure 6. 3 Typical fluorescence transients (dwell time: 10 ms) and fluorescence
voltage curves for (b) undoped and (c) 50 wt% PCgBM doped P3HT nanoparticles
while repeatedly applying a triangle bias sequence from 12 to 102 s at a sweep rate of
40 VI/s to the device (a). Panels (d) and (e) present the modulation of a minority of
undoped and 50 wt% PCgBM doped nanoparticles that show both fluorescence
guenching at positive bias and recovery at negative bias, respectively. Panels (f-i)
depict the corresponding time-averaged fluorescence modulation plots as a function of
applied bias voltage for the fluorescence transients shown in panels (b-e). The arrows
in panels (f-i) indicate the direction of the bias scan (starting from 0 V). The
corresponding fluorescence modulation characteristics at slow sweep rate of 4.0 V/s
collected for the identical nanoparticles are shown in Figure 6. 2.

Figure 6. 2 displays the bias-induced fluorescence modulation behavior of both
undoped P3HT NPs and 50 wt% PCgBM doped P3HT NPs acquired by applying a

periodic triangular voltage sequence (Figure 6. 2(a)) on the hole-injection capacitor
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device in which these NPs are embedded. During the experiments two types of
modulation behavior were exhibited by each type of NPs. Undoped P3HT NPs show
either only fluorescence quenching at positive bias (Figure 6. 2 (b)) or fluorescence
quenching at positive bias together with fluorescence recovery at negative bias within a
voltage cycle (Figure 6. 2(c)). For 50 wt% PCgBM doped P3HT NPs the majority only
exhibits fluorescence recovery at negative bias, with a minority of NPs showing
fluorescence recovery at negative bias together with fluorescence quenching at positive
bias within a voltage cycle, as demonstrated in Figure 6. 2(d) and (e), respectively.
These observations are discussed below. Averaging these data over a number of bias
cycles and re-plotting as a function of applied bias yields the fluorescence modulation
vs. bias curves displayed in Figure 6. 2(f- i). Minor or no hysteresis is observed for the
undoped NPs (Figure 6. 2(f-g)) at the bias scan rates used in this study (4.0 V/s and 40
V/s) and implies rapid hole injection and removal rates. These data indicate fast
reaction of mobile holes in the device to the electrical field and only shallow hole
trapping (if any) near the TPD/P3HT NP interface.?****® In comparison, the data in
Figure 6. 2(h-i) for the 50 wt% PCgBM doped NPs show the occurrence of significant
hysteresis, as discussed further below.

The majority of the undoped NPs show the modulation behavior depicted in Figure 6.
2(b) and (f). The fluorescence intensity reduces gradually and almost linearly upon

applying positive bias to the device, while no detectable intensity enhancement is
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observed at negative bias. The fluorescence quenching at positive bias, ranging from 5%
to 40%, is attributed to a combination of charge transfer and energy transfer
mechanisms between holes injected in the device at positive bias and singlet excitons
that are optically excited in the P3HT NPs.”*?* The inefficient quenching of
fluorescence for the undoped NPs can be attributed to the following aspects: (i) hole
transfer from TPD to P3HT is isoergic in energetics rather than exoergic;*****® and (ii)
limited quenching volume of 390 nm? for single excitons by holes in conjugated

polymers?39240

considering the much larger volume of NPs (diameter of ~ 30 nm in the
present case). At negative bias, holes are removed from the device (depletion). The
majority undoped NPs do not show obvious fluorescence recovery under these
conditions, indicating negligible presence of free charge carriers in these NPs. While it
is well-known that if photoinduced free charge carriers (P3HT" and P3HT") can be
formed in undoped P3HT materials, a fluorescence intensity increase would be
expected in the reported experiments due to hole (i.e. quencher) removal at negative
bias. Only ~16% of the undoped NPs exhibit both fluorescence quenching and recovery
modulations, as illustrated in Figure 6. 2(c) and (g). This observation indicates the
presence of an oxidized state of P3HT (i.e. P3HT /anion) in these NPs either due to
intrinsic free charge carrier formation or photooxidation. Yields of free charge carrier
generation for P3HT have been reported to be in the range of 5% to 30% under

199,254,255

photoexcitation in the absence of electron acceptors, which can explain our
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observations of recovery at negative bias for a fraction of undoped NPs. The occurrence
of partially oxidized NPs is expected to be minimal given that care has been taken in
eliminating oxygen and water from the device to ensure NP photostability.

Considering the 50 wt% PCgBM doped P3HT NPs, the majority does not exhibit
fluorescence quenching at positive bias as shown in Figure 6. 2(d) and (h). With the
presence of PCgBM, the fluorescence of P3HT in the composite NPs is strongly
quenched due to an ultrafast electron transfer process from P3HT to PCsBM, which is
much faster than the energy transfer process between singlet states and holes.??® This
ultrafast charge transfer process combined with resultant short fluorescence lifetime!®®
probably hampers further exciton quenching by injected holes. In addition, the injected
hole concentration near the TPD/NP interface might be low due to electrostatic
repulsion from photo-generated holes and low bias applied to the device. A fraction (~
25%) of the doped NPs demonstrate fluorescence quenching of ~ 10-50% at positive
bias in addition to recovery at negative bias (Figure 6. 2(e) and (i)). The difference in
fluorescence modulation at positive bias observed for the 50 wt% PCgBM doped NPs
could be ascribed to heterogeneities of the distribution of components in the NPs e.g.
phase separation, slight variations in composition between different NPs, or different
local environment of the NPs in the device that may lead to changes in the energetics of

interfacial charge and/or energy transfer.
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Figure 6. 4 50 wt% PCgBM doped nanoparticle fluorescence transients obtained
while modulating a triangle bias sequence across the device. Transients in (a) and (b)
displaying low fluorescence recovery under negative bias were acquired from the
same nanoparticle under different sweep rates indicated in the figures. Transients in ()
and (d) showing strong fluorescence recovery were also taken from the same
nanoparticle. The right column exhibits corresponding time averaged
fluorescence-voltage curves (e-h) derived from the scans in the left figures (a-d). The
arrows in (e-h) signify the direction of the bias scan.

When negative bias is applied to the device, nearly all of the 50 wt% PCgBM doped
P3HT NPs show obvious fluorescence recovery ranging from 10% up to 100% (Figure
6. 4(a-d)). This observation provides clear evidence of the presence of free charge
carriers (P3HT" and PCgBM") due to photoinduced charge transfer from P3HT to
PCsBM in the composite NPs. In current case, P3HT is oxidized to its cation (P3HT",

quenched state) via charge transfer to PCgBM under photoexcitation. The
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P3HT cation is reduced to its emissive state (under excitation) by hole removal at
negative bias. The observation of fluorescence recovery for the oxidized P3HT when
applying negative bias is to some extent in analogy to that found for photooxidized
MEH-PPV single molecules, for which the photochemical species are suspected to be
MEH-PPV*/0O, (OH").?** However, specific to the 50 wt% PCgBM doped P3HT NPs,
additional trends in the bias-induced fluorescence modulation are observed at negative
bias. First, in the negative bias region, the photooxidized MEH-PPV single molecule
fluorescence recovery shows a pronounced plateau, caused by a rapid and reversible
single electron transfer process in a two-level system (oxidized and reduced
species).”®?* In comparison, the composite NP data display a gradual modulation
behavior as a function of applied bias, especially for NPs exhibiting small fractions of
fluorescence recovery with respect to the baseline (zero bias) fluorescence, see Figure 6.
4(a-b, e-f). This gradual modulation behavior as opposed to an ON/OFF switching

between two discrete states as found for single molecules or NPs'%?%?

can be explained
by the presence of multiple P3HT molecules in the NPs that exhibit charge transfer to
PCsBM in the NPs or energy/charge transfer across the TPD/NP interface at different
times and with different rates. Second, as shown in Figure 6. 4(c-d, g-h), for the doped
NPs stronger hysteresis at slower sweep rates as opposed to faster sweep rates (as

70,242,246

observed for MEH-PPV single molecules and NPs ) is observed, and this

hysteresis effect is found mostly for NPs showing strong fluorescence intensity
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recovery at negative bias. Thus, for the 50 wt% PCgBM doped P3HT NPs the observed
hysteresis is strongly related to the modulation depth. Composite NPs showing weak
recoveries as portrayed in Figure 6. 4(a-b) do not show a significant hysteresis for the
sweep rates used (i.e. 40 V/s and 4.0 V/s in Figure 6. 4(e) and (f), respectively),
implying a rapid hole removal and retrieval process probably due to only shallow
charge traps at the TPD/NP interface or an absence of charge trapping at the
NP/dielectric interface due to a low population of free charge carriers being generated
in these specific NPs.2*2482% The |ower population of free charge carriers in these NPs
may be due to compartmentalization (phase separation) of P3HT and PCgBM in the
NPs, or low presence of PCgBM in these NPs. In addition, there may be poor contact of
the NPs with the TPD/Au electrode. However, the 50 wt% doped NPs showing strong
modulation behavior i.e. large fraction of fluorescence recovery with respect to the
baseline (zero bias) fluorescence when studied under a (low) sweep rate of 4.0 V/s
exhibit a large hysteresis, as shown in Figure 6. 4(f) and (h). Specially, as shown in
Figure 6. 4(c-d), a large anticlockwise hysteresis was observed at a slow sweep rate (4.0
V/s). This observation is quite distinct from that found for previously investigated
photooxidized MEH-PPV single molecules or NPs, in which higher sweep rates
typically yield larger clockwise hysteresis due to slow interfacial kinetics, i.e. the
70,246

oxidation/reduction process is cycled too rapidly to be able to reach equilibrium.

Although these two systems seem analogous in terms of photochemically formed
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species, i.e., PBHT'/PCgBM for the composite NPs under photoexcitation in this work,
and MEH-PPV*/anions in photooxidized MEH-PPV single molecules, ®?* significant
differences should be noted. In the composite NPs, emissive excitons coexist with a
large amount of free charges including P3HT", PCsBM" originating from charge
transfer from P3HT to PCgBM, and P3HT" originating from direct P3HT exciton

199257 all of which impose significant effects on interfacial charge transfer

dissociation,
processes and trapping. The specifics of these processes will now be further discussed
by means of the data and schematics presented in Figure 6. 5.

Starting from 0 V and sweeping to + 10 V holes injected into the TPD layer are
expected to be accumulated near the TPD/dielectric and TPD/NP interfaces at
sufficiently high positive bias voltage. Hole accumulation and trapping most likely
occurs at these interfaces, albeit that the traps are shallow (Figure 6. 5(b)).2#248:2%
Several studies have shown that fullerene anions can act as effective deep hole
traps. %2 It is therefore likely that a fraction of the population of photogenerated
holes and/or electronically injected holes remain trapped by proximal PCgBM anions.
When cycling back from + 10 V to 0 V, photogenerated holes in the composite NPs and
holes in TPD are gradually removed with decreasing positive bias, bringing the device

towards hole depletion. Holes in shallow traps are quickly removed as well (Figure 6.

5(c)). As a result the population of P3HT cations is gradually reduced to neutral P3HT
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Figure 6. 5 The data plot in the middle panel displays time averaged fluorescence
intensity modulation percentage vs. voltage curves collected for the same 50 wt%
PCsBM doped P3HT nanoparticle at sweep rates of 4.0 V/s (black) and 40 V/s (red).
The red dashed line indicates the base line fluorescence modulation percentage (at
zero bias). The blue arrows show the direction of voltage scan (starting from 0 V).
The four circles on the black curve indicate the conditions that are being represented
by the cartoons. The pink ellipsoid represents a nanoparticle and the white squares
indicate electron trap sites. The red and black “+” symbols represent bias injected
holes and photogenerated holes, respectively, while the black “-” symbols represent
photogenerated electrons.

molecules, which can be observed by a fluorescence increase with respect to the
baseline fluorescence as the bias evolves to negative voltages. Continuing to reverse
bias from 0 to - 10 V, more and more photogenerated holes are removed from the NP
until the fluorescence recovery reaches a plateau when the applied bias exceeds - 5 V.

At that point the device appears as being fully depleted from photogenerated and
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previously injected holes. During this process there is still photogeneration of holes and
electrons, but holes are quickly removed from the device. Thus, an excess of electrons
is built up near the NPs and NP/dielectric interfaces (Figure 6. 5(d)). Previous literature
reports have extensively documented that electrons can be deeply trapped at
organic-dielectric interfaces or even in the bulk of the dielectric, and that PCgBM is a
deep electron trap as well.?*?! |n these cases anticlockwise hysteresis in
capacitance-voltage data was typically observed.?*%%22%4 |n addition, when comparing
the forward sweep curve obtained at 4.0 V/s, particularly from - 10 to 0 V (forward
sweep) with the corresponding fast scan curves obtained at 40 V/s, a negative shift is
evident for the slow scan curve in the data reported herein. Similar observations have
been reported previously for capacitance-voltage measurements on polymer-dielectric
two-terminal and three-terminal devices.*** Several reports have also been made
where capacitance-voltage measurements were completed on P3HT and
P3HT/PCgBM two-terminal and three-terminal devices under illumination,?4%-2%
Strong hysteresis was observed in all of the reports, and was attributed to a build-up of
free carriers due to photoinduced charge transfer from P3HT to PCgBM or
spontaneous exciton dissociation in the absence of PCgBM that results in trapping of
electrons at the organic-dielectric interface. This assignment was supported particularly

well in the report by Lancaster et al., where a control experiment was also completed

while optically exciting the device outside of the P3HT absorption band. In that case no

148



accumulation and trapping of electrons was observed due to the low exciton generation
rate near the organic-dielectric interface.?®! Based on these literature reports, it is thus
reasonable to assign the observed anticlockwise hysteresis at lower bias sweep rates for
the single composite P3HT/PCgBM NPs to the trapping of photogenerated free
electrons at the P3HT/dielectric interface and/or on PCgBM. The trapped electron
density can be roughly estimated, as discussed in reference ' and 2%, from the
negative voltage shift of the forward sweep curve (i.e. from -10 to 10 V) when
comparing the slow sweep and fast sweep data, and the relation Q=C;4V/4 where C; is
the insulator capacitance, AV is the shift in the voltage which is about 2.5 V (Figure 6.
5), and A the device area of 0.066 cm?. Cj is calculated to be 0.5 nF via Ci=g&A/d,
where & = 3, and the dielectric layer thickness d = 350 nm. From this approximation the
density of trapped electrons is found to be 1.2x10*/cm?.

Detrapping and removal of electrons is expected to occur during the forward sweep
(from — 10 to +10 V). During the forward sweep holes start to accumulate in the
polymer NPs (as evidenced by the decreasing fluorescence signal) and can recombine
with trapped electrons (Figure 6. 5(a)). In addition, the electric field in the device
during the forward sweep will help to detrap electrons. However, electrons are not
likely to be injected back into the NPs or TPD layers, so the removal of electrons by
recombination with holes is limited by the rate at which photogenerated and injected

holes reach the organic-dielectric interface.®%?* As shown in the middle panel of
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Figure 6. 5, the reverse sweep (+10 - -10V) under slow scan conditions is shifted to
positive bias compared to the faster scan experiment, probably because of hole trapping
by PCsBM anions in the composite nanoparticles given that this effect was not
observed for undoped nanoparticles.?>*%®

In summary, the hysteretic data observed for single composite P3HT/PCgBM NPs
under illumination in the hole-only capacitor devices discussed above clearly indicate
electrically bistable behavior due to electron trapping at the organic-dielectric
interfaces and hole trapping by fullerene anions in composite P3HT//PCsBM NPs
under photoexcitation. These experimental results are promising for future applications
of donor-acceptor composite NPs in photocontrolled memory devices,

metal-insulator-semiconductor (MOS) imaging devices and photoresponsive OFETSs,

with the potential for nanoscale or single NP device elements.

6.3 Conclusion

Memory functions via optical programming and electrical erasing have been reported
for bulk P3HT/PC¢BM and P3HT/CdSe based devices and attributed to electron
trapping-detrapping near the organic-dielectric interface and on the electron acceptors

present in  these  blended  materials.?***®

In the present paper,
Fluorescence-Voltage/Single Particle Spectroscopy (F-V/SPS) was employed to study

exciton-hole polaron interactions and interfacial charge transfer processes for

individual undoped P3HT NPs and composite P3HT/PCgBM NPs in functioning
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hole-injection devices. F-V/SPS data collected for individual nanoparticles reveal an
apparent hysteresis in the data for composite P3HT/PCgBM NPs that is attributed to
the deep trapping of photogenerated free electrons at the organic-dielectric interface
and hole trapping by fullerene anions in composite P3HT/PCsBM NPs under
photoexcitation. To our knowledge, this is the first report on the investigation of charge
trapping based on single nanoparticles, and opens the door for novel approaches to
understanding charge-storage mechanism on the nanometer scale and future
applications of composite conjugated polymer nanoparticles in nanoscale memory and

photoresponsive devices such as light activated switches and light induced amplifiers.
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CHAPTER 7. NEAR-INFRARED REGION ABSORPTION
SENSITIZATION OF P3HT/PCsBM PHOTOVOLTAICS BY LOW
BAND GAP POLYMER AND SMALL MOLECULE DYE

7.1 Introduction

Since the first report of P3HT/PCgBM solar cell with a PCE more than 4%,* great
research efforts have been devoted to the optimization of the morphology, charge
transport, device designs as well as the understanding of photophysics
mechanisms.?%#2>27:%7 Degpite of all these input, the reported PCE of this kind of cells
still remains in the range of 1-5% depending on material sources and processing
methods.?"*® It has been estimated that P3HT, with a band gap of 1.9 eV, absorbs only
about 27% of the solar photons, which strongly limits the further improvement of
device PCE.*®

To harvest more solar photons in a broad wavelength range, Kim et al fabricated OPVs
with a tandem cell architecture. In this device geometry two solution processed
polymer cells are stacked in series in a multilayer device.*® This tandem architecture
consisting of a P3HT/PC7oBM cell and a PCPDTBT/PC¢BM cell yields an efficiency
of 6.5%, which is much higher than the individual cell performance of 3.0% and 4.7%
for the PCPDTBT and P3HT device, respectively. Although tandem solar cells appear
promising in improving the device performance, the wide applicability of this
complicated multilayer structure has been challenged by two main factors. First, a

perfect balance between the front and back cells in photocurrent is needed to prevent
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the formation of an inverse heterojunction. The second issue involves the attenuation of
light that can be absorbed by the back cell due to the presence of the front cell .*> The
development of novel low band gap (LBG) polymers represents another promising
approach in expanding solar photons capture range.'”?°®%° However, the main
challenge for OPV applications is to find the right LBG polymers that will allow for
an active layer morphology conducive to efficient devices while keeping good charge
transporting properties. The initial trials over the past several years with LBG
polymers have result in lower than expected device performance. For instance, LBG
polymer poly({2,6-(4,4-bis(2-ethylhexyl)-4H-cylopenta[2,1-b;3,4-b’]dithiophene } -alt-
{4,7-(2,1,3-benzothiadiazole)}) has a band gap of 1.45 eV and a broad absorption range
up to 900 nm. However, OPV devices based on this polymer (in a 1:1 blend with
PCs1BM) show an efficiency of 2.7% only with an open-circuit voltage (Vo) of 0.65 eV
and a peak EQE of about 30%.* This low PCE has been attributed to the low charge
mobility in the active layer. Fortunately, since 2009, there has been a rapid development
of efficient LBG polymers based photovoltaic devices starting with the report of
poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiaz

ole-4,7-diyl-2,5-thiophenediyl (PCDTBT) with a PCE of 6.1%.*" Following that,
several LBG polymers have been synthesized that have result in efficient OPVs, among
which poly[4,8-bis(2-ethylhexyloxy)-benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-(4-

octanoyl-5-fluoro-thieno[3,4-b]thiophene-2-carboxylate)-2,6-diyl] (PBDTTT-CF)
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produces an efficiency of 6.77% and PTB-7 exhibits an efficiency of 7.4%.*%%°

Although these polymers are very attractive, however, the synthetic methods of these
polymers are very complicated relative to that of traditional P3HT, which makes them
not easily commercially available and extremely expensive at present.

Compared to the previous two methods in extending the organic solar cell absorption
range, a direct doping of absorbers into the polymer/fullerene layer with an absorbing
range complementary to the absorption range of the polymer/fullerene blend represents
a much simpler and versatile alternative approach. To realize effective doping, the
dopant must meet the following basic criteria: (1) the energy levels of the dopant should
lie intermediately to those of the polymer and fullerene; (2) the absorption coefficient
of the dopant in the complementary absorbing range should be high; and (3) the dopant
can either act as an electron donor and hole transporter or operate as an electron
acceptor and transporter.”® Recently, researchers have shown successful incorporation
of small far-red-absorbing dyes in the prototypical P3HT/PC¢BM cells. Peet et al
demonstrated a photocurrent increase in P3HT/PC7BM cell when doping with a
soluble oligothiophene having a diketopyrrolopyrrole core for near-infrared (NIR)
absorption.*’ The introduction of phthalocyanine derivatives in OPVs for increasing the
light-harvesting efficiency has been demonstrated by Honda and coworkers.®? These
investigators found that the introduction of silicon phthalocyanine (SiPc) can not only

directly yield photocurrent output at the absorption wavelengths of SiPc but indirectly
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enhance charge separation from P3HT excitons through energy transfer from P3HT to
SiPc molecules located at the P3HT/PCgBM interface. It is estimated that this energy
transfer rate is more than 100 times faster than the energy migration rate in P3HT,
therefore promoting the P3HT exciton diffusion and subsequent dissociation.
Compared to small molecule absorber doping, LBG polymers as dopants are more
structurally favorable due to the miscibility of conjugated polymers. Despite of great
efforts and trials in producing single-layer cells with LBG polymer, less attention has
been put into developing LBG polymer doped cells. The NIR sensitization of
P3HT/PCsBM cells by a LBG polymer PCPDTBT only recently has been studied by
Koppe et al.*®

In the studies presented in this chapter, P3HT/PCgBM cells incorporated with near-IR
absorbing low band gap polymer PTB-7 and a small molecule dye were fabricated in
order to enhance the capture of near-infrared photons in a typical P3HT/PCgBM solar
cell. For the PTB-7 doped system, a solvent additive 1,8-diiodooctane (DIO) was also
applied to optimize nanoscale phase separation while simplifying the device fabrication
process. For solar cells fabricated with DIO additive, the incorporation of 20 wt%
PTB-7 into PSHT/PC¢BM cell leads to ~ 33% increase in the short-circuit current and
a ~32% increase final device performance compared to the reference P3HT/PCgBM
cell processed with DIO, while a ~ 255% increase in the short-circuit current and a ~

369% increase in final device performance is found compared to the reference
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P3HT/PCgBM cell processed without DIO. The incorporation of the small molecule
dye, in contrast, deteriorates the device performance with an appearance of S-shaped
J-V curves caused by bad film morphology. The morphological, opto-electronic and
photovoltaic properties of the active layers and devices discussed above were

systematically studied for these two systems.

7.2 Results and Discussion

7.2.1 Sensitization by LBG polymer PTB-7
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Figure 7. 1 Energy-level diagram showing the HOMO and LUMO energies of
semiconductor components and the work function of electrode materials in the PTB-7
doped P3HT/PCgBM devices.

PTB-7 has a band gap of about 1.84 eV (Figure 7. 1) leading to an absorption
extending up to 800 nm.*® The broad absorption coverage from 600 nm to 800 nm of
the PTB-7 complements well with the P3HT absorption in the visible range of the
solar spectrum, given that P3HT mainly absorbs from 500 nm to 600 nm. Another

critical criterion in selecting the NIR sensitizing dopant involves the energy level
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consideration. To avoid charge trapping, the energy levels of the dopant should lie in
between those of the P3HT and PCgBM.*’ Figure 7. 1 illustrates an energy diagram
for the materials in this ternary solar cell. As can be seen, the LUMO and HOMO
levels of PTB-7 are both located between those of P3HT and PCgBM, which is
favorable for the photoinduced electron transfer from the polymer to PCgBM. In
addition, energy transfer from P3HT to PTB-7 is also possible due to a large overlap
between the absorption spectrum of PTB-7 and the emission spectrum of P3HT.
Meanwhile, the holes generated in PTB-7 can also transfer to P3HT matrix.
Furthermore, previous investigation indicates a higher hole mobility in PTB-7 than
P3HT, ' which is also beneficial for the transport of holes photogenerated in PTB-7.

In recent years, a mixed-solvents approach, especially by using solvent additives, has
been demonstrated to be very effective in controlling the film morphology and
improving the device performance in several polymer solar cell systems, including
prototypical P3HT and several LBG polymers. 21342921 Generally, processing
additives should fulfill two criteria 1) selective solubility of the fullerene component
and 2) higher boiling point than the host solvent. When the film is processed with the
mixed solvent, three phase can be formed during the film drying process, i.e. a
polymer phase, a polymer-fullerene phase and a fullerene-additive phase.®® Due to the
higher boiling point of the additive relative to that of the host solvent, the fullerene

tends to remain dissolved longer in the additive during drying process compared with
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semiconducting polymer, thereby facilitating the control of film morphology and fine
phase separation. Furthermore, this processing additive approach enables an easily
controllable and facile device preparation with no need for post-annealing, making it
very attractive in practical applications. In present work, we selected 1,8-diiodooctane

(DIO) as an additive due to its excellent performance in previous studies.®®

Absorption and photoluminescence (PL) spectroscopy of active layers
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Figure 7. 2 Absorption spectra of P3HT/PCgsBM films with different PTB-7 doping
levels spin coated from DCB solutions (a) and from mixed solutions of DCB and 2.5%
(volume) DIO additive (b). The absorption spectra of a pure PTB-7 film spin cast
from DCB solution is also included in (a). For each absorption curve in (a) and (b),
the weight ratios of P3HT:PCgBM:PTB-7 are labeled in panel (a) and (b).

Figure 7. 2(a) displays the absorption spectra for P3HT/PCgBM films with different
PTB-7 doping levels as well as a pure PTB-7 film spin cast from DCB solutions. For
pure PTB-7 film, a broad absorption mainly ranging from 500 nm to 800 nm is found,

which is complementary to the absorption of typical P3HT cells. With increasing

158



PTB-7 doping levels in P3HT/PCgBM films, from 0 wt% (weight ratio:
P3HT:PCsBM:PTB-7 = 1:1:1:0) to 30 wt% (weight ratio = 1:1:1:0.3), the ternary
blend exhibits an increasing absorbance in the 650 to 800 nm range due to the
contribution from PTB-7. Because of the broad absorption range of PTB-7 (300 nm to
800 nm), the addition of PTB-7 in P3HT/PCsBM also induces an absorbance
increase in the visible region below 650 nm especially for high doping levels (20 wt%,
30 wt%) as can be seen in Figure 7. 2. The absorption spectrum of these ternary blend
films is a simple superposition of the spectra of the individual components, indicative
of an absence of interactions in the ground state between the components. In addition,
the incorporation of PTB-7 does not result in a shift of the absorption maximum (~
510 nm) of P3HT or disappearance of absorption shoulders at ~ 550 nm and 600 nm,
suggesting that the packing of P3HT is not affected. The absorption spectra of films
processed with the mixed-solvent of DCB and DIO are presented in Figure 7. 2(b).
Compared with the films without DIO, the additive processed films all exhibit
pronounced absorption shoulders at ~ 550 nm and 600 nm, which is attributed to an
increased interchain interaction of P3HT resulting from ordered pi-stacking between
polymer chains.’®® The absorption profile of PTB-7 remains similar in the films
without and with DIO additive.

To obtain an understanding about possible electron or energy transfer process between

P3HT and PTB-7, photoluminescence spectra were collected for films of pure P3HT,
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P3HT doped with 20 wt% PTB-7 as well as pure PTB-7 films, respectively. As
depicted in Figure 7. 3, The PL emission of P3HT is quenched by about 89% upon
doping with 20 wt% PTB-7. In addition, compared with the pure P3HT film PL
spectra, there is a significant emission intensity increase at about 755 nm for the
binary blend film. To clarify this increase, a curve representing the mathematical
addition of 89% quenched pure P3HT spectrum and pure PTB-7 spectra is plotted in
Figure 7. 3. Note that the pure PTB-7 film has an absorption comparable to PTB-7 in
the blended films. When comparing the resulting spectrum to the spectrum of the
blended film of P3HT:PTB-7, it can be observed that emission the intensity above 725
nm for the blended film is about two times higher than that for the spectrum
constructed by adding the 89% quenched pure P3HT and pure PTB-7 spectra. This
increase is presumably due to an energy transfer process between P3HT and PTB-7.
However, this increase is below that would be expected if the PL quenching of P3HT
is only due to energy transfer since the PL quantum yield of thienothiophene is similar
with that of P3HT.?’2 Therefore, the energy transfer is not the only mechanism for the
PL quenching of P3HT, but instead is suggested to be caused by a competing

photoinduced electron transfer between the polymers as well.*®
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Figure 7. 3 Film photoluminescence spectra of pure P3HT, binary blend of
P3HT/PTB-7 (wt. ratio: 1:0.2) and pure PTB-7. All the spectra were collected under
excitation at 522 nm (absorption maximum of P3HT film). The curve labeled with V
displays PL spectra of PTB-7 film multiplied by 5 times for guidance about PTB-7
emission profile. The curve labeled with ® is made by an addition of 89% quenched
P3HT spectrum and pure PTB spectrum for comparison with the spectra of the binary
film of P3HT/PTB-7. All the spectra were obtained under excitation of 522 nm, which
is the absorption maximum of pure P3HT film.

J-V and EQE characterization

Figure 7. 4 demonstrates photocurrent density-voltage (J-V) characteristics of the
ternary P3HT/PTB-7/PCgBM solar cells and P3HT/ PCgBM control cells under dark
and illuminated conditions in (a) and (b), respectively. Note that all these cells were
prepared in the same run so they can be used for comparison. For the dark J-V curves
(Figure 7. 4(a)), it is found that all the devices exhibit low dark current. Compared
with cells without DIO additive, the DIO processed cells show higher rectification
ratio, indicative of better performance of the devices prepared with DIO. The J-V

characteristics of devices under AM 1.5 G illumination condition are summarized in
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Figure 7. 4(b). The averaged device parameters of the solar cells under illumination
are summarized in Table 7. 1. For the P3HT/PCsBM control cell, the quick drying
process and the absence of post-annealing result in an average Js. of 3.94 mA/cm?, a
Vo 0f 0.56 V and a FF of 0.37, leading to a poor power conversation efficiency (PCE)
of 0.80%. In contrast, the performance of cell prepared with DIO has been
significantly improved to an average PCE of 2.84%. As can be seen from Table 7. 1
and Figure 7. 4 (b), the performance enhancement is mainly due to significant
improvements of Js; and FF. The averaged Js. has been improved from 3.94 mA/cm? to
10.55 mA/cm? when the cell was processed with DIO additive. The FF has been

improved from 0.33 to 0.49 on average, while the V. value slightly reduced by 0.01
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Figure 7. 4 Photocurrent density-voltage (J-V) curves of the best devices under dark
(a) and under AM 1.5G illumination (b) at an irradiation intensity of 100 mW/cm?.
The doping levels (wt%) of PTB-7 in the P3HT/PCgBM cells are labeled in each
figure. The J-V curves for devices without and with DIO are shown as black and red,
respectively.
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Table 7. 1 Device performance parameters of cells incorporating various
concentrations (from 5-30%) of PTB-7 processed without (w/o) and with (w/) DIO
additive. The PTB-7 doping levels as well as the processing condition (i.e. without
(w/o) and with (w/) DIO additive) are listed in the top row. The device parameters
shown are obtained by averaging over 5-9 devices. The pink and the white columns
display the parameters for the cells processed without and with DIO, respectively. The
numbers before (in bold) and after slash are averaged values and standard deviations,
respectively. Note that all these devices were prepared in the same run.

0% 0% 10% 10% 20% 20% 30% 30%
w/oDIO w/ DIO w/o DIO w/ DIO w/o DIO w/ DIO w/o DIO w/ DIO
Isc
{mA/cm?) 3.94/0.76 10.55/0.27  6.00/0.61 11.06/1.30  6.84/0.07 11.4411 96  6.10/0 52 14.000071  7.0211.22 12.96/0.22
Voc
) 0.56/0.07 0.55/0.01 0.62/0.01 0.56/0.00 0.63/0.00 0.57/0.00 0.63/0.00 0.57/0.00 0.63/0.00 0.58/0.00
i3 0.37/0.03 0.49/0.02 0.45/0.02 0.49/0.01 0.48/0.04 0.47/0.01 0.34/0.03 0.47/0.02 0.34/0.02 0.36/0.04
PCE (%) ) ‘ o ) ,
0.80/0.09 2.84/0.16 1.65/0.21 3.03/0.39 2.04/0.17 3.05/0.59 1.32/0 22 3.75/0.30 1.53/0.32 2.67/0.23

For the cells without DIO additive, the introduction of PTB-7 results in improvement
of PCE for all the PTB-7 doping levels investigated. However, 10 wt% PTB-7 doped
cell yields the best performance with an efficiency of 2.04%. Although 30 wt% doped
device shows a higher Js. than other devices, the PCE is hampered by its low FF,
which is reflected by the appearance of an S-shaped J-V curve displayed in Figure 7. 4.
This kind of abnormal J-V curve can be attributed to unbalanced charge
transport/collection due to factors such as vertical phase separation or unfavorable
contacts.**?"® Another interesting phenomenon is that with the doping of PTB-7 there
is a slight increase in V, i.e. from 0.57 V for the undoped device to 0.63 V for the
10-30% devices. Similar V. increases have been reported by Peet et al and been

attributed to a slightly lowered HOMO level of P3HT caused by a decreased order in
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P3HT domain.*’ Another factor for the Vo, enhancement might involve the low
HOMO level of PTB-7.

With respect to the PTB-7 doped devices without DIO, the additive processed and
PTB-7 doped cells exhibit increase in performance, analogous to the improvement
found for the undoped device after incorporation of DIO. For the 5 wt% and 10 wt%
PTB-7 doped devices, the efficiencies have increased from 1.65% to 3.03%, and 2.04%
to 3.05%, respectively. Although the 20 wt% PTB-7 doped device without DIO shows
lower efficiency than the 5 wt% and 10 wt% doped ones, the introduction of DIO has
improved the performance significantly from 1.32% to 3.75% for the 20 wt% PTB-7
doped cells. The best device performance efficiency of 4.2% (Figure 7. 4, 20%,
w/DIO) has been achieved in the 20 wt% PTB-7 doped samples processed with DIO.
Compared with the undoped cell with DIO, the Js. of the 20 wt% doped device has
been increased by ~ 30% while the V. and FF values remain similar. Although the 30
wt% PTB -7 doping results in S-shaped J-V curve in P3HT/PCgBM cell processed
without DIO, after the incorporation of DIO it can found that the S-shape has virtually
disappeared. However, the final efficiency of the 30 wt% PTB -7 doped cells with
DIO is still less than that of the 20 wt% doped cells due to lower FF and Js. This
observation is presumably due a poorer active layer morphology compared to the DIO
processed 20 wt% doped PTB-7 solar cells. This is illustrated below with AFM data.

To identify the contribution of PTB-7 to the photocurrent increase in the doped cells,
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EQE experiments were carried out. As shown in Figure 7. 5, for the cells without DIO
additive, the doping of PTB-7 results in a significant EQE contribution in the
wavelength range of 650 nm to 800 nm. In addition, in the region of 350 nm to 650
nm, there is a slight increase in EQE as well, which could be caused by a well-defined
phase separation in the doped cells as will be shown in AFM imaging. The DIO
additive processed cells exhibit a significant EQE enhancement compared to the cells
without DIO, suggesting an efficient control over the morphology and phase
separation induced by the additive for both P3HT and PTB-7. The EQE values for all
the cells measured are lower than the value expected due to a quick device
degradation in air since both the J-V and EQE data were collected in ambient

atmosphere and the devices were not encapsulated.
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Figure 7. 5 EQE spectra of P3HT/PCgBM cells without and with DIO are shown as
black and red curves, respectively. The undoped P3HT/PCsBM cells and the 20 wt%
PTB-7 doped cells are labeled with filled square and circle, respectively.
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AFM Imaging

Figure 7. 6 AFM topography images of the surface of active layers. No DIO processed
film: (a) P3HT/PCg;BM, (b) 20 wt% PTB-7 doped P3HT/PCgBM and (c) 30 wt%
PTB-7 doped P3HT/PCgBM. DIO processed film: (d) P3HT/PCgBM, (e) 20 wt%
PTB-7 doped P3HT/PCsBM and (f) 30 wt% PTB-7 doped P3HT/PCsBM. The
image dimensions are 5.0 x 5.0 um?. The scale bar is 30 nm for (a)-(c), 150 nm for
(d)-(f), respectively.

The morphology of the active layer surface has been studied with AFM (Figure 7. 6)
to understand the relation between morphology and device performance. For the
active layer without DIO additive and PTB-7, the surface is relatively smooth as can
be seen from Figure 7. 6(a). Doping with PTB-7 leads to a rougher surface (Figure 7.
6(e) and (f)) compared with the undoped device (Figure 7. 6(b) and (c)), especially for
the 30 wt% doped sample, which is probably caused by a demixing process between

these two polymers.*® The active layers for both the binary and ternary devices
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processed with DIO, however, display a very rough surface topography as can be seen
in Figure 7. 6(d)-(e) for the undoped, 20 wt% and 30 wt% doped P3HT/PCgBM films,
respectively. The rough surface has also been observed in post-annealed
P3HT/PCsBM films and assigned to polymer self-organization into ordered structure
in the film."® Comparing the images of Figure 7. 6(d) and (f) with (e), we can find
that the doping of PTB-7 at 20 wt% in the ternary blend leads to a better defined
surface topography, which probably can benefit a close contact between the active
layer and deposited cathode. Figure 7. 7 demonstrate AFM phase images taken with
scan area of 500 nm x 500 nm. For the P3HT/PC¢BM film processed without DIO, we
can find that the phase separation is not well developed (Figure 7. 7(a)). PTB-7 doping
shows pronounced effects on phase separation as demonstrated in Figure 7. 7(b) and (c)
for 20 wt% and 30 wt% PTB-7 doped samples, in which domains with a size of ~ 10-20
nm are developed, respectively. Compared with the films without DIO, well-defined
nanometer scale phase separation has been formed in the films with DIO, which is
favorable for the charge carrier generation at the polymer/fullerene interface. The
doping of PTB-7 in the presence of DIO additive exhibits an analogous effect on phase
separation in ternary blends. Severe phase separation occurs for the 30 wt% PTB-7

doped films, which can explain the low FF observed for corresponding device.
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Figure 7. 7 AFM phase images for active layer surface with a scan range of 500 nm x
500 nm. (a) P3HT/PCg;BM device without DIO. (b) P3HT/PCgsBM device with DIO.
(c) P3HT/PCgBM device doped with 20 wt% PTB-7 without DIO. (d)
P3HT/PCs,BM device doped with 20 wt% PTB-7 with DIO. The phase angle scale is
3" for (a) and 30 for (b)-(d), respectively.

7.2.2 Sensitization by small molecule dye (SMD)

Absorption and photoluminescence (PL) spectroscopy of active layers
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Figure 7. 8 Energy-level diagram showing the HOMO and LUMO energies of
semiconductor components and the work function of electrode materials in SMD
doped device.
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Figure 7. 8 presents an energy diagram for materials in the ternary blended
P3HT/PCsoBM/SMD solar cells. As can be seen, the LUMO level of the SMD is
located in the middle of the LUMO levels of P3HT and PCsBM, while the HOMO
level is close to that of P3HT. The absorption spectra of P3HT/PCgBM films with

different SMD doping levels are plotted in Figure 7. 9. As can be observed, with the
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Figure 7. 9 Absorption spectra of P3HT/PCgBM films doped with different levels of
the SMD. The absorption profiles of pure dye film (spin cast from chloroform
solution) and dye chloroform solution are also shown.

addition of the SMD, there is a corresponding absorption increase in the NIR region.
However, the incorporation of the SMD induces an obvious blue shift for the P3HT
absorption, indicating a disruption of the ordered P3HT structure upon dye addition,**

which can be substantiated by AFM topography imaging shown Figure 7. 12. To
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check possible electron or energy transfer process between P3HT and dye, PL spectra
of films were collected and are displayed in Figure 7. 10. The films were prepared
with chloroform solutions because the SMD cannot form a continuous film when
processed with DCB. Compared with pure P3HT film, the 10 wt% SMD doped P3HT
film exhibits PL quenching of about 3 times under excitation of 551 nm, which is the
absorption peak wavelength of P3HT film spin cast from chloroform solution. This
PL quenching in the doped P3HT film is not accompanied by new emission features.
To check the photoluminescence of the dye, the dye film was also prepared and
excited with its absorption maximum wavelength of 626 nm; however, no
fluorescence signal could be detected. This indicates that the P3HT PL quenching is
mainly caused by photoinduced electron transfer from P3HT to the SMD. The low
photoluminescence quantum vyield of the SMD is probably due to formation of
H-aggregates because the dye film exhibits a strong blue shift compared to its solution

counterpart (Figure 7. 9).2427
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Figure 7. 10 Photoluminescence spectra collected for P3HT film and 10 wt% SMD
doped P3HT film under 551 nm excitation.
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J-V characterization

Figure 7. 11 exhibit the J-V curves for the devices with different SMD doping levels.
The averaged device parameters are summarized in Table 7. 2. The undoped device
exhibits a decent power conversion efficiency of 3.66%. However, with the
introduction of SMD (even with 5 wt% doping level) in to the binary P3HT/PCgBM
cell, there is a dramatic decrease in PCE, which is mainly due to a strong degradation
of FF as can be seen from S-shaped J-V curves for the doped devices. As shown in
Table 7. 2, for the device with P3HT:PC¢BM:SMD a weight ratio of 1:1:0.2, the FF
drops to only half of FF of the control cell. In addition to FF reduction, with the
doping level increase, Js values also drop significantly and V. values slightly reduce.
FF in solar cells is directly controlled by balanced charge transport and collection,
which, in polymer-fullerene OPVs, are dominated by the morphology of the active
layer and the active layer-metal contact.>’® Such S-shaped J-V curves and poor device
performance have been reported in zinc phthalocyanine derivative (ZnPc) dope
P3HT/PCsBM cells and ascribed to the formation of dye aggregates in and poor
morphology of the blended active layers.* These issues were investigated further with

AFM imaging of the active layer morphology.
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Figure 7. 11 Photocurrent density-voltage (J-V) curves of devices under AM 1.5G
illumination at an irradiation intensity of 65 mW/cm?. The different doping levels of

SMD in the P3HT/PCgBM cells are indicated in the figure.

Table 7. 2 Averaged device performance parameters of cells incorporating various
concentrations (from 10-30%) of SMD. The data are collected under AM 1.5G
illumination at an irradiation intensity of 65 mW/cm?. The numbers before (in bold)
and after slash are averaged values and standard deviations, respectively. Note that all

these devices were prepared in the same run.

0.8

wit. ratio

p3HT:pCBM:SMD Jse(MA/Em) VoY) FF
1:1:0 7.02/0.48 0.58/0.01 0.59/0.04
1:1:0.1 5.85,/0.25 0.54,/0.01 0.33,/0.05
1:1:0.2 5.04/0.32 0.54/2.00 0.30/0.04
1:1:0.3 4,51/0.34 0.52/2.01 0.27/0.02

PCE %3)
3.66,/0.43
1.63/0.23
1.27/0.28

0.99/0.17

AFM imaging

To investigate the possible correlation between the device performance and active
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layer morphology, AFM topography images of the control P3HT/PCgBM film and

SMD doped P3HT/PCgBM films were collected and are displayed in Figure 7. 12.
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Figure 7. 12 AFM tapping mode topography images of P3HT/PCgBM films with
different SMD doping levels. (a) Undoped P3HT/PCgBM film. (b) 10 wt% SMD
doped P3HT/PCgBM film. (c) 20 wt% doped P3HT/PCgBM. (d) 30 wt% SMD
doped P3HT/PCgBM film. The scan range for all the images is 5 um x 5 um. The
height scale bar is shown to the right of each image.

The P3HT/PCsBM film exhibits a very rough surface topography, indicative of
self-organization of polymer in the binary blend film due to the solvent annealing
process employed in the active layer preparation.®* With the introduction of the SMD
to the binary blend of P3HT/PCgBM, the surface becomes more and more smooth.

This indicates a disruption of the polymer organized structure due to the SMD
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incorporation. In addition, for ternary blend films with 20 wt% and 30 wt% SMD
doping levels, approximately spherical or elliptical aggregates appear in the
corresponding AFM topography images, which can be assigned to the phase

separation caused by the SMD doping.

7.3 Conclusion

With the aim of extending the photoresponse region of the prototypical P3HT/PCgBM
system into the NIR region, P3HT/PCgBM cells incorporating near-IR absorbing low
band gap polymer PTB-7 and a small molecule dye were fabricated. It was revealed that
the incorporation of PTB-7 can significantly increase the NIR region photoresponse
and therefore device performance. In addition, solvent additive 1,8-diiodooctane (DIO)
was applied in this system to optimize the phase separation while simplifying the
device fabrication process. Data for devices fabricated with DIO additive demonstrate
that the incorporation of PTB-7 in the P3HT/PCgBM cells can improve the device
PCE by about 32% compared with the PSHT/PCgBM cell without PTB-7. A~ 255%
increase in the short-circuit current and a ~ 369% increase in final device performance
is found compared to the reference P3HT/PCgBM cell processed without DIO. In
contrast to the performance enhancement observed in the PTB-7 doped OPVs, the
doping of the small molecule dye deteriorates the device performance mainly due to

destruction of P3HT ordered structures in the ternary active layer of these devices.
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