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Abstract

Supramolecular Assembly of Polymers, Organic Semiconductors, and Nanoparticles

by
Benjamin John Rancatore
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Ting Xu, Chair

This dissertation focuses on the supramolecular self-assembly of organic semiconductor
small molecules (SMs), polymers, and inorganic nanoparticles (NPs) for potential applications in
solution processable optical, electronic, and stimuli-responsive devices. Highly crystalline,
functional SMs have a number of desirable optical and electronic properties, but their strong
tendency to aggregate makes it challenging to solution process them and optimize their
morphology and macroscopic alignment in thin films. Block copolymers (BCPs) are readily
solution processable and assemble into well-defined, nanoscopic arrays, desirable for a number of
device applications. BCP-based supramolecules can be constructed by attaching functional SMs
through secondary interactions, such as hydrogen bonding, to one or more blocks of a BCP. By
this method, the advantages of these two materials can potentially be combined. However, the
assembly of supramolecules based on highly crystalline SMs is less straightforward and has been
less thoroughly investigated compared to their non-functional counterparts.

Macroscopically aligned, nanoscopic assemblies of organic semiconductors were achieved
without hindering the electronic properties of the semiconductor by constructing organic
semiconductor-based supramolecules. In bulk and thin films, a number of potentially useful
morphologies for optical and electronic devices were formed by tuning the annealing conditions.
The high degree of crystallinity of the SM was also found to greatly increase the BCP periodicity
of the supramolecule and enhanced its thermally-responsive properties compared to
supramolecules based on less crystalline SMs.

This led to an investigation of supramolecules based on two different families of SMs,
where the composition of the crystalline core, the location (side- vs. end-functionalization) of the
alkyl solubilizing groups, and the constitution (branched vs. linear) of the alkyl groups were varied.
The crystallinity and packing of the SMs were identified as key parameters governing the overall
assembly and packing of the supramolecules.

Supramolecules based on non-functional SMs have also been utilized as a template to direct
the assembly of inorganic NPs through favorable interactions between the SMs and the NP ligands.
Using organic semiconductor-based supramolecules as the template, the effects of the SM phase
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behavior as well as the NP size and loading rate on the assembly of supramolecular
nanocomposites were investigated. While the assembly of these nanocomposites based on highly
crystalline SMs was found to be distinct from both supramolecular nanocomposites based on less
crystalline SMs and supramolecules based on highly crystalline SMs without NPs, nanostructured
arrays of organic and inorganic semiconductors were obtained. These studies present a versatile
method for the coassembly of polymers, highly crystalline functional SMs, and NPs for the
fabrication of optical, electronic, and stimuli-responsive devices.
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§ 1.1 Introduction

Functional small molecules (SMs), such as organic semiconductors (OSs) and liquid
crystals (LCs), are attractive materials for the fabrication of low-cost optical and electronic
devices. They have a number of desirable properties including high extinction coefficients, tunable
band gaps, unique packing structures, and interesting optical and responsive properties. These
materials have seen use in a number of areas including photovoltaics (PVs), light-emitting diodes
(LEDs), thin film transistors (TFTs), optical devices, and stimuli-responsive materials. However,
they face a number of challenges including dewetting during solution processing and optimization
of their morphology, nanostructures, and macroscopic alignment. Block copolymers (BCPs) are
amenable to solution processing and assemble into well-defined nanoscopic morphologies on the
order of tens of nanometers. However, functional polymers, such as conjugated polymers, face
challenges with the control of their purity, polydispersity, regioregularity, and molecular weight.
BCP-based supramolecules can be constructed by attaching functional SMs to BCPs through
secondary interactions, such as hydrogen bonding and metal ligation. This approach allows for the
loading of the SMs above and below a 1:1 stoichiometry of SMs to attachment sites without
synthesizing new polymers and introduces a thermally responsive component to the system. These
supramolecules assemble hierarchically on the order of tens of nm from the BCPs and a few nm
from the SMs and can potentially combine the advantages of both classes of materials.

There are a number of thermodynamic and kinetic factors that affect the overall assembly
of these supramolecules. These include: the BCP microphase separation, the crystallinity and
packing of the SM, the entropic penalty for deforming the polymer chain, and the binding strength
between the polymer and SM. Attachment of the SMs can affect the BCP chain architecture,
stiffness, interaction parameter (y), and spring constant. Conversely, the polymer may affect the
SMs crystal structure or its ability to crystallize. Kinetically, the distribution and diffusion rate of
the SMs can depend on the Tm of the SM and the relative interaction parameter () between the
SMs and each block of the BCP at a given annealing temperature."> With all of these
considerations in mind, it is clear that the phase behavior of the SMs is of critical importance in its
coassembly with the BCP especially for highly crystalline, functional SMs. Figure 1.1 summarizes
the potential advantages, applications, and thermodynamic and kinetic considerations of
supramolecules based on polymers and functional SMs.

One area in which functional supramolecules may prove useful is organic electronic
devices. There are two main classes of semiconductors based on organic materials: conjugated
polymers and SM OSs, each with unique strengths and weaknesses. Conjugated polymers are
amenable to solution processing,*® but they typically exhibit mobilities lower than their SM
counterparts and their polydispersity and molecular weight must be tuned to optimize their charge
mobility and optical properties.”® SM OSs are more readily purified and have well-defined
electronic properties,’ !¢ but it can be a challenge to solution process them into uniform films.'%!”
In devices based on blends of electron donors and acceptors, the nanoscopic morphology, the
macroscopic orientation, and the molecular packing of the semiconductors must be tuned in order
to optimize the device efficiencies.*!®!” This is generally achieved by kinetically trapping the
crystallization of the active layer materials.!>!*2%-25 A number of techniques have been developed
to optimize the nanostructure size and quality including thermal annealing,>* controlled solvent
evaporation,’ and the addition of high boiling point cosolvents.??” However, these techniques do
not yield continuous nanostructures with well-defined packing and orientation. By constructing
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supramolecules based on SM OSs and BCPs, solution-processed, nanostructured assemblies of the
SMs can be readily achieved while preserving the properties of the semiconductor.

This chapter will first introduce and demonstrate examples of functional SM/polymer-
based supramolecules and their potential applications in optical and electronic devices. This will
be followed by a brief discussion of polymeric and supramolecular nanocomposite materials, and
the potential future directions of a new family of supramolecular nanocomposites based on
functional SMs.



Figure 1.1. Advantages, applications, and thermodynamic and kinetic considerations of functional
SM-based supramolecules.

§ 1.2 Functional SM-Based Supramolecules

BCPs with strongly interacting SMs that are covalently attached to one or more blocks of
the BCP have been studied extensively and utilized in a number of areas, including LC and OS
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materials. When these SMs are attached to one or more blocks of a BCP, they organize
hierarchically on the order of tens of nm from the BCP framework and a few nm from the
molecular packing.?®-** This method can potentially allow for the control of the nanostructured
assembly and macroscopic orientation of functional SM moieties. By attaching LC SMs to a BCP,
their unique optical and stimuli responsive properties can be incorporated into the BCP, and a wide
array of structural motifs have been investigated.>***> Donor-acceptor semiconducting BCPs have
been shown to form controlled nanoscopic networks of donor and acceptor materials, which is
potentially useful for OPV devices.**’ They have also been utilized as BCP compatibilizers to
control the grain sizes and enhance the thermal stability of devices when blended with unattached
donor and acceptor materials.* However, fine morphological and orientational control cannot be
easily achieved with conjugated BCPs due to low chain mobility and strong interfacial preference
of one block for the substrate.*3%-33 Covalently linked LC or OS side-groups may also restrain the
molecular packing of the attached SMs required for the desired optical or electrical properties.

BCP-based supramolecules can be constructed by attaching SMs to one or more blocks of
a BCP via secondary interactions, such as hydrogen bonding, electrostatic interactions, or metal
ligation.!>**%* Like BCPs with covalently attached SM side chains, these supramolecules
assemble hierarchically on the order of tens of nanometers from the BCP and on the order of a few
nanometers from the SM packing. There have been extensive studies on supramolecules based on
functionalized alkyl SMs that do not have inherent optical or electronic properties,’->°7%62 but the
noncovalent linkage between the polymers and SMs does introduce a thermally responsive
component to the system.">>” They have also been shown to achieve large microdomain sizes that
can be difficult for BCPs alone,' and selective solvent removal of the SMs after casting can lead
to mesoporous materials.®>*” SMs with optical, electronic, or stimuli responsive properties can be
used to incorporate functionality into these supramolecules but are generally more crystalline and
strongly interacting compared to their non-functional counterparts, which can potentially affect
the assembly properties of the supramolecule. However, there have been fewer studies of BCP-
based supramolecules based on these highly crystalline SMs, such as LCs and OSs.

1.2.1 LC-Based Supramolecules

LC SMs have demonstrated a number of interesting optical properties and phase
transitions. By incorporating them into supramolecules, one can potentially control their
orientation and macroscopic alignment and improve their processability. The observed optical
properties of the LC molecules depend on the orientation and packing of the SMs, so the ability to
control their assembly is critical to their applications in devices. A variety of different LC moieties
have seen use in supramolecular systems, including (alkoxybenzoyloxy)benzoate,’* biphenyl,%7°
cholesterol,”'"”3 and azobenzene.%¢74-76

The first such LC side chain supramolecule was synthesized by Kato et al. using a
polyacrylate homopolymer with side groups terminated with a 4-oxybenzoic acid unit designed to
hydrogen bond to a SM with a trans-stilbazole ester moiety.>* Binary mixtures of these components
led to a significant enhancement of the mesophase which was attributed to the formation of an
extended mesogenic unit from the hydrogen-bonded complex, as seen in Figure 1.2. However,
homopolymer-based supramolecules cannot form nanostructured assemblies of SMs, which is
desirable for certain optical devices. Gohy ef al. demonstrated the first supramolecular LC BCP
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using  Poly(dimethylaminoethylmethacrylate)-b-poly(sodiummethacrylate) (PDMAEMA-b-
PMA), where the PDMAEMA block was designed to have electrostatic binding interactions with
a cholesteric SM, and the PMA block was designed to bind to an azobenzene-containing SM.”* A
number of hierarchical morphologies were achieved depending on the relative volume fraction of
the BCP blocks and the loading rate of the cholesteric SM, and smectic mesophases were observed
at certain combinations of these parameters. Copolymers containing both mesogens
simultaneously did not microphase separate, but a unique smectic mesophase was observed.

(a) Isotropic 7

100 1 1 1 1 l A 1 1 A
0 50 100

(b) Mole ratio of 1

-~ -
-~
-
~ -

Figure 1.2. (a) Phase diagram of the supramolecule shown in (b) with a 1:1 ratio of SMs to polymer
side groups. (b) Chemical structure of the LC SM-based supramolecule. The boxed region
highlights the extended polymer-SM mesogen. Adapted with permission from Kato et al.
Macromolecules 1989, 22, 3818. Copyright 1989 American Chemical Society.

Osuji et al. have published a number of works using imidazole terminated, biphenyl-based
LC SMs designed to hydrogen bond to the carboxylic acid groups of poly(acrylic acid) (PAA) or
poly(methacrylic acid) (PMAA) in homopolymers and BCPs.®*7%7” These supramolecules were
shown to assemble hierarchically, and the SMs introduced interesting optical and thermally
responsive properties to the system. Using supramolecules based on a PS->-PMAA BCP and a
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biphenyl SM, the photonic band gap of the material was tuned into the green.®® When the sample
was heated to an isotropic state, the photonic band gap shifted from green to orange. The
orientation of the BCP and mesogenic domains of similar supramolecules based on PS-b-PAA
could be oriented in minutes using AC electric fields®® or magnetic fields’’” while cooling from a
melt state. Due to the plasticization of the BCP from un-attached mesogens, the supramolecules
could also be reoriented at a temperature between the Tg and the order-disorder transition (ODT)
in some cases. Since the orientation of the LC-based supramolecules can have a significant effect
on its optical properties, the use of electric and magnetic fields may prove useful for the application
of these materials in devices, and the fast reorientation times offered by supramolecules could
improve its scalability.

SMs with non-linear shapes, such as wedges, have also been investigated.”>*" Tenneti ez
al. demonstrated supramolecules based on a PS-b-P4VP BCP and a bent-core molecule, 1-[4'-
(3",4",5"-tridecyloxybenzoyloxy)phenyleneoxycarbonyl]-3-[(4'-
hydroxyphenyl)oxycarbonyl]benzene.”® These supramolecules adopted a smectic A LC structure
within the BCP microdomains. Wang et al. investigated the assembly of supramolecules based on
a 2-(3',4',5'-tris(octyloxy)benzamido)propanoic acid SM designed to bind to the pyridine groups
of a P2VP-b-PEO BCP.* Despite the fact that the neat SMs did not exhibit LC ordering on their
own, supramolecules based on these SMs displayed a smectic phase. This strengthened the
argument that the formation of supramolecules can be used to enhance the LC character of the
SMs. Additionally, the loading rate of the SMs could be used to tune the crystallinity of the PEO
block.

1.2.2 OS-Based Supramolecules

OS-based supramolecules have also become a topic of interest in recent years.
Supramolecules based on fullerenes have been investigated the most thoroughly and have been the
topic of a few recent reviews.3!®? Early work by Goh et al. demonstrated complexes of pyridine-
containing Ceo molecules®® with four acidic polymers, poly(styrenesulfonic acid), poly(vinyl-
phosphonic acid), poly(acrylic acid), and poly(methacrylic acid), as well as complexes of
hydrogensulfated fullerenol®* with poly(4-vinylpyridine) (P4VP) via ionic interactions. None of
these materials showed distinct glass transitions after complexation due to the strong interactions
between the fullerenes and polymer chains. X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR) were used to confirm the ionic nature of the binding
interactions between the polymers and SMs. Fujita et al. used carboxylic acid-functionalized Ceo
molecules designed to hydrogen bond to the pyridine moieties of polystyrene(PS)-b-P4VP.% The
amphiphilic nature of PS-b-P4VP was used to form polymeric micelles with a P4VP(Ceo) core and
a PS shell. This led to the formation of Ceo NPs with relatively narrow size distributions that could
be tuned by changing the degree of polymerization and relative volume fractions of the BCP. Laiho
et al. demonstrated supramolecular assembly of PS-b-P4VP with non-functionalized Ceo
molecules where the pyridine groups on the polymer chains formed charge transfer complexes
with Ce0.%¢ This provided an avenue to form fullerene-based supramolecules without the need for
the synthesis of fullerenes with extra functional groups designed to bind to polymer chains. As the
supramolecular solutions were aged, they changed color from purple (free Ceo) to brown (pyridine-
Ceo complex), and peak shifts were observed in the UV-Vis and FTIR spectra. Unexpectedly, the
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BCP morphology changed from P4VP minority cylinders to P4VP spheres as the Ceo molecules
migrated into the P4VP domains upon aging in both bulk and thin film samples. The authors
hypothesized that this was due to Ceo forming charge transfer complexes to multiple P4VP chains,
as shown schematically in Figure 1.3.

C./PS-block-P4VP C../PS-biock-P4VP
prepared from fresh prepared from aged
xylene solution. xylene solution.

Pure PS-block-P4VP C,, in PS domains.

P el
oAl g

C,, partly in

Figure 1.3. (top) TEM images of (left) neat PS-»-P4VP and PS-b-P4VP(Cs0) supramolecules cast
from (center) fresh and (right) aged solutions. Samples were stained with Iz to enhance the contrast.
(bottom) Schematic representation of the (left) pyridine-Ceo charge transfer complexes and (right)
their effects on the BCP morphology. Reprinted with permission from Laiho ez al. Macromolecules
2000, 39, 7648. Copyright 2006 American Chemical Society.

More recently, this idea has been expanded to conjugated BCPs, where one block was
designed to bind to fullerenes, and the other was a conjugated polymer, such as poly(3-
hexylthiophene), to fabricate donor-acceptor networks of controlled domain size and high thermal
stability for OPV applications.’’”! A number of recent papers by Hadziioannou et al. have
investigated the assembly as well as electrical and optical characteristics of BCPs with a
conjugated polymer-b-P4VP structural motif and their blends with fullerenes.®” In their first
work, poly(diethylhexyl-p-phenylenevinylene)(PPV)-b6-P4VP was complexed with Ceo
molecules.®’” A homogeneous dispersion of the Ceéo molecules in the P4VP microdomains after
annealing for 16 h at 180 °C was achieved with up to 10 wt% of the SM. While the lamellar
morphology of the BCP was maintained, a reduction in the long range order was observed.
Supramolecules with a similar structural motif were later used in the fabrication of solar cells by
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complexing P3HT-6-P4VP with PCBM.®® The copolymer greatly enhanced the thermal stability
of the coassembly of polymer and PCBM compared to control blends of P3HT/PCBM, as shown
in Figure 1.4. Within a certain loading range, the addition of PCBM was found to improve the
lamellar morphology of the BCP and enhance the ambipolar charge mobility of the films.% Yi-
Cang et al. synthesized an all-conjugated BCP, P3HT-b-poly(3-(4’-(3",7"-dimethyloctyloxy)-3'-
pyridinyl)thiophene)(P3PyT), where the P3PyT block had pyridyl-containing side groups designed
to complex with PCBM.”® This BCP was used both as the primary donor material in the active
layer for OPVs and as a BCP surfactant in P3HT/PCBM blends. The highest efficiencies were
achieved when P3HT-b-P3PyT was used as a surfactant, and it significantly improved the thermal
stability of the devices after prolonged annealing. Yao et al. demonstrated an all-conjugated
random copolymer, poly[[3-(60-bromohexyl)thiophene]-co-[3-(60-(1-
imidazole)hexyl)thiophene]](P3HTM), which contained a mixture of photo-crosslinkable
bromine groups and imidazole groups on the side chains designed to hydrogen bond to phenyl Ce1-
butyric acid (PCBA).”! The combination of these features were shown to significantly enhance the
long term thermal stability of the PHTM/PCBA blend morphologies and device properties (75%
of initial device efficiency preserved after 40 h of annealing at 130 °C).

(a) (b) 30min at 180°C wm'nwc

500

Figure 1.4. (a) Chemical structure of P3HT-5-P4VP(PCBM) supramolecules. (b) TEM images of
thermally annealed (top) P3HT/PCBM and (bottom) P3HT-b-P4VP(PCBM) films. The PCBM
crystal sizes are much smaller for the supramolecular films after extended annealing. Adapted with
permission from Sary et al. Adv. Mater. 2010, 22, 763. Copyright © 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Fullerene-based supramolecules have also been used for memory storage devices, such as
write-once-read-many-times (WORM) memory and static random access memory (SRAM). Their
electrical properties in devices have shown a significant SM loading rate and morphology
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dependence. Chen et al. demonstrated the supramolecular assembly and nonvolatile WORM
memory  storage characteristics of  poly[4-(9,9-dihexylfloren-2-yl)styrene](P(St-F1))-b-
P2VP:PCBM with the P2VP block in linear®? and star®® configurations. For both configurations,
the charge transfer complexation between P2VP and PCBM controlled the PCBM crystal sizes
and led to devices with low threshold voltages (-1.6 to -3.9 V) and high ON/OFF ratios (103-10°)
at low loadings of PCBM (1-5 wt%), as shown in Figure 1.4. The ON or OFF states could be
maintained for over 10* s without obvious degradation. Higher loading rates of PCBM (10 wt% or
more) led to macrophase separation of the SMs. Devices with no PCBM or a high loading did not
exhibit memory storage properties. They also used PCBM blends with another fluorene-based
BCP, poly[2,7-(9,9-dihexylfluorene)](PF)-b6-P2VP, which had a conjugated backbone instead of
side groups, for memory devices.”* Devices based on the BCPs alone exhibited volatile, SRAM
behavior with longer ON states for BCPs with longer P2VP blocks. The longer lifetimes were
attributed to enhanced charge trapping with the longer, insulating P2VP block. Devices based on
PF-b-P2VP(PCBM) supramolecules exhibited WORM memory behavior. PS-5-P4VP(PCBM)
supramolecules have also seen use in devices and were shown to have morphology dependent
memory characteristics.” Films with a PS cylinder in P4VP(PCBM) matrix morphology oriented
parallel to the substrate exhibited SRAM behavior, and films with PAVP(PCBM) cylinders in the
PS matrix exhibited WORM memory behavior.
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Figure 1.5. (a) Chemical structures of the BCP and SM in (P(St-Fl))-b-P2VP(PCBM)
supramolecules. (b) I-V curves showing the PCBM loading rate dependence. (c) Retention time
measurement of a 1 wt% PCBM device. Adapted with permission from Hsu et al. Macromol.

Rapid Commun. 2011, 32, 528. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Supramolecules have also been formed using carbon nanotubes (CNTs). Li et al. studied
P(St-F1)-b-P2VP BCPs and their blends with carboxylic acid-functionalized, single wall CNTs.”®
A wide array of morphologies of the BCP were achieved by tuning the number of repeat units on
the fluorene side chains, the volume fraction of each block, the solvent used to cast the samples,
and the thermal annealing history. The CNTs were successfully sequestered into the P2VP
domains, and they exhibited morphology-dependent charge conductivities.
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Figure 1.6. (a) Supramolecular assembly and chemical structure of PS-6-P4VP(4T). (b) I-V curves
of neat 4T and P4VP(4T) supramolecules. Adapted with permission from B. J. Rancatore et al.
ACS Nano, 2010, 4, 2721-2729. Copyright 2010 American Chemical Society.

Blends of inert polymers and SM OSs have been shown to improve the solution
processability of the semiconductors without hindering their charge mobility. In Kang ef al., this
was demonstrated with blends of poly(a-methylstyrene) and 6,13-
bis(triisopropylsilylethynyl)pentacene.”” However, since these SMs did not bind to the polymer
chain, this method did not control their assembly. In a similar vein, the supramolecular approach
has been used to control the assembly of OSs and improve their solution processability without
hindering their charge mobility.”®*° These supramolecules were formed using phenol-containing
oligothiophene-® and perylene diimide-based” semiconductors hydrogen-bonded to the pyridine
side groups of P4VP and PS-h-P4VP. A schematic representation of oligothiophene-based
supramolecules and their /-V curves as the active layer in top-contact TFTs is shown in Figure 1.6.
In thin films of the oligothiophene-based supramolecules, nanostructured assemblies of the OS
oriented perpendicular to the substrate could be readily achieved, ideal for OPV devices.”® The
strong crystallization of the oligothiophenes in supramolecules was shown to have a large effect
on the morphology and chain architecture of both BCP blocks and significantly enhance the
thermal responsiveness of the supramolecules.'” A 70% increase in the BCP periodicity was
observed when the SMs transitioned from a melt to a crystalline state. In addition, a number of
potentially useful, long lived kinetically-trapped nanostructures could be accessed by tuning the
annealing conditions. Tran ef al. used magnetic fields to macroscopically align supramolecules
based on imidazole-functionalized perylene diimide- SMs designed to hydrogen bond to the
carboxylic acid groups of PS-b-poly(acrylic acid)(PAA), which could be potentially useful to
control the macroscopic alignment of nanostructures over large areas in OS devices.'”! A
schematic representation of the supramolecules and TEM images of their magnetically-aligned
morphology is shown in Figure 1.7.
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Figure 1.7. (a) Chemical structure and schematic representation of the supramolecular assembly.
(b,c) Cross-sectional TEM images of supramolecules with a cylindrical morphology that were
imaged (b) perpendicular and (¢) parallel to the magnetic field direction. Adapted with permission
from Tran et al. ACS Nano 2013, 7, 5514. Copyright 2013 American Chemical Society.

Supramolecular films of pyrenebutyric acid and PS-b-P4VP have also been
investigated!?? and was recently used as a fluorescent probe'® to study the packing of the SMs in
supramolecular thin films. H-type aggregation of the SMs was observed. By choosing selective
or nonselective solvents, the supramolecular orientation could be tailored, and the fluorescence
emission was enhanced compared to the neat SM both in solution and thin films. Investigations
such as this are potentially helpful for improving our understanding of how the packing of the
SM is affected by the supramolecular assembly method.

1.2.3 Thermodynamic and Kinetic Considerations of Functional SM-Based
Supramolecules

Throughout these studies, a number of competing processes in the assembly of
supramolecules based on highly crystalline functional SMs can be identified, including the BCP
microphase separation, the crystallinity and packing of the SM, the entropic penalty for deforming
the polymer chain, and the binding strength between the polymer and SM. The attachment of the
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SMs to the BCP has a number of effects on the polymer including changes to the chain architecture,
stiffness, 7, and spring constant. For example, the binding interaction between the polymer and
SM forces the polymer chain to stretch to allow more SMs to attach to the polymer chain. The
polymer may also affect the SM crystal structure or its ability to crystallize. In some cases, this
has shown to be beneficial, where the formation of supramolecules enhanced the mesophase of LC
SMs.>* For highly crystalline SMs, the packing of the SM can play a much larger role in the overall
assembly of the supramolecule compared to their less crystalline counterparts. Consequently, the
phase behavior of the SMs is of critical importance in its coassembly with the BCP.

The assembly of BCP-based supramolecules is more complex compared to BCPs with
covalently attached SMs. The SMs may macrophase separate from the BCP or only incorporate
partially, which can depend on the strength of the secondary interaction used for attachment, the
loading rate and crystallinity of the SM, and the sample treatment conditions. However, this added
complexity also provides added tunability as the loading rate of the SMs above and below a 1:1
stoichiometry of SMs to attachment sites can be readily changed without synthesizing new BCPs.
The non-covalent attachment of SMs also introduces a reversible, thermally responsive component
to the system. The SM distribution and diffusion rate can depend on the Tm of the SM and the
relative y between the SM and each block of the BCP at different temperatures.'* The SMs can
also have a plasticizing effect on the polymer chains which can reduce the annealing time and/or
temperature needed for the reorganization of the nanostructures.®

§ 1.3 Nanocomposites

Inorganic NPs display a number of interesting size-dependent optical, magnetic, and
electrical properties. However, precise control of their macroscopic and interparticle ordering is
requisite for their effective use in a number of devices. A rich library of BCP morphologies can be
achieved on size scales comparable to NPs and are readily solution processable. Combining these
two classes of materials to form organic-inorganic nanocomposites have the potential to take the
advantages of both materials. Thus BCPs, and more recently BCP-based supramolecules, have
been investigated as structure templates for the assembly of NPs. However, comparatively less
work has been done on nanocomposites with a functional, highly crystalline organic component,
such as OSs or conjugated polymers, which are potentially useful for optical and electronic
devices. In this section, we will discuss different NP assembly methods in these three areas.

1.3.1 BCP-Based Nanocomposites

Hybrid nanocomposites can be fabricated using BCPs as a nanoscopic template for the
assembly of various NPs into well-defined arrays that are scalable and amenable to solution
processing. There are a number of factors that govern the NP assembly including the enthalpic
interactions between the NP ligands and the BCP blocks, the conformational entropy loss of the
polymer due to stretching around the NPs, and the entropic contribution of the number of
arrangements of the NPs.!%* The enthalpic contribution of the polymer-ligand interaction can be
tailored by changing the NP ligands or the side chains of the BCP.!%>!% By using polymeric
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ligands that match one block of the BCP, the assembly of the NPs can be sequestered into that
block by favorable Van der Waals interactions. For example, by using PS, P2VP, or a blend of the
two ligands on the Au NPs, the assembly of the NPs were directed to the PS, P2VP, or the interface
between the blocks, respectively.!”-!1? Stronger interactions, such as electrostatic and hydrogen
bonding, can be used to enhance the solubility of the NPs in the polymer matrix and increase the
maximum weight fraction that can be incorporated before the NPs macrophase separate from the
composite.!>!!* For neutral ligands, the size of the NPs relative to the domain size of the BCP
have been shown to affect the location of the NP assembly.'!>!''” A number of theoretical studies
on this effect have been carried out by Balazs et al.''®12° This work considered the effects of the
NP size (d) vs. the BCP domain spacing (L). When d/L < 0.2, the particles favored assembly at the
interface between microdomains, but when d/L > 0.3, the NPs assembled at the center of the
favored domain. This is attributed to the larger deformation of the polymer chain necessary to
incorporate larger particles at the interface.'!®

1.3.2 Supramolecule-Based Nanocomposites

Another method to tailor the polymer-NP interactions is to attach SMs to one block of a
BCP that have favorable interactions with the ligands on the NPs. A wide variety of inorganic NP
shapes (spheres, rods) and compositions (metallic, semiconducting, etc) have been aligned by
supramolecules based on non-functional SMs.>!?!"!28 When supramolecules are constructed from
coil-coil BCPs, they adopt a coil-comblike structure, which increases the entropic penalty for
deforming the polymer chain compared to coil-coil BCPs. This increased penalty can force the
NPs to assemble into more localized regions within the comb block compared to coil-coil BCPs.
Coassemblies of plasmonic and semiconducting NPs were achieved by this method, which could
be useful for optical and electronic devices.'?? These supramolecular nanocomposites have also
been used in the formation of luminescent microspheres by assembling CdSe NPs.'?® In addition,
the thermal and light responsive, electronic, and dielectric properties of these nanocomposites can
be tuned by changing the SM, as demonstrated in Figure 1.8.>!?¢ The addition of a functional
organic component to these systems has great promise to expand the possibilities of their future
applications. However, the crystallinity and packing of these functional SMs can undoubtedly
affect the assembly of NPs in supramolecules, which has not been thoroughly studied in these
systems.
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Figure 1.8. (a—c) TEM images of supramolecular nanocomposites based on PS-5-P4VP BCPs,
functional SMs, and inorganic NPs. (d—f) The functional SMs used are pictured below each TEM
image. Supramolecules based on an (a, d) OS, (b, e) a light responsive SM, and (c, f) a blend of a
low-k fluorinated SM and alkyl SM were successfully used to direct the assembly of the NPs.
Reprinted, with permission, from Thorkelsson et al. 10th IEEE International Conference on
Nanotechnology 2010, 51. © 2010 IEEE.

1.3.3 Nanocomposites with Highly Crystalline Organic Components

In the vast majority of the work on directed NP assemblies in BCP and supramolecular
matrices, the organic component provides a structure framework but does not have inherent
functionality. Nanocomposites that have a highly crystalline organic component, such as OSs and
conjugated polymers, have the potential to combine the advantages of the functional organic and
inorganic components. Much like conjugated polymer/OS blend devices, nanostructures of the
conjugated polymer and NP components are typically formed by the spontaneous phase separation
of the two materials in conjugated polymer/NP devices.!?’ As previously mentioned, this technique
does not yield nanostructures with controlled size and orientation, and this has motivated the
investigation of better control methods. One method is to use BCPs where one block is a
conjugated polymer and the other has favorable interactions with the NPs. For example, Chun
Fang et al. demonstrated a triblock copolymer with a conjugated poly(fluorene) center block and
polydimethylaminoethyl methacrylate blocks on each end that bonded to CdSe NPs to disperse the
NPs in an organic semiconducting matrix.!** Photoinduced charge transfer was present in the PL
spectra, indicative of electron coupling between the organic and inorganic components. Maria et
al. synthesized a BCP where one block contained hole-conducting tetraphenylbenzidine side
groups, and the other block was P4VP, which had favorable binding interactions to n-type CdSe:Te
NPs."3! The NPs were successfully incorporated into the P4VP domains without disrupting the
lamellar morphology of the BCP. Similarly, a rod-rod BCP, P3HT-b-polyselenophene, was used
by Lianshan Li ef al. to control the assembly of CdSe NPs by favorable interactions between the
NPs and P3HT.!*

Another technique to direct the assembly of NPs is to coassemble them with conjugated
polymer nanowires. Hybrid nanowires were fabricated from coassemblies of P3HT nanowires and
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CdSe dots through favorable interactions between the CdSe NPs and the sulfur atoms on P3HT,!*3
and a similar method was utilized in hybrid PVs to achieve power conversion efficiencies (PCEs)
of up to 4.1%."** Generally, the electronic coupling between the nanoparticles is enhanced by
exchanging the long solubilizing ligands after synthesis with shorter ones, such as pyridine or
alkanedithiols.'?"!3> An alternative strategy is to directly attach OSs or conjugated polymers to
NPs as ligands to improve the electronic coupling and interface between the organic and inorganic
components.'*%!38 By combining this with the hybrid nanowire assembly technique, P3HT/CdSe
hybrid nanowires were fabricated by cocrystallization of P3HT with CdSe nanorods'**!4? and
spheres!*? functionalized with P3HT ligands. Their assemblies are shown schematically and in
TEM in Figure 1.9. The nanorods were well-oriented along the long axis of the P3HT nanowires
and photoluminescence quenching of CdSe suggested that charge separation occurred between the
two components.
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Figure 1.9. (a) Schematic of the cocrystallization of the free and CdSe nanorod-grafted P3HT
chains. (b) TEM images of the P3HT nanowire and nanorod coassemblies. (c) Histogram of the
orientation of the nanorods relative to the P3HT nanowire axis. Adapted with permission from
Bokel ef al. Macromolecules 2011, 44, 1768. Copyright 2011 American Chemical Society.

17



§ 1.4 Conclusions and Outlook

Functional supramolecules have the potential to combine the advantages of functional SMs
and polymers to yield processable, nanostructured, functional materials. These materials may
prove useful for the fabrication of low-cost and flexible optical and electronic devices on their own
and in blends with NPs. Although considerable progress has been made in using BCP templates to
control the assembly of functional SMs and NPs separately, further work is necessary to improve
our understanding of the coassembly and properties of these functional components.
Improvements in devices will likely come from optimization of the morphology, interface between
materials, electronic properties, optical properties, and electronic coupling between the SMs and
NPs. Although there are still many challenges, recent progress suggests a bright future for these
versatile materials.

One area where these composites could see potential use is organic-inorganic hybrid
materials for PV devices with well-controlled nanostructures and interparticle ordering. Huynh et
al. showed that the PCE can be enhanced by the use of anisotropic nanorods instead of spherical
NPs due to the increased distance that charges could travel within a single particle before needing
to “hop” to another.'” Since the nanorods tend to adopt a non-ideal, parallel to the substrate
orientation in these blends, conjugated polymers blended with tetrapods'*! and hyperbranched
nanocrystals'*? have also been investigated to allow for enhanced charge transport perpendicular
to the electrodes. Since BCP-based supramolecules can effectively organize semiconductor NPs
into ordered arrays, this may provide a viable and effective means to control their alignment in
electronic devices, such as PV devices.>!?"'?* However, in order to effectively interface organic
and inorganic semiconductor materials into well-defined arrays, a greater understanding of the
self-assembly of supramolecular nanocomposites based on highly crystalline functional SMs is
required.

As discussed in Section 1.3.3, improvements in the charge mobility of NPs are generally
achieved by exchanging the large, insulating ligands for shorter ones after film casting.!*
However, this leads to the disruption of the NP superlattices and cracking of the films. An
alternative strategy is to use conducting ligands to lower the barrier to charge transport between
particles.!¢ This would allow for the use of ligands that are similar in size to the original, insulating
ligand to reduce film cracking. Alternatively, the exchange process could be performed prior to
film formation. To effectively achieve well-aligned, functional supramolecular nanocomposites
with good electronic coupling among all components in the system, this surface chemistry would
also need to be optimized. With the optimization of the coupling between NPs and between the
inorganic and organic components, functional SM-based supramolecular nanocomposites that
have well-aligned organic/inorganic assemblies with good electronic coupling could potentially be
realized.

§ 1.5 General Approach and Synopsis of Subsequent Chapters

The work described in this dissertation investigates the bulk and thin film assembly as well
as the electronic properties of OS-based supramolecules both alone and in blends with
semiconducting NPs. It begins in Chapter 2 with preliminary experiments investigating the bulk
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assembly, thin film assembly, and the electronic properties of supramolecules based on a highly
crystalline, oligothiophene OS SM. Chapter 3 contains a more thorough investigation of the bulk
assembly and thermally-responsive properties of these oligothiophene-based supramolecules, and
Chapter 4 expands this investigation to a family of conjugated oligomer SMs. In Chapter 5, these
functional supramolecules are coassembled with semiconducting nanoparticles, and their
assemblies are compared to supramolecules based on less crystalline SMs.
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Small molecule organic semiconductors have many advantages over their polymer
counterparts, including their high purity and well-defined electronic properties. However, to
fabricate organic semiconductor-based devices using solution processing, it is requisite to
eliminate dewetting to ensure film uniformity and desirable to assemble them into nanoscopic
features with tailored macroscopic alignment without compromising their electronic properties. In
this chapter, we introduce a modular supramolecular approach to address these concerns. A
quaterthiophene organic semiconductor is attached to the side chains of 4-vinylpyridine groups of
either a poly(4-vinylpyridine) homopolymer or a polystyrene-block-poly(4-vinylpyridine) block
copolymer via non-covalent hydrogen-bonds to form supramolecular assemblies that act as p-type
semiconductors in field-effect transistors. In thin films, the quaterthiophenes can be readily
assembled into laterally oriented nanoscopic features, tens of nanometers in size. The
supramolecules exhibited the same field-effect mobilities as that of the quaterthiophene alone (10
4 c¢m?/Vs). Since the organic semiconductors can be readily substituted, this modular
supramolecular approach is a viable method for the fabrication of functional, nanostructured
organic semiconductor films using solution processing. This chapter was adapted with permission
from Rancatore et al. ACS Nano 2010, 4, 2721. Copyright 2010 American Chemical Society.

§ 2.1 Introduction

Small molecule organic semiconductors have many advantages over their polymer analogs,
including their high purity and well-defined electronic properties.!* They provide unique
opportunities to fabricate low cost, high performance organic electronic devices such as organic
photovoltaics (OPVs) or organic light-emitting diodes (OLEDs)."”®* However, it can be
challenging to solution process them into uniform films, due to dewetting and their strong tendency
to crystallize.> When blending electron donors and acceptors, one major hurdle is to assemble
each type of the functional small molecules into nanoscopic grains, tens of nanometers in size, in
order to increase the donor/acceptor interfaces and optimize the efficiencies of the devices.!*!? To
effectively transport charges to the electrodes, these nanoscopic grains need to be macroscopically
oriented normal to the substrate and the orientation and molecular packing of the organic
semiconductors within each grain need to be tailored.'”

A number of approaches have been explored to overcome these barriers. Uniform films of
conjugated polymers can be readily cast using solution processing and are used extensively,'*"!*
though they typically exhibit lower charge mobilities than their small molecule counterparts.'> In
blends of conjugated polymers and fullerene-based small molecule semiconductors, solution
processed OPVs with power conversion efficiencies of ~5-6 % were achieved by kinetically
trapping the phase separation of the active layer.!!® However, one of the main remaining
concerns is to obtain ideal morphologies for OPV's with nanoscopic features with sizes comparable
to typical exciton diffusion lengths that are vertically aligned to allow charges to reach electrodes.'®

Block copolymers (BCPs) microphase separate and form well-defined arrays of
microdomains, tens of nanometers in size. In thin films, BCP microdomains can be oriented normal
to the surface by applying an external surface, electric, or solvent field.'?! Thin films of
conjugated BCPs with microdomains oriented normal to the surface over macroscopic areas are of
particular interest since they provide ideal morphologies for high efficiency, bulk heterojunction
OPVs or OLEDs. However, such fine morphological control has proven far more difficult with
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conjugated BCPs due to their poor solubility, low chain mobility, and high tendency to
aggregate.””?’ Electronic properties can also be built-in through the covalent attachment of
conjugated molecules to the side chains of BCP blocks.?**® However, the generality is limited,
since the synthesis of such BCPs is challenging, as monomers containing conjugated molecules
have limited solubility. The covalently linked side-groups may also reduce the mobility of the
polymer chain and restrain the molecular packing of the attached conjugated molecules required
for high charge mobility.

BCP-based supramolecules can be constructed by attaching small molecules to pendant
functionalities of a polymer chain via non-covalent interactions such as hydrogen bonding,
electrostatic interactions or metal ligation.?>->* By selective attachment of small molecules to one
block of a coil-coil BCP, a coil-comblike supramolecule can be formed. These supramolecules
phase separate into arrays of well-defined microdomains similar to those seen in BCPs alone and
the small molecules order within the BCP microdomains. In thin films of BCP-based
supramolecules, the macroscopic orientation of the supramolecular assemblies can be tailored.**
38 By adjusting the loading of the small molecules, the BCP microdomains can be aligned
perpendicular to the surface.’®*® Within the BCP microdomains, lamellar assemblies from the
comb block, several nanometers in size, are oriented parallel to the surface and small molecules
are aligned perpendicular to the surface.’®*® It has also been demonstrated that blends of inert
polymers and organic semiconductors can be used to improve the solution processability the
semiconductor.*® The supramolecular approach provides a new avenue to improve the solution
processability of organic semiconductors as well as to assemble them into nanoscopic structures
in thin films. It circumvents some of the synthetic challenges inherent to the preparation of
conjugated BCPs and enables the tailoring of electronic properties of the supramolecule without
the need to synthesize new polymers.*® Kinetically, the non-covalent linking of an organic
semiconductor to a BCP block may preserve the chain mobility of the polymer necessary for
ordered self-assembly during annealing, while constraining crystallization of the small molecule
to within the microdomains. Nanostructured thin films were recently obtained in blends of
regioregular poly(3-hexylthiophene)(P3HT)-block-poly(4-vinylpyridine)(P4VP) rod—coil block
copolymers with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).*’ Favorable interactions
between PCBM and P4VP sequestered the PCBM crystallization to within the BCP microdomains
and led to bicontinuous electron donor/electron acceptor networks with high thermal stability.

§ 2.2 Results and Discussion
2.2.1 Small Molecule and Supramolecule Design

We can construct supramolecules by attaching oligothiophene organic semiconductors to
the polymer side chains via hydrogen bonding and investigate critical parameters governing their
assembly and electronic properties. 5’’’-(3,7-Dimethyloctyl)-5-(3-(3-hydroxyphenyl)propyl)-
[2,27;5°,2°°;5°,2”""] quaterthiophene, a semiconductor with a pendant phenol moiety, identified as
“4T,” was designed to hydrogen bond to the 4-vinylpyridine units of a P4VP(46.7 kDa)
homopolymer or a polystyrene(40 kDa)-block-poly(4-vinylpyridine)(5.6 kDa) (PS-b-P4VP) BCP,
as shown in Figure 2.1. This small molecule was synthesized by Dr. Clayton Mauldin in a
previously reported publication.*! The resultant supramolecules are identified as P4VP(4T): (in
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which » denotes the ratio of 4T to 4VP unit). A delicate balance between several competing
processes including the BCP phase separation, macrophase separation of the BCP and
semiconductor, and crystallization of the semiconductor is required in order to obtain the desired
hierarchical assemblies. The favorable interaction between the phenolic end group of the
semiconductor and the pyridyl side group of the BCP must balance the tendency of the
quaterthiophene semiconductor to crystallize and phase separate from the BCP as a result of strong
n-n interactions. The crystallization and melting temperatures of the semiconductor must also be
tailored such that its amorphous state is accessible without completely breaking its non-covalent
link to the BCP side groups. This will provide some mobility to the comb block while preserving
the integrity of the hierarchical assemblies. A solution to this problem is to inhibit crystallization
of the quaterthiophene through the use of a branched alkyl chain, while preserving its ability to
transport charge.
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Figure 2.1. Phenol-pyridine hydrogen bonds between the 4T molecules and the 4-vinylpyridine
groups of a BCP. This forms a coil-comblike supramolecular architecture. The three-component
design of the 4T molecules allows for the tailoring of its properties for the desired application.

Differential scanning calorimetry (DSC) reveals a pair of endotherms at 126 and 142 °C
upon heating and exotherms at 138 and 106 °C upon cooling (Figure 2.2). The H-bond between
the phenol group and the 4VP is not significantly reduced until ~170-190 °C.** The melting
temperature of 4T is, therefore, within the temperature range necessary to access 4T s amorphous
state without completely breaking its non-covalent link to the BCP side groups. This provides
mobility to the P4VP(4T): block while preserving the integrity of the hierarchical assemblies.

23



-
o
|

o
|

Heat Flow (mW)
o
|

|
(6]
|

| | | |
50 100 150 200

Temperature (°C)

Figure 2.2. DSC thermogram of 4T. Endotherms are observed at 126 and 142 °C upon heating,
and exotherms are seen at 138 and 106 °C upon cooling.

2.2.2 Bulk Structural Characterization

Characterization of bulk samples was performed by small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM) to verify P4AVP(4T): self-assembly and determine
the overall hierarchical structure. Hydrogen bonding 4T to a BCP, PS-b-P4VP, results in a BCP-
based supramolecule, PS-6-P4VP(4T).. The synergistic co-assembly of the BCP and 4T may lead
to hierarchical assemblies that may satisfy many morphological requirements for high efficiency
OPVs and OLEDs. However, most of the previous studies on BCP-based supramolecules have
focused on small molecules which have a much weaker tendency to aggregate in comparison to
4T. For highly crystalline organic semiconductors, such as 4T, the crystallization may induce
macrophase separation. A delicate balance between the BCP self-assembly and crystallization of
the semiconductor is required to obtain the desired hierarchical assemblies. Thus, we first
investigated the assembly of PS-6-P4VP(4T): in bulk, which provided guidance to manipulate 4T
assemblies in thin films.

Figure 2.3a, b show the SAXS profile and TEM image of PS-b-P4VP(4T): annealed at
110°C. This annealing temperature was selected since the hydrogen bonding between 4T and 4VP
becomes unstable at temperatures above 110°C.** The presence of ¢, 2¢*, and 3¢* peaks in the
SAXS profile confirms the formation of lamellae-within-lamellae hierarchical assemblies, where
the BCP forms a lamellar morphology with a periodicity of ~33.7 nm and the PAVP(4T):1 comb
block forms lamellae with a periodicity of ~6.3 nm. The TEM image shows that the 4Ts are
completely incorporated within the BCP lamellae. In addition to these lamellae, irregularly-sized
rectangular microdomains are seen, which may be caused by an irregular distribution of 4T in
these regions or “T”-junction defects.*> Once the 4T crystallizes, the P4VP(4T): comb block
stiffens. Packing the PAVP(4T): block into a curved morphology is not energetically favorable
because it requires the rigid lamellae to spread apart. Despite the energetic cost of the sharp
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curvatures, the m-m interactions between the comb blocks are strong enough to stabilize the
morphologies observed in this image. However, the weight fraction of 4T in PS-b6-P4VP(4T): is
only 42 %. It is likely that the 4T fraction needs to be increased to ensure charge injection and
transport.
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Figure 2.3. (a) SAXS profile and (b) TEM image of PS-6-P4VP(4T): annealed at 110 °C, showing
a lamellae-within-lamellae morphology.

After increasing r to 1.5 and annealing at 110°C, the SAXS profile (Figure 2.4a) indicates
the presence of nanostructures resulting from BCP microphase separation in addition to the
packing of small molecules that are incorporated (6.3 nm) and not incorporated into the
supramolecule (5.7 nm). Figure 2.4b shows a representative TEM image and no large grains of

25



macrophase separated 4T are observed. However, a mixture of two morphologies is present,
indicating a non-uniform distribution of 4T. On the right side, P4AVP(4T) microdomains appear to
pack into hexagonal arrays embedded in the PS matrix. In the lamellar morphology region on the
left hand side of the image, many defects are seen and the ordering is poor. In many regions, as
indicated by the circle in the inset, two BCP microdomains are connected with lamellae with a
much smaller periodicity of ~6 nm. It is highly likely that these lamellae are assemblies of 4T
alone and correspond to the diffraction peak at ¢ ~0.011 A1 (5.7 nm). At » > 1, the excess amount
of 4T crystallizes during the drying process, leading to an inhomogeneous distribution of 4T. At
110°C, below the melting temperature of 4T, the mobility of PS-6-P4VP(4T): is insufficient to
achieve uniform supramolecular assemblies. Mixed morphologies have not been observed

previously in BCP-based supramolecules and can be attributed to 4T’s strong tendency to
crystallize.
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Figure 2.4. (a) SAXS profiles of PS-b-P4VP(4T):5 annealed at 110 °C and 155 °C. The TEM
images are shown in (b) and (c), respectively. For PS-b6-P4VP(4T):.5 annealed at 110 °C, mixed
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morphologies are observed and 4T organizes into lamellae, ~ 6 nm in periodicity, bridging the
BCP lamellae, as seen in the zoom-in TEM image in the in-set of (b).

By further increasing the thermal annealing temperature to 155 °C, above the melting
temperature of 4T, a uniform lamellae-within-lamellae morphology is observed for PS-b-
P4VP(4T)1 s, as shown in Figure 2.4c. The SAXS profile in Figure 2.4a shows a complete
incorporation of 4T into the supramolecules, which increases the BCP periodicity to ~52 nm.
Within the BCP lamellar microdomains, the P4VP(4T)1.5 comb blocks assemble into lamellae, ~6
nm in periodicity, and can be clearly seen in TEM. Although a significant fraction of hydrogen
bonds are broken at 155 °C and » > 1, the favorable interaction between the phenolic end group of
the semiconductor and the pyridyl side group of the BCP and strong n-m interactions between the
oligothiophenes provide sufficient driving force to sequester the 4Ts into the BCP microdomains
and prevent macrophase separation.

2.2.3 Thin Film Structural Characterization

The orientation and structural ordering of the domains containing the organic
semiconductors in thin films is critical to the performance of these supramolecules in electronic
devices. Consequently, the hierarchical assembly of P4VP(4T): and PS-6-P4VP(4T)i5s were
studied in thin films using grazing-incidence small-angle X-ray scattering (GISAXS). Thin films
of PAVP(4T): and PS-6-P4VP(4T)15, ~50—60 nm in thickness, were spin-casted onto untreated
silicon wafers and subsequently solvent and thermally annealed. The incidence angles (ain) are in
the range of 0.15-0.20°, where the incident X-rays penetrate the whole film and probe structural
information throughout the entire thickness of the film. Figure 2.5a shows the GISAXS pattern of
a solvent annealed P4AVP(4T): film, and the ¢, scan is shown in Figure 2.5d. Diffraction spots,
instead of rings, are seen in the g direction, indicating that the PAVP(4T): forms lamellar domains,
~6.3 nm in periodicity, mainly oriented parallel to the substrate. The spreading of the diffraction
spots suggests that a small fraction of PAVP(4T): lamellae are tilted from the parallel orientation.
Thermal annealing at 110°C for 1 h enhances the P4AVP(4T): ordering, sharpens the diffraction
peaks, and reduces the periodicity to 5.7 nm, as seen in the GISAXS pattern and g- scans shown in
Figure 2.5c¢, d. Since the phenol-4VP H-bond has been found to be stable at 110°C, and there were
no observed decreases in film thicknesses, we speculate the periodicity of P4AVP(4T): reduced upon
heating due to changes in packing of the supramolecules.*? This macroscopic alignment of 4T, as
schematically shown in Figure 2.5b, is similar to that seen in thin films of oligothiophenes alone.**
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Figure 2.5. (a, c) GISAXS patterns of a ~60 nm P4VP(4T); thin film at an incident angle of 0.15°
after (a) solvent annealing for 36 h and (c) thermal annealing for 1 h at 100 — 110 °C under Nz. (d)
The g. scans at gy = 0.017 A show that the (black) solvent and (red) thermally annealed
P4VP(4T): lamellae, ~6.5 nm and ~5.6 nm in periodicity, respectively, are oriented parallel to the
surface, as schematically shown in (b). Thermal annealing enhances the P4AVP(4T): ordering and
sharpens the diffraction peaks.

The ideal morphology for OPVs and OLEDs requires an alignment of BCP microdomains
in thin films normal to the film surface. Upon attaching 4T to the P4VP side chains, the BCP
microdomain orientation depends on the interactions between each component with the underlying
substrate. As shown in Figure 2.5b, favorable interactions between P4VP with the Si substrate
orient the P4AVP(4T): lamellae parallel to the surface. For PS-6-P4VP(4T)1.5 supramolecules, the
parallel orientation of P4VP(4T): lamellae may overcome the non-favorable interactions between
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the PS block with the underlying substrate and cause the BCP microdomains to orient normal to
the surface, as shown in Figure 2.1.

Figure 2.6a shows the GISAXS pattern of a ~50 nm PS-b-P4VP(4T)1 s thin film at oin=
0.20° after solvent annealing. Features in both ¢- and ¢, directions are observed. The gy scan in
Figure 2.6d only shows a broad diffraction peak at gy ~ 0.017 A™!, corresponding to the lateral
microphase separation of PS-b-P4VP(4T)1.5 with a periodicity of ~37 nm. The solvent annealed
PS-b-P4VP(4T)15 film is microphase separated with fairly poor lateral order. However, only
diffraction spots, instead of rings, were seen in the GISAXS pattern, indicating the BCP
microdomains are mainly oriented normal to the substrate. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) was used to investigate the ordering of PS-5-P4VP(4T)1.5 at much smaller
length scales, as seen in Figure 2.6e. In the high ¢y region, diffuse scattering originating from the
molecular packing of 4T can be seen around gy ~ 1.3—1.5 A'.* The crystallinity of 4T in thin
films of PS-b-P4VP(4T)1 5 is somewhat low. However, there are a series of diffraction peaks along
the g: direction, originating from the PAVP(4T): lamellae with a periodicity of ~6.3 nm oriented
parallel to the surface, similar to the schematic in Figure 2.5b. The atomic force microscopy (AFM)
image of a solvent-annealed PS-6-P4VP(4T):5 thin film shows some degree of nanostructured
ordering, but it is not well-defined (Figure 2.7). Thermal annealing at 110°C for 1 h improves the
hierarchical ordering of PS-b-P4VP(4T): 5 significantly and results in a sharpening of peaks in the
gy and g: directions, shown in Figure 2.6b—d. The peaks in the gy scan indicate that thermally
annealed PS-b-P4VP(4T): s thin films form BCP lamellae oriented normal to the film surface with
a periodicity of ~52 nm and suggests a complete incorporation of 4T into the BCP lamellae. Thus,
thermally annealed thin films of PS-b-P4VP(4T)1.s form hierarchical structures similar to those
shown schematically in Figure 2.1.
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Figure 2.6. (a, b) The GISAXS and (e¢) GIWAXS patterns of a ~50 nm PS-5-P4VP(4T): 5 thin
film after (a) solvent annealing for 24 h and (b) thermal annealing for an hour at 100—110 °C under
N2 at incident angles of 0.19 - 0.2°. (c) The ¢ scans at gy = 0.018 A"!, show the solvent and
thermally annealed P4VP(4T): lamellae, ~6.2—6.6 nm and ~5.7 nm in periodicity, respectively, are
oriented parallel to the surface. (d) The gy scans at g. = 0.025 A"!, show the solvent and thermally
annealed BCP lamellae, ~30-37 nm and ~52 nm in periodicity, respectively, are oriented
perpendicular to the surface.
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500 nm

Figure 2.7. AFM images of a ~50 nm solvent-annealed PS-6-P4VP(4T)1.5 film.

Thus, solvent annealed PS-b-P4VP(4T)15 do not form a well ordered lamellae-within-
lamellae morphology in thin films as previously found with other BCP-based supramolecules. We
speculate that after solvent annealing, PS-b-P4VP(4T)1.5s may form morphologies similar to those
shown in Figure 2.4b, where a significant fraction of 4Ts organize into lamellae bridging the BCP
lamellae in different grains to provide a pathway to transport charges between P4VP(4T): lamellae.
Upon thermal annealing, 4Ts are incorporated within P4VP(4T): microdomains, which results in
an increase in the BCP periodicity. This improves macroscopic alignment of the BCP lamellae
normal to the surface, however, very likely removes this electronic pathway and reduces charge
mobility.*’

2.2.4 Electrical Characterization

Analysis of OFET data enables the calculation of charge mobility for the organic
semiconductor and provides a qualitative evaluation of the level of dopants and charge traps
introduced into the films during the process of supramolecule formation. In order to demonstrate
the electronic functionality of our supramolecular structures, p-channel OFETs were constructed
with 1000 A SiO: as the gate dielectric and either 4T, P4VP(4T)1, PS-b-P4VP(4T): or PS-b-
P4VP(4T): 5 as the active layer. Devices were fabricated in top-contact/bottom-gate geometry (see
Figure 2.8) in order to verify that these supramolecular films are semiconducting throughout their
entire thickness, which is critical for fabricating OPVs.?* OFET devices were tested by Dr. Clayton
Mauldin. Saturation mobilities (i) were calculated using eq. 2.1, where gm = transconductance, Ip
= drain electrode current, Cox = insulator capacitance, W = electrode width, and L. = channel length.
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1= gm’ / 2IpCox(W/L) (eq. 2.1)

Although the 4T molecule is highly soluble in numerous organic solvents, uniform films
cannot be formed by spin coating. In addition, 4T dewets the Si substrate upon thermal annealing.
These factors significantly decrease the OFET yield for 4T devices. However, uniform films of
controlled thicknesses can be readily cast from the P4VP(4T): and PS-6-P4VP(4T): (r =1, 1.5)

supramolecules.

q Dielectric
Ve

Figure 2.8. Schematic of an OFET in top-contact/bottom-gate geometry.

Unannealed films of 4T fail to provide ideal transfer curves as evidenced by the non-linear
plot of [Ip|"? (Figure 2.9a). While the devices do exhibit gate-modulated conductivity, this non-
ideal behavior makes it impossible to calculate the charge mobility in these films. Thermal
annealing of the 4T films at 135 °C for 10 minutes result in a significant increase in saturation
currents measured in OFETs and produce linear plots of [Ip|"? in transfer IV curves and charge
mobilities of 10 cm?/Vs. Low off-currents, the minimum Ip measured in the devices, suggest a
low level of doping in the pristine small molecule films.? A representative transfer plot of an
annealed 4T device is shown in Figure 2.9b. The charge mobilities of 4T are comparable to or
higher than many conjugated polymers that have been used in OLEDs** and OPVs 244648
Furthermore, devices exhibited a low turn-on voltage, which suggests a low barrier to mobile
charge injection.
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Figure 2.9. Transfer IV plots of (a, b) 4T and (c) P4AVP(4T): devices. (a) A plot of |ID| (red) and
IID|' (black) for an unannealed 4T device with W = 400 um and L = 10 pm. (b) A plot for a
thermally annealed 4T device with W =400 um and L = 10 pm. (c) A solvent annealed P4VP(4T):
device with W = 400 um and L = 20 um. The charge mobilities for thermally annealed 4T and
solvent annealed P4VP(4T): devices are calculated to be 10 cm?/Vs, and the on/off ratio of the
devices are 10°.

Having validated 4T as an organic semiconductor in p-channel OFETs, we studied the
charge transporting capabilities of the P4VP(4T): supramolecule. While the 4T films were
observed to dewet the device substrates, decreasing the OFET device yield, uniform films of
controlled thicknesses can be readily cast from P4VP(4T): solutions. High quality thin films can
also be processed for » > /. Thin films of PAVP(4T)i1, ~60 nm in thickness, were solvent annealed
under chloroform vapor for 24 h to improve the ordering of P4VP(4T)i. As shown in a
representative transfer IV plot in Figure 2.9¢c, the solvent annealed P4VP(4T): films function as
the active layer in OFETs with charge mobilities of 10 cm?/Vs. The saturation current levels are
similar to those obtained in annealed pristine 4T OFETs, and off-currents remain low. Consecutive
scans of Vg show bias stress effects (BSEs) in the devices, as seen in Figure 2.10. Charge traps or
defect formation in OFET device channels are thought to produce BSEs.*? Since these effects
are absent in 4T OFETs, the defect formation or charge trapping cannot be attributed to the
structure of 4T. It is unclear if the chemistry of P4VP leads to defect formation in active device
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channels or if the P4VP(4T): films simply contain more trap sites due to the greater thickness of
the films obtained from the supramolecule.” Since P4VP preferentially interacts with SiO2 and
the 4T molecule dewets the silicon substrate, the higher affinity of P4VP to silicon oxide layer
precludes 4T enrichment at the P4VP(4T)1/SiO: interface.>* Thus, the OFETs measure the
mobility of charge in a thin layer (~5-10 nm) of the PAVP(4T): next to the SiO: dielectric, not
phase-separated 4T.3**
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Figure 2.10. A set of three consecutive (red, blue, then black) scans of thermally annealed (a) 4T
and (b) P4VP(4T)1 OFETs. Consecutive scanning of the 4T device gives nearly identical IV
curves, while bias stress effects are observed in the P4VP(4T): device.

Since a bottom-gate and top-contact test structure requires a film with semiconducting
properties through its entire thickness, the OFET results clearly demonstrate that by hydrogen
bonding 4T to P4VP, P4VP(4T); thin films transport charges in both the lateral and vertical
directions. Constructing P4VP(4T): supramolecules does not sacrifice the charge mobility of 4T,
yet enhances its solution processability into uniform films and control over its spatial arrangement.

Devices were prepared with PS-b-P4VP(4T): films to determine if the domains of
P4VP(4T): within the BCP film could provide conductive pathways in OFET channels (Figure
2.11). These devices yield saturation currents an order of magnitude lower than 4T and P4VP(4T):
films. The threshold voltages of the devices are generally shifted to slightly more negative values,
which suggest that restriction of 4T into the block copolymer lamellae hampers the injection of
mobile charge carriers. However, the weight percent of 4T in these films is significantly lower (42
%) compared to P4VP homopolymer films (85%).
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Figure 2.11. A comparison of IV plots for PS-b-P4VP(4T): OFETs where r = 1 (black) andr=1.5
(red). The devices are the same geometry with W = 200 um and L = 10 pm. The charge mobility

was calculated to be 10 and 10 cm?/Vs for r = 1 and 1.5, respectively. The on/off ratio for PS-
b-P4VP(4T)1.5 OFETs was 10°.

Increasing the ratio of 4T to 4VP enhances the 4T fraction in the film, the backbone
stiffness of the P4VP block, and possibly the comb block packing. The TEM image in Figure 2.4b
shows that the 4T lamellae bridge the BCP lamellae in different grains and potentially improve
the electronic connectivity between the BCP lamellae in PS-5-P4VP(4T); s films. To determine if
this effect would increase charge mobility in the supramolecular films, PS-6-P4VP(4T)1s OFETs
were fabricated as described above. A comparative plot of saturation currents in PS-b6-P4VP(4T):
OFETs, where r = 1 and 1.5, is shown in Figure 2.11. The saturation currents in these devices
increase by an order of magnitude relative to analogous PS-6-P4VP(4T)1 OFETs, and the charge
mobility of PS-b-P4VP(4T) s is calculated to be 10* cm?/Vs, comparable to 4T and PAVP(4T);.
The OFET results suggest that there is a conductive pathway normal to the surface through the
P4VP(4T): microdomains.

§ 2.3 Conclusion

We have demonstrated a molecular design strategy involving the non-covalent linking of
organic semiconductors to a polymer chain which greatly improves the solution processability,
ordering, and macroscopic alignment of the semiconductor molecules without hindering the charge
mobility in OFET devices. In thin films of PS-5-P4VP(4T)15, the BCP microdomains orient
normal to the substrate and form a lamellae-within-lamellae supramolecular structure. Within the
lamellar BCP microdomains, P4VP(4T): forms lamellae oriented parallel to the substrate. In
addition, this supramolecular comb block transports charge in OFET channels, thus these films act
as nanostructured semiconductor composites. Although effectively measuring the mobility of
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charge in a thin layer (~5-10 nm) of the organic semiconductor next to the SiO2 dielectric instead
of the bulk property,™>* the top-contact, bottom-gated OFET experiments demonstrate the
functionality of the supramolecular film assemblies throughout their entire thickness. Additionally,
the charge mobilities of 4T, P4VP(4T)i, and PS-b6-P4VP(4T)1s measured in OFETs are
comparable to organic semiconductors that have been used in OLEDs> and OPVs.2*%
Furthermore, this mobility value is greater than that measured in some conjugated polymers, such
as poly(p-phenylene vinylene), where nanoscopic assembly is challenging.*’*3 The presented
supramolecular approach and design principles should be applicable to other organic
semiconductors, thus providing a versatile method to access films with spatial and orientational
control of the semiconductor, which is otherwise difficult. Furthermore, recent studies have shown
that BCP-based supramolecules can effectively organize semiconductor nanoparticles into ordered
arrays, which provides a viable and effective means to incorporate electron donor or acceptors as
needed.>® This, in conjunction with the use of other small molecules with improved optical and
electronic properties, may potentially lead to the fabrication of high performance OPVs and
OLEDs.

§ 2.4 Experimental Section

2.4.1 Materials

P4VP(46,700) (PDI=1.14) and PS(40,000)-6-P4VP(5,600) (PDI=1.09), were purchased
from Polymer Source, Inc. Chloroform was purchased from Fisher and filtered through basic
alumina. All other chemicals were purchased from Aldrich and used as received. The synthetic
procedure to prepare 4T is described in detail in a previous publication.*!

2.4.2 Sample Preparation

The PS-H-P4VP or the P4VP was first dissolved in chloroform to form 1% - 2% (wt/v)
stock solutions. The desired amount of 4T was dissolved in chloroform. The polymer solution was
then added to the 4T solution, followed by stirring overnight. Thin films were prepared by spin-
coating the mixed solutions onto silicon wafers at spinning speeds between 1000 and 4000 rpm.
4T is light and oxygen sensitive and so cautions were paid to avoid light exposure during the
sample preparation process. Sample thicknesses were measured using a FilmetricsTM F20
interferometer. For solvent annealing, thin films were placed together with a beaker of 40 ml
chloroform at 22 °C inside an inverted dish (170 Dia. x 90 H mm) on which a ~2 kilogram weight
was loaded for 2448 hours. For thermal annealing, samples were wrapped in aluminum foil inside
an inverted dish and placed in an oven under a nitrogen atmosphere at 100 — 110°C for 1 h.

2.4.3 Differential Scanning Calorimetry (DSC)

4T was heated and cooled from 0 °C — 200 °C — 0 °C at a rate of 10 °C/min. DSC
thermograms were collected on a TA Q200 DSC with an RCS 40 refrigeration unit.
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2.4.4 Small-Angle X-ray Scattering (SAXS) and Grazing-Incidence SAXS (GISAXS)

Bulk samples were prepared by casting and drying the supramolecule solutions in PTFE
beakers inside an inverted dish and allowing the solvent to evaporate over 48 hours. Samples were
then thermally annealed at ~100 — 110 °C or 155°C under vacuum overnight and then slowly
cooled to room temperature. The SAXS data were collected on beamline 7.3.3 in the Advanced
Light Source (ALS) at the Lawrence Berkeley National Laboratory. X-rays, with a wavelength of
1.240 A (10KeV) were used, and the scattering spectra were collected on an ADSC Quantum 4u
CCD detector with an active area of 188 mm by 188 mm (2304 by 2304 pixels) and a
dynamic range of 16 bit. The scattering profiles, after a 20 s collection time, were obtained
by integrating the 2-D scattering pattern. GISAXS measurements were made on beamline 7.3.3 in
ALS and beamline 8-ID-E at the Advanced Photon Source (APS) at the Argonne National
Laboratory. X-ray wavelengths of 1.240 A (ALS) and 1.687 A (APS) were used. The scattering
profiles were collected on an ADSC Quantum 4u CCD detector at ALS and a Mar-CCD at APS.
Line-averaged intensities are reported as / vs. q, where g = (4n/A)*sin(0/2), A is the wavelength of
incident x-rays and 0 is the scattering angle.

2.4.5 Transmission Electron Microscopy (TEM)

The same samples used for SAXS was embedded in resin and cured at 60 °C overnight
before being microtomed for TEM imaging. The thin sections of PS(40,000)-56-P4VP(5,600)(4T):
were exposed to iodine vapor for 10 minutes that selectively stains the P4VP(4T): block to
enhance the contrast. TEM images were collected on a FEI Tecnai 12 transmission electron
microscope at an accelerating voltage of 120 kV.

2.4.6 Organic Field-Effect Transistor (OFET) Fabrication

The devices were fabricated on low resistivity n-type silicon wafers, using 1000 A of
thermally grown SiO2 as the dielectric, in top contact geometry. Sample thin films were prepared
as previously described. Gold contacts were patterned on top of the films, using various shadow
masks, giving channel lengths from 5 to 40 um and widths from 200 to 400 pm. All devices were
tested as p-type OFETs in the accumulation regime and saturation mobilities were calculated using
the equation, u = gm® / 2IpCox(W/L), where gm = transconductance, Ip = current measured at the
drain electrode, Cox = capacitance of the insulator, W = width of the electrodes, and L = channel
length. The electrical measurements were performed in a nitrogen atmosphere using an Agilent
4156C Precision Semiconductor Parameter Analyzer.
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Small organic molecules with strong intermolecular interactions have a wide range of
desirable optical and electronic properties and rich phase behaviors. Incorporating them into block
copolymer (BCP)-based supramolecules opens new routes to generate functional responsive
materials. Using the oligothiophene-containing supramolecules that were introduced in the
previous chapter, we present a systematic study of the critical thermodynamic parameters and
kinetic pathways that govern the coassemblies of BCPs and strongly interacting small molecules.
A number of potentially useful morphologies for optoelectronic materials, including a nanoscopic
network of oligothiophene and nanoscopic crystalline lamellae, were obtained by varying the
assembly pathway. Hierarchical coassemblies of oligothiophene and BCP, rather than macrophase
separation, can be obtained. Crystallization of the oligothiophene not only induces chain stretching
of the BCP block the oligothiophene is hydrogen-bonded to but also changes the conformation of
the other BCP coil block. This leads to an over 70% change in the BCP periodicity (e.g. from 31
nm to 53 nm) as the oligothiophene changes from a melt to a crystalline state, which provides
access to a large BCP periodicity using fairly low molecular weight BCP. The present studies have
demonstrated the experimental feasibility of generating thermoresponsive materials that convert
heat into mechanical energy. Incorporating strongly interacting small molecules into BCP
supramolecules effectively increases the BCP periodicity and may also open new opportunities to
tailor their optical properties without the need for high molecular weight BCP. This chapter was
adapted with permission from Rancatore et al. Macromolecules, 2012, 45, 8292. Copyright 2012
American Chemical Society.

§ 3.1 Introduction

Functional and stimuli-responsive polymer and supramolecular materials are in great
demand for biomedical, sensing, and electronic applications.! Thermally reversible order—order
transitions have been demonstrated in both block copolymer (BCP) and supramolecular systems.>*
Photoisomerizable liquid crystalline (LC) moieties in polymer networks have been shown to
dramatically increase the large-scale shape changes induced by light.!* LC-containing BCPs in
which LC molecules are covalently attached to the side chains of one BCP block have been
investigated, and the LC molecules can be used to macroscopically align BCP microdomains or to
obtain morphological changes.>!3

Supramolecules are constructed through the noncovalent linking of small molecules to
polymer side chains via hydrogen bonding, electrostatic interactions, or metal ligation.>!*2¢ Small
molecules are among the most diverse building blocks in terms of structure and functionality.
Supramolecular approaches provide access to a wide combination of small molecules and
polymers by circumventing many of the synthetic challenges frequently faced in the synthesis of
functional materials. They also allow significant tuning of the thermodynamics and kinetics of the
self-assembly process. Attaching small molecules to the side chains of a polymer may increase the
rigidity of the polymer and change its architecture, which ultimately affects the supramolecular
phase behavior in bulk and in thin films.?’*! The noncovalent linkage between a small molecule
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and a polymer provides convenient access to responsive supramolecular materials.?2%26-32

Extensive studies have been carried out on supramolecules based on end-functionalized
alkyls.>!7:202631 A variety of other small molecules, such as liquid crystals (LCs) and organic
semiconductors, have much stronger intermolecular interactions, which lead to more interesting
and complex molecular packing and phase behavior than observed for simple alkyl molecules.**-
35 Recently, we showed that oligothiophene-containing supramolecules can overcome the solution
processability limitation of organic semiconductors and can be spin-casted into uniform films with
low surface roughness without compromising charge mobility.>® Supramolecules based on such
functional small molecules provide opportunities toward functional material synthesis.

However, there have been limited studies on supramolecules containing small molecules
that possess strong intermolecular interactions.’**® Small molecules may crystallize and
macrophase separate from the BCP matrix.**3° This reduces the stoichiometry between the small
molecule and polymer repeat unit, which changes the polymer chain conformation, the chain
rigidity, the interaction parameters between the two blocks, and the volume fraction of the comb
block. Kinetically, the chain architecture and mobility strongly depend on the molecular packing
of the attached small molecules, and the hierarchical assemblies may also have pathway
dependence. It is likely that multiple kinetically trapped states can be long-lived to capture
nonequilibrium nanostructures.?’° The effect of the small molecule on the chain architecture and
mobility can potentially amplify the thermal responsiveness of the material.

Here, we report the systematic study of oligothiophene-containing supramolecules to
elucidate how the phase behavior and molecular packing of strongly crystalline small molecules
affect the thermodynamics, kinetics, and thermal responsiveness of a supramolecule’s assembly in
bulk. Hierarchical assemblies where oligothiophenes are exclusively incorporated within BCP
lamellae can be obtained even from macrophase-separated states. By tailoring the thermal
annealing conditions, a number of different morphologies, including a nanoscopic network of
oligothiophene and nanoscopic crystalline lamellae, can be achieved to potentially control the
dimensionality of the electronic percolation pathway. Furthermore, the crystallization of the
oligothiophene not only induces chain stretching of the hydrogen-bonded comb block but also
changes the conformation of the BCP coil block. An over 70% increase in the BCP periodicity
(from 31 to 53 nm), as opposed to ~10-20 % observed in prototype alkyl-containing
supramolecules, can be achieved when the oligothiophene changes from a melt to a crystalline
state. The structural change in microdomain size occurs rapidly (within minutes) and is fully
reversible. This study provides insight into a modular method to generate thermoresponsive and
electroactive materials and may open new possibilities to tailor the optical properties of block
copolymers without requiring the synthesis of high molecular weight BCPs.

§ 3.2 Results

A uaterthiophene, 5"-(3,7-dimethyloctyl)-5-(3-(3-hydroxyphenyl)propyl)-

q p ylocty Y yphenyl)propy
[2,2°;5°,2°7;5>°,2>>"] (identified as “4T”), was synthesized using a previously reported procedure.*®
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4T forms a hydrogen bond with the 4-vinylpyridine repeat unit of a polystyrene(40 kDa)-block-
poly(4-vinylpyridine)(5.6 kDa) (PS-6-P4VP) BCP to form a supramolecule, identified as PS-b-
P4VP(4T): (Figure 3.1). The ratio of 4T to 4VP, r, is fixed at 1.5.
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Figure 3.1. (left) Chemical structure of a PS-b-P4VP(4T): supramolecule. DSC curves during
three (a, c) heating and (b, d) cooling cycles of (a, b) 4T and (c, d) PS-b6-P4VP(4T):s
supramolecules. The higher melting temperatures of 4T alone and PS-b-P4VPHT):
supramolecules are similar. The Tg of the amorphous block cannot be discerned based on the DSC
profile. First (black/top), second (blue/middle), and third (red/bottom) cycles are displaced along
the y-axis for clarity.

The crystallization of 4T determines the chain rigidity, conformation, and mobility of the
supramolecule and was first investigated using differential scanning calorimetry (DSC). Figure 3.1
shows the three consecutive DSC scans during the heating/cooling cycles for 4T and PS-b-
P4VP(4T)1s. Both samples were cast from chloroform, following the sample preparation
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conditions used for subsequent structural studies. For pristine 4T, two endothermal peaks are
observed at 128 and 146 °C during the first heating cycle with a peak area ratio of 1:2.2. Two
exothermal peaks are observed at 90 and 142 °C in the first cooling cycle. In the subsequent
heating/cooling cycles, the peak at 146 °C remains the same, while the original peak at 128 °C is
now observed at 120 °C. For PS-5-P4VP(4T): s, a similar DSC curve is observed for the first cycle
and two melting peaks are observed at 134 and 147 °C. The heat of crystallization decreases from
approximately 44.0 kJ/mol for 4T alone to 21.2 kJ/mol for 4Ts in the PS-6-P4VP(4T)is
supramolecules (48% crystallinity). Additionally, in the second heating cycle, the peak at the lower
melting temperature disappears, and only one endothermal peak at 148 °C remains. It is likely that
BCP microdomains provide a nanoscopically confined environment that favors the molecular
packing with a higher Tm. From the electronic property point of view, a higher Tm is more desirable
to retain the charge mobility of the oligothiophene.

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) were used
to characterize the supramolecular assemblies and the molecular ordering of 4T, respectively
(Figure 3.2). All samples were annealed at 40 °C under vacuum for 8 h to remove residual solvents.
The annealing temperatures were selected to be below, close to, or above the two melting
temperatures observed in DSC thermograms and the supramolecules were then slowly cooled to
room temperature over a few hours. For PS-b-P4VP(4T)1.5 annealed at 40 °C, the SAXS profile is
very broad in the low g regime (Figure 3.2a). Two fairly broad diffraction peaks are observed at ¢
= 0.11 and 0.22 A’!, similar to that of 4T alone (Figure 3.2b). For the 40 °C-annealed PS-b-
P4VP(4T)1 5, macrophase separation between the BCP and 4T is observed. After annealing at
100°C, the low ¢ scattering profile corresponding to the BCP assemblies becomes more
pronounced. The peak at ¢ = 0.11 A! is split into two peaks with a periodicity of 6.3 and 5.5 nm.
These two spacings coincide with the lamellae periodicity of the P4VP(4T): comb block and 4T
alone, respectively. A similar set of diffraction peaks are observed after annealing at 120 °C while
distinctive diffraction peaks at ¢ = 0.012 and 0.037 A" appear, indicating that PS-5-P4VP(4T)1.s
forms a BCP lamellar morphology with a periodicity of 53 nm.
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Figure 3.2. (a, b) SAXS and (c) WAXS profiles of PS-b-P4VP(4T)1.s supramolecules and 4T
annealed at selected temperatures. The macrophase-separated and BCP lamellae-incorporated 4Ts
have periodicities of ~5.5 and ~6.3 nm respectively. Thermal annealing at or above the melting
point yields a complete incorporation and a significant increase in BCP periodicity (27 nm vs 52

nm). (¢) WAXS curves show peaks corresponding to the molecular packing of 4T with a
periodicity of 4.6 - 4.9 A.

For supramolecules annealed near and above the Tm of 4T, SAXS profiles show
hierarchical assemblies containing both BCP lamellae, ~52 nm in period, and the 6.3 nm lamellae
from the P4AVP(4T): comb block.

For 4T alone, two diffraction peaks at 1.29 and 1.38 A™! are observed in the WAXS profile,
suggesting 4T forms a herringbone structure as commonly observed with other oligothiophenes
(Figure 3.2¢).*4> A similar WAXS profile is observed for PS-5-P4VP(4T)1 s annealed at 40 °C.
After annealing, these two peaks merge into a single, broader peak centered at g ~ 1.330 A"
Qualitatively, the WAXS profiles for the annealed supramolecules with different treatments are
very similar; however, there is a slight increase in the intensity of the peak at ¢ = 1.330 A"! when
the sample is annealed at or above the melting temperature of 4T. It is possible that the molecular
packing of 4T may vary upon being sequestered within the BCP lamellae. However, since the 4T
crystals in the P4AVP(4T) domains are small, it is also likely that the two peaks are broadened and
thus appear to have merged. Nevertheless, the WAXS profile confirms the molecular packing of
4T within the supramolecular assemblies, rather than being amorphous.

To enhance the contrast for TEM studies, the thin sections were stained with iodine that
selectively localizes in the 4T-rich region. As shown in the Appendix (A.1.1), iodine staining does
not modify the supramolecular assemblies. Although there are structural inhomogeneities for the
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PS-b-P4VP(4T)1.5 annealed at temperatures below the Tm of 4T, the TEM results shown are fairly
representative in terms of the different assemblies which were observed experimentally. After
annealing at 40 °C, macrophase separation occurs and mixtures of different features can be clearly
seen in the low-magnification TEM images (Figure 3.3a). The dark regions, typically a few
hundreds of nanometers in size, which correspond to the macrophase separated 4T, are randomly
distributed throughout the samples (Figure 3.3a, b). Based on the feed ratio of PS-6-P4VP(4T): 5,
the volume fraction of P4VP(4T) is ~0.6. The macrophase separation and crystallization of 4T
reduce the local volume fraction of PAVP(4T):. A cylindrical morphology in which P4AVP(4T):
cylinders are embedded in a PS matrix is observed.

(b) 40°C
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Figure 3.3. TEM images of PS-b-P4VP(4T)1 s supramolecules annealed at various temperatures.
(a, b) The unannealed sample shows a mixture of morphologies. Regions of macrophase-separated
4T are highlighted in the circled region in (b). (¢, d) A network-like morphology is observed after
thermal treatment at 100 °C. Nanoscopic features are connected with smaller lamellae with a ~6
nm periodicity (circled region). (e, f) Lamellar morphology with poor long-range order is obtained
after thermal annealing at 120 °C. (g—j) Lamellae-within-lamellae morphology where the
P4VP(4T)1.5 comb block forms small lamellae with a ~6 nm periodicity are observed upon heating
at temperatures close to or above the melting temperature of 4T. Lamellae-within-lamellae
hierarchical assemblies with large grain sizes are observed without applying external fields.

Figure 3.3c, d shows the TEM images of PS-b-P4VP(4T)1 .5 annealed at 100 °C, which is
above the glass transition of PS block but below the Tm of 4T. The hydrogen bonding between the
4T and 4VP should be stable at this temperature.** No large regions containing macrophase-
separated 4T were observed for all the TEM thin sections prepared, and randomly distributed
lamellae are observed in Figure 3.3c, d. Within the BCP lamellae, small features are also obvious
and are assigned to the lamellae from the P4VP(4T): comb block. Between the neighboring BCP
lamellae, smaller lamellae are seen with the periodicity of ~6 nm. These features, expected to
correspond mainly to 4T molecules, contribute to the diffraction peaks observed at ¢ = 0.114 and
0.227 A''. The 4T lamellae effectively bridge two BCP lamellae to provide a continuous electronic
pathway, presumably similar to what was observed in our previous thin film OFET studies and
will not be discussed in this contribution.>¢

Following annealing at 120 °C, the frequency of the small 4T lamellar features that join
two BCP lamellae is reduced substantially. The PS-6-P4VP(4T)15 forms BCP lamellac with
abundant defects and a nonuniform periodicity since there are still some 4T-rich regions. After
annealing at 140 °C, slightly below the Tm of 4T, BCP lamellae with a larger grain size and a fairly
uniform periodicity can be clearly seen and distinctive small lamellar features of the P4VP(4T)
comb block are seen within the BCP lamellae. After annealing above the Tm of 4T (160 °C), a
lamellar morphology with very large grain sizes is observed. Although there are local defects, the
BCP lamellae are macroscopically aligned over tens of micrometers without the need to apply an
external field. We have never observed macrophase separation in any sample that has been
thermally annealed above 140 °C. The 4T are completely solubilized within the BCP lamellae
even though the molar stoichiometry of 4T:4VP is 1.5.

In situ SAXS studies were carried out to follow the self-assembly process of PS-b-
P4VP(4T)15 as a function of annealing temperature to elucidate the timescale and temperature
range of the structural evolution of the material. Figure 3.4 shows the in-situ SAXS profiles where
a 40 °C-annealed PS-b-P4VP(4T):.s sample was heated from 30 °C to 150 °C, then cooled to 100
°C. The sample was annealed for 10 minutes at each temperature before the SAXS profile was
collected and remained at that temperature for an additional 25 minutes. Overall, the structural
evolution of PS-H-P4VP(4T)15 is quite similar to that shown in the static studies and PS-b-
P4VP(4T)1.5 forms well-defined hierarchical assemblies when heated above the Tm of 4T. Rather
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surprisingly, changes in the scattering profile of PS-b6-P4VP(4T)is starts quite early as the
temperature reaches 70 °C.
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Figure 3.4. (a, b) In-situ SAXS measurements of unannealed PS-b-P4VP(4T)1.5 supramolecules
to monitor the structure evolution during thermal annealing. (a) There is an increase in the
sharpness and intensity of the peaks related to the BCP morphology as the sample is heated. As
the sample is cooled, there is a large change in the BCP periodicity. (b) The peaks corresponding
to macrophase separated 4T (5.5 nm) decrease as the sample is heated above 70 °C until they
disappear at 120 °C. The peaks corresponding to PAVP(4T): comb lamellae (6.4 nm) appear at 100
°C, disappear when 4T melts, and reappear when the small molecules crystallize upon cooling.

Upon heating to 70 °C, the intensity of the diffraction peaks corresponding to macrophase-
separated 4T decreases, and the peak related to the BCP morphology (~27 nm) increases. Thus,
the supramolecule clearly has mobility well below the Tmof 4T and the glass transition temperature
of pristine PS, suggesting that amorphous 4T is solubilized in the PS microdomains after solvent
casting. Additionally, the 6.4 nm periodicity peaks are no longer present at 140 and 150 °C,
indicating that the P4VP(4T): comb block has completely melted.

Once the incorporation of 4T within the BCP lamellae was complete, we performed in situ
SAXS to investigate the effect of crystallization and molecular packing of the oligothiophene on
the supramolecular structures. Figure 3.5 shows the in situ SAXS profiles of a preannealed PS-b-
P4VP(4T)1 s supramolecule upon heating from 30 to 195 °C and then cooling to 110 °C. Upon
heating above 140 °C, 4T melts and, simultaneously, the BCP lamellar periodicity is reduced to
31 nm. After cooling below the Tm of 4T, the PS-h-P4VP(4T)1.5 forms lamellac-within-lamellae
hierarchical assemblies with a BCP lamellar periodicity of ~50 nm. The process occurs within
minutes and is thermally reversible.
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Figure 3.5. (a, b) In-situ SAXS measurements of preannealed PS-6-P4VP(4T):5to confirm the
thermal reversibility of the structural changes. Upon heating above or cooling below the melting
point of 4T, the BCP lamellae periodicity changes from ~31 to ~50 nm, respectively. This process
is thermally reversible. (c) Schematic drawing of the chain conformation above and below the
melting point of 4T. Because of strong intermolecular interactions between 4T molecules, both
the PS and P4VP blocks are significantly stretched, contributing to the >70% increase in the BCP
periodicity.

§ 3.3 Discussion

Our findings show at least two unique aspects of supramolecules based on strongly
interacting oligothiophenes. First, homogeneous supramolecular assemblies can be obtained from
macrophase-separated blends. Upon thermal treatment, “loose” oligothiophenes (4T) can be
selectively incorporated into BCP lamellar microdomains to form homogeneous hierarchical
assemblies even though 4T has a strong tendency to crystallize. Second, there is an unusually large
change in the BCP periodicity induced by the crystallization of 4T. The expansion and reduction
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of the BCP periodicity exceeds 70%, a value which is much higher than previously observed in
supramolecules based on less strongly interacting components, such as alkyl moieties in BCP
systems.? An in-situ SAXS study of a pentadecylphenol-based (PDP) supramolecule, PS(40 kDa)-
b-P4VP(5.6 kDa)(PDP)a, in the Appendix (A.1.2) demonstrates a much smaller thermal response
of the BCP periodicity (~20%). The observed dramatic structural changes opens interesting
opportunities: one is to obtain BCP lamellae with high periodicity for optical devices while using
fairly low molecular weight BCPs.* This is similar to what is observed with comb BCPs, but the
supramolecular approach eliminates the synthetic requirements of comb BCP synthesis and should
be applicable to a range of functional small molecules that cannot be readily incorporated into
comb BCPs.* The other is to convert thermal energy to mechanical forces with potential control
over the direction of the force vector for shear-aligned supramolecules.

Based on observed DSC measurements, scattering profiles, and TEM images, only a
fraction of 4T was hydrogen-bonded to the PAVP and macrophase separation occurs during the
solvent evaporation process, presumably due to the limited solubility of 4T in chloroform and its
high tendency to crystallize. This reduces the volume fraction of the P4VP(4T): block. It is
worthwhile to note that at a low stoichiometry of 4T to 4VP, the organic semiconductor-containing
supramolecules can readily form morphologies similar to those of BCPs.>® No large aggregates
were observed in the TEM images (Figure 3.3a, b). The “loose” 4T may form many small
crystallites or remain amorphous and solubilized in the PS-rich microdomains. Although the
temperature is well below the Tm 0f 4T, these loose 4T molecules gain sufficient mobility to enable
their short-range diffusion to form the morphologies observed in Figure 3.3c—f upon heating. When
the supramolecules are annealed near or above the Tm of 4T (140-160 °C), there is sufficient
mobility to form hierarchical assemblies. Interestingly, large grain sizes, as seen in Figure 3.3,
were observed without applying external field.

For small molecules with rather weak interactions, macrophase separation can be
eliminated during the solution casting process and homogeneous hierarchical assemblies can be
readily obtained upon solvent removal. However, for strongly interacting molecules that frequently
possess unique material properties, macrophase separation has a much higher tendency to occur,
making it challenging to obtain nanoscopic materials. Our findings are very encouraging and
highlight the feasibility to synchronize the self-assembly processes of BCPs and small molecules.

Energetically, there are a few factors that determine the balance between macrophase
separation and supramolecular assemblies. There are clear difficulties to quantify every energetic
contribution to the supramolecular assembly process, and we will qualitatively discuss knowledge
gained as a result of the present studies. The 4T—4VP hydrogen bonding favors 4T incorporation
into BCP microdomains. However, the hydrogen bond weakens at elevated temperature and starts
to break at 110 °C.* The stoichiometry between 4T and 4VP exceeds 1, and there is a significant
fraction of loose 4T. Yet, the crystallization of 4T remains confined within the BCP lamellae
during the cooling process, forming nanoscopic 4T crystals with macroscopic alignment relative
to the BCP interface. Thus, a comb block with only a fraction of 4T molecules hydrogen-bonded
with the 4VPs is sufficient to solubilize all of the “loose” 4T's. The interaction between PS and 4T
should also play a role in the assembly process. Repulsive PS—4T interactions favor the selective
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incorporation of 4T into the PAVP(4T): block. In the meantime, the PS—4T interactions determine
the activation energy barrier and the time scale of 4T diffusion into the PS matrix to transform the
system from a macrophase-separated state to hierarchical assemblies. On the basis of the in situ
SAXS, the time scale to dissolve phase-separated 4Ts is in the range of a few minutes or less.
Thus, the PS—4T interactions cannot be very strongly repulsive at elevated temperature since 4T
can diffuse through the PS matrix and selectively dissolve in the P4AVP(4T) microdomains quickly.
Rather, the intermolecular interactions between 4T's should be the main driving force to selectively
sequester 4T within the P4VP block.

The supramolecular approach does compromise the crystallinity of 4T, limiting it to
approximately half of the original 4T. Specifically, the heat of crystallization decreased from
approximately 44.0 kJ/mol for 4T alone to 21.2 kJ/mol for 4Ts in the PS-6-P4VP(4T)is
supramolecules. Similar DSC experiments were performed for a homopolymer-based
supramolecule, P4AVP(4T): s, and a similar heat of crystallization to that of 4T alone was observed
(see Appendix A.1.3). Both 4T and P4VP(4T):1.5 show multiple exothermal peaks during the first
cooling cycle in contrast to only one peak observed for the PS-b6-P4VP(4T)1.5 supramolecule. On
the basis of these results, we conclude that hydrogen-bonding 4T to P4VP side chain is not
sufficient to completely account for the reduction in the 4T crystallinity. Rather, the DSC results
provide some insights into the energetic competition between the crystallization and molecular
packing of 4T and the BCP phase behavior. This is best exemplified by the structural changes
represented by the BCP lamellar periodicity during the heating/cooling cycle. TEM image analysis
showed that the lamellar widths for both the P4VP(4T): and PS microdomains remain symmetric
after being cooled from 140 or 160°C. This is also reflected by the decrease in intensity of the
second-order scattering peak shown in Figure 3.2. Thus, the width of a single lamellae, either PS
or PAVP(4T):, increases from ~15 to 26 nm as 4T crystalizes. For PAVP(4T), the increase is
expected and can be attributed to the chain stretching led by crystallization of 4T. This increase
has previously been observed for alkyl-containing supramolecules but at a much smaller
percentage (10-20%).> Although the change in the width of the comb block microdomain is large,
the strong tendency of 4T to crystallize may explain the difference and lead to a larger degree of
chain extension. However, we are unaware of such a significant structural change in the BCP coil
block, i.e. PS block, in other supramolecular systems. A significant deformation of the PS block
is required to accommodate the increase in lamellar width and the mean-square end-to-end distance
nearly doubled. The entropic penalty resulting from the stretching of the PS block has to be
counterbalanced by the energy gained from the molecular packing of 4T.

The supramolecular chain conformations upon heating and cooling are presented
schematically in Figure 3.5c. The a-axis is defined as parallel to both the BCP lamellae and the
comb lamellae, the b-axis is parallel to the BCP lamellae but perpendicular to the lamellae from
the comb block, and the c-axis is perpendicular to the BCP lamellae but parallel to the comb
lamellae. As the 4T melts, the PAVP(4T): block should take on a more bottle-brush-like
conformation, and the P4VP and PS chains contract perpendicular to the BCP interface (c-axis).
Based on the morphological evolution and the diffusion of loose 4T, it is likely that some of the
4Ts become solubilized in the PS domain at elevated temperature. During the cooling process, the
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4T crystallizes causing stretching of the PAVP chains. The WAXS profiles shown in Figure 3.2¢c
clearly show that the small molecules remain crystalline in the supramolecular assemblies. The
P4VP(4T): chain has to adopt a flat comb block structure and becomes compressed along a- and
b-axes to preserve the molecular packing of 4T in the a-direction. To eliminate the cross-sectional
area mismatch, the PS coil block has to be compressed along the same axes. The degree of chain
deformation for the PS block reflects the competition between the entropy associated with PS
compression along the a- and b-axes and the intermolecular interactions between 4T. Clearly, the
unusually high increase in the thickness of PS lamellae and the overall BCP periodicity showed
that for strongly interacting small molecules, like oligothiophenes, it is more energetically
favorable to compress the BCP coil block so as to satisfy the small molecule molecular packing.

§ 3.4 Conclusion

We have investigated supramolecules based on organic semiconducting small molecules
and block copolymers and have illustrated the basic design parameters governing the phase
behavior, self-assembly process, and thermal responsiveness of the supramolecules which are
formed as a result of the presence of strongly interacting small molecules. The strong
intermolecular interactions and high tendency to crystallize of the small molecules play a key role
in the resulting overall supramolecular morphology. Hierarchical coassemblies of small molecules
and BCP, rather than macrophase separation, can be obtained. The supramolecules demonstrate a
dramatic thermal response, yielding a >70% change the in the BCP periodicity as the
oligothiophenes melt and crystallize. This response is much larger than previously observed in
other BCP-based supramolecular systems and could potentially lead to thermoresponsive systems
that convert heat to mechanical energy. Additionally, using organic semiconductor-containing
supramolecules, a wide range of potentially useful morphologies for electroactive materials can be
accessed, and their formation directly depends on the annealing conditions. While the present
studies have involved an oligothiophene and a lamellar morphology, there are many more
opportunities to achieve supramolecular assemblies based on small molecules with different
crystal structures and different BCP morphologies for functional processable materials.

§ 3.5 Experimental Section

3.5.1 Materials

PS(40000)-b-P4VP(5600) (PDI=1.09) was purchased from Polymer Source, Inc.
Chloroform was purchased from Fisher and filtered through basic alumina. All other chemicals
were purchased from Aldrich and used as received. The synthetic procedure to prepare 4T is
described in detail in a previous publication.*
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3.5.2 Sample Preparation

The PS-H-P4VP was first dissolved in chloroform to form 1% (w/v) stock solutions. The
desired amount of 4T was dissolved in chloroform. The polymer solution was then added to the
4T solution, followed by stirring overnight. 4T is light and oxygen sensitive so cautions were paid
to avoid light exposure during the sample preparation process. Solutions were then transferred into
PTFE beakers under a covered dish, and solvent was allowed to slowly evaporate for 24 h. Samples
were then placed in a vacuum oven at 40 °C for 8 h to remove residual solvent. Bulk samples were
collected from the beakers, and portions were put into DSC pans, annealed at various temperatures
in a vacuum oven overnight, and slowly cooled to room temperature.

3.5.3 Small and Wide-Angle X-ray Scattering (SAXS/WAXS)

The SAXS and WAXS data were collected on beamline 7.3.3 in the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory. X-rays with a wavelength of 1.240
A (10 keV) were used, and the scattering spectra were collected on a Pilatus 1M detector. The
scattering profiles, after a 60 s collection time, were obtained by integrating the 2-D scattering
pattern. Line-averaged intensities are reported as / vs. g, where ¢ = (4n/A)sin(0/2), A is the
wavelength of incident X-rays and 0 is the scattering angle.

3.5.4 Transmission Electron Microscopy (TEM)

The same samples used for SAXS/WAXS were embedded in resin and cured at 60 °C
overnight before being microtomed for TEM imaging. The thin sections of PS(40000)-b-
P4VP(5600)(4T): were exposed to iodine vapor for 10 min that selectively stains the PAVP(4T):
block to enhance the contrast. TEM images were collected on an FEI Tecnai 12 transmission
electron microscope at an accelerating voltage of 120 kV.

3.5.5 Differential Scanning Calorimetry (DSC)

The 4T and PS-b-P4VP(4T)1.5 samples that were used in the DSC studies were previously
annealed at 40 °C. Samples were heated and cooled from 0 °C-200 °C—0 °C for three cycles at a
rate of 10 °C/min. DSC thermograms were collected on a TA Q200 DSC with an RCS 40
refrigeration unit.
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Small molecules (SMs) with unique optical or electronic properties provide an opportunity
to incorporate functionality into block copolymer(BCP)-based supramolecules. However, the
assembly of supramolecules based on these highly crystalline molecules differs from their less
crystalline counterparts. The previous chapters investigated the assembly and electronic properties
of a single oligothiophene SM. In this chapter, two families of organic semiconductor SMs are
investigated, where the composition of the crystalline core, the location (side- vs. end-
functionalization) of the alkyl solubilizing groups, and the constitution (branched vs. linear) of the
alkyl groups are varied. With these SMs, we present a systematic study of how the phase behavior
of the SMs affects the overall assembly of these organic semiconductor-based supramolecules.
First, the incorporation of SMs has a large effect on the interfacial curvature between the
microdomains in the overall supramolecular morphology. Second, different SMs can have
different effects on the interfacial curvature between the two microdomains, morphology and
packing of the supramolecules at equivalent weight fractions. Third, the crystal packing of the SM
within the supramolecule doesn’t necessarily lead to the assembly of the comb block within the
BCP microdomains, as is normally observed for other supramolecules. Fourth, the incorporation
of different SMs at similar weight fractions can cause significant differences in the overall
periodicity of the supramolecules. An unusual lamellar morphology with a non-uniform interface
between the microdomains is observed for supramolecules based on a particular SM and is
attributed to changes in the packing structure of the supramolecule. Since the composition of the
components of the SMs are modular, these studies provide useful guidance toward tailoring the
assembly of optically active and semiconducting supramolecules.

§ 4.1 Introduction

Block copolymer(BCP)-based supramolecules can be constructed by attaching small
molecules (SMs) to one or more blocks of a BCP by secondary interactions and can couple the
self-assembly processes of BCPs and SMs.!"!3 These supramolecules assemble hierarchically on
the order of tens of nanometers, similar to that of BCPs, and on the order of a few nanometers,
similar to that of SMs. Extensive studies have been carried out on supramolecules based on end-
functionalized alkyls that do not have inherent functionality.*®*!2!> These supramolecules can
easily access large nanostructures which are difficult for BCPs alone'? and have a number of order-
order transitions upon heating.*!>!3 Selective solvent removal of the SMs after casting can lead to
mesoporous materials.!*!® The use of SMs with optical or electronic properties can incorporate
functionality into these supramolecules while taking advantage of the nanostructured assembly of
the BCP and minimizing the synthetic effort. These SMs are generally more crystalline and have
a much stronger tendency to aggregate than their non-functional counterparts. These
characteristics may further complicate their phase behavior and the kinetic pathway of the
assembly process. However, there have been relatively limited studies of BCP-based
supramolecules based on these strongly interacting SMs, such as liquid crystals (LCs) and organic
semiconductors.

LC SMs have demonstrated a number of interesting optical properties and phase
transitions. By incorporating them into supramolecules, one can potentially control their
orientation and macroscopic alignment and improve their processability. A number of different
LC moieties have seen use in supramolecular systems, including (alkoxybenzoyloxy)benzoate,'
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biphenyl,!”"!? cholesterol,?*** and azobenzene.!>?*-*> Non-linear shapes, such as wedges, have also
been investigated.?*?® These materials have demonstrated responsiveness to different stimuli
including thermal,!” electrical,'® and magnetic* stimuli. Organic semiconductor-based
supramolecules have also become a topic of interest in recent years. A supramolecular approach
has been used to improve the solution processability of organic semiconductors without hindering
their charge mobilities using oligothiophene®® and perylene diimide-based®' semiconductors. The
strong crystallization of the oligothiophene was shown to have a large effect on the morphology
and chain architecture of both BCP blocks and significantly enhance the thermal responsiveness
of the supramolecule.’® Conjugated®*>* and non-conjugated®->’ BCPs, where one block is
designed to bind to fullerenes, were used to facilitate the assembly of donor-acceptor networks for
organic photovoltaic (OPV) applications. Films of pyrenebutyric acid have also been investigated
in supramolecular systems and were recently used as a fluorescent probe to study their packing in
supramolecular thin films.**-? Magnetic fields were also used to macroscopically align BCP-based
supramolecules with perylene diimide-based SMs, which could be potentially useful to align
nanostructures in organic semiconductor devices.*

There are a number of competing processes in these systems, including the BCP
microphase separation, the crystallization of the SM, the binding strength between the polymer
and SM, and the entropic penalty for deforming the polymer chain. Thermodynamically, the
formation of supramolecules has a number of effects on the BCP including modifying the chain
architecture, stiffness, interaction parameter (%), and spring constant. Similarly, the binding of the
SM to the polymer may affect its crystal structure or its ability to crystallize. Consequently, the
phase behavior of the SMs is of critical importance in its coassembly with the BCP.

BCPs with strongly interacting SMs that are covalently attached to one or more blocks of
the BCP have been studied more extensively and utilized in a number of areas, including LC and
organic semiconductor materials. Like supramolecules, when these SMs are attached to one or
more blocks of a BCP, they organize hierarchically on the order of tens of nm and a few nm.*!"%
By attaching these LC SMs to a BCP, their unique optical and stimuli responsive properties can
be incorporated into the BCP, and a similar array of structural motifs to those mentioned for
supramolecules have been investigated.**> Copolymers with azobenzene side chains have
demonstrated a number of interesting optically responsive properties.’>**»37 In LC-
semicrystalline BCPs, the crystallinity of the semicrystalline block can be tailored by tuning the
volume fraction of the LC block.>* A number of wedge-like LC moieties have been investigated
as side chains®>*%%" and as a BCP block in wedge-coil BCPs.®! Donor-acceptor BCPs have been
shown to form controlled nanoscopic networks of donor and acceptor materials, which is
potentially useful for OPV devices.®*® They have also been utilized as BCP compatibilizers to
control the grain sizes and enhance the thermal stability of devices when blended with unattached
donor and acceptor materials.®® In many of the studies of LCBCPs and donor-acceptor BCPs, the
ordering of the attached side chain SMs within the BCP microdomains has depended on the relative
volume fraction of the LC or semiconducting block, and the variation in the molecular ordering of
the attached SMs proved to be critical to the overall assembly and phase behavior of the BCP.

Compared to BCPs with covalently attached SMs, BCP-based supramolecules have a
higher level of complexity. For example, the non-covalent attachment of SMs introduces a
reversible, thermally responsive component to the system and readily allows for the loading of the
SMs above and below a 1:1 stoichiometry of SMs to attachment sites. The SMs may also
macrophase separate from the BCP or only incorporate partially, which can depend on the binding
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strength of the secondary interaction used for attachment, the crystallinity of the SM, and the
sample treatment conditions. Kinetically, the distribution and diffusion rate of the SMs can depend
on the Tm of the SM and the relative y between the SMs and each block of the BCP at a given
annealing temperature.'>!>% While somewhat less complex than supramolecules, BCPs with
covalently attached SMs can increase the steric hindrance, decrease the BCP chain mobility during
annealing, and hinder the SM crystallization.”

Clearly the phase behavior of the SMs plays a key role in the assembly process of BCP-
based supramolecules, however, our previous studies were limited to a single SM, and therefore,
did not investigate the effect of organic semiconductors with different chemical functionalities and
packing structures. Here, we systematically study the effects of the SM crystallization and
molecular packing on the supramolecular phase behavior by examining supramolecules based on
an array of SM organic semiconductors with different chemical structures and strengths of
intermolecular interactions. Specifically, the composition of the crystalline core of the molecule,
the placement of the alkyl solubilizing groups on the core (side vs. end functionalization), and the
constitution of the alkyl groups (linear vs. branched) are varied to investigate the factors that affect
the conformation of the polymer chain as well as the overall supramolecular morphology.
Supramolecules based on more weakly interacting semiconductors more readily adopt
morphologies with higher curvature, e.g. cylinders, than more crystalline molecules with
comparable packing structures. Strongly interacting SMs are shown to have a large effect on the
morphology as well as the BCP chain architecture and packing. Specifically, the crystallization of
the SM can stretch and compress both BCP blocks, and the crystal packing of the SM can affect
the natural packing structure of the BCP.

§ 4.2 Results

Organic semiconductors were designed to hydrogen bond with the 4-vinylpyridine repeat
unit of a polystyrene(40 kDa)-block-poly(4-vinylpyridine)(5.6 kDa) (PS-b-P4VP) BCP to form a
supramolecule, identified as PS-b-P4VP(SM): (Figure 4.1). The ratio of SMs to 4VP groups is
denoted as r. Four different SMs, with chemical structures shown in Figure 4.1, were used.
Detailed syntheses of 3-(5'-(3-(4-hydroxyphenoxy)propyl)-[2,2'-bithiophen]-5-yl)-2,5-dioctyl-6-
(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DOPH), 2,5-bis(2-ethylhexyl)-3-(5'-
(3-(4-hydroxyphenoxy)propyl)-[2,2'-bithiophen]-5-yl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[ 3,4-
c]pyrrole-1,4-dione (DEPH), and 3-(3-(3°°’,4°’-dihexyl-
[2,2°:5°,2°:57°,2°°:5°°,27°°°:57°7° 277" |-sexithiophen-5-yl)propoxy)phenol ~ (6T) will be
discussed in a future publication. 5"-(3,7-Dimethyloctyl)-5-(3-(3-hydroxyphenyl)propyl)-
[2,2°;5°,2°°;57°,2°"’] quaterthiophene (4T) will be referenced in this work from our previous studies
as control samples and was synthesized by a previously reported procedure.***> DOPH and DEPH
were synthesized by Dr. BongSoo Kim. 6T and 4T were synthesized by Dr. Clayton Mauldin.

All of the SMs are designed to have three main components, i.e. a phenolic moiety to
construct the supramolecule, a crystalline semiconducting core, and alkyl groups to enhance their
solubility. The strong crystallinity and packing of 4T was shown to be critical to the overall
assembly of the supramolecules.’®*? The composition of the crystalline core as well as the
placement (side vs. end) and constitution of the alkyl solubilizing groups (linear vs. branched) may
also play a role in the overall assembly process. Changing these components can affect the
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intermolecular strength, Tm, and packing in a crystalline state of a SM. For example, organic
semiconductors with branched alkyl groups generally have weaker intermolecular interactions
than their linear chain counterparts. DOPH and DEPH have a core containing a push-pull
structural motif with diketopyrrolopyrrole and thiophene groups that give them a lower bandgap
and broader absorbance spectrum compared to 4T and 6T. These structures have been utilized
successfully in both SMs’! and conjugated polymers’? for OPV devices. This core favors a crystal
packing structure different from that of oligothiophenes, such as the previously studied 4T, which
can have an effect on the overall assembly of supramolecule.””* Both DOPH and DEPH have
side-functionalized, instead of end-functionalized, alkyl solubilizing groups as well. The SMs are
structurally identical except DOPH has linear octyl solubilizing groups and DEPH has branched
2-ethylhexyl groups. This would suggest that DEPH has relatively weaker intermolecular
interactions than DOPH. 6T contains a sexithiophene core (similar to 4T) and has unevenly
positioned solubilizing groups on the sides of the molecule. This may give it weaker intermolecular
interactions or change its crystal packing compared to 4T since 4T has an end-functionalized alkyl

group.

DOpH DEpH 6T 47

H\
;o
o

Figure 4.1. Molecular structures of DOPH, DEPH, 4T, and 6T. DOPH and DEPH have the same
crystalline core, but DOPH has linear octyl solubilizing groups and DEPH has 2-ethylhexyl
groups. 6T has a different crystalline core compared to DOPH/DEPH. It is similar to the reference
molecule, 4T, but has side-functionalized alkyl groups instead of an end-functionalized group.

Figure 4.2 shows the differential scanning calorimetry (DSC) thermograms used to
investigate the crystallinity and packing of the SMs alone. In the first heating cycle for DOPH,
three endotherms at 138 °C, 144 °C, and 151 °C are observed, however, there is only one exotherm
present at 119 °C in the first cooling cycle. In subsequent heating and cooling cycles only the peaks
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at 138 °C during heating and 117 °C during cooling remain. This may suggest that the higher
temperature peaks correspond to domains that contain solvent-assisted crystal structures or crystal
structures that require a much slower cooing rate. The heat of crystallization of pristine DOPH,
calculated from the integration of the exothermic crystallization peaks at the highest temperature
during cooling, is 45.8 kJ/mol. While DEPH alone has one endotherm at 157 °C with a high heat
of melting (-52.7 kJ/mol) during the first heating cycle, there are no exotherms present while
cooling. Subsequent heating cycles show the addition of an exotherm at 76 °C and the return of
the endotherm at 154 °C. This indicates that DEPH may crystallize very slowly during cooling,
and there is molecular reorganization during the transition at 76 °C.
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Figure 4.2. DSC curves of (left) DOPH and (right) DEPH SMs. The first heating/cooling cycles
are black and the second are red.

Figure 4.3a, b shows representative transmission electron microscopy (TEM) images of
PS-b-P4VP(DOPH): and PS-h-P4VP(DEPH)1, respectively. At this loading rate, the comb weight
fraction (fcomb) is 53%. All samples were annealed at 160 °C, above the Tm of all of the components
in the system, overnight and then slowly cooled to room temperature over several hours. Thin
sections of the bulk samples were stained with iodine, which selectively interacts with the P4AVP
and SM microdomains and enhances the contrast. The TEM images of PS-b6-P4AVP(DOPH):
primarily show a lamellar morphology with a BCP periodicity of ~38-45 nm and relatively large
grains of a single orientation, approximately one to a few microns in size (Figure 4.3a). The
interface between the two microdomains undulates and is not as well-defined as is typically seen
in lamellar BCPs. Though the periodicity is reasonably uniform, the undulating interface makes
the thickness of each block somewhat varied throughout the sample. In addition, there are some
domains with a smaller periodicity of ~28 nm where the PAVP(DOPH) block is significantly
narrower. These areas are less abundant and tend to appear in small clusters. TEM images of PS-
b-PAVP(DEPH): show a relatively uniform lamellar morphology with a periodicity of ~30 nm
(Figure 4.3b).
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Figure 4.3. TEM images of (a) PS-6-P4AVP(DOPH):1 (fcomb = 53%) and (b) PS-b-P4AVP(DEPH):
(feomb = 53%) supramolecules. (¢) (left) SAXS curves of PS-6-P4VP(DOPH);: (black) and PS-b-
P4VP(DEPH): (red) supramolecules. (c) (right) WAXS curves of PS-b6-PAVP(DOPH): (black,
Sup), DOPH (black, SM), PS-b-P4VP(DEPH): (red, Sup), and DEPH (red, SM).

In Figure 4.3c, the SAXS profile of PS-5-P4AVP(DOPH): shows a periodicity of ~41 nm,
and a very broad 3¢g* diffraction peak is present. This can be expected considering the bimodal
distribution of the lamellar periodicity and the non-uniform interface between microdomains in
the TEM image in Figure 4.3a. While the TEM data and this relatively large BCP periodicity
indicate that the SMs have incorporated into the supramolecules, there are no peaks between 0.08-
0.27 A corresponding to the comb lamellae that were commonly seen in alkyl SM- or 4T-based
supramolecules in previous works.>° The WAXS curve of DOPH alone shows a series of intense
peaks in the ¢ range between 0.28-2.42 A!, which suggests that DOPH is highly crystalline under
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the current thermal treatment and is in good agreement with the DSC results. While the exact
packing structure is not known since single crystals of the SM cannot be easily obtained, its WAXS
scattering suggests that its packing is distinct from 4T.*"*™ In PS-b-P4VP(DOPH):
supramolecules with the same thermal treatment, the WAXS peaks are still seen but are lower in
intensity and broaden somewhat. It is likely that these peaks broaden due to the decreased crystal
size of the DOPH when sequestered to within the lamellar microdomains.

The SAXS profile of PS-6-PAVP(DEPH): supramolecules shows a periodicity of ~30 nm,
and like DOPH supramolecules, no diffraction peaks are seen in the higher g range from 0.08—
0.27 A’!, indicating a lack of internal structure of the comb block (Figure 4.3c). It also has a much
sharper g* peak, a suppressed 2¢* peak, and a well-defined 3¢* peak, indicating that the BCP
forms a well-defined lamellar morphology. The WAXS profile of DEPH has a number of peaks
in the high ¢ range of 0.28-2.42 A™!, but the scattering is much weaker than for DOPH. This
suggests that DEPH is relatively less crystalline, and the branched alkyl chains hinder the
molecular packing of the core, consistent with the DSC results. In thermally-annealed PS-b-
PAVP(DEPH): supramolecules, these peaks disappear and only diffuse scattering is present,
suggesting a significant reduction in crystallinity of the DEPH molecules in supramolecular
domains. Since the only difference in the structure between DOPH and DEPH are the constitution
of the solubilizing groups, i.e. DOPH has linear alkyl groups and DEPH has branched, the
relatively weaker crystallinity of DEPH and the more typical assembly of PS-6-PAVP(DEPH):
are attributed to this.

To investigate if the morphological differences observed for PS-6-PAVP(DOPH): and PS-
b-PAVP(DEPH): may be attributed to the phase behavior of the SMs, supramolecules of a higher
SM loading rate, where r = 1.5 (fcomb = 62%), were investigated. Figure 4.4 shows the DSC
thermograms of PS-6-P4VP(DOPH): 5 and PS-b-P4VP(DEPH): 5 supramolecules. In the heating
and cooling cycles of PS-b-PAVP(DOPH): 5, only the lower temperature endotherm (138 °C)
during heating and exotherm (108 °C) during cooling are present. The heat of crystallization of
DOPH in PS-6-P4VP(DOPH): 5 is 35.3 kJ/mol, which corresponds to 77% crystallinity compared
to the neat SM. Like DEPH alone, PS-6-P4AVP(DEPH):.5 shows a strong melting peak at 154 °C
during heating (-36.7 kJ/mol, 70% crystallinity) but doesn’t have a crystallization peak during
cooling. The second heating cycle shows an exotherm at 117 °C (higher than DEPH alone) and a
return of the melt at 154 °C. To summarize, DEPH has a higher Tm than DOPH (154 vs. 138 °C)
in supramolecular assemblies, however, like DEPH alone, PS-6-P4VP(DEPH):5 has no
observable heat of crystallization while PS-6-P4VP(DOPH): 5 retains 77% of the crystallinity of
DOPH.

60



m—
1_—J\ 0.0 1 .

-0.5 4

-1.0 4

Heat (W/g)
Heat (W/g)

-1.5

-2.0 H

T e e

40 80 120 160 40 80 120 160
Temperature (°C) Temperature (°C)

Figure 4.4. DSC curves of (left) PS-»-PAVP(DOPH):5 and (right) PS-6-PAVP(DEPH): s
supramolecules. The first heating/cooling cycles are black and the second are red.

Figure 4.5a, b shows representative TEM images of PS-b-P4VP(DOPH):5 and PS-b-
P4AVP(DEPH): 5, respectively, after thermal treatment identical to that of supramolecules atr = 1.
The SAXS profiles of PS-b-PAVP(DOPH):15 and PS-b-PAVP(DEPH)15s both show a slight
increase in periodicity compared to their analogues at r = 1, which is unsurprising since the
additional SMs can intercalate in between the hydrogen-bonded SMs and can stretch the polymer
backbone to a larger extent (Figure 4.5c). PS-b-PAVP(DOPH):s primarily has a lamellar
morphology with a ~44 nm periodicity (3 nm increase from r = 1) and large grains of a single
orientation. The undulating interface between the two BCP blocks is even more apparent here
compared to PS-b-P4AVP(DOPH): supramolecules, which indicates that these observations are
related to the crystallization of DOPH. Despite the increase in DOPH loading, there are still some
domains with a ~25 nm periodicity. PS-6-PAVP(DEPH):s forms a mixture of cylindrical and
lamellar morphology with a ~34 nm periodicity (4 nm increase from r = 1), suggesting that PS-b-
P4AVP(DEPH): supramolecules more readily adopt curved structures compared to PS-b-
P4VP(DOPH):. The SAXS profile of PS-b-P4VP(DEPH): 5 has a much broader ¢* peak compared
to PS-6-P4VP(DEPH): and no well-defined higher order peaks. This is likely a reflection of the
mixture of lamellar and cylindrical morphologies observed for the r = 1.5 sample. The WAXS
profiles of PS-6-PAVP(DOPH): .5 and PS-5-P4VP(DEPH), 5 are similar to their r = 1 counterparts
but have higher intensity scattering peaks due to the higher fraction of SMs. It is likely that the
difference between the morphologies observed in DOPH- and DEPH-based supramolecules is in
part due to the stronger heat of crystallization during cooling of DOPH compared to DEPH.
However, unlike previously studied BCPs and supramolecules, PS-6-P4AVP(DOPH): (r = 1, 1.5)
has a non-uniform interface between the microdomains, and PS-b6-P4AVP(DEPH)i5 does not
exhibit a uniformly cylindrical morphology. This indicates that the crystallinity and Tm of the SM
may not offer a complete explanation for our observations.
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Figure 4.5. TEM images of (a) PS-6-P4AVP(DOPH)1 5 (fcomb = 62%) and (b) PS-b-P4VP(DEPH) 5
(feomb = 62%). (¢) (left) SAXS curves of PS-6-P4AVP(DOPH): 5 (black) and PS-b-PAVP(DEPH): 5
(red) supramolecules. (right) WAXS curves of PS-6-PAVP(DOPH): 5 (black, Sup), DOPH (black,
SM), PS-b-P4VP(DEPH): 5 (red, Sup), and DEPH (red, SM).

Thus, there are clear differences between the morphologies observed in DOPH- and
DEPH-based supramolecules that are likely due to the relatively stronger intermolecular
interactions of DOPH compared to DEPH. The phase behavior of the SMs is determined by the
composition of the crystalline core, the placement of the alkyl solubilizing groups (side vs. end-
functionalization), and the constitution (linear vs. branched) of the alkyl groups. Supramolecules
based on DEPH more readily form morphologies with greater interfacial curvature between
microdomains, such as cylinders, and with smaller periodicities relative to those based on DOPH.
This is likely due to the relatively lower crystallinity of DEPH compared to DOPH. Since they
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are otherwise structurally identical, this is attributed to the branched alkyl solubilizing groups of
DEPH. However, this does not fully account for the non-uniform interface between the
microdomains that are observed in the TEM images of PS-H6-PAVP(DOPH): supramolecules.
These structures are most likely due to the molecular packing of DOPH and DEPH. While DOPH
and DEPH vary in the constitution of their alkyl solubilizing groups and in the strength of their
intermolecular interactions, their crystalline cores are identical and most likely have similar
packing motifs. However, since DEPH molecules are not as strongly interacting as DOPH, these
structures are not observed for PS-5-P4VP(DEPH): supramolecules.

To investigate how the placement of the alkyl solubilizing groups (side- vs. end-
functionalization) on the semiconducting core can affect the overall supramolecular assembly,
studies were carried out on 6T-based supramolecules (side-functionalized) and compared to our
previous studies on 4T (end-functionalized) (Figure 4.1).2%* Since 4T and 6T have similar
crystalline cores, we expect that the placement of the solubilizing groups will have the dominant
effect on any differences observed in the crystallinity of the SMs. Figure 4.6 shows the DSC
thermograms of 6T and PS-b-P4VP(6T)1.5. During the first heating/cooling cycle of pristine 6T, a
pair of endotherms are observed at 90 °C and 98 °C during heating and an exotherm at 53 °C
during cooling (Figure 4.6). Subsequent heating/cooling cycles show similar results. The heat of
crystallization of 6T alone is 27.6 kJ/mol. PS-b-P4VP(6T):1.s shows a very weak melting peak
during heating, but doesn’t have a crystallization peak during cooling. This indicates that the
crystallization of 6T is significantly disrupted upon supramolecule formation. In contrast, 4T and
PS-b-P4VP(4T)1.5 have similar peak locations during heating and cooling in DSC.*? The heat of
crystallization of pristine 4T based off the highest temperature cooling transition is calculated to
be 31.8 kJ/mol, and the heat of crystallization of 4T in PS-6-P4VP(4T)1 s supramolecules is 24.4
kJ/mol, which corresponds to 77 % crystallinity. Thus, the placement of the alkyl solubilizing
groups on the sides of the molecule instead of the end likely disrupts the crystallinity of 6T within
supramolecular assemblies to a much larger extent than 4T.
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Figure 4.6. DSC curves of (left) 6T alone and (right) PS-b-P4VP(6T):.5s supramolecules. The first
heating/cooling cycles are black and the second are red.
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TEM was used to investigate how the difference in the strength of intermolecular
interactions between 4T and 6T affects the assembly of PS-5-P4VP(4T)1.5 and PS-6-P4VP(6T)1.5
supramolecules (Figure 4.7a). Samples were treated under identical conditions as DOPH and
DEPH supramolecules. Figure 4.7a shows a representative TEM image of PS-H6-P4VP(6T): s,
showing a cylindrical morphology with a relatively small BCP periodicity and small grain sizes.
However, TEM images of PS-b-P4VP(4T)is showed a lamellar morphology with a large
periodicity and large oriented regions.*> The weight fraction of the comb block in PS-b-
P4VP(6T)1.5 (fecomb = 64%) supramolecules is higher than that of PS-5-P4VP(4T)1.5 (feomb = 57%),
which may potentially lead to a cylindrical morphology. However, PS-b-P4VP(4T)2 (fcomb = 63%),
which has an fcomb comparable to PS-H-P4VP(6T)1s, was prepared and forms a lamellar
morphology (See Appendix A.2.1). Therefore, it is likely that the observed differences in
morphology between 4T- and 6T-based supramolecules, i.e. lamellae for 4T and cylinders for 6T,
is due to the relatively stronger intermolecular interactions of 4T compared to 6T.
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Figure 4.7. (a) TEM image of PS-b-P4VP(6T)1.5 (feomb = 64%) supramolecules. (c) (left) SAXS
curves of PS-6-P4VP(6T)1.5s supramolecules. (¢) (right) WAXS curves of PS-5-P4VP(6T)1.5 (Sup),
and 6T (SM).

The morphology and packing of these supramolecules and the crystallization of the SMs
was further investigated by small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) (Figure 4.7c). The SAXS curve of PS-b-P4VP(6T)1.5s supramolecules has peaks at g =
0.0185, 0.0320, 0.0370, 0.0484, and 0.0644 A, which confirms a well-defined cylindrical
morphology of the BCP with a periodicity of ~34 nm. SAXS curves from PS-6-P4VP(4T):s
supramolecules showed peaks corresponding to a lamellar morphology with a much larger
periodicity (~52 nm).*? There is also a peak at ¢ = 0.1060 A for PS-5-P4VP(6T)15, which
indicates a comb lamellae periodicity of ~5.9 nm. However, this peak is less intense and broader
than its 4T counterpart, indicating that the PAVP(6T) packing in the supramolecules is not as well-
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defined.>? The WAXS curve of 6T alone shows a pair of peaks centered at ¢ = 1.349 and 1.475 A
!, which suggests 6T forms a herringbone structure. In thermally-annealed PS-5-P4VP(6T)1 s
supramolecules, these peaks mostly disappear, which suggests a significant reduction in
crystallinity of 6T molecules in supramolecular domains, consistent with DSC results.

§ 4.3 Discussion

We have observed that a variety of organic semiconductor SMs can be readily incorporated
into BCP-based supramolecules, and their phase behavior can have several effects on the assembly.
1) The incorporation of the SM has a large effect on the interfacial curvature between the two
microdomains and consequently, the overall supramolecular morphology. 2) At equivalent weight
fractions, the incorporation of different SMs can significantly affect the interfacial curvature
between the two microdomains, the morphology, and the packing of the supramolecule. 3) The
crystal packing of the SM doesn’t necessarily lead to assembly of the comb block within the BCP
microdomains. 4) The incorporation of different SMs at similar weight fractions can result in fairly
large differences in the overall periodicity of the supramolecules. For example, DEPH and 6T and
more readily form morphologies with relatively smaller periodicities and stabilize morphologies
with larger interfacial curvature, such as a cylindrical morphology, compared to DOPH and 4T.
Additionally, neither DOPH nor DEPH form well-defined lamellae from the comb block, as
would normally be observed for 4T-, 6T-, and alkyl-based supramolecules, despite clearly
incorporating into the supramolecule. When comparing the molecules investigated, there are a few
factors differentiating them. First of all, the supramolecules based on oligothiophenes (4T and 6T)
have well-defined internal structure in the comb block. The comb lamellae are better defined for
4T, which is more crystalline. However, this is not the case for DOPH and DEPH even though
both molecules are crystalline and have much higher melting points than 6T. For DOPH and
DEPH, the only structural difference is the branched vs. linear alkyl chains. Both have fairly high
melting points, but the DSC and WAXS results show substantial differences in crystallinity when
incorporated into the supramolecules. We hypothesize that the exact nature of the supramolecular
chain packing is critically dependent on the specific packing structure of the SM, which in turn
depends on the composition of the crystalline core, the placement (side vs. end-functionalization)
of the alkyl solubilizing groups, and constitution (linear vs. branched) of the alkyl groups.

When comparing the two families of supramolecules, we observed that a high crystallinity
of the SM leads to straight interfaces between domains, and lamellar morphologies are observed.
Whereas low crystallinity SM-based supramolecules show morphologies with curved interfaces.
For example, a cylindrical morphology is observed for PS-b-P4VP(6T): at fcomb = 64%, and a
mixture of lamellae and cylinders are seen for PS-H6-PAVP(DEPH): at fcomb = 62%. This is
supported by the DSC results where the heat of crystallization calculated from the highest
temperature peak during cooling for 4T and DOPH decrease by 23% upon forming
supramolecules when compared to the neat SMs.*? In contrast, neither 6T nor DEPH exhibit
crystallization peaks during cooling at all upon supramolecule formation. These observations
confirm that even though the strength of the intermolecular interactions tend to be believed to be
the dominant force toward molecular packing and the overall morphology of the supramolecules,
the crystallinity is the key parameter. This is quite reasonable as how the SM packs will directly
determine the shape, rigidity of the comb block, the cross-sectional area mismatch between the
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comb and coil blocks, and the y. Together, these parameters determine the phase diagram of the
supramolecules. However, it is noted that the packing of the SM doesn’t necessarily result in the
formation of well-defined comb lamellae, as is evidenced by the absence of scattering peaks
corresponding to the comb lamellae for DOPH- and DEPH-based supramolecules. It is likely that
6T and DEPH are less strongly crystalline than 4T and DOPH due to the placement (end vs. side
functionalized) and constitution (linear vs. branched) of their alkyl solubilizing groups,
respectively. This may potentially open a viable route to control supramolecular assemblies by
controlling the crystallization kinetics during the sample treatment, though the SM organic
semiconductors tend to have fast kinetics. Present studies show that the crystallinity of the SM can
be modulated by its chemical structure.

However, the crystallinity alone does not fully explain the non-uniform interface between
the lamellar blocks observed in PS-5-P4VP(DOPH)1.5 and PS-b-P4AVP(DOPH): and the mixture
of cylindrical and lamellar morphologies seen in PS-6-P4VP(DEPH): 5. In previous studies of PS-
b-P4VP(4T)1 s, the crystallization of 4T led to a significant deformation of the PS coil block in
addition to stretching the P4VP backbone that the SMs were directly attached to.>* From detailed
TEM image analyses of PS-5-P4AVP(DOPH): 5 and PS-b-P4AVP(DOPH):, we can clearly see that
the DOPH distribution is not homogeneous, and there are two distinct regions with clear variations
in the widths of the PS and PAVP(DOPH) blocks, referred to here as type 1 and 2 (Figure 4.8).
Linecuts of the small (type 1) and large (type 2) periodicity domains of PS-b-P4AVP(DOPH): 5 are
shown in Figure 4.8a—d. In the type 1 domains (boxed region of Figure 4.8a), the PS blocks are
relatively larger while the PAVP(DOPH) comb blocks are smaller, and the overall periodicity is
smaller compared to the type 2 domains (boxed region of Figure 4.8c). The P4VP(4T) blocks
contribute only ~29% of the overall periodicity in type 1 domains, while in type 2 domains, they
contribute ~70%. The comb domains in type 2 are similar in length to twice the contour length of
the 5600 Da P4VP chain (~27 nm), which indicates that the P4VP chains are fully or nearly fully
stretched in these parts of the sample. In type 1 domains, the DOPH molecules are most likely less
abundant and in an amorphous state and do not stretch the polymer chains along the c-axis or
compress them along the a- and b-axes to a large extent (Figure 4.8¢). In type 2 domains, the
DOPH molecules are more abundant and crystalline and do stretch the polymer chains along the
c-axis and compress them along the a- and b-axes. A similar analysis of PS-»-P4VP(DOPH): TEM
images supports these conclusions. It was found that the comb block constitutes a similar portion
of the overall periodicity in the type 1 domains (~28% comb). However, in the type 2 areas of the
sample, the PS domains are relatively larger, and the comb domains are smaller compared to PS-
b-P4VP(DOPH): 5. In these regions, ~64% of the periodicity comes from the comb block, which
1s ~6% less compared to r = 1.5. Since the only difference between these two samples is the loading
rate of SMs, we speculate that the expansion of the PAVP(DOPH) block and the decrease in size
of the PS block is the result of the amount and molecular packing of DOPH molecules in the
supramolecules.
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Figure 4.8. (a, c) TEM images and (b, d) linecuts of TEM images of PS-6-PAVP(DOPH): s
supramolecules. The red boxes on the TEM images on the left show the location and bandwidth
of the linecuts on the right and highlight a primarily (a) small periodicity region (type 1) and (c) a
large periodicity region (type 2). (¢) Schematic drawings of the proposed supramolecular packing
structures in the small and large periodicity domains of PS-6-P4AVP(DOPH): (r = 1.5 and 1).
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As discussed in our previous studies of PS-b-P4VP(4T): s, the entropic cost for deforming
the polymer chain is offset by the enthalpically favorable crystallization of the SM.?? However,
polymer chain stretching of this type does not account for the fact that the thickness of the PS
blocks are smaller in the type 2 domains (~12 nm), which have a larger overall periodicity,
compared to the type 1 areas (~18 nm). This is in contrast to the trend observed in 4T-based
supramolecules where the both the P4VP and PS blocks are expanded during crystallization along
the c-axis.

To explain these observations in the type 2 domains, possible packing structures for PS-b-
P4VP(DOPH): 5 and PS-b-P4VP(4T): are proposed in Figure 4.8e. In these schematics, the PS
coil blocks are interdigitated within their lamellar domains, and the comb block packing is
irregular. The interdigitation of the PS blocks could account for the decreased size of the PS
microdomains since the gaps it would form would most likely be filled with DOPH molecules,
which would make these filled-in gaps appear darker in TEM images. This would also explain the
observed fluctuations of the interface between the PS and comb blocks. This packing structure is
mostly likely favored due to the cross-sectional area mismatch between the crystallized
P4VP(DOPH): blocks and the natural packing of the coil-like PS blocks. This effect is less
pronounced for the r = 1 sample (Figure 4.8¢). These supramolecules do not form regular, well-
defined comb lamellae, as is suggested by the lack of peaks corresponding to these structures in
the X-ray scattering studies. While the exact crystal structure of DOPH is not known, the fact that
these structures have not been observed in 4T-based supramolecules indicates that it is very likely
that these effects are due to the molecular packing of DOPH.”7* This is corroborated by the fact
that these supramolecular packing effects are less obvious for the r = 1 sample.

Since DEPH most likely adopts a similar packing structure as DOPH, it is possible that
PS-b-P4AVP(DEPH)1 5 adopts a similar packing structure as discussed for PS-6-P4AVP(DOPH)..
However, since DEPH does not crystallize as strongly during cooling, the effects of the SM
packing on PS-6-PAVP(DEPH):5 are not as obvious as for PS-6-P4VP(DOPH):, and PS-b-
P4VP(DEPH): 5 also more readily adopts complete cylindrical morphologies rather than lamellae
with an undulating interface.

§ 4.4 Conclusion

In conclusion, we have demonstrated how the phase behavior of the SMs during cooling is
critically important to the overall assembly of organic semiconductor-based supramolecules. First,
the incorporation of SMs has a large effect on the interfacial curvature between the microdomains
in the overall supramolecular morphology. Second, at equivalent weight fractions, the
incorporation of different SMs can affect the interfacial curvature between the two microdomains,
the overall morphology, and the packing of the supramolecule. Specifically, morphologies with a
high degree of curvature, such as cylinders, are less favorable for supramolecules based on more
crystalline SMs. Third, the crystal packing of the SM doesn’t necessarily lead to the assembly of
the comb block within the BCP microdomains, as is normally observed for other supramolecules.
Fourth, the incorporation of different SMs at similar weight fractions can cause significant
differences in the overall periodicity of the supramolecules. The crystallinity and packing of the
SMs can be tailored by changing the crystalline core as well as the attachment site(s) (side- vs.
end-functionalization) and the constitution (branched vs. linear) of the alkyl solubilizing group(s).
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Since the composition of the components of the SMs are modular, these studies provide useful
guidance toward tailoring the assembly of optically active and semiconducting supramolecules.

§ 4.5 Experimental section

4.5.1 Materials

PS(40,000 Da)-b-P4VP(5,600 Da) (PDI = 1.09) was purchased from Polymer Source, Inc.
Chloroform was purchased from Fisher or Aldrich and filtered through basic alumina. All other
chemicals were purchased from Aldrich and used as received. The synthetic procedures for 6T,
DEpH, and DOpH will be described in a future publication. The synthetic procedure to prepare
4T is described in detail in a previous publication.*

4.5.2 Sample Preparation

The small molecules are light- and oxygen-sensitive so samples were either prepared in an
argon glovebox or cautions were paid to avoid light exposure during the sample preparation
process. The PS-b-P4VP was first dissolved in chloroform to form 1% (w/v) stock solutions. The
desired amount of the small molecules was dissolved in chloroform. The polymer solution was
then added to the organic semiconductor solution, followed by stirring overnight. Solutions were
then transferred into PTFE beakers under a covered dish, and solvent was allowed to slowly
evaporate for 24 h. Samples were then placed in a vacuum oven at room temperature for 8 h to
remove residual solvent. Bulk samples were collected from the beakers, and portions were put into
DSC pans, annealed at various temperatures in a vacuum oven overnight, and slowly cooled to
room temperature.

4.5.3 Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS)

The SAXS and WAXS data were collected on beamline 7.3.3 in the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory and beamline 8-ID-E in the
Advanced Photon Source (APS) at Argonne National Laboratory. X-rays, with a wavelength of
1.240 A (10 KeV) and 1.712 A (7.24 KeV) were used, and the scattering spectra were collected
on a Pilatus 1M detector. The scattering profiles, after a 60 s collection time, were obtained
by integrating the 2-D scattering pattern. Line-averaged intensities are reported as / vs. g, where g
= (4n/LM)*sin(6/2), A is the wavelength of incident x-rays and 0 is the scattering angle. Data was
analyzed with Nika 1 (http://usaxs.xray.aps.anl.gov/staff/ilavsky/nika.html),”> an analysis program
designed for Igor Pro (WaveMetrics, Lake Oswego, OR, USA).

4.5.4 Transmission Electron Microscopy (TEM)

The same samples used for SAXS/WAXS were embedded in resin and cured at 60 °C
overnight before being microtomed for TEM imaging. The thin sections of PS-5-P4VP(SM): were
exposed to iodine vapor for 10 min that selectively stains the PAVP(SM): block to enhance the
contrast. TEM images were collected on an FEI Tecnai 12 transmission electron microscope at
an accelerating voltage of 120 kV. Image analysis was performed using Imagel
(http://rsbweb.nih.gov/ij/).”®
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4.5.5 Differential Scanning Calorimetry (DSC)

The DSC thermograms were collected on a TA Q200 DSC with an RCS 40 refrigeration
unit. The neat small molecule and supramolecule samples were heated and cooled from 0 °C — 200
°C -0 °C for two cycles at a rate of 10 °C/min.
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Functional organic-inorganic nanocomposites have the potential to combine the
advantages of both organic and inorganic materials, however, it is often necessary to precisely
control their morphology and packing for their application in a number of devices. Non-functional
block copolymers (BCP) and BCP-based supramolecules have been studied as structural
frameworks for the assembly of inorganic nanoparticles (NPs), while comparatively less work has
been done on highly crystalline, functional organic frameworks. In the previous chapters, we
investigated how the crystallinity and packing of the small molecules (SMs) affects the assembly
and properties of organic semiconductor-based supramolecules. Here, we investigate how the SM
phase behavior as well as the loading rate and size of the NPs can affect their coassembly in
supramolecular frameworks. The NPs can be incorporated into the supramolecular microdomains
even from a macrophase-separated state. The strong crystallization of the SMs tends to force the
NPs into less crystalline domains of the comb block, where the oligothiophenes are less abundant.
The introduction of the NPs also decreases the BCP periodicity of the supramolecules. The larger
NPs favor assembly in the center of the comb domains, parallel to the BCP lamellar axis, to
minimize the entropic penalty of deforming the polymer chain, while the smaller particles
assemble into rows in between the comb lamellae, perpendicular to the axis of the BCP lamellae.
The assembly of nanocomposites based on highly crystalline SMs is found to be distinct from both
supramolecular nanocomposites based on less crystalline SMs and supramolecules based on highly
crystalline SMs without NPs. However, nanostructured arrays of organic and inorganic
semiconductors can still be readily obtained. These studies present a versatile method for the
coassembly of highly crystalline, functional SMs with NPs for the fabrication of nanocomposite
devices.

§ 5.1 Introduction

Organic-inorganic nanocomposites can potentially combine the advantages of both organic
and inorganic materials. Inorganic nanoparticles (NPs) can display size-dependent optical and
electronic properties with high extinction coefficients and relatively high charge mobilities and
have seen extensive use in photovoltaic (PV) and biomedical applications.!* However, it is often
desirable to interface these NPs with other materials and assemble them into well-defined arrays
for some device applications.

Block copolymers (BCPs) assemble into an array nanostructured morphologies with
features similar in size to NPs. Hybrid nanocomposites can be fabricated using BCPs as a
nanoscopic template for the assembly of various NPs into well-defined arrays that are scalable and
amenable to solution processing.’ There have been extensive experimental and theoretical studies
on the blends of BCPs and NPs, and a number of critical parameters have been identified that
govern their assembly, including the enthalpic interactions between the NP ligands and each BCP
microdomain and the entropic penalty for deforming the polymer chain when the NPs are
incorporated.* The enthalpic interaction between the NPs and polymers can be tailored by
exchanging the NP ligands.>>" By using polymeric ligands that match one block of the BCP, the
assembly of the NPs can be selectively sequestered into that microdomain by favorable van der
Waals interactions.>!! The use of stronger interactions, such as electrostatic interactions and
hydrogen bonding, can enhance the solubility of the NPs in the polymer matrix and increase the
maximum weight fraction of NPs before the onset of macrophase separation.'!* For neutral
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ligands, NPs that are small relative to the domain size of the BCP have been shown to favor
assembly at the interface between the two microdomains, while larger particles tend to assemble
in the center of domains to minimize the entropic penalty for deforming the polymer chain.!*"

BCP-based supramolecules can be constructed by attaching small molecules (SMs) to one
or more blocks of a BCP via secondary interactions, such as hydrogen bonding, electrostatic
interactions, or metal ligation.?>>> When SMs are attached to one block of coil-coil BCPs, they
form coil-comblike supramolecules. By utilizing SMs that also have favorable interactions with
the ligands on the NPs, the polymer-NP interactions can be tailored.?* By this method, a variety of
inorganic NP compositions (metallic, semiconducting, etc) and shapes (spheres, rods) have been
assembled.?*?® In coil-comblike supramolecules, the entropic penalty for deforming the comb
block is higher compared to coil-coil BCPs, which can force the NPs to assemble into different
localized regions of the comb block depending on the NP size and aspect ratio.’®?® These
supramolecular nanocomposites have also been used to form luminescent microspheres.?’ While
some preliminary studies of supramolecular nanocomposites based on highly crystalline SMs, such
as organic semiconductors, have been reported, a more thorough investigation is necessary to
better understand how the phase behavior of the SM affects the NP assembly.*

Nanocomposites that contain a functional, highly crystalline organic component, such as
conjugated polymers, have the potential to combine the advantages of functional organic and
inorganic materials in a number of devices. In blends of conjugated polymers and NPs,
nanostructures are typically formed by spontaneous phase separation of the two materials.?! Since
this technique does not form well-defined arrays of the organic and inorganic components,
desirable for many applications, a number of techniques to optimize the morphology have been
developed. One method is to use BCPs that contain a semiconducting block and another block that
interacts favorably with NPs. To this end, a number of semiconducting moieties have seen use,
including poly(fluorene)*? and tetraphenylbenzidine side groups.** A number of NP binding blocks
have also been used, including polydimethylaminoethyl methacrylate®? and poly(4-vinylpyridine)
(P4VP).** In one example, a rod-rod conjugated BCP, poly(3-hexylthiophene)(P3HT)-block-
poly(3-hexylselenophene), was used to control the assembly of CdSe NPs by favorable interactions
between the NPs and P3HT.** Another technique is to coassemble the NPs with conjugated
polymer nanowires. Coassemblies of P3HT nanowires and CdSe dots have been fabricated from
favorable interactions between the CdSe NPs and the sulfur atoms on P3HT.***® One method to
improve the electron coupling and interfaces among the different components in these systems is
to directly attach SM organic semiconductors or conjugated polymers as NP ligands.’”* By
combining the nanowire assembly and semiconducting ligand techniques, spherical and rodlike
CdSe NPs functionalized with P3HT ligands were cocrystallized with P3HT nanowires to form
hybrid nanowires.**#!

As mentioned, precisely-controlled arrays of NPs can be readily achieved using
supramolecules based on BCPs and non-functional SMs, however the organic component only
provides a structural framework for the NP assembly but not inherent functionality. While well-
defined arrays of organic semiconductor SM-based supramolecules without NPs can also be
fabricated, the crystallinity and packing of the SM plays a critical role in the assembly process and
the resulting morphology.**** Here, we synergize the self-assembly processes in a three
component nanocomposite material that contains BCPs, highly crystalline SM organic
semiconductors, and NPs. We blend oligothiophene semiconductor-based supramolecules with
semiconducting NPs to investigate how the crystallinity of the SM and the size of the NPs affects
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the thermodynamics and kinetics of the assembly process in bulk. After solvent casting, the SMs
and NPs coassemble, but primarily macrophase separate from the BCP. After thermal annealing
below the Tm of the SM, more of the SMs and NPs incorporate into the BCP microdomains, and
when thermally annealed near or above the Tm of the SM, nanoscopic arrays of oligothiophenes
and NPs are achieved. Structurally, these blends are distinct from organic semiconductor-based
supramolecules alone and NP blends with less crystalline supramolecules. The assemblies contain
two primary domains: one that contains less SMs but favors NP assembly and another that is SM-
rich but tends to exclude the NPs. The assembly of the NPs also depends on the size of the NPs.
Larger NPs (~6 nm) tend to assemble single file in the center of the of the comb domains, while
smaller particles (~3 nm) favor assembly in rows intercalated between the supramolecular chains,
perpendicular to the axis of the BCP microdomains.

§ 5.2 Results

5"-(3,7-Dimethyloctyl)-5-(3-(3-hydroxyphenyl)propyl)-[2,2°;5°,2°°;57,2"""]

quaterthiophene, identified as “4T,” was designed to hydrogen bond with the 4-vinylpyridine
repeat units of a polystyrene(40 kDa)-block-poly(4-vinylpyridine)(5.6 kDa) (PS-b-P4VP) BCP to
form a supramolecule, identified as PS-b-P4VP(4T): (Figure 5.1). The ratio of SMs to 4VP groups
is »=1.5. 4T was synthesized by Clayton Mauldin and David Hanifi, and its synthesis was reported
in a previous publication.*? PbS* (~6 nm) and CdSe* (~3 nm) NPs were synthesized by Peter Bai
and Noah Bronstein using previously reported procedures and were passivated with oleylamine
and trioctylphosphine ligands, respectively.

4T was designed with three primary components, i.e. a phenolic moiety to construct the
supramolecule, a crystalline oligothiophene semiconducting core, and an alkyl group to enhance
its solubility. This alkyl moiety also has favorable van der Waals interactions with the alkyl and
alkenyl groups present in inorganic NP solubilizing ligands. Supramolecules based on alkyl-
containing SMs have been used to take advantage of this favorable interaction and were shown to
form well-ordered assemblies of NPs.?* However, all of these supramolecules were based on SMs
that have relatively weak intermolecular interactions and do not have inherent optical or electronic
properties. For many device applications, such as organic PVs (OPVs) or light-emitting diodes
(LEDs), it is desirable to interface complementary electronic materials into well-defined,
nanostructured assemblies, and it is possible that blends of organic semiconductor-based
supramolecules with NPs may be able to achieve these ideal nanostructured morphologies (Figure
5.1). However, recent publications have shown how the crystallinity and packing of the SM is
critical to the overall assembly of the supramolecules.* Thus, it follows that their crystallinity will
also play a large role in the assembly in their blends with NPs.

75



~30-50 nm

Coil-like || Comb-like

+ Y=

Figure 5.1. (left) Chemical structure of PS-b-P4VP(4T) supramolecules. (center, right) Idealized
schematic drawing of supramolecules blended with NPs.

To understand the kinetics of the self-assembly process during annealing in bulk, PS-b-
P4VP(4T)1 5 supramolecules blended with 11 wt%, 6 nm PbS NPs (PbS-6nm11%) were annealed
below, near, and above the Tm of 4T and studied using transmission electron microscopy (TEM),
small-angle X-ray scattering (SAXS), and wide-angle X-ray scattering (WAXS). The samples
were all annealed overnight and then slowly cooled to room temperature over several hours. TEM
images of these samples are shown in Figure 5.2a—d. The samples were not stained, but the more
electron dense P4VP(4T) regions appear darker compared to the PS domains. The samples
annealed below the Tm of 4T (100-120 °C) show that the particles are dispersed (i.e. no large-
scale macrophase separation) but are not well aligned within the supramolecular microdomains.
In the sample annealed near the Tm of 4T (140 °C), the particles have better alignment within the
supramolecules, but are not very evenly distributed throughout the sample. When the blends are
annealed above the Tm of 4T (160 °C), the particles are fairly well aligned and more evenly
distributed throughout the sample. Since the alkyl NP ligands have favorable interactions with the
alkyl moieties of the SMs, and the distribution of the NPs is similar to the distribution of 4T in PS-
b-P4VP(4T)1.s supramolecules without NPs when annealed at the same temperatures,* it is highly
probable that the NPs primarily coassemble with the 4T molecules.
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Figure 5.2. TEM images of PS-b-P4VP(4T):.s supramolecules blended with PbS-6nm11% NPs
annealed at various temperatures. It is likely that the NPs coassemble with the 4T molecules. (a,
b) The 100/120 °C samples show that the particles are dispersed (i.e. no large-scale macrophase
separation) but not well aligned. (¢) In the 140 °C sample, the particles are better aligned, but are
not very evenly distributed throughout the sample. (d) In the 160 °C sample, the particles are fairly
well aligned and more evenly distributed throughout the sample.

The SAXS and WAXS curves of PS-b-P4VP(4T):.5 supramolecules blended with PbS-
6nm11% NPs after annealing at various temperatures are shown in Figure 5.3. In the 40 °C sample,
the 4T molecules are primarily macrophase separated from the polymer, much like PS-b-
P4VP(4T)1.s supramolecules without NPs.* In its SAXS profile, peaks at g ~ 0.02563 and 0.07786
A-lindicate a BCP periodicity of ~25 nm and a interparticle spacing of 8.1 nm. A pair of diffraction
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peaks at ¢ ~ 0.1117 and 0.2229 indicates a lamellar periodicity of 5.6 nm, corresponding to
macrophase separated 4T molecules. When the sample is annealed at 100 °C, these peaks sharpen
and peaks at ¢ ~ 0.09913, 0.1988, and 0.2974 A™! appear, corresponding to 4T molecules
incorporated into the P4AVP(4T) comb block with a lamellar periodicity of 6.3 nm. Samples
annealed at or above 120 °C have a much larger BCP periodicity of ~47 nm, which is a result of
most of the 4T molecules incorporating into the supramolecules. The observed trend of the SMs
partially incorporating into the comb block when annealed below the Tm of 4T and mostly
incorporating when annealed near or above the Tm is similar to supramolecules without particles.*?
The interparticle spacing also increases from ~8.1 nm to ~9.2 nm after annealing. In the WAXS
profile of the 40 °C-annealed sample, there are peaks at g ~ 1.29 and 1.38 A’!, similar to that of
4T alone. Upon annealing between 100-160 °C, these peaks broaden and converge into a single
peak centered at ¢ ~ 1.331 A! (4.7 A™"). This broadening is most likely due to a decrease in 4T
crystal size upon incorporation into the supramolecule. Although this peak is present for all of the
annealing conditions, it is higher in intensity for the sample annealed at 160 °C. The peaks
observed at ¢ ~ 1.827 and 2.116 A™! correspond to the (111) and (200) reflections of the PbS lattice.

160 °
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Intensity (a.u.)
E;u SA
| |
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I I T I I I I I
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Figure 5.3. (left) SAXS and (left) WAXS curves of PS-b-P4VP(4T)1.5 supramolecules blended
with PbS-6nm11% NPs annealed at various temperatures. (left) Initially, the 4T molecules
primarily macrophase separate from the polymer. The SMs partially incorporate into the comb
block when the samples are annealed below the Tm of 4T and mostly incorporate when annealed
near or above the Tm. The macrophase separated and incorporated 4T molecules have periodicities
of ~5.5 nm and ~6.3 nm, respectively. Samples annealed at or above 120 °C have a much larger
BCP periodicity (~25 nm vs. ~47 nm). The interparticle spacing increases from ~8.1 nm to ~9.2
nm after annealing. (right) The WAXS curves show peaks corresponding to the molecular packing
of 4T, with a periodicity of ~4.7 A, and the (111) and (200) lattice reflections from the PbS
particles.
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TEM was used to more closely investigate how the addition of PbS-6nm11% NPs affects
the assembly of PS-b-P4VP(4T)is compared to the supramolecules alone (Figure 5.4). Both
samples were annealed at 160 °C, which is above the Tm of all the components in the system. Thin
sections of the supramolecule-only sample were stained with iodine, which selectively darkens the
P4VP and 4T domains, to enhance the contrast. Again, the NP-containing samples were not
stained. The TEM image in Figure 5.4a shows PS-6-P4VP(4T)1.s supramolecules alone with a
uniform lamellar morphology. While there are a number of local defects, the lamellar domains
form large, oriented grains. The PS and P4VP(4T) microdomains are approximately equal in
thickness (~25-26 nm) and are relatively uniform throughout the sample. However, this uniformity
is not maintained for PS-b-P4VP(4T)1.5 supramolecules when blended with PbS-6nm11% (Figure
5.4b). Two major regions are observed, one with thicker comb domains and one with thinner ones.
The thicker comb domains (type 2) likely have larger P4VP(4T) crystals (~22-34 nm in
periodicity), but tend to exclude NPs. The thinner domains (type 1) most likely have smaller
P4VP(4T) crystals (~8—12 nm in periodicity), but favor NP assembly. However, some particles
are observed in the thicker domains as well. In both cases, particles favor assembling in lines at
the center of the P4AVP(4T) domains. The periodicity of the PS domains are fairly uniform
throughout the sample (~18-21 nm) and don’t appear to depend on the thickness of the comb
block. Since these effects are not observed for supramolecules alone, it is highly likely that they
are due to the interactions between the supramolecules and the NPs. However, this sample only
represents one NP size and loading rate, and previous work has demonstrated that both of these
factors can play a role in the NP assembly in BCP-based supramolecules.?®

Supramolecule onIy Supramolecule + PbS-6nm 11wt%

RN

LA
A % \ Type'1 '

Figure 5.4. TEM images of PS-b-P4VP(4T)1.5s supramolecules (a) alone and (b) in blends with
PbS NPs annealed at 160 °C. The “thicker” (type 2) comb domains in (b) have large P4AVP(4T)
crystals (~22—-34 nm in periodicity), but tend to exclude NPs. The “thinner” (type 1) domains have
smaller P4VP(4T) crystals (~8—12 nm in periodicity), but favor NP assembly. In both cases, the
PS domains are ~18-21 nm.
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To investigate how the NP size and loading rate may affect the supramolecule and NP
assembly in semiconducting supramolecules, PS-b-P4VP(4T):.s was blended with PbS-6nm at 10
and 20 wt% as well as 3 nm CdSe at 8 and 16 wt% (CdSe-3nm8/16%). PbS-6nm10% and CdSe-
3nm&8% both correspond to ~1.4 vol% NP loading, and PbS-6nm20% and CdSe-3nm16%
correspond to ~3.2 vol%. The samples were all annealed at 150 °C. Since the NPs are capped with
similar alkyl ligands, the inorganic core materials used (CdSe vs PbS) should not have a significant
effect on the assembly process.?* The TEM images of PbS-6nm 10 and 20 wt% show morphologies
similar to PbS-6nm11% (Figure 5.5a, b), where lines of NPs favor the smaller PAVP(4T) domains
(type 1), and the comb domains without particles (type 2) tend to be larger. These morphologies
are depicted in the schematic shown in Figure 5.5¢. Increasing the NP loading from 10 to 20 wt%
increases the density of NPs and qualitatively, the number of defects in the lamellar morphology.
The TEM images of PS-b-P4VP(4T):s blended with CdSe-3nm show that the NP assembly is
distinct from PbS-6nm-based composites (Figure 5.5d, ). While PbS-6nm NPs tend assemble at
the center of the P4VP(4T) domains, CdSe-3nm tends to assemble in between the comb lamellae
(Figure 5.5c¢, f). However, much like PbS-6nm samples, the NPs tend to assemble into the narrower
comb domains. For CdSe-3nm8%, the thinner regions are ~11-15 nm, which is in a similar range
as PbS-6nm samples (8—16 nm). Also like PbS-6nm samples, the thicker comb domains are ~20—
24 nm, and the PS domains are ~16—23 nm in both regions. The morphologies observed for CdSe-
3nm16% are similar to 8%, however, there are very few thicker comb regions. Almost all of the
comb domains are smaller (~12—15 nm) even when NPs are not present in a particular area. The
PS domains are also smaller (~12—17 nm) throughout most of the sample.
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(a) PbS-6nm 10 wt% (d) CdSe-3nm 8 wt%

(e) CdSe-3nm 16 wt%

V;"‘_.\ e

i 20 o
#

(Ic) 7 PbS-Gnm

Figure 5.5. NP size and loading rate dependence for samples annealed at 150 °C. TEM images of
PS-b-P4VP(4T)1.5 supramolecules in blends with (a) 10 and (b) 20 wt% PbS-6nm NPs. TEM
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images of PS-b-P4VP(4T)1.5 supramolecules in blends with (d) 8 and (e) 16 wt% CdSe-3nm NPs.
(c, f) Schematic cartoons illustrating the two main domains observed in the comb block that are
observed in the TEM images of samples annealed at 150—-160 °C. The “thicker” comb domains
(type 2) have large P4AVP(4T) crystals, but tend to exclude NPs. The “thinner” domains (type 1)
have smaller P4VP(4T) crystals, but favor NP assembly. (c) The larger (PbS-6nm) NPs favor
assembly in the center of the comb block, but (f) the smaller (CdSe-3nm) NPs tend to assemble in
between the comb lamellae.

SAXS and WAXS were used to probe the structure and packing of the supramolecular
nanocomposites (Figure 5.6). Since there is a greater electron density difference between
PbS/CdSe and PS-b-P4VP(4T) than between PS and P4VP(4T), the peaks in the low ¢ range that
would normally correspond to the periodicity of the BCP microdomains likely reflect the spatial
distribution of the NPs. In previous studies, PS-6-P4VP(4T)1.s supramolecules without NPs
annealed at 140-160 °C formed lamellae-within-lamellae morphologies with a BCP periodicity of
~52 nm and a comb lamellae periodicity of 6.3 nm.* This large BCP periodicity was attributed to
the strong crystallization of the 4T molecules, which induced polymer chain stretching in both
BCP blocks. All of the NP blends show a reduction in the BCP periodicity at low loading (8/10
wt%) and an even further reduction at high loading (16/20 wt%) compared to the neat
supramolecules. This reduction in periodicity suggests that the NPs disrupt the crystallization of
4T in the comb domains to some extent. All of these blends show peaks at g ~ 0.099 and 0.198 A-
! that correspond to the P4VP(4T) comb block with a lamellar periodicity of ~6.3 nm. For PbS-
6nm samples, the BCP period is 47 nm for 10 wt% and 44 nm for 20 wt%. The SAXS curve for
PbS-6nm10% has a peak at ¢ ~ 0.110 A" (5.7 nm), which corresponds to 4T alone. Interestingly,
there is a peak at g ~ 0.140 A! (4.5 nm) for PbS-6nm20%, which has not been observed for 4T-
based supramolecules or 4T alone. However, it is still most likely due to phase-separated 4T
molecules since the peak corresponds to a relatively small periodicity, and some phase-separated
4T is already present at the lower loading rate. The BCP periodicity is 44 nm for CdSe-3nm8%
and 33 nm for CdSe-3nm16%, which are both smaller compared to PbS-6nm samples at similar
loading rates. The SAXS profiles also contain a pair of peaks at ¢ ~ 0.113 and 0.226 A™!, which
correspond to a 5.6 nm lamellar periodicity of 4T alone. While there are scattering peaks present
in all of these samples that correspond to phase-separated 4T molecules, large aggregates were not
observed in TEM, so the size of these domains are most likely fairly small and dispersed among
the supramolecules.

A single broad diffraction peak at ¢ ~ 1.331 A™! from the crystallization of 4T is present in
the WAXS profile of both PbS-6nm samples. The peaks corresponding to the (111) and (200)
reflections in the PbS lattice are also present. The WAXS profile of the CdSe-3nm samples contain
two broadly defined peaks centered at ¢ ~ 1.29 and 1.38 A™! from 4T crystallization. The WAXS
profiles of both of the CdSe-3nm samples contain broad diffraction peaks between g ~ 1.6-2.0 A-
!, which most likely corresponds to the CdSe lattice reflections. While the scattering results
indicate that not all of the 4T molecules are completely incorporated into the supramolecules upon
addition of NPs, they do indicate that a significant fraction of them are incorporated and crystalline.
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Figure 5.6. (left) SAXS and (right) WAXS profiles of PS-b-P4VP(4T)1.5 supramolecules blended
with (black) PbS-6nm10%, (purple) PbS-6nm20%, (blue) CdSe-3nm8%, or (red) CdSe-3nm16%
NPs. The addition of NPs reduces the BCP periodicity at low loading rates (8/10 wt%) and more
so at higher loading rates (16/20 wt%). This effect is greater for the smaller NPs (CdSe-3nm). Not
all of the SMs incorporate into the supramolecules, however, a significant fraction of 4T does
incorporate and is crystalline.

§ 5.3 Discussion

Our results demonstrate the supramolecular coassembly of SM organic semiconductors and
semiconducting NPs using a BCP as a local structure framework and give insights into the
thermodynamics and kinetics of this system. In previous studies of directed assemblies of NPs
with supramolecules based on less crystalline SMs, well-ordered arrays of NPs can be readily
obtained.”* Well-ordered morphologies of supramolecules based on highly crystalline SMs can
also be obtained without the presence of NPs (Figure 5.4a).*> Kinetically, in 4T-based
supramolecules without NPs, the 4T molecules have been shown to incorporate into the P4VP
microdomains after annealing near or above the Tm of the SM, even when starting from a
macrophase separated state.* In PS-b-P4VP(4T)1.5/NP blends, the NPs appear to segregate with
the 4T after solvent casting and incorporate into the PAVP(4T) microdomains after annealing near
or above the Tm of the SM. However, the addition of NPs to organic semiconductor-based
supramolecules has a few effects on the overall assembly. 1) The crystallization of 4T tends to
force the NPs to assemble into thinner P4VP(4T) domains (type 1), which likely contain fewer 4T
molecules that are less crystalline. This increases the number of defects and reduces the long-range
order of the supramolecules. 2) How the NPs assemble within the P4VP(4T) domains depends on
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the size of the NPs. For example, CdSe-3nm NPs favor assembly in between the comb lamellae
into rows perpendicular to the axis of the BCP lamellae, while the PbS-6nm particles tend to
assemble into single file sheets parallel to the BCP axis. While our present studies indicate that the
assembly of nanocomposites based on highly crystalline SMs is distinct from both nanocomposites
based on less crystalline SMs and supramolecules based on highly crystalline SMs without NPs,
we have clearly demonstrated nanostructured arrays of organic and inorganic semiconductors.
Since the organic semiconductors and NPs are readily interchangeable for other materials, we have
developed a modular, supramolecular method for the fabrication of nanocomposites based on
highly crystalline, functional SMs and inorganic NPs.

Previous studies of 4T-based supramolecules showed that only a fraction of the SMs are
hydrogen-bonded to the P4VP chains, and a majority of the SMs are macrophase separated from
the supramolecules after solvent casting.** Based on the scattering profiles and TEM images of the
temperature-dependent studies of PS-b-P4VP(4T)is with PbS-6nm11%, the NPs appear to
coassemble with the 4T molecules and separate into small clusters during the solvent drying
process. It is likely that 4T separates due to its high crystallinity and limited solubility in
chloroform, and the NPs tend to segregate with the SMs due to the favorable interactions between
the alkyl NP ligands and the alkyl moieties in 4T. As the nanocomposites are annealed below the
Tm of 4T (100-120 °C), the NPs partially incorporate into the supramolecules, along with the 4T
molecules, during annealing. At annealing temperatures where more SMs become incorporated
into the supramolecules, more NPs move into the comb domains. When samples are annealed near
or above the melting temperature of 4T (140-160 °C), the NPs form ordered arrays within the
supramolecular framework. However, the particles are more evenly dispersed throughout the
sample when annealed at 150-160 °C. This is likely due to the fact that the higher temperature
affords the particles greater mobility to diffuse through the sample.

From the TEM images of nanocomposites annealed above the Tm of 4T (150-160 °C) in
Figure 5.2d, Figure 5.4b, and Figure 5.5, we can clearly see that the NPs are more abundant in the
thinner regions (type 1) of the comb domains and less abundant in the thicker ones (type 2). The
thicker domains most likely contain a higher concentration of more crystalline 4T molecules that
can induce stretching of the P4VP(4T) block to a greater degree, thus increasing the overall BCP
periodicity.** Since both BCP blocks were found to stretch due to the crystallization of 4T in PS-
b-P4VP(4T)15 supramolecules without NPs, it is somewhat surprising that the PS domains are
relatively uniform in thickness for the NP blend samples despite variations in the P4VP(4T)
domain periodicity. One possible explanation is that the PS chains do in fact stretch in the larger
comb (type 2) domains but adopt an interdigitated PS coil structure to maintain a uniform domain
size. The use of a more crystalline molecule in BCP-based supramolecules, such as 4T, most likely
increases the entropic penalty for deforming the comb block compared to supramolecules based
on less crystalline SMs. Since the incorporation of the NPs deforms the comb block of the
supramolecule and hampers the crystallization of 4T to some degree, it is reasonable that the
particles would favor the areas of the P4VP(4T) block that are less crystalline or contain less 4T
(Figure 5.5c). Thus, the crystallization of 4T in SM-rich regions effectively force the NPs to
assemble into the less crystalline areas. However, the thinner domains still likely contain a
significant amount of the SMs since the favorable enthalpic interaction between 4T and the NP
ligands is the primary driving force for directing their assembly.

Based on the TEM images and scattering profiles from the NP size-dependent studies
(Figure 5.5), the larger (PbS-6nm) particles tend to assemble parallel to the BCP lamellae in the
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middle of the P4AVP(4T) domains, and the smaller (CdSe-3nm) particles tend to assemble in rows
perpendicular to the BCP lamellae (Figure 5.5). This is likely due to the fact that the entropic
penalty for deforming the polymer chain from smaller particles is lower compared to larger ones.?
This high penalty for larger particles forces them to assemble in the middle of the P4VP(4T)
domains to minimize the deformation of the supramolecular chain. Our observations here and in
previous studies suggest that SMs with a high degree of crystallinity within the comb block can
induce a high degree of polymer chain stretching which leads to large supramolecular
periodicities.*’ Since the addition of CdSe-3nm decreases this periodicity to a larger extent than
PbS-6nm at comparable volume fractions, it is likely that the CdSe-3nm assembly between the
comb blocks more greatly disrupts the packing of 4T within the supramolecules compared to PbS-
6nm.

§ 5.4 Conclusion

In summary, we have demonstrated the coassembly of an oligothiophene organic
semiconductor-based supramolecule with semiconducting NPs of different sizes and at different
loading rates in bulk. The NPs could be incorporated into the supramolecular microdomains during
annealing, even when starting from a macrophase-separated state. The crystallinity of the
oligothiophene as well as the loading rate and size of the NPs were found to significantly affect
the phase behavior of the nanocomposites. The strong crystallization of the SMs tends to force the
NPs into less crystalline domains of the comb block, where the oligothiophenes are likely to be
less abundant. The introduction of the NPs decreases the BCP periodicity of the supramolecules,
and is further reduced at higher loading rates. Larger (6 nm) NPs tend to assemble in rows parallel
to the BCP lamellar axis in the center of the comb domains to minimize the entropic penalty of
deforming the polymer chain. The smaller (3 nm) particles assemble into rows perpendicular to
the axis of the BCP lamellae in between the comb lamellae. While these results indicate that the
assembly of supramolecular nanocomposites based on highly crystalline SMs is distinct from both
nanocomposites with less crystalline SMs and supramolecules based on highly crystalline SMs
without NPs, nanostructured arrays of organic and inorganic semiconductors can be readily
obtained. Despite the complexities of this system, these studies present a versatile method for the
coassembly of highly crystalline, functional SMs with inorganic NPs for the fabrication of
nanocomposite devices.

§ 5.5 Experimental section

5.5.1 Materials

PS(40,000)-b-P4VP(5,600) (PDI=1.09), were purchased from Polymer Source, Inc.
Chloroform was purchased from Fisher and filtered through basic alumina. Trioctylphosphine
oxide (99%), trioctylphosphine (97%), and selenium (99.99%) were purchased from Strem
Chemicals. Octadecylphosphonic acid (99%) was purchased from Polycarbon Industries.
Cadmium oxide (99.5%), lead chloride, and oleylamine were purchased from Sigma-Aldrich. All
other chemicals were purchased from Aldrich and used as received. 4T was synthesized by Clayton

85



Mauldin and David Hanifi, and the synthetic procedure to prepare 4T is described in detail in a
previous publication.*? PbS* and CdSe* NPs were synthesized by modified versions of previously
reported procedures by Peter Bai and Noah Bronstein.

5.5.2 Sample Preparation

4T is light and oxygen sensitive so samples were either prepared in an argon glovebox or
cautions were paid to avoid light exposure during the sample preparation process. The PS-b-P4VP
was first dissolved in chloroform to form 1% (wt/v) stock solutions. The desired amount of 4T
was dissolved in chloroform. The polymer solution was then added to the 4T solution, followed
by stirring overnight. NP solutions were added to the supramolecules and stirred for 20—30 min.
Solutions were then transferred into PTFE beakers under a covered dish, and solvent was allowed
to slowly evaporate for 24 hours. Samples were then placed in a vacuum oven at RT or 40 °C for
8 h to remove residual solvent. Bulk sample was collected from the beakers, and portions were put
into DSC pans, annealed at various temperatures in a vacuum oven overnight, and slowly cooled
to room temperature.

5.5.3 Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS)

The SAXS and WAXS data were collected on beamline 7.3.3 in the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory. X-rays with a wavelength of 1.240
A (10 KeV) were used, and the scattering spectra were collected on a Pilatus 1M detector. The
scattering profiles, after a 60 s collection time, were obtained by integrating the 2-D scattering
pattern. Line-averaged intensities are reported as / vs. q, where g = (4n/L)*sin(0/2), A is the
wavelength of incident x-rays and 0 is the scattering angle. Data was analyzed with Nika 1
(http://usaxs.xray.aps.anl.gov/staff/ilavsky/nika.html),*® an analysis module designed for Igor Pro
(WaveMetrics, Lake Oswego, OR, USA).

5.5.4 Transmission Electron Microscopy (TEM)

The bulk samples were embedded in resin and cured at 60 °C overnight before being
microtomed for TEM imaging. The thin sections of PS(40,000)-b-P4VP(5,600)(4T):s
supramolecules were exposed to iodine vapor for 10 minutes that selectively stains the P4VP(4T);
block to enhance the contrast. The NP-blended samples were not stained. TEM images were
collected on an FEI Tecnai 12 transmission electron microscope at an accelerating voltage of 120
kV. Image analysis was performed using ImagelJ (http://rsbweb.nih.gov/ij/).*’

86



Afterword

Highly crystalline, functional small molecule(SM)-based supramolecules and their
nanocomposites have great potential for the fabrication of low-cost and flexible optical, electronic,
and stimuli-responsive devices. Combining functional SMs, polymers, and inorganic nanoparticles
(NPs) can potentially take the advantages of all three classes of materials. However, a fundamental
understanding and control of the self-assembly and optoelectronic properties of these components
is necessary to reach their full potential in optical and electronic devices. For many applications,
it is necessary to control the domain size and orientation as well as the molecular and interparticle
packing to enhance the performance of the materials. This requires a delicate balance of the
assembly of each component as well as the interactions among all of the building blocks. In terms
of SMs, this can be tailored by tuning the composition of the crystalline functional core, the
location of the alkyl solubilizing groups (side- vs. end-functionalization), and the constitution of
the alkyl groups (branched vs. linear).

Since block copolymer-based supramolecules can effectively organize semiconductor NPs
into ordered arrays, this may provide a viable and effective means to control their alignment in
electronic devices, such as photovoltaics (PVs) and light-emitting diodes (LEDs). Nanocomposites
of organic semiconductor-based supramolecules could lead to organic-inorganic hybrid PV and
LED devices with well-controlled nanostructures and interparticle ordering. However, in order to
effectively interface the organic and inorganic semiconductor materials into well-defined arrays,
a greater understanding of the self-assembly of supramolecular nanocomposites based on highly
crystalline, functional SMs is required.

One area in need of optimization is improving the electronic coupling between NPs and
the interface between the NPs and SMs. One potential strategy is the use of semiconducting
ligands, which may simultaneously lower the barrier for charge transport and improve the interface
between the organic and inorganic materials. With the optimization of the coupling between NPs
and between the NP and SM building blocks, functional SM-based supramolecular
nanocomposites that have well-aligned organic/inorganic assemblies with good electronic
coupling can potentially be realized.

To summarize, improvements in devices based on these materials will likely come from
the optimization of the morphology, packing, interface between the materials, electronic
properties, optical properties, and electronic coupling between the SMs and NPs. Significant
advances in this field will require collaboration between experts in synthetic chemistry, self-
assembly, structural characterization, and device physics. Although there are still many challenges,
recent progress paints a bright future for these versatile materials.
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A.1  Supporting Information for Chapter 3

A.l.1

A.1.1. TEM image of an unstained PS-5-P4VP(4T):.5 supramolecule.
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A.1.2

PS(40)-b-P4VP(5.6)(PDP),

Intensity (a.u)
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A.1.2. In-situ SAXS heating profile of PS-5-P4VP(PDP). supramolecule. The change in the BCP
periodicity upon heating is much smaller (~20%) than 4T-based supramolecules.
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A.1.3

143.91°C

150.21°C

101.90°C

128.86°C
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A.1.3. DSC curves during three heating and cooling cycles of PAVP(4T):.5s supramolecules. The
first heating and cooling cycles are blue and red, respectively.
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A.2 Supporting Information for Chapter 4

A.2.1

A.2.1. TEM image of PS-b-P4VP(4T)2 (63 wt% P4VP(4T)) supramolecules.
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