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ABSTRACT
Self-Assembly and Mineralization of Hybrid Nanostructures with Organic Semiconductors
Marina Sofos
This dissertation demonstrates how self-assembly can direct nanoscale ordering and

optimize electronic properties of organic semiconductors, as well as organic-inorganic hybrids.
In excitonic solar cells, controlling the ordering and interfaces between electron-transporting (n-
type) and hole-transporting (p-type) domains is crucial. In addressing this challenge, hybrid
nanostructures were designed by mineralization of an inorganic templated with amphiphilic
aromatic oligomers using three strategies. In the first, non-ionic amphiphiles were studied with
oligo(phenylene vinylene) (OPV) or oligothiophene asymmetrically terminated with a
hydrophobic alkyl and a hydrophilic poly(ethylene glycol) (PEG). In polar solvents above 30
wt.% concentration, these amphiphiles self-organized into bilayer, lyotropic liquid crystals (LC).
Enhanced photoluminescence was observed in the LC compared to the isotropic state. As shown
by temperature-dependent X-ray scattering, intra-layer isolation of the chromophores appeared
due to the structural configuration of the PEG. Although water trapped in the PEG hindered
ZnO crystallization within the LC, the organic ordering demonstrated crucial control over
molecular order and aggregation. In the next approach, electrostatic interactions were exploited
by evaporation-induced self-assembly synthesis of silica using cationic bolaamphiphiles
consisting of OPV or oligothiophene symmetrically terminated with hydrophilic quaternary
ammoniums. Grazing-incidence X-ray scattering indicated the formation of two-dimensional
hexagonally-packed cylindrical micelles of the organic molecules coated by silica. Specular X-

ray reflectivity further demonstrated that long-range periodicity along the surface normal could



3
be achieved within a molar ratio range of silica precursor to amphiphiles. X-ray characterization
of the uncharged organic analogues showed that screening of the doubly charged amphiphiles by
mineralization was necessary for long-range order. In the final approach, ZnO was
electrochemically deposited in the presence of anionic amphiphiles containing pyrene or
oligothiophene. Electron microscopy and X-ray scattering revealed the formation of alternating
p- and n-type lamellae. X-ray absorption spectroscopy identified the inorganic phase as
Zn(OH),; annealing to 150 °C was necessary for conversion to ZnO. The presence of the
aromatic was essential for thermal stabilization of the nanostructure because the overall ordering
collapsed upon conversion with non-conjugated amphiphiles from the literature. The rigid
aromatics can be chemically modified, are electronically active, and as shown here, vital to

overall ordering and thermal stability of these hybrids.
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hybrid film with SDS before and after heat treatment. (¢) XANES spectra
of Zn(OH), powder standard and of electrodeposited hybrid film with SDS
and no heat treatment.

(a) Chemical structure of dodecanoic acid. (b) SAXS spectra of
electrodeposited hybrid film with dodecanoic acid before and after heat
treatment.

(a) Chemical structure of PyCA molecule. (b) SAXS spectrum of
electrodeposited hybrid film from 0.05 wt% PyCA in 1:1 (v/v)
H,O/DMSO 0.02 M Zn(NO3); solution. (¢) SEM image of platelets
generated.

(a) Chemical structure of 3T-CA molecule. (b) SAXS spectrum of
electrodeposited hybrid film from 0.05 wt% 3T-CA in 1:1 (v/v)
H,O/DMSO 0.02 M Zn(NOs3); solution. (¢) TEM image of lamellae
generated.

(a) EDS line spectrum along hybrid lamellae of electrodeposited film from
3T-CA and (b) TEM image showing line profile used.

Chemical synthetic scheme for 5ST-DCA. The four step reaction has an
overall yield of ~73%. (prepared by David Stone).

(a) SEM image of platelet structures generated by electrodeposited hybrid
film from 0.025 wt% 5T-DCA in 1:1 (v/v) H,O/DMSO 0.02 M

Zn(NOs); solution. (b) SAXS spectrum indicating lamellar ordering. (c¢)
STEM image of lamellae generated.

(a) Schematic illustration of device with electrodeposited hybrid active
matrix with PyBA and patterned ITO and Ti/Ag electrodes. (b) -V
measurements of hybrid as-deposited film at room temperature (blue) and
after annealing at 150 °C and conversion of Zn(OH); to ZnO (red).
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Figure 4.25

Figure 4.26

Figure 4.27

Table 2.1

(a) Photographs of electrodeposited hybrid films with PyBA on patterned
ITO devices under UV-light illumination of as-deposited film at room
temperature (right) and film after annealing at 150 °C and conversion of
Zn(OH), to ZnO (left). (b) PL emission of PyBA for hybrid film before
and after annealing (ex. 342 nm) with intensity showing magnified view
of PyBA/ZnO hybrid.

I-V measurement of electrodeposited hybrid films with PyBA/ZnO under
dark and UV light (254 nm) illumination indicating photoconductivity of
Zn0.

(a) Schematic illustration of photovoltaic device with electrodeposited

hybrid PyBA/ZnO active matrix. (b) PV behavior of device with
PyBA/ZnO active matrix.
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Chapter 1: Introduction and Background

1.1 Objective and Significance

Hybrid materials combine the physical and chemical properties of two or more distinct
materials to create a composite with unique and improved properties. Biology and nature
provide us with beautiful examples of organic-inorganic hybrid-based materials, including
mollusk shells whose lustrous appearance is due to their inner lining, nacre."* Although
unintentionally at first, man has also been creating organic-inorganic hybrids since ancient times,
with examples including that of Maya blue wall paintings that contain organic indigo dye
molecules encapsulated by an inorganic host, the clay mineral palygorskite.” Since the industrial
revolution, organic-inorganic hybrids have been made intentionally designed to improve, for
example, the optical and mechanical properties of paint additives.>*

The emerging field of nanoscience, involving the design of materials on the nanoscale (1-
100 nm), has offered scientists the ability to better understand the importance of interfaces and
degree of organization of such hybrids materials. In so doing, novel functional materials have
been attained in a host of applications, such as catalysis,” ° optical and electronic behavior,”®

light emission,”"' and photovoltaic function,'*'*

to name a few. The challenge of controlling the
interfaces and organization relies heavily on the synergistic interaction of the two phases, and
thus, the emergence of soft-inorganic chemistry syntheses has allowed for the mixing of
components on the nanometer scale beyond the conventional physical means.'>™'®

At the same time, advances in synthetic chemistry have afforded us the power to design

molecules, from simple precursors, with well-defined structural and chemical functionality. By

using the principles of molecular self-assembly, designed molecules can self-organize
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themselves into sophisticated and well-ordered nanostructures. This strategy is particularly
useful for designing organic-based electronic materials, where molecular structure directly
affects the properties and performance of resulting devices.

With these tools in hand, an especially important application of hybrid organic-inorganic
materials is in the area of photovoltaics, a promising, inexpensive source of renewable energy.
Hybrid photovoltaics devices combine the low-cost and mechanical flexibility of organic
materials, with the improved conductivity properties of inorganic materials. The control over the
interfaces and organization of such systems is especially crucial due to charge trapping and
recombination effects that can significantly decrease device performance. Given the ability of
electronically active amphiphiles to self-organize on the nanoscale, the incorporation of such
materials into photovoltaics offers the ability to design well-ordered nanostructures and
interfaces. Consequently, this thesis investigates the nanoscale ordering and enhanced
luminescence achieved by self-assembling electronically active organic materials. In so doing,
these organic materials have been further exploited as the structure-directing agents in the facile
synthesis and design of hybrid nanostructures which exhibit long-rang ordering and can now be
incorporated into photovoltaic devices.

1.2 Self-Assembling Organic Electronic Materials
1.2.1 Self-organization by molecular self-assembly

Molecular self-assembly is a bottom-up approach, inspired by nature, which involves the
spontaneous organization of molecules into discrete patterns or structures without human
intervention.'”*’ Such ordering is achieved by designing molecules that are amphiphilic in

character. The term amphiphile refers to a molecule with two or more physically distinct
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components, with one of the segments being hydrophilic. It is the hydrophilic segment that also
defines the character of the amphiphile. There are four subclasses of amphiphiles: cationic,
anionic, zwitterionic, and nonionic. In the case of non-ionic amphiphiles, the hydrophile is polar
in nature, but lacks any formal charge, such as poly(ethylene oxide), also known as
poly(ethylene glycol), which is used in Chapter 2. Cationic amphiphiles contain positively-
charged head groups, such as quaternary ammonium salts, and are used in Chapter 3 of this
thesis. Anionic amphiphiles, on the other hand, contain negatively-charged head groups, such as
sulfonate salts and carboxylates, and are employed in Chapter 4. The zwitterionic amphiphiles,
which will not be discussed, contain both positive and negative head groups.

Amphiphiles are commonly used in molecular self-assembly to design liquid crystals
through weak van der Wals interactions. Liquid crystals represent an intermediate phase
between solids, which exhibit both positional and orientational ordering, and liquids, which
exhibit no order.”'™ Consequently, such mesophases exhibit a preferred orientation and possess
a director which defines their average ordering. In smectic structures, for example, molecules
are oriented in the same direction and are aligned as layers or planes with respect to one another.
Liquid crystals can be divided into two classes. The first, thermotropic phases, are temperature-
dependent and exist for molecules in their neat form over a specified temperature range.

Lyotropic phases, on the other hand, are concentration-dependent and exist at an
appropriate concentration of a suitable solvent over a specified temperature range. Amphiphilic
systems can form various lyotropic phases due to the balancing of competing repulsive and
attractive forces between the hydrophobic and hydrophilic segments, and the resulting packing

24,25

parameter of the molecules and curvature of the interface between segments. In dilute
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solutions, amphiphiles or surfactants, will be isolated from one another. As their concentration is
increased, spherical micelles form at the dilute limit, or critical micelle concentration (CMC).
With further increase in concentration, these spherical micelles will transform into rod-like
micelles, which will then elongate and pack into hexagonal arrays. From there, bicontinuos
cubic phases, and finally lamellar phases, will form. In essence, the driving force for self-
assembly is aggregation and collapse of the hydrophobic segments which shield themselves from
unfavorable interactions with the solvent. Two of the structures formed, as mentioned and
illustrated in Figure 1.1 from the literature,” are the lamellar packing, consisting of alternating
layers of hydrophobic and hydrophilic layers, and the hexagonal packing, consisting of
hydrophobic cores surrounding by a hexagonal hydrophilic continuum. Both of these structures
will be discussed in more detail throughout this thesis. Further advances in supramolecular
chemistry, have allowed researchers to design more sophisticated nanostructures through other

2733 Examples of such

non-covalent interactions, such as hydrogen bonding and rt—m stacking.
structures are illustrated in Figure 1.2.%*
1.2.2 Role of molecular ordering on electronic behavior

In contrast to inorganic semiconductors, organic semiconductors exhibit highly localized
electron wavefunctions.” As a result, increased conductivity in organic semiconductors relies on
the m-orbital overlap of the conjugated segments between molecules, and enhanced luminescence
relies on reducing this overlap to prevent non-radiative recombination and exciton quenching.
Supramolecular chemistry can therefore be used to control the aggregation state of conjugated

36,3
molecules.*® >’
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Figure 1.1. Schematic illustrations of lyotropic liquid crystalline phases of (a) hexagonal (H;)
and (b) lamellar ordering (L,). (Reproduced from Khetrapal, C.L. Nuclear Magnetic Resonance
Studies in Lyotropic Liquid Crystals. Spring-Verlag: New York, 1975, 189).



Figure 1.2. Examples of nanostructures formed by supramolecular non-covalent interactions.
(Reproduced from Stupp, S.I. et al., MRS Bulletin 2000, 25 (4), 42 with permission, copyright
Materials Research Society).
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Specifically, due to their ordered structures, which can allow for anisotropic transport and

enhanced charge mobility, liquid crystals can be advantageous compared to amorphous

38-40

polymeric networks in organic electronics. Liquid crystals containing chromophores such as

41-45

phenylene vinylene*'™* and thiophene™' have been developed. Due to more well-defined

structure, the oligomeric analogues of conjugated polymers allow for better molecular ordering,

52-55

reducing the density of defects which can lead to unfavorable charge trapping. For this

2638 and oligothiophene™ *° have found

reason, derivatives of oligo(phenylene vinylene) (OPV)
application in electronic devices. Therefore, supramolecular chemistry offers a viable means to
control nanoscale morphology versus polymer blends. As is described in the following section,
molecular self-assembly and supramolecular chemistry can also be exploited to design highly-
ordered nanostructures of hybrid organic-inorganic materials.®’ The key challenge is
synthesizing the inorganic phases under conditions and temperatures that are suitable for their
organic counterparts.
1.3 Molecular Self-Assembly Strategies for Hybrid Synthesis
1.3.1 Template-driven synthesis

In one self-assembly approach in synthesizing hybrid nanostructures, the amphiphilicity
of the synthetic organic molecules is used to control the resulting nanoscale ordering of the

62-65

organic and inorganic domains. This is accomplished, for example, by using the pre-ordered

soft organic to guide the growth of inorganic components in hydrophilic domains and control
their size, shape, and location. This particular strategy is inspired by biomineralization processes

66, 67

in nature, and therefore, template-driven synthesis of hybrids is biomimetic in character.”'

Our own group has used amphiphilic lyotropic liquid crystalline templates to synthesize
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6872 The resulting composite superlattice morphology

nanostructured I1-VI semiconductors.
directly copies the original organic matrix with the semiconductor forming in the hydrophilic
regions and locking in the amphiphilic molecules (see Figure 1.3). More sophisticated helical

73,74

nanostructures have since been designed using this methodology. Nanostructured films of

7>:7% and metals’””"” have also been electrodeposited using lyotropic liquid

II-VI semiconductors
crystalline templates.
1.3.2 Co-assembly syntheses

The amphiphilicity of organic molecules can also be used in a dynamic co-assembly
approach. In this case, the surfactants, at concentrations below their critical micelle
concentration, are mixed with inorganic precursors and their electrostatic interactions lead to
organization at the nanoscale. Kresge et al. pioneered this strategy in producing mesoporous
silica after the organic component is removed from the pores.” ® With variations to the surfactant,
inorganic precursors, and processing conditions, a number of mesoporous hybrids have been
developed using sol-gel chemistry.*”*!' Such processing has since been extended to thin-film
formation,”*™ resulting in the one-step evaporation-induced self-assembly (EISA) process.
EISA, as shown in the phase diagram in Figure 1.4 for cetyltrimethylammonium bromide
(CTAB) and silica, relies on preferential solvent evaporation from dilute homogeneous solutions

8688 Instead of relying on sol-gel chemistry, the inorganic

to form highly-ordered mesophases.
phase can also be synthesized through an electrochemical approach.®*" Figure 1.5 illustrates

the hybrid lamellar structures formed by electrodeposition.



30

Aqueous Salt
————
Amphiphile

®st

EHydrophobic
'core' v

mcd++

CCds

Figure 1.3. Example of direct liquid crystal templating of CdS with a schematic representation
of the synthesis (left) and a TEM image of the resulting superlattice (right). (Reproduced from
Stupp, S.I. et al., Chem. Mater. 1997, 9, 1496; J. Amer. Chem. Soc. 1999, 121, 7304 with
permission, copyright American Chemical Society).



»

/> Ethanol

CTABSSI & £ A\ First Cbservation of
- 0.1 e B Lamellar
- (.12 - ; © Ring
e 016 '} O "ewnu
- WS \§

—
\ ( )cemetrom
" « » Luetal

Isotropic(l) \
X e
. DAL
R
© A I(H) N X \Y
exagona \'~ V.
NANLL Y ¥
. < ] k -....,,/' "c-tml IEV..'\\.
© LR 3 0.2 B . N 04 0.7 0.8 0.9 1

Figure 1.4. Schematic of ternary phase diagram of CTAB/water with evaporation-induced
compositional trajectories of CTAB/silica films as a function of silica concentration.
(Reproduced from Brinker, C.J. et al., J. Amer. Chem. Soc. 2003, 125, 11649 with permission,
copyright American Chemical Society).
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Figure 1.5. Example of surfactant-assisted electrochemical templating with a schematic
representation of the synthesis (left) and a TEM image of the resulting lamellar ordering (right).
(Reproduced from Choi, K.-S. et al., Langmuir 2005, 21, 9618 with permission, copyright
American Chemical Society).
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1.4 Photovoltaic Properties of Hybrid Materials
In the area of photovoltaics, organic semiconductors have received significant attention
as low-cost alternatives to the traditional inorganic solar cells because they do not require high

temperature processing and complicated lithographic steps.”’ ™

In addition, the energy gaps and
ionization potentials of conjugated polymers can be altered by simple chemical modification of
the chromophore. In organic semiconductors, however, photoexcitation upon light absorption in
a solar cell does not directly result in the formation of free charge carriers, rather an exciton, or

strongly bound electron-hole pair, is generated.”*”

In order to produce the current necessary for
a photovoltaic effect, the presence of two materials is required, therefore, to effectively separate
the positive (holes) and negative (electrons) charge carriers so that they can each migrate to their
respective electrodes without recombination occurring. In this context, heterojunction
photovoltaic devices are designed consisting of an electron donor (p-type) and electron acceptor
(n-type) materials, which allow for separation of excitons when the acceptor has a higher
electron affinity and ionization potential than the donor. Figure 1.6 illustrates the operation of
such a bulk heterojunction device.

The nanoscale morphology of heterojunction photovoltaic devices is critical to their
performance. Specifically, charge carriers must be efficiently separated, prevented from
recombining prior to collection, and transported through their respective layers. The exciton
lifetime and diffusion length in organic semiconductors is limited by radiative and non-radiative
decay, and therefore only excitons photogenerated near the p-n interface give rise to charges.

The exciton diffusion length in polymers, only 5-10 nm, is much less than the optical absorption

length, and therefore, organic-based cells absorb light more easily than the resulting excitons are



charge transfer
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Figure 1.6. Schematic illustration of the operation of a bulk heterojunction excitonic solar cell
with electron donor (red) and acceptor (blue) energy levels and movement of charges to
respective electrodes upon light absorption and exciton separation.
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split. This exciton diffusion “bottleneck” is a problem characteristic of organic
semiconductors.”” Consequently, close spacing of the two materials with well-defined chemical
linkages is necessary to maximize charge separation, as well as maintain a high degree of
ordering to optimize the flow of charges.

While conjugated polymers are particularly attractive electron-donating candidates with
good hole mobilities, they usually exhibit relatively low electron mobilities (10™ cm*V™'s™")*®
compared to inorganic devices, which severely limits their resulting solar power conversion
efficiencies. For this reason, one class of organic-containing solar cells, are hybrid devices,
which consist of a hole-transporting organic phase and an electron-transporting inorganic phase.
Gritzel cells, which consist of dye-sensitized mesoporous titania and a liquid electrolyte
solution, and are actually photoelectrochemical cells due to their operation by a different
mechanism than the hybrids discussed, have achieved the highest efficiencies for non-inorganic
solar cells."**” A number of architectures have been designed of hybrid cells that have included
CdSe,"> 191 Tj0,,'> 1% Zn0'"*17 a5 the inorganic component.

Controlling the overall nanoscale morphology, as well as the ordering within the charge
pathways, however, remains a non-trivial matter. With the vision illustrated in Figure 1.7, in
mind, where the p- and n-type pathways are well-ordered and vertically-aligned on the
nanoscale, this thesis aims to utilize molecular self-assembly to attain this goal in a facile, one-
step manner. Chapter 2 explores the liquid-crystalline mesophase ordering achieved by non-
ionic triblock amphiphiles containing either phenylene vinylene and thiophene oligomers and
how this nanostructure can be used to optimize aggregation and exciton migration of the

chromophores. Further attempts are made to mineralize and grow an inorganic phase of ZnO
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within the hydrophilic domains of the LC structure. In Chapter 3, the dynamic co-assembly
approach, EISA, is used with cationic bolaamphiphiles containing OPV and thiophene oligomers
to form nanostructured hexagonal arrays with silica that exhibit long range ordering. Finally
with lessons learned from the previous two systems, in Chapter 4, an electrochemical synthesis
of ZnO is employed to form well-ordered lamellar sheets of alternating layers of n-type ZnO and

various aromatic p-type-containing anionic amphiphiles.
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Figure 1.7. Schematic illustration of targeted hybrid solar cell with vertically aligned organic
hole-transporting (red) and inorganic electron-transporting (blue) layers allowing for movement
of charges to respective electrodes upon light absorption and exciton separation without charge
recombination or trapping.
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Liquid-Crystalline Phases of Conjugated Amphiphiles
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Chapter 2: Liquid-Crystalline Phases of Conjugated Amphiphiles
2.1 Introduction
Chromophore-containing liquid crystals allow for anisotropic transport and enhanced
charge mobility in organic electronic devices compared to amorphous polymeric networks. **"
In addition, the oligomeric analogues of conjugated polymers, due to their more well-defined
structures and chemistries, allow for better molecular ordering, reducing the density of defects

52-55

which can lead to unfavorable charge trapping. For this reason, derivatives of

%63% and oligothiophene®” ® have found application in organic

oligo(phenylene vinylene) (OPV)
electronic devices.

In this chapter, we report on the lamellar phase LC phases formed by a series of
amphiphilic triblock molecules comprised of an OPV or oligothiophene core and substituted
asymmetrically on either end with a hydrophilic poly(ethylene glycol) (PEG) block and a
hydrophobic alkyl block.* Due to their amphiphilic nature, these molecules self-organize into
thermotropic and lyotropic LC mesophases with long-range order. The solubility and mesophase
structure can be tuned by controlling the length of the PEG block. In a detailed study of the
lyotropic LC mesophase formed by the OPV derivative, we find that the amphiphilic structure
controls the chromophore aggregation state, influencing exciton mobility and fluorescence, and
potentially leading to improved charge carrier mobility.

The hydrophilic PEG regions in the aforementioned lamellar structures are further used in
attempting to template the mineralization and growth of an inorganic electron acceptor material.
Our own group has previously reported on the use of amphiphilic lyotropic liquid crystalline

68-72

templates to synthesize nanostructured I1-VI semiconductors. However, the amphiphiles
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used in those cases were not electronically active. In the present study, the synthesis of ZnO is
targeted because it is a well-studied electron acceptor in solar cell devices and single-crystalline
ZnO can be readily synthesized at low temperatures that are compatible with the organic

surfactant.'®®

The formation of single-crystalline TiO,, for example, requires annealing to > 350
°C; a temperature at which organic molecules decompose.'” Such a synthesis of ZnO
nanoparticles using the hydrolysis and condensation of diethylzinc has been previously used with
commercially available poly(phenylene vinylene) derivatives.'”* The target in this scheme is for
the inorganic precursor to be attracted to the hydrophilic PEG channels of the LC and to convert
to ZnO within its confines.
2.2 Synthesis of Non-Ionic OPV and Oligothiophene Amphiphiles
2.2.1 Non-ionic OPV-PEG synthesis

The non-ionic OPV-PEG-n amphiphiles were synthesized by Dr. Keisuke Tajima, of the
author's laboratory, with details of the synthesis published elsewhere.* The synthetic scheme, as
outlined in Figure 2.1, uses the Horner-Wadsworth-Emmons reaction for the formation of trans-
vinyl bonds in the OPV trimer core. The PEG block was varied from n ~ 8 to 45 to study the
thermotropic LC behavior as a function of hydrophile length.” The focus of this chapter,
however, will be on the lyotropic LC behavior exhibited by the OPV-PEG-45 derivative.
2.2.2 Non-ionic oligothiophene-PEG synthesis

The non-ionic oligothiophene-PEG-n series of amphiphiles were synthesized by David

Stone, of the author's laboratory. Derivatives with four and five repeat units of thiophene were

synthesized, and PEG blocks of n ~ 24 and 45. The synthesis and reaction conditions shown in
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Figure 2.1. Chemical synthetic scheme for OPV-PEG-n amphiphiles with n ~ 8, 12, 14, 24, and
45. (prepared by Dr. Keisuke Tajima).
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Figure 2.2 and described in detail in Appendix I.1 are for the quinquethiophene amphiphiles, 5T-
PEG-24, which were primarily used in the synthesis of zinc oxide (vide infra Section 2.5).
2.3 Lyotropic Liquid Crystalline Behavior of OPV-PEG Amphiphiles
2.3.1 Lyotropic LC gel formation and structural characterization

In addition to exhibiting themotropic mesophases, these amphiphiles are also soluble in
most polar solvents, including water for PEG blocks of n ~ 24 and 45, and form lyotropic LC
mesophases at concentrations above 30 wt%. As shown in Figure 2.3 (a), the OPV-PEG-45
forms a highly viscous, transparent gel, which when illuminated with UV light, is also strongly
fluorescent, despite the high concentration of OPV.

Polarized optical microscopy confirms the LC behavior of aqueous gels of OPV-PEG-45
where strong birefringence is observed from the uniform switching of bright to dark upon 45°
rotation of the crossed polarizers (see Figure 2.3 (b)). Further, homogeneous alignment is
induced by shearing with relatively large domain sizes (mm) attained, as shown in Figure 2.3 (b).

As observed in the thermotropic case, small-angle X-ray scattering identified the
formation of lamellar ordering in the lyotropic LC gels. Table 2.1 shows the first-order
diffraction peak for the lamellar ordering and isotropization temperature for solvents in which
the lyotropic LC was observed. The isotropization temperatures, which will be discussed further
in the following section, were obtained by differential scanning calorimetry (DSC).

When the OPV amphiphile was cast as a film from a dilute, aqueous solution and the
solvent evaporated, SAXS again identified the formation of a lamellar structure (see Figure 2.4
(a)). The layer spacing, however, increases so that the (001), (002), and (003) peaks are equal to

15.4 nm, 7.6 nm, and 5.0 nm, respectively. This increase is attributed to the rearrangement of the
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PEG chain. These chains typically form a 7/2, or 7 monomer repeat units per 2 turns, helical

conformation with a pitch of 1.93 nm on drying.'"

The expected length, therefore, of the OPV-
PEG-45 amphiphile is 12.5 nm, and the increased length indicates that a bilayer structure (see
Figure 2.4 (b)) is formed with full interdigitation of the PEG layers. While it would be expected
for the OPV-PEG-45 amphiphiles to pack in a hexagonal structure due to the long, bulky PEG
chains which increase the curvature of the hydrophobic-hydrophilic interface,” the observation
of a lamellar phase most likely results because of the aggregation of the chromophore segments

which frustrate hydrophobic collapse and increase the molecular cross-section at the interface.

Table 2.1. Lamellar Spacing and Isotropization Temperature for Lyotropic OPV LCs

solvent door (nm) T: (°O)
H,O 11.0 >100

DMSO 11.1 68

CH;CN 11.3 55
DMF 13.1 52

2.3.2 Temperature dependence of lyotropic LC structure

In order to gain a better understanding of lyotropic LC structures formed, temperature-
dependent studies were performed. In the case of the aqueous gel, the mesophase was retained
up to the boiling point of the water. This stability is attributed to the strong interactions between
the water and the PEG chains. Consequently, less polar solvents, that would interact more
weakly with the PEG chains and undergo isotropization at a suitable temperature below the
solvent boiling point, were used to compare the behavior of the self-assembled LC state and the

disordered state.
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(a)

Figure 2.3. (a) Photographs of inverted vials of aqueous, lyotropic LC gel of OPV-PEG-45
amphiphile under visible (left) and UV (right) light. (b) POM images of shear induced
homogenous alignment of aqueous LC switching from bright (top) to dark (bottom) on 45°
rotation of crossed polarizers. (Reproduced from Hulvat, J. F. et al., J. Am. Chem. Soc. 2005,
127, 370 with permission, copyright American Chemical Society).
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Figure 2.4. (a) SAXS spectra showing lamellar periodicity of aqueous dried gel of OPV-PEG-45

cast from dilute solutions. (b) Chemical structure of OPV-PEG-45 amphiphile and molecular

graphics illustration of resulting bilayer packing.
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In particular, acetonitrile was used to form a 40 wt% gel of OPV-PEG-45. A birefringent
texture was observed by POM for the gel (see Figure 2.5 (a)), however, due to the weaker
interactions present, the domain sizes evident are smaller in acetonitrile compared to the domains
present in aqueous gels. The DSC trace (see Figure 2.5 (b)) indicates that the LC is disrupted
and becomes a solution at an isotropization temperature of T; ~ 55 °C. This transition is further
confirmed by the POM image at 60 °C where birefringence disappears. The two-stage transition
in the DSC suggests the occurrence of some rearrangement within the lamellar structure. The
disruption of the LC structure is attributed to the melting of the PEG, which occurs near T;.

The lamellar-to-isotropic transition observed in the 40 wt% gel of OPV-PEG-45 in
CH;CN was investigated further by variable-temperature SAXS measurements. At room
temperature, as shown in Figure 2.6, a layer spacing of 10.3 nm is observed. By raising the
temperature of the gel, a shift in the spacing from 10.3 nm to 11.2 nm occurred at 50 °C
indicating that a swelling of the structure occurs as the solvent molecules began to dissociate
from the PEG chains of the amphiphiles. This increase was coupled with a rise in the diffraction
intensity, suggesting that the OPV portions of the structure, which should scatter the most due to
their high electron density, become more ordered as the PEG regions swells. As should be
expected, the peak completely disappears as isotropization is reached and the ordered LC
transformed into a disordered liquid.

2.3.3 Temperature dependence of lyotropic LC photoluminescence
Temperature-dependent photoluminescence was used to compare the aggregation state of

the OPV chromophore between the ordered LC and the disordered isotropic liquid. Again,
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Figure 2.5. (a) POM images of 40 wt% OPV-PEG-45 amphiphile in CH3CN, in LC, gel state
(left) and in isotropic, liquid state (right). (b) DSC heating cycle of 40 wt% OPV-PEG-45
amphiphile in CH3CN (exothermic up).
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because of the inability to disrupt the aqueous mesophase, acetonitrile was further investigated.
The fluorescence emission was scanned at each temperature by exciting the gel at 475 nm, the
edge of the absorption band to allow for transmission through the entire sample. As is shown in
Figure 2.7 (a), the fluorenscence intensity is actually enhanced in the LC state compared to the
disordered state above the isotropization temperature where fluorescence was quenched. This
behavior was reversible and was not observed in a dilute solution of 0.7 wt% of the OPV-PEG-
45 in acetonitrile. This result indicates that the aggregation state of the OPV chromophore is
affected by the structural organization of the amphiphile. Figure 2.7 (b) displays the results of
the temperature-dependent SAXS and PL scans on the same graph and further identifies a direct
connection between the structural rearrangement at the LC-to-isotropic transition and the
quenching of the OPV fluorescence exists. In the LC phase, the amphiphiles arrange in confined
2D layers. The structural dominance of the PEG groups must isolate the OPV portions from one
another within their layers and maximize their fluorescent emission. As the LC structure is
disrupted, the amphiphiles are able to rearrange and form small, disordered aggregates of the
OPV chromophores, thereby quenching the photoluminescence.

More insight into the OPV aggregation is provided by the results of variable-temperature
"H NMR on the gel of the OPV-PEG-45 amphiphiles in deuterated acetonitrile (see Figure 2.8).
The peaks in the aromatic region, corresponding to the protons in the OPV, are broadened in the
LC phase. As the PEG groups melt and the LC-to-isotropic transition is reached, the peaks exist
as broad, poorly resolved bands between 55 and 70 °C. The peaks become sharper at 70 °C, the

same temperature at which the SAXS peak disappeared and the photoluminescence was
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Figure 2.7. (a) Variable-temperature PL spectra of 40 wt% OPV-PEG-45 amphiphile in CH;CN
(ex. 475 nm). (b) Maximum PL intensity and X-ray intensity of d( 1) peak as a function of
temperature with arrow identifying isotropization point (T;).
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completely quenched. This result indicates a rise in proton T relaxation times, and confirms the
OPV aggregation in the isotropic state.

The molecular motion of these amphiphiles was further investigated by fluorescence
polarization where the gel of the OPV-PEG-45 amphiphile in acetonitrile was excited with
polarized light, and the polarization of the emitted light was measured. Only molecules with
their transition dipoles parallel to the electric field vector of the incident light are excited.

Polarization is (P) values range from -0.33 to 0.5, and are obtained by the following equation:

1 -1 ;
P parallel =1 perpendicular 1)

I parallel + 1 perpendicular

where Lpgraier and 1 perpendicuiar are the fluorescence intensities parallel and perpendicular to the
polarization of the incident light. In the case of the OPV-PEG-45 gel (see Figure 2.9), the
maximum polarization value of 0.35 indicates that relatively little molecular rotation or exciton
migration exist on the experimental timescale. The polarization remains constant with heating
up to 70 °C where it decreases significantly to 0.14. In agreement with the NMR results, this
observation further indicates even in isotropic solutions, molecular rotation is inhibited due to

aggregation of the OPV.

The absence of any significant changes in the UV-Vis absorption (see Figure 2.10) as a
function of temperature indicates that the photoluminescence emission behavior is not due to any
changes in scattering and absorption by the molecules.

In investigating a different solvent system, a 40 wt% gel of OPV-PEG-45 in DMSO also
exhibited lamellar ordering. In this case, however, while still forming a lamellar structure, the

amphiphile crystallized at room temperature, and heating to 38 °C was necessary to attain a LC
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Figure 2.9. Fluorescence polarization of 40 wt% OPV-PEG-45 amphiphile in CH3CN as a
function of temperature (ex. 488 nm, em. 535 nm).
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amphiphile in CH;CN.
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phase (see Figure 2.11), which then transformed to a disordered, isotropic solution above 68 °C.
Coupled with this behavior, a four-fold increase in fluorescence and a 20-nm blue-shift was
observed upon formation of the LC mesophase (see Figure 2.12), indicating a decrease in
intermolecular interactions and wt—x overlap, and hence, OPV confinement. Upon isotropization,
the fluorescence returned to its previous room temperature level. This fluorescence behavior, as
with all other temperature-dependent studies previously described, was fully reversible.

The dominance of the PEG block on the overall LC structure, is confirmed further by a
concentration-dependent study of the OPV-PEG-45 in water. Below the critical micelle
concentration (see Figure 2.13), the PL intensity of the OPV is directly proportional to
concentration. Self-organized aggregates form at the CMC, as observed by the transition from
clear to soapy solutions at 0.1 wt%. As such, the PL intensity also decreases above the CMC, as
expected due to chromophore aggregation. Above the CMC, a vibronic shoulder at 505 nm is
also observed, which reaches a maximum at 10 wt%. With LC mesophase formation at 30 wt%,
this shoulder diminishes in intensity and the PL emission blue shifts toward the emission of the
dilute solutions. This result further suggests that in the LC mesophase, the OPV layers are
confined from one another, and therefore, intermolecular energy transfer is limited.

The LC mesophase's ability to form highly-ordered lamellar structures and control the
aggregation state of the chromophores by confining them into discrete layers, makes it a suitable
candidate to serve as a template or scaffold for the mineralization of a semiconducting inorganic

phase within the hydrophilic channels. This is investigated in the following section.
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Figure 2.11. (a) Variable-temperature POM images of 40 wt% OPV-PEG-45 amphiphile in
DMSO, in crystalline, liquid-crystalline, and isotropic states. (b) Photographs of vials of 40 wt%
OPV-PEG-45 amphiphile in DMSO, at corresponding temperatures.
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Figure 2.12. (a) Variable-temperature PL spectra of 40 wt% OPV-PEG-45 amphiphile in
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DMSO (ex. 375 nm). (b) Temperature-dependent behavior of PL emission wavelength (red) and

intensity (blue). (Reproduced from Hulvat, J. F. et al., J. Am. Chem. Soc. 2005, 127, 371 with

permission, copyright American Chemical Society).
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Figure 2.13. (a) Normalized PL spectra of aqueous OPV-PEG-45 solutions at various
concentrations (ex. 325 nm) with inset showing concentration normalized PL intensity
proportional to quantum efficiency of solution. (b) Photographs of vials of solutions under UV

light illumination at concentrations designated from PL spectra. (Reproduced from Hulvat, J. F.

et al., J. Am. Chem. Soc. 2005, 127, 370 with permission, copyright American Chemical
Society).
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2.4 Zinc Oxide Synthesis

ZnO nanoparticles were synthesized by the sol-gel reaction of the precursor, diethylzinc
(1.1 M in toluene). In order to stabilize and slow down the rapid hydrolysis of the precursor,
anhydrous THF (64 vol%) was added to the solution to coordinate to the zinc. Hydrolysis and
conversion to zinc hydroxide occur with exposure to air. Upon annealing at 150 °C, the
hydroxide condenses to ZnO. The ZnO formed is crystalline and of the wurtzite phase (see
Figure 2.14 (a)). The significantly broadened peaks are attributed to the finite size of the
nanoparticles. According to the Debye-Scherrer relationship, particle size is inversely
proportional to the width of the diffraction peaks.'"" As such, using the equation:

0.9A
BcosO’

diameter = B=FWHM,A=1544 (2.2)

the average particle size is calculated to be 5.3 + 1.3 nm. The UV-Vis absorption (see Figure
2.14 (b)) also confirms the formation of ZnO with an absorption onset of 360 nm or 3.3 eV.

The synthesis of ZnO from the hydrolysis and condensation of diethylzinc was further
investigated in the presence of the PEG amphiphiles with the assumption that the highly-
moisture sensitive precursor would be attracted to the hydrophilic PEG, and therefore, hydrolysis
and conversion of diethylzinc into ZnO could occur within the PEG channels of the lamellar
mesophase. As such, the anhydrous THF was eliminated from the diethylzinc to promote its
coordination to the PEG instead. For these studies, the oligothiophene derivatives (see Figure
2.2) were used due to their absorption beyond the 360 nm absorption onset of the ZnO, allowing
for optical characterization of both the organic and inorganic phases. The oligothiophene-PEG-n

amphiphiles formed similar lamellar LCs as the OPV-PEG-n amphiphiles.
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Figure 2.14. (a) Powder XRD pattern identifying wurtzite phase for ZnO film synthesized from
diethylzinc precursor with subsequent annealing at 150 °C for 1 hr. (b) UV-Vis absorption
spectrum for synthesized ZnO showing absorption onset of 360 nm.
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Thin films were cast from concentrated aqueous solutions (above the CMC) of the
oligothiophene-PEG amphiphiles. After air-drying, the films were annealed at 150 °C to remove
any residual solvent and then slowly cooled to room temperature so that the thermotropic
mesophase could reform. The isotropization temperature of the thermotropic LCs was observed
at 140 °C, and therefore the heating and cooling was also used to increase the size of the LC
domains. Because of the necessity for future device applications to use thin films, as well as a
desire to use less amphiphile, thermotropic instead of lyotropic mesophases of the PEG
amphiphiles were utilized for mineralization studies. In addition, the ST-PEG-24 was preferred
over the ST-PEG-45 because the crystallization of longer PEG chains was observed to disrupt the
overall lamellar packing in the thermotropic phases.” Exposure to the diethylzinc precursor
solution was conducted in an air-free flask under argon. The precursor was hydrolyzed upon the
film's exposure to air, and conversion to zinc oxide occurred by annealing at 150 °C for one hour
under nitrogen.
2.5 Structural and Morphological Characterization of Hybrid Films

The presence and conversion of ZnO on the ST-PEG-24 films is confirmed by UV-Vis
absorption (see Figure 2.15). With increased exposure time, the ZnO absorption is apparent
from the absorption onset at 360 nm and below. Further, the maximum absorption of the
quinquethiophene at 380 nm is red-shifted to 400 nm. Due to the nature of the thin films, as well
as the presence of the thiophene and small domain sizes, it was difficult to make any conclusions
about the morphology of the ZnO from XRD.

Polarized optical microscopy of a mineralized film revealed the existence of birefringent

textures at room temperature (see Figure 2.16). The relatively small size of these domains might
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Figure 2.15. Normalized UV-Vis absorption spectra for 5ST-PEG-24 films as a function of
exposure time to diethylzinc for formation of ZnO.
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be attributed to the disruption of long-range ordering from diethylzinc exposure and conversion.
Upon annealing beyond the isotropization of the amphiphile, the birefrigent texture disappears
and becomes isotropic and disordered. As is observed in the absence of the ZnO, the birefringent
texture is recovered with cooling.

TEM imaging was used to determine whether or not the lamellar ordering is retained and
the ZnO nanoparticles are formed within this template. In most instances, micron-size
aggregates of ZnO are observed or nanoparticles in disordered arrangements (see Figure 2.17
(a)). No clear conclusions on ordering can be made from the images. The EDS line spectrum
(see Figure 2.17 (b)), however, does show the presence of both sulfur, due to the thiophene, and
zinc, due to the zinc oxide, indiating that both phases are present.

The diethylzinc precursor is extremely pyrophoric and the hydrolysis reaction is rapidly
initiated in air. In previous syntheses of ZnO from diethylzinc, the films were kept in a
controlled environment throughout hydrolysis and condensation with the relative humidity also
controlled.'™ Tt is possible that performing both the mineralization and conversion in a glove
box environment might provide better control over the rapid reaction and retain the LC structure.
The temperature, however, at which the films are annealed for conversion of zinc hydroxide in
zinc oxide (150 °C) is also just above the isotropization point of the thermotropic mesophase
formed by the amphiphiles. Because the conversion is occurring at a temperature in which the
LC has been disrupted, it is quite possible that when the LC is reformed upon cooling

nanoparticles formed are trapped outside of this matrix.
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Figure 2.16. Polarized optical microscopy images of films of 5ST-PEG-24, cast on TEM grids,
after formation of ZnO (30 min. diethylzinc exposure) as a function of heating and cooling.
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Figure 2.17. (a) TEM image of 5ST-PEG-24 film upon formation of ZnO in-situ. (b) EDS
spectrum of hybrid film.
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2.6 Summary and Outlook
This chapter describes the synthesis of a series of non-ionic, water-soluble triblock
amphiphiles containing either OPV or oligothiophene conjugated moieties. Due to their
amphiphilicity, these molecules self-organize into liquid crystalline phases that exhibit lamellar
ordering. This self-assembly of these molecules is further shown to directly control their optical
properties. The dominance of the PEG block isolates and confines the chromophores layers from
one another, leading to enhanced luminescence behavior and limited intermolecular energy
transfer. The LC is therefore used as a template or scaffold in an attempt to mineralize a
semiconducting inorganic phase (ZnO) within the hydrophilic channels. While the presence of
water hinders the growth of the ZnO within the confines of the LC structure, the nanostructural
ordering of the organic phase alone provides an in-depth understanding of the power of self-
assembly in optimizing optolectronic properties by using oligomeric derivatives of surfactants
with well-defined structure and end-functionalization. From the lessons learned in the chapter,
the following two chapters investigate dynamic co-assembly approaches to mineral formation
using electronically active, ionic oligomeric amphiphiles. Such amphiphiles are preferred in this
scheme as PEG chains are expected to be poor units for direct charge transfer due to the presence
of water and because of their sigma bonding.
2.7 Experimental
OPV-PEG-n amphiphiles were synthesized by Dr. Keisuke Tajima, of the author's

laboratory. Oligothiophene-PEG-n amphiphiles were synthesized by David Stone, also of the

author's laboratory. Characterization of the LC phases of the OPV amphiphiles were carried out
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in close coordination with Dr. James Hulvat, also of the author's lab, who performed some of the
experiments described above.

2.7.1 Organic synthesis and thermal characterization

Details of the synthetic approach for the OPV-PEG-45 amphiphile is provided in the
literature. The details of the synthetic approach for the ST-PEG-24 amphiphile is provided in
Appendix I.1. Thermogravimetric analysis (TGA) perfomed on these molecules at 10 °C/min in
air, using a TA Instruments 2920 DSC/TGA showed a decomposition onset by 200 °C for all
amphiphiles. DSC was performed on the amphiphiles in gel-form with 10 mg of sample at
heating and cooling rates of 5 °C/min. with two temperature cycles starting at 20 °C and going
up to 5 °C below the solvent boiling point. Phase transitions were determined by using the
second of the two cycles.
2.7.2 Zinc oxide synthesis

A film of oligothiophene-PEG-n was spin-cast from a concentrated aqueous solution
(~30 mg/mL) onto an O, RIE-cleaned (5 min. on both sides at 100 W, 50 sccm O,) glass
substrate. After air-drying overnight, the sample was annealed at 150 °C for 1 hr. and slowly
cooled down to room temperature to remove residual solvent and reform the thermotropic LC
phase of the amphiphile. The substrate was inserted into an air-free 100 mL two-arm flask, and
sat on a copper wire holder, hanging vertically from one arm at ~ 85 mm above the flask bottom.
The flask was dried further and remained under argon atmosphere during mineralization. As
much as 0.5 mL of diethylzinc (1.1 M solution in toluene, Sigma-Aldrich) was then injected
through the second arm into the bottom of the flask. After the elapsed exposure time, the

substrate was removed from the flask in air and then annealed at 150 °C for 1 hr. for conversion
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of ZnO. When anhydrous THF was added to diethylzinc to slow down hydrolysis, the two
solutions were mixed under nitrogen prior to injection in the flask.

2.7.3 Optical microscopy

A Leitz Laborlux 12POL polarizing microscope was used with an attached Sony XC-ST-
70 CCD camera. For the lyotropic LC studies, a small amount of gel was squeezed between
glass slides, sealed and separated by a 75 um plastic spacer. All samples were subsequently
heated to isotropization and cooled under N, using a temperature-controlled stage at a rate of 0.3
°C/min, in order to obtain identifiable liquid crystalline textures.
2.7.4 X-ray Scattering

SAXS was performed using a Rigaku CuKa source (30 kV, 17 mA) with 2D Bruker
CCD detector calibrated with silver behenate. Gels were sealed in 1.5 mm-diameter quartz
capillary tubes. To insure proper loading and full mixing, concentrated solutions (< 10 wt%)
were pipetted into the capillary and then solvent was slowly evaporated to chosen concentration.
For temperature-dependent scans, samples were placed in a temperature-controlled heating stage
with a Pt thermocouple and digital temperature controller attached to a thermistor and a water-
cooled Cu heating block. Temperature readings were equilibrated for 5 min. before each scan.
2.7.5 UV-vis and PL spectroscopy

All LC gels samples were prepared by pipetting a concentrated solution and slowly
evaporating the solvent to achieve a 40 wt% amphiphile concentration. For temperature-
dependent studies, holders were sealed with Teflon to prevent evaporation and allowed to

equilibrate for 10 min. at each temperature prior to measurement.
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UV-vis absorption was recorded on a Cary 500 UV-VIS-NIR in double beam mode. For
LC gels, ultra-short (10 um) path length quartz holders (Starna, Inc.) were used for adequate
transparency.

PL spectra were recorded on a PC1 Spectrofluorometer in right angle geometry using
monochromators with a FWHM of 8 nm for both the excitation and emission. 1 mm path length
quartz cuvettes (Starna, Inc.) were used.

Fluorescence depolarization was performed on a Beacon 2000 Fluorescence Polarization
System using fluorescein filters (488 + 6 nm ex., 535 + 12 nm em.). The gel was sealed in a 6 x
50 mm glass tube.

Variable-temperature 'H-NMR was performed on a Varian Unity 400 (400 MHz)
spectrometer using the solvent proton signal as a standard.

2.7.6 TEM

TEM samples were made using two procedures. In the first, lacey formvar/carbon 300
mesh Cu grids (Ted Pella, Inc.) were used to gently contact the grid with the carbon-coated side
face down over the deposited film for transfer. In the second, formvar/silicon monoxide 300
mesh Cu grids (Ted Pella, Inc.) were used for added durability during handling to directly grow
the film onto the grid. The ends of the grid were adhered with double-sided tape onto the clean
substrate (silicon monoxide-coated side face down) prior to film deposition and then gently lifted
off after film growth. Samples were imaged at 200 kV on a Hitachi HF-2000 TEM and a Hitachi
H-8100 TEM. Images were recorded using a Gatan CCD camera. EDS line scans were

performed using the Inca Software.
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Chapter 3: Evaporation-Induced Self-Assembly of Silica and
Conjugated Cationic Amphiphiles

3.1 Introduction

Evaporation-induced self-assembly (EISA) offers a particularly efficient avenue towards
achieving highly-ordered hybrid mesophases with nanoscale periodicity.*®*"''? Originally
inspired by the work of the Mobil Corp. in producing mesoporous silica,”® this dynamic co-
assembly approach involves the mixing of organic amphiphiles, at concentrations below their
critical micelle concentration, with inorganic precursors, in dilute homogenous solutions. Under
sol-gel conditions used to synthesize the inorganic phase, the precursors will interact with the
amphiphiles due to electrostatic interactions. As conversion to the inorganic phase takes places
and the solution is cast into a thin-film, the preferential evaporation of solvent and resulting
concentration gradient induces the self-organization of a highly-ordered and nanostructured
hybrid."*''* The organic amphiphiles, used solely as structure-directing agents, were
traditionally removed and the remaining mesoporous inorganic used for applications such as
catalysis.

The facile and powerful nature of EISA in producing such highly-ordered hybrid
nanostructures with intimate contact between the two phases, however, has naturally led
researchers to add function to the organic component as well. The versatility of EISA has been

115-118

demonstrated, for example, by introducing polymerizable surfactants. Extending into the

realm of electronic applications, for the purpose of enhancing the fluorescence properties in

119-121

hybrid materials, nonionic conjugated surfactants, as well as very low concentrations of

charged conjugated surfactants'** have recently been incorporated into EISA systems.
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The author's group recently exploited the utility of EISA by designing electronically
active bolaamphiphiles to generate hybrid materials for energy transfer applications.'” The
amphiphiles consist of an oligo(p-phenylene vinylene) (OPV) trimer moiety symmetrically
substituted at the para position with a short alkyl tail terminated with a trimethylammonium
bromide group. Similar bolaform OPV amphiphiles for the fabrication of organic light emitting
diodes (OLEDs),'** as well as bolaform sexithiophene amphiphiles'>>"'*” have been reported, but
were used in multi-step layer-by-layer assemblies rather than a one-step EISA process. The high
solubility of the reported amphiphiles in polar solvents allows for EISA to occur with the
electronically active OPV as the lone surfactant without the need for dilution with non-
conjugated surfactants. The molecular architecture of the amphiphiles discussed in this chapter
differs from that of amphiphiles typically used in EISA systems because it includes the use of
positively charged head groups at both termini of the molecule as opposed to the common
surfactant with a charged head group at only one terminus. As such, its symmetric structure also
differs from the asymmetric nature of the other previously reported conjugated surfactant
systems, 1% 120: 122

Initial studies on energy transfer of these self-assembling hybrids showed nanoscale
ordering, however, the resulting nanostructure was not fully characterized.'” In EISA systems,
structural characterization by X-ray techniques is used to gain a better understanding of the
process itself, as well as to optimize conditions and tune the final mesostructure for specific
applications. Grazing-incidence X-ray scattering (GIXS) is a powerful and non-destructive
technique which is used to identify the in-plane,'*® as well as out-of-plane structure of thin films,

and has therefore been used to characterize EISA-formed nanostructured films. !> 14 129131 1
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this chapter, the nanoscale structure of these hybrid systems is characterized using GIXS as well
as specular X-ray reflectivity (XRR) and powder X-ray diffraction (XRD). Two different
systems are investigated, one is the previously reported silica-OPV amphiphile hybrid, and a
second one containing silica and a bolaamphiphile with a more conductive tetrameric
oligothiophene as the conjugated segment.

3.2 Syntheses of Cationic OPV and Oligothiophene Bolaamphiphiles
3.2.1 Cationic OPV bolaamphiphile synthesis

The cationic OPV bolaamphiphile described here was synthesized by Dr. Keisuke
Tajima, of the author's laboratory, with details of the synthesis published elsewhere.'”> The
synthetic scheme, outlined in Figure 3.1, uses the Horner-Wadsworth-Emmons reaction for the
formation of frans-vinyl bonds in the OPV trimer core and subsequent alkylation of the tertiary
amines to the quaternary ammonium salts. The overall yield for the four-step reaction is ~41%.
3.2.2 Cationic oligothiophene bolaamphiphile synthesis

The cationic quaterthiophene bolaamphiphile described was synthesized by David Stone,
of the author's laboratory. The synthesis and reaction conditions are shown in Figure 3.2 and
described in detail in Appendix 1.2. Briefly, a Stille reaction is used for the formation of the
quaterthiophene core and subsequent alkylation of the tertiary amine to form
tetramethylammonium salts. The overall yield for the four-step reaction is ~46%.
3.3 Self-Assembly of OPV Bolaamphiphile
3.3.1 The neat uncharged precursor

The uncharged precursor to the OPV bolaamphiphile 3, as shown in Figure 3.1, contains

dimethylamine groups on both termini and was used to investigate the role of charge on
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Figure 3.1. Chemical synthetic scheme for cationic OPV bolaamphiphile. The four step
reaction has an overall yield of ~41%. (prepared by Dr. Keisuke Tajima)
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molecular packing. The SAXS pattern (Figure 3.3) of the uncharged OPV in its neat form
indicates the formation of a lamellar structure with d-spacings of 2.71 nm, 1.36 nm, and 0.91 nm
corresponding to (001), (002) and (003) reflections, respectively. A layered packing of the
molecule, as shown in Figure 3.4 (a), is further suggested by the first-order peak which is slightly
larger than the fully extended length of the molecule between the two nitrogen atoms (2.5 nm).
Attempts to cast a film of the molecules from solution were unsuccessful due to insolubility in
organic solvents at sufficient concentrations. The WAXS pattern (see Figure 3.5) reveals several
sharp peaks, with the most dominant at 4.4 angstroms, indicating strong w— stacking
interactions, which are one of the major driving forces towards the highly-ordered layered
structure that molecule 3 self-organizes into.

3.3.2 The neat cationic derivative

The addition of charges to the end groups of the molecules, leads to the collapse of the
previously observed lamellar packing in the uncharged derivative. As shown in Figure 3.3, the
cationic OPV bolaamphiphile 4 only generates an extremely faint peak almost two orders of
magnitude weaker in intensity than the first-order peak of the uncharged analog at 2.1 nm. This
peak corresponds roughly to the distance between the alkyl chains on either end. This
observation strongly suggests that repulsion between like charges disrupts long range ordering of
the molecules. The widths of the peaks in the bis-tertiary amine indicate that domains of
uncharged molecules are larger than those of the cationic amphiphile. The results therefore
suggest that the single lone broad peak for the cationic amphiphile 4 is due to weak ordering
from small domains. The weak ordering is most likely due to the small fraction of rigid cores

that are able to m-stack in the presence of the charged groups at the termini of molecules as



5.0E+03
2 0E+05 - T 4.0E+03 |
c
= d=2.1nm
d001 =271 nm § 3.0E+03
> ‘
@ 20E+03 |
1.5E+05 - = ‘
— £ 1.0E+03
) |
whed
g 0.0E+00 -
o 0.15 0.25 0.35 0.45 0.55 0.65 0.75
L q [1/A]
>, 1.0E+035 -
- —
»
c
3 dooz = 1.36 nm
= — uncharged OPV
5.0E+04 - - charged OPV
d003 =0.91 nm
0.0E+00 T T T T T T T T T T r||1‘||%¥r||
0.15 0.25 0.35 0.45 0.55 0.65 0.75
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bolaamphiphile 3 (blue line) and of the neat cationic OPV bolaamphiphile 4 containing
positively charged termini and bromine ions (red line). Inset shows magnified view of spectrum

of cationic derivative.
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(b)

Figure 3.4. Chemical structures (left) and molecular graphics visualizations of molecular
packing (right) based on SAXS patterns. (a) Neat uncharged OPV bolaamphiphile 3. (b) Neat
cationic OPV bolaamphiphile 4.
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Figure 3.5. Wide-angle powder X-ray diffraction of the neat uncharged precursor of the OPV
bolaamphiphile 3 (blue line) and of the neat cationic OPV bolaamphiphile 4 containing
positively charged termini and bromine ions (red line).
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depicted in Figure 3.4 (b). Bolaamphiphiles containing quaternary ammonium salts have been
reported that exhibit thermotropic LC ordering, however, in those cases the hydrophobic core
contained a long alkyl chain and no conjugation, which allowed for more flexibility in the
molecules to screen charges from one another.'* It is suggested, therefore, that a short and rigid
conjugated hydrophobic block cannot overcome the electrostatic repulsion present. In the case
of the cationic OPV 4, the WAXS pattern in Figure 3.5 further suggests that electrostatic
repulsion affects the m—m stacking interactions between the OPV chromophore segments of
molecules. Similar to the results in the small-angle regime, the peaks present in the WAXS
spectrum are fewer, weaker in intensity, and broader in comparison to the observed peaks in the
uncharged OPV.

A film was cast of the cationic OPV amphiphile 4 from a solution at a concentration of
9.0 mM in methanol. Specular XRR was used to probe the periodicity along the surface normal
¢ axis of the film. The specular reflectivity of this film, which is sensitive to planes parallel to
the surface, lacks any Bragg peaks (see Figure 3.6 (a)). Well-ordered Kiessig fringes are evident
above the critical angle of the glass substrate (g. = 0.032 A™), indicating a smooth and uniformly
homogeneous film. Total external reflection occurs below the critical angle of the glass, or the
point where the intensity begins to rapidly decrease. The dip before this critical angle represents
the critical angle of the film, or the film refraction correction for the material, which in the case
of the OPV is gz = 0.0275 A™'. The Kiessig fringes, which result from the interference between
the different interfaces reflected along the surface normal direction (see Figure 3.6 (a)), are used

to determine the overall film thickness:'*

bin =" (3.1)
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Figure 3.6. (a) Specular XRR of film cast from neat cationic OPV bolaamphiphile 4 with inset
showing XRR experimental set-up and geometry. (b) Resulting Patterson map with red curve
showing a magnified view.
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where Ag: is the periodicity between fringes. The overall film thickness, therefore, is calculated
as 37 nm.

The Patterson function, P(z) (Fourier transform of the reflectivity normalized by the
Fresnel reflectivity for an ideally flat glass mirror) is shown in Figure 3.6 (b). The observed
peaks correspond to the distances between any two interfaces which are sensed by a change in

. 134,135
electron density. ™

The periodicity of the Kiessig fringes matches the peak corresponding to
the overall film thickness (37 nm) in the Patterson map. It is also clear from the Patterson map in
Figure 3.6 (b) that the cationic OPV amphiphile also does not form a highly ordered structure in
film-form. Only a few peaks exist with a roughly 2.2 nm distance separating them that might
correspond to the length of the molecule between the two oxygen atoms. However, this ordering
is not very pronounced and does not occur throughout the entire film.
3.4 Evaporation-Induced Self-Assembly of Hybrids and Energy Transfer

In order to produce novel hybrid films with electronic function, the cationic conjugated
bolaamphiphiles were used to mineralize silica by the EISA technique. As shown in the
schematic in Figure 3.7 (a), the silica precursor, tetracthyl orthosilicate (TEOS) was added to 9.0
mM solutions of the bolaamphiphiles in methanol. An acid catalyst, HCI, was used to initiate the
hydrolysis of the TEOS in a controllable fashion and the solution stirred for half an hour at room
temperature. Given the positively-charged nature of the bolaamphiphiles, the hydrolyzed silica
precursors are expected to interact with the ends of the surfactants. As is typical of the EISA
process, the sol-gel reaction proceeded with subsequent condensation of the precursors into silica
(see Figure 3.7 (b)) upon spin-casting of the solution into a thin film and further solvent drying to

form an ordered nanostructure.
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Figure 3.7. (a) Experimental schematic of EISA process using the cationic OPV bolaamphiphile
as the structure-directing agent and TEOS as the silica precursor for mineralization. (b)
Chemical synthetic scheme of sol-gel reaction of TEOS during mineralization process.
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The EISA process using these conjugated bolaamphiphiles was further utilized to
spatially arrange donor and acceptor molecules to promote energy transfer.'> The silica
precursor TEOS was substituted with a triethoxysilane group covalently attached to the acceptor
molecules, a rhodamine B dye derivative, as shown in Figure 3.8. The cationic OPV derivatives
were used as donor molecules and the rhodamine dye was expected to be incorporated
selectively into the periodic silica network of the films during the course of the sol-gel process
by simply mixing the dye molecules into the precursor solution as described above. As a result,
the energy transfer from the OPV segments in the organic domains to the dye molecules
embedded in the silica network was significantly enhanced as compared to a film prepared under
non-assembly conditions and lacking any nanoscale ordering. When the hybrids are irradiated
near the absorption onset of the OPV trimer (A = 365nm), the film prepared by EISA appears
red, indicating emission from the rhodamine dye (Figure 3.8). In contrast, with the same 2 mol%
amount of rhodamine dye added, the amorphous film where the silica is substituted for poly(2-
hydroxyethyl methacrylate) (PHEMA), remains blue. A more detailed and quantitiative
investigation of the enhanced energy transfer properties of these hybrids films are further

123 The focus of the remainder of this chapter, therefore, is on

described and published elsewhere.
the investigation of the nanostructure, produced by EISA, of these films.
3.5 Structural Characterization of Hybrid Films
3.5.1 Grazing-incidence X-ray Scattering

In the initial structural characterization of the OPV/silica hybrid during the energy
transfer investigation, specular X-ray reflectivity yielded first- and second-order Bragg peaks

123

corresponding to d-spacings of 2.76 and 1.37 nm. = It was proposed that these two out-of-plane
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Figure 3.8. Energy transfer study using EISA. (a) Chemical structures of the donor molecule,
the cationic OPV bolaamphiphile (left) and the acceptor molecule, the modified silica precursor
with a rhodamine B derivative covalently attached (right). (b) Photographs of OPV/PHEMA
amorphous film (left) and OPV/silica ordered film (right) cast from precursor solutions
containing 2mol% rhodamine B under UV irradiation (A = 365 nm). (Reproduced from Stupp,
S.L et al., J. Amer. Chem. Soc. 2006, 128, 5493 with permission, copyright American Chemical
Society).
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peaks could be assigned possibly to a lamellar structure. However, a hexagonal structure could
be present in these systems resulting from the packing of cylindrical micelles aligned parallel to
the substrate, and giving rise only to (01) and (02) reflections so that the (11) reflection would
not be observed.

To probe the ordering in these films along the in-plane and surface normal directions and
determine their nanoscale structure, GIXS measurements were performed at the APS with a 2D
area CCD detector (see Figure 3.9 (a)). The GIXS pattern for the OPV/silica hybrid film is
shown in Figure 3.9 (b) with momentum transfer reciprocal space coordinates ¢,-q., where g. is
the out-of-plane direction and ¢, is in-plane and perpendicular to the incident beam. Due to the
Kapton foil placed over the sample with flowing N, to prevent ozone formation and minimize
radiation damage, a Kapton powder diffraction ring intersecting dos is evident. An
oversaturation along the g. axis is observed due to the strong intensity along the specular
direction. The pattern shows a slightly distorted 2D hexagonal phase with the out-of-plane
vector slightly shorter than the in-plane. To take into account this distortion, a rectangular face-
centered unit cell with lattice parameters a,.. and c,.., was used to index the diffraction spots and
represent the vertically strained hexagonal lattice (see Figure 3.9 (c)). The 2D hexagonal (kex)
unit cell axes are shown as red-dashed line vectors. The 2D rectangular face-centered (rec) unit
cell axes are indicated by black arrows with ¢, along the surface normal.

The GIXS pattern in Figure 3.9 (b), with the red arrows representing the reciprocal space
2D hexagonal unit cell axes, is generated by a film mineralized with a starting molar ratio of

TEOS to OPV of 6.67, the same amount used in for the energy transfer experiments with
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Figure 3.9. (a) Schematic of experimental set-up and geometry of 2D grazing-incidence X-ray
scattering (GIXS). (b) Indexed GIXS pattern in reciprocal-space of mineralized cationic
OPV/silica film. The reciprocal space 2D hexagonal (kex) unit cell axes are indicated by red
arrows. (c) Schematic of EISA and formation in real-space of vertically strained hexagonally
packed cylindrical micelles with their axes lying parallel to the surface planar. The 2D
hexagonal (/ex) unit cell axes are shown as red-dashed line vectors. The 2D rectangular face-
centered (rec) unit cell axes are indicated by black arrows with ¢, along the surface normal.
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rhodamine. © When the observed diffraction spots are indexed, a,.. is found to be equal to 3.4

nm and ¢, = 5.1 nm (see Figure 3.9 (c)).'"!

2 2
Lo b o —24dy =34mm (32)
dhl arec crec d20 arec

2 2
L A . 2sd,=51m (3.3)

dh12 Q’  Cpl doz2 crec2
This characterizes the nanoscale structure as distorted cylinders with diameters of 3.4 nm parallel
to the substrate and 3.1 nm out-of-plane. Details of the conversion of the CCD images of the

GIXS patterns from reciprocal space into real space, including the position spacings of all
indexed diffraction spots, are provided in Appendix II.1. For an undistorted 2D hexagonal
lattice, the ratio of the rectangular face-centered lattice spacings would be ¢ec/@yec =31 The
one-dimensional shrinkage of the cylinders normal to the substrate creates elliptical rather than
perfectly circular shapes for the cylindrical cores. This effect has been previously attributed to
vertical compressive strain caused by drying effects and siloxane condensation occurring after

113,114,129, 131, 136
the hexagonal mesophase forms. > ™ 7> 7"

The hexagonally packed cylindrical micelles
are formed in the hybrid films oriented parallel to the substrate surface. As observed in all
previous work on hexagonal mesoporous silica, we expect the conjugated surfactants to orient
transverse to the long axis of the pores (see Figure 3.9 (¢)). In addition, the fully extended length
of the OPV amphiphile, as mentioned previously, is approximately 2.5 nm between the two
nitrogen atoms, and therefore the observed overall cylinder diameters, 3.4 nm in-plane and 3.1

nm out-of-plane, are consistent with transverse orientation of the molecules with silica shells

formed around them. The charged end groups of the amphiphiles are expected to interact with
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TEOS, the silica precursor, and thus the inorganic material should coat the exterior of the
cylindrical aggregates of conjugated molecules.

The observed diffraction spots do not change their positions when samples are rotated
about their surface normal direction. This indicates the presence of individual domains
consisting of aligned hexagonally-packed cylinders. The cylindrical axis of each domain is
aligned parallel to the surface, but there is no preferred in-plane orientation for these domains.
While most of the domains lie flat on the substrate, the faint powder rings produced around the
diffraction spots indicate that a small fraction of the domains are randomly oriented.

In order to study the effect of the molar ratio of silica on the final overall structure, two
more hybrid film samples were prepared by maintaining a constant concentration of 4 (6 mg/mL)
and either increasing or decreasing the molar concentration of TEOS, and proportionally the acid
catalyst, HCI, in order to minimize siloxane condensation and insure cooperative assembly of the
surfactant and silica.®® In these cases, the same pseudo-hexagonal packing or rectangular face-
centered unit cell is generated. In fact, the resulting d-spacings and cylinder dimensions remain
constant for the unit cell in all three cases with starting molar ratios of TEOS to cationic OPV of
(a) 10, (b) 6.67 and (c) 3.33 equivalents as shown in Figure 3.10. Because the cylinder
dimensions do not change with the amount of TEOS, the results suggest that there is a maximum
molar ratio of TEOS which will interact with the fixed number of charged end groups of OPV
amphiphilic molecules to generate the hexagonally packed nanoscale structure. When more
TEOS is added, this fixed number of charged end groups on amphiphiles prevents further silica
from being incorporated around the cylindrical aggregates. The XRR studies suggest that the

additional silica formed is not incorporated within the cylindrical hybrid nanostructure (vide
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Figure 3.10. 2D GIXS patterns identifying vertically strained hexagonal packing of cationic
OPV bolaamphiphile/silica films and lack of ordering in unmineralized OPV film. Listed 4/
indices for each Bragg peak are in reference to the 2D rectangular face-centered unit cell. The
starting molar ratio of OPV/TEOS of: (a) 1:10, (b) 1:6.67, (¢) 1:3.33, (d) 1:0. Insets showed
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magnified portions of weaker intensity peaks. Tables to right show positions for indexed spots.
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infra). As previously reported, a uniform distribution of the amphiphiles is implied by the linear
relationship between the optical density and film thickness of the hybrids.'*’

In the absence of TEOS and the acid catalyst, a film cast from the cationic OPV 4 in
solution at the same concentration near its solubility limit of 9.0 mM did not lead to the
hexagonal structure (see Figure 3.10 (d)) as should be expected from the lack of any Bragg peaks
in the XRR spectra in Figure 3.6. This result implies that the ordering observed in the hybrid
films is a direct result of the mineralization process. While some rather weak ordering might
exist, as shown in Figure 3.6 (b), due to the bolaform of the amphiphile, the absence of silica
prevents the charge-shielding necessary to allow for any long-range packing of molecules with
like charges at both termini.

The highly charged nature of the conjugated amphiphiles is very important to the
development of long range order in the self-assembling hybrid materials investigated. In the
absence of mineralization, charges on these molecules clearly disrupt packing, but binding of
TEOS by the end groups and the subsequent mineralization screens charges in the cationic
amphiphiles. This screening, in turn, allows the possibility of forming the long range order
observed in the hexagonal phase of the hybrid. Based on curvature packing arguments,> as well
as the similar behavior of CTAB that has been previously reported,'"” the aggregates of
conjugated molecules, it is concluded, are sterically forced into the curved hexagonal structure as
the film is formed and solvent is evaporated. This results in the transformation from a lamellar
to a hexagonal nanostructure. The uncharged derivative of the OPV bolaamphiphile packs in a
layered structure which subsequently collapses upon protonation of the amphiphiles into their

positively-charged form. As shown in Figure 3.11, in solution, the cationic OPV
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bolaamphiphiles are fully solvated. The silica precursors, which are omitted from Figure 3.11
for simplicity, interact with the hydrophilic end groups, screening the charges and allowing the
molecules to aggregate into a lamellar (layered) phase. The solution begins to concentrate with
solvent evaporation upon film casting. As the silica hydrolysis continues the added bulk on the
head groups breaks the lamellar phase into a more rounded cylindrical micelle and the cylindrical
micelles than pack into hexagonal arrays.

The symmetric dual charge nature of the OPV amphiphiles and the subsequent
interactions with silica precursors gives rise to long range ordering in these nanostructured
hybrid films. The presence of two binding sites for TEOS per molecule and their ability to -
stack may also be a contributing force to the transformation and the long range order observed in
these hybrid structures. In comparison to a surfactant molecule such as CTAB, not only are
hydrophobic interactions important in this case, but —x stacking interactions among the
conjugated amphiphiles should also promote aggregation of the OPV segments. It is assumed
that twisting of the amphiphiles within the m—stacked aggregates along the long axis gives rise to
the uniaxial symmetry observed.

To test the generality of this self-assembling hybrid system with a different amphiphile,
the conjugated segment was substituted for the more conductive quaterthiophene analogue.
Interestingly, upon mineralization with silica the same distorted hexagonally packed cylindrical
micelle nanostructured films. Figure 3.12 shows the CCD image obtained for one quadrant of
the g.-¢- plane for a film prepared from a 1-mL solution in MeOH of 6 mg of cationic
quaterthiophene amphiphile 8 and 14 uL TEOS with a molar ratio of TEOS to amphiphile of

7.23. In the case of the cationic quaterthiophene amphiphile, the slightly longer extended
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Figure 3.11. Proposed mineralization mechanism occurring during EISA. (a) Fully solvated
molecules in solution. (b) Molecules aggregating into layers due to screening of charges by
silica precursors, and upon film casting and solvent evaporation. (¢) Side- (left) and cross-
sectional (right) views of layers sterically breaking and forming rounded cylindrical micelles that
pack hexagonally upon silica condensation. Silica and charges have been omitted for simplicity.



95

(@)

d(A)

29.26
26.55
17.57
16.10
14.80

NI=|INO|-~|=T

NIWIOIN|—~|=—

(b)

N I\ s [J
Br- _N S
AN s X T s

\ } R rec \—/ =
oligothiophene 'f"*/ crec _ z : ::
rec "

a

| =
O\/\N/ B

r

rec’ aheX

Figure 3.12. (a) 2D GIXS pattern of cationic quaterthiophene bolaamphiphile/silica film for one
quadrant of ¢,-¢.. Listed 4/ indices for each Bragg peak are in reference to the 2D rectangular
face-centered unit cell. Inset shows magnified portion of weaker intensity peak. Table to right
show positions for indexed spots. (b) Chemical structure of cationic quaterthiophene
bolaamphiphile (left) and real-space schematic of vertically strained hexagonal packing of
cationic quaterthiophene/silica film with resulting dimensions (right).
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molecular length of 2.8 nm compared to cationic OPV trimer amphiphile (2.5 nm) is also
reflected in a slight increase of the unit cell dimensions with a,.. = 3.6 nm and ¢, = 5.8 nm.

This leads to cylinder dimensions of 3.6 nm parallel to the substrate and 3.4 nm out-of-plane.
This result using GIXS on a second compound further supports the expectation that the
conjugated molecules are oriented perpendicular to the long axis of a one-dimensional
cylindrical aggregate and surrounded by silica.
3.5.2 Specular X-ray reflectivity

In order to obtain more information about the internal structure of the OPV hybrid films,
specular XRR was used to probe the periodicity along the surface normal ¢. (see Figure 3.13 (a)).
For the sample with the lowest starting molar ratio of TEOS to 4 of 3.33, the specular reflectivity
in Figure 3.13 (b) yielded the first- and second-order allowed Bragg peaks corresponding to 2.6
nm and 1.3 nm, respectively. The Bragg peaks, whose periodicity is double that of the Kiessig

thickness fringes, are calculated by:

d = 27 z (3.4)

where ¢. is the peak position. The peaks were also observed in the CCD image in Figure 3.10 (¢)
and are assigned to the (02) and (04) diffractions of the rectangular face-centered unit cell. The
overall film thickness is determined to be 2mt/Aq, = 48 nm.

The distances between the observed peaks in the Patterson map (see Figure 3.14 (a)) had
an average value of 2.7 nm which closely matches the position of the first-allowed Bragg peak.
These peaks are evident along the entire film profile, indicating that the periodicity of the

hexagonally packed cylinders exists throughout the g. direction. The peak at 48 nm corresponds
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Figure 3.13. (a) Schematic XRR set-up and geometry probing layers of 2D hexagonally packed
cylindrical micelles along surface-normal. (b) Specular XRR data for mineralized OPV films
with starting molar ratios of OPV 4/TEOS of 1:3:33 (red), 1:6.67 (green) and 1:10 (blue).
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to the overall film thickness. Profilometry on all films matched the thicknesses obtained from
XRR measurements.

When the initial molar ratio of TEOS to 4 is 6.67, the specular reflectivity again
generates the first- and second-order allowed Bragg peaks corresponding to the (02) and (04)
peaks of the rectangular face-centered unit cell (see Figure 3.13 (b)). The well-pronounced
oscillations throughout the angular range indicate a homogeneous and uniform film. '** '*>
While the nanoscale structure is maintained, it is clear that an increased amount of silica leads to
an increase in the overall film thickness (53 nm) that is also evident in the Patterson function in
Figure 3.14 (b). The Patterson map further indicates that the periodicity of the nanostructure
exists along the entire film thickness profile.

The hybrid sample measured with the largest starting molar ratio of TEOS, 1:10 4/TEOS
also formed hexagonally packed cylindrical micelles in Figure 3.10 (a). However, the first-order
allowed Bragg peak is no longer obvious and the second-order peak completely disappears in the
specular reflectivity in Figure 3.13. The interference fringes, which correspond to the film
thickness (60 nm), disappear past the first-order allowed Bragg peak. This damping of the
thickness fringes and their appearance within a narrower angular range implies that the
roughness of the film is higher than for other samples. Roughness in a film gives rise to diffuse

scattering, resulting in less intensity for the specularly reflected beam. '** 1%

Further inspection
of the Patterson map in Figure 3.14 (c) shows a dampening of the periodicity peaks within the
middle of the film thickness profile, indicating that while the film is highly ordered at both its

bottom and top interfaces, disorder seems to exist in the middle of the film. This implies that

with an increase in the starting amount of TEOS in relation to OPV conjugated amphiphiles the



100
distorted hexagonal structure is still formed, but the additional silica formed is not incorporated
within the periodic framework and instead exists as bulk silica in regions within the center of the
film.

3.6 Summary and Outlook

This chapter describes the nanoscale structure of model hybrid materials, synthesized by
evaporation-induced self-assembly, with phases of silica and electronically active
bolaamphiphile assemblies containing either OPV or oligothiophene segments. Grazing-
incidence X-ray scattering studies of these materials revealed the formation of two-dimensional
hexagonally packed cylindrical micelles of the organic molecules with diameters between 3.1
and 3.6 nm and cylindrical axes parallel to the surface. During the self-assembly process at low
pH, the cylindrical aggregates of conjugated molecules become surrounded by silica giving rise
to a hybrid structure with long range order. Specular X-ray reflectivity confirmed the long range
periodicity of the hybrid films within a specific range of molar ratios of tetraethyl orthosilicate to
cationic amphiphile. Long range ordering, however, was not observed in fully organic analogues
unless quarternary ammonium groups were replaced by tertiary amines. These observations
suggest that charge screening in these bis-cationic conjugated molecules by the mineral phase is
a key factor in the evolution of long range order in the self-assembling hybrids. As we turn to
the proper choice of a conductive inorganic phase in the following chapter, the long range order
and electronic function in the organic compartments of the hybrids described here provide great

insight into the goal of achieving self-assembling hybrid photovoltaic systems.
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3.7 Experimental

Cationic amphiphiles were synthesized by Dr. Keisuke Tajima and David Stone of the
author's laboratory. GIXS measurements of EISA-formed films were carried out in collaboration
with the Bedzyk group, who also provided assistance in the indexing and analysis of synchrotron
X-ray data.
3.7.1 Synthesis and thermal characterization

The synthetic approach, purification and characterization of the OPV bolaamphiphile are

?  Further details for the quaterthiophene bolaamphiphile are

described in the reference.'
described in Appendix 1.2. Thermogravimetric analysis (TGA) using a TA Instruments 2920
TGA showed an onset of decomposition by 200 °C on heating at 10 °C/min in air.
3.7.2 Powder X-ray diffraction

XRD patterns were recorded using a Rigaku ATX-G X-ray diffractometer at an operating
power of 50 kV and 240 mA with a CuKa (8.05 keV, 1.54 A) source.
3.7.3 Film preparation

Precursor solutions of the cationic bolaamphiphile/silica hybrid films were prepared by
first dissolving 6.0 mg of the amphiphile in 1.0 mL of MeOH. Solutions were ultra-sonicated to
fully dissolve the amphiphile and then 15 uL of 35 wt% aqueous HCI and 14 uLL of TEOS were
added for a molar ratio of 1:6.67 (4/TEOS) or 1:7.23 (8/TEOS). For concentration-dependent
studies, the ratio of amphiphile to TEOS was varied by adjusting the amount of TEOS and acid
added to the amphiphile solution. Solutions of the pure OPV amphiphile films were prepared by

dissolving 6.0 mg of the amphiphile in 1.0 mL of MeOH and further sonicating for full

dissolution. All solutions were membrane filtered (pore size: 0.45 um) and deposited on 2.5 cm
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x 2.5 cm float glass substrates by spin-casting at 1000 rpm for 30 s. Substrates were treated prior
to deposition in piranha solution (7:3 (v/v) H,SO,/H,0, (30% aq)) for 10 min at 100 °C to
remove organic contaminants from the surface followed by rinsing with water (Millipore Milli-
Q-purified, 18.3 MQ cm), soaking in (4:1 (v/v) NH,OH/H,0, (30% aq)) for 5 min, rinsing with
water (Millipore Milli-Q-purified, 18.3 MQ2 cm) and finally drying under a stream of dry N.,.
The films were left overnight at ambient atmosphere and subsequently dried under high vacuum
for 3 hr. for full solvent evaporation.
3.7.4 Grazing-incidence X-ray scattering
Grazing incidence X-ray scattering measurements were carried out at the SID-C beam

line of the APS at an energy of 12.4 keV (1.00 A wavelength). The incident angle was set at or
near the critical angle for the glass substrate (g. = 0.032 A™) to enhance scattering from the film
with a MAR CCD 2D area detector located 340 mm away from the sample for the OPV studies.
The detector was located 388 mm away from the sample for measurements on the thiophene
derivative. The sample was kept under flowing nitrogen so as to prevent ozone formation and
minimize radiation damage. Frames were collected for 30-100 s. Further details of the
conversion of the CCD images from reciprocal space to direct space and indexing are provided
in Appendix II.1
3.7.5 Specular X-ray reflectivity

Measurements of the pure OPV amphiphile films and initial measurements of the hybrid
films were measured using a Rigaku ATX-G instrument at an operating power of 50 kV and 240
mA with a CuKa (8.04 keV, 1.54 A) source and incident beam size of 0.1 mm wide by 0.3 mm

high. Further XRR of the hybrid films was performed at the SID-C beam line of the APS at 12.4
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keV energy (1.00 A wavelength).

Samples were positioned in the center of the beam (half the full intensity), and aligned so
that the rotation axis always lay on the sample surface. The X-ray beam intensity reflected by
the sample at grazing angles was monitored. Collected reflectivity scans were background
subtracted and normalized to the ideal Fresnel reflectivity (Rr) for float glass. Samples were
tested to confirm that radiation damage was not affecting the collected data over the course of the
multiple scans made. Film thicknesses were confirmed using a Tencor P10 profilometer and
averaging 15 measurements per sample.

Patterson maps were obtained by taking the inverse fourier transform (IFT) of the

normalized reflectivity data. The Matlab code used for the IFT is given in Appendix I1.2.
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Chapter 4: Electrochemical Self-Assembly of Zinc Oxide and
Conjugated Cationic Amphiphiles

4.1 Introduction

Electrodeposition offers a one-step, room temperature approach towards synthesizing
highly stoichiometric binary n-type semiconductors with few atomic defects in high yield.”> In
continuing to pursue a strategy towards achieving self-assembled hybrid materials with
nanoscale ordering for photovoltaics, this chapter targets the synthesis of the inorganic n-type
phase, specifically ZnO, by electrochemical means.

Dye-sensitized solar cells have been designed by the electrodeposition of phthalocyanine-
modified ZnO."””"* In addition, surfactant-assistant electrochemical templating, has been
reported in the literature in achieving lamellar morphologies of ZnO with an organic structure-

directing surfactant.*"

In this approach, a precursor solution is composed of soluble inorganic
reactants and organic surfactant molecules. The end functional group of these molecules will
bind to specific crystal faces of the growing semiconductor, thus controlling the morphology of
the grown inorganic phase. In addition to allowing for the synthesis of a conductive n-type
inorganic in a co-assembly approach with an organic amphiphile, the electrodeposition technique
is also attractive because it is possible to guarantee an electrical connection between the growing
inorganic component and the electrode. This is because the resulting hybrid grows directly on
the surface of the substrate electrode.

In this chapter, the electrodeposition of ZnO into lamellar nanostructures by structure-

directing organic surfactants is pursued for hybrid photovoltaics by using surfactant molecules

that contain conjugated p-type blocks. In so doing, a nanoscale morphology of alternating n-type
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and p-type layers is targeted in a one-step, cost-effective approach. Due to the n-r stacking of
the organic moieties, the organic substituent are expected to have the ability to conduct holes in a
direction parallel to the sheet axis. The resulting nanoscale structure and morphology are
investigated using XRD, TEM, XAS. Furthermore, preliminary measurements are made on the
optical and electronic behavior of these hybrid nanostructures.

4.2 Surfactant-Assisted Electrochemical Synthesis of Zinc Oxide

The electrochemical synthesis of ZnO is achieved through the cathodic deposition of an
aqueous Zn(NOs), bath. Figure 4.1 shows the schematic of the three-electrode electrodeposition
set-up, where ITO-coated glass is the cathode or working electrode on which nucleation and
growth occurs. The ITO electrode serves the dual purpose of being the anode in a solar cell
device, and therefore, electrodeposition provides for direct electrical contact with the active layer
in the formation of devices described in Section 4.6. The two-step reaction at the cathode

proceeds by the reduction of the Zn(NO3); according to the equations below:
NO3;~ +H,O+2¢™ = NO, +20H™ Ereda =0.01V (4.1)

2(OH™) +Zn?** — Zn(OH), — H,0 + ZnO (4.2)
An Ag/AgCl electrode stored in 3M NaOH serves as the reference. The reaction at the zinc wire
counter electrode anode occurs through the equation below:

Zn — Zn2* +2e” Ered =-0.764 V (4.3)
The cathodic deposition of ZnO proceeds therefore by the final overall equation:

Zn+ NO3 —= NO,™ +ZnO (4.4)

The above reaction was conducted in a 0.02 M Zn(NO)3;°6H,0 solution with a 1:1 (v/v)

ratio of H,O/DMSO. While the presence of water is required for the reduction of the Zn(NO3),,
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(Zn wire)
counter electrode reference electrode

1 (Ag/AgCl)

il
working electrode ‘W, /
(ITO substrate) é D

Figure 4.1. Schematic illustration of electrodeposition set-up with labeled electrodes consisting
of the counter electrode (zinc wire), the working electrode (ITO substrate), and the reference
electrode (Ag/AgCl).
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DMSO was added to aid in the solubility of the organic surfactants. As an initial investigation,
an applied potential range for deposition of ZnO was determined based on the cyclic
voltammetry trace (see Figure 4.2) of a 0.02 M Zn(NO)3*6H,0 solution with a 1:1 (v/v) ratio of
H,O/DMSO in the absence of surfactant. Hexagonally-faceted wurtzite phase ZnO was
obtained, as shown in the SEM image in Figure 4.3, and confirmed by powder XRD, at an
applied potential of -0.9 V. Less negative potentials generated relatively poor faceting, while
more negative potentials led to the generation of Zn metal.

Using the conditions established for the deposition of ZnO under non-surfactant
conditions, the initial surfactant investigated was 1-pyrenebutyric acid (PyBA) (see Figure 4.4
(a)). The PyBA surfactant, containing a conjugated, p-type pyrene chromophore attached to an
alkyl chain and a carboxylic acid end-group, is the focus of the next two sections in
understanding the growth mechanism and resulting structure and morphology of the hybrids
generated by the electrodeposition technique.

4.3 Structural Characterization of Hybrid Nanostructures
4.3.1 SEM of platelet structures

The addition of PyBA to the 0.02 M Zn(NO);*6H,0 electrolyte solution at a
concentration of 0.05 wt% (below its critical micelle concentration) led to the deposition of a
film of highly-dense platelet structures (see Figures 4.4 (b), (c), and (e)). At this concentration,
the ratio of surfactant to zinc nitrate was 1:10. These high-aspect ratio structures were on
average 10-50 nm in thickness and 1-5 um in length (see Figure 4.4 (d)). As observed in the

cross-sectional view (see Figure 4.4 (e)), a number of the platelets grow vertically from the
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Figure 4.2. Cyclic voltammetry trace from 1:1 (v/v) H,O/DMSO 0.02 M Zn(NOs), solution.
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Figure 4.3. SEM of hexagonally-faceted wurtzite ZnO deposited at -0.9 V from 1:1 (v/v)
H,O/DMSO 0.02 M Zn(NO3); solution.
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(a) inorganic binding moiety p-type chromophore
(0]

HO

Figure 4.4. (a) Chemical structure of PyBA molecule used in electrochemical ZnO synthesis.
(b) SEM image (top-down) of platelet nanostructures generated during synthesis. (¢) magnified
SEM image (top-down). (d) Illustration of platelets with average dimensions. (e) SEM image
(cross-section) of platelets grown off the working electrode surface (ITO).
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surface. Optical microscopy, as shown in Figure 4.5, revealed the formation of birefringent,
crystalline textures.

4.3.2 TEM and SAXS of hybrid lamellae

The ordering within the platelet structures was investigated by small-angle X-ray
scattering on the deposited films, which reveals the formation of a lamellar structure with d-
spacings of 3.2 nm, 1.6 nm, 1.1 nm, and 0.8 nm corresponding to (001), (002), (003), and (004)
reflections, respectively (see Figure 4.6). To further probe the origin and identity of this layered
ordering, TEM imaging revealed alternating lamellar stripes of dark and bright regions (see
Figure 4.7) with a periodicity of 3.2 nm, as identified from the SAXS spectrum. Under TEM,
regions of higher electron density appear darker. The dark regions, which are 0.8-1.0 nm in
width, therefore, can be assigned to the inorganic, zinc-rich phase. The bright regions, which are
roughly 2.4 nm in width, are attributed to the organic surfactant. As depicted in Figure 4.8,
based on the extended length of the molecules of 1.1 nm, these dimensions correspond to a
bilayer of PyBA molecules with the inorganic phase binding to the end-functionalized
carboxylates (COQO") on either end.
4.4 Morphological Characterization of Inorganic Phase
4.4.1 Temperature dependence of overall nanostructure

The morphology of the growing inorganic phase is believed to be controlled by the
organic surfactant by either directing the growth through the organic native supramolecular

68,69, 73,74, 140

structure, impeding the growth along certain crystal directions by covalently

139, 141

binding to specific crystal facets, or by stabilizing an intermediate phase of the target

hybrid material. As a means to better understand the growth mechanism and identify the
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Figure 4.5. Optical micrograph of hybrid film electrochemically deposited at -0.9 V from 0.05
wt.% PyBA in 1:1 (v/v) HO/DMSO 0.02 M Zn(NOs3); solution.
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Figure 4.6. Small-angle X-ray scattering spectrum of electrodeposited hybrid film from 0.05
wt.% PyBA in 1:1 (v/v) HO/DMSO 0.02 M Zn(NOs), solution indicating lamellar ordering.
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Figure 4.7. TEM images of lamellae generated from electrodeposited hybrid film of 0.05 wt.%
PyBA in 1:1 (v/v) H,O/DMSO 0.02 M Zn(NOs), solution. morphology of the ZnO,
temperature-dependent studies were performed on the as-deposited films with the PyBA
surfactant.
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Figure 4.8. Schematic molecular graphic illustration of lamellae generated from

electrodeposited hybrid film of 0.05 wt.% PyBA in 1:1 (v/v) H,O/DMSO 0.02 M Zn(NO3),
solution with chemical structure of PyBA.
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Thermogravimetric analysis (see Figure 4.9) of the electrodeposited hybrid film revealed
a significant loss of water (20 wt% loss) above 100 °C followed by a decomposition onset of the
organic surfactant by 300 °C. Coupled with the loss of water, the SAXS spectrum of the film
upon annealing to 150 °C for 12 hr. revealed a decrease in the crystallinity of the lamellar
ordering with a disappearance of the higher-order d-spacings (see Figure 4.10). In addition, the
domain size is decreased with an increase in the width of the dgo; peak. Interestingly, annealing
above 300 °C and the decomposition of the organic, leads to a collapse of the lamellar structure.
This observation is in contrast to the work on mesoporous oxides, synthesized by sol-gel means,
where the organic is decomposed and the inorganic nanostructured framework retained for
further applications.”® This result, therefore, suggests that the inorganic phase is strongly bound
to the carboxylate end groups of the surfactants, which direct the formation of the lamellar phase.
The decomposition of the organic and the disruption of this binding, also leads to the disruption
of the lamellar ordering. As such, the bound carboxylate anion stretch at 1700 cm™ in FT-IR
(see Figure 4.11) is still present for the hybrid film at 150 °C annealing, but weaker in intensity
than at room temperature. In addition, the FT-IR spectrum reveals that the 150 °C leads to a
disappearance of the —OH stretch that is evident at room temperature, further confirming the
water loss observed in TGA.
4.4.2 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) was used to determine the identity of the inorganic
phase formed in the electrodeposited hybrid films. In addition, it was necessary to determine the
temperature-dependent changes of the local structure of the inorganic phase based on the

annealing behavior observed in the previous section for the overall hybrid nanostructure. While
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Figure 4.9. Thermogravimetric analysis (TGA) of electrodeposited hybrid film of 0.05 wt%
PyBA in 1:1 (v/v) H,O/DMSO 0.02 M Zn(NO3), solution.



3.2 nm
~~ (001)
o)
=
N
c
Q
whed
=
©
ﬁ —RT
.t_-B 150 C
—350C
£
0
c
1.6 nm
(002) 1.1 nm
/\/ _~ (003)
|||||x||||||||||||||_'|'|||||||||||||_|-|/|\|||||||||||||
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
20 (°)

Figure 4.10. SAXS spectra of electrodeposited hybrid film of 0.05 wt% PyBA in 1:1 (v/v)
H,O/DMSO 0.02 M Zn(NOs), solution before and after heat treatments.
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Figure 4.11. FT-IR spectra of ZnO and PyBA standards, and of electrodeposited hybrid film of
0.05 wt% PyBA in 1:1 (v/v) H,O/DMSO 0.02 M Zn(NOs); solution before and after heat

treatment.
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conventional X-ray diffraction techniques are a measure of the averaged coordination
environment for all elements present, XAS is an element-specific electron spectroscopic
technique, and therefore was used to determine the identity of the zinc-rich lamellae
generated.'*

The XANES spectrum, or region within 30 eV from the absorption edge of zinc,
identified the as-deposited hybrid film to consist of zinc hydroxide (see Figure 4.12 (a)). The
spectrum closely matches that of the zinc hydroxide standard (a-Zn(OH); nitrate derivative) and
is also consistent with the observed energy value for the absorption edge of zinc hydroxide (~3.2
eV greater than the Zn K edge of 9658.6 V). Remarkably, upon annealing the film to 150 °C,
the XANES spectrum reveals the transformation of the inorganic phase to zinc oxide (see Figure
4.12 (b)). The absorption edge is shifted to 2.6 eV from the Zn foil, consistent with the bulk
ZnO standard.'”

The fourier transform of the EXAFS region, or extended spectrum of much higher
electron kinetic regions, reveals more information on the crystal structure of the phases and
bonding present. The first peak labeled in Figure 4.13 is for the Zn-O radial bond distance and
the second peak labeled is the Zn-Zn bonding distance.

For the case of the 150 °C annealed sample, the Zn-O peak is consistent with the bond
distance in the bulk ZnO standard, and does not change in distance or intensity with further
annealing to 350 °C. All the zinc atoms, therefore, are terminated by oxygen atoms. This is in
agreement with the fact that the zinc ions coordinate to the oxygen of the carboxylate during
deposition. The attenuation of the Zn-Zn peak in the 150 °C annealed sample indicates a

reduction in the coordination number, suggesting that the long-range ordering of the crystal
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Figure 4.12. XANES spectra for electrodeposited hybrid films with PyBA. (a) a-Zn(OH),

powder standard and unannealed electrodeposited hybrid film with PyBA. (b) ZnO powder
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Figure 4.13. Radial bond distances (Zn-O and Zn-Zn) as a function of intensity calculated from
normalized EXAFS spectra for (a) Zn(OH), powder standard and unannealed electrodeposited
hybrid film with PyBA, and (b) ZnO powder standard and annealed electrodeposited hybrid

films with PyBA.
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structure is affected by both a degree of disorder, as well as the limited dimension and 1D
confinement of the Zn-rich layers. The 0.8-1.0 nm width of the inorganic layers would allow
only a few atomic repeat distances to exist, and therefore, should in part cause this attenuation
observed. This attenuation is lessened when the sample is annealed to 350 °C and the organic is
decomposed, although the peak does not fully recover to the intensity of that of bulk ZnO,
further elucidating the strong binding that exists between the inorganic and organic phases.

4.4.3 High-resolution TEM and electron diffraction

According to high-resolution TEM and electron diffraction, the zinc hydroxide phase
present in the unannealed hybrid films is crystalline with a preferred orientation (see Figure
4.14). While the diffraction spots cannot be assigned to a specific zinc hydroxide crystal
structure, the XAS results are similar to the layered a-Zn(OH), nitrate crystal structure (see
Figure 4.12 (a) and Figure 4.13 (a)). In the 150 °C annealed sample of PyBA/ZnO, TEM (see
Figure 4.15) reveals that in fact the lamellar morphology is retained, however, it is not as regular
as for the zinc hydroxide phase and while some regions exist with lattice fringes similar in value
to the wurtzite ZnO peaks (see Figure 4.15 (b)), other regions appear to be amorphous (see
Figure 4.15 (a)). This observation is similar to that revealed in the EXAFS measurements. No
electron diffraction pattern was obtained, due in part to the fairly thin (< 1 nm) width of the ZnO
stripes, as well as the partially amorphous nature.
4.4.4 Wide-angle X-ray scattering

As mentioned previously, WAXS measurements are an average of the coordination
environment of all elements present, and therefore, the low concentration and dimensions of the

inorganic phase coupled with the presence of the organic moieties makes the identification of
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Figure 4.14. High-resolution TEM image of lamellar ordering of PyBA/Zn(OH); hybrid (no
annealing) with inset showing electron diffraction pattern.
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Figure 4.15. (a) TEM image of lamellar ordering of PyBA/ZnO hybrid (150 °C annealing). (b)
High-resolution TEM image of PyBA/ZnO hybrid with indexing of lattice fringes.
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peaks difficult. The spectra for both unannealed and annealed PyBA hybrid films are consistent,
however, with the high resolution TEM and ED results (see Figure 4.16). The unannealed
sample reveals a number of broad peaks, including ones in the 2.5-2.7 A regime, whereas no
identifiable peaks are present in the 150 °C annealed sample, due to both the decrease in
crystallinity and domain size.

4.5 Influence of Organic Surfactant on Hybrid Self-Assembly
4.5.1 Hybrid nanostructure from non-conjugated surfactants

Non-conjugated surfactants were also used in the electrochemical synthesis in an effort to
elucidate the role of the conjugated moiety on the overall nanostructure, as well as its integrity
upon annealing. For this purpose, SDS (see Figure 4.17 (a)), which has previously been used in
the literature in a similar electrochemical synthesis, was initially explored.”®”'** The solvent
mixture 1:1 (v/v) H,O/DMSO resulted in no hybrid nanostructure being formed, and therefore,
an aqueous solution was used instead. SDS, as opposed to PyBA, is fully soluble in water. The
SAXS spectrum identified the presence of two lamellar phases, the first with a periodicity of 3.1
nm, and the second with a periodicity of 2.8 nm (see Figure 4.17 (b)). The XANES spectrum
further confirms in Figure 4.17 (c) that the despite what was previously reported,” '** SDS also
generates zinc hydroxide, and not zinc oxide, at room temperature. Annealing to 150 °C, in this
case, however, leads to a complete collapse of the nanostructure and the lamellar ordering is no
longer retained. These results are consistent with the formation of layered zinc hydroxide in an
aqueous solution of SDS at room temperature reported when using a pulsed-laser ablation

synthesis rather than electrodeposition.'” As reported by the authors, annealing to 150 °C was
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Figure 4.16. WAXS spectra of electrodeposited hybrid film of 0.05 wt% PyBA in 1:1 (v/v)
H,O/DMSO 0.02 M Zn(NO3); solution before and after annealing. Asterisk indicates peak due
to ITO substrate.
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Figure 4.17. (a) Chemical structure of SDS. (b) SAXS spectra of electrodeposited hybrid film
with SDS before and after heat treatment. (¢) XANES spectra of Zn(OH), powder standard and

of electrodeposited hybrid film with SDS and no heat treatment.
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also required with that synthetic approach for conversion, leading to a collapse of the overall
nanostructure.'®

For a more direct comparison to the PyBA, dodecanoic acid, which also has a carboxylic
acid end group, but again lacks a conjugated moiety (see Figure 4.18 (a)) was also tested. At
0.05 wt%, the dodecanoic acid was near its solubility limit in water. The SAXS spectrum of the
as-deposited hybrid film reveals a number of peaks (see Figure 4.18 (b)). These peaks could be
indexed to three separate lamellar phases. While the peaks do not match the indexing of any
common cubic phases, it is possible that a higher ordered cubic phase is instead generated.
Nonetheless, most of the peaks disappear at 150 °C, and at 200 °C, only the 1.5 nm peak is
present. This result suggests that while the carboxylate binds more strongly to the growing
inorganic phase compared to sulfate, the 7t-t conjugation stacking is crucial to the stability of the
overall nanostructure and thermal robustness of the hybrids formed.

4.5.2 Influence of alkyl chain on overall assembly

When the alkyl tail of the PyBA was eliminated and the shorter-length and more rigid
surfactant, pyrenecarboxylic acid (PyCA), was used, platelet nanostructures with lamellar
ordering were also generated (see Figure 4.19). The decrease in the extended length of the
surfactant (0.9 nm) also resulted in a decrease in the periodicity of the lamellae (2.5 nm).
Annealing to 150 °C also led to a disappearance in the higher order lamellar peaks and an
increase in the first-order peak width. Film deposition was slower, however, which may be
attributed to a difference in the pKa value of PyCA compared to PyBA since the driving force

for deposition is an increase in the local pH of the solution.
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hybrid film with dodecanoic acid before and after heat treatment.
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Figure 4.19. (a) Chemical structure of PyCA molecule. (b) SAXS spectrum of electrodeposited
hybrid film from 0.05 wt% PyCA in 1:1 (v/v) HO/DMSO 0.02 M Zn(NOs3); solution. (¢) SEM
image of platelets generated.
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4.5.3 Structural characterization with thiophene moieties
Because both pyrene and ZnO absorbs in the UV range, it is necessary to substitute the
pyrene chromophore with one that absorbs in the visible range in order to capture a larger region
of the solar spectrum. In addition, a moiety that absorbs at lower energies that ZnO will allow
the study of the influence of the organic substituent on the conducting properties of the hybrid
materials Thiophene derivatives have previously been used with ZnO in the design of hybrid

solar cells.'*®

To first confirm that hybrid lamellar ordering could be attained by simply
changing the chromophore segment, a terthiophene carboxylic acid (3T-CA) was tested (see
Figure 4.20 (a)). As expected, lamellar ordering was obtained with a slight increase in the
periodicity (4.0 nm) due to an increase in the extended molecular length (1.3 nm). The presence
of sulfur in the organic chain allowed for EDS analysis to be performed. Remarkably, a
periodicity is observed in the zinc profile (see Figure 4.21) that closely matches that of the
lamellar periodicity. The atomic ratio of S:Zn is determined to be 1.77:1 (+/- 0.16). This
corresponds to an average of 0.59 (+/- 0.05) 3T-CA molecules per 1 atom of zinc.

Based on the results of the terthiophene derivative, a thiophene moiety with an absorption
beyond 400 nm was targeted for future photovoltaic testing. For this purpose, the dicarboxylic
acid 3-methyl-quinquethiophene (5T-DCA) bolaamphiphile was synthesized with details of the
synthesis described in detail in Appendix 1.3 (see Figure 4.22). The 5T-DCA was synthesized as
a bolaamphiphile in order to aid in the solubility of the quinquiethiophene segment. In addition,
the carboxylic acids were added to the ends of the conjugated block because attempts at

electrodepositing nanostructures from surfactants that were mid-functionalized proved

unsuccessful. Due to the presence of two binding sites, the concentration of surfactant was
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electrodeposited hybrid film from 0.05 wt% 3T-CA in 1:1 (v/v) HO/DMSO 0.02 M Zn(NOs),

solution. (¢) TEM image of lamellae generated.
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Figure 4.21. (a) EDS line spectrum along hybrid lamellae of electrodeposited film from 3T-CA
and (b) TEM image showing line profile used.
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proportionally decreased by a factor of two. Lamellar ordering is attained, as characterized by
SAXS and STEM in Figure 4.23, with a periodicity of 2.5 nm. The smaller spacing is attributed
to the fact that the organic region is composed of single layers, as opposed to bilayers when only
one binding site existed. In this case, the inorganic phase binds to both ends of the surfactant. In
addition, the greater atomic number of sulfur leads to less contrast difference between the
organic and inorganic domains. EDS analysis of the average of 10 random lamellar sheets
yielded a S:Zn atomic ratio of 3.04 : 1 (+/- 0.17) This corresponds to an average of 0.61 (+/-
0.03) molecules of ST-DCA per 1 atom of Zn. Interestingly these numbers are statistically the
same as the ones obtained for 3T-CA. This ratio of molecules is greater than the density of
molecules in the a-Zn(OH), crystal structure stoichiometry (Zns(OH)s(NO3),).

4.6 Optical and Electronic Properties of Hybrid Nanostructures

As a preliminary investigation of the optical and electronic properties of the hybrid
nanostructures, the effects of the annealing process were studied. Specifically, I-V
measurements were made on both the as-deposited hybrid film at room temperature and
subsequently upon annealing to 150 °C and conversion of the Zn(OH), phase to ZnO (see Figure
4.24). A significant increase in the conductivity is observed with this conversion. In addition,
the fluorescence of the pyrene is quenched by two orders of magnitude (see Figure 4.25), as is
evident when illuminating a device with UV light. As shown in Figure 4.26, the ZnO phase is
further observed to be photoconductive in the hybrid nanostructure. Preliminary photovoltaics
measurements displayed relatively weak performance due in large part to lack of a sufficient
electron-blocking layer to prevent shorting by sufficiently coating the ZnO so that the top metal

layer contacts the organic surfactant without contacting the ZnO. The use of P3HT is currently
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Figure 4.23. (a) SEM image of platelet structures generated by electrodeposited hybrid film
from 0.025 wt% 5T-DCA in 1:1 (v/v) HO/DMSO 0.02 M Zn(NO3); solution. (b) SAXS
spectrum indicating lamellar ordering. (¢) STEM image of lamellae generated.
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being investigated as an electron-blocking layer and device fabrication being optimized for
testing of both the PyBA and the ST-DCA hybrids.

4.7 Summary and Outlook

The growth of dense, high-aspect-ratio features of hybrid electronically active materials
consisting of alternating layers of n-type inorganic and p-type organic layers is a promising
target for photovoltaics. Toward this goal, self-assembled lamellar nanostructures of n-type ZnO
sheets separated by sheets of p-type organic surfactants attached to carboxylic acid end groups,
have been attained. Annealing to 150 °C is necessary to convert the as-deposited lamellar sheets
of Zn(OH), intercalated with the organic surfactants into ZnO via water loss. Remarkably, the
lamellar ordering is still present with the ZnO phase upon this conversion. The conjugated
aromatic p-type segment is discovered to not only be important for further optical applications,
but also in the retention of the lamellar ordering upon conversion to ZnO. The use of non-
conjugated surfactants resulted in a collapse of the nanostructure when annealed. Furthermore,
preliminary electrical measurements show that the ZnO sheets formed are electronically active
and photoconductive. This approach is also successful in optimizing the properties of the
organic moiety by simply changing the chemical identity. This methodology should be capable
of being extending into a wide array of hybrid vertically oriented lamellar materials comprised of
conducting n-type inorganic and p-type organic layers. The challenge now is in growing these
alternating n-type and p-type layers so that they lie perpendicular to the electrode, creating
continuous pathways for charge transport and collection (see Figure 4.27). We postulate that we
can achieve such vertically oriented growth when there is a high density of growing crystallites

for two possible reasons. First, the rate of electrochemical deposition is influenced by the flux of
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precursor molecules to the growing liquid-solid interface. Crystallites having a growth direction
oriented perpendicular to the substrate should see a greater flux of unreacted precursors during
growth, and consequently grow faster and larger. Second, crystallites that are oriented in an off-
vertical direction will eventually collide with another growing crystallite and either terminate or
reorient. These two effects have been shown to play a role in ZnO nanowires."*"'**

4.8 Experimental

Oligothiophene amphiphiles were synthesized by David Stone and Weiwen Tsai of the
author's laboratory. Characterization of the hybrid films was carried out in collaboration with
Dr. Joshua Goldberger, also of the author's lab, who performed device measurements and some
of the structural characterization.
4.8.1 Organic surfactant synthesis

The terthiophene carboxylic acid (3T-CA) amphiphile was synthesized by Weiwen Tsai,

of the author's laboratory, by a procedure adapted from the literature.'*

The dicarboxylic acid 3-
methyl-quinquethiophene (5T-DCA) bolaamphiphile was synthesized by David Stone, of the
author's laboratory, as described in Appendix 1.3 (Figure 4.23). The remaining surfactants used
were all commercially available. 1-Pyrenebutyric acid (PyBA) (97% purity) and dodecanoic
acid (99% purity) were purchased from Aldrich. 1-Pyrenecarboxylic acid (PyCA) (98% purity)
was purchased from Alfa Aesar and sodium dodecyl sulfate (SDS) (ultrapure bioreagent) was
purchased from J.T. Baker.

4.8.2 Electrochemical synthesis

The electrochemical syntheses were run on a computer controlled EG&G Princeton

Applied Research potentiostat model 263A using a conventional three-electrode set-up in an
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undivided cell. For device measurements, the working electrodes used were 2.0 cm® glass
substrates with pre-patterned indium-doped tin oxide (ITO) (140 nm thick, ~50 Q sheet
resistance, Kintek). Substrates were cleaned prior to use by gently scrubbing with a 2% alkinox
soap solution using a cotton swab, rinsing with water (Millipore Milli-Q-purified, 18.3 MQ cm)
three times, and UV-zone treating for 20 minutes. For all other characterization, the working
electrodes used were 2.5 cm x 2 cm ITO-glass (120 nm thick, ~100 Q sheet resistance, Applied
Thin Films) or FTO-glass (TEC#8/3, ~9Q sheet resistance, Hartford Glass). Substrates were
cleaned prior to use by sequential ultrasonication (10 min. each) in acetone, isopropanol, and 2%
alkinox soap solution. Rinsing in water (Millipore Milli-Q-purified, 18.3 MQ cm) was followed
by a 15 sec. dip in 5SM HCl and subsequent rinsing in water. Substrates were then dried under a
stream of dry N,.

Solutions were prepared by dissolving 1.5-3.0 mg of surfactant in 6 mL of 0.02 M zinc
nitrate hexahydrate (Zn(NO);*6H,0) (98% purity, Aldrich) in a glass cell vial (BAS Inc. model
MF-1082). Solutions, therefore, consisted of 0.025-0.05 wt% surfactant. To remove all trace
metal and organic impurities, the cell vials were cleaned in an aqua regia solution ((3:1 (v/v)
HCI/HNO,) for 15 min., rinsed three times with water (Millipore Milli-Q-purified, 18.3 MQ cm),
dried under a stream of dry N,, and stored in an oven at 110 °C to remove residual water. Unless
otherwise noted, the zinc nitrate solution was a 1:1 (v/v) mixture of DMSO/H,0. The water used
was purified by a Millipore filtration system to a resistivity of 18.3 MQ cm. Solutions were
ultra-sonicated to insure full mixing of the surfactant into the electrolyte solution. Prior to

electrodeposition, solutions were purged for 20 min. with Ar under constant magnetic stirring at

80 °C.
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Unless otherwise noted, the following electrodeposition procedure was used. Working
electrode substrates were placed upright in the glass cell vial not touching but within 2.5 cm (vial
diameter) from the counter electrode (1.0 mm diameter-Zn wire (99.9997% purity, Alfa Aesar))
and the reference electrode (Ag/AgCl in a 3 M NaCl solution (BAS Inc. model RE-5B)). To
prevent solvent evaporation during deposition, all three electrodes were inserted into the cell vial
through the three openings of a teflon cell top (BAS Inc. model MR-3750). Deposition was
achieved potentiostatically at -0.9 V for 30 min.-24 hr., depending on the growth time. The cell
vial was kept under constant magnetic stirring at 80 °C throughout the deposition. All deposited
films were rinsed by water and ethanol and then dried under a stream of dry N,. For
temperature-dependent studies, unless otherwise noted, deposited films were subsequently
annealed under N, for 12 hr. at the designated temperature.
4.8.3 Synthesis of powder standards

ZnO nanoparticles (99.999%, Nanotek) as a standard for FT-IR, powder XRD, and
XANES measurements were purchased from Aldrich. Layered a-Zn(OH); and B-Zn(OH);
standards were synthesized from the procedure reported by Ogata et al.'*® All solutions were
prepared using DI H,O (18.2 MQ) that was degassed by bubbling Ar for 1 hr. Two 60 mL 0.17
M aqueous solutions of Zn(NO);*6H,0 (99.9% purity, Aldrich) were prepared. The solutions
were stirred at 5 °C while either 36 mL or 60 mL of a 0.23 M NaOH solution was prepared to
synthesize either a-Zn(OH), or B-Zn(OH),, respectively. Both solutions were stirred at 5 °C for
1 hr. and cloudy white suspensions were obtained. The products were filtered, washing three
times with HO. The resulting precipitates were dried at room temperature for 24 hrs. The 3-

Zn(OH), sample was annealed at 60 °C for 4 hr. Small and wide-angle XRD analysis showed a
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homogeneous single phase of the a-Zn(OH); nitrate derivative (actual stoichiometry:
Zns(OH)s(NO3),+2H,0)" for the a-Zn(OH), synthesis procedure. The p-Zn(OH), product
showed trace impurity reflections (Intensity < 5%) that could be assigned to the 8-Zn(OH),
phase. The 0-Zn(OH); structure is thought to be a H,O intercalated version of the layered {3-
Zn(OH),, exhibiting the same Zn coordination environment."”' Therefore, the presence of trace
d-Zn(OH), impurities is not expected to interfere with the XAS measurements.

4.8.4 Electron and optical microscopy

SEM was performed on a Hitachi S-4800-II cFEG, a LEO Gemini 1525 sFEG, and a FEI
Quanta sFEG operating at 5-25 kV. Images were captured by a CCD camera.

TEM samples were prepared on lacey formvar/carbon 300 mesh Cu grids (Ted Pella,
Inc.) by gently contacting the grid with the carbon-coated side face down over the deposited film
for transfer. Grid coverage was inspected with an optical microscope. Samples were imaged at
200 kV on a JEOL JEM-2100F TEM. Images and electron diffraction patterns were recorded
using a Gatan CCD camera. Electron diffraction patterns were calibrated against a gold
standard, and measured digitally in Adobe Photoshop. EDS line and map scans were performed
using the Inca Software.

Optical microscopy images were prepared using a Nikon Eclipse ME600 microscope and
attached CCD camera.
4.8.5 X-ray scattering

XRD patterns were recorded using a Rigaku ATX-G X-ray diffractometer at an operating

power of 50 kV and 240 mA with a CuKa. (8.05 keV, 1.54 A) source.
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4.8.6 FT-IR spectroscopy

Approximately 5 mg of ZnO and PyBA standard powders were ground for 10 min. in a
mortar and pestle with 0.5-1.0 g of KBr salt and pressed into a 7 mm diameter pellet. For PM-
IRRAS measurement, samples were electrochemically deposited onto a 100 nm Ag thin film
thermally evaporated onto a 3 in. x 1 in. glass slide that was O, RIE-cleaned (5 min. on both
sides at 100 W, 50 sccm O»).

Measurements were made using a Thermo Nicolet, Nexus 870 FTIR spectrometer. The
FTIR data was collected at 4 cm™' resolution in transmission mode for the ZnO and PyBA
standards, and in polarization modulation-infrared reflection-absorption spectroscopy (PM-
IRRAS) mode for the electrodeposited films. 128 and 1024 scans were collected and averaged
for each transmission and PM-IRRAS spectrum, respectively. PM-IRRAS spectra were recorded
at grazing incidence reflection mode using a tabletop optics module (TOM). The spectrometer
and TOM were purged with nitrogen gas, and the incident angle of the polarization-modulated
light was set to 80° relative to the surface normal.
4.8.7 X-ray absorption spectroscopy

XANES/EXAFS measurements were carried out at the 5-BM-D beam line of the APS
using an Oxford-Danfysik ion chamber to monitor the incident beam intensity and a 13 element
Ge solid state detector to detect the Zn Ko fluorescence. The monochromater consisted of two
Si(111) crystals. Samples were measured in fluorescence mode and mounted at a 45° angle from
the detector with an incident slit of 2 mm x 5 mm (v x h). Powder standards were smeared onto
a piece of scotch tape and measured in transmission mode. The energy was calibrated using a Zn

reference foil spectrum. All spectra were merged, background-subtracted and normalized to
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maximum absorption using Athena, Version: 08.53 (Bruce Ravel, U. Chicago, 2007).
4.8.8 Photoluminescence spectroscopy

Photoluminescence spectra were measured using a Horiba Jobin-Yvon (Edison, NJ)
Nanolog-3 fluorimeter with band pass slit widths set to 0.5 nm (excitation) and 1 nm (emission).
Samples were mounted at an angle of 60° from the detector to minimize direct scatter of the
excitation beam into the detector. The same area of the samples was measured before and after
annealing.
4.8.9 Conductivity measurements

For direct conductivity measurements, after the ZnO/PyBA active layer was
electrochemically deposited onto the pre-patterned ITO anode substrate, a photoresist protective
layer (PMMA, Microchem Corp.) was spun-cast onto the sample and dried under vacuum for 4-
24 hr. to remove solvent to prevent shorting between the top metal and bottom ITO electrode.
The substrates were then RIE cleaned in 50 sccm O, at 100W for 1 min, and immediately loaded
into an electron beam evaporator equipped with a substrate temperature monitor. For the top
electrode, 400 nm/150 nm (Ti/ Ag or Al) contacts were evaporated through a shadow mask. The
maximum temperature of the substrate during evaporation was 61 °C.

Two probe conductivity measurements were collected using a Keithley Source Meter
measurement setup. A homebuilt substrate holder with Au-coated spring pins was used to clamp
the substrate and contact the two electrodes. For photoconductivity measurements a handheld

365 nm UV light source was used to irradiate the substrate.
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Concluding Remarks
Molecular self-assembly and supramolecular chemistry offer a facile and powerful means
of achieving organic-inorganic hybrid materials with long-range nanoscale ordering by
mineralization of the inorganic using amphiphilic organic molecules as templates. In this work,
electronic function is added to the organic phase by using amphiphiles containing electronically-
active aromatic oligomers in the mineralization and growth of inorganic phases of ZnO and
silica. When investigating the self-assembly of the organic phase alone, our results demonstrate
that for amphiphilic organic semiconductors containing hydrophilic, non-ionic poly(ethylene
glycol) (PEG), the amphiphilicity and structural dominance of the PEG can provide critical
control over the aggregation and exciton migration of the chromophores. In addition, we
demonstrate that electronically active amphiphiles containing either cationic or anionic head
groups can be employed to rationally design hybrid nanostructures with long-range periodicities.
The hybrid nanostructures generated from the electrodeposition of ZnO, in particular, hold
special promise for use in photovoltaics as the dimensions of the nanoscale lamellar domains (3-
4 nm) generated meet the spatial demands for efficient exciton splitting and charge transport.
Most importantly, the discovery is made in this dissertation that the aromatic segment in the
organic phase not only adds a second conductive and electronically active component, but also
serves to thermally stabilize the overall nanostructure and convert the mineralized inorganic
phase Zn(OH), to the desired ZnO. In previous examples in the literature using non-conjugated
amphiphiles for electrodeposition of hybrid nanostructures, overall ordering collapsed upon
annealing for the necessary conversion of the inorganic phase into ZnO at 150 °C.

Consequently, the methodology, described here, can now be applied to a wide variety of
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electronic applications in addition to photovoltaics by simply modifying the aromatic conjugated

segment of the organic moiety, the identity of the inorganic phase, or both.
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APPENDIX ONE

Synthesis of Oligothiophene Amphiphiles
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APPENDIX 1. Synthesis of Oligothiophene Amphiphiles
All oligothiophene amphiphiles were synthesized by David Stone of the author’s

laboratory, according to the following procedures. Unless otherwise noted, all starting materials
were obtained from commercial suppliers and used without further purification. "H NMR and
3C NMR spectra were recorded in a Varian Inova 500 (500 MHz for 'H and 120 MHz for °C
NMR) spectrometer using the solvent proton signal as standard. Mass spectra were obtained on
a Micromass Quattro II atmospheric pressure ionization (API) triple quadrupole mass
spectrometer. Matrix-assisted laser desorption ionization-time-of-flight mass spectrometry

(MALDI-TOF MS) was performed on an Applied Biosystems Voyager-DE Pro.
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Appendix I.1. Synthesis of Quinquethiophene-PEG (5T-PEG-24) Amphiphile
2-octadecyl-5-(thiophen-2-yl)thiophene (9).

In a flame dried flask, 2,2’-bithiophene (3.0 g, 18 mmol) was dissolved in anhydrous
THF (150 mL) and cooled to 0 °C. n-Butyl Lithium in a 2.5 M solution in cyclochexane (7.2
mL) was added drop wise to the solution. The reaction was stirred for 30 minutes. Then 1-
bromooctadecane (7.3 g, 22mmol) in 20 mL dry THF was added drop wise into the reaction mix.
The reaction was warmed to room temperature and stirred for 16 hr. The reaction was quenched
with water and then extracted 3x with sat. NaCl (aq). The organic layer was dried with Na,SO4
and concentrated. The crude product was purified by column chromatography (silica gel;
chloroform/hexanes, 10/90) and recrystalied from CHCIl3;/MeOH to yield 4.19 g (47%) the
desired product as a yellow solid. . 'H NMR (CDCls, ppm): & 7.18 (d, 1H, J= 5.0 Hz), 7.11 (d,
1H, J=3.5 Hz), 7.01-6.99 (m, 2H), 6.68 (d, 1H, J= 4.0 Hz), 2.80 (t, 2H, J=8), 1.69 (qn, 2H, J
=8 Hz), 1.39-1.23 (m, 30H), 0.90 (t, 3H, J = 6.5 Hz).
2-bromo-5-(5-octadecylthiophen-2-yl)thiophene (10).

To a solution of 9 (3.0 g, 6.0 mmol) in DMF (250 mL) was added NBS (1.3 g, 6.6 mmol)
was added over 4 hrs at 0 °C. The reaction stirred in the dark for 16 hr while warming to room
temperature. To remove the solvent, the reaction was diluted in CHCl; and extracted 6x with 5%
citric acid (aq). The organic layer was dried with Na,SO4 and concentrated to yield 3.49 g (92
%) of the desired product. '"H NMR (CDCls, ppm): & 6.95 (d, 1H, J = 4.0Hz), 6.92 (d, 1H, J =
3.0 Hz), 6.84 (d, 1H, J=4.0 Hz), 6.67 (d, 1H, J=3.5 Hz), 2.78 (t, 2H, J= 7.5 Hz), 1.68 (qn, 2H,

J=8.0Hz). 1.23-1.38 (m, 30H), 0.90 (t, 3H, J= 7 Hz).
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2-octadecyl terthiophene (11).

A solution of 10 (2.0 g, 4.0 mmol) and 2-(Tributylstannyl)thiophene (1.5 g, 4.0 mmol) in
DMF (50 mL) was sparged with N gas for 20 minutes. Tetrakistriphenylphosphine
palladium(0) (50 mg) was added to the solution. After stirring at 100 °C for 16 hours, the
reaction was cooled to room temperature. The reaction mix was diluted with chloroform and
extracted three times with 5% citric acid (aq). The organic layer was dried over Na,SO4 and the
solvent was removed in vacuo. The crude product was recrystalized from CHCl3/MeOH to yield
1.32 g (66%) of the desired product as a yellow solid. 'H NMR (CDCls, ppm): 8 7.22 (d, 1H, J =
5.0Hz), 7.17 (d, 1H, J= 3.5 Hz), 7.07 (d, 1H, J=4.0 Hz), 7.03 (t, IH, J=4.5 Hz), 7.01 (d, 1H, J
=3.5 Hz), 7.00 (d, 1H, J=4.0 Hz), 6.70 (d, 1H, J= 3.5 Hz), 2.80 (t, 2H, J= 7.5 Hz), 1.69 (t,
2H, J=17.5 Hz), 1.23-1.39 (m, 30H), 0.90 (t, 3H, J = 7.0).
2-octadecyl-5-tributylstannyl terthiophene (12).

A solution of 11 (0.14 g, 0.28 mmol) in THF (40 mL) in a flame dried flask was cooled to
-78 °C in a dry ice/acetone bath. To the solution n-butyl Lithium in a 2.5 M solution in
cyclochexane (0.14 mL) was added drop wise to the solution. The reaction was stirred for 30
minutes, then Tributyl tin chloride (0.11g, 0.33 mmol) was added. After stirring for 16 hr, the
reaction was diluted with hexanes and extracted 3x with sat. NaCl (aq), dried with Na,SO,, and
concentrated to give the desired product. The product was used in the next step with out
purification.
S5T-PEG-24 (13).

A solution of 12 (0.22 g, 0.28 mmol) and 8 (0.32 g, 0.23mmol) in DMF (50 mL) was

sparged with N, gas for 20 minutes. Tetrakistriphenylphosphine palladium(0) (50 mg) was
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added to the solution. After stirring at 100 °C for 16 hours, the reaction was cooled to room
temperature. The reaction mix was diluted with chloroform and extracted three times with 5%
citric acid (aq). The organic layer was dried over Na,SO4 and the solvent was removed in vacuo.
The crude product was purified by column chromatography (gradient CHCI; to CHCl3/5%
MeOH to yield 0.40 g (80%) of the desired product as a red solid. "H NMR (CDCls, ppm): &
7.73 (d, 1H, J=4.0 Hz), 7.21 (d, 1H, J=4.0 Hz), 7.15 (d, 1H, J=4.0 Hz), 7.16 (ap, 2H, J=4.0
Hz), 7.08 (/=4.0 Hz), 7.02 (d, 1H, J= 3.5 Hz), 7.01 (d, 1H, J= 3.5 Hz), 6.70 (d, 1H, J=3.5
Hz), 4.46 (t, 2H, J=2 Hz), 3.83 (t, 2H, J = 5 Hz), 3.55-3.75 (m, 94H), 3.91 (s, 3H), 2.80 (t, 2H, J

=17.5), 1.69 (qt, 2H, J = 7.5 hz), 1.22-1.41 (m, 30H), 0.89 (t, 3H, J = 7 Hz).
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Appendix L.2: Synthesis of Cationic Quaterthiophene Bolaamphiphile
5-Bromo-2-thiophene methanol (5).

5-bromo-2-thiophene carboxaldehyde (7.23 g, 39 mmol) was dissolved in dry THF (100
mL). The solution was cooled to 0°C. Lithium aluminum hydride in a 1 M solution of THF (12
mL, 12 mmol) was slowly dripped into the solution. The reaction was stirred at O °C for 10 min.
Water (7 mL), aqueous 2M NaOH (7 mL), and then water (21 mL) was added and allowed to stir
for 20 min. during which time a gray precipitate was observed to form. The precipitate was
filtered off, and the resulting solution was evaporated, dissolved in dichloromethane, and dried
with MgSO,. The solution was evaporated to give 6.63 g (34 mmol, 88% yield) of 5 as a black
oil. '"HNMR (CDCl,, ppm): 6 6.90 (d, 1H, J = 3.5 Hz), 6.72 (d, 1H, J = 4.0 Hz), 4.68 (s, 2H),
2.58 (s, 1H). "C NMR (120 MHz, CDCl,): 6 145.8, 129.8, 125. 9, 112.4, 60.2.
(5-bromothiophen-2-yl)methyl methanesulfonate.

A mixture of compound 5 (3.0 g, 15.5 mmol), triethylamine (2.26g, 23.3 mmol), and
methanesulfonyl chloride (2.13 g, 18.6 mmol) in 150 mL of dichloromethane was stirred
overnight at room temperature. The solution was extracted twice with HCI (2 M) and once with
saturated NaCl. The organic layer was dried with MgSO,, filtered, and concentrated in vacuo to
give the product as a brown oil (3.60 g, 85% yield). 'H NMR (CDCl,, ppm): 6 6.92 (d, 1H, J =4
Hz), 6.85 (d, 1H, J=4.5 Hz), 4.72 (s, 2H), 3.69 (s, 3H).
2-((5-bromothiophen-2-yl)methoxy)-N,N-dimethylethanamine (6).

In a dry flask, NaH (0.76 g, 31.8 mmol) was added to 100 mL of dry THF. The solution
was cooled to 0 °C. 2-(Dimethylamino)ethanol (2.83 g, 31.8 mmol) was added and the mixture

was stirred for 30 min. 5-bromothiophen-2-yl)methyl methanesulfonate (3.60 g, 13.3 mmol)
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dissolved in 20 mL dry THF was dripped into the solution and let stir at room temperature
overnight. The reaction mixture was diluted with dichloromethane and washed three times with
2 M HCI. 4 M NaOH was added to the aqueous layer until a white precipitate was obtained.
The aqueous layer was then washed three times with dichloromethane. The combined organic
layer was dried with MgSO, evaporated, and the crude product was purified by column
chromatography (silica gel; CH,Cl,/MeOH, 85:15) to give 6 (1.00 g, 28% yield) as a black oil.
'H NMR (CDCl,, ppm): 8 6.90 (d, 1H, J = 3.5 Hz), 6.73 (d, 1H, J = 3.5 Hz), 3.54 (t,2H, J= 5.5
Hz), 2.51 (t, 2H, J = 5.5 Hz), 2.26 (s, 6H). "C NMR (120 MHz, CDCL,): & 143.2, 129.5, 126.9,
112.6, 67.9, 58.9, 46.0. ACPI-MS m/z calculated for C,H,,BrNOS, 263.00; found, 263.99 (M").
2-(5-(5-5-5-((2-(Dimethylamino)ethoxy)methyl)tetrathiophene)methoxy)-N,N-
dimethylethanamine (7).

In a dry flask that was purged with nitrogen, compound 6 (0.77 g, 2.9 mmol), 5,5’-
bis(tributylstannyl)-2,2’-bithiophene (0.98 g, 1.3 mmol), tetrakis(triphenylphosphine)palladium
(0.0015 g, 0.013 mmol) was dissolved in 10 mL DMF. The mixture was degassed by three
freeze-pump-thaw cycles and then heated to 100°C overnight. The mixture was cooled to room
temperature and diluted with dichloromethane. The organic layer was extracted with saturated
NaHCO; three times, dried with MgSO,, and concentrated in vacuo. The crude product was
purified by column chromatography (silica gel; CH,Cl,/MeOH, 80/20) to give the desired
product (0.26 g, 39%) as a red solid. '"H NMR (CDCl,, ppm): 6 7.07 (m, 4H), 7.04 (d, 2H, J = 4
Hz), 6.92 (d, 2H, J=3.5 Hz), 4.69 (t, 4H, J = 6.0 Hz), 2.56 (t, 4H, J = 5.5 Hz), 2.30 (s, 12H).
C NMR not possible due to poor solubility. MALDI-TOF MS m/z calculated for C,,H;,N,0,S,

533.81; found, 533.89 (M + H").
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Cationic quaterthiophene (8).

Compound 7 (0.1 g 0.19 mmol) was dissolved in 20 mL of dry THF. A 2 M solution of
methylbromide in #-butyl methyl ether (5 mL, 10 mmol) was added and the mixture was stirred
for 1 day to room temperature. During the stirring a yellow-orange suspension was formed. The
suspension was filtered to give the desired compound quantitatively as a yellow-orange solid. 'H
NMR (DMSO-d,, ppm): 6 7.32 (d, 2H, J = 3.5 Hz), 7.29 (d, 2H, J = 4.0 Hz), 7.26 (d, 2H, J = 3.5
Hz), 7.09 (d, 2H, J =4.0 Hz), 4.73 (s, 4H), 3.90 (t, 4H, J = 5.0 Hz), 3.60 (t, 4H, J=5.0 Hz), 3.13
(s, 18H). "C NMR (DMSO-d,, ppm): 6 140.5, 135.9, 136.1, 135.4, 128.9, 126.0, 125.8, 124.6,

67.1,63.9, 53.7. ESI-MS m/z calculated for C,H,N,0,S,2"281.09; found, 281.49 (M),
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Appendix 1.3. Synthesis of Quinquethiophene Dicarboxylic Acid (ST-DCA) Bolaamphiphile
3-methyl-2,5-di(thiophen-2-yl)thiophene (1).

In a dry and degassed flask, a solution of 2,5-Dibromo-3-methylthiophene (1.0 g, 4.0
mmol) in DMF (40 mL) was added 2-(Tributylstannyl)thiophene (3.6 g, 9.6 mmol). The solution
was sparged with N; gas for 20 minutes. Following the N, sparge, tetrakistriphenylphosphine
palladium(0) (52 mg) was added to the solution. After stirring at 100 °C for 16 hours, the
reaction was cooled to room temperature. The reaction mix was diluted with chloroform and
extracted three times with 5% citric acid (aq). The organic layer was dried over Na,SO4 and the
solvent was removed in vacuo. The crude product was purified by column chromatography
(silica gel; chloroform/hexanes, 10/90) to yield 0.86 g (88%) of the compound as a yellow oil.

"H NMR (CDCls, ppm): & 7.32 (d, 1H, J = 5 Hz), 7.23 (d, 1H, J = 5 Hz), 7.19-7.18 (m, 2H), 7.10
(at, 1H, J =4 Hz), 7.04 (at, 1H, J = 4), 7.00 (s, 1H), 2.40 (s, 3H). >C NMR (CDCls, ppm): &
137.39, 136.59, 134.90, 134.79, 130.29, 128.15, 128.14, 127.76, 125.65, 125.38, 124.63, 123. 84,
15.79.

2,5-bis(5-(tributylstannyl)thiophen-2-yl)-3-methylthiophene (2).

A solution of 1 (0.30 g, 1.1 mmol) in anhydrous THF (30 mL) was cooled to -78 °C. n-
Butyl lithium in a 2.5M solution of cyclohexane (1.2 mL) was added and the reaction was stirred
for 1hr while warming to room temperature. Tributyltin chloride (0.94 g, 2.9mmol) was added
and the reaction stired for 16 hr at room temperature. The reaction was diluted with hexanes and
extracted 3x with sat. NaHCO; (aq), dried with Na,SO,, and used without purification in the next

step.
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tert-butyl S-bromothiophene-2-carboxylate.

To a solution of DMAP (0.86 g, 7.0 mmol), EDC (1.34, 7.0 mmol), tert-butanol (10 mL,
105 mmol) in dichloromethane (30 mL) was added 5-Bromo-2-thiophenecarboxylic acid (1.0g,
4.8 mmol). After stirring for 16 hr at room temperature, the solvent was removed. The mixture
was then dissolved in dichloromethane and extracted 3x with 2M HCI (aq) followed by 3x with
sat. NaHCO;. The organic layer was dried with Na,SO, and concentrated to yield 1.16 g (92%)
of the desired product as a clear oil. '"H NMR (CDCls, ppm): & 7.47 (d, 1H, J =4 Hz), 7.05 (d,
1H, J =4 Hz), 1.57 (s, 9H). ’C NMR (CDCls, ppm): & 160.62, 137.12, 133.12, 130.92, 119.56,
82.55, 28. 41.

Ditertbutyl ester 3-methyl-quinquethiophene (3).

In a nitrogen atmosphere, tert-butyl 5-bromothiophene-2-carboxylate (0.69 g, 2.6 mmol)
was added to a solution of 2 (0.84 g, 1.1mmol) in DMF (40 mL). The solution was sparged with
N for 20 minutes and tetrakistriphenylphosphine palladium(0) (57mg) was added. The reaction
stirred at 100 °C for 16 hr. The reaction mixture was cooled to room temperature, diluted with
chloroform, and extracted 3x with 5% citric acid (aq) to remove the DMF. After drying the
organic layer over Na;SQOy, the product was purified by column chromatography (silica gel;
chloroform/hexanes, 65/35) to yield 0.62 g (90%) of the desired product as a red-orange powder.
"H NMR (CDCls, ppm): & 7.64 (d, 1H, J = 4 Hz), 7.63 (d, 1H, J = 4 Hz), 7.24 (d, 1H, J = 4 Hz),
7.18 (d, 1H, J=3.5Hz), 7.18 (d, 1H, J=3.5Hz), 7.14 (d, IH, J=3.5Hz), 7.12 (d, 1H, J=4
Hz), 7.09 (ad, 2H, J = 4 Hz), 7.01 (s, 1H), 2.43 (s, 3H), 1.61 (s, 18H). °C NMR (CDCls, ppm):

0 161.56, 161.54, 143.22, 143.20, 137.41, 136.87, 136.31, 135.64, 135.56, 134.91, 134.00,
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133.82, 133.80, 130.42, 128.68, 126.36, 125.98, 125.63, 124.74, 123.94, 123.88, 82.21, 82. 20,
25.50, 16.05.
Dicarboxylic acid 3-methyl-quinquethiophene (5T-DCA) (4).

In a solution 25 mL solution of dichloromethane and TFA (5:1) 3 (50 mg, 0.79 mmol)
was stirred at room temperature for 2 hours. The solvent was removed and the product was
washed 3x with methanol and dried to yield 37 mg (92%) the desired product as a red solid. 'H
NMR (CDCl3, ppm): 6 7.68 (d, 1H, J=1.5), 7.67 (d, 1H, J=1.5), 7.52 (d, 1H, J=3.5), 7.48 (d,
1H,J=4),7.41(d, 1H,J=4),7.39(d, 1H, J=4),7.35 (d, 1H, J=3.5), 7.31 (s, 1H), 7.28 (d,

1H, J = 4), 2.39 (s, 3H).
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APPENDIX TWO

X-ray Data Analysis and Fitting
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APPENDIX Il. X-ray Data Analysis and Fitting
11.1. GIXS Conversion from Reciprocal Space Geometry to Direct Space.

Data files were collected as 2D CCD images in Fit2D, Version: V12.014 (Andy
Hammersley, ESRF). The diffraction spot (X,z) positions are first converted from pixel units to
mm units from the direction beam position (X_dir_beam_pos, z_dir_beam_pos) and the pixel
length of the MAR camera (pixel_length) using the equations below derived from Figure II.1.
x(mm) = [(x _dir _beam pos) — (x _ pixel)] = (pixel _length) (IL.1)

z(mm) =[(z _ pixel) — (z _dir _beam _ pos)] = (pixel _length) (I1.2)

direct beam

(0,0) pixel

Figure 11.1. Schematic of CCD frame of raw data used to convert from pixel distances to mm.

The center of the direct beam is corrected from the theoretical calculation of the AgBe powder
standard. The plane of the CCD image is perpendicular to y and a distance D downstream from

the sample/diffractometer. The incidence beam intersects at x=0, y=0. To convert from
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reciprocal space to direct space, the scattering vectors Qn and Qy are calculated from the (x,z)
position obtained. The equations below are derived from Figure 11.2, which shows the left-hand
quadrant of the CCD images. The same conversion is used for the right-hand quadrant where the

position X is positive instead of negative.

incident
X-rays

ky
o

Zincident

Figure 11.2. Schematic of scattering vectors obtained from experimental set-up in reference to
left-hand quadrant of CCD image.

Qy(A” o 2% sin /3 (11.2)
|
Q4 (A'l)=2%[2(1—cosacosﬂ)—sin2 ,B}A (I1.3)

Qn is composed of the vectors Qn x and Qn_y, which are defined as:
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Qy (A - 21/ sin arcos (IL4)

QH_y(A'l):—Z%[l—cosacosﬂ] (IL.5)

The angles « (incident) and £ (exit) in radians are defined as:

a(rad) = tan "} (%) (1L.6)

B(rad) = tan "} ( /JW) (11.7)

The d-spacings are finally calculated from the values of 26 in degrees, obtained by:

26(deg) =cos 1 {\/ > D2 > ] =C0S 1(cos acos f3) (I1.8)
D +x“+z
_A
d(A) = A i (IL.9)

In the CCD images reported in Chapter 3, Qn is labeled as the gy axis and Qy is labeled as the Q;

axis.
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11.2. Specular X-Ray Reflectivity Analysis and Fitting.
11.2.1 Specular X-ray Reflectivity Normalization
Specular XRR data are plotted as Log(R/Rg) vs. g(A™).
R(q) = 1(a)/1o (I1.10)
where 1(q) = the total reflected intensity; |, = the total incident beam intensity; and Rg= ideal

Fresnel reflectivity for glass assuming constant electron density and no surface roughness.

A [2 2
q,(A")=/a" —a%, (IL.10)

(A1) = @ (IL11)

Definitions: = scalar momentum transfer vector; o = incident beam angle; ¢ fc =0.0275 Alis
for the film refraction correction for the OPV; and A is the energy wavelength.

4 sin a

-1 c
A =— 12
qc( ) 0 (I1.12)

a
Q=+ -1t (IL13)
q o
C C

Definitions: q = 0.032 A for the Fresnel reflectivity for ideal float glass; @ =~ V28 .
c c

where ¢'is the dispersion constant and £ is the absorption constant of the refractive index.

22 ) .
N=l——=~rep+i—u=1-0+ip (11.14)
2 4

using glass substrates, /3= 0.0013 for A=1.54 A, and /5= 0.0058 for 1=1.00 A.



R. = == = (I1.15)
F 2 2
(ai+p+)2+p— Q+p/ +p32
ac ag
1 2
2 ot (2]
(I1.16)
el F o k)
—2ac \/Q 1) + s +1Q 1
1 2
SR () Pl e
(I1.17)

The equations above were derived from the literature.'>
11.2.2 Patterson Map

The patterson maps were obtained by using the following code in Matlab 7.1
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(Mathworks, Inc.). A gaussian function was first used to extend the data of R/Rg to g(A™) =2,

and then R/Rg was inputted as an ascii file in column form,
function patterson
R N =load('filename.m', '-ascii');

% line(R_N(:,1),R_N(:,2),...
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% 'LineStyle','none','color','r','Marker','0’,...
% 'MarkerFaceColor','none','MarkerSize',6);
% set(gca, '"Yscale', 'log")
R N Y=R N(,2);
FTR N =ifft(R_ N_Y);
Abs = FTR_N.* conj(FTR _N);
plot(Abs,'color','b','LineWidth',2)
%plot(real(FTR _N),'color','b','LineWidth',2)
ylabel('FFT','FontSize',12,'FontWeight','bold");
xlabel('Z','FontSize',12,'FontWeight','bold");
set(gca, "Yscale', 'log")

save('FFT _filename', 'Abs', -ascii')
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