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Abstract

Supramolecular rosette nanotubes (RNTs) are obtained by the hierarchical self-assembly of
mono and twin GAC building blocks. The mono GAC motif is a fused bicyclic ring of
guanine and cytosine with six self-complementary sets of hydrogen bonding sites, while the
twin GAC motif is a covalently linked dimer of two mono GAC motifs. The modification of
GAC motifs with various functional groups offers an attractive pathway to build surface-
functionalized RNTs for different applications.

To explore the potential applications of RNTs in the field of organic optoelectronics,
three porphyrin- and three oligothiophene-functionalized GAC modules were synthesized.
The solubility, self-assembly ability and optical properties of these building blocks were
tuned by chemical modification. The porphyrin-mono GAC module GAC-Por 1 formed
long RNTs in MeNO, with a moderate solubility. The porphyrin-twin GAC modules
(GAC),-Por 2 and (GAC),-Por 3 both displayed good solubility and self-assembly ability
in the mixed solvent of 1,2-DCB and MeOH. The porphyrin groups on the RNTs were
identified as J-type aggregates in all cases. In comparison, the terthiophene-twin GAC
module (GAC),;-3T did not form well-dispersed nanostructures in most organic solvents
due to the poor solubility. The sexithiophene-mono GAC module GAC-6T displayed a
good solubility in 1,2-DCB and DCM but the self-assembly ability was found to be poor.
The sexithiophene-twin GAC module (GAC),-6T displayed a good solubility in nonpolar
solvents and formed well-dispersed long RNTs. The oligothiophene units on the RNTs

were identified as H-type aggregates upon the formation of RNTs.



These porphyrin- and oligothiophene-functionalized GAC RNTs were characterized by
SEM, TEM, AFM and STM. The diameters of the individual RNTs were measured to be in
the range of 4-8 nm, which were in good agreement with the values from the molecular
modeling simulations. The length of the RNTs varied from a few hundreds of nanometers
to several micrometers, which was controlled by different self-assembly conditions. At high
concentrations, these RNTs formed interconnected networks alone or with PC¢;BM in the
mixed blends. In all the blended thin films of porphyrin-functionalized RNTs:PCsBM, the
fluorescence emissions of porphyrin groups were sufficiently quenched. The phase-
separated nanoscale morphology and sufficient photoinduced electron transfer in the
blended thin films are highly desired when spin-casting the active layers of bulk-
heterojunction organic photovoltaic (OPV) devices.

The HOMO and LUMO energy levels of the RNTs of GAC-Por 1, (GAC),-Por 2,
(GAC)y-Por 3 and (GAC),-6T were characterized by UPS and UV-Vis. The energy-level
alignments of all these materials and PC4;BM indicate they are potential electron donor-
acceptor pairs for OPVs. The I~V properties and conductivity of the thin films of these
functional RNTs were measured and were found to display significant improvements in
conductivity compared to the nonconductive unassembled counterparts. The conductivity of
the RNTs is comparable to those of the conducting polymers.

These RNTs may contribute to the repertoire of electron donor materials in solution-

processed OPVs and organic semiconductors.
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Dichloro[1,3-bis(diphenylphosphino)propane]nickel
N-iodosuccinimide
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Chapter 1

Pi-conjugated Supramolecular Assemblies for Organic Optoelectronics

1.1 Introduction
Although the discovery of electrical conduction in metals could be dated to 1752 when
Benjamin Franklin passed lightning through a metallic rod, it was not until the 1970s when
researchers began reporting on conducting organic aromatic compounds. Since then, the
field of organic electronics has attracted a surge of interest in both academia and industry.
In 1987, the first organic light-emitting diode (OLED) device using 8-hydroxyquinoline
(Alqs) as the electroluminescent film was reported by Ching W. Tang and Steven VanSlyke
from the Eastman Kodak Company.' In the same year, the first organic field-effect
transistor (OFET) device using a polythiophene thin film was reported by researchers from
Mitsubishi Electric Coorporation.” In 1991, the first dye-sensitized solar cell (DSSC)
device using organoruthenium dye was reported by Brian O’Regan and Michael Gritzel.’
In the middle of the 1990s, solution-processed polymer solar cells became popular since the
device performance was drastically improved by introducing the morphology of bulk
heterojunction (BHJ).* The merits of organic electronics were also emphasized by the 2000
Nobel Prize in Chemistry, which was awarded to Alan J. Heeger, Alan G. MacDiarmid and
Hideki Shirakawa for their discovery and development of conductive polymers.’

Compared to electronic devices based on inorganic or metallic materials, organic
electronic devices feature low-cost, highly flexible, light-weight and solution processable
properties. © As a major branch in the ensemble of organic electronics, organic

optoelectronics have been extensively studied along with the development of conducting



organic materials, simply because the efficient conversion of energy from sunlight to
electricity and the opposite form of converting electricity into high-output light are highly
demanded. A few organic optoelectronic devices have been commercialized and are
changing our lives. The most famous example would be the OLED displays, which are an
excellent alternative to the conventional cathode ray tube (CRT). Now OLED displays are
widely used as the high-power-efficiency screens in electronic devices such as smart
phones, laptops and televisions. Although the electroluminescence of organic materials has
been successfully commercialized, organic photovoltaics (OPVs) have not been employed
in real devices for light harvesting, as the power conversion efficiency (PCE) of the OPV
devices remains low compared to conventional silicon-based solar cells. Nevertheless,
silicon-based solar cells are heavy and inflexible, the fabrication process requires a high-
consumption of energy and is unfriendly to the environment, and the installation cost is
high. Thus, the development of low-cost and solution-processed OPV devices has garnered
a great deal of interest and enthusiasm in both academia and industry.

As mentioned above, the efficient BHJ morphology of the light absorption active layer is
the key to improve the OPV device performance, because the charge carrier (electron and
hole) mobility can be greatly improved when the materials are highly ordered in the active
layer.” However, organic compounds are generally amorphous and have a lack of ordering
in thin films. The exception to this case is liquid crystalline materials, which have been
used to enhance the performance of OPV devices because of high mesoscopic structural
organization. On the other hand, supramolecular self-assemblies have programmed orders
at all dimensions — from one-dimensional (1D) nanotubes and fibers, two-dimensional (2D)

sheets and layers, to three-dimensional (3D) metal- or carbon organic frameworks.® In



addition, all these supramolecular architectures are composed of elemental building blocks
— the monomers. The advantages of the supramolecular self-assembly strategy include 1)
relatively easy preparation of the building block, ii) commanded self-assembly with precise
programming from a molecular level, iii) generation of the most thermodynamically stable
supramolecular nanostructure, and iv) compatibility in favor of solution-processed devices.’
Hence, supramolecular nanoscale self-assembly is a powerful tool to impose well-defined
ordering to otherwise ill-defined organic materials. In fact, the emerging field of
supramolecular polymers has received significant attention for numerous applications.'®

In this chapter, an overview on how supramolecular assemblies were employed in
organic optoelectronics is presented, with the focus on OPVs. The natural light-harvesting
system in purple bacteria is also discussed, as it is a wealth of inspiration that has been
resorted to for the design of new OPV systems. Different types of constructions of OPV
devices are described, with the emphasis on the solution-processed devices featuring the

BHJ morphology. Finally, the self-assembly building blocks called the guanine—cytosine

(GAC) motifs and their applications are reviewed.

1.2 Light-harvesting complexes in photosynthetic bacteria

Plants, algae and photosynthetic bacteria can absorb light and transform the energy into
chemical energy by photosynthesis. In this process, the light reactions occur in
photosystems I and II (PSI and PSII) for all organisms performing oxygenic photosynthesis,
and in light-harvesting complexes LH1 and LH2 for bacteria that do not produce oxygen.
Nevertheless, all of these antennas are assemblies of proteins and self-organized pigment

arrays on the photosynthetic membranes.'' As the main light-harvesting pigments, all



chlorophylls (Chl) and bacteriochlorophylls (BChl) are structurally similar to porphyrins,
with the differences in the extent of the conjugation and substituents on the cores. These
pigments have different light absorption properties to adapt different organisms under

different light conditions.

Figure 1.1. AFM image of photosynthetic complexes in the photosynthetic membrane of
Rhodospirillum photometricum. Encircled are a LH1(green) and a LH2 (red). Scale bar: 10

nm. Figure adapted with permission from Ref. 12, © 2009 Elsevier.

In purple bacteria, both LH1 and LH2 are ring-shaped (Figure 1.1),'* and the protein
scaffolds position BChl molecules in a precise and specific arrangement to allow efficient
cooperation between the pigments in the array. X-ray analysis has revealed the two radial
arrays of Bchl a molecules in the well-resolved crystal structure of the LH2 complex of
Rhodopseudomonas acidophila. The LH2 complex is a double-walled concentric hollow
3

cylinder, with a height of 4.0 nm. The inner and outer diameters are 3.6 nm and 6.8 nm.'

Nine Bchl @ molecules locate between the helices of the transmembrane f-apoproteins to
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form the outer cylindrical wall, and they adopt the geometry in which their bacteriochlorin
planes are aligned parallel to the photosynthetic membrane surface. The lower array
consists of 18 Bchl a molecules sandwiched between the helices of the a- and p-
apoproteins in a more compact layout, and their bacteriochlorin planes are perpendicular to

the membrane surface (Figure 1.2).



Figure 1.2. (A and B) Models for the LH2 complex of Rhodopseudomonas acidophila
(viewed looking in a direction along the concentric axis perpendicular to the photosynthetic
membrane). Atom and helix colors: yellow/grey, C; green, Mg and a-apoproteins; cyan, /-
apoproteins; blue, N; red, O. The phytol chains of the BChl a molecules are removed for
clarity. (C) The ring-shaped arrays of the BChl a molecules in the LH2 complex in a tilted
side-view. The numbers indicate the center-to-center distances between the pigments. The
substituents on the core of the pigment are removed for clarity. Figure (A) and (B) adapted

with permission from Ref. 13¢, © 2006 Cambridge University Press.
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Figure 1.3. (A) Molecular structure of BChl a; (B) Absorption spectrum of BChl @ in 7:2

(v/v) acetone:methanol (top), and in vivo absorption spectrum of isolated photosynthetic

membranes from Rhodopseudomonas acidophila (bottom). Figure B adapted with

permission from Ref. 13¢, © 2006 Cambridge University Press.

The protein scaffolds are extremely important to tune the absorption spectra of the
pigments in the photosynthetic complexes. For example, BChl a in vivo displays three
different Qy absorption maxima: 800 nm and 850 nm from LH2, and 875 nm from LH1. All
three bands correspond to the same pigment, herein B800, B850 and B875 are used to
differentiate the same BChl a molecules but in three different ring-shaped arrays. In
comparison, the monomeric BChl a in organic solvent has a Qy band at 772 nm (Figure 1.3).

The red shifts of the Qy band originate from the coordination and hydrogen bonds between



the pigments and the proteins, and the intermolecular interaction between the pigments. The
importance of the same molecule having three Q, bands is that, the process of excitation
energy transfer is set in a fixed direction by the gradient of energy levels. The electronic
excitation energy is passed from B800—B850 (in LH2)—B8&875 (in LH1), and finally to the
reaction center to power the photosynthetic redox reaction. The ring-shaped supramolecular
structure of the pigment arrays is essential to stabilize the excited electron, as the electron

can be delocalized over the rings.

1.3 Solar irradiation spectrum and crystalline silicon-based photovoltaic device

It has been estimated that the energy delivered from the sunlight arriving on the surface of
the earth accounts for 10 000 times the world energy demand.'* The energy distribution of
solar irradiation counts for 5% in the ultraviolet region, 46% in the visible light region and
49% in the infrared region."’ Figure 1.4 shows a solar simulation spectrum at Air Mass 1.5
global (AM 1.5G, 1000 W/m?), which covers a broad range of wavelengths (280-2500 nm),
corresponding to a photon energy of 0.5-4.4 eV.'"® It is a dream for scientists to develop
novel materials that have a broad absorption range and large absorption coefficient to make
good use of the solar energy. Crystalline silicon (c-Si) has an absorption range

1 Due to the

approximately from 300 nm to 1200 nm, with a band gap of 1.12 eV.
Shockley-Queisser limit (the sum of energy loss due to unabsorbed photons, thermalization
and extraction losses), the theoretical maximum power conversion efficiency (PCE) of a
photovoltaic device based on c-Si is about 41%.'” Other inorganic semiconductors such as

Ge, GsAs, CdTe and CdS are also good candidates in the application of photovoltaics, as

they have excellent absorption range and efficiency.'® However, due to the low element



abundance in the earth, the fabrication cost of the devices based on these semiconductors is
much higher than that of the silicon-based devices. In addition, Cd and Te are highly toxic,

which also limits their applications.

5% 46% 49%
UV | Visible | Infrared
T L |

Ll ] L} L] l L] L) L] I L L) L] I L] L] L] l L} L)

1.5 :
|
|
|

0.5

LINEL L B DR (LA ¥ l LI BN B |

Spectral Irradiance (kW/m?2/um)

200 600 1000 1400 1800 2200
Wavelength /nm
Figure 1.4. Solar irradiation (AM 1.5G, 1000 W/m®) spectrum (blue area) and the
maximum fraction that is absorbed by a typical crystalline silicon-based solar cell (green

area). Figure adapted with permission from Ref. 16a, © 2005 Elsevier.

1.4 Investigation of the photovoltaic device performance

For all solar cells, the most important parameter is the power conversion efficiency (PCE),
which is normally denoted as # and defined as the quotient of dividing the maximum output
electrical power from the device (Poy) by the light intensity shining on the device (Piy).

PCE is a parameter widely used to evaluate the performance of a solar cell in the literature.



For a given photovoltaic device with a known effective surface area, PCE can be calculated

using the following equation (E1)."

7= Pout _FF VocJsc El

Pin Pin

Voc 1s the open circuit voltage, and Jsc is the short circuit current density. For convenience
in the calculation, all the parameters are transformed into values with standard units. Herein,
both Puy and Py, have the unit (W/m?), Voc has the unit (V) and Jsc has the unit (A/m?).

The last parameter FF is the filled factor, which is defined by E2."

FF = VioJm

= E2
VocJsc

Vm and Jp, are the respective voltage and current density when the device is at the maximum
output electrical power point. Both V}, and J,,, can be obtained from the J-V curve of the
device. Figure 1.5 shows a typical J-V curve of a solar cell. V¢ is the absolute value when
the current density is zero, and Jsc is the absolute value when the voltage is zero. The
product of Vo x Jsc is the theoretical maximum output electrical power. The product of V7,
X Jm can be viewed as the area of the maximum rectangle that can be drawn inside the area

of the J-V curve.?’
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Figure 1.5. The typical J-V curve of a solar cell. The blue area indicates the product of V;,

X Jm.

1.5 Organic photovoltaics

1.5.1 Principle and materials

In an organic photovoltaic device, the photoactive layer is composed of two types of
organic materials, called the electron donor (D) and the electron acceptor (A).'*** When the
ground-state electron in the HOMO energy level of the donor molecule is excited by
absorbing the energy of a photon, it is promoted to the LUMO energy level, leaving a hole
(positive charge) in the HOMO (Figure 1.6). The excited-state electron and the hole
together form an exciton. Due to the energy difference between the LUMO energy levels of
the donor and acceptor, the excited-state electron transfers from the LUMO of the donor to
the LUMO of the acceptor. Since the energy difference of the LUMO energy levels is the

driving force for efficient electron transfer, a large value means more possibility for the
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successful electron transfer, but also means more energy loss. Generally, a value of ~0.3 eV
is enough for the electron transfer."”*! Once the photoinduced electron transfer occurs
before the radiative or nonradioactive decay of photoexcitations, the free electron and the
hole (also called charge carriers) move to the respective cathode and anode via a hopping

2022 The electron collected at the cathode then flows to the anode, completing a

mechanism.
light-to-electricity circle. Although various metals can be used as the cathode material, such
as Al, Ag, Mg, Ba and Ca, Al is the most common since it is inexpensive and
comparatively stable. With regard to the anode material, indium tin oxide (ITO) is the most
widely used, as it is highly conductive and optically transparent. The ITO is commonly
coated on a glass substrate. Between the photoactive layer and the anode, a solution-
processed hole-transporting layer of poly(3,4-ethylenedioxythiophene) and polystyrene
sulfonate (PEDOT:PSS) is commonly inserted to block the electrons, since the direct
contact of the active layer with the anode is known to lead to current leakage and the
recombination of charge carriers, which are detrimental to the device performance.” Beside
PEDOT:PSS, transition metal oxides such as NiO, MoOs;, V,0s, and WO;3 have been
successfully demonstrated as alternative anode interfacial layers for hole-transporting,
although the vacuum evaporation technique was employed to cast these layers.”* In some
cases, an insertion layer of lithium fluoride (LiF) or titanium oxide (TiOy) between the
photoactive layer and the anode layer was used to reduce the electron junction barrier at the
acceptor-anode interface and enhance the device performance.”

The primary site for exciton dissociation is at the electrode interface. However, for the
excitons formed in the middle of the organic photoactive layer, they cannot reach the

electrode interfaces due to charge recombination if the layer is too thick, since the exciton
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diffusion length is on the order of 10 nm.?® Hence, the photoactive layer is relatively thin
and the thickness is in the range of several tens to a few hundreds of nanometers. If the
layer is too thin, the light absorption is inefficient. A compromise regarding the thickness
of the photoactive layer has to be found since efficient exciton diffusion and efficient light
absorption cannot be simultaneously achieved at all times.?® This is a common process in

the OPV device optimization.

flow of electrons
«—

i LUMO q _
hv =8 o A (Cathode)

5
O
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Figure 1.6. Schematic illustration of the energy levels and light-harvesting process in an

organic thin-film solar cell.
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1.5.2 The concept of “heterojunction” and structures of OPV devices
In inorganic semiconductors, free charge carriers (electrons and holes) are created upon
light absorption and migrate fast in opposite directions.” In contrast, the excited electron is
still bound to the hole (at room temperature) before the exciton dissociation, which is a
relatively slow process in most organic semiconductors. On the other hand, the charge
carrier mobility of organic semiconductors is much slower than inorganic semiconductors.
The basis of a heterojunction is to use the energy difference in the HOMO—-LUMO energy
levels of two materials — the electron donor (D) and acceptor (A). The energy gap between
the LUMO of the donor and the LUMO of the acceptor favors the exciton dissociation by
the photoinduced electron transfer from the donor to the acceptor. The initial observations
caused by heterojunctions were reported in the 1950s. For example, Nelson found that the
photoconductivity of CdS was increased when a cyanine dye was added and sensitized in
the red spectral range. He argued that the LUMO energy level of the dye was above the
LUMO energy level of CdS. The excited electron in the LUMO of the dye would be
transferred to the LUMO of CdS and thereby improved the conductivity.”” In 1979, Ching.
W. Tang first used the concept of heterojunction to design a bilayer organic photovoltaic
device consisting of copper phthalocyanine and a perylene derivative, and an
unprecedented PCE of ~1% was recorded.””*® Now the idea of heterojunction is widely
recognized and used by researchers to develop novel organic solar cells.

Figure 1.7 shows three typical structures of organic solar cells. In a planar heterojunction
(also called a bilayer heterojunction) device (Figure 1.7A), the electron donor layer and the
electron acceptor layer are in contact with a planar interface. Charge separation (exciton

dissociation) occurs at the heterojunction interface.” Electrons then migrate to the cathode
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and holes migrate to the anode. However, the electron donor layer cannot be thick, as the
exciton diffusion length is on the order of 10 nm. The excitons cannot diffuse across a thick
film to reach the D—A interface. This is the main disadvantage of planar heterojunction
devices. In a bulk heterojunction (BHJ) device (Figure 1.7B), the electron donor and
acceptor are mixed in a blended film with an interpenetrating network morphology.”*
Compared to the planar heterojunction configuration, the BHJ configuration offers a larger
interface area for the dissociation of excitons, and thereby improves the device performance.
Recently, the tandem cell has attracted significant attention. In a tandem cell (Figure 1.7C),
two or more sub-cells with different absorption ranges are stacked in series. The photon
utilization efficiency is significantly enhanced in a tandem cell, which benefits the PCE of
the device.”'

The photoactive layer of an OPV device can be solution-processed or processed by
thermal deposition in high-vacuum.?* As a solid-phase processing technique, thermal
deposition is not applicable for organic materials with low volatility and saturated vapor
pressure, especially for polymers. In addition, thermal deposition is more expensive and
cannot be used for large-area fabrication. In contrast, the solution-processing technique is

easy, low-cost and compatible with the idea of roll-to-roll printing. Currently the spin-

casting technique is widely used in academia for OPV device fabrication.
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Figure 1.7. Structures of three types of organic solar cells. (A) a planar heterojunction cell;
(B) a bulk heterojunction cell; (C) a tandem cell. Figure B courtesy of Stanford
Synchrotron Radiation Lightsource, 2011; Figure C adapted with permission from Ref. 31a
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1.5.3 Electron donor and acceptor materials
Numerous conjugated molecules have been used as electron donor and acceptor materials
in OPV devices. Generally, these molecules display intense and broad absorption bands, as

well as moderate charge carrier mobility.*®
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Figure 1.8 shows the chemical structures of a few representitive electron donor materials.
Conducting polymers having long conjugation length and good hole mobility have been
extensively investigated as the electron donor materials in solution-process OPV devices.
Generally, the constitutional repeating units in conducting polymers are composed of
aromatic rings with solubilizing alkyl substituents. These polymers tend to form well-
organized crystalline nanostructures in films due to interchain interactions and form
interconnected network structures that are favorable for charge separation and transport.
Poly(3-hexylthiophene) (P3HT) has good hole mobility. The OPV devices using P3HT and
fullerene derivatives (electron acceptors) have been reported with reproducible PCE
approaching 5%.> Poly(p-phenylene vinylene) (PPV) is another well-known electron donor
species. Solar cells based on poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene]
(MEH-PPV) and fullerene derivatives have been reported with a PCE more than 3%.***
Recently, more conducting polymers have been synthesized for the application in OPVs. A
copolymer of benzo[1,2-b:4,5-b"]dithiophene and thieno[3,4-b]thiophene (PBDTTT) was
synthesized by Yu er al. and a PCE of 5.6% was achieved.” The high efficiency was
attributed to the broad and strong absorption of this material, especially in the range of
600-800 nm. A PCE of 6.77% was achieved by modifications on the substituents of
PBDTTT and morphology optimization.”® Leclerc et al. reported poly[N-9"-hepta-decanyl-
2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3"-benzothiadiazole)] (PCDTBT) with a PCE
of 3.6%.”” The PCE was further improved to 6.1% by the insertion of a titanium oxide
(TiOy) layer as an optical spacer and as a hole blocker between the photoactive layer and

the cathode.>®
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Semiconducting oligomers have also been used as electron donors (Figure 1.8).
Compared to polymers, oligomers are easy to purify. Oligothiophenes are among the most-
studied oligomers, due to their good charge transport properties and chemical tunability.
Sakai et al. prepared a planar heterojunction solar cell using sexithiophene and Cg as the
photoactive layers, and a PCE of 0.8% was achieved.*® The PCE was further improved to
1.5% using the same materials in a BHJ solar cell. Chen et al. synthesized a 2,2'-
dicyanovinyl capped octyl-substituted septithiophene (DCN7T), and blended it with a
fullerene derivative to fabricate a BHJ solar cell which generated a PCE of 3.7%.*°

Beside polymers and oligomers, many small-molecule dyes such as porphyrins,
phthalocyanines, merocyanines have also been used as the electron donors in OPVs (Figure
1.8). Nakamura et al. used an in-situ formed tetrabenzoporphyrin as the electron donor and
a fullerene derivative as the electron acceptor to construct a solar cell and a PCE of 5.2%
was achieved.*' Kippelen r¢ al. used pentacene and Cg to construct a planar heterojunction
solar cell, and a PCE of 2.7% (+ 0.4%) was achieved.*

Generally, OPV devices using conducting polymers as the electron donor materials
display higher PCE than the devices using conducting oligomers or other small molecules.
This is mainly due to the tendency of forming a well-organized interconnection network
morphology of the polymers in the thin films. In contrast, small molecules usually lack
ordering in the solid state, although they have many advantages such as monodispersity and

well-defined chemical structures.
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Figure 1.8. Chemical structures of some representative electron donor materials used in

OPV devices.
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Compared to electron donor materials, the electron acceptor materials are much less in
number. Figure 1.9 shows the chemical structures of some well-studied electron acceptor
materials. Fullerenes are excellent electron donor materials, because they display high
electron mobility and the photoinduced electron transfer from organic electron donors to
fullerenes is ultrafast.** The main disadvantage of fullerenes is their low solubility.
Modification of fullerenes is an attractive way to improve the solubility. In 1995, Wudl et
al. first reported the synthesis of phenyl-Cg;-butyric acid methyl ester (PCs;BM), which is
still the most promising electron acceptor for the application in OPVs due to the good
solubility in many organic solvents and high electron mobility.** Later, more fullerene
derivatives were developed to improve the absorption in the visible region and tune the
HOMO-LUMO energy levels.” For example, Li et al. synthesized an indene-Cg bisadduct
(ICBA), and the device based on P3sHT:ICBA displayed a PCE of 5.44%, compared to 3.88%
of a device based on PsHT:PC4;BM under the same conditions.*®

A few non-fullerene electron acceptors have also been used in OPVs, such as perylene
diimide,*” oligothiophene-S,S-dioxide,*® diketopyrrolopyrrol,* 9,9'-bifluorenylidene™ and
dicyano-substituted quinacridone (Figure 1.9).>' However, none of these molecules have
displayed superior electron mobility compared to fullerene derivatives, and the PCEs of the

. . 4
devices based on non-fullerene electron acceptors are relatively low.*
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Figure 1.9. Chemical structures of some representative electron acceptor materials used in

OPV devices.

Recently, a new design strategy of linking the electron donor and acceptor together (D—A)
by covalent bonds or non-covalent interactions have attracted some interest. The idea is to
facilitate the exciton dissociation and homogeneous distribution of the materials in thin
films.’* Small-molecule D-A dyads, D-A oligomers and D—A polymers have been used to

fabricate the one-component OPV devices. Two examples are shown in Figure 1.10. The
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first molecule is a phthalocyanine-fullerence (Pc-Cgo) dyad synthesized by Torres ef al., and
an OPV device based on this dyad displayed a PCE of 0.02%. The second material is a
D—A polymer poly(bithiophene-Cg) synthesized by Li et al., and an OPC device based on
this material displayed a PCE of 0.52%.>* The relatively low efficiencies of these one-
component OPV devices were attributed to the ill-defined morphology in the films and
inefficient charge transport.”” Nevertheless, the one-component strategy is still a credible
approach towards efficient OPVs if morphological control of the photoactive layers is

. 2
achieved.’>>®

Donor-Acceptor Dyads:

P¢-Cg diad Poly(bithiophene-Cg)
Figure 1.10. Chemical structures of two electron donor-acceptor complexes used in one-

component OPV devices.
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1.5.4 Effects of nanoscale morphology on power conversion efficiency

As discussed above, the chemical and physical properties of the electron donor and
acceptor such as the alignment of the HOMO-LUMO energy levels, the charge carrier
mobility and the absorption range are important to the PCE of an OPV device. More
importantly, the nanoscale morphology of the photoactive layer is strongly related to the
device performance. The concept of bulk heterojunction has been widely used to improve
the PCE, as it favors charge separation and transport.

OPV devices based on P3HT:PC¢;BM have been set as a benchmark.’’ It has been
demonstrated that the highly ordered nanoscale morphology of the blended thin films of
P3HT:PC4BM is the key to enhance the device perfOI‘rnance:.57’58 On the other hand,
devices based on poly(3-butylthiophene) (P3BT) and PC¢;BM displayed low PCEs.”” The
poor efficiency was attributed to poor solubility, poor crystallinity and low hole mobility.®°
Jenekhe et al. reported that high efficiencies could also be achieved in solar cells based on
P3BT:PCg;BM where P3BT formed well-defined 1D nanowires.®' The nanowires of P3BT
were generated by heating a solution of P3BT to 90—100 °C followed by a slow cooling
process. The nanowire suspension and a PCg;BM solution were then mixed together. TEM
and AFM images of the mixed composite showed that the nanowires formed an
interconnected network surrounded by a continuous PCs;BM phase (Figure 1.11), and the
width of the nanowires was ~10 nm. A solution-processed OPV device based on this
composite displayed a hole mobility of 8.0 x 10~ ¢cm?V™'s™ and a PCE of 2.2%, which were
comparable to a device based on P3HT:PCs;BM. In contrast, a P3BT solution that was not
treated with heating did not form nanowires. An OPV device based on the untreated

P3BT:PC¢BM displayed a hole mobility of 3.8 x 10° em*V's™ and a PCE of 1.0%.

23



Figure 1.11. (A) Chemical structure of P3BT; (B—C) TEM (B) and AFM (C) images of
P3BT nanowires/PC¢BM (1:1, w/w ratio). Scale bars: 500 nm. Figure B and C adapted

with permission from Ref. 60, © 2008 American Chemistry Society.

DTS(PTThy),

Figure 1.12. (A) DTS(PTThy),; (B) High-magnification TEM image of a BHJ thin film of
DTS(PTTh,),:PC7;BM . Scale bar: 100 nm. Figure B adapted with permission from Ref. 61

© 2012 Nature Publishing Group.

Bazan and Heeger ef al. synthesized a small-molecule donor DTS(PTTh;),, and the OPV

device based on DTS(PTTh;); and a fullerene derivative PC7;BM displayed a high PCE of
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6.7%.%* The unprecedented high efficiency of the device was attributed to the highly
ordered nanocrystalline morphology of the material in the blended BHJ thin film with
PC7BM (Figure 1.12). The nanocrystalline morphology was imposed by an annealing
process. The addition of 1,8-diiodooctane as a solvent additive during the film-forming

process further led to reduced domain sizes in the BHJ layer.

1.6 Supramolecular assemblies in organic photovoltaics

Since highly ordered nanoscale morphologies of the BHJ layers are eagerly sought in the
development of high efficient OPVs, supramolecular self-assembly is an obvious attractive
pathway to introduce ordering at all dimensions to shape the desired nanoscale morphology.
In addition, the building blocks in supramolecular assemblies ubiquitously adopt well-
organized spatial arrangements since the assemblies are precisely programmed at a
molecular level.*”® The molecular arrangements may lead to changes in the absorption
spectra due to uniform aggregation patterns of chromophores, and promote charge transfer
and transport between the photoactive moieties in the assemblies, which is beneficial for
the performance of an OPV device. This strategy has been cleverly employed by the natural
light-harvesting systems (see details in Section 1.2). Chemists also use the strategy to build

supramolecular assemblies for the application in OPVs.

1.6.1 Assemblies of electron donor
Hasobe et al. synthesized a porphyrin-peptide oligomer of 16 units [P(H,P);6] and mixed it
with Cgo in solution (Figure 1.13).%* Efficient porphyrin fluorescence quenching was

observed in the benzonitrile solution of the mixture, indicating the Cgp molecules strongly
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interacted with the porphyrin pendants (Figure 1.13B). In the binary solvent system of
acetonitrile-toluene, the complexes of the porphyrin-peptide oligomer and Cey formed self-
assembled clusters with well-defined shapes and sizes (a diameter of 100-200 nm), as
revealed by TEM imaging (Figure 1.13C). The composite clusters can be electrochemically
deposited on nanostructured SnO; electrodes. A photovoltaic device based on these clusters
displayed a PCE of ~1.6%. In contrast, the monomer of porphyrin-amino acid [P(H,P);]
did not form well-defined clusters with Cgo. A photovoltaic device based on the composite
of the monomer and Cg displayed a low PCE of 0.043%. The near 40 times increment in
PCE of the device based on the clusters of [P(H,P)16—Cgo] Was ascribed to the enhancement

of photoinduced electron transfer in the supramolecular assemblies.
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Figure 1.13. (A) Molecular structures of P(H,P);6 and Cg; (B) schematic illustration of the
supramolecular organization between P(H,P);6 and Cgo; (C) TEM image of the clusters of
P(H,P)16—Ceo. Figure B and C adapted with permission from Ref. 64 © 2007 Royal Society

of Chemistry.

Kumar et al. synthesized a sexithiophene functionalized peptide (1) (Figure 1.14A).65
From the measurement using size exclusion chromatography, peptide 1 was estimated to
contain approximately 23 repeat units in length. FT-IR and variable-temperature CD studies
revealed that the peptide adopts an a-helix conformation. In cyclohexane, peptide 1 self-
assembled into a highly branched mesh-like network (Figure 1.14A). Similar

nanostructures were also found in chlorobenzene. The chlorobenzene solution of peptide 1
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was mixed with PC¢;BM and the mixture was spin-cast to form the BHJ active layer in the
OPV device, which displayed a PCE of 0.22% (+ 0.017%). The hole mobility of the
nanocomposite of peptide 1 was measured to be 1.9 x 107 cm*V's™. Meanwhile, two
control molecules 2 and 3 were also synthesized (Figure 1.14B). None of these control
molecules could form well-organized nanostructures in cyclohexane or chlorobenzene. The
OPV devices based on 2:PC¢BM and 3:PC¢ BM displayed respective PCEs of 0.14% (+
0.018%) and 0.12% (= 0.007%). The hole mobility of 2 and 3 were both too low to be
measured (instrument detection limit 1.0 x 10® ¢cm®V™'s™). The improved PCE and hole

mobility in the case of peptide 1 were ascribed to the self-assembled highly ordered

nanostructures.
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Figure 1.14. (A) Chemical structure of peptide 1 and a schematic illustration of the self-
assembly process (TEM scale bar: 500 nm); (B) Chemical structures of the control
molecule 2 and 3. Figure A adapted with permission from Ref. 65 © 2011 American

Chemistry Society.
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1.6.2 Assemblies of electron acceptor

Wang et al. synthesized a fullerene molecule bearing a cyanobiphenyl tail (a mesogen)
linked by a short alkyl spacer (Cgo-bp-CN) (Figure 1.15).°® This material displayed the
nature of smectic liquid-crystalline phase revealed by polarizing optical microscopy (POM)
and differential scanning calorimetry (DSC), as two exothermic transitions were observed.
The thin film of Cgp-bp-CN showed the patterns of lamellar ordering after thermal
annealing from 180 °C. X-ray diffraction (XRD) analysis of the thin film revealed that the
cyanobiphenyl tails were interdigitated and closely packed, with the fullerene groups
flanking on the sides (Figure 1.15B). A blended thin film of P3HT:Cgo-bp-CN after
annealing from 180° C showed well-aligned nanocrystalline structures. Interestingly, the
UV-Vis spectrum of the blended thin film of P3HT:Cgy-bp-CN showed a large red shift
(~70 nm) and stronger absorption shoulders, compared to the spectrum of the blended thin
film of P3HT:Cy treated with the same annealing protocol. A PCE of 0.65% was recorded
on the OPV device based on the P3HT:Cgp-bp-CN. In contrast, a device based on
P3HT:Cgy showed a PCE of 0.22%, which was due to the degraded continuous morphology

of Cgp at such a high temperature (180 °C).
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Figure 1.15. (A) Molecular structure of Cgy-bp-CN; (B) a proposed arrangement of Cgop-
bp-CN; (C) high resolution cryo-TEM image of P3HT:Cgo-bp-CN film after heating at

180 °C for 30 min. Figure B and C adapted with permission from Ref. 66 © 2012 Elsevier.

1.6.3 Assemblies of one-component electron donor-acceptor complex

Geng et al. synthesized a one-component D—A cooligomer (F5T8-hP), where the moiety of
alternating fluorene-bithiophene served as the electron donor and the N-hexyl perylene
diimide (PDI) served as the electron acceptor (Figure 1.15A).” FST8-hP displayed smectic
liquid-crystalline properties, and formed highly ordered alternative lamellar nanostructures
with the persistent length in the range of 100-400 nm after solvent-vapor annealing (Figure
1.16B). The formation of these well-defined lamellar nanostructures was driven by the

intermolecular m—m stacking interactions between the homotropic donor units and the
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acceptor units. The OPV device based on F5ST8-hP showed a Jsc of 4.49 mA/cmz, Voc of

0.87 V, FF 0f 0.38 and PCE of 1.5%.

Figure 1.16. (A) Molecular structure of FST8-hP; (B) TEM image of a FST8-hP thin film
after solvent-vapor annealing and a schematic illustration of the lamellar nanostructures in
the film. Figure B adapted with permission from Ref. 67 © 2009 American Chemical

Society.

Aida et al. synthesized two metalloporphyrin-fullerene D-A dyads (Pz,-Ceo 1 and Pyz,-
Ceo 2) which both have a hydrophilic oligoethyleneglycol tail (Figure 1.17A).°® Adding
MeOH (65% in volume) to a toluene solution of Pz,-Cgp 1 changed the solution color from
pink to pale orange. After aging for 4 h, well-defined nanotubes with a uniform diameter of
32 nm and a wall thickness of 5.5 nm were found in the TEM samples prepared from this
solution (Figure 1.17B). Similarly, adding MeOH (55% in volume) to a toluene solution of

Pz,-Ceo 2 led to the formation of nanotubes with a uniform diameter (7-8 nm) and wall
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thickness (1.7-1.8 nm) (Figure 1.17C). XRD analysis revealed that the nanotubes of Pz,-
Ceo 1 adopt a bilayer pattern while the nanotubes of Pz,-Cgp 2 adopt a monolayer pattern.
The nanotubes of Pz,-Cgp 1 and Pz,-Cgo 2 both displayed a photocurrent upon light

illumination (Figure 1.17E).
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Figure 1.17. (A) Molecular structures of Pz,-Cgo 1 and Pz,-Cg 2; (B) TEM image of Pz,-
Cgo 1 nanotubes; (C) TEM image of Pz,-Cgp 2 nanotubes; (D) optical image of the OPV cell
with a drop cast film of Pz,-Cg 1 nanotubes; (E) changes in Isc of OPV devices based on
Pzn-Ceo 1 nanotubes and Pz,-Cgp 2 nanotubes upon turning on and off the light (46
mW/cm?). Figure adapted with permission from Ref. 68 © 2012 American Chemical

Society.
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Figure 1.18. Molecular structure of Bola 1 and schematic illustration of the hierarchical
self-assembly process. Figure adapted with permission from Ref. 69 © 2011 American

Chemical Society.

Parquette et al. synthesized a bolaamphiphile D-A-D triad complex (Bola 1), where the
tetraphenylporphyrin donor was flanked by two L-lysine-substituted naphthalene diimide
(NDI) acceptors on the sides (Figure 1.18).% In 10% MeOH/H,0, Bola 1 formed well-
organized, micrometer-long nanotubes with an outer diameter of 13.6 nm and a wall
thickness of 4.6 nm. A few bundles of single nanotubes were also presented and the
bundles grew larger and formed precipitates after aging for 2—-3 days. In addition to the
nanotubes, short stacks of discrete nanorings were also identified by AFM, and the stacks
of nanorings were found to fuse together into nanotubes on the smooth surface of mica. The
hierarchical self-assembly of Bola 1 into nanorings and nanotubes was driven by
amphiphilic interactions and n—m interactions. The assembly solution of bola 1 in 10%

MeOH/H,;0 showed red shifts both in the porphyrin Soret bands and the NDI bands,
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indicating both of the porphyin groups and the NDI groups are J-type aggregates in the
assemblies. The steady-state and time-resolved fluorescence spectra of the assembly
solution showed fast and near complete fluorescence quenching of the porphyrin emission
bands, indicating the efficient photoinduced electron transfer from porphyrin to NDIL
Although not mentioned by the authors, it would be interesting to see whether Bola 1 is

suitable for the applications in OPVs and organic semiconductors.

1.6.4 Coassemblies of electron donor and acceptor

Schmidt-Mende ef al. used hexaphenyl-substituted hexabenzocoronene (HBC-PhCy;) as
the electron donor and a perylene diimide derivative (PDI-1) as the electron acceptor to
construct a solution-processed OPV device (Figure 1.19).”” A spin-cast thin film of pure
HBC-PhC;, displayed discotic liquid-crystalline properties and exhibited a smooth
textured surface by AFM imaging, while the film of PDI-1 showed micrometer-long
crystallites driven by n—r stacking interactions. A thin film spin-cast from a solution blend
of HBC-PhC;,:PDI-1 (40:60) showed well-organized, vertically segregated nanostructures
in the AFM image (Figure 1.19B). The solution-processed OPV device based on this
mixture displayed a Jgc of 33.5 uA/cmz, Voc of 0.69 V and a PCE of 1.95% under
illumination at 490 nm. It was seen that the high interfacial area between the electron donor
and acceptor in the photoactive layer gave rise to efficient photoinduced electron transfer

and favored the charge transport.
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Figure 1.19. (A) Molecular structures of HBC-PhC;; and PDI-1; (B) tapping mode AFM
image of a thin film spin-cast from a 40:60 blend solution of HBC-PhC;; and PDI-1.
Figure B adapted with permission from Ref. 70 © 2001 American Association for the

Advancement of Science.

Aida et al. used the coassembly strategy to tune the optoelectronic properities of self-
assembled nanotubes that were composed of n-stacked hexabenzocoronene-fullerene dyad
HBC-Cg and the unmodified hexabenzocoronene derivative HBC-2 (Figure 1.20).71 Both
HBC-Cg and HBC-2 formed highly ordered homotropic nanotubes when the respective
toluene suspensions were applied to sonication and heating (Figure 1.20 C-E). Interestingly,
when the toluene suspensions of HBC-Cgp and HBC-2 were mixed at different molar ratios

and applied to the same self-assembling condition, coassembled nanotubes with a coaxial
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configuration were found. These coassembled nanotubes were uniform in diameter (22 nm)
and wall thickness (4.5 nm), and showed different charge carrier mobility at different molar
ratios of HBC-Cgy and HBC-2. OPV devices were fabricated based on the coassembled
nanotubes and two homotropic nanotubes. When the molar fraction of HBC-Cgp was
increased, the short circuit current (/sc) increased first and then slightly decreased, and Voc

decreased, while the FF values were almost unchanged (0.25-0.30).
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Figure 1.20. (A) Molecular structures of HBC-Cgp and HBC-2; (B) schematic illustration
of homotropic assembly and coassembly; (C) TEM image of a homotropic nanotube of
HBC-Cg; (D) TEM image of a homotropic nanotube of HBC-2; (E) TEM image of a
coassembled nanotube of HBC-Cgy and HBC-2; (F) plots of Voc (red) and Isc (green)
versus the molar fraction of HBC-Cg. Figure adapted with permission from Ref. 71 ©

2009 American Association for the Advancement of Science.
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1.7 Supramolecular assemblies in semiconductors
Highly ordered spatial arrangements of m-conjugated chromophores may favor the charge
hopping process between the adjacent chromophores, especially in the cases of 1D

8.5 For example,

aggregates, which provide continuous pathways for charge carries.
regioirregular P3HT without defined interchain interactions normally display low charge-
carrier mobility (10 to 10* cm?V's™"), while the charge carrier mobility of regioregular
P3HT with highly ordered lamellar morphology could be as high as 0.1 cm®V's".”
Introducing ordering into thin films of conducting polymers normally requires an annealing
process. In contrast, supramolecular self-assembly in solution represents a convenient
method to build molecular architectures with desired dimensions. This strategy has been
employed by researchers to build organic semiconductors.

Wiirthner and Chi et al. reported self-assembled nanotubes from a derivative of
Bacteriochlorophyll ¢ bearing a hydrophilic oligoethyleneglycol tail (ZnBChl-1).” In a
mixed solvent of H,O/MeOH (100:1, v/v), ZnBChl-1 formed well-defined nanotubes with
an outer diameter of 6.0 + 0.5 nm and an inner diameter of ~2 nm, driven by hydrophobic
effect between the oligoethyleneglycol tails and n—m stacking interaction between the
bacteriochlorophyll pigments (Figure 1.21). The nanotube solution was very stable under
ambient condition and did not form precipitates over several months. Interestingly, the
nanotubes of ZnBChl-1 were semiconductive, with a measured conductivity of 0.48 + 0.07
S/m revealed by conductive AFM (c-AFM). The exceptional charge-transport properties of
these nanotubes were ascribed to the closely packed dye groups in the 1D tubular

nanostructures.
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Figure 1.21. (A) Molecular structure of ZnBChl-1 and space-filling models of self-
assembled nanotubes; (B) TEM image of ZnBChl-1 nanotubes drop-cast from H,O/MeOH
(100:1, v/v); (C) c-AFM image of a single nanotube connected to a thin layer of
PEDOT:PSS on the right side; (D) resistance of the nanotube as a function of its length.

Figure adapted with permission from Ref. 73 © 2012 Wiley-VCH.
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Figure 1.22. (A) Molecular structure of 5TG; (B) TEM image of a thin film of 5TG drop-
cast from a chlorocyclohexane solution of STG (scale bar: 500 nm); (C) -V curves of thin
films of assembled and unassembled STG and the signal changes upon photoirradiation at
354 nm (7.32 mW/cm?). Figure B and C adapted with permission from Ref. 74 © 2011

Royal Society of Chemistry.

Stupp et al. synthesized a quinquethiophene molecule flanked with amide-linked
oligoethyleneglycol groups on the sides (5TG) (Figure 1.22).”* The chlorocyclohexane
solution of 5TG formed an organogel at a low concentration (~0.1 wt%) when the solution
was heated close to the boiling point of the solvent and allowed to cool to room temperature.
Nanofibers with a length of several micrometers and width in 40—300 nm were found in the
SEM and TEM samples prepared from a diluted solution of this organogel (Figure 1.22B).
Adding MeOH to the organogel led to disassembly, indicating that the formation of
nanofibers was mainly driven by the intermolecular hydrogen-bonding interactions between

the amide groups. Interestingly, the drop-cast thin films of self-assembled STG and
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unassembled S5TG differed in conductivity (Figure 1.22C). The conductivity of the thin
film of self-assembled STG was measured to be 9.9 + 1.7 x 10 S/m. In contrast, the thin
film of unassembled STG did not display any detectable conductivity above the instrument
detection limit. Shining UV light on the thin film led to increased current, indicating that
the semiconducting quinquethiophene units in the nanofibers are responsible for charge

transport.

1.8 Supramolecular assemblies in OLED

An Organic Light-emitting diode (OLED) is an electroluminescent (EL) device, which can
be viewed as the inversed version of an OPV device, since the working mechanism of an
OLED device is the relaxation of high-energy electrons from the LUMO to the HOMO of
an organic compound accompanied with the energy released in the form of emitting light.”
Beside organometallic compounds such as Alqgs and Ir(ppy)s, conductive polymers such as
poly(p-phenylene vinylene) (PPV) and polyfluorene can also be used as the active-layer
materials in OLED devices. "® Recently, a few supramolecular assemblies have been
explored as potential materials for application in OLEDs.*

Meijer and Schenning et al. synthesized three fluorophore oligomers equipped with
quadruple hydrogen bonding 2-ureido-4[1H]- pyrimidinone (UPy) end groups (UPy-OF3-
UPy, UPy-OPV5-UPy and UPy-Pery-UPy) (Figure 1.23A).”7 All these molecules could
form strong linear supramolecular assemblies in many organic solvents. More interestingly,
supramolecular coassemblies could also be obtained by dissolving them in a single solution.
Chloroform solutions of pure UPy-OF3-UPy, UPy-OPV5-UPy and UPy-Pery-UPy

emitted blue, green and orange light, respectively, upon photoirradiation at 365 nm. A
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three-component mixed solution with an optimized molar ratio emitted near white light
(Figure 1.23B). Spin-cast thin films of these molecules on quartz plates displayed similar
fluorescence emissions (Figure 1.23C). The AFM image of the spin-cast film of the three-
component mixture showed a very smooth and continuous surface that closely resembled
those of the pure components (Figure 1.23D). The solution-processed OLED devices using
three pure components as the active-layer materials displayed EL properties, with the blue
light for UPy-OF3-UPy, green light for UPy-OPVS-UPy and red light for UPy-Pery-UPy
(Figure 1.23E). The OLED device based on the three-component mixture with an optimized
molar ratio emitted near white light (Figure 1.23F).

As shown in the example above, supramolecular assemblies may represent a new catalog

of materials for OLEDs.
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Figure 1.23. (A) Molecular structure of UPy-OF3-UPy, UPy-OPVS-UPy and UPy-Pery-
UPy; (B) chloroform solutions of pure UPy-OF3-UPy (blue), UPy-OPVS5-UPy (green) and
UPy-Pery-UPy (orange) and a three-component solution (59:33:8) excited at 365 nm; (C)
spin-cast thin films of three pure components and a mixture (84:10:6) (D) TEM image of a
thin film spin-cast from a 80:20:10 mixture of the three components; (E) architecture of the
OLED devices; (F) normalized EL spectra of mixtures with different ratios at 24 V; (G)
positions of the EL and PL spectra of the mixtures in the CIE color space. Figure B-G

adapted with permission from Ref. 77 © 2008 American Chemical Society.

43



1.9 Supramolecular assemblies in OFET

The field-effect transistor (FET) is an electrical device that uses an electric field to control
the conductivity of a channel of one type charge carrier in a semiconducting material. A
FET device normally consists of a source, a drain and a gate. Depending on the signs of the
applied bias voltage between the gate and the source or the applied voltage between the
gate and the semiconducting layer (body), the flow of charge carriers between the source
and the gate can be controlled.”® Hence, the FET is a useful tool to measure the charge
carrier mobility of organic semiconducting materials. The organic field-effect transistor
(OFET) is a device that uses organic semiconducting materials as the body. A few
conducting polymers have been used in OFETs, including P3HT, polyfluorene and poly (p-
phenylene vinylene) (PPV), due to their high conductivity.” n-conjugated small molecules
have also been used in OFETs, especially rubrene and pentacene. Some semiconducting
supramolecular assemblies have also been reported as promising materials for the
application in OFETs, such as assemblies of conducting oligomers, oligoarenes, arene

diimides and phthalocyannines.*

1.10 Guanine—Cytosine motifs and self-assembled rosette nanotubes

GAC motifs are fused bicyclic rings of guanine and cytosine with self-complementary sets
of hydrogen bonding sites. In 1996, Lehn and Mascal reported that GAC type motifs can
form hexamers (rosettes) by intermolecular hydrogen bonding.®' Later on, the Fenniri
group reported that GAC motifs functionalized with amino acids not only form hexamers
but they also undergo hierarchical self-assembly into rosette nanotubes (RNTs) in water via

-7 stacking and hydrophobic effects (Figure 1.24).*> The GAC motif featuring an aldehyde
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moiety can be functionalized with a broad range of molecules bearing an active primary or
secondary amino group through reductive amination. Over the past 15 years, our group
continuously developed variants of GAC modules with different functional groups,
including single amino acids,*” short peptides,® crown ethers,®* aromatic groups® and
electroactive small molecules (unpublished data). The GAC modules functionalized with
chiral molecules displayed unique chiroptical properties which can be tuned by using

different self-assembly protocols.****
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Figure 1.24. Schematic illustration of the hierarchical self-assembly process of GAC

modules into 1D RNTs.

A new type of building block called twin GAC motif was also designed and synthesized.
It differs from the original mono GAC by a covalent bridging of two individual GAC
modules with a short spacer (Figure 1.25).* The self-assembled RNTs from twin GAC
motifs are more stable than those from mono GAC motifs. This is attributed to the increased

(double) number of hydrogen bonds per self-assembling module (12 instead of 6), reduced

steric demand and electrostatic repulsion.
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Figure 1.25. (A) Chemical structure of a twin GAC module (GAC),;-Lys; (B) model of
(GAC)z-Lys; (C) model of a rosette of (GAC),-Lys; (D) model of a (GAC),-Lys RNT.

Figure B-D adapted with permission from Ref. 87 © 2005 American Chemical Society.

Beside the bicyclic system, the GAC motif was expanded to tricyclic and tetracyclic rings
via a synthetic strategy of inserting one or two 6-membered rings between the guanine and
cytosine sides of the GAC motif (Figure 1.26).*® By extending the core of the GAC
molecule, the inner and outer diameters of the RNTs can be tuned in a range of several
angstroms to nanometers. Small molecules such as dexamethasone (a pharmaceutical active
ingredient) can be encapsulated in the cavity of the RNTs.* All these functionalized RNTs

have different applications in nanomedicine,” tissue engineering91 and catalysis92.
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Figure 1.26. Chemical structures of a bicyclic motif GAC-DP and a tricyclic motif
X31GAC-DP and models of corresponding RNTs. Figure adapted with permission from Ref.

88a © 2005 American Chemistry Society.

By far, most of the functionalized GAC motifs developed in our group were found to
form self-assembled RNTs in polar solvents, especially in H,O, which is beneficial for
applications in the fields of health and biology. On the other hand, developing
functionalized GAC building blocks which can form highly ordered nanostructures in low-
polarity solvents is highly desired for exploiting the potential application of these materials

in organic optoelectronics. In fact, by the time I joined the research group led by Prof.
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Fenniri, a few GAC modules with haloarene substituents had been synthesized by previous
colleagues.® Recent studies indicate that some of these molecules can form short RNTs and
nanofibers in polar organic solvent such as DMSO and DMF, although the solubilities are
low (unpublished data included in Zhaoyi Qin’s master thesis Sept. 2014). A few alkyl
substituted GAC modules had also been synthesized, and only the GAC modules bearing a
dodecyl tail were found to be able to form well-dispersed RNTs in a nonpolar solvent
(cyclohexane).” I was intrigued to design and synthesize some novel GAC building blocks
that could form RNTs in low-polarity solvents to explore their potential applications in
organic optoelectronics, due to the lack of attempts in this field and the fact that GAC
modules are good scaffolds to pack the photo- and electroactive molecules in well-

organized patterns.

1.11 Summary

In this chapter, an overview on the applications of various supramolecular assemblies in the
field of organic optoelectronics was preented, with the focus on OPVs and organic
semiconductors. As shown in many examples, the nanoscale ordering imposed by the
supramolecular assemblies improved the device performance. However, in order to
generate self-assembled nanostructures with the desired architecture and geometry, it is
imperative that the building blocks are delicately designed. As an emerging field, there is
still plenty of room for the utilization of supramolecular chemistry for clean energy and

sustainable development.
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Chapter 2
Design, Synthesis and Self-Assembly of Porphyrin-Functionalized

Guanine-Cytosine Building Blocks

2.1 Introduction

Porphyrins are a group of organic m-conjugated macrocycles. The parent molecule of all
porphyrins is porphin, which is comprised of four pyrrole subunits interconnected by four
methine bridges. The positions of the methine groups are commonly labeled as the meso
carbons (5, 10, 15, 20) (Figure 2.1A). The inner conjugation path contains 16 carbon and 2
nitrogen atoms. Each of these contributes one © electron for a total of 18 electrons, which
follows Hiickel's rule of aromaticity. All bonds in the conjugation path have a fixed length
0f 0.136-0.137 nm." From a synthetic prospective, porphin is difficult to prepare and almost

insoluble in all solvents, because of the endless molecular stacks of the planar macrocycles.

A B
3 4 5 6 7
B =
a —= 1 9
meso — 20 10
19 11
18 12
16 14
17 15 13
07 ™oH g7 oH

Figure 2.1. Molecular structures of (A) porphin, (B) protoporphyrin IX and (C) zinc-

(5,10,15,20)-tetraphenylporphyrin.
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For the natural porphyrins in biological systems such as protoporphyrin IX (Figure 2.1B),
the substituents mostly occur on the f carbons of the pyrrole rings. Vinyl and propionic
acid are the two typical active substituents that can be extended to longer side chains, or
covalently connected to protein scaffolds.” In synthetic porphyrins, meso carbons are the
most accessible sites for introducing substituents. Mono-, di-, tri- or tetra-substituted
porphyrins can be simply obtained via the one-pot synthesis of specific pyrrole derivatives
and aldehydes wunder different reaction conditions. Among them, meso-
tetraphenylporphyrins (TPPs) are the most favored porphyrins (Figure 2.1C), mainly on
account of the ease of synthesis and diverse functionality of the phenyl rings. In addition,
the substituted phenyl rings are positioned at a dihedral angle to the plane of porphin
macrocycle.’ Hence the extended functional groups can be in, above, or below the porphin
plane.' The free rotation of all four phenyl rings largely improves the solubility and reduces
intermolecular stacking.

Another fascinating aspect of porphyrin is that the two NH protons can be replaced by
almost all the metal ions in the periodic table. The metal-containing form is called
metalloporphyrin or a porphyrin metal salt. For example, magnesium and iron are
ubiquitous in the natural porphyrins, from the photoreceptor chlorophylls in the natural
light-harvesting complexes, to the oxygen-transporter hemes in the hemoglobin of
mammals. It must be pointed out that none of the porphyrins alone could function without
the associated protein scaffolds and the environments in the biological systems. In addition,
the two basic pyrrole N bearing a lone pair in porphyrins are feasible to form the acid form
upon protonation. There are two acid forms which are called porphyrin diacid and

monoacid, depending on the number of protons abstracted by pyrrole nitrogen atoms.
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Although the two nitrogen atoms have a similar basicity," a few studies have claimed that
porphyrin monoacid may exist.” However, few direct characteristics were discussed, as the
monoacids are unstable and difficult to isolate. In particular, for meso-substituted
porphyrins, a one-step protonation occurs simultaneously to give the diacids without any
detectable intermediates, since the addition of a second proton is energetically favored.’
The porphyrin diacid differs from the free base form by a saddle-distorted geometry of the
porphin core.’

The absorption spectra of all free base porphyrins feature an extremely strong band in the
near ultraviolet region, called the Soret band, and four moderate bands in the visible region,
called the Q bands. These bands originate from the singlet-singlet or triplet-singlet m—m*
transitions. In C=O substituted porphyrins, n—* transition may arise. Introducing a metal
ion or protons to the porphyrin leads to changes in the band intensity and location. The
number of Q bands also decreases, due to the change in degree of molecular symmetry.®
Substituents, counterions and aggregation also change the absorption properties of
porphyrins, especially the wavelength of the absorption maxima.’ Many porphyrins can
form ordered aggregates.'® In general, the bathochromic shift (red shift) of the absorption
bands upon dye self-organization is attributed to J-type aggregation, and H-type
aggregation commonly leads to hypsochromic shift (blue shift) of the bands."’

Porphyrins have been intensively studied over a wide range of applications in the fields
of photodynamic therapy, ' catalysis, ° molecular device '* and organic photovoltaics
(OPVs)."> Among these, highly ordered porphyrin arrays at the nanoscale level attract a
great deal of attention, since many of them display interesting electronic and optoelectronic

properties. This chapter focuses on the design, synthesis and self-assembly studies of three
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porphyrin-functionalized guanine-cytosine molecules GAC-Por 1, (GAC),-Por 2 and
(GAC)-Por 3 (Figure 2.2), which are semiconductors and potential electron-donor

materials for solution-processed OPV devices. The optoelectronic properties of these

porphyrin-functionalized RNTs are discussed in Chapter 3.

GAC-Por 1

(GAC),-Por 2

N \
O/J_ \—\ N=(N::

N A\ N
o=
*nHCI N [¢]

N~
!H
H

(GAC),-Por 3 (GAC),~Por 3

Figure 2.2. Molecular structures and models of GAC-Por 1, (GAC),-Por 2 and (GAC),-
Por 3.
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2.2 Strategies for building one-dimensional porphyrin arrays
Although the light-harvesting complexes can be isolated and analyzed, they cannot be
copied in the laboratories. On the other hand, artificial 1D porphyrin arrays could be built
by different strategies, including axial metalloporphyrin coordination,'® porphyrin ionic
self-assembly,'” and attaching the chromophores to a scaffold via covalent bond or non-
covalent interaction.'® These arrays demonstrate unique optoelectronic properties, resulting
from the special arrangements of porphyrins in close proximity.

Among various types of scaffolds such as peptides,'®® single-walled carbon nanotubes
(SWNT),"® DNA'* and polymer surfactants,'® a building block that can form bottom-up
hierarchical self-assembly by noncovalent intermolecular interactions (e.g. hydrogen

1811
' and

bonding,'®" electrostatic interactions,'” hydrophobic interaction,'*" n—m stacking
host/guest interaction'¥) represents an emerging approach that can advance the process of
building 1D porphyrin arrays. The advantages of this approach include 1) relatively easy
preparation of the building block, i1) commanded self-assembly with precise programming
from a molecular level, 1i1) generation of the most thermodynamically stable
supramolecular nanostructure, and 1v) compatibility in favor of solution-processed devices.

However, in order to generate self-assembled nanostructures with the desired architecture

and geometry, it is imperative that the monomer building blocks are delicately designed.
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2.3 Synthesis of GAC-Por 1
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Figure 2.3. Synthesis Route of GAC-Por 1. Reagents and conditions: (a) NaBH(OAc);,

1,2-DCE, 25 °C, 7 d, 40%; (b) HCI (4 M in 1,4-dioxane), 80 °C, 4 h, quantitative yield.

GAC aldehyde 1 was synthesized following a 12-step route as previously reported with an
overall yield 8.8%." 5,10,15,20-tetraphenylporphyrin was applied to nitration with NaNO,
in TFA, and then reduced by SnCl,*2H,0O in concentrated hydrochloric acid. 5-(4-
aminophenyl)-10,15,20-triphenylporphyrin (ATPP) 2 was obtained after work-up and
column chromatography with an overall yield 39%.>° As shown in Figure 2.3, GAC
aldehyde 1 and ATPP 2 were treated with NaBH(OAc)3, which is an mild reducing agent in
the reductive amination reaction.”' Triethylamine and DIPEA were avoided as they are
detrimental to this reaction and normally lead to low yield. Although porphyrin 2 is a
primary amine, the di-alkylated product was not observed even under the condition of a
significant excess amount of NaBH(OAc);. This is mainly due to the low nucleophilicity of

the amino group on the benzene ring (aniline). For this reason, only the porphyrin-mono
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GAC motif 3 was obtained as the product (Figure 2.3). The purification of 3 was a
challenge. The column chromatography with silica gel led to decomposition, as the
compounds with a loss of one or two Boc protecting groups were identified in the fractions.
In addition, the color of 3 gradually changed from claret-red to deep green after being
loaded to the stationary phase, indicating the protonation occurred on the pyrrole NH of the
porphyrin unit. Adding mobile phase modifiers such as triethylamine did not improve the
separation. Neutral and basic alumina were then chosen as the stationary phase. They
worked well but needed to be deactivated to Brockmann II or III grade. GAC-Por 1 was
obtained quantitatively after the deprotection of 3 in HCI (4 M in 1,4-dioxane) and work-up.
The TFA salt of GAC-Por 1 was also obtained either by using TFA and thioanisole in the
deprotection reaction, or by dissolving GAC-Por 1 in TFA for anion exchanging. GAC-Por

1 is a green solid, whereas GAC-Por 1 (TFA) is a dark brown solid.
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2.4 Self-Assembly of GAC-Por 1 (TFA)

The solubility of GAC-Por 1 (TFA) is poor in most common solvents such as DCM,
acetone and DMF. Fibers were found in the amber aqueous solution at a concentration of
0.02 mM by SEM (Figure 2.4A), and amorphous aggregates were present in the brown 1,2-
DCB suspension (Figure 2.4B). GAC-Por 1 (TFA) becomes soluble when it is heated in
DCM and MeNOQO; at a low concentration. Large sheet-form layers were observed in DCM
(Figure 2.4C), and tubular bundles were present in MeNO, (Figure 2.4D). GAC-Por 1
(TFA) can be freely dissolved in MeOH to form a dark brown solution. Small round-shape
and worm-shape aggregates were found in the fresh solution by SEM (Figure 2.4E).
However, the solution formed a precipitate over time. Large aggregates were observed in
the MeOH solution aged for 2 h (Figure 2.4F). Although different processing conditions
were examined on this compound, well dispersed RNTs could not be obtained. With regard

to building well-organized 1D porphyrin arrays, GAC-Por 1 (TFA) is not suitable.
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Figure 2.4. SEM images of GAC-Por 1 (TFA) in different solvents. (A) H,O; (B) 1,2-DCB;
(C) DCM; (D) MeNO;; (E) MeOH (fresh solution); (F) MeOH (2h aging). Concentration:
A-C, 0.02 mM; D, 0.05 mM; E-F, 0. mM. Condition: all samples were applied to
sonication for 1 min; B and D were heated at 100 °C and 70 °C for 3 min respectively; A—D

were aged for 24 h. Scale bars: 500 nm.
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2.5 Self-Assembly of GAC-Por 1

2.5.1 Optimization of the self-assembly conditions

GAC-Por 1 has a similar solubility as the TFA salt in H,O, 1,2-DCB and DCM. No single
RNTs were observed in these solutions by SEM. Small particles were found in a hot fresh
MeOH solution, and large aggregates with a clean background were seen in the SEM image

as the precipitate formed with aging (Figure 2.5).

Figure 2.5. SEM images of GAC-Por 1 (0.1 mM in MeOH) at different aging time. (A)
Fresh hot solution after heating at 60 °C for 3 min; (B) solution at 25 °C after 10 min aging;

(C) solution at 25 °C after 2 h aging. Scale bars: 500 nm.

In MeNO;, GAC-Por 1 can be gradually dissolved after repeated cycles of sonication
and gentle heating (< 70°C) to form a green solution at a maximum concentration of 0.5
mM. SEM images of this solution show tubular architectures after 1 h of aging, which
remained stable in solution at room temperature over a period of 1 year (Figure 2.6). The
solution was clear and did not form a precipitate. The length of the RNTs varies from a few
hundred nanometers to tens of micrometers, depending on aging time and cycles of

sonication and heating.
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Figure 2.6. SEM images of GAC-Por 1 RNTs (0.16 mM in MeNO,) at different aging
times. (A) 1 h; (B) 6 h; (C) 21 d; (D) 450 d. Self-assembly condition: alternate sonication

(30 s x 3) and heating (50 °C, 2 min x 3). Scale bars: 1 um.

Alternating between sonication and heating is crucial to the formation of the RNTs.
Under the condition of sonication only, the solubility of GAC-Por 1 in MeNO; is limited
up to 0.1 mM, and the self-assembly process of GAC-Por 1 is very slow (Figure 2.7A). The
RNTs are short even after a period of aging for 30 d. Gentle heating (< 70°C) without
sonication does not improve the solubility, and only produces short RNTs and bundles
(Figure 2.7B). Although heating at a higher temperature could improve the solubility, the
color of the solution changed from green to dark green. SEM images show only amorphous

particles in this solution (Figure 2.7C).
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Figure 2.7. SEM images of GAC-Por 1 (0.1 mM in MeNQO,) processed under different
conditions. (A) sonication at 25 °C for 20 min; (B) heating at 55 °C for 30 min; (C) heating

at 90 °C for 5 min. Aging: 3 d. Scale bars: 500 nm.

2.5.2 Control studies of the self-assembly

Since some well-established ionic porphyrins can form self-organized tubular
architectures,'” the observed nanotubes of GAC-Por 1 by SEM need to be identified.
Herein 5-(4-aminophenyl)-10,15,20-triphenylporphyrin hydrochloride (ATPP-HCI) was
used as a control. It can be prepared by dissolving the free base of 5-(4-aminophenyl)-
10,15,20-triphenylporphyrin in HCI (4 M in 1,4-dioxane) followed by work-up in the same
manner used to synthesize GAC-Por 1. ATPP-HCI is a green flaky solid, whereas GAC-
Por 1 is a powder.

A MeNO, solution of ATPP-HCl was applied to repeated cycles of sonication and gentle
heating, just in the same manner that GAC-Por 1 was processed. The SEM images show
only a few amorphous aggregates, even after the solution was aged for 7 d (Figure 2.8).
This suggests that the observed tubular architectures in the case of GAC-Por 1 are due to
the self-assembly of the GAC motif, rather than the ionic assembly or hydrophobic

interactions of the porphyrin molecules.
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Figure 2.8. SEM images of ATPP-HCI (0.1 mM in MeNO) at different aging time. (A) 1
h; (B) 3 d; (C) 7 d. Condition: alternate sonication (30 s x 3) and heating (50 °C, 2 min x 3).

Scale bars: 500 nm.

2.5.3 UV-Vis absorption spectra of GAC-Por 1 RNTs

Since GAC-Por 1 can only be dissolved in MeNO, with sonication and heating, and the
formation of RNTs occurs immediately under these conditions, it is impossible to track the
changes in the absorption spectrum of the solution during the course of self-assembly.
Interestingly, it was found that RNTs formed from GAC-Por 1 in MeNO, cannot tolerate
high temperature. More specifically, heating a stock solution of GAC-Por 1 RNTs to 95 °C
for 3 min followed by re-cooling to 25 °C leads to a noticeable color change in the solution
from green to brown. The presence of only short stacks in the SEM images of the brown
solution is indicative of the disassembly of the RNTs (Figure 2.9A and B). We utilized this
behavior to study the spectroscopic changes of the RNTs solution upon disassembly. A
MeNO, solution of ATPP-HCI was used as a control and processed under the same

condition. No tubular architectures were found in this control solution before or after

heating (Figure 2.9C and D).
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Figure 2.9. SEM images of GAC-Por 1 and ATPP-HCI (0.16 mM in MeNO,) on heating.

(A-B) GAC-Por 1 RNTs before and after heating; (C—D) ATPP-HCI before and after

heating. Condition: 95 °C, 3 min. Scale bars: 500 nm.
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Figure 2.10. Absorption spectra of GAC-Por 1 RNTs (A) and ATPP-HCI (B) before and
after heating. Insets show the solutions before and after heating. Concentration: 0.07 mM in

MeNO,. Heating condition: 95 °C for 3 min. Path length: 1 mm.
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Figure 2.10 shows the absorption spectra of GAC-Por 1 and ATPP-HCI before and after
heating. In the spectrum of ATPP-HCI in MeNO,, the characteristic absorption bands of
porphyrin diacid were observed. After cooling, the Soret band at 417 nm increased, and the
band at 443 nm decreased. The broad Q band at 663 nm also slightly decreased. These
changes might be attributed to minor structure fluctuation of the amorphous aggregates. In
the spectrum of GAC-Por 1 RNTs in MeNO, before heating, the broad Soret bands consist
of a peak at 447 nm and two shoulders at 417 nm and 468 nm, and the single Q band is at
672 nm. After cooling, the bands at 468 nm and 672 nm almost disappeared, and the band
at 417 nm increased. These spectroscopic changes are correlated to the self-assembly
induced intermolecular interaction between the porphyrin groups on the outer periphery of
the RNTs. The red shifts and broader bandwidth of both Soret and Q bands, along with the
increased absorbance of the Q band, indicate that the organization pattern of the porphyrin

groups is a typical J-type.”

2.5.4 Dilution effect on GAC-Por 1 RNTs
The well-organized structure of GAC-Por 1 RNTs in solution is maintained by the
hydrogen bonds and n—m stacking between the elemental building blocks. Although the
intermolecular hydrogen bonds are strong, n—m stacking might not be, since it is a type of
weak interactions that can be largely affected by the solvent polarity and the concentration.
Herein the stability of GAC-Por 1 RNTs upon dilution was investigated.

A dilute solution (0.01 mM in MeNO,) of GAC-Por 1 RNTs was prepared from a
concentrated stock solution (0.16 mM in MeNO,). SEM images of this dilute solution at

different aging times showed the disassembly process of the long RNTs (Figure 2.11).
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When the solution was freshly prepared, RNTs with a length over several micrometers were
widely present. After 1 d of aging, the long RNTs disappeared. Instead, short ones with the
length of a few hundred nanometers were observed. After 7 d, only very short stacks of
rosettes were found. The short stacks are stable in solution even for one year, and do not
undergo further disassembly. The changes in the absorption spectra of this solution also
signify the disassembly process (Figure 2.12). The strong absorption band at 447 nm and
the shoulder at 468 nm gradually disappeared over time, leaving a single Soret band at 417
nm. On the other hand, the broad Q band at 672 nm decreased and shifted to 647 nm. These
spectroscopic changes are similar to those observed in the disassembly process of GAC-

Por 1 RNTs by heating.

Figure 2.11. SEM images of a dilute solution of GAC-Por 1 RNTs (0.01 mM in MeNO,)
at different aging times. (A) 30 s; (B) 2 h; (C) 1 d; (D) 7 d. Condition: diluted from a
concentrated stock solution (0.16 mM). Scale bars: 500 nm.
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Figure 2.12. Normalized absorption spectra of GAC-Por 1 RNTs at different aging times.
Inset shows the solution before and after dilution (0.01 mM in MeNO,). Path length: 10

mm.

2.5.5 TEM imaging of GAC-Por 1 RNTs
TEM is a well-established technique that can produce high-resolution images and display
delicate structures of nanomaterials. In particular, it is a powerful tool to measure the
diameters of the RNTs. To enhance contrast, TEM samples need to be stained by
compounds of heavy metals prior to imaging. The stains can absorb electrons and scatter
part of the electron beam, so the objects can be easily contoured by the sharp boundaries
against the background.

Uranyl acetate is a commonly used negative stain, and so far is the best one for almost all
types of RNTs in our previous studies. For a well-stained sample, under the scanning

electron (SE) mode of SEM, RNTs are dark and boundaries are bright, due to the strong
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secondary electron flow emitted by uranyl ions excited by the electron beam. In contrast,
under the transmission electron (TE) mode RNTs are bright and boundaries are dark, due to
the less deflection of the electron beam through RNTs than that through the stain-rich
boundaries. Uranyl acetate is often dissolved in H;O or MeOH at a concentration up to 2%
(w/v). However, RNTs of GAC-Por 1 cannot be stained by these solutions. Unfortunately,
when the aqueous stain solution of uranyl acetate was drop-cast onto the carbon coated
TEM grid of GAC-Por 1, the RNTs were not stained, as shown in the SEM images (Figure
2.13A and B). In another staining method, the sample grid was dipped in the uranyl acetate
stain for 1 min and then blotted by filter paper. Although it seems that a few RNTs are
stained under the TE mode of SEM, the contrast of RNTs against background is still poor
in TEM imaging, making the diameter measurement inaccurate (Figure 2.13C and D). The
failure of the sample staining was probably due to the hydrophobic nature of the porphyin

groups on the RNTs, as the aqueous stain solution does not have a good contact with RNTs.
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Figure 2.13. SEM and TEM images of poorly-stained GAC-Por 1 RNTs. (A-B), images
taken under SE mode (A) and TE mode (B) of SEM show the same area; (C—D), images
taken under SE mode of SEM (C) and by TEM (D). Stain: 2% uranyl acetate in H,O. Stain
condition: (A—B), the stain was drop-cast onto the TEM grid; (C-D), the TEM grid was

dipped in the stain. SEM scale bars: 200 nm.

The solution of uranyl acetate in MeOH also did not stain the RNTs. In fact, a patterned
layer was seen by SEM after the sample was treated with this solution (Figure 2.14A).
Interestingly, when MeOH was drop-cast onto a sample grid and then immediately blotted,

the long RNTs broke into short pieces as shown in the SEM image (Figure 2.14B).
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Figure 2.14. SEM images of GAC-Por 1 RNTs after contact with stain (A) and MeOH (B).
The arrows indicate the disconnection of the RNTs. Stain: 1% uranyl acetate in MeOH.

Scale bars: 100 nm.

The trick for sample staining is that uranyl acetate needs to be dissolved in a solvent that
is miscible with MeNO, and does not affect the intact structure of GAC-Por 1 RNTs. After
screening many solvents, CH3;CN and acetone were found to work well. After sonication
and heating, uranyl acetate can be dissolved at a maximum concentration of 0.3% in
acetone, and 0.2% in CH3CN. To dissolve it in CH3CN, more care is needed, because high
temperature or a long period of sonication is detrimental, as the freshly dissolved uranyl
acetate crashes out of the solution. In addition, the stains need to be used when they are
fresh, because the clear solution gets cloudy over time. In particular, the stain in CH;CN

should be used within 1 h after preparation.

77



Figure 2.15. TE mode SEM (A-B) and high resolution TEM (C-D) images of well-stained
GAC-Por 1 RNTs. Concentration: 0.01 mM in MeNO,. Stain: 0.2% uranyl acetate in

CH;CN.

A well-stained sample of GAC-Por 1 RNTs shows clear boundaries and good contrast
against the background both in SEM and TEM imaging (Figure 2.15). Interestingly, we
found most of the tubular structures in the TEM images are bundles of two single RNTs.
This is probably due to the intermolecular interaction between the porphyrin groups on the

surface of the RNTs, which is also confirmed by STM. The diameter of a single RNT was
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averaged from the cross-sectional value of the binary bundle. The single RNT has a
diameter of 5.4 + 0.7 nm based on 25 TEM measurements.

Technically, an unstained specimen can be analyzed by cryo-TEM which is developing
popularity in structural biology. With cryo-TEM the biological samples are displayed in
their native environment with minimum conformational changes derived from no use of
heavy-metal stains. However, the cost of low resolution limits its application. Recently the
state-of-the-art Zernike phase contrast technique that utilizes phase plates has been applied
to cryo-TEM. In many cases, it effectively increases the contrast of the sample and provides
3D reconstructions with higher resolution.”® Phase contrast was invented by the Dutch
Nobel laureate Fritz Zernike during World War II, and now has been prevalently used in
the optical microscope. It takes advantage of the phase differences of light caused by
differences in refractive index between components of the object, and the phase differences
are transformed into amplitude differences of light that can be directly observed. In the
Zernike phase contrast TEM, a phase plate is placed in the back focal of the objective lens
to reconcile contrast and resolution. The commonly used phase plate is a continuous
amorphous carbon film of appropriate thickness with a small hole in the center. The
electrons passing through this hole and those scattered are different in phase and lead to
different contrast in imaging.

The characterization of an unstained sample of GAC-Por 1 RNTs using a phase-plate
cryo-TEM was done by Dr. Jae-Young Cho at the National Institute for Nanotechnology
(NINT). Figure 2.16 depicts the TEM images of the RNTs with some 3D features. The
diameter of a single RNT measured from these images is similar to the value measured

from images using a conventional TEM. However, the resolution of the phase-plate cryo-
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TEM is a bit lower, so we take the diameter measured from the stained sample, which has a

resolution at 0.1 nm.

Figure 2.16. Phase-plate cryo-TEM images of an unstained sample of GAC-Por 1 RNTs.

2.5.6 AFM imaging of GAC-Por 1 RNTs

AFM can generate a 3D surface profile of a sample with a high resolution which is
comparable or even better than that of TEM. During imaging, the AFM probe scans across
the sample surface. The atomic interactions between the tip of the probe and the sample
give rise to the deflection of the reflective cantilever, which causes the position changes of
the reflected laser beam on the position sensitive photodiode detector. The cantilever
deflection information is then transferred to the piezoelectric scanner which controls the
movement of the probe, and the amount of the movement is recorded by the computer to
produce the topographic image.** Tapping mode is the most commonly used technique of
operation of an AFM, because it provides high resolution with minimum sample damage

based on a feedback mechanism of constant oscillation amplitude. Height and amplitude
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are the two most common image types of tapping mode AFM. Height profile provides a
vertical topographic image, from where both lateral and height measurements can be
estimated. Amplitude profile is also commonly shown as it often displays the shape of the
sample more easily. In terms of AFM sample preparation, a solution sample can be drop-
cast or spin-cast on HOPG or mica. Both of them are commonly used substrates because of
the flatness of the surface.

Figure 2.17 depicts the tapping mode AFM images of GAC-Por 1 RNTs on mica and
HOPG. The RNTs form a 3D network that consists of both single RNTs and binary bundles.
In the image of a more dilute sample, short RNTs are found instead of long ones (Figure
2.18A). However, both single RNTs and bundles are present (Figure 2.18B). The internal
interaction of the bundles seems to be strong, as the bundles cannot be broken up even after
the solution was applied to sonication for 30 min. The height of a single RNT is considered
to be equivalent to its outer diameter, and the value is 4.3 = 0.4 nm based on 20
measurements (Figure 2.18C). Although the value is slightly lower than those from TEM
measurement and molecular modeling simulation, the discrepancy is quite common in most
types of RNTs developed in our group. This phenomenon is attributed to two reasons. First,
since the AFM imaging is taken at ambient condition, moisture in air can form a sub-
nanometer water layer on the sample surface which results in a smaller measured value than
the actual height of the object. Second, in tapping mode the tip of the AFM probe actually
compresses the sample and may cause subtle deformation, especially in the cases of soft

materials.?
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Figure 2.17. Tapping mode AFM images of GAC-Por 1 RNTs on mica (A-B) and HOPG
(C-D). (A) and (C) are height profiles, (B) and (D) are amplitude profiles. Concentration:

0.05 mM in MeNO..
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In high-resolution AFM imaging, the surface of GAC-Por 1 RNT periodically shows a
bumpy topography (Figure 2.18C). The difference between the height values from the peak

and valley is ~ 1.2 nm, which is similar to the size of a porphyrin group. This is also

confirmed by STM.
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Figure 2.18. Height measurement of a single GAC-Por 1 RNT by tapping mode AFM. (A)
AFM image of a dilute sample (0.005 mM in MeNO,); (B) enlargement of the squared area

in (A); (C) height profile along the arrow in (B), the two-headed arrow shows the height

value from a peak.
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2.5.7 STM imaging of GAC-Por 1 RNTs

Different from AFM, the principle of STM is based on the distance-dependent quantum
mechanical tunneling effect between the outermost atom of the STM tip and the topmost
atom of the sample surface. In addition, both of the STM tip and the sample should be
conducting. If the tip-sample distance is small enough, usually within a few angstroms, the
electrons at the Fermi energy level of the sample can overcome the energy barrier, known
as the work function @, and tunnel into the empty state of the tip, or vice versa. When a
bias voltage is applied between the sample and the tip, the tunneling effect results in a
feeble electron current that can be amplified and transferred to the scanning control unit,
herein the distance between the tip and the topmost atom of the sample can be constant in
the constant current mode of STM. Because the tunneling current depends exponentially on
the tip-sample distance, and only the outermost atom of the tip and the topmost atom of the
sample are directly involved, single atom imaging can be observed by STM. On account of
these features, STM is an important technique that has been applied to surface structure
analysis, catalysis research, atomic molecular manipulation and single molecular
electronics.

The delicate structures of many well-organized assemblies of porphyrins have been
revealed by STM at the submolecular level, as these porphyrins display a strong electron
tunneling effect with the tip.”” When the tip is modified with a single fullerene molecule,
the HOMO of porphyrin can be spatially visualized by STM, due to the efficient electron
transfer from the HOMO of porphyrin to the LUMO of fullerene.*®

We used STM to probe the delicate structure of GAC-Por 1 RNT. High-resolution

images of a bundle of two single RNTs are shown in Figure 2.19. The size of a porphyrin
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group is measured to be 1.18 + 0.13 nm. The distance between two horizontally adjacent
porphyrin groups on the same hexameric rosette is 0.97 nm, and the distance between two
vertically adjacent porphyrin groups along the long axis of the RNT is 3.47 nm. The
diameter of a single RNT is 6.17 + 0.42 nm, which is in good agreement with the values
obtained from TEM measurements and molecular modeling simulation. Interestingly, the
porphyrin groups on the interface of two single RNTs interlace with each other and form a
compact and almost continuous array. From the STM images, we propose that the porphyin
groups on the interface of the bundle adopt a slipped cofacial J-aggregate arrangement,
which is in good agreement with the red-shifted Soret and Q bands in the absorption

spectrum of the GAC-Por 1 RNTs solution.
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50 nm x 50 nm

Figure 2.19. (A) STM images of a bundle of two single GAC-Por 1 RNTs; (B)
enlargement of the squared area in (A), inset is a schematic illustration, the red and yellow
circles represent porphyrin groups; (C-D) enlarged segments; (E) three dimensional
topography of the bundle; (F) side-view illustration of the bundle, porphyrin groups are
represented as colored diamonds, only porphyrin groups on the edges are shown for clarity.
STM conditions: current setpoint: 500 pA; bias voltage: 1000 mV.
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2.5.8 The importance of proton and chloride ion on the supramolecular structure of
GAC-Por 1 RNTs

GAC-Por 1 is in the form of porphyrin dication, with the molecular formula
(Cs3H41N;1O)*4.2(HCl) deduced from elemental analysis. Similar to other porphyrin
dications, GAC-Por 1 has an emerald green color. The proton and CI ion are critical to the

supramolecular structure of GAC-Por 1 RNTs.

Figure 2.20. SEM images of the free base of GAC-Por 1 in MeNO, (A), 1,2-DCB (B),
toluene (C), and THF (D). Concentration: 0.05 mg/mL. Condition: alternate sonication (30

s X 3) and heating (50 °C, 2 min X 3). Scale bars: 500 nm.
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The free base form of GAC-Por 1 was prepared by washing GAC-Por 1 with aqueous
K,COs (10%). The free base is a purple powder, and can be dissolved at a low
concentration in MeNQO,, 1,2-DCB, toluene and THF. These solutions were treated under
the same condition as that optimized for the self-assembly of GAC-Por 1. As shown in
Figure 2.20, only short stacks of rosettes were observed in MeNOs. In 1,2-DCB and toluene,
short stacks of rosettes and a few amorphous aggregates were present. In THF, large
aggregates were observed.

In another experiment, triethylamine was quantitatively added to a stock solution of
GAC-Por 1 RNTs, and the changes in the spectra and SEM images were recorded (Figure
2.21). When one equiv. of triethylamine was added to the RNTs solution, the color of the
solution instantly changed from light green to brown, and a flocky precipitate was observed.
Large aggregates were found in the SEM image, which are thought to be debris of the
RNTs. In the absorption spectrum, the characteristic bands of GAC-Por 1 RNTs at 468 nm
and 672 nm disappeared. Appearance of the four small Q bands signifies that the porphyin
groups are in the form of free base. The Soret band has a shoulder at 431 nm, and is broader
than that of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin (ATPP). The broad Soret band
may be correlated to the amorphous aggregates observed in the SEM imaging.

These observations indicate that extra protons are important for the self-assembly and
supramolecular structure of RNTs, but may not have an effect on the intermolecular H-

bonding interaction.
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Figure 2.21. SEM images of a MeNO; solution (0.05 mM) of GAC-Por 1 RNTs before (A)
and after (B) adding one equiv. of triethylamine; (C) absorption spectra. Inset shows the

solution before and after adding one equiv. of triethylamine. Path length: 1 mm. Scale bars:

500 nm.

On the other hand, the CI ion is also essential to the tubular nanostructure, since no
RNTs were observed in the case of GAC-Por 1 (TFA). The all-atom molecular dynamics
(MD) simulation for GAC-Por 1 in MeNO, shows that many CI  ions are positioned above
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and below the macrocycle planes of the porphyrin groups and stay there during the MD
simulation time conducted (Figure 2.22). These CI ions interact with the abstracted protons
on the basic pyrrole N. Considering that the porphyrin group in the present modeling study
carries two positive charges, the presence of CI” ions would be extremely important to
reduce the electrostatic repulsion between the porphyin groups on the RNT surface and
stabilize the supramolecular structure. In fact, during the solvent equilibration step in the
present MD simulation, we noticed that the equilibration of CI” ions strongly affects the
RNT structure. Disruption of the RNT supramolecular structure was observed when we did
not equilibrate CI” ions well and did not allow them to distribute on the RNT surface. More

details about the modeling study are given in the following section.

Figure 2.22. A snapshot at 10 ns in the MD simulation for a single GAC-Por 1 RNT in
MeNO,. The core of the RNT is shown as the white surface representation, the porphyrin
groups are shown as the tube representation, the CI” ions are presented as a VDW sphere,
and colored in yellow except one that is colored in orange. MeNO, molecules are omitted

for clarity.
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2.5.9 Molecular modeling study for a single GAC-Por 1 RNT
The molecular modeling study for a single GAC-Por 1 RNT was carried out by Dr. Takeshi
Yamazaki. In the present modeling study, the two basic pyrrole N in the porphyrin group of
GAC-Por 1 are protonated to form the dication, since the compound was obtained from
deprotection of the precursor in HCI (4 M in 1,4-dioxane) without a basification work-up.
The emerald green color of GAC-Por 1 is indicative of the porphyrin dication.”’ In fact,
adding an organic base like triethylamine to a solution of the GAC-porphyrin renders the
appearance of the 4 characteristic Q bands of the porphyrin free-base form.™

Figure 2.23 shows a schematic illustration of the hierarchical self-assembly of GAC-Por
1. Six GAC-Por 1 molecules form a hexameric rosette via intermolecular H-bonding
interaction. The rosettes self-organize further to form a nanotube via n—m stacking. The
staggered angle between two rosettes is 30°. The porphyrin groups on the nanotube surface

form 12 continuous linear arrays. These figures were generated with VMD.?'

6 x

P ‘;\NDQZ’ ¥ 1 stacking °

side-view

Figure 2.23. Schematic illustration of hierarchical self-assembly of GAC-Por 1.
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Figure 2.24. MD simulation of a single GAC-Por 1 RNT. (A) a single RNT of 10 rosette

stacks in MeNO,; (B) a snapshot of the RNT at 100 ns, the CI ions are omitted for clarity.

The MD simulation was set up and run for a single RNT that is comprised of 10 rosette
stacks, based on our previous modeling study.’? The GAC-Por 1 RNT was modeled by the
general AMBER force field (GAFF)*® complemented with the partial charges taken from
OPLS2005 force field**. The MeNO, molecule was modeled by GAFF with the partial
charges determined by the restrained electrostatic potential (RESP)*® at the HF/6-31G*
level using the Gaussian 09 program®®. MD simulations were run in Amber12.*” The RNT
was solvated in 20,000 MeNO, molecules and 180 chloride ions, as shown in Figure 2.24A.
In this figure, the core of the RNT is shown as the white surface representation and the
porphyrins are shown as the tube representation. The CI” ions are presented as a VDW
sphere, and colored in yellow except one that is colored in orange. MeNO, molecules are
represented as a purple transparent surface. The solvent environment was first equilibrated

at 298 K with a pressure of 1 atm for 2 ns with harmonic positional restraints on the RNT.
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Then, the positional restraints of the RNT were removed from the edge rosette rings to the
middle rings in the stepwise manner for every 200 ps, and finally a 100 ns simulation was
performed at 298 K with a pressure of 1 atm as a production run. The time step was 2 fs,
and all bonds involving hydrogen were constrained by SHAKE.?® A cutoff of 8 A was used
for non-bonded interactions, and the long-range electrostatic interactions were treated with
the particle mesh Ewald method.*® Figure 2.24B shows the snapshot of the RNT at 100 ns,
suggesting the structural stability of the RNT scaffold in MeNO, and CI  solution.

Based on the MD trajectory of a single RNT, we measured the width of the RNT along
the X-direction as the diameter. Figure 2.25 shows the measurement of the RNT width as a
function of the MD simulation time. The average over 100 ns was calculated to be 6.05 nm,
which is consistent with the values from our TEM and STM measurements. This suggests
that the present molecular modeling describes the RNT reasonably well. We can see a small
fluctuation (~ 1 A difference) around 47 ns in Figure 2.25. This is because one of the
porphyrin groups changed its orientation. Nevertheless, there was no significant

supramolecular structural change observed associated with this fluctuation.
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Figure 2.25. Measurement of the width of a single GAC-Por 1 RNT as a function of MD

simulation time.

2.6 Limitation of GAC-Por 1
Although GAC-Por 1 can form RNTs in MeNO,, the solubility constraint (max. 0.5 mmol)
may limit its application in OPV device fabrication.

Spin-casting and thermo deposition are the two most used techniques for fabricating thin
films of organic materials. As a solid-phase processing technique, thermo deposition is
mainly used for small molecules that have moderate volatility and saturated vapor pressure,
and it has been successfully used in a few cases. However, to date most of electron-donor
materials are polymers and they are only suitable for spin-casting. As a wet-processing
technique, spin-casting is cost-efficient and more important on the transition to the yet

unachieved ultimate goal of “printable OPVs”, in which the mixed solution of both
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electron-donor and electron-acceptor materials can be evenly sprayed to a substrate and
form the so called bulk heterojunction®” active layer with a proper thickness. We can
simply take this process as an analogue to inkjet printing. The thickness of the active layer
directly affects the performance of OPV devices. When the layer is too thin, the light
absorption efficiency is low, and a thick layer is detrimental to charge separation and
charge transport. In most of the cases, the thickness of the active layer varies in a range
from a few tens to several hundreds of nanometers. In a solution-processed OPV device, the
thickness of the active layer is determined by the concentration of the solution and the rate
of spin-casting. In general, a high concentration is desired, because it can ensure the
thickness of active layer and save the solvent. For the devices fabricated in the lab, the
concentration normally ranges between 10 to 40 mg/mL.*" Although a lower spin-casting
rate generates a thicker layer, it cannot be too low, otherwise the spin-cast film is uneven
and it is detrimental to the device performance. For this reason the spin-casting rate is
commonly set as more than 1,000 rpm.

In terms of the solvent for solution-processed OPV device fabrication, chlorobenzene
and 1,2-DCB are the most common, as they can largely dissolve many polymeric and
small-molecule electron donors. In addition, fullerene derivatives, which are extensively
exploited as the electron-acceptor materials, can also be dissolved at a high concentration in
these haloaromatics. Among these electron acceptors, PC4BM is a benchmark. This is
mainly attributed to its good electron-accepting ability and high electron mobility. **
However, it is insoluble in MeNO,.* Although 1,2-DCB and MeNO; are miscible and the
mixture can dissolve PCs;BM at a concentration up to a few mg/mL, the fabrication of

solution-processed OPV devices based on GAC-Por 1 and PCsBM may be a challenge.
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This is because the binary solvent system does not improve the solubility of GAC-Por 1,
which means the spin-cast active layer of the two may be too thin for efficient light
absorption due to the solubility constraint.

In view of the above mentioned considerations, I planned to synthesize porphyin-
functionalized GAC building blocks that are highly soluble in chlorobenzene or 1,2-DCB,
and the self-assembled RNTs from them feature a superior structural stability. This is the

starting point for the synthesis of (GAC),-Por 2 and (GAC);-Por 3.

2.7 Synthesis of (GAC),-Por 2

As shown in Figure 2.26, di-N-alkylation was not observed in the reaction of ATPP and
GAC aldehyde, so I chose to modify the ATPP with a short spacer that has a terminal
primary amino group. The spacer should be short so that the porphyrin groups have a
restricted rotation, and the intact highly ordered arrangement of the porphyrin is not
affected to a large extent. 3-(Boc-amino)-1-propanol was first tried with ATPP following a
reported method of direct N-alkylation of aromatic amines with alcohols.** However, this
reaction did not proceed and no expected product was observed. A trial of nucleophilic
substitution reaction between ATPP and 3-(Boc-amino)propyl bromide was not successful,

probably due to the low nucleophilicity of the aromatic amino group.
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Figure 2.26. Failed attempts to obtain porphyrin-twin GAC and modified porphyrin with a

spacer bearing a primary amino group.
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Figure 2.27. Synthesis route of (GAC);-Por 2. Reagents and conditions: (a) Boc-f-alanine,
EDC-HCI, DIPEA, DCM, 25 °C, 24 h, 92%; (b) DCM/TFA (1:1), 25 °C, 2 h, followed by
work-up with NaHCOs, 96%; (c) NaBH(OACc)s, triethylamine, THF, 25 °C, 4 d, 42%; (d)

HCI (4 M in 1,4-dioxane), 80 °C, 4 h, quantitative yield.

97



Boc-f-alanine was then chosen as the spacer as it can form an amide bond with ATPP
through a coupling reaction (Figure 2.27). Carbodiimides are used in the amide coupling
reaction as they can activate carboxylic acids for the amide formation. In the first trial,
N,N'-dicyclohexylcarbodiimide (DCC) was used and the reaction proceeded to completion
after 24 h at 25 °C. Although the byproduct N,N'-dicyclohexylurea can be filtered off as it
is insoluble in most solvents, trace amounts still remain and complicate the NMR and MS
spectra of the desired product. This drawback leads to tedious purification and a low yield.
DCC was then replaced by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
pure compound 4 was obtained after work-up without further purification, as the byproduct
urea is very soluble in water and can be easily removed. In amide coupling reactions,
hydroxybenzotriazole (HOBt) is commonly used as an additive to suppress side reactions.
However, the addition of this reagent was found to be unnecessary, as compound 4 was
obtained quantitatively without HOBt. Deprotection of 4 followed by work-up produced
compound 5. Interestingly, only the di-alkylation product 6 was observed in the reductive
amination between 5 and GAC aldehyde 1 as shown in Figure 2.27. The yield of 6 can be
improved by dissolving the dried reaction mixture in fresh solvent and adding more
reducing agent to repeat the reaction. A proper solvent for this reaction is very important.
Although 1,2-DCE is a common solvent for reductive amination using NaBH(OAc); as the
reducing agent and it works in the synthesis of GAC-Por 1, it should not be used in the
synthesis of 6. When the reaction was run in 1,2-DCE, no product was observed at all.
Instead, GAC aldehyde 1 was reduced to the alcohol exclusively when the temperature was
elevated to 50 °C. THF was found to be the best solvent for this reaction. (GAC),-Por 2

was quantitatively obtained after deprotection of 6 in HCI1 (4 M in 1,4-dioxane).
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2.8 Self-assembly of (GAC),-Por 2

2.8.1 (GAC),-Por 2 in single-solvent systems

The solubility test and self-assembly study of (GAC),-Por 2 in different solvents are
summarized in Table 2.1 and Figure 2.28. In general, the solubility is poor in most of
solvents, with the exception of MeOH and DMF, in which (GAC),;-Por 2 can be readily
dissolved with no need for heating. To improve the solubility and investigate the self-
assembly capability in indifferent solvents, these solutions were heated to the boiling point
for 1 min and then slowly cooled to room temperature. At a concentration of 0.5 mM, only
the MeOH and DMF solutions are clear, others are cloudy and slowly form precipitates. In
MeNO; and 1,2-DCB, very short stacks of rosettes are found in SEM imaging. In CH3;CN,
short RNTs are found, with an average length of a few tens of nanometers. Nevertheless,
the RNTs do not elongate over time. The DMF solution has a unique charet-red color.
Worm-like nanostructures are found in the SEM image, but nothing is found in the fresh
solution before heating. In the absorption spectra of (GAC),-Por 2 in DMF, a broad new
band at 328 nm emerges after heating, which might be correlated to the nanostructures of
aggregates found in the SEM image (Figure 2.29). No tubular nanostructure was seen in the
THF solution, and only large particles were present in the acetone solution. In MeOH, long
RNTs were found and the background was clear in the SEM image. Herein more detailed

studies are done for the self-assembly of (GAC),-Por 2 in MeOH.
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Table 2.1. Summary of the self-assembly study of (GAC),-Por 2 in single-solvent systems.

Solvent Solubility Color RNTs
MeNO; slightly green short stacks
DMF good claret-red X
CH;CN poor light green <100 nm
THF slightly light brown X
Acetone poor light green X
1,2-DCB slightly brown short stacks
MeOH good bright cyan > 1 um

eNO, CH;CN Acetone MeOH
THF 1,2-DCB

Figure 2.28. SEM images of (GAC);-Por 2 in different solvents. Concentration: 0.5 mM.
Condition: sonication (30 s), heating at boiling points (1 min). Aging: 1 h. The last picture
shows the colors of the solutions.
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Figure 2.29. Absorption spectra of (GAC);-Por 2 in DMF (0.05 mM) before and after

heating. Condition: sonication (30 s), heating (150 °C, 1 min). Path length: 1 mm.

In a fresh solution of (GAC),-Por 2 in MeOH, no RNTs were present (Figure 2.30A).
When the solution was heated to the boiling point for 1 min and aged for 10 min until
cooling to room temperature, long RNTs were found in SEM imaging, with the maximum
length up to a few micrometers (Figure 2.30B). Upon the formation of RNTs, a new band at
402 nm appears in the absorption spectrum (Figure 2.30C), which indicates that the
porphyrin groups on the surface of RNTs adopt the H-type arrangement. This is different
from the spectroscopic changes observed in the self-assembly process of GAC-Por 1 in
MeNO,, where a red shift of the Soret band is observed. In addition, the peaks at 235 nm
and 295 nm are the characteristic absorption bands of the GAC motifs. The decrease in

absorbance at 295 nm is indicative of the formation of RNTs, as similar changes are
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observed in the cases of other self-assembled RNTs. This change is probably because the
self-organized GAC motifs via the complementary H-bonds are shielded by the outer
functional groups and the resonance behaviors of the GAC motifs are restricted by the H-

bonds, as they face inside and consist of the inner core of RNTs.
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Figure 2.30. SEM images of (GAC),-Por 2 in MeOH (A) before and (B) after self-
assembly; (C) absorption spectra. Concentration: 0.05 mM. Path length: 1 mm. Scale bars:
500 nm.
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In fact, (GAC),-Por 2 can form RNTs in MeOH without heating, although heating can
lead to instant self-assembly. The spontaneous self-assembly process of (GAC),-Por 2 in
MeOH was tracked by SEM (Figure 2.31). MeOH was added to (GAC),-Por 2 and the
solution was shaken by a vortex mixer. The SEM sample of this fresh solution shows some
amorphous particles which are thought to be the undissolved compound. After 1 h the
particles are gone and short RNTs are present, with the length of a few hundred nanometers.

After 2 d, the length of some RNTs reaches over 10 um.

Figure 2.31. SEM images of spontaneous self-assembly of (GAC),-Por 2 in MeOH at
different aging time. (A) 1 min; (B) 1 h; (C) 3 h; (D) 2 d. Concentration: 0.07 mM. Scale

bars: 500 nm.

103



2.8.2 (GAC),-Por 2 in a binary solvent system
Although MeOH is a good solvent to process self-assembled RNTs of (GAC),-Por 2, it
cannot be used in the wet process of an OPV device that has PC¢BM as the component in
the active layer, because PCg;BM is insoluble in MeOH. On the other hand, PC¢BM is
very soluble in 1,2-DCB, with the solubility up to 42.1 mg/mL (46.2 mM). Most of
polymer electron-donor materials are also highly soluble in 1,2-DCB. The compatibility
makes 1,2-DCB the most used solvent in the active layer casting of PCs BM-polymer blend.
Since MeOH and 1,2-DCB are miscible, a mixture of the two was used to improve the
solubility of (GAC),-Por 2. Indeed, (GAC),-Por 2 can be dissolved at a high concentration
in the binary solvent system. The solubility increases as the proportion of MeOH increases.
In a mixture of 1,2-DCB/MeOH (7:3, v/v), a solution can be prepared at a concentration of
20 mg/mL (14.0 mM). The optimized self-assembly condition is to add the binary solvent
to a pre-weight amount of (GAC),-Por 2, mix them well by a vortex mixer, heat the
solution to boiling point for 2 min, and cool it to room temperature. The clear solution has a
deep green color, and the formation of long RNTs is almost instant after this process
(Figure 2.32A). In fact, the self-assembly process of (GAC);-Por 2 is spontaneous. With a
moderate period of aging, long RNTs are also found in the solution even with no heating
(Figure 2.32B). The good self-assembly capability of (GAC),-Por 2 is mainly due to the
doubled hydrogen bonding sites in the twin GAC motif, and a good solubility in the binary

solvent.
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Figure 2.32. SEM images of (GAC);-Por 2 RNTs in 1,2-DCB/MeOH (7:3, v/v, 0.07 mM)
under different processing conditions. (A) heating (70 °C, 2 min), aging (30 min); (B)

sonication (30 s), aging (7 d). Scale bars: 500 nm.

2.8.3 Organogel of (GAC),-Por 2

The solution of (GAC),-Por 2 in a mixture of 1,2-DCB/MeOH has a tendency to form a
self-supporting organogel (defined as absence of flow upon inversion of the vial). A stock
solution with a low concentration at 0.07 mM (1 mg/mL) formed an organogel after aging
for 30 d at room temperature (Figure 2.33A—C). When the organogel was applied to
vibration and sonication for a short period of time, it became a viscous liquid (Figure
2.33D). An interpenetrating network of long RNTs was found in the solution by SEM
imaging (Figure 2.33E). Interestingly, the solution turned to an organogel again after aging
for 1 d (Figure 2.33F), indicating that its formation is reversible. Heating also turns the
organogel to the corresponding solution, and the solution forms an organogel again over

time.
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Figure 2.33. A vial sample of organogel of (GAC);-Por 2. (A—C) a solution of (GAC),-
Por 2 turns to an organogel in 1,2-DCB/MeOH (7:3, v/v, 0.07 mM), aging for 30 d; (D)
organogel turns to liquid after vibration and sonication; (E) SEM image of solution (D),

scale bar: 500 nm; (F) solution (D) turns to organogel again after 1 d aging.

The gelation of (GAC);-Por 2 in solution is likely due to strong intermolecular
interactions between the self-assembled RNTs and the solvent molecules. Since the RNTs
elongate and entangle over time, they form an interpenetrating network that retains and
immobilizes the solvent. As the network grows, it exhibits gel-like physical properties. The
RNTs-solvent interactions involve only weak forces including hydrogen bonding, m—n
stacking and hydrophobic interaction, so the organogel breaks up when it is heated at a high

temperature, or applied to vibration and sonication for a period of time. Interestingly, the
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gelation of (GAC),-Por 2 is solvent-dependent. A MeOH solution became viscous but did
not form an organogel even after aging for 1 year. For the binary solvent system, the greater
the proportion of the 1,2-DCB in the solution, the shorter gelation time it takes. This is
attributed to the hydrophobic interaction between the RNTs and 1,2-DCB as it is a non-
polar aromatic solvent. The gelation of (GAC),-Por 2 is also concentration-dependent. At a
high concentration, the gelation time of the solution is short, and the strength of the
organogel is strong, as it needs a long period of time of heating to break it up. At a
concentration low as 0.2 mM (0.3 mg/mL), the solution of (GAC),-Por 2 in the mixture of
1,2-DCB/MeOH (7:3, v/v) still forms an organogel.

The studies above indicate that (GAC),-Por 2 is a good small-molecule gelator via self-
assembly. The reversibility of the organogel formation may imply new applications of this
material. To achieve this goal, more gelation parameters need to be collected, such as the

organogel network strength and viscoelasticity.

2.8.4 Thermodynamics of self-assembly

Since (GAC);-Por 2 has a good solubility in a mixture of 1,2-DCB/MeOH, the
thermodynamics of the self-assembly process can be investigated by variable temperature
(VT) UV-Vis spectroscopy and SEM imaging. Herein a fresh solution of (GAC);-Por 2
was gradually heated to 60 °C and then cooled to 20 °C. Only short stacks of rosettes were
found in the SEM imaging when the compound was initially dissolved in the solution at
20 °C. As the temperature was elevated, the stacks grew longer to form RNTs. Upon
cooling, the RNTs extended to several micrometers in length and entangled to form an

intercrossing network (Figure 2.34).
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Figure 2.34. SEM images of (GAC),-Por 2 RNTs (0.07 mM in 1,2-DCB/MeOH, 7:3, v/v)

at different temperatures. Condition: the temperature was controlled by a digital water bath

system with a 2 min interval for every 5 °C change. Scale bars: 500 nm.
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Red shifts and intensity changes in both Soret and Q bands were observed in the
absorption spectra during the self-assembly process (Figure 2.35). In the Soret band region,
the peak at 423 nm decreased, and the one at 447 nm decreased upon heating and then
increased upon cooling. A new shoulder appeared at 466 nm. The plot of absorbance at 446
nm as a function to temperature fits a sigmoid function, revealing the isodesmic self-
assembly mechanism of (GAC),-Por 2.% On the other hand, the Q band shifted from 667
nm to 676 nm, accompanied with an increase in absorbance. These spectroscopic changes
indicate that the peripheral porphyrin groups on RNTs also adopt a J-type arrangement. In
addition, the absorbance at 299 nm also decreased, which is also indicative of the formation
of RNTs, as this band is characteristic for GAC motifs. Upon self-assembly, GAC motifs
are shielded in the channel of RNTs by the outside functional groups and their resonance
behaviors are restricted by the H-bonds, which normally results a decrease in absorbance of

the GAC bands.
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Figure 2.35. VT UV-Vis spectra of a solution of (GAC);-Por 2 (0.07 mM in 1,2-
DCB/MeOH, 7:3, v/v). (A) Heating; (B) cooling; (C) comparison before heating and after
cooling; (D) plot of absorbance at a fixed wavelength (466 nm) as a function of temperature.
Condition: the temperature was controlled by a digital water bath system with a 2 min

interval for every 5 °C change. Path length: 1 mm.
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2.8.5 TEM, AFM and STM studies of (GAC),-Por 2 RNTs
Uranyl acetate in different solvents were used to stain samples of (GAC),-Por 2 RNTs for
TEM. Initially the stain was prepared in MeOH, since MeOH is a good solvent for
processing self-assembled RNTs. However, it was unsuccessful, as a patterned layer was
observed that covers the background in the SEM imaging and leads to poor contrast in the
TEM imaging. The stains in H,O, MeNO; or CH3CN did not work either. The best stain for
(GAC),-Por 2 RNTs was found to be 0.2% uranyl acetate in acetone. RNTs with a good
contrast were found both in the SEM and TEM imaging (Figure 2.36). Unlike GAC-Por 1
RNTs, (GAC),-Por 2 RNTs have a low tendency to form bundles, as most RNTs observed
by TEM are well dispersed. The cross-sectional diameter of a single RNT of (GAC),-Por 2
is 4.9 + 0.4 nm from the TEM measurement.

Figure 2.37 depicts the tapping mode AFM images of (GAC),-Por 2 RNTs. Although
single RNTs are dominant, some entangled bundles are also present, which is probably due
to the solvent evaporation effect and air turbulence over the rotating substrate during spin-

casting. The single RNTs display a height of 3.9 + 0.3 nm.
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Figure 2.36. SEM and TEM images of well-stained (GAC);-Por 2 RNTs. SEM images
taken under SE mode (A) and TE mode (B) show the same area. Concentration: 0.006 mM
in 1,2-DCB/MeOH (7:3, v/v). Stain: 0.2% uranyl acetate in acetone.

20 nm _ 300 mV

2.5 um 2.5 pm
Figure 2.37. Tapping mode AFM images of (GAC),-Por 2 RNTs on HOPG. (A) height
profile; (B) amplitude profile. Concentration: 0.03 mM in 1,2-DCB/MeOH (7:3, v/v).
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Figure 2.38 depicts a STM image of a single (GAC),-Por 2 RNT and the current profile
along a section of the RNT. The bright spots on the RNT surface are thought to be
porphyrin groups, although we were unable to obtain an image with submolecular
resolution. From the current profile the distance between four adjacent porphyrin groups
was measured to be 4.98 nm, and the distance between two adjacent porphyrin groups was
calculated to be 1.66 nm, which is almost a half to the value of 3.47 nm in the case of
GAC-Por 1. The shorter distance may cause more repulsion among porphyrin groups when

two single RNTs are in close proximity to each other. In fact, no bundles were observed by

STM.
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Figure 2.38. (A) STM image of a single (GAC),-Por 2 RNT; (B) current profile along the
arrow in (A), inset is a schematic illustration of a section of the RNT, the two-headed arrow
shows the distance between four adjacent porphyrin groups along the long axis. STM

conditions: current setpoint: 400 pA; bias voltage: 800 mV.
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2.9 Synthesis of (GAC),-Por 3

The poor solubility of (GAC),;-Por 2 in 1,2-DCB may be due to the highly hydrophilic
amide bond, which can also form unwanted intermolecular hydrogen bonds. To improve
the solubility of the porphyrin-functionalized twin GAC building block, (GAC),;-Por 3 was

designed. It features an ether group that bridges porphyrin to the twin GAC motif.

BnO N(Boc),

L
\||w N NS0

(GAC),-Por 3

Figure 2.39. Synthesis Route of (GAC),-Por 3. Reagents and conditions: (a) 3-(Boc-
amino)propyl bromide, Cs,CO3, KI, DMF, 65 °C, 24 h, 97%; (b) DCM/TFA (1:1), 25 °C, 2
h, followed by work-up with NaHCO3;, 100%; (c) NaBH(OAc);, triethylamine, THF, 4 d,

28%; (d) HCI (4 M in dioxane), 80 °C, 4 h, quantitative yield.

Figure 2.39 shows the synthesis route of (GAC),;-Por 3. 5-(4-Hydroxylphenyl)-10,15,20-
triphenylporphyrin (compound 7) was chosen because phenol OH is a good nucleophilic

group that eases modification of porphyrin with a spacer. In fact, the reaction between
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compound 7 and 3-(Boc-amino)propyl bromide was smooth and quantitative. Compound 9
was obtained after deprotection of 8 and basification work-up. The reaction condition of
reductive amination between 9 and GAC aldehyde 1 was similar to that for the synthesis of
(GAC),-Por 2. (GAC),-Por 3 was obtained as a green solid after deprotection of 10 in HCI

(4 M in 1,4-dioxane).

2.10 Self-Assembly of (GAC),-Por 3

2.10.1 (GAC),-Por 3 in 1,2-DCB

(GAC),-Por 3 can be dissolved in 1,2-DCB at a concentration of 1.3 mM (2 mg/mL) with
heating. The solution has a light brown color and did not form a precipitate even after 30 d.
Although still low, the solubility is much greater than that of (GAC),-Por 2. At the same
concentration a (GAC)z-Por 2 solution was turbid and quickly formed a precipitate. Figure
2.40 shows the self-assembly of (GAC),-Por 3 in 1,2-DCB. The solution was heated at
140 °C for 5 min. Very short stacks were found in the hot solution and long RNTs were
found when the solution cooled to room temperature. This indicates that n—n stacking and
hydrophobic interactions are unstable at high temperatures, but intermolecular hydrogen
bonds are strong to maintain the intact hexameric rosettes. In the absorption spectra of
(GAC),-Por 3 RNTs, a small shoulder appeared at 453 nm in the Soret band region, and the
last Q band shifted from 650 nm to 678 nm. These changes are indications of porphyrin J-

aggregates.
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Figure 2.40. SEM images of (GAC),-Por 3 RNTs in 1,2-DCB at (A) 140 °C and (B) 25 °C;

(C) absorption spectra, inset is a sample solution. Concentration: 0.05 mM. Path length: 1

mm. Scale bars: 500 nm.
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2.10.2 (GAC)z-Por 3 in a binary solvent system

Similar to (GAC);-Por 2, (GAC)-Por 3 can self-assemble in MeOH into RNTs
spontaneously, and a short period of heating at boiling point leads to instant formation of
assembly. When a small ratio of MeOH is added to 1,2-DCB, the solubility of (GAC),-Por
3 is largely improved in the binary solvent. In a mixture of 1,2-DCB/MeOH (9:1, v/v), it
can be dissolved at a concentration of 6.6 mM (10 mg/mL). The self-assembly process is
also spontaneous, and the RNTs solution becomes viscous and finally forms an organogel
over time. Figure 2.41 shows a time-dependent SEM study of (GAC);-Por 3 in the binary

solvent.

WA

SasmeRaY

Figure 2.41. Time-dependent SEM study of (GAC),-Por 3 in 1,2-DCB/MeOH (9:1, v/v) at
room temperature. Concentration: 0.07 mM. Scale bars: 1 um.
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A time-dependent UV-Vis study was also carried out to investigate the spectroscopic
changes during the course of self-assembly (Figure 2.42). The absorbance of the Soret band
at 422 nm does not change, and two new peaks appear at 451 nm and 465 nm, in
conjunction with a red shift of the last Q band from 649 nm to 678 nm. All these changes

clearly indicate that the porphyrin groups on the RNTs are J-aggregates.
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Figure 2.42. Time-dependent UV-Vis study of (GAC),-Por 3 in 1,2-DCB/MeOH (9:1, v/v)

at room temperature. Concentration: 0.05 mM. Path length: 1 mm.

118



2.10.3 TEM and AFM studies of (GAC),-Por 3 RNTs

The cross-sectional diameter of a single RNT of (GAC);-Por 3 was measured by tapping
mode AFM and TEM (Figure 2.43). The value from height profile of AFM is 3.9 + 0.4 nm,
and the one from TEM is 5.0 = 0.3 nm. The diameter is very close to that of a single RNT

of (GAC),-Por 2.

20 nm 300 mV

2um 2 pym

Figure 2.43. Tapping mode AFM and TEM images of (GAC),-Por 3 RNTs. (A) height
profile; (B) amplitude profile. AFM sample concentration: 0.03 mM in 1,2-DCB/MeOH

(7:3, v/v). TEM stain: 0.2% uranyl acetate in acetone.
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2.11 Photoluminescence of RNTs

Porphyrins are well-known fluorescent dyes. A qualitative photoluminescence study was
carried out for the three types of porphyrin-functionalized RNTs in solution. The
normalized fluorescence spectra are presented in Figure 2.44. GAC-Por 1 has two emission
peaks at 651 nm and 714 nm in MeNQO,. (GAC),-Por 2 has two emission peaks at 654 nm
and 718 nm in a mixture of 1,2-DCB/MeOH (7:3, v/v). (GAC);-Por 3 has two emission

peaks at 655 nm and 718 nm in 1,2-DCB.
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Figure 2.44. Normalized fluorescence spectra of solutions of porphyrin-functionalized
GAC RNTs excited at 518 nm. Inset shows a solution of (GAC),-Por 3 (1 uM in 1,2-DCB)

under UV light (366 nm).
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2.12 Conclusion

Three porphyrin-functionalized GAC building blocks were synthesized. The desired
solubility in a specific solvent was realized by tuning the functional groups on the
molecules. GAC-Por 1 is a mono GAC motif, whereas (GAC),-Por 2 and (GAC),-Por 3
are twin GAC motifs. All of them can form RNTs in solution via hierarchical self-assembly,
although they display different solubility and stability. Upon self-assembly, red shifts were
observed both in porphyrin Soret and Q bands, indicating the porphyrin groups on the
RNTs are J-aggregates.

These molecules are in the form of HCIl salts. Protonation of the pyrrole N in the core of
porphyin and chloride ions are essential to stabilize the tubular nanostructure. GAC-Por 1
can be dissolved in MeNO; at a maximum concentration of 0.5 mM. Sonication and gentle
heating are required for the self-assembly process. Both (GAC),-Por 2 and (GAC),-Por 3
can spontaneously form RNTs in MeOH and mixtures of 1,2-DCB/MeOH. Instant self-
assembly can be obtained by heating the solution to the boiling point. The solutions of
(GAC),-Por 2 and (GAC),-Por 3 in the binary solvent can form an organogel after aging.
TEM, AFM, STM and molecular modeling simulation were used to measure the diameters
of the RNTs. VT UV-Vis spectroscopy and SEM were used to study the thermodynamics
of self-assembly.

Optoelectronic properties of these 1D porphyrin nanotubes are discussed in Chapter 4.
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2.13 Experimental section

2.13.1 Materials and methods

All of the commercially available reagents were purchased from Sigma-Aldrich or Acros
Organics unless otherwise noted. NMR solvents were obtained from Cambridge Isotope
Laboratories. Reagent grade solvents were purified using a MBraun (SP05-172) solvent
purification system, and all other commercial reagents were used as received. All of the
reactions were performed under N, atmosphere using oven-dried glassware equipped with a
magnetic stirring bar and rubber septum unless otherwise noted. Reactions were monitored
by thin layer chromatography (TLC) using either silica or alumina-coated TLC plates
(Macherey-Nagel) and visualized under UV light (Entela, UVGL-58). LC-MS (Agilent
1100 series) was also used when it was necessary. Silica (Silicycle, SiliaFlash F60, 230-400
mesh) and alumina (basic, Sigma-Aldrich, Brockmann I or II) were used for flash column

chromatography.

2.13.2 Characterization

2.13.2.1 Nuclear magnetic resonance spectroscopy

'H, PC and 2D NMR spectra were recorded on a 600 MHz Varian VNMRS 600
spectrometer at 298 K in the specific deuterated solvents noted in the synthetic procedures
section. The NMR data is presented as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, m = multiplet, br s = broad singlet, br t = broad triplet), integration,
coupling constant, peak assignment. 'H and °C NMR spectra were referenced relative to

SiMe, using the chemical shifts of the NMR solvent residual peaks.
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2.13.2.2 UV-Vis spectroscopy

UV-Vis spectra were recorded on an Agilent 8453 UV-Vis spectrophotometer and a
PerkinElmer Lambda 1050 UV-Vis-NIR spectrophotometer equipped with a temperature
programmer system. Due to the strong absorption in the Soret band region of these
molecules, in some cases an aliquot of a stock solution was diluted prior to spectra
recording. To eliminate the possible disassembly effect of RNTs at a low concentration, a

quartz cuvette with a path length of 1 mm was used unless otherwise noted.

2.13.2.3 Fluorescence spectroscopy

Fluorescence spectra of solutions were recorded on a PTI spectrofluorometer (QM40). Prior
to spectra recording, an aliquot of a stock solution was diluted in gradient and UV-Vis
spectra were recorded to ensure the emission intensity of the solution was not saturated.
The solutions were excited at 518 nm, which is the wavelength of a Q band absorption

maximum.

2.13.2.4 SEM imaging

SEM imaging was performed on a Hitachi S-4800 field emission high-resolution scanning
electron microscope using 15-30 kV accelerating voltage and 15-20 pA current. SEM
samples were prepared by casting a droplet (5 pL) of a specific sample solution on a
carbon-coated 400-mesh copper grid (Electron Microscopy Sciences). After 10 s the grid
was blotted by filter paper and secured in a sample box, dried in air and then placed under
high vacuum for 1 day to remove any residual solvent before imaging. SEM images were

taken under scanning electron (SE) mode unless otherwise noted.
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2.13.2.5 TEM imaging

TEM imaging was performed on a JEOL 2200FS TEM (200 kV Schottky field emission)
with an in-column omega filter and cryo pole piece. Bright field TEM images were
acquired using energy filtered zero loss beam (slit width 8 eV). TEM samples were
prepared by casting a droplet of a specific sample solution on a carbon-coated 400-mesh
copper grid (Electron Microscopy Sciences). After 10 s the grid was blotted by filter paper
and secured in a sample box, dried in air and then placed under high vacuum for 1 day to
remove any residual solvent. The sample was then negatively stained by casting a droplet
of uranyl acetate in a specific solvent. After 30 s the grid was blotted by filter paper and
secured in a sample box, dried in air and then placed under high vacuum to remove any
residual solvent. All of the stained TEM grids were examined and screened by TE mode
SEM to confirm that the samples have high contrast for TEM imaging. The cross-sectional
diameter of a single RNT was determined by randomly measuring individual assemblies
using Digital Micrograph software (version 3.9.3 by Gatan). The data was presented in the

form of average diameter + standard deviation.

2.13.2.6 AFM imaging

AFM samples were prepared by spin-casting a droplet of a specific sample solution on a
freshly cleaved HOPG or mica substrate (1 cm x 1 cm) at 2000 rpm for 40 s. Sample
surface imaging was performed on a Digital Instruments/Veeco Instruments MultiMode
Nanoscope IV AFM equipped with an E scanner. To get optimized height profile, silicon
cantilevers (MikroMasch USA, Inc.) with a low spring constant of 4.5 N/m were used in

tapping mode AFM (cantilever length 130 £ 5 um, width 35 = 3 um, resonance frequency
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135 kHz). To obtain a clean image from surface, low scan rate (0.5—-1 Hz) and amplitude

setpoint (1 V) were chosen during measurement.

2.13.2.7 STM imaging

Sample preparation for STM was the same as that for AFM, and only HOPG substrate was
used as it is conductive. Prior to STM imaging, all samples were examined and screened by
tapping mode AFM to confirm that it has a flat surface without any background layer and
RNTs are evenly distributed on the surface. Well-defined Pt-Ir STM tips were fabricated
mechanically from the alloy wire (80% Pt, 20% Ir, work function of 4.7 eV, NanoScience
Instruments) which is resistant to oxidation in air. The STM images were acquired using
ambient STM system, a MultiMode Nanoscope IV equipped with an A scanner. The
sample sureface (500 nm x 500 nm) was scanned using a constant current mode with a low

scan rate (1-2 Hz). The current setpoint and bias voltage vary in different samples.

2.13.3 Synthetic procedures of target molecules

5-(4-aminophenyl)-10,15,20-triphenylporphyrin (2)

H,N

QA

SRR

Compound 2 was synthesized following the reported methods™ with some modification.

Thus, NaNO; (123.5 mg, 1.79 mmol) was added to a solution of tetraphenylporphyrin (1.0
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g, 1.63 mmol) in trifluoroacetic acid (TFA, 60 mL) at -10 °C. After stirring for 30 min, the
reaction was quenched by pouring the mixture into ddH,O (500 mL). DCM (3 % 200 mL)
was used for extraction, and the organic layer was washed with aqueous NaHCOs3 (5%, 2 X
200 mL), ddH,O (2 x 200 mL), dried over Na,SO, and filtered. The filtrate was evaporated
under reduced pressure to give a purple solid which was then dissolved in hydrochloric acid
(38%, 80 mL). SnCl,*2H,0 (2.64 g, 11.70 mmol) was added and the reaction mixture was
heated to 68 °C for 12 h. The mixture was then poured into ice water (500 mL) and
neutralized by adding ammonium hydroxide (4 M) until pH 8.0. The crude product was
extracted with DCM (3 x 200 mL) and the organic layer was washed with ddH,O (2 x 200
mL), dried over Na,SOy and filtered. The filtrate was evaporated to dryness by a rotavapor.
The product was purified via flash column chromatography (alumina basic, n-hexane,
30%—50% DCM) and dried under vacuum to give 2 as a purple solid (420.8 mg, 0.67 mmol,
41% over two steps).

"H NMR (600 MHz, CDCL3) 6 (ppm): 8.96 (d, 2H, J = 4.2 Hz, S-pyrrole), 8.86 (s, 6H, f5-
pyrrole), 8.24 (d, 6H, J = 6.6 Hz, ortho triphenyl), 8.01 (d, 2H, J = 7.2 Hz, 4-aminophenyl),
7.75—7.80 (m, 9H, meta/para triphenyl), 7.05 (d, 2H, J = 7.2 Hz, 4-aminophenyl), 3.98 (s,
2H, NH,), -2.71 (s, 2H, pyrrole NH).

3C NMR (150 MHz, CDCls) 6 (ppm): 146.2, 142.4, 142.4, 135.8, 134.7, 132.5, 131.2 (br),
127.8, 126.8, 121.0, 120.1, 119.9, 113.6. Note: The broad signal at 131.2 was assigned to
the 8 f-pyrrole carbons. The signal for the 8 a-pyrrole carbons (expected around 146) did
not show up in this case due to pyrrole NH tautomerism, which is common in many
tetrasubstituted porphyrins.*®

Positive LRMS (ESI): Expected mass for (M+H")/z, 630.3; Observed, 630.5 [M+H")/z].
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UV-Vis (in MeNO,): A 417 nm (¢ = 1.63 x 10° cm'M™), 515 nm (¢ = 1.16 x 10* cm™'M™),

551 nm (e = 6.22 x 10’ cm™'M™), 591 nm (¢ = 3.30 x 10° cm™M™), 646 nm (¢ = 2.89 x 10°

1y -1
cm M),
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GAC aldehyde 1% (524.5 mg, 0.82 mmol) and 2 (515.5 mg, 0.82 mmol) were dissolved in
1,2-dichloroethane (1,2-DCE, 40 mL). The mixture was stirred for 1 h at 25 °C under Ar
before NaBH(OAc); was added (175.0 mg, 0.83 mmol). Every other day, over a period of 7
days, NaBH(OAc); (100 mg, 0.47 mmol) was added to the stirring mixture (4 x 100 mg in
total). After 7 days N,N-Diisopropylethylamine (DIPEA, 0.6 mL, 3.46 mmol) was added
before quenching the reaction with ddH,O (10 mL). The organic layer was washed with
ddH,O (2 x 30 mL) and the solvent was then removed by under reduced pressure. The pure
product (410 mg, 0.33 mmol, 40%) was obtained as a purple solid after purification via
flash column chromatography (alumina basic, n-hexane, 10-30% EtOAc, 0.4%

triethylamine).
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'"H NMR (600 MHz, CDCl;) § (ppm): 8.96 (d, 2H, J = 4.2 Hz, f-pyrrole), 8.84—8.82 (m,
6H, S-pyrrole), 8.23 (d, 6H, J = 6.6 Hz, ortho triphenyl), 7.99 (d, 2H, J = 8.4 Hz, meta 4-
aminophenyl), 7.78-7.76 (m, 9H, meta/para triphenyl), 7.48 (d, 2H, J = 7.2 Hz, ortho
benzyl), 7.41-7.35 (m, 3H, meta and para benzyl), 7.02 (d, 2H, J = 8.4 Hz, ortho 4-
aminophenyl), 5.63 (s, 2H, benzyl CH,), 5.35 (br s, 1H, NH on 4-aminophenyl), 4.87 (br t,
2H, J = 5.4 Hz,  CH; on ethyl-NH-phenyl), 3.87 (br s, 2H, a CH; on ethyl-NH-phenyl),
3.57 (s, 3H, N-CH3), 1.64 (s, 9H, Boc on guanine ring), 1.39 (s, 18H, Boc on cytosine ring),
-2.70 (s, 2H, pyrrole NH).

BC NMR (150 MHz, CDCl3) 6 (ppm): 166.1 (C4), 161.8 (Cy), 161.2 (C)), 160.8 (Cs),
156.3 (Cy1), 152.5 (Cip), 149.6 (Caa, Cy7), 148.2 (Csp), 142.5 (Cas, Cop), 142.4 (Css), 136.0
(Cs4, Cs6), 135.0 (Cyp), 134.7 (Css, Cag, Cse, Ceo, Cs7, C71), 131.2 (br, Cao, Ca1, Cs1, Csz, Ce2,
Ce3, C73, Cra), 130.8 (C3s), 128.79, 128.75, 128.71 (Ci2, Ci3, Cra), 128.4 (Cyy, Cis), 127.8
(Ca7, Css, Ceo), 126.80, 126.77 (Caus, Cag, Cs7, Cso, Ces, Cr0), 121.7 (Csg), 120.0 (Cas, Ces),
119.7 (Css), 110.9 (Cs3, C37), 93.4 (C3), 84.1 (Ca3, Cag), 83.5 (Ci7), 70.4 (Co), 43.1 (Cs, Cy),
35.1 (Cy), 28.3 (Cys, Cig, Cyp), 28.0 (Cp4, Css, Ca6, Cag, C30, C31). Note: the signals for the 8
o-pyrrole carbons (expected around 146) did not show up in this case due to pyrrole NH
tautomerism.

BC « 'H HSQC (600 MHz, CDCL), significant correlations 5 (ppm): 136.0 < 7.99
(CssH, C36H), 134.7 & 7.78-7.76 (C4sH, CsoH, Cs¢H, CsoH, Cs7H, C71H), 128.79, 128.75,
128.71 < 7.41-7.35 (C;2H, Cy3H, Ci4H), 1284 « 7.48 (Cy1H, C;sH), 127.8, 126.80,
126.77 « 7.78-7.76 (CscH, Cs7H, CssH, Cs7H, CsgH, CsoH, CgsH, CooH, C7oH), 110.9 <

7.02 (Cy3H, Cy7H), 70.4 > 5.63 (CoH), 43.1 <> 4.87 (CeH), 43.1 <> 3.87 (C;H), 35.1
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3.57 (CgH), 28.3 <> 1.64 (C3H, C19H, CyH), 28.0 <> 1.39 (Cy4H, CysH, Cy6H, CyoH, C50H,
C31H). Note: There was no signal for S-pyrrole *C < "H correlation.

Positive HRMS (ESI): Expected mass for (M+H")/z, 1254.5560; Observed, 1254.5557
[M+H")/z].

Elemental Analysis: Calculated for (C;5sH7;N;10g)*0.70(EtOAc), C: 71.00, H: 5.87, N:
11.71; Found: C: 71.04, H 5.79, N: 11.65.

UV-Vis (in MeNO,): L 417 nm (¢ = 1.70 x 10° cm'M™), 516 nm (¢ = 1.42 x 10* cm™'M™),
554 nm (¢ = 8.83 x 10> cm™M™), 591 nm (¢ = 4.86 x 10’ cm'M™), 648 nm (¢ = 4.70 x 10’

em'M™).
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Compound 3 (260 mg, 0.21 mmol) and HCI (4 M in 1,4-dioxane, 20 mL) were added to a

round bottom flask. The reaction mixture was heated at 80 °C for 4 h, cooled to room
temperature and then suspended in diethyl ether (50 mL). The slurry was applied to a
centrifuge and the supernatant liquid was disposed of. The precipitate was again washed

with diethyl ether (6 x 20 mL) and the contents were centrifuged to remove residual solvent
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and excess HCI. The precipitate was dried in the fume hood and then placed under high
vacuum to provide GAC-Por 1 as a fine green solid (210 mg, 0.21 mmol, quantitative
yield).

"H NMR (600 MHz, CDCl; : F;CCOOD = 7: 1) § (ppm): 9.31 (br s, minor) and 9.24 (br s,
major) (1H, NH), 8.78 (br s, 6H, p-pyrrole), 8.74 (br t, 2H, J = 8.4 Hz, meta 4-
aminophenyl), 8.66 (br s, 2H, S-pyrrole), 8.56 (br s, 2H, ortho triphenyl), 8.53 (br s, 4H,
ortho triphenyl), 8.17 (br t, 2H, J = 8.4 Hz, ortho 4-aminophenyl), 8.35 (br s,1H, NH), 8.05
(br s, 9H, meta/para triphenyl), 7.91 (br s, 1H, NH), 7.68 (br s, 1H, NH), 7.59-7.45 (dd, 1H,
NH), 7.31 (br s, 1H, NH), 4.96 (br s, minor) and 4.88 (br s, major) (2H, f CH, on ethyl-
NH-phenyl), 4.33 (br s, minor) and 4.28 (br s, major) (2H, a CH; on ethyl-NH-phenyl),
3.22-3.12 (m, 3H, N-CHs), -1.52 (d, 2H, J = 4.8 Hz, pyrrole-NH).

BC NMR (150 MHz, CDCl; : FzCCOOD = 7: 1) § (ppm): 164.1, 159.7, 156.0, 155.8,
146.3, 145.8, 145.6, 144.6, 141.2, 139.5, 139.4, 138.8, 138.7, 138.4, 138.3, 136.2, 131.7,
131.1, 131.0, 130.1, 129.6, 129.3, 128.7, 128.6, 128.4, 127.4, 124.9, 124.2, 124.1, 122.5,
122.4,118.9, 81.9, 52.5, 39.8, 28.6, 28.3.

Positive HRMS (ESI): Expected mass for (M+H")/z, 864.3517, (M+2H")/z, 432.6795;
Observed, 864.3515 [(M+H")/z], 432.6798 [(M+2H")/z].

Elemental Analysis: Calculated for (Cs3sH4N;10,)*4.2(HCI), C: 62.59, H: 4.48, N: 15.15;
Found: C: 62.28, H: 4.53, N: 1547. For GAC-Por 1 (TFA), calculated for
(Cs3H41N1107)2.62(F3CCOOH)+2.45(H,0), C: 57.96, H: 4.05, N: 12.77; Found: C: 57.57,

H:3.67, N: 13.17.
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5-[4-(/V-Boc-f-alanylamino)phenyl]-10,15,20-triphenylporphyrin (4)

Boc-f-alanine (109 mg, 0.58 mmol), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) (110 mg, 0.58 mmol) and DIPEA (0.21 mL, 1.2 mmol) were dissolved in DCM (50
mL) in a round bottom flask. After stirring for 30 min, Compound 2 (300 mg, 0.48 mmol)
was added. The reaction was allowed to run at 25 °C for 24 h. The reaction mixture was
then poured to ddH,O (100 mL) for extraction. The organic layer was continuously washed
with ddH,O (3 x 100 mL) to completely remove the byproduct urea, excess EDC and Boc-
P-alanine. The solvent was removed by a rotavapor, and the crude product was purified via
flash column chromatography (alumina basic, n-hexane, 70-100% EtOAc). The pure
product 4 was obtained as a purple solid (350 mg, 0.44 mmol, 92%).

'"H NMR (600 MHz, CDCl3) 6 (ppm): 8.84-8.87 (m, 8H, p-pyrrole), 8.22 (d, 6H, J = 6.6
Hz, ortho triphenyl), 8.18 (d, 2H, J = 8.4 Hz, ortho anilide), 8.05 (br s, 1H, anilide NH),
7.94 (d, 2H, J = 8.4 Hz, meta anilide), 7.73—7.80 (m, 9H, meta/para triphenyl), 5.26 (br s,
1H, amide NH), 3.65 (q, 2H, J=6.0 Hz, f CH,), 2.80 (t, 2H, J = 6.6 Hz, a CH>), 1.52 (s, 9H,
Boc), -2.77 (s, 2H, pyrrole NH).

BC NMR (150 MHz, CDCl3) § (ppm): 170.0, 156.6, 142.2, 138.3, 137.6, 135.2, 134.6,

131.0, 127.8,126.7, 120.2, 119.5, 118.1, 79.9, 38.1, 36.7, 28.5.
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Positive LRMS (ESI): Expected mass for (M+H")/z, 801.4; Observed, 801.6 [M+H")/z].

5-[4-(f-alanylamino)phenyl]-10,15,20- triphenylporphyrin (5)

To a round bottom flask, Compound 4 (600 mg, 0.75 mmol), DCM (20 mL) and TFA (20
mL) were added. The reaction mixture was stirred at 25 °C for 2 h. The reaction was
quenched by ddH,O (150 mL). The mixture was extracted with DCM (3 x 100 mL). The
organic layer was washed with aqueous NaHCO; (5%, 2 x 100 mL), ddH,O (100 mL),
brine (saturated, 50 mL) and dried over Na,SO4. The solvent was removed under reduced
pressure to give the pure product 5 in the form of a purple solid (505 mg, 0.72 mmol, 96%).
'"H NMR (600 MHz, CDCls) 6 (ppm): 10.33 (s, 1H, analide NH), 8.90 (d, 2H, J = 4.8 Hz,
[-pyrrole), 8.84 (s, 6H, p-pyrrole), 8.22 (d, 6H, J = 6.6 Hz, ortho triphenyl), 8.16 (d, 2H, J
= 8.4 Hz, ortho anilide), 7.94 (d, 2H, J = 8.4 Hz, meta anilide), 7.74-7.79 (m, 9H,
meta/para triphenyl), 3.67 (br s, 2H, o CHy), 2.84 (tt, 2H, J= 6.0 Hz, 1.8 Hz, f CH,), 1.61
(brs, 2H, NHy), -2.76 (s, 2H, pyrrole NH).

BC NMR (150 MHz, CDCl;) § (ppm): 171.6, 142.2, 138.4, 137.3, 135.1, 134.5, 131.0,
127.7,126.7, 120.1, 120.0, 119.9, 119.8, 118.0, 117.8, 47.3, 38.3.

Positive LRMS (ESI): Expected mass for (M+H")/z, 701.3; Observed, 701.5 [M+H")/z].
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Compound 6

Compound 5 (505 mg, 0.72 mmol) and GAC aldehyde 1 (692.5 mg, 1.08 mmol) were
dissolved in dry THF (50 mL) in a round bottom flask. Triethylamine (0.2 mL, 1.44 mmol)
was added. The reaction mixture was stirred at 25 °C under N, for 24 h before
NaBH(OAc); (305 mg, 1.44 mmol) was added. After 24 h, triethylamine (0.4 mL, 2.88
mmol) and aqueous NaHCO3 (5%, 15 mL) were added, and the mixture was stirred for 10
min to quench the reaction. The mixture was then extracted with DCM (150 mL). The
organic layer was washed by ddH,O (100 mL), brine (saturated, 100 mL) and dried over
Na;SO4. The solvent was removed under reduced pressure and the residue was placed
under high vacuum for 12 h. The reaction procedure was repeated and new starting
materials were added to push this reductive amination proceed forward. Herein the dry
residue was redissolved in fresh THF (50 mL). Compound 1 (462 mg, 0.72 mmol) and
triethylamine (0.2 mL, 1.44 mmol) were added. The reaction mixture was stirred at 25 °C
under N, for 24 h, and then NaBH(OACc); (305 mg, 1.44 mmol) was added. After 24 h, the
reaction was quenched by the same procedure above and followed by the work-up. The

crude product after two reaction cycles was purified via flash column chromatography
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(alumina basic, n-hexane, 50-70% EtOAc). The pure product 6 was obtained as a purple
solid (590 mg, 0.30 mmol, 42%).

"H NMR (600 MHz, CDCl3) 6 (ppm): 9.66 (s, 1H, anilide NH), 8.90 (d, 2H, J=4.2 Hz, j-
pyrrole), 8.83 (s, 6H, S-pyrrole), 8.20-8.22 (m, 6H, ortho triphenyl), 8.14 (d, 2H, J =8.4 Hz,
ortho anilide), 8.04 (d, 2H, J = 8.4 Hz, meta anilide), 7.73-7.79 (m, 9H, meta/para
triphenyl), 7.43 (d, 4H, J =7.2 Hz, ortho benzyl), 7.30-7.34 (m, 6H, meta/para benzyl), 5.58
(s, 4H, benzyl CH,), 4.62 (s, 4H, J =7.2 Hz, CH; one atom away from GAC), 3.56 (s, 6H,
N-CH3), 3.29 (t, J =6.6 Hz, f-alanine f CH,), 3.13 (d, 4H, J =7.2 Hz, CH, two atoms away
from GAC), 2.72 (6.6 Hz, f-alanine a CH,), 1.57 (s, 18H, Boc on guanine ring), 1.33 (s,
36H, Boc on cytosine ring), -2.78 (s, 2H, pyrrole NH).

3C NMR (150 MHz, CDCL) § (ppm): 171.0, 165.9, 161.5, 161.1, 160.7, 156.0, 152.5,
149.5, 142.4, 138.1, 137.5, 135.3, 135.0, 134.7, 131.2 (br), 128.7, 128.6, 127.8, 126.8,
120.2, 120.1, 118.1, 93.2, 84.0, 83.2, 70.3, 51.1, 51.0, 41.6, 36.3, 35.3, 28.2, 28.0.

Positive HRMS (ESI): Expected mass for (M+2H")/z, 975.4456; Observed, 975.4439
[M+2H")/z].

UV-Vis (in MeOH): Porphyrin moiety A 415 nm (g = 2.64 x 10° cm™'M™), 512 nm (¢ =
1.13 x 10* cm™M™), 548 nm (¢ = 5.89 x 10> cm'M™), 588 nm (¢ = 3.86 x 10° cm'M™),
645 nm (g = 2.67 x 10° cm'M™); (GAC), moiety 220 nm (g = 4.86 x 10* cm'M™), 239 nm

(4.47 x 10" em™M™), 324 nm (2.93 x 10* cm™'M™), 337 nm (2.73 x 10* em™M™).
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(GAC),-Por 2

Compound 6 (500 mg, 0.26 mmol) was dissolved in HCI (4 M in 1,4-dioxane, 25 mL). The
reaction mixture was stirred at 80 °C for 4 h. After the mixture cooled down, diethyl ether
(100 mL) was added to form a suspension. The mixture was then applied to a centrifuge
and the supernatant was disposed of. The precipitate was again washed with diethyl ether (6
x 20 mL) and the contents were centrifuged to remove residual solvent and excess HCI.
The precipitate was dried in the fume hood and then placed under high vacuum to provide
(GAC),-Por 2 as a fine green solid (365 mg, 0.25 mmol, quantitative yield).

"H NMR (600 MHz, F;CCOOD) 6 (ppm): 9.15 (br s, 6H, S-pyrrole), 9.12 (br s, 2H, -
pyrrole), 9.05 (br s, 2H, ortho anilide) 8.94 (br s, 6H, ortho triphenyl), 8.53 (br s, 2H, meta
anilide), 8.37 (dd, 9H, meta/para triphenyl), 5.35-5.09 (br m, 4H, CH, one atom away from
GAC), 4.58-4.32 (br m, 6H, N(CHy)3), 3.83 (br s, 2H, S-alanine oo CH,), 3.55 (br s, 6H, N-
CH,).

3C NMR (150 MHz, F;CCOOD) ¢ (ppm): 171.0, 164.3, 163.4, 160.6, 159.9, 156.5, 156.1,
155.4, 146.2, 146.1, 145.8, 139.3, 138.8, 138.4, 131.1, 129.8, 129.6, 129.1, 128.7, 124.5,

122.0, 121.4, 83.2, 82.6, 51.2, 38.1, 37.7, 28.3, 27.8.
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Positive LRMS (ESI): Expected mass for (M+H")/z, 1169.4754, (M+2H")/z, 585.2413,
(M+3H")/z, 390.4966; Observed, 1169.4749 [(M+H")/z], 585.2413 [(M+2H")/z], 390.4966
[(M+3H")/z].

Elemental Analysis: Calculated for (CssHs¢N13Os)* 6(HCI)*2.5(H,0), C: 54.48, H: 4.71, N:

17.59; Found: C: 54.51, H 4.96, N: 17.43.

5-[4-(3-(Boc-amino)propoxy)phenyl]-10,15,20-triphenylporphyrin (8)

5-(4-Hydroxylphenyl)-10,15,20-triphenylporphyrin (compound 7, 250 mg, 0.40 mmol,
Frontier Scientific), 3-(Boc-amino)propyl bromide (124 mg, 0.52 mmol), Cs,CO; (195 mg,
0.60 mmol), KI (20 mg, 0.12 mmol) and DMF (10 mL) were added into a round bottom
flask. The reaction mixture was stirred at 65 °C for 24 h. The solvent was then removed
under reduced pressure and the residue was dispersed in DCM (50 mL) and then filtered.
The DCM in the filtrate was removed under reduced pressure, and the crude product was
purified by flash column chromatography (alumina basic, n-hexane, 30% EtOAc) to
provide 8 as a purple solid (305 mg, 0.39 mmol, 97%).

'"H NMR (600 MHz, CDCL3) 6 (ppm): 8.88 (d, 2H, J = 4.2 Hz, S-pyrrole), 8.84 (s, 6H, f-

pyrrole), 8.22-8.23 (m, 6H, ortho tripheyl), 8.13 (dd, 2H, J = 6.0 Hz, 1.8 Hz, meta phenol
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ether), 7.74-7.80 (m, 9H, meta/para triphenyl), 7.28 (dd, 2H, J = 6.0 Hz, 1.8 Hz, ortho
phenol ether), 4.92 (br s, 1H, Boc-NH), 4.32 (t, 2H, J = 6.0 Hz, O-CH;-), 3.51 (q, 2H, J =
6.0 Hz, 6.0 Hz, CH>), 2.18 (t, 2H, J = 6.0 Hz, N-CH»-), 1.51 (s, 9H, Boc), -2.76 (s, 2H,
pyrrole NH).

BC NMR (150 MHz, CDCl3) 6 (ppm): 158.8, 156.3, 142.4, 142.38, 142.35, 135.8, 134.9,
134.7, 134.6, 127.8, 126.8, 120.2, 120.1, 112.9, 79.5, 29.9, 28.6, 28.5.

Positive LRMS (ESI): Expected mass for (M+H")/z, 788.4; Observed, 788.5 [M+H")/z].

5-[4-(3-aminopropoxy)phenyl]-10,15,20-triphenylporphyrin (9)

Compound 8 (305 mg, 0.39 mmol) was dissolved in DCM (10 mL) in a round bottom flask
and then TFA (10 mL) was added. The reaction mixture was stirred at 25 °C for 2 h. The
reaction was quenched by adding ddH,O (50 mL), followed by extraction with DCM (3 x
50 mL). The organic layer was neutralized by aqueous NaHCO3 (5%, 2 x 50 mL), washed
with ddH,O (50 mL), and brine (50 mL). The solvent was removed under reduced pressure
to provide the pure product 9 as a purple solid (265 mg, 0.39 mmol, 100%).

"H NMR (600 MHz, CDCL3) 6 (ppm): 8.89 (d, 2H, J = 4.8 Hz, S-pyrrole), 8.85 (s, 6H, f-

pyrrole), 8.22 (d, 6H, J = 7.8 Hz, ortho tripheyl), 8.12 (dd, 2H, J = 6.0 Hz, 2.4 Hz, meta
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phenol ether), 7.74-7.80 (m, 9H, meta/para triphenyl), 7.28 (dd, 2H, J = 6.0 Hz, 1.8 Hz,
ortho phenol ether), 4.35 (t, 1H, J= 6.0 Hz, O-CH;-), 3.10 (br s, 2H, N-CH;-), 2.13 (p, 2H,
J=6.6 Hz, CH,), 1.44 (br s, 2 H, NHy), -2.75 (s, 2H, pyrrole NH).

BC NMR (150 MHz, CDCls) 6 (ppm): 159.0, 142.4, 142.3, 135.8, 134.7, 131.2 (br), 127.8,
126.8, 120.25, 120.22, 120.1, 112.9, 66.3, 39.6, 33.5.

Positive LRMS (ESI): Expected mass for (M+H")/z, 688.3; Observed, 688.5 [M+H")/z].

Compound 10

To a round bottom flask, Compound 9 (200 mg, 0.29 mmol), compound 1 (280 mg, 0.44
mmol), triethylamine (0.08 mL, 0.58 mmol) and THF (15 mL) were added. The reaction
mixture was stirred at 25 °C under N, for 24 h before NaBH(OAc); (123 mg, 0.58 mmol)
was added. The reaction was quenched by adding aqueous NaHCOj3 (5%, 20 mL), and the
mixture was extracted by DCM (3 x 50 mL). The organic layer was washed by ddH,O (50
mL), brine (50 mL) and dried over Na,SO,4. The solvent was removed under reduced
pressure and the residue was placed under high vacuum for 12 h. The procedure was

repeated to move the reaction forward. Herein the residue was redissolved in THF (15 mL),
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and compound 1 (280 mg, 0.44 mmol) and triethyl amine (0.08 mL, 0.58 mmol) were
added. After 24 h, NaBH(AcO); (123 mg, 0.58 mmol) was added. The reaction mixture
was stirred at 25 °C under N, for 24 h, followed by quenching and extraction in the same
way above. The crude product was purified using flash column chromatography (alumina
basic, n-hexane, 30-50% EtOAc) to provide 10 as a purple solid (157 mg, 0.08 mmol, 28%).
'"H NMR (600 MHz, CDCL3) ¢ (ppm): 8.89 (d, 2H, J = 4.8 Hz, S-pyrrole), 8.84 (s, 6H, f-
pyrrole), 8.21-8.23 (m, 6H, ortho tripheyl), 8.10 (dd, 2H, J = 8.4 Hz, meta phenol ether),
7.73-7.79 (m, 9H, meta/para triphenyl), 7.45 (d, 4H, J = 6.6 Hz, ortho benzyl), 7.28-7.35
(m, 6H, meta/para benzyl),7.27 (d, 2H, J = 7.8 Hz, ortho phenol ether), 5.59(s, 4H, benzyl
CH,), 4.53 (t, 4H, J =8.4 Hz, CH; one atom away from GAC), 4.29 (t, 2H, J = 6.0 Hz, O-
CH,), 3.57 (s, 6H, N-CHj3), 3.05-3.09 (m, 6H, N(CH;)3), 2.14 (q, 2H, J = 6.6 Hz, CH)),
1.58 (s, 18H, Boc on guanine ring), 1.32 (s, 36H, Boc on cytosine ring), -2.76 (s, 2H,
pyrrole NH).

3C NMR (150 MHz, CDCl;) § (ppm): 165.8, 161.4, 161.3, 160.5, 155.8, 152.7, 149.4,
142.4, 135.7, 135.1, 134.7, 128.68, 128.66, 127.8, 126.8, 120.2, 112.9, 93.1, 83.8, 83.0,
70.2, 66.3,51.3, 51.1, 41.6, 35.2, 28.3, 28.1, 28.0.

Positive HRMS (ESI): Expected mass for (M+2H")/z, 968.9479; Observed, 968.9484

[(M+2H")/z].
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(GAC),-Por 3

Compound 10 (140 mg, 0.07 mmol) was dissolved in HCI (4 M in 1,4-dioxane, 10 mL).
The reaction mixture was stirred at 80 °C for 4 h. After cooling to room temperature, the
mixture was poured into diethyl ether (100 mL) to form a suspension. The mixture was
centrifuged and the supernatant was disposed of. The precipitate was again washed with
diethyl ether (6 x 20 mL) and then centrifuged to remove residual solvent and excess HCI.
The precipitate was dried in the fume hood and then placed under high vacuum to provide
(GAC),-Por 3 as a fine green solid (102 mg, 0.07 mmol, quantitative yield).

'"H NMR (600 MHz, F;CCOOD) § (ppm): 9.14 (m, 4 H, f-pyrrole), 9.10 (br s, 4H, f-
pyrrole), 8.98 (br s, 2H, meta phenol ether), 8.94-8.91 (m, 6 H, ortho triphenyl), 8.37-8.34
(m, 9H, meta/para triphenyl), 7.99 (br s, 2H, ortho phenol ether), 5.37-5.18 (br m, 4H, N-
CH; one atom away from GAC), 4.91 (br s, 2H, O-CH,), 4.49 (br m, 6H, N(CH>)3), 3.59-

3.51 (br d, 6H, N-CH3), 2.97 (br s, 2H, CH,).
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BC NMR (150 MHz, F3CCOOD) 6 (ppm): 164.3, 163.4, 160.7, 159.9, 156.5, 156.1, 155.4,
146.5, 146.2, 146.1, 145.7, 140.4, 138.8, 138.3, 138.1, 131.1, 129.8, 129.6, 129.4, 129.1,
128.7,124.3, 123.6, 83.2, 82.5, 66.5, 65.2, 38.0, 37.8, 28.2, 27.7.

Positive HRMS (ESI): Expected mass for (M+2H")/z, 578.7437; Observed, 578.7440
[(M+2H")/z].

Elemental Analysis: Calculated for (CgsHs7N1705)*7(HCI)*6.1(H,0O), C: 51.31, H: 5.05, N:

15.65; Found: C: 51.30, H 5.02, N: 15.69.
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Chapter 3
Optoelectronic Characterization of Porphyrin-Functionalized Guanine-

Cytosine Rosette Nanotubes

3.1 Introduction
An important aspect to developing novel organic optoelectronic materials is to characterize
and tune their chemical and physical properties via chemical modification at the molecular
level using synthetic chemistry or via external physical stimulation and mechanical
modulation. For example, in the field of OPVs, the goal is to develop suitable electron
donor and acceptor materials for the active layer in the device. A few critical issues
regarding the materials properties should be kept in mind when selecting the electron donor
and acceptor pairs.' Are they well matched in terms of HOMO and LUMO energy levels
for photoinduced charge transfer? What is the conductivity and charge mobility for each of
them? Are they capable of generating efficient bulk heterojunction interfaces by large-area
solution-processing techniques? Are their chemical and physical properties stable under
heating, aging and exposure to light and oxygen? Two more critical concerns that are
usually overlooked by research chemists are the safety of these materials and the potential
effects in the environment.” To solve these issues, multidisciplinary expertise is required,
including chemistry, physics, electrical and mechanical engineering. From the perspective
of an organic and materials chemist, some of the properties can be solely characterized,
while others can be obtained via collaboration.

To explore the potential applications of the self-assembled RNTs of porphyrin-

functionalized guanine-cytosine (GAC) molecules in the field of OPVs, the properties
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discussed above should be characterized. Since a comprehensive discussion about the self-
assembly and spectroscopic properties of GAC-Por 1, (GAC),-Por 2 and (GAC),-Por 3
are presented in Chapter 2, this chapter focuses on the characterization of some important
optoelectronic properties of these materials, including HOMO and LUMO energy levels,
optical band gaps, conductivity of thin films, microscopic morphology and solid state

photoluminescence quenching phenomena of the blends of RNTs and PCs;BM.

3.2 HOMO-LUMO determination
3.2.1 Overview on techniques
In the view of molecular orbital (MO) theory, for an organic molecule subjected to the
excitation by electromagnetic radiation, the highest occupied molecular orbital (HOMO) is
the orbital that loses an electron, and the lowest unoccupied molecular orbital (LUMO) is
the orbital that receives an electron escaped from the HOMO.?> When the molecule is at the
ground electronic state, the LUMO is empty of electrons, while the HOMO is filled with
electrons and the molecule adopts a closed-shell configuration if all electrons pair and two
electrons count per orbital. The HOMO and LUMO energy levels are normally set as
negative values (absolute energy levels) relative to the vacuum level (Ey,c), whose energy
level is zero. The energy difference between the HOMO and LUMO of a molecule is called
the HOMO-LUMO gap.

The HOMO and LUMO energy levels of a molecule can be approximated by different
MO calculation methods including the most widely used ab initio* and density functional
theory (DFT)’. In general, the uniform goal of applying all these calculation methods is to

solve the Schrodinger equation for complex systems. For small molecules, the HOMO and
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LUMO energy levels obtained from computational chemistry may be in good agreement
with those values from experimental techniques. However, for more complex systems such
as polymers and other macromolecules, the discrepancy between the computational and
experimental results is usually substantial. Here the focus is given to the two most widely
used experimental techniques to ascertain the HOMO and LUMO energy levels — cyclic

voltammetry and photoelectron spectroscopy.

3.2.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique widely used by OPV researchers
to determine the HOMO and LUMO energy levels, mainly due to its comparatively simple
setup and low cost. Basically, CV investigates a process that involves electron transfer of a
redox couple (analyte). A redox couple that exhibits fast electron transfer is called an
electrochemically reversible couple.’ A standard CV apparatus is composed of a working
electrode (glassy carbon), an auxiliary electrode (platinum), and a reference electrode
(usually Ag/AgCl). In a potential-controlled CV experiment, the three electrodes are
immersed in a deoxygenated solution containing the redox couple and a supporting
electrolyte such as tetrabutylammonium hexafluorophosphate (BusNPFs). During a
reversible CV scan, the electrical potential (voltage) is linearly applied to the stationary
working electrode from zero to the preset maximum, and then it turns to the reverse
direction and finally reaches zero. Accordingly, the electrical current that runs through the
system changes as the electrical potential changes. Hence, a curve of current and voltage

called a voltammogram can be represented from the data.’
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Figure 3.1. Schematic illustration of HOMO and LUMO electron transfer in the processes

of the first oxidation and reduction during an electrochemical scan.

During the positive forward scan in the oxidation process of an analyte, the electrons
lying in the HOMO of the analyte molecules have the lowest oxidation potential and can be
removed first and collected at the surface of the working eletrode to form the anodic current
(Figure 3.1).* In contrast, during the backward scan, the cations of the analyte molecules
are reduced to the ground state by abstracting electrons from the surface of the working
electrode and form the cathodic current. The peaks of the anodic current and the cathodic
current are called peak currents ip, and i, respectively. ? Accordingly, the electrical
potential at which the currents reach the maxima are called peak potentials E,, and E,
respectively. The average of the sum of £}, and E, is called the half-wave potential (£1/2,0x),
which is generally taken as a good approximation of the oxidation formal potential (£°') of
the analyte, given that diffusion coefficients of the oxidized and reduced species are
approximately equal.”'® An analyte may have several oxidation states, especially in the

152



cases of inorganic compounds, but only the formal potential of the first oxidation is taken
as a measurement correlated to the HOMO energy level.

Similarly, during the negative forward scan in the reduction process, the LUMO of the
analyte molecules having the lowest electron affinity can be filled with electrons that
escape from the surface of the working electrode to form the anions (Figure 3.2). During
the backward scan from the preset negative maximum voltage to zero, the anions lose
electrons at the surface of the working electrode to reach the ground state. The first half-
wave potential (£2req) obtained from the negative scan is approximately equal to the
formal potential of the first reduction, which is correlated to the LUMO energy level of the
analyte.

Unfortunately, not all molecules are a reversible redox couple. The peak potentials of the
materials having slow electron transfer properties largely depend on the scan rate, which
makes the determination of formal potentials more complicated. On the other hand, the
processes of addition or removal of electrons from macromolecules such as conjugated
polymers are not equal, since the molecular conformational reorganization and variations of
the energy levels could happen during the processes.'' In these cases, it is impossible to
measure the formal potential. Therefore, the onset potentials (Eoxonset and Eredonset) are
widely used to estimate the oxidation and reduction potentials,'” since theoretically the
onsets represent the initial injection states of holes to the HOMO (oxidation) and electrons
to the LUMO (reduction). The onset is obtained by drawing two tangents for each peak,
and the intersection is taken where the onset lies."' Figure 3.2 shows an example of using
CV to measure the Eoxonset aNd Eredonset Of @ copolymer (PTICThBT).13 The Eoxonset and

E'ed.onset Were measured to be 1.00 eV and —1.10 eV, respectively.
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Figure 3.2. Molecular structure and (A) UV-Vis absorption spectra and (B) cyclic
voltammogram of a conjugated polymer. Figure adapted with permission from Ref. 13 ©

2012 Royal Society of Chemistry.

The difference between the oxidation and reduction formal potentials (or the onsets in

most cases) of a material is called the electrochemical band gap (E,™). This is differentiated

opt

from the optical band gap (£, ") that is obtained from the UV-Vis absorption spectrum

onset (Aonset) Of the material. The calculation of EgolD 'is given in E1."
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Theoretically, the band gaps measured by CV and absorption spectroscopy should be the
same as both of them represent the HOMO-LUMO energy gap. However, in most cases
ES and E, " are not equal.'>"” For example, the E,* of the copolymer PTICThBT was
measured to be 2.1 eV (Figure 3.2B), while the £, was measured to be 1.78 eV (Figure
3.2A). The discrepancy is ascribed to the fundamental differences of the two techniques.''
The value measured by CV is obtained on the premise that the charge transfer is fast (in the
range below 1 ns) and the solvation and supporting electrolyte effects are neglected,
although the creation of free ions is always involved in CV experiments. In UV-Vis
absorption spectroscopy, the formation of free charge carriers in the sample is not revealed,
and the neutral excited state is viewed as a bound exciton. The optical band gap seems to be
more popular in the OPV community, not only because it is obtained from a thin-film
sample that resembles the real OPV devices, but also because the Eox onset and Ered onset are
not always measurable due to the constraint of solvent and supporting electrolyte potential
windows (the solvent or the supporting electrolyte may be oxidized or reduced prior to the
analyte).

It is important to note that the oxidation or reduction formal potentials of a material are
not its absolute HOMO or LUMO energy levels directly relative to the vacuum level, since
the formal potential values from CV are indirectly related to the ionization energy. Instead,

12,1
1'21% or saturate

they are recorded relative to the reference electrode such as Ag/AgC
calomel electrode (SCE)"”. On the other hand, ferrocene/ferrocenium (Fc'/Fc) is often used
as an internal reference in non-aqueous solvents, due to its excellent electrochemical

reversibility, little variation and low sensitivity to the environmental effects.'® In fact, many

researchers like to report the formal potential values relative to Fc/Fc.'” Hence, the formal
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potentials can be converted to the absolute HOMO and LUMO energy levels by using
different electrochemical scales. Unfortunately, there is little consensus on how the
measured formal potential values relate to the vacuum level, since there are at least four
sets of conversion equations for the calculation.'® One set of the conversion equations based

on the Fc'/Fc reference is given in E2 and E3 as below."°

Enomo = — (Efox(onset) vs. Fe+/Fe] T 3.1) (V) (E2)

Evrumo = — (Efred(onset) vs. Fer/Fe] T 5.1) (V) (E3)

In summary, CV is a useful tool for researchers to determine the HOMO and LUMO
energy levels of a material. However, the environmental effects such as concentration,
solvent, scan rate, supporting electrolyte, reversibility of the redox couple are generally
neglected. In addition, there is lack of a uniform electrochemical scale for the conversion of
redox potentials to the absolute HOMO and LUMO energy levels. Hence, care should be
taken when reporting the energy-level values obtained by CV or using the values from

other studies.

3.2.1.2 Ultraviolet photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) is a member of the family of photoemission
spectroscopy (PES). Other well-known techniques include X-ray photoelectron
spectroscopy (XPS) and inverse photoemission spectroscopy (IPES). All these techniques
are important tools for surface chemical analysis. The fundamental principle of UPS and

XPS is the “photoelectric effect” which was quantitatively described by Albert Einstein in
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one of his four revolutionary publications in 1905.%° The photoelectric effect describes the
phenomenon that shining a light onto a metal surface could lead to the emission of
electrons, if the energy of the photon absorbed by the electrons in the metal is large enough
for the electrons to overcome the ionization energy and escape from the surface of the

max

metal.*! The maximum kinetic energy (Ex™) of the photoelectron (also called as secondary

electron) upon the absorption of a photon with adequate energy is given by E4.

EM™ = hy— W (E4)

Where 4 is the Planck constant, v is the frequency of the incident photon, and W is the work
function (also denoted as @) of the material. The work function is defined as the minimum
thermodynamic work that is needed to remove an electron from a solid surface to a point
that is just outside the surface (atomic scale) and lies at the vacuum level where the kinetic
energy of the electron is zero.”> Obviously the energy of the absorbed photon needs to be
greater than the work function of the material to allow for the emission of the photoelectron.

XPS was the first photoelectron spectroscopy technique used for surface chemical
analysis, which was initially developed by the Nobel Laureate Kai Siegbahn in 1956.> A
few years later, William Spicer and David Turner developed UPS.*® XPS and UPS are
similar in the instrument setup, but different in the incident light source. High energy X-ray

is used in XPS, while ultraviolet light is used in UPS.”>*

In XPS, the common
monochromatic incident photon light sources are anodes of aluminium (Al-K, #v = 1486.6

eV) or magnesium (Mg-K, v = 1253.6 eV). In UPS, the photon energy of the light source

i1s much lower. Discharge lamps of rare gases like helium I, (Av = 21.23 eV, 4 = 58.4 nm)
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and helium II, (hv = 40.82 eV, 4 = 30.4 nm) are the monochromatic light sources widely
used in UPS. Hence, XPS is more useful in obtaining the information of core-level states at
higher binding energies of the sample material, and UPS is excellent in providing the fine
structure of the valence band.

Figure 3.4 is a schematic illustration of the setup of a modern UPS spectrometer.”® It is
important to note that both the XPS and UPS setups should be evacuated to ultrahigh

vacuum (UHV) for sample analysis (typically <X 107" bar or 10" Torr). The kinetic

energy (Ey) of the photoelectron is a function of a series of experimental parameters, such
as emission angle, electron spin orientation and polarization. There are several types of
analyzers, such as plane mirror analyzer (PMA), cylindrical mirror analyzer (CMA),
cylindrical deflection analyzer (CDA) and spherical deflection analyzer (SDA).” Among
them, SDA is the most common analyzer, as the one shown in Figure 3.3. Typically, the
detector of photoelectrons contains an electron multiplier to amplify the signals. In some
cases a series of electron multipliers are used and the signal can be amplified up to 10’
times. The common energy resolution of UPS is about 0.15 eV, compared to 1 eV for
XPS.*?® The energy resolutions of UPS and XPS largely depend on the line width of the
incident photon source, which is a few meV for the discharge lamp of UPS and ~1.0 eV for
the X-ray anodes of XPS. Using synchrotron radiation sources can effectively improve the

resolution of UPS to 0.02 eV, although the maintenance cost is huge.

158



analyser

— S
photon ! / _—
source : = \/ >\
1( 2 : @ \
\“ | Ex |
hv | -
T
\—] | \/ /
(?}\
A\
sample detector

Figure 3.3. Schematic illustration of the principle of a modern ultraviolet photoelectron

spectrometer. Figure adapted with permission from Ref. 20 © 2005 Institute of Physics.

UPS is a surface sensitive technique. The penetration depth of the photons on the sample
surface is up to around 10 nm.”*® Nevertheless, the capability of mapping the fine structure
of the valence band makes it a primary tool in surface chemical analysis. For definition
purposes, in the band theory for solids, the valence band refers to the HOMO, and the
conducting band refers to the LUMO. The energy difference between the HOMO and
LUMO is called the band gap (Eg).3 The energy difference between the HOMO and the
vacuum level is equal to the ionization energy (IE). Similarly, the energy difference
between the LUMO and the vacuum level is equal to the electron affinity (EA).'”™?
According to the theory of statistical mechanics, at thermodynamic equilibrium the
electrons occupying a specific density of states (DOS) follow the Fermi-Dirac distribution.

The Fermi level (EF) is the top of the valence band, at which there is a 50% probability for

the hypothetical energy level being occupied by the HOMO electrons at any given time.>
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In metals, the Ef lies inside at least one band since the valence band and the conducting
band of a metal overlap and there is no band gap. In semiconductors and insulators, Ef
resides in the band gap. The energy needed to elevate an electron from the Fermi level to
the vacuum level is the work function (@) of a material. The energy difference between the
Fermi level and the HOMO energy level is the binding energy (Eg) relative to Er, which
corresponds to the hole injection barrier (Ey) at the metal/solid sample interface.”®

The relations among these common terms are depicted in Figure 3.4,%® which is a
schematic illustration of the electronic structure of a sample (thin film on the metal
substrate) probed by UPS. Once a valence electron is excited upon the absorption of a
photon from the light source, it is able to overcome the ionization energy barrier (the sum
of Eg and @) and escape from the sample surface as a photoelectron (secondary electron)
carrying the kinetic energy (Ex). The vacuum level (Ey,.), at which Ex = 0, is identified by
the cutoff position of the binding energy of the photoelectron in the UPS spectrum. The
onset of the binding energy from the lowest value end correlates to the edge of Fermi level.

Hence, the photoelectrons collected at this point have the maximum kinetic energy (E"™).
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Figure 3.4. Schematic illustration of the electronic structure of a sample (thin film on the
metal substrate) probed by UPS. Parameters in the figure are: binding energy from Er (Ep);
hole injection barrier (Ey); Fermi level (Er); kinetic energy (Ex); work function (®);
vacuum level (Ey,c); ionization energy (/;). Figure adapted with permission from Ref. 28 ©

2012 Wiley-VCH.
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Because of experimental convenience, the UPS spectrum is normally collected as a
graph of the emission intensity as a function of the binding energy (Ep) relative to the

2
1’ 5b, 29

Fermi leve which is converted from the kinetic energy using ES5 by the data

processing unit in the UPS instrument.?>%*8

Ex=hv—Ez—® (E5)

The ionization energy (/E) of a valence electron is expressed by E6.

IE = (D + Ep) (E6)

Substituting ES into E6 gives E7, which directly correlates the binding energy of the
valence electron with the kinetic energy of the photoelectron and the incident photon

2
energy.”

IE = hv — Ex (E7)

Since the electron lying in the HOMO has the lowest ionization energy, the HOMO energy
level (Enomo) relative to the vacuum level can be calculated by subtracting the maximum
kinetic energy of the photoelectron from the incident photon energy, which is expressed in

E8.%¢

Enomo = — (hv — E™) (E8)
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Figure 3.5. Molecular structure and UPS spectrum of an Ir(ppy); thin film grown on Ag

and biased at —3 V. Figure adapted with permission from Ref. 26 © 2005 Elsevier.

From the UPS spectrum of a sample material, the work function (@), binding energy (Ep)
relative to the Fermi level (Er) and the maximum kinetic energy of the photoelectron (£,™)
can all be obtained. For example, Figure 3.5 shows the UPS spectrum of an Ir(ppy); thin
film on the Ag substrate.”® By linearly extrapolating the high binding energy slope to the
intersection of the baseline, the cutoff position that indicates the vacuum level was
identified. The work function was calculated by subtracting the binding energy at the cutoff
position (Eqyor) from the incident photon energy (4v). The onset of the spectrum that
indicates the binding energy relative to the Fermi level was identified by linearly
extrapolating the low energy slope to the intersection of the baseline. The energy difference

between the onset of the low energy slope and the cutoff of the high energy slope reflects

E™. By using E8, the HOMO energy level of Ir(ppy); was determined to be —5.10 eV.
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Although the information of the LUMO energy level of a sample material is not directly
revealed by UPS, it can be conveniently deduced from E9 if the optical band gap (E,™) is

available from the UV-Vis spectrum.'*'*"

Erumo = Enomo + E™ (E9)

A more sophisticated and less common technique to directly determine the LUMO
energy level of a material is inverse photoemission spectroscopy (IPES), which is a
complementary technique to UPS.** Instead of a photon source, a beam of electrons of a
well-defined kinetic energy is directed at the sample surface in IPES. These incident
electrons initially occupy the high-lying unoccupied orbitals that correspond to low electron
affinities, and decay to the low-lying unoccupied orbitals. During the decay process, the
energy loss of the electrons is released in the form of emitted photons, whose energy and
counts can be detected. From the IPES spectrum, the HOMO energy level of a sample
material can be obtained since the energy of the incident electrons is a constant. Although
the measurements of the LUMO energy levels by IPES have been reported,™ the technique
1s still less common, especially in the OPV community, mainly due to the complexity of the
instrument setup and high cost of the maintenance.

In summary, UPS is a well-established surface chemical analysis technique to directly
map the valence band fine structure and determine the absolute HOMO energy level of a
material relative to the vacuum level. The LUMO energy level can be calculated by adding
the optical band gap to the HOMO energy level. Alternatively, the LUMO energy level can

be directly determined by IPES.
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3.2.2 HOMO-LUMO energy levels of GAC-porphyrin RNTs
The HOMO energy level of GAC-Por 1 RNTs was determined by UPS. To prepare the
UPS sample, a drop of the stock solution of GAC-Por 1 RNTs (0.5 mM in MeNO,) was
deposited on a clean Si (100) wafer (18 mm x 13 mm, 10-20 Qecm, etched by 5% HF) by a
glass pipette (see experimental section for details). The wafer was then placed in a vacuum
chamber. After 30 min, the solvent was removed and a thin film of the material formed on
the wafer surface. The wafer was then immediately loaded into the ultrahigh vacuum (<5 x
107"% Torr) chamber of the UPS instrument and allowed to stay for 30 min to remove the
residual solvent before analysis. During the analysis, monochromatized helium I (hv =
21.23 eV, A = 58.4 nm) was used as the light source. An example of the UPS spectrum of
GAC-Por 1 RNTs is shown in Figure 3.6. The cutoff position was obtained by
extrapolating the high energy slope of the spectrum to the intersection of the baseline,”””"
which was identified as 16.25 eV (Figure 3.6A). Hence, the work function of the material
on the Si (100) interface was calculated as 4.98 eV (21.23 eV — 16.25 eV). On the other
hand, the binding energy relative to the Fermi level was obtained in the Fermi-edge region
by extrapolating the low energy slope of the spectrum to the intersection of the baseline,
and it was determined as 0.48 eV (Figure 3.6B). By adding up the work function and the
binding energy relative to the Fermi level, the HOMO energy level of GAC-Por 1 RNTs
was calculated to be —5.46 eV [—(4.98 eV + 0.48 eV)].

To validate the value of the HOMO energy level measured by UPS, three samples of

GAC-Por 1 RNTs on three Si (100) wafers were prepared in the same way as described

above, and the average value along with the standard deviation was calculated based on the
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measurements of all three samples. Hence, the HOMO energy level of GAC-Por 1 RNTs

was determined to be —=5.46 + 0.04 eV.

The optical band gap (E,™) of GAC-Por 1 RNTs was measured from the UV-Vis
spectra of a drop-cast thin film on quartz. As shown in Figure 3.7, the absorption onset was
estimated at 784 nm, and E,” was calculated to be 1.59 eV. Hence, the LUMO energy
level of GAC-Por 1 RNTs was calculated to be —3.87 eV.

To investigate the effect of the self-assembled supramolecular nanostructures on the
HOMO and LUMO energy levels of GAC-Por 1, the UPS and UV-Vis samples prepared
from unassembled GAC-Por 1 (0.5 mM in MeNO,) were also characterized. The HOMO
energy level of the unassembled GAC-Por 1 was determined to be —5.50 & 0.04 eV based
on the measurements of three samples. Figure 3.8 shows the UPS spectra of one sample.
E,™ was calculated to be 1.65 eV from the UV-Vis spectrum of a thin film on quartz
(Figure 3.9). Hence, the LUMO energy level of unassembled GAC-Por 1 was calculated to

be -3.85€V.
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Figure 3.6. UPS spectra of GAC-Por 1 RNTs on Si (100). (A) Work function

determination; the inset shows the highest binding energy cutoff; (B) Binding energy

(relative to Fermi level) determination; the inset shows the spectrum onset.
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Similarly, the HOMO and LUMO energy levels and band gaps of (GAC),-Por 2 and
(GAC),-Por 3 and the unassembled controls were also determined by UPS and UV-Vis
spectroscopy.

The UPS and UV-Vis samples of the assembled and unassembled (GAC),-Por 2 were
prepared from the respective solutions at the same concentration (1.0 mM in 1,2-
DCB/MeOH, 7:3, v/v). Figure 3.10 and Figure 3.12 show the UPS spectra of (GAC),-Por 2
RNTs and unassembled GAC),-Por 2, respectively. Figure 3.11 and Figure 3.13 show the
UV-Vis spectra of thin films of (GAC),-Por 2 RNTs and unassembled (GAC);-Por 2 on
quartz, respectively. The HOMO energy level, the optical band gap and the LUMO energy
level of (GAC),-Por 2 RNTs were determined to be —5.61 + 0.03 eV, 1.59 eV, 4.02 ¢V,
respectively. In contrast, the HOMO energy level, the optical band gap and the LUMO
energy level of unassembled (GAC),-Por 2 were determined to be —5.59 + 0.02 eV, 1.65
eV and —3.94 eV, respectively.

The UPS and UV-Vis samples of the assembled and unassembled (GAC),-Por 3 were
prepared from the respective solutions at the same concentration (1.0 mM in 1,2-DCB).
Figure 3.14 and Figure 3.16 show the UPS spectra of (GAC);-Por 3 RNTs and
unassembled GAC),-Por 3, respectively. The UV-Vis spectra of thin films of (GAC),;-Por
3 RNTs and unassembled (GAC),;-Por 3 on quartz are shown in Figure 3.15 and Figure
3.17, respectively. The HOMO energy level, the optical band gap and the LUMO energy
level of (GAC),-Por 3 RNTs were determined to be —5.62 + 0.05 eV, 1.62 eV and —4.00 eV,

respectively. In contrast, the HOMO energy level, the optical band gap and the LUMO
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energy level of unassembled (GAC),;-Por 3 were determined to be —5.63 + 0.05 eV, 1.66

eV and —3.97 eV, respectively.
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Figure 3.10. UPS spectra of (GAC),-Por 2 RNTs on Si (100). (A) Work function

determination; the inset shows the highest binding energy cutoff; (B) Binding energy
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Figure 3.12. UPS spectra of unassembled (GAC),-Por 2 on Si (100). (A) Work function

determination; the inset shows the highest binding energy cutoff; (B) Binding energy

(relative to Fermi level) determination; the inset shows the spectrum onset.
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The HOMO-LUMO energy levels and the optical band gaps of the assembled and
unassembled GAC-Por 1, (GAC),-Por 2 and (GAC),;-Por 3 are summarized in Table 3.1.
The self-assembled supramolecular nanostructures did not change the HOMO energy levels
of these materials significantly. However, the optical band gaps of the RNTs were slightly
smaller than their unassembled counterparts, which is due to the red-shifted absorption
onsets of the thin films that were also observed in the UV-Vis spectra in solution.
Consequently, the LUMO energy levels of the RNTs were slightly lower than their
unassembled counterparts. It is interesting to note that the HOMO and LUMO energy levels
of both (GAC),-Por 2 RNTs and (GAC),-Por 3 RNTs were ~0.15 eV lower than those of
GAC-Por 1 RNTs. Similar results were also observed in the unassembled counterparts.
These variations are likely related to the self-assembly cores, since both (GAC),-Por 2 and

(GAC),-Por 3 have a twin GAC motif while GAC-Por 1 has a single GAC motif.

Table 3.1. HOMO-LUMO energy levels and optical band gaps of assembled and

unassembled GAC-Por 1, (GAC);-Por 2 and (GAC),-Por 3.

Compounds Enomo (eV)* Erumo (V) E™ (eV)
GAC-Por 1 RNTs -5.46 £ 0.04 -3.87 1.59
GAC-Por 1 -5.50+0.04 -3.85 1.65
(GAC);-Por 2RNTs  —5.61+0.03 —4.02 1.59
(GAC),-Por 2 559+ 0.02 3.94 1.65
(GAC),-Por 3 RNTs -5.62 +0.05 —4.00 1.62
(GAC),-Por 3 -5.63 £ 0.05 -3.97 1.66

“ The standard deviation was calculated based on UPS measurements on 3 samples of each compound.
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The UPS and UV-Vis spectra of PCsBM, a widely used electron acceptor material in
OPV devices, were also collected. These spectra are shown in Figure 3.18 and Figure 3.19,
respectively. The HOMO and LUMO energy levels and the optical band gap of PC¢BM
were calculated to be —6.10 eV, —4.26 eV and 1.84 eV, respectively, which are very close to
the reported values in the literature.*® It is important to note that although the reported
values of the HOMO energy level of PC¢;BM were similar in the literature (between —5.9
eV and —6.1 eV), the reported values of the LUMO energy level are varied in the range of —
3.7 eV to —4.3 eV. This is mainly due to the different electrochemical standards and
conversion equations to estimate the values (see the discussion in CV technique).’” In
addition, the estimated values of the absorption onsets of PC;BM are also varied in the
spectra of the thin films and solutions, especially in different solvents. Consequently, the
values of the optical band gap are also varied in the literature, which accounts for the

uncertainty of the LUMO energy level of this material.
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Figure 3.18. UPS spectra of PCs;BM on Si (100). (A) Work function determination; the
inset shows the highest binding energy cutoff; (B) Binding energy (relative to Fermi level)

determination; the inset shows the spectrum onset.
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Figure 3.19. UV-Vis spectrum of a thin film of PCs;BM on quartz; the inset shows the

absorption onset.

3.3 Energy level diagram

Since the LUMO energy level of PCsBM is aligned between the HOMO and LUMO
energy levels of the RNTs of GAC-Por 1, (GAC),-Por 2 and (GAC),-Por 3, these GAC-
porphyrin RNTs can be used as potential electron donor materials in the PCs;BM based
OPV devices. Figure 3.20 shows the energy level diagram of the components used in the
conceived OPV devices. Photoinduced electron transfer is expected to happen at the
interfaces of the elector donor and acceptor materials in the active layer. The transfer of
electrons from the LUMO of the donor to the LUMO of the acceptor is driven by the
energy difference between the two orbitals. The work functions of ITO (anode), Al
(cathode) and PEDOT:PSS (hole transporting layer) are adapted from the literature.** The
insertion of the PEDOT:PSS layer is to block the electrons, since the direct contact of the
active layer with the anode is known to lead to current leakage and the recombination of

charge carriers, which are detrimental to the device performance.*
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Figure 3.20. Energy level diagram of components used in the conceived OPV devices with
the active layers based on three types of GAC-porphyrin RNTs and PC¢ BM. The work

functions of ITO, PEDOT:PSS and Al are adapted from Ref. 34.

3.4 Fluorescence quenching in the blended films of GAC-porphyrin RNTs:PCg BM

Fullerene and its derivatives have been demonstrated to have a high binding affinity to
porphyrin,® and the well matched alignment of their HOMO and LUMO energy levels
results in quenching of porphyrin fluorescence by photoinduced electron transfer.®” To
investigate the efficiency of photoinduced electron transfer between the GAC-porphyrin
RNTs and PC¢ BM in the blended films, the photoluminescence (PL) spectra of the spin-
cast thin films on quartz were collected and compared to those of the thin films comprising
the RNTs only. Strong and broad emission bands in the Vis-NIR region were observed in

the PL spectra of the RNTs in the solid state (Figure 3.21), which are the characteristic
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porphyrin emission bands (see Chapter 2 for the PL spectra in solution). In contrast, the
emission bands fell off in all the blended films, indicating the fluorescence quenching by
photoinduced electron transfer from the RNTs to PCs;BM. A nearly complete quenching

was observed in the film of GAC-Por 1 RNTs:PC¢ BM (Figure 3.21A). This is probably

due to the larger energy difference (0.39 eV) between the LUMO of GAC-Por 1 RNTs and

the LUMO of PC¢BM.
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Figure 3.21. Photoluminescence spectra of spin-cast thin films of GAC-porphyrin RNTs
and blended films with PCs;BM (molar ratio 1:1) on quartz. (A) GAC-Por 1 RNTs; (B)

(GAC)z-Por 2 RNTs; (C) (GAC),-Por 3 RNTs. Excitation wavelength: 446 nm.
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3.5 Microscopic morphology of the blended films of GAC-porphyrin RNTs:PCg BM

A prerequisite to create the solution-processed bulk heterojunction (BHJ) morphology of
the active layer in OPV devices is that the solutions of the electron donor and acceptor
materials should be miscible. The mixed solution with a high concentration and moderate
viscosity is suitable for the spin-casting process to create the bicontinous phases of the
electron donor and acceptor materials. For example, in the fabrication of the famous
P3HT:PCs BM based BHJ OPV device,® the polymer P3HT was usually prepared at a high
concentration (>10 mg/mL in 1,2-DCB or chlorobenzene) and the solution was applied to
heating and slow cooling to allow for the formation of crystalline nanofibers. The solution
was then mixed with a concentrated solution of PC¢;BM (>10 mg/mL in 1,2-DCB or
chlorobenzene), and subsequently spin-cast onto a PEDOT:PSS coated ITO glass. After
that, a thin film of the cathode metal was deposited on the top of the active layer to
complete the device fabrication. Compared to the phase-separate bilayer morphology of the
planar heterojunction,” the morphology of the BHIJ has a larger donor/acceptor interfacial
area, which allows for efficient exciton dissociation and improves the device
performance.®>**

To investigate whether the intact tubular nanostructures of the GAC-porphyrin RNTs can
be conserved in the mixed solutions, the stock solutions of GAC-Por 1 RNTs, (GAC),-Por
2 RNTs and (GAC);-Por 3 RNTs were mixed with a solution of PCsBM, respectively.
Since the solution of GAC-Por 1 RNTs was in MeNO; (0.5 mg/mL), a solvent that could
not dissolve PC¢BM, the PC4BM was first dissolved in 1,2-DCB at a concentration of 0.5

mg/mL, and then the PCsBM solution was added to the MeNO; solution of GAC-Por 1

RNTs with a 1:1 ratio (v/v). The mixed solution (a total concentration of 0.5 mg/mL in
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MeNO,/1,2-DCB, 1:1, v/v) was clear and did not form a precipitate over time. However,
the SEM image of a sample prepared from this mixed solution after aging for 3 d showed
large amorphous particles dispersing in the network of long RNTs (Figure 3.22B). These
were probably the aggregates of PC¢BM, since adding 1,2-DCB to a stock solution of
GAC-Por 1 RNTs in MeNO, did not lead to aggregation or disassembly of the RNTs in the
mixed solvent (1:1, v/v). The stock solution of (GAC),-Por 2 RNTs was in a mixed solvent
(10.0 mg/mL in 1,2-DCB/MeOH, 7:3, v/v), and PCsBM was also prepared in the mixed
solvent at the same concentration. The two solutions were then mixed together at a 1:1 ratio
(v/v). The mixed solution was aged for 3 d and diluted to 1.0 mg/mL (total concentration),
and the SEM sample was immediately prepared from the dilute solution. As shown in
Figure 3.22C, many long RNTs were found by SEM imaging and no aggregates were
observed. The PC¢BM molecules probably stick on or surrounded the RNTs, although no
direct observation was attempted due to the resolution limits of the SEM. Since (GAC);-
Por 3 was soluble in 1,2-DCB upon heating, the RNTs solution was then prepared in 1,2-
DCB at a concentration of 2.0 mg/mL. The stock solution was then mixed with a PCs;BM
solution (2.0 mg/mL in 1,2-DCB), and the mixed solution was aged for 3 d and diluted to
1.0 mg/mL (total concentration) for the SEM sample preparation. As shown in the SEM
image (Figure 3.22D), the tubular nanostructures of the RNTs were conserved, and many

tiny dots were also observed, which were thought to be the PCs;BM molecules.
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Figure 3.22. SEM images of (A) PCs;BM (0.5 mg/mL in 1,2-DCB); (B) blend of GAC-Por
1 RNTs:PCgBM (1:1, w/w, total concentration 0.5 mg/mL in MeNO,/1,2-DCB, 1:1, v/v);
(C) blend of (GAC),-Por 2 RNTs:PCy;BM (1:1, w/w, total concentration 1.0 mg/mL in
1,2-DCB/MeOH, 7:3, v/v); (D) blend of (GAC),-Por 3 RNTs:PCBM (1:1, w/w, total
concentration 1.0 mg/mL in 1,2-DCB). All mixed solutions were aged for 3 d before the

SEM sample preparation. Scale bars: 500 nm.

In summary, we found the intact tubular nanostructures of the RNTs of (GAC),-Por 2
and (GAC),-Por 3 were conserved in the mixed solution with PC¢;BM. These observations

suggest that the mixture of these RNTs and PCsBM are suitable for the spin-casting

process to create the BHJ morphology in the thin film of the electron donor/acceptor layer.
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The charge separation and transport are expected to be improved by the bicontinuous
network of the RNTs. Unfortunately, at this point we are unable to fabricate the OPV
device to validate our expectations. On the other hand, although the tubular nanostructures
of GAC-Por 1 RNTs were not significantly changed in the mixed solution with PC¢ BM,
the amorphous aggregates observed by SEM imaging might lead to the formation of large
islands in the spin-cast film, which is detrimental to efficient charge separation and
transport. Nevertheless, GAC-Por 1 RNTs is still suitable for the construction of the planar
heterojunction in the bilayer films with PC4;BM, since the films of the electron donor and
acceptor materials are not deposited simultaneously. The biggest challenge that impedes the
application of GAC-Por 1 RNTs in the field of solution-processed OPVs is the low

solubility, since 0.5 mg/mL in MeNO; is still too low for the spin-casting process.

3.6 Conductivity of GAC-porphyrin RNTs

It was reported that 1D porphyrin-functionalized supramolecular assemblies can be highly
conductive, which are even comparable to the well-known conductive polymers.*' Herein
we investigated the conductivity of the thin films of GAC-Por 1, (GAC);-Por 2 and

(GAC),-Por 3.

3.6.1 Device and method
Two electrode devices were fabricated for the measurement (see details in the experimental

. 41a,c,42
section).”

The micrographs of the two-electrode device under an optical microscope
and a schematic illustration of the device structure are shown in Figure 3.23. The two

electrodes had 600 unbridged interlacing teeth with a gap of 10 um (Figure 3.23B). The
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electrodes were composed of a 5 nm thick chromium (Cr) layer and a 50 nm thick gold (Au)
layer (Figure 3.23C). The nonconductive SiO, layer acted as a global back-gate. The thin
films of both GAC-Porphyrin RNTs and unassembled controls were cast on the devices by

the drop-casting technique (Figure 3.23D).

B : !
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A ___ Au (50 nm)

— — Cr(5nm)
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\

Si (300 nm)

Figure 3.23. (A-B) Micrographs of the two-electrode device under an optical microscope;
(C) schematic illustration of a cross-sectional view of the device; (D) a sample thin film

cast on a two-electrode device.
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Figure 3.24. Average thickness measurement of a sample film by a digital profilometer.
The image at the top right corner shows the probe touching the bare electrode surface
(setpoint) beside the sample film. The image in the middle reflects the height profile when
the probe scanned across the film between the two electrodes. The height value (thickness)
in the table on the left is the average value of the data points between the two cursors in the

height profile.

Before casting the sample film, the two-electrode device was checked by an optical
microscope and tested on an integrated electronic characterization setup (see details in the
experimental section) to ensure that the teeth were well separated and defect-free. The
average thickness (D) of the sample film was estimated from its surface topographic profile

using a digital profilometer (Figure 3.24). The effective junction area (4, film-filled gaps) is
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given in E10, where / is the electrode teeth length (0.8 cm), and N is the number of the teeth

covered by the sample film.

A=1D*(N-1) (E10)

The device was tested on the same /-V setup to depict the current—voltage curves with

the maximum bias voltage up to 3 V. The resistance (R) of the sample film was calculated

from the I~V curve using Ohm’s law (E11).

~

(E11)

The resistivity (p) of the sample film was calculated by E12, where d is the gap width

between two adjacent electrode teeth (10 um).

RA
= E12
P== (E12)
The conductivity (o) of the sample film p 1 was calculated by E13.
1
S (E13)
Yo,
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3.6.2 Results and discussion

Thin films of the RNTs and unassembled controls of GAC-Por 1, (GAC),-Por 2 and
(GAC),-Por 3 were cast on the two-electrode devices to measure the current—voltage (I-V)
curves (Figure 3.25). Under the bias voltage from —3 V to 3 V, I-V curves of both the
RNTs and controls displayed quasilinear characteristics. Under the same condition, the
currents of all the RNTs were detected around the magnitude of pA, while the currents of

all the unassembled controls were around or below the magnitude of nA.

A B s
1509 __ GAC-Por 1 RNTs ——(GAC),-Por 2 RNTs
100 —— GAC-Por 1 (unassembled) 3.04 — (GAC),-Por 2 (unassembled)
§ 50 é 1.5+
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Figure 3.25. I-V curves measured on thin films of GAC-porphyrin RNTs and non-

assembled controls. (A) GAC-Por 1; (B) (GAC),-Por 2; (C) (GAC),-Por 3.
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Table 3.2. Conductivity of the thin films of GAC-porphyrin RNTs and the unassembled
counterparts.

Compounds Conductivity ¢ (S/m)
GAC-Por 1 RNTs 8.1x107°
GAC-Por 1 33x 107"
(GAC),-Por 2 RNTs 45%10°
(GAC),-Por 2 1.9 x 107
(GAC),-Por 3 RNTs 1.75 x 107
(GAC),-Por 3 2.5% 107

Based on the resistance calculated from the /-J curves at 3 V, and the film thickness
measured by a profilometer, the conductivity of the sample films were calculated (Table
3.2). In general, the films of GAC-porphyrin RNTs were much more conductive than those
of the unassembled controls. The film of GAC-Por 1 RNTs showed the highest
conductivity (8.1x 10 S/m), which is 2.5 x 10° times higher than that of the unassembled
control film. On the other hand, the conductivity of the films of (GAC);-Por 2 RNTs and
(GAC),;-Por 3 RNTs are also several orders of magnitude higher than those measured for
their unassembled counterparts. In addition, the conductivity of the sample films were very
stable. No obvious current decay was observed when the films were retested after being
stored under ambient conditions for one year. The significant improvement in conductivity
is presumably due to the highly ordered arrangement of the porphyrin arrays on the RNT
scaffold, which may favor the unidirectional movement of the electrons and reduce random

41,43

charge diffusion. Furthermore, it is interesting to credit the high conductivity of the film

of GAC-Por 1 RNTs to the binary-bundle nanostructures observed by STM (see chapter 2
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for images), as the closely packed porphyrin arrays are nearly continuous at the interface of

two single RNTs in the bundle.

3.7 Conclusion

In this chapter, some important optoelectronic properties of the assembled and unassembled
GAC-Por 1, (GAC),-Por 2 and (GAC),-Por 3 were presented. The HOMO-LUMO energy
levels and optical band gaps of these materials were characterized by UPS and UV-Vis
spectroscopy. No significant changes of the HOMO-LUMO energy levels were observed in
the self-assembled RNTs and the unassembled counterparts. However, the RNTs showed
smaller optical band gaps, which are due to the red-shifted absorption onsets in the UV-Vis
spectra of the thin films. The well matched energy level alignments of the GAC-Porphyrin
RNTs and PC¢BM indicates that they are potential electron donor-acceptor pairs for novel
OPV devices. The RNT solutions of (GAC),-Por 2 and (GAC),-Por 3 were mixed with
PC¢ BM solutions at high concentrations, and the intact tubular nanostructures were
conserved, indicating that the mixed solutions are suitable for constructing the BHJ
morphology using wet-processing techniques. Thin films of the RNTs displayed high
conductivity, which are comparable in magnitude to those of semiconducting polymers.
These self-assembled GAC-porphyrin RNTs are anticipated to contribute to the repertoire

of electron donor materials in solution-processed OPV's and nanoscale organic electronics.

3.8 Experimental section

3.8.1 Materials and methods
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All the spectrophotometric grade solvents were purchased from Sigma-Aldrich or Acros
Organics. PCs;BM (99.5%) was purchased from Solaris Chem, Inc., Canada. All the
reagents and solvents were used as received. Quartz cuvettes for the UV-Vis and
photoluminescence study were purchased from Starna Cells, Inc., USA. The p-type Si (100)
wafers for UPS sample analysis (diameter: 100 mm; thickness: 525 + 20 um; dopant: Boron;
resistivity: 10-20 Qecm) were purchased from Silicon Materials, Inc., USA. The wafers
were diced into small rectangular chips (18 mm x 13 mm) using a dicing saw (Disco DAD
321) to be used as the substrates for the UPS sample preparation. Si/SiO, wafers (diameter:
100 mm, 300 nm thick layer of thermally grown of SiO;) were purchased from Silicon
Materials Inc., USA, and were diced into small rectangular chips (18 mm X% 15 mm) using a
dicing saw (Disco DAD 321) to be used as the substrates for the two-electrode device

fabrication.

3.8.2 Characterization

3.8.2.1 UV-Vis spectroscopy

UV-Vis spectra of the thin films were recorded on an Agilent 8453 UV-Vis
spectrophotometer. The sample films were cast on clean quartz plates using the drop-
casting technique. More specifically, a drop of a specific sample solution was deposited on
a quartz plate by a glass pipette. The plate was placed in a vacuum chamber over night to
remove the solvent. If the film was too thin for recording the spectrum, the drop-casting
process was repeated on the same plate until a neat spectrum could be collected from the

cast film.
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3.8.2.2 Solid state photoluminescence spectroscopy

Solid state photoluminescence spectra of the thin films were collected on a Varian
fluorescence spectrophotometer (CARY Eclipse). The sample thin films on quartz were
prepared in the same way as mentioned above in the UV-Vis section. To cast a blended
film, a mixed solution of the RNTs and PC¢BM (molar ratio 1:1 in all cases) were used.
The sample films were excited at 446 nm and the emission spectra were collected from 600

nm to 800 nm.

3.8.2.3 Ultraviolet photoelectron spectroscopy

Room-temperature UPS experiments were performed at the Alberta Center for Surface and
Engineering Science (ACSES) using a Kratos Axis spectrometer with monochromatized
Helium I radiation (hv = 21.23 eV) and a hemispherical electron energy analyzer (Kratos
Ultra Spectrometer). The system was maintained under ultrahigh vacuum (< 5 x 10™'° Torr),
and the power for UPS was 3 kV x 20 mA (60 W). All of the samples were biased at =10 V
during the measurements to observe the peak edge of the secondary electron.

The drop-casting technique was used in the UPS sample preparation. Hence, to a diced p-
type Si (100) wafer (13 mm x 18 mm, freshly etched with 5% HF for 2 minutes, rinsed with
ddH,O water and dried with purified N, gas), a drop of the sample solution (0.5 mM in
MeNO; for GAC-Por 1; 1.0 mM in 1,2-DCB/MeOH, 7:3, v/v for (GAC),-Por 2; 1.0 mM
in 1.2-DCB for (GAC),-Por 3, 2.0 mM in 1,2-DCB for PC;BM) was cast using a glass
pipette. The wafer was dried under a vacuum chamber for 30 min, and then transferred into
the ultrahigh vacuum chamber (< 5 x 10™'° Torr) of the UPS instrument and allowed to stay

for 30 min to remove residual solvent before analysis. For each material, three samples
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were prepared on three separate Si wafers, and the average value was reported based on

measurements on all three samples.

3.8.2.4 Conductivity of thin films

Commercially available Si/SiO, wafers (size 18 mm x 15 mm, 300 nm thick layer of
thermally grown of SiO,) were used as substrates for the two-electrode device. The
substrates were cleaned with piranha solution, and then dried using a stream of filtered N».
With a chromium mask (600 teeth, 10 um gap width), the substrates were treated by a
standard photolithography method to coat a patterned photoresist layer. A 5 nm thick
adhesion layer of Cr was then deposited on the substrates using e-beam evaporation,
followed by a 50 nm thick Au layer. To prepare the patterned two-electrode devices, the
lift-off method was used.* More specifically, the chips were ultrasonically cleaned in
acetone, 2-propanol and ultrapure water for 5 min each, and dried using a stream of filtered
N,. Prior to sample deposition, the two-electrode devices were checked by an optical
microscope for any fabrication defects, and also tested for blank /~J curves to preclude the
possibility of bridged electrode teeth that may arise from the photolithography process.

To cast a thin film on the two-electrode device, a drop of a specific sample solution (0.5
mg/mL in MeNO,; for GAC-Por 1; 2.0 mg/mL in 1,2-DCB/MeOH, 7:3, v/v for (GAC),-Por
2; 2.0 mg/mL in 1.2-DCB for (GAC),-Por 3) was deposited on the device using a glass
pipette. The device was first placed in a low-vacuum chamber overnight to form a thin film,
and then transferred to a high-vacuum heater and heated at 80 °C for 30 min and allowed to

cool to room temperature in vacuum to remove the residual solvent.
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The I-V curves of the two-electrode devices were recorded on an integrated electronic
characterization setup.* The data acquisition (DAQ) board was manufactured by National
Instruments (USA) with the model PCI-6110 and the operation software LabVIEW (LV3).
The low noise current preamplifier SR570 was manufactured by Stanford Research
Systems (USA), and capable of current gains as large as 1 pA/V. The maximum bias
voltage was 3.0 V, and the scan rate was set as 1 V/s. The sensitivity varied from 100 pA/V

to 1 mA/V, depending on the conductivity of a specific sample.

3.8.2.5 Profilometer

The thickness of the thin film on a two-electrode device was measured by a digital
profilometer (KLA Tencor, Alpha Step 1Q) featuring automatic leveling and multi-scan
mode. The bare edge of the electrode was used as the setpoint. During each scan, the probe
was allowed to scan across the approximate diameter of the sample spot, and the average
thickness was obtained. For each thin film sample, three scans were performed and the

thickness value for conductivity calculation was averaged based on all three scans.
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Chapter 4
Self-Assembly and Characterization of Oligothiophene-Functionalized

Guanine-Cytosine Building Blocks

4.1 Introduction

Organic photoactive and electroactive molecular materials have attracted substantial
attention due to their application in various fields including OLEDs', OFETs” and OPVs’.
Devices fabricated from these materials are light weight, low-cost and flexible, which
makes them commercially appealing and superior to the inorganic counterparts. Conducting
polymers and small molecules are two major types of organic optoelectronic materials.
Among the class of m-conjugated conducting polymers, polythiophenes have emerged from
extensive studies on account of their low band gaps, high charge mobility and feasibility to
various functionalization. * For example, a polymer mixture of poly-(3,4-
ethylenedioxythiophene) and polystyrene sulfonate (PEDOT:PSS) has been
commercialized as a leading conducting polymer product and an antistatic agent with
different trade names. In polythiophenes, charge conduction occurs by an interchain
hopping mechanism via spatial overlap of m-orbitals between adjacent conjugates that are in
close proximity.” High charge mobility is attributed to high regioregularity and effective
conjugation length at the molecular level, and high crystallinity and ordering in solid-state
nanoscale morphology.® However, long-range molecular order is often lost in polymers due
to defects arising during polymerization.” Small amounts of impurities in the polymer
backbone can lead to a strong negative effect on the physical properties of the material and

device performance.® Moreover, spin-casting of the polymer solutions produces amorphous
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films, in which the microstructure feature of high crystallinity is absent.®*’ On the other
hand, small molecules including n-conjugated oligomers have well-defined chemical
structures and can be purified relatively easily. Many studies have been focused on the
synthesis and characterization of m-conjugated oligomers with long axis dimensions up to
10 nm."° In some cases, vacuum sublimation deposition of these molecules on specific
substrates can generate highly ordered layers that display superior charge mobility than
those solution-processed films.'' However, thermal evaporation is more expensive and not
ideal for large area depositions.

In this respect, supramolecular nanoscale self-assembly of small conjugated molecules
and oligomers provides an attractive approach to bring solution-processability and high
ordering together to generate well-organized nanomaterials for application in organic
optoelectronics.® In the bottom-up design strategy, the building block consists of a
conjugated molecule with a self-assembly design. In solution, the building blocks
hierarchically self-assemble into highly order architectures, driven by intra and
intermolecular non-covalent interactions. These architectures are uniform and error-free,
since the programmed self-assembly process is self-correcting and the precise arrangement
of building blocks is pre-encoded at a molecular level. In addition, these assemblies adopt
the most thermodynamically stable structure.'” Although it is appealing, rational design of
the building blocks is required, because nanoscopic ordering of the supramolecular
architecture entirely depends on their precise chemical structure. Moreover, the
optoelectronic properties of the conjugated molecules are not automatically transferred into
the assemblies.”” Hence an ordered nanostructure that promotes overlap of m-orbitals is

needed to improve the physical properties and device performance.
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Various functionalization and self-assembly scaffolds have been explored to incorporate
oligothiophene and construct supramolecular assemblies,'* such as sulfur-alkyl," ethylene
oxide,"” diketopyrrolopyrrole (DPP),'® 3,5-dihydroxyl-benzoic ester dendritic segments,'’
amide-rich segments,'® nucleobases,'® carbohydrates,”® steroids,?' and peptides®. The non-
covalent interactions within the nanoarchitectures include hydrogen bonding, n—n stacking
and van der Waals forces. However, most of the assemblies form large aggregates and
fibers with the width falling in the range from several hundred nanometers to a few
micrometers. The lost control over uniform morphology is mainly due to n—r stacking of
the thiophenes and van der waals interactions of alkyl side sides, which drive the materials
to form lamellae, rods, superhelices and other superstructures. For many applications in the
field of organic optoelectronics, well-defined and uniform nanostructures of the material is
highly demanded, as they can improve the charge mobility by orders of magnitudes.®*’

This chapter focuses on the self-assembly studies of three oligothiophene-functionalized
guanine—cytosine (GAC) molecules. (GAC),;-3T is an alkyl-flanked terthiophene covalently
bonded to a twin GAC motif. (GAC),-6T is a butyl-functionalized sexithiophene linked to a
twin GAC motif via an benzylamine spacer. Mono GAC-6T is a butyl-functionalized
sexithiophene covalently bonded to a single GAC motif via an aniline spacer. Figure 4.1
shows the molecular structures and models of the three molecules. The models were
generated using VMD.** Optoelectronic properties of the self-assembled RNTs of (GAC),-
6T are also presented. This project was done via collaboration with my previous colleague
Dr. Venkatakrishnan Parthasarathy, who synthesized the three molecules. I assisted in the
spectrometric identification of the chemical structures, systematically investigated the self-

assembly, and carried out the optical and electronic characterization.
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(GAC),-3T (GAC),-3T

mono GAC-6T mono GAC-6T

(GAC)y6T (GAC),-6T
NG Jo—

Figure 4.1. Molecular structures and models of (GAC),-3T, mono GAC-6T and (GAC),-
6T. Atom colors: cyan, C; blue, N; red, O; yellow, S. Hydrogen atoms are removed for

clarity.

4.2 Synthesis of (GAC),;-3T

The synthesis route of (GAC);-3T is shown in Figure 4.2. The starting material 2-
bromothiophene was treated in a standard procedure to form the corresponding Grignard
reagent, which was then converted to thiophene-2-boronate ester (1) by adding 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. Meanwhile, the Suzuki cross-coupling
partner 2-bromo-5-iodothiophene (2) was prepared from iodination to 2-bromothiophene.

The cross-coupling product bromobithiophene (3) was converted to bithiophene-2-boronate
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ester (4), which was then coupled with 2-bromo-5-iodothiophene to produce
bromoterthiophene (5). The product was again converted to the corresponding Grignard
reagent and then boronate ester (6). The cross-coupling reaction between 3,4,5-
trimethoxyiodobenzene and compound 6 produced compound 7. It is important to note that
the aryl group was incorporated in order to improve the solubility of (GAC),;-3T in non-
polar solvents, as unsubstituted oligothiophene is known to have poor solubility. In fact,
spectroscopic characterization for unsubstituted oligothiophenes containing seven or more
units is virtually impossible since these compounds are insoluble. > The bromination
product (8) of compound 7 was coupled with 4-(N-boc-aminomethyl)phenylboronic acid
pinacol ester followed by deprotection to produce compound 9. The benzylamine group
serves as a short spacer between terthiophene and the twin GAC motif. Reductive amination

between GAC aldehyde and compound 9 followed by HCI deprotection produced the final

compound (GAC),-3T, which is a bright yellow solid.
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4.3 Self-assembly of (GAC),-3T
(GAC),-3T has poor solubility in common solvents such as DCM, chloroform, DMF or
toluene. Figure 4.3 shows the SEM images of (GAC),-3T in four different solvents. The
solution in DMSO at a concentration of 0.1 mg/mL became clear after heating. However,
no tubular nanostructures were observed, rather large amorphous aggregates were found in
the SEM image (Figure 4.3A). A DCM solution at the same concentration was turbid even
after gentle heating and sonication. The SEM image of this sample shows a thin layer
consisting of many tiny dots of a similar size (Figure 4.3B). These dots are considered to be
single rosettes or short stacks. Similar morphology was observed in a stock solution after
aging for 7 d. A 1,2-DCB solution was prepared after heating at 120 °C for 3 min. The
solution became clear upon heating and the color changed from yellow to pale yellow.
However, the solution became turbid after cooling to room temperature. Although many
tiny dots were observed in the SEM image, large fibers were also present (Figure 4.3C).
The poor solubility of (GAC),-3T in 1,2-DCB and DCM is likely due to the GAC module
which is very polar. In fact, unfunctionalized and unprotected GAC aldehyde is insoluble in
DCM or 1,2-DCB, but very soluble in MeOH, DMF and DMSO. Hence, a small portion of
MeOH was mixed with 1,2-DCB to see whether it can improve the solubility of (GAC),-3T
and promote self-assembly. Unfortunately, the solubility was not improved, and large
aggregates were found in the SEM image along with the tiny dots (Figure 4.3D).

Due to the solubility constraint, the application of (GAC);-3T in the field of organic
nanoelectronics is restricted. My focus was shifted to (GAC),-6T, which not only has a
good solubility in the ideal solvents for OPV device fabrication such as 1,2-DCB and

chlorobenzene, but also has a long effective conjugation length.
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Figure 4.3. SEM images of (GAC);-3T assemblies in different solvents. (A) DMSO; (B)
DCM; (C) 1,2-DCB; (D) 1,2-DCB/MeOH (9:1, v/v). Concentration: 0.05 mg/mL. Aging: 1

d. Scale bars: 500 nm.

4.4 Synthesis of (GAC),-6T

The synthesis of (GAC),-6T (Figure 4.4) is quite similar to that of (GAC),-3T. The
compound has an orange color as compared to the bright yellow color of (GAC);-3T,
indicating the extended conjugation length. Unlike the unsubstituted thiophene unit in
(GAC)2-3T, (GAC),-6T comprises six units of 3-butylthiophene which was prepared via
Kumada cross coupling. The butyl groups were introduced in order to further improve the
solubility of this material in nonpolar solvents. However, they also give rise to more steric
hindrance and may reduce the ability of self-assembly due to intermolecular repulsion.
Indeed, this is what we observed in mono GAC-6T, which has a single GAC module
instead of two.
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4.5 Self-assembly of mono GAC-6T

As mentioned above, sexithiophene unit is anchored to a single GAC via the aniline spacer
in mono GAC-6T (Figure 4.5). The low nucleophilicity of aniline exclusively produced the
mono-N-alkylation®® product in the reductive amination reaction with GAC aldehyde. On
the contrary, the benzylamine spacer in (GAC),-6T only produced the dialkylation product
even when GAC aldehyde was added in half of the stoichiometrically equivalent molar
quantity.

Mono GAC-6T is very soluble in DCM, toluene, and 1,2-DCB. In DMSO it can also be
dissolved at a concentration of 0.5 mg/mL after heating. Small particles and islands of thin
layers were observed in the SEM image of the DMSO sample (Figure 4.5A). The formation
of islands is presumably due to intermolecular n—n stacking of the sexithiophene units and
van der Waals interactions between the substituted butyl chains. Holey films were observed
in the low-magnification SEM image of the DCM sample (Figure 4.5B), while amorphous
aggregates were present in the high-magnification image (Figure 4.5C). The SEM image of
the toluene sample also displayed islands of thin layers (Figure 4.5D). In 1,2-DCB, tiny
dots and short tubular structures were observed, which might be single rosettes or short
stacks (Figure 4.5E). However, the short tubes did not elongate even after an aging period
of 10 d. Different conditions were tested for the toluene and 1,2-DCB solutions, but no long
tubular nanostructures were found by SEM imaging. Heating, sonication or aging did not
promote assembly of this molecule.

The inability of GAC-6T to form long self-assembled RNTs is likely due to the steric
hindrance caused by the substituted butyl chains, as m—m stacking interaction attenuates

when the distance between the GAC modules increases.

208



Figure 4.5. Molecular structure of mono GAC-6T and SEM images of its assemblies in
different solvents. (A) DMSO; (B-C) DCM; (D) toluene; (E) 1,2-DCB. Concentration: 0.1

mg/mL. Aging: 1d. Scale bars: 500 nm.

4.5 Self-assembly of (GAC),-6T

4.5.1 Solvent effect

(GAC),-6T can be easily dissolved in DCM, chlorobenzene and 1,2-DCB. In DMSO and
DMF, the solution became clear upon heating. The time-dependent SEM images of
(GAC),-6T in the four solvents are shown in Figure 4.6. All of the solutions were prepared
at a concentration of 0.2 mg/mL and heated for 3 min to promote self-assembly. Three

batches of SEM samples were prepared with the respective aging time of 4 h, 1 d and 10 d.
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In DMSO, small particles and islands of thin layers were found initially. Over time, less
particles but more tiny dots were observed. However, no tubular nanostructures were
present even after 10 d. In DMF, large amorphous aggregates were found in all of the SEM
samples. In DCM, holey films and tiny dots were found after 4 h of aging. Although the
films disappeared and tiny dots became dominant over time, RNTs were still not observed.
In chlorobenzene, which is one of the ideal solvents for fabrication of solution-processed
OPV devices, tiny dots and short RNTs that are just a few tens of nanometers long were
observed after 4 h of aging. After 1 d, the SEM image still showed a similar morphology.
Interestingly, after 10 d the tiny dots and short RNTs almost disappeared and small islands
of thin layers were found in the SEM image. These thin-layer nanostructures are likely
driven by intermolecular n—m stacking and van der Waals interactions between the
sexithiophene units and the butyl chains, which are competing against hydrogen bonding
and m—n stacking interactions between the GAC modules. To promote the formation of
RNTs and suppress other unwanted nanostructures, an appropriate solvent and processing

condition are needed.
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Figure 4.6. SEM images of (GAC);-6T assemblies in DMSO, DMF, DCM and
chlorobenzene (CB) with different aging times. Concentration: 0.2 mg/mL. Conditions:
DMSO (100 °C, 3 min); DMF (100 °C, 3 min); DCM (35 °C, 3 min); chlorobenzene (90 °C,

3 min). Scale bars: 500 nm.
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4.5.2 Optimization of the self-assembly conditions in 1,2-DCB

(GAC),-6T is very soluble in 1,2-DCB. A clear solution at a concentration of 10 mg/mL
can be obtained by just dissolving the compound in the solvent without the assistance of
sonication or heating. Different processing conditions were tested to optimize the self-
assembly of (GAC),-6T in 1,2-DCB. Hence three solutions were prepared at the same
concentration of 1.0 mg/mL but under three different conditions, and were labeled as S1,
S2 and S3. S2 was applied to sonication for 5 min, while S3 was heated at 120 °C for 5 min
and then taken out from the heating block to cool to room temperature. In comparison, S2
was prepared by dissolving the compound in the solvent without any special treatment.
After aging for 30 min and 7 d respectively, SEM samples were prepared from these
solutions. Figure 4.7 shows the SEM images. After 30 min of aging, a few short tubes with
many tiny dots were found in the SEM sample from S1 (Figure 4.7A). After 7 d of aging,
many short tubes with the length of about 100 nm were found (Figure 4.7B). This clearly
indicates that the spontaneous self-assembly of (GAC),-6T is a slow process. Interestingly,
some nanotubes seem to stick to each other to form bundles, which might be due to the
interaction between the butyl chains. In the SEM images of the samples from S2, similar
results were observed (Figure 4.7C and D), indicating that sonication does not promote
self-assembly, or to a very little extent. In contrast, nanotubes with the length in the range
from several hundred nanometers to micrometers were present in the SEM image of the
sample from S3 after 30 min of aging (Figure 4.7E). The nanotubes grew over time in
solution, as after 7 d of aging the length of the nanotubes was generally more than 1 pm
(Figure 4.7F). Figure 4.8 shows an schematic illustration of the hierarchical self-assembly

process of (GAC),-6T to form an interconnected network of RNTs. It is worth noting that
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few bundles were present in the SEM samples prepared from S3. We conclude that heating
can promote the self-assembly of (GAC);-6T in 1,2-DCB, and may also supress van der

Waals interactions between the butyl chains.

Cond.

Cond.

Cond.

Figure 4.7. SEM images of (GAC),-6T RNTs in 1,2-DCB under different processing
conditions. Concentration: 1.0 mg/mL, all solutions were diluted to 0.5 mg/mL right before
SEM sample preparation. Condition 1: spontaneous self-assembly, no heating or sonication;
condition 2: sonication for 5 min; condition 3: heating at 120 °C for 5 min. All solutions

were aged for 30 min and 7 d respectively. Scale bars: 500 nm.
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(GAC),-6T 1D RNTs Network

Figure 4.8. Schematic illustration of hierarchical self-assembly of (GAC),-6T.

Figure 4.9. (A-B) Pictures of organogel of (GAC),-6T RNTs in 1,2-DCB (1.0 mg/mL)
after 240 d; (C) SEM image of a sample from the break-up solution of the organogel. Scale

bar: 500 nm.

Interestingly, the solution of (GAC);-6T RNTs in 1,2-DCB (1.0 mg/mL) can form an
organogel after a long aging time. The organogel could be broken up easily by heating or

sonication. SEM imaging revealed an interconnected network structure composed of long
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RNTs (Figure 4.9). The formation of an organogel is likely due to the strong non-covalent

interaction between the solvent molecules and the sexithiophene units.

4.5.3 Effect of MeOH

The self-assembly ability of (GAC);-6T in 1,2-DCB can be greatly improved by adding a
small portion of MeOH to the solvent. However, the volume percentage of MeOH is crucial
for the morphology of RNTs. Four (GAC),-6T solutions at the concentration of 1.0 mg/mL
but with different volume percentage of MeOH were heated to boil for 1 min and slowly
cooled down to room temperature. The SEM images of the samples prepared from these
solutions are shown in Figure 4.9. When 5% MeOH was present in the binary solvent
system, RNTs with the length of about 1 um were observed along with some tiny dots
(Figure 4.10A). In the solution that contained 10% MeOH, RNTs with the lengths of
several micrometers were observed (Figure 4.10B). When 30% MeOH was present in the
mixed solvent, the RNTs were even longer, but they also entangled to form aggregates
(Figure 4.10C). When the ratio of 1,2-DCB/MeOH was 1:1, the solution was turbid and did
not become clear even at the boiling point (Figure 4.10D). Accordingly, large aggregates of
short nanotubes were found in the SEM image. In conclusion, a small amount of MeOH
can promote the self-assembly of (GAC),-6T in 1,2-DCB, while a large amount of MeOH

in the mixed solvent causes the compound to form large bundles and precipitate.

215



Figure 4.10. SEM images of (GAC);-6T RNTs in a mixture of 1,2-DCB/MeOH with
different volume percentages of MeOH. (A) 5%; (B) 10%; (C) 30%; (D) 50%.

Concentration: 1.0 mg/mL. All solutions were heated to boil for 1 min. Scale bars: 500 nm.

4.6 Identification of (GAC),-6T RNTs

To prove that the observed tubular nanostructures were due to the hierarchical self-
assembly of the twin GAC modules instead of the m—m stacking and van de Waals
interaction between the sexithiophene units, two control solutions of compound 20 in
chlorobenzene and 1,2-DCB were also processed under the same conditions as that of
(GAC)-6T. Compound 20 is the trimethoxyphenyl- and butyl-substituted sexithiophene
unit which is not anchored to the twin (GAC), module. No tubular nanostructures were

found in the SEM samples from either the chlorobenzene or the 1,2-DCB solutions (Figure
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4.11). This clearly shows the inability of sexithiophene to form self-assembled

nanostructure.

Figure 4.11. Molecular structure of compound 20 and SEM images of the samples
prepared from its solutions in (A) chlorobenzene and (B) 1,2-DCB. Concentration: 1.0
mg/mL. Conditions: chlorobenzene, 90 °C, 3 min; 1,2-DCB, 120 °C, 5 min; aging for 1 d.

Scale bars: 500 nm.

4.7 UV-Vis absorption spectra of (GAC),-6T RNTSs

To investigate the changes in the UV-Vis absorption spectrum upon the self-assembly of
(GAC),-6T in 1,2-DCB, a solution of (GAC),-6T with a concentration of 2.0 mg/mL was
heated at 120 °C for 5 min and then allowed to cool to room temperature. SEM samples
were prepared from the diluted aliquots (0.5 mg/mL) of the solution before heating and

after cooling. As expected, the SEM image of the sample prepared from the initially
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dissolved solution before heating process showed many tiny dots and a few short RNTs
(Figure 4.12A), while the SEM image of the sample from the solution after heating and
aging for 1 h displayed a few tiny dots and many well dispersed RNTs with a length of
several hundred nanometers (Figure 4.12B). Meanwhile, the UV-Vis spectra of the diluted
solution (0.5 mg/mL) before and after heating were also collected. Figure 4.12C shows the
spectral changes. After the treatment of heating and aging for 1 h, a blue shift was observed
for the broad m—m* absorption band of the sexithiophene unit.*® More specifically, the
absorption maximum of this band shifted from 419 nm to 382 nm upon self-assembly,
indicating that the peripheral sexithiophene units on the RNTs are typical head-to-head H-

18521 This arrangement may improve the charge transport in the OPV

type aggregates.
device. In addition, no significant color change of the solution was observed upon self-
assembly. By contrast, the blue shift of the sexithiophene absorption band was not observed
in the solution of (GAC),-6T in DCM (Figure 4.13), which is a solvent that does not

promote self-assembly (see Figure 4.6 for SEM images). It is worth noting that the peak at

292 nm is one of the characteristic peaks for the GAC motif.
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Figure 4.12. SEM images of (GAC),-6T (A) before and (B) after self-assembly in 1,2-

DCB (0.5 mg/mL); (C) absorption spectra (0.5 mg/mL), insets show the solution (0.5

mg/mL) before and after heating. Path length: 1 mm. Scale bars: 500 nm.
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Figure 4.13. Absorption spectra of (GAC);-6T (A) before and (B) after heating in DCM

(0.5 mg/mL). Heating condition: 35 °C, 3 min. Path length: 1 mm.

The absorption spectra of the drop-cast thin films on quartz were also collected for
(GAC),-6T RNTs and the unassembled control (Figure 4.14). Two characteristic absorption
bands of the GAC motif were present in both spectra, with the maxima at 235 nm and 293
nm in the film of unassembled (GAC),-6T, and 234 nm and 288 nm in the film of (GAC),-
6T RNTs. In terms of the sexithiophene unit, the absorption maximum of the thin film did
not have a significant change compared to that of the solution in the case of unassembled
(GAC)2-6T. However, in the case of (GAC),-6T RNTs, the absorption maximum was seen
at 393 nm, which had a 11 nm red shift compared to that of the solution. The red shift is
likely due to the restricted molecular motions and increased planarization of the
sexithiophene units in the solid state.”’” In addition, the absorption onsets were observed at

563 nm in the case of the unassembled (GAC),;-6T, and 551 nm in the case of (GAC),-6T
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RNTs. The absorption onsets can be used to calculate the optical band gaps between the

HOMO and LUMO energy levels.
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Figure 4.14. Absorption spectra of thin films of (A) (GAC),-6T and (B) (GAC),-6T RNTs

on quartz.

4.8 Photoluminescence of (GAC),-6T RNTs

The fluorescence spectrum of a solution of (GAC);-6T RNTs (4 pg/mL in 1,2-DCB) is
shown in Figure 4.15. Under the excitation wavelength of 384 nm, a broad emission band
from 400 nm to 750 nm was observed, which was assigned to the emission band of the
sexithiophene unit. The emission maximum wavelength of the spectrum at 510 nm is in
close agreement with the onset wavelength of the absorption spectrum of the compound in
solution. When the solution was exposed to UV light irradiation in a dark environment (1 =
366 nm), it emitted a pale yellow luminescence. Unfortunately, we were unable to collect
the fluorescence spectrum of a drop-cast thin film of (GAC),-6T RNTs on quartz as the

: 2
fluorescence signals were too weak.”®
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Figure 4.15. Fluorescence spectrum of a 1,2-DCB solution of (GAC),-6T RNTs (4 pg/mL)
excited at 384 nm. The inset shows the solution under fluorescence lighting (left) and UV

light (366 nm).

4.9 TEM and AFM characterization of (GAC),-6T RNTs

TEM and AFM techniques were used to characterize the RNTs of (GAC),-6T. In order to
stain the RNTs, uranyl acetate solutions in H,O, CH3CN, MeOH and acetone were tested.
When the H,O or CH5;CN solutions were used, the RNTs were not stained since the surface
boundaries were not clear (Figure 4.16A and B). When the MeOH solution was used, the
boundaries of the RNTs were improved. However, a patterned unknown layer was also

found in the background, which makes the measurement of the cross-sectional diameter of

the RNTs inaccurate (Figure 4.16C).
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The best stained TEM samples were found when 0.2% uranyl acetate in acetone was
used. Under the SE-mode SEM imaging, the RNTs were dark and covered by the bright
stain particles (Figure 4.17A). When the imaging was switched to the TE mode for the
same sample area, the RNTs became bright while the boundaries became dark, indicating
that the RNTs were well-stained (Figure 4.17B). The solvent-dependent staining properties
are likely due to the hydrophobic nature of the surface of the RNTs. High-resolution TEM
images revealed that the cross-sectional diameter of a single RNT is 8.2 + 0.5 nm (Figuer

4.17C and D).

Figure 4.16. TEM images of poorly-stained (GAC),-6T RNTs. Concentration: 0.01 mg/mL
in 1,2-DCB. Stains: (A) 1% uranyl acetate in H,O; (B) 0.2% uranyl acetate in CH;CN; (C)

0.25 uranyl acetate in MeOH.
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Figure 4.17. SE-mode (A) and TE-mode (B) SEM and TEM (C-D) images of well-stained
(GAC),-6T RNTs. Concentration: 0.01 mg/mL in 1,2-DCB. Stain: 0.2% uranyl acetate in

acetone.

Figure 4.18 shows the tapping mode AFM images of (GAC),-6T RNTs on HOPG. Some
tiny dots were found stuck to the surface of a single nanotube, which are thought to be the
unassembled single rosette rings, or their short stacks. The height of a single RNT was
measured to be 5.6 = 0.8 nm from the AFM images (Figure 4.19), which is ~ 2.6 nm
smaller than the cross-sectional diameter from the TEM measurements. This is likely due to

the deformation caused by AFM tip during scanning, as the RNTs are soft materials.”
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Figure 4.18. Tapping mode AFM images of (GAC);-6T RNTs on HOPG. (A) Height

profile; (B) amplitude profile. Concentration: 0.05 mg/mL in 1,2-DCB.
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Figure 4.19. Height measurement of a single (GAC),;-6T RNT by tapping mode AFM. (A)
AFM image; (B) height profile along the arrow in (A). Concentration: 0.05 mg/mL in 1,2-

DCB.
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4.10 HOMO-LUMO determination of (GAC),-6T RNTs
The HOMO energy level of (GAC),-6T RNTs was determined by UPS analysis of the thin
films from a stock RNTs solution (1.0 mg/mL in 1,2-DCB, checked by SEM before casting)
on Si (100) wafers (see Chapter 3 for the fundamentals about UPS, and experimental
sections for the sample preparation). Figure 4.20 shows the UPS spectra of a sample film.
The work function (@) of the RNTs was determined to be 4.16 eV, which was calculated by
subtracting the highest binding energy cutoff (17.07 eV) from the incident photon energy
(hv = 21.23 eV, A = 58.4 nm) of the monochromatized Helium I light source (Figure
4.20A).*° The binding energy (Eg) relative to the Fermi level (Ef) of the RNTs is 1.29 eV,
which was obtained by extrapolating the edge of the spectrum onset to the intersection of
the baseline in the Fermi-edge region (Figure 4.20B). Hence, the HOMO energy level of
the RNTs of (GAC),-6T from this sample film was calculated to be —5.45 eV relative to the
vacuum level [—(4.16 eV + 1.29 eV)]. From the measurements of three films on three Si
wafers, the HOMO energy level of (GAC),-6T RNTs was calculated to be —5.40 + 0.05 eV.

Meanwhile, thin films of unassembled (GAC),-6T were also prepared as a control. The
UPS spectra were also collected in the same manner. Figure 4.21 shows the UPS spectra of
a sample film. The HOMO energy level of unassembled (GAC),-6T was calculated to be
—5.18 £ 0.08 eV from the measurements of three films on three Si (100) wafers.

The optical band gaps (E;™) of (GAC),-6T RNTs and unassembled (GAC),-6T are 2.26
eV and 2.21 eV respectively, which were calculated from the onsets of the corresponding
UV-Vis spectra of the thin films on quartz (see Figure 4.14). The LUMO energy level was

calculated by adding the optical band gap to the corresponding HOMO energy level. Hence,
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for (GAC),-6T RNTs and unassembled (GAC),;-6T the LUMOs were calculated to be

—3.14 eV and —2.97 eV, respectively.
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Figure 4.20. UPS spectra of (GAC),-6T RNTs on Si (100). (A) Work function

determination; the inset shows the highest binding energy cutoff; (B) Binding energy

(relative to Fermi level) determination; the inset shows the spectrum onset.

227



A WF (GAC),-6T
90000

60000

30000

CPS
s
)
S
S
i

04

17.74 eV

0-—J <*+— 17.74 eV

201816141210 8 6 4 2 0
Binding Energy (eV)

(GAC),-6T
25000 4000

CPS

Y
o
o]
(=2}
E Y
N
O-
N

Binding Energy (eV)
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The HOMO-LUMO energy levels of the well-established electron acceptor PCsBM
were also determined in the same manner as described above. The HOMO and LUMO
were determined to be —6.15 eV and —4.26 eV, respectively. Since the HOMO-LUMO
energy levels of (GAC)-6T RNTs and (GAC),-6T match well with those of PC4;BM, these
two materials can be used as promising electron donors in solution-processed OPV devices
using PCq;BM as the acceptor. Figure 4.22 shows the energy level diagram of the
conceived OPV devices in where (GAC),-6T RNTs:PC¢;BM and (GAC),-6T:PC¢BM are
used as the electron donor-acceptor pairs. In these devices, indium tin oxide (ITO) is the
anode and Al is the cathode, PEDOT:PSS is the hole-transporting material. Although the
HOMO-LUMO energy gaps of (GAC),-6T RNTs and (GAC),-6T are very close, the
HOMO of (GAC);-6T RNTs is 0.22 eV lower than that of (GAC),-6T. Similarly, the
LUMO of (GAC),-6T RNTs is 0.17 eV lower than that of (GAC),-6T. The changes in
energy levels are attributed to the highly ordered nanostructures in the self-assembled
RNTs of (GAC),-6T.

The energy difference between the donor’s HOMO and the acceptor’s LUMO
determines the open-circuit voltage (Voc) of an OPV device. Many reports have shown that
Voc is linearly related to this energy difference.’’ The larger the energy difference between
the donor’s HOMO and the acceptor’s LUMO, the larger the Voc is. A large Voc can
improve the power conversion efficiency (PCE) of the OPV device, as PCE is proportional
to Voc. The energy difference between the donor’s HOMO and acceptor’s LUMO is 0.92
eV in the pair of (GAC),-6T:PCs;BM, and 1.14 eV in the pair of (GAC),-6T
RNTs:PCs;BM. Hence, the OPV device using (GAC),-6T RNTs as the donor material is

expected to have a larger Voc and a larger PCE compared to the device using unassembled
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(GAC),-6T. Unfortunately at this stage we are not able to fabricate the OPV devices and

validate our expectations.
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Figure 4.22. Energy level diagram of components used in the conceived OPV devices
including ITO and Al electrodes, hole-transporting PEDOT:PSS, and the electron donor-

acceptor pairs of (GAC),-6T RNTs:PCs;BM and (GAC),-6T:PCq BM.

4.11 Blend of (GAC),-6T RNTSs and PCs BM

4.11.1 SEM imaging

To create efficient bulk-heterojunction (BHJ) interfaces in the active layer of an OPV
device, the electron donor and acceptor materials need to be mixed and solution-processed.

For example, to fabricate the active layer of a BHJ OPV device based on
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P3HT:PC61BM,23 2 the donor material P3HT is commonly dissolved in chlorobenzene or
1,2-DCB at a high concentration (>10 mg/mL) by heating. The polymer forms crystalline
nanofibers during the process of slow-cooling to room temperature. Then the solution is
mixed with a concentrated solution of PC¢BM in the same solvent at a specific weight
ratio. The mixed solution is then spin-cast on the pretreated substrate to form a
homogenous thin film, where the pristine nanostructure of P3HT is conserved. The uniform
and well dispersed nanostructures are critical to the high PCE of the OPV devices, as it has
been reported that they can enhance the hole mobility of the material and the short-circuit
current density (Jsc) in the OPV device.?*?

For using the pair of (GAC),-6T RNTs:PCs;BM as the active layer components in the
OPV device, a practical issue is whether the pristine self-assembled tubular structures can
be conserved intact when the RNTs solution is mixed with the PC4;BM solution. To prove
this, 0.5 mL of a stock solution of (GAC),-6T RNTs (3.0 mg/mL in 1,2-DCB) was mixed
with 0.5 mL of a PCg;BM solution (3.0 mg/mL in 1,2-DCB). Hence, in the mixed solution
whose total concentration was 6 mg/mL, the weight ratio of (GAC);-6T RNTs:PCq;BM
was 1:1. The mixed solution was aged for 3 d. SEM samples were then prepared from an
aliquot that was immediately diluted (total concentration 1.0 mg/mL) from the mixed
solution by adding 1,2-DCB. Meanwhile, a solution of (GAC),-6T RNTs only (0.5 mg/mL
in 1,2-DCB) and a solution of PC;BM only (0.5 mL in 1,2-DCB) were used as controls.
For comparison, a solution of commercial grade P3HT (5 mg/mL in 1,2-DCB) was heated

at 120 °C for 5 min and allowed to cool to room temperature, which was the same

procedure used to process the RNTs of (GAC),-6T. The P3HT solution was then mixed
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with a PC4;BM solution (1:1, w/w). For the SEM sample preparation, the mixed solution of

P3HT:PCsBM was also diluted to a total concentration 0.5 mg/mL by adding 1,2-DCB.

Figure 4.23. SEM images of (A) (GAC)2-6T RNTs (0.5 mg/mL in 1,2-DCB); (B) PC¢BM
(0.5 mg/mL in 1,2-DCB); (C) blend of (GAC),-6T RNTs:PCs;BM (1:1, w/w, total
concentration 1.0 mg/mL in 1,2-DCB); (D) P3HT:PCs;BM (0.5 mg/mL in 1,2-DCB). Scale

bars: 500 nm.

The SEM images of the donor-acceptor blends and controls are present in Figure 4.23.
As expected, the RNTs and short stacks of rosettes were found in the sample of (GAC),-6T
RNTs only (Figure 4.23A). A few shiny dots were found in the sample of PC¢;BM only
(Figure 4.23B), which might be the small aggregates of PCs;BM formed during the drying

process when the sample grid was placed under high vacuum before imaging. In the SEM
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image of the blend of (GAC),-6T RNTs:PCs;BM (1:1, w/w), both the RNTs and tiny dots
were present (Figure 4.23C), and they formed an interconnected network. No large bundles
or aggregates were observed by SEM imaging, indicating PCs;BM molecules were well-
dispersed in the network of (GAC),-6T RNTs. Hence, it was clear that the intact tubular
nanostructure of the RNTs was conserved in the mixed solution. On the other hand, the
SEM image of the blend of P3HT:PCsBM also showed the uniform nanofibers with the
length of about 100 nm (Figure 4.23D).

From the similarity in micromorphology in the SEM images of the blend of (GAC),-6T
RNTs:PCs;BM and the blend of P3HT:PCs;BM, and the well-matched energy levels shown
in Figure 4.22, we conclude that (GAC);-6T RNTs can be a promising electron donor
material, and can be mixed with the fullerene-type acceptors including PC¢;BM for BHJ
OPV devices. The uniform tubular nanostructure may improve the PCE of the device

compared to the unassembled (GAC),-6T.

4.11.2 UV-Vis absorption spectra

Figure 4.24 shows the absorption spectra of PCs;BM (solution and film) and the blend of
(GAC)2-6T RNTs:PCBM (1:1, w/w) (solution and film). Three characteristic peaks of
PCgBM at 330 nm, 433 nm and 696 nm are present in the spectrum of PCsBM in 1,2-
DCB (Figure 4.24A). In the spectrum of the thin film of PCs;BM on quartz, two more
characteristic peaks at 219 nm and 273 nm are found. A broad absorption slope covers the
range from 400 nm to 800 nm (Figure 4.24B). In the spectrum of the mixed solution of
(GAC),-6T RNTs:PCyBM (1:1, w/w), two bumps around 330 nm and 400 nm are present,

but no obvious peaks can be identified (Figure 4.24C). In the spectrum of the blended thin
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film of (GAC),-6T RNTs:PC¢BM (1:1, w/w), the characteristic peaks of PC¢ BM are

present while the absorption of (GAC),-6T RNTs is underneath the broad absorption tail

from 400 nm to around 700 nm (Figure 4.24D).
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Figure 4.24. Absorption spectra of (A) PC¢BM (0.15 mg/mL in 1,2-DCB); (B) PCs;BM
thin film on quartz; (C) mixed solution of (GAC),-6T RNTs:PC¢ BM (total concentration 1

mg/mL in 1,2-DCB, 1:1, w/w); (D) drop-cast thin film of (GAC),-6T RNTs:PCsBM (1:1,

W/W) on quartz.
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4.12 Conductivity of (GAC),-6T RNTs

To measure the conductivity of the thin films of (GAC),-6T RNTs, a two-electrode device
was fabricated on fused quartz substrate. The device features 600 teeth and a 2.5 um gap
between the teeth. The details about the device fabrication and sample preparation can be
found in the experimental section. Figure 4.25A shows a sample device with a thin film of
(GAC)2-6T RNTs on the top. Meanwhile, the thin films of unassembled (GAC),-6T and
commercial grade P3HT were also cast on separate devices as controls. Figure 4.25 B-D
show the current—voltage (/-V) curves of the respective films, which were measured on an
integrated electronic characterization setup (see details in the experimental section). In all
cases, the I~V curve fits a linear function. The average thickness of a thin film was obtained
from its surface topographic profile which was depicted by a digital profilometer. From the
I-V curve and film thickness, the conductivity of the thin film of (GAC),-6T RNTs was
calculated to be 1.7 x 10™* S/m (see chapter 3 for the calculation method), which is about 3
times of the value of the P3HT (6.1 x 10™ S/m). In contrast, the conductivity of the thin
film of unassembled (GAC),-6T was several orders of magnitude lower (3.2 x 107" S/m).
The spectacular improvement of conductivity in the RNTs of (GAC),;-6T is attributed to the
highly ordered sexithiophene units on the surface of RNTs and the interconnected network
of the tubular nanostructures in the solid state. Similar observations in a different
electronically conductive oligothiophene self-assembly system was reported by Stupp.'** In
addition, all of the two-electrode devices were stored at ambient conditions and retested
after 10 months, and similar /-V curves and conductivity values were observed, indicating

that the materials were stable and resistant to oxidation over the period.
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Unfortunately, we were unable to measure the charge mobility of (GAC),-6T RNTs due
to the lack of corresponding facilities. Nevertheless, this important parameter should be

collected in the future for the material to be used in the application of OPVs.
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Figure 4.25. Two-electrode device (A) and -V curves measured on the thin films of (B)

GAC),-6T RNTs, (C) unassembled GAC),-6T and (D) P3HT.
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4.13 Conclusion

In this chapter, the self-assembly of three oligothiophene functionalized GAC molecules
(GAC),-3T, mono GAC-6T and (GAC),-6T were discussed, with the focus on (GAC),-6T
as it is a promising material to generate well dispersed RNTs. The self-assembly condition
of (GAC),;-6T was optimized. The solvent, heating and aging effects on the assembly were
also studied. The 1,2-DCB solution of (GAC),-6 RNTs can form an organogel over time.
The assemblies of (GAC),-6T were fully characterized by SEM, TEM and AFM. The
cross-sectional diameter of a single RNT was measured to be 8.2 £ 0.5 nm by TEM, and
5.6 £ 0.8 nm by AFM. SEM images showed that the intact tubular nanostructures were
conserved in the blend of (GAC),-6T RNTs:PCgBM.

The UV-Vis absorption spectrum of the (GAC),-6T RNTs solution showed a significant
blue shift compared to that of the unassembled (GAC),-6T solution, revealing that the
sexithiophene units on the RNTs are H-type aggregates. The photoluminescence spectrum
of the (GAC),-6T RNTs in solution was also presented. UPS spectra were used to
determine the HOMO energy levels of the materials. The HOMO of (GAC);-6T RNTs is
0.22 eV lower than that of unassembled (GAC);-6T. A comprehensive energy level
diagram indicates that both the assembled and unassembled (GAC);-6T can be used as
electron-donor materials in the OPV devices using PCqBM as the electron acceptor,
although the tubular nanostructures of RNTs may improve the charge transport and the
device performances.

The conductivity of the thin film of (GAC),-6T RNTs was measured to be 1.7 x 10" S/m,

which is comparable to that of P3HT (6.1x 10™ S/m), and is several orders of magnitude
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higher than that of unassembled (GAC),-6T (3.2 x 107" S/m). The improvement in
conductivity is likely due to the highly ordered aggregation patterns of the sexithiophene
units on the surface of RNTs and the interconnected network in the thin film.

In conclusion, highly ordered oligothiophene aggregates can be constructed via the
hierarchical self-assembly of the covalently bonded GAC building blocks. The
optoelectronic properties of (GAC),-6T RNTs indicates its potential application in OPVs

and organic semiconductors.

4.14 Experimental section

4.14.1 Materials and methods

All the spectrophotometric grade solvents for self-assembly study were purchased from
Sigma-Aldrich or Acros Organics. P3HT (approximate regioregularity = 96% or above)
was purchased from Rieke Metals, Inc., USA. PC¢BM (99.5%) was purchased from
Solaris Chem, Inc., Canada. All the reagents and solvents were used as received. Quartz
cuvettes for UV-Vis and photoluminescence study were purchased from Starna Cells, Inc.,
USA. Fused quartz wafers (diameter 100 mm, thickness 500 um) were purchased from
University Wafer, USA. The wafers were diced into small rectangular chips (18 mm x 15
mm) using a dicing saw (Diamond Touch) to be used as the substrates for the two-electrode
device fabrication. The p-type Si (100) wafers for UPS sample analysis (diameter: 100 mm;
thickness: 525 + 20 pm; dopant: Boron; resistivity: 10-20 Qecm) were purchased from
Silicon Materials, Inc., USA. The wafers were diced into small rectangular chips (18 mm X
13 mm) using a dicing saw (Disco DAD 321) to be used as the substrates for UPS sample

preparation.
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4.14.2 Characterization

4.14.2.1 Ultraviolet photoelectron spectroscopy

Room-temperature UPS experiments were performed at the Alberta Center for Surface and
Engineering Science (ACSES) using a Kratos Axis spectrometer with monochromatized
Helium I radiation (hv = 21.23 eV) and a hemispherical electron energy analyzer (Kratos
Ultra Spectrometer). The system was maintained under ultrahigh vacuum (< 5 x 107" Torr),
and the power for UPS was 3 kV x 20 mA (60 W). All of the samples were biased at =10 V
during the measurements to observe the peak edge of the secondary electron.

The drop-casting technique was used in the UPS sample preparation. Hence, to a diced p-
type Si (100) wafer (13 mm x 18 mm, freshly etched with 5% HF for 2 minutes, rinsed with
ddH,0 water and dried with purified N, gas), a drop of the sample solution (1.0 mg in 1,2-
DCB as a uniform concentration for all the solutions) was cast using a glass pipette. The
wafer was dried under a vacuum chamber for 30 min, and then transferred into the ultrahigh
vacuum chamber (< 5 x 107 Torr) of the UPS instrument and allowed to stay for 30 min to
remove residual solvent before analysis. For each material, three samples were prepared on
three separate Si wafers, and the average value was reported based on measurements on all

three samples.

4.14.2.2 Conductivity of thin films

Commercially available polished quartz wafers (size 18 mm X 15 mm, thickness 500 pm)
were used as substrates for the two-electrode device. The substrates were cleaned with
piranha solution, and then dried using a stream of filtered N,. With a chromium mask (600

teeth, 2.5 um gap width), the substrates were treated by a standard photolithography
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method to coat a patterned photoresist layer. A 5 nm thick adhesion layer of Cr was then
deposited on the substrates using e-beam evaporation, followed by a 50 nm thick Au layer.
To prepare the patterned two-electrode devices, the lift-off method was used.’* More
specifically, the chips were ultrasonically cleaned in acetone, 2-propanol and ultrapure
water for 5 min each, and dried using a stream of filtered N,. Prior to sample deposition, the
two-electrode devices were checked by an optical microscope for any fabrication defects,
and also tested for blank /-J curves to preclude the possibility of bridged electrode teeth
that may arise from the photolithography process.

To cast a thin film on the two-electrode device, a drop of a specific sample solution (3.0
mg/mL in 1,2-DCB as a uniform concentration for all the solutions) was deposited on the
device using a glass pipette and evenly spread over the whole electrode area. The device
was first placed in a low-vacuum chamber overnight to form a thin film, and then
transferred to a high-vacuum heater and heated at 80 °C for 30 min and allowed to cool to
room temperature in vacuum to remove the residual solvent.

The I-V curves of the two-electrode devices were recorded on an integrated electronic
characterization setup.’® The data acquisition (DAQ) board was manufactured by National
Instruments (USA) with the model PCI-6110 and the operation software LabVIEW (LV3).
The low noise current preamplifier SR570 was manufactured by Stanford Research
Systems (USA), and capable of current gains as large as 1 pA/V. The maximum bias
voltage was 3.0 V, and the scan rate was set as 1 V/s. The sensitivity varied from 100 pA/V

to 1 mA/V, depending on the conductivity of a specific sample.
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4.14.2.3 Profilometer

The thickness of the thin film on a two-electrode device was measured by a digital
profilometer (KLA Tencor, Alpha Step 1Q) featuring automatic leveling and multi-scan
mode. The bare edge of the electrode or the quartz substrate was used as the setpoint.
During each scan, the probe was allowed to scan across the approximate diameter of the
sample spot, and the average thickness was obtained. For each thin film sample, three scans
were performed and the thickness value for conductivity calculation was averaged based on

all three scans.
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Chapter 5

Summary of This Thesis Work and Outlook

5.1 Summary of this thesis work

This thesis work focuses on the development of GAC RNTs for potential applications in the
field of organic optoelectronics. Two classes of functional groups, the porphyrins and
oligothiophenes, were covalently linked to the mono and twin GAC motifs to form the self-
assembly building blocks. The self-assembly ability and some important optoelectronic
properties of these materials were investigated.

A comprehensive review on the supramolecular assemblies for organic optoelectronics is
presented in Chapter 1. The fundamentals of OPVs and various electron donor and acceptor
materials were described. Although conducting polymers such as P3HT have been
extensively studied as the leading electron donors, conducting oligomers and small
molecules have also demonstrated potential. In general, the high PCEs of solution-
processed OPVs are mainly ascribed to the highly ordered nanostructures and bulk-
heterojunction morphology in the active layer, as the later favors the charge separation and
the former improves the charge transport. As shown in many examples, supramolecular
self-assembly represents a convenient pathway to introduce nanoscale ordering at all
dimensions to the electron donor and acceptor materials in the active layer. More
specifically, the electron carrier mobility and conductivity have been found to be
significantly improved in the highly ordered supramolecular assemblies of organic

semiconducting materials, indicating that these materials may be able to compete with well-
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known conducting polymers. Although yet rare, a few examples of using supramolecular
assemblies as the functional materials in OLEDs and OFETs have also been demonstrated.

In Chapter 2, the synthesis and self-assembly study of three porphyrin-functionalized
GAC building blocks are presented. In MeNO,, GAC-Por 1 formed long RNTs with a
moderate solubility. (GAC),-Por 2 and (GAC),-Por 3 were designed to solve the solubility
constraint and improve the solubility in nonpolar solvents. Indeed, both of them could be
dissolved in the mixture of 1,2-DCB and MeOH at a high concentration of >10 mg/mL.
More importantly, (GAC),-Por 3 could be dissolved in pure 1,2-DCB and form well-
dispersed RNTs. All of these porphyrin-functionalized RNTs displayed red shifts in the
porphyrin absorption bands, indicating the porphyrin groups are J-type aggregates. The
diameters of individual RNTs from the TEM measurements were in the range of 4.9-5.4
nm, which are in good agreement with the values from the molecular modeling simulations,
and are slightly larger than the height values from tapping mode AFM.

Some important optoelectronic properties of these porphyrin-functionalized RNTs are
presented in Chapter 3. The HOMO and LUMO energy levels were measured by UPS and
UV-Vis spectra. Compared to the energy-level values of unassembled counterparts, the
RNTs of GAC-Por 1, (GAC),-Por 2 and (GAC),-Por 3 did not show significant changes in
the HOMO energy levels, while the LUMO energy levels were slightly lower, mainly due
to their smaller optical band gaps. The energy-level alignments of these RNTs and
PC61BM indicate they are potential electron donor-acceptor pairs in OPVs. The blended
thin films of these RNTs and PCgBM showed significant quenching in the porphyrin
fluorescence emissions, indicating the efficient photoinduced electron transfer from the

RNTs to PC¢BM. The nanoscale morphologies of the blends of porphyrin-functionalized
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RNTs:PCq;BM were also studied. The tubular nanostructures were conserved and
interconnected networks were found in the blends, indicating these electron donor-acceptor
pairs are suitable for solution-processed OPVs. The conductivity of the thin films of these
RNTs is much larger than those of the unassembled counterparts. The conductivity of the
thin film of GAC-Por 1 RNTs was measured to be 8.1 x 10> S/m, which is several orders
of magnitude larger the unassembled control (3.3 x 107 S/m).

In Chapter 4, three oligothiophene-functionalized GAC building blocks were presented.
(GAC),-3T displayed poor solubility in most organic solvents and did not form well-
dispersed nanostructures, which limits its application in solution-processed OPVs.
Although GAC-6T is very soluble in DCM and 1,2-DCB, it did not form long RNTs in
these solvents, probably due to the steric repulsion between the alkyl substituents. In
contrast, (GAC);-6T is very soluble in 1,2-DCB and formed well-dispersed RNTs. Upon
the formation of RNTs, the absorption band of the sexithiophene unit showed a significant
blue shift, indicating the sexithiophene units on the RNTs are H-type aggregates. Both the
HOMO and LUMO energy levels of (GAC),-6T RNTs were found to be ~0.2 eV lower
than those of the unassembled counterpart, although their optical band gaps are almost
identical. (GAC),-6T RNTs and PCsBM could be mixed in solution at a high
concentration and the tubular nanostructures were intact in the blends, indicating (GAC),-
6T RNTSs can be used as the electron donor materials in solution-processed OPV. The
conductivity of the thin film of (GAC),-6T RNTs (1.7 x 10™* S/m) is comparable to those of
conducting polymers such as P3HT.

In conclusion, GAC modules with m-conjugated functional groups were successfully

synthesized. More importantly, self-assembled RNTs can be obtained from these building
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blocks in low-polarity solvents. This thesis work demonstrates that RNTs can be powerful

supramolecular scaffolds for the application in organic optoelectronics.

5.2 Future work

It would be interesting to explore the self-assembly ability of GAC modules bearing more
challenging and complex photo- and electroactive groups, such as fullerene derivatives and
rubrene. In fact, 1D supramolecular assemblies of fullerene derivatives using the bottom-up
strategy is always a tough but appealing task for chemists as it requires delicate designs of
the building blocks to balance the solubility, steric demand and feasibility in synthesis.
Inspired by the one-component strategy of D-A dyad, a Ceo-porphyrin dyad functionalized
GAC module (Cg-TPP-GAC) was designed and the starting materials 5,15-bis(4-
aminophenyl)-10,20- biphenylporphyrin [(NH,), TPP] and phenyl-Cg¢;-butyric acid (PCBA)
were both prepared (Figure 5.1). A synthesis trial of the dyad was attempted using the EDC
coupling between the mono(N-Boc)protected (NH;), TPP and PCBA but no product was
observed, probably due to the poor solubility of PCBA in chlorobenzene. In the future trials,
PCBA should be converted to the more soluble and active carbonyl chloride.' In principle,
the charge separation and transport should be further promoted in the RNTs of Cgo-TPP-

GAC.
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CGO-TPP-G/\C

Figure 5.1. Molecular structures of Cp-TPP-GAC, (NH;),TPP and PCBA.

More importantly, the OPV devices based on the functionalized RNTs described in this
thesis work and fullerene derivatives should be fabricated in the near future. Due to the
limited time period in my PhD program and the lack of access to the facilities, the OPV
device fabrication and characterization have not yet been realized. Nevertheless, all the
essential materials including ITO-coated glass substrates (8—12 Q/sq, Delta Technologies),
highly conductive PEDOT:PSS suspensions (0.02—0.2 S/m, Clevios P VP Al 4083 Heraeus)
and pure Al (99.999%, Kurt J. Lesker) have been purchased and the ITO-coated glass
substrates have been diced into proper sizes for the device fabrication. The fabrication work
for my successors should be straightforward if the facilities are available. However, a more
significant challenge is the device optimization. Although the highly ordered nanostructures

and bulk-heterojunction morphology have been successfully achieved in the blends of the

251



RNTs and PCg¢BM, other important parameters such as the thickness of the layers,
interface contacts and weight ratio of the electron donor and acceptor all affect the overall
performance of the OPV device. Besides PC4BM, other acceptor materials such as Cgo,
bis-PC¢;BM and PC7;BM should also be examined as their HOMO-LUMO energy levels
and solubility are different from those of PC¢ BM. The reproducibility and stability of the
OPV device should also be tested as they are also important from an industrial point of

view.

5.3 Outlook

The world’s energy requirement is increasing rapidly while the fossil fuel reserves are
decreasing. To solve this problem, advanced technologies in clean energy, especially solar
energy, are highly needed. Although the current crystalline Si-based photovoltaic
technology is mature and contributing to the clean energy supply, the fabrication and
installation cost is still high. With regard to the development of OPVs, there is a long way
to go as the current device performance is still uncompetitive even though a PCE over 10%
has been reported in a few studies.” On the other hand, supramolecular assemblies have
been demonstrated as an attractive way to impose nanoscale ordering to the materials in
active layers. Ideally, the configuration of the nanostructures of donor and acceptor
materials should be vertically aligned between the electrodes. However, the macroscopic
alignment of supramolecular assemblies remains a big challenge for chemists.’ In the fields
of organic semiconductors, OLED and OFET, the development of supramolecular

assemblies is still at the very early stage. Nevertheless, challenges are the incubator of new
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solutions. As an emerging field, supramolecular self-assembly is in progress to find its

position in organic optoelectronics.
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