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Abstract

This dissertation describes charge transport behavior within redox-active block copolymer
(BCP) microdomains and the diffusion behavior of charged dye molecules within self-assembled
bolaamphiphilic organic nanotubes (ONTSs) of different surface charge and inner diameters. In-
depth understanding of the charge transport efficiency within redox-active microdomains in
electrode-supported BCP thin films is crucial for their various electrochemical applications.
Similarly, understanding of the diffusion behavior of differently charged dye molecules in ONTs
will help design nanotubular materials better suited for drug-delivery and adsorbent applications.

In the former study, polystyrene-block-poly(2-(acryloyloxy) ethylferrocenecarboxylate)
(PS-b-PAEFc) of different PAEFc volume fractions (fraerc) was used as redox-active BCPs. The
AFM images of PA-b-PAEFc thin films suggested that the morphology of PAEFc microdomains
was dependent of the volume fraction. A series of electrochemical data revealed that thin films
based on large fpaere, Which were expected to yield lamellar and cylindrical microdomains,
afforded redox-active microdomains that extended from the underlying electrode to the film—
solution interface. In addition, charge transport efficiency, which was represented by apparent
diffusion coefficient, within the ferrocene-containing microdomains was similar irrespective of
fraerc, reflecting the similar concentration and dynamic properties of the redox-active moieties.
Furthermore, the charge transport was observed in an acetonitrile solution but not in an ethanol
solution, indicating that the thin films needed be swollen for redox-mediated charge propagation
across the ferrocene moieties in the microdomains. Interestingly, the thin films rendered redox-
active in the ethanol solution upon applying an oxidative potential in the acetonitrile solution,
possibly due to the migration of electrolyte ions into the films, albeit with lower charge transport

efficiency. The “activated” gold-supported PA-b-PAEFc thin films were applicable as



electrochemically responsive heterogenous catalysts for Michael addition reaction between a f-
dicarbonyl compound and an enone in an ethanol solution. Importantly, the efficiency of the
catalytic reaction could be regulated by the potential application, and its selectivity reflected the
permeability of the reactants through the thin films.

In the latter study, the diffusion behavior of differently charged fluorescent molecules
within individual ONTs was systematically measured using imaging fluorescence correlation
spectroscopy (imaging FCS) at different pH and ionic strength conditions. The ONTs with the
inner diameters of 10 or 20 nm, which were self-assembled from asymmetrical bolaamphiphiles,
had glucose moieties on their outer surfaces, and amine or carboxyl groups on their inner
surfaces. Imaging FCS could be used to measure the diffusion of dye molecules that interacted
with nanotube inner surfaces. Indeed, diffusion coefficients of dye molecules within the ONTSs
were much smaller than those in an aqueous solution and were strongly controlled by
electrostatic interactions with the amine or carboxyl groups on the inner surfaces as shown by the
pH dependence of the diffusion coefficients. In contrast, effects of ionic strength were relatively
minor, suggesting the involvement of non-coulombic interactions in the molecular diffusion.
Importantly, imaging FCS data revealed that the diffusion coefficients were independent of ONT
length, implying that the properties of the ONTs were uniform in terms of solute loading and

release.
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Chapter 1 - Self-Assembled Nanostructures

We are all surrounded by living and non-living things. Non-living things are composed of
metals, ceramics, biological materials, polymers, and composites. Biological materials are
substances that originate from living bodies like plants or animals while things like metals,
ceramics, and composites existed on earth since millions of years and have been modified for
useful applications. Polymers on the other hand, can be both natural and laboratory synthesized.
For example, rubber is a natural polymer which is harvested from trees as latex. It is modified
and used for various applications like tires and tubes, which have been a crucial part of our daily
lives. Similarly, polymers can be synthesized in the laboratory using some starting materials
derived from petroleum oil. For example, polyethylene is a laboratory product that has
applications ranging from bags and bottles to construction and electronics. Among the above-
mentioned materials, we are more interested in some specific polymers and biomaterials because
of their potential applications in science and technology.

1.1 Polymers

Polymers are formed by covalent combination of smaller units called monomers. So many
polymeric materials have been produced and used so that our life today is difficult to imagine
without them. Clothing, utensils, stationery, or automobiles, all use polymers in some way.! As
reported in 2009, more than 260 million tons of plastics are produced each year world-wide.?
Polymeric materials can be divided into sub-classes based on their structures, properties and
functions. Homopolymers are made of single repeating monomers in the chain. A generic
example of homopolymer is given in Figure 1.1a, which consists of similar repeating
monomeric units.® Polyethylene is an example of homopolymer. The other class of polymer is

known as copolymers, which are composed of multiple monomers. Examples of copolymers are



shown in Figure 1.1b-c, in which a statistic copolymer has a sequential pattern of monomeric
units while a random copolymer does not have it. Another class of polymer is called block
copolymer (BCP), in which multiple blocks of homopolymers are connected covalently like
linear diblock and triblock copolymers as shown in Figure 1.1d. Polymers are also further
classified based on their stability to heat, properties of electrical conductivity, crystallinity and
redox properties. In relevance to this dissertation, we are more interested in redox polymers.

(a) A—A—A—A—A—A—A—A m
(b) AmA—B—A—B—A—B—A—B—A—Bmn
(¢) swB—B—B—A—B—B—A—B—A—Amn

(d) A—A—A—A—A—A—A—A—A—A—B—B—B—B—B—B—B—B—B—B

A—A—A—A—A—A—A—A—B—B—B—B—B—B—B—B—A—A—A—A—A—A—A—A

Figure 1.1. (a) Homopolymer, (b) statistical copolymer, (¢) random copolymer, and (d) block
copolymer. Reproduced with permission from reference (3). 2011, Copyright: CRC Press.

1.1 Redox Polymers??

The term “redox’ process represents the oxidation and reduction processes of a molecule or
an ion, which involve the loss and gain of one or more electrons, respectively. Polymers that are
capable of losing or gaining electrons in response to external stimuli are referred to as redox
polymers. Such reactions can take place anywhere in the polymer i.e. main chain or in the side
groups, and this may be associated with other ionic, electrical, mechanical, optical, and chemical
properties of the material.* Redox polymers are used for several applications like batteries,
electrochromic devices, dye-sensitized solar cells, biofuel cells, biosensors, actuators and drug-
delivery devices, as shown in Figure 1.2. These polymers can be homopolymers or copolymers,
and they all have some advantages and dis-advantages. Applicability of all such redox polymers
is determined by their electrochemical stability and their charge transport properties. These

polymers are often deposited on electrodes as thin films to investigate the charge transport



properties. For example, electrodes modified homopolymer thin films like polyvinylferrocence
(PVFc) afford apparent diffusion coefficient, Dap, representing the charge transport efficiency, of
0.1 pm?/s.>® This Dgp value is three orders of magnitude smaller than that for freely diffusing
redox species in solution. Interestingly these films showed much better electrochemical
stability.>® Redox homopolymers and random copolymers may possess some nanoscale
structures within their films to trigger their functions. Unfortunately, sizes and morphologies of
these nanostructures, if existed, are polydisperse and ununiform. In contrast, redox BCPs are
expected to provide predictable or tunable uniform nanostructures of dimensions 5 — 100 nm.
These nanostructures are self-assembled and can be controlled by adjusting the incompatibility

or molecular weights of the monomer blocks.
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Figure 1.2. Chemical structures of redox polymers showing respective applications. Published
with permission from reference (4). 2013, Copyright: Royal Society of Chemistry.

1.1.2 Microphase Separated Redox Block Copolymers (BCPs)



BCPs consist of two or more chemically different blocks of polymer chains that are bound
covalently.” Based on the number of blocks they possess, they can be classified into di-block
(two blocks), tri-block (three blocks) and so on. In addition, the variations of the structural
arrangements lead to star-shaped or looped BCPs.2 Furthermore, they may also be classified
based on chemical properties manifested on the blocks, such as conjugated BCPs that possess
conjugated groups in one or multiple blocks and redox BCPs containing redox active moieties in
one or multiple blocks. Here, we focus on redox diblock copolymers with ferrocene moieties in

the side chain.
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Figure 1.3. (a) Theoretical phase diagram of block copolymers as calculated from mean-field
methods and resulting microdomain morphologies of a linear BCP: spheres (S, S’), cylinder (C,
C’), gyroid (G, G’) and lamellar (L). (b) Chemical structure of PS-b-PAEFc showing scaffold
forming non-redox-active PS in black and redox-active PAEFc in pink. Adapted with permission
from Ref (9) and (33). Copyright: 1999 American Institute of Physics, 2015 American Chemical
Society.

Microphase separation of diblock copolymers leads to the formation of uniform periodic
nanostructures (5 — 100 nm) that arises from the thermodynamic incompatibility of respective

blocks. The resulting nanostructures are called microdomains, which are much smaller than



structures obtained via macrophase separation of oil and water in their mixture. Myriads of
investigations were carried out on BCP microphase separation, and theories have been
established to accurately predict experimental results. For a linear diblock copolymer, the
morphology of microdomains under thermodynamic equilibrium can be lamellar (L), gyroid (G,
G’), cylindrical (C, C’) or spherical (S, S”), as depicted by a phase diagram shown in Figure
1.3a.%1% The phase diagram suggests that microdomain morphologies are dependent on the
volume fraction of block A (fa), polymerization degree (N) and chemical incompatibility
represented by Flory-Huggins parameter (y). Under favorable yN, a diblock copolymer with fa of
0.1 — 0.2 affords spherical microdomains which are mostly buried inside the scaffold forming
block, one with fa of 0.3 — 0.4 gives cylindrical nanostructures, and one with fa of 0.4 — 0.5 offers
either gyroid or lamellar structures depending upon the level of yN parameters. The phase
diagram provides a means to design diblock copolymers that afford desired microdomain
morphologies suitable for target applications.

Microdomain morphologies in BCP thin films on planar substrates are widely studied.
Uniformity of the dimensions and periodicity of microdomains can be improved upon annealing
processes. Their thickness is often measured using spectroscopic ellipsometry and profilometry,
and the nanoscale morphologies are observed using imaging techniques such as AFM, SEM and
TEM. Chapters 3 and 4 in this dissertation discuss morphologies and electrochemical properties
of gold-supported thin films of a redox BCP, polystyrene-block-poly(2-(acryloyloxy)
ethylferrocenecarboxylate (PS-b-PAEFc, Figure 1.3b). PS-b-PAEFc has redox-active ferrocene
moieties in the side chain. It is known that BCPs with redox moieties in the side chain often have

higher glass transition temperature and less favorable for microphase separation. However,



several redox BCPs, including PS-b-PAEFc, exhibit microphase separation to give redox-active
microdomains.t12

Redox BCPs used for fabrication of electrode-supported thin films are summarized in
Figure 1.4, where green and black colors indicate the redox-active and scaffold forming blocks,
respectively.?? Redox moieties in these BCPs can be covalently linked to the mainchain or
sidechain and play a key role in charge transport across thin redox BCP films on the basis of
electron hopping. Thin redox BCP films on electrodes could be used as precursors for fabrication
of metal oxide nano-catalyst arrays and components in solid-state electronic devices.®**’

Furthermore, these BCPs were used to prepare micelles or vesicles that could be applied as

molecular carriers responsive to redox stimuli.'8°
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Figure 1.4 Molecular structures of different redox BCPs studied in literature. Green and black
colors indicate redox-active and scaffold forming blocks, respectively. Produced by permission
from reference (22). 2018, Copyright: Wiley Online Library.
1.1.3 Properties of PS-b-PAEFc
PS-b-PAEFc, which was used in this study, was synthesized by sequential atom transfer

radical polymerization (ATRP) by Dr. Yi at Indiana University, Bloomington. The redox-active

ferrocene moieties are in the side chain, and thus the main chain should not be cleaved upon their



redox reaction in contrast to BCPs comprising redox moieties in the main chains. PS-b-PAEFc
with three PAEFc volume fractions (feaerc) were synthesized: PSiss-b-PAEFCs: (fraere = 0.47),
PS154-b-PAEFC26 (fraerc = 0.30) and PSiss4-b-PAEFc12 (fraerc = 0.17). The densities of PS (pops)
and PAEFc (poraerc) were assumed to be equal to those of styrene and polyvinylferrocene (1.05
and 1.25 g/cm?, respectively) for the calculation of feaerc. According to the phase diagram of a
diblock copolymer (Figure 1.3 (a)), PS-b-PAEFc with fpagrc = 0.47, 0.30 and 0.17 were expected
to afford lamellar, cylindrical and spherical PAFEc microdomains, respectively.
1.1.4 Preparation of Electrode-Supported Redox BCP Thin Films

Redox homopolymers immobilized onto electrodes were applied as mediators for enzyme
sensors and as electrocatalysts by taking advantage of their charge transport properties.?%%
However, their films on the electrodes are sometimes unstable due to their detachment induced
by their swelling/deswelling associated with the redox processes. Redox BCPs are expected to
exhibit improved electrochemical stability owing to the presence of electrochemically inert
block(s) that afford the scaffold of the redox-active microdomains. Electrode-supported thin
films of redox BCPs are commonly prepared via spin-coating, electrodeposition and drop-
casting.?? In particular spin-coating has been very widely employed because film thickness can
be controlled by acceleration speed, spin rate and time, and polymer concentration. Indeed, PS-
b-PAEFc films used in Chapters 3 and 4 were prepared via spin-coating its toluene solution onto
gold-coated silicon substrates. Their thickness was controlled by the concentration of PS-b-
PAEFc in the range of 20-140 nm. The resulting thin films were characterized using
spectroscopic ellipsometry and atomic force microscopy (AFM) prior to electrochemical
measurements. Fast solvent evaporation during spin-coating might induce vertical orientation of

microdomains reflecting solvent evaporation direction. When necessary, a further annealing



process based on solvent vapor treatment, heating or electric field application is conducted to
improve the extent of the microdomain order and orientation.??* Vertically-aligned
microdomains that extend across the thin films are best suited for many applications.
1.1.5 Charge Transport within Electrode-Supported Redox BCP Films

To take advantage of redox BCP thin films reliably for applications like sensing or
electrocatalysis, it’s crucial to understand factors that affect charge transport efficiency through
redox-active microdomains. As with redox homopolymer films, charge transport in redox BCP
films is based on electron hopping — collisional electron self-exchange reaction between adjacent
redox moieties in a redox microdomain. The efficiency of electron hopping is controlled by the
concentration of redox moieties, which corresponds to distance between the redox centers, their
dynamic properties, their electron transfer rate constant, and also the migration of counter ions
from the bulk solution.?>2?’ Charge transfer efficiency is assessed by measuring apparent
diffusion coefficient (Dap) using cyclic voltammetry (CV) or Chronocoulometry (CC). 23! In
contrast to the diffusion coefficient of ferrocene molecules in solution (10 — 10° cm?/s), while
Dap in polyvinylferrocene (PVFc) thin films is much smaller (10° — 10° cm?s) due to the
restricted motion of the ferrocene moieties and the limited supply of counter ions. For example,
Dap was in the order of 102 cm?/s in thin films of poly(ferrocenyldimethylsilane)-block-
poly(dimethylsiloxane) (PFDMS-b-PDMS) with PFDMS volume fractions of 2.9 and 9.1%,
which likely afforded spherical PFDMS microdomains.®® This work reported the influences of
solvent, but not redox-active microdomain morphology, on Dgp. Interestingly, redox BCP thin
films were reported to exhibit higher Ds than redox random copolymer films due to the
microdomains that provide continuous electron transport pathways. Indeed, Sumi and Anson

observed such behavior in thin films of poly[(4-diethylaminomethyl)styrene]-polystyrene-



poly[(4-diethylaminomethyl)styrene]  triblock  copolymers (PDAMS-PS-PDAM) that
incorporated Fe(CN)s* in their cationic PDAMS block.3? Chapters 3 and 4 will quantitatively
discuss the effects of microdomain morphology and solvent on Dgp for PS-b-PAEFc with three
different fpagrc. 3334

1.1.6 Applications of Electrode-Supported Redox BCP Films

Electrode-supported films of redox BCPs with uniform and periodic nanostructures have
been explored for electrochemical sensing and synthesis, and as tunable functional materials.
Faradaic currents from the redox microdomains are measured at the underlying electrode as
signals in electrochemical sensing. The control of the potential of the underlying electrode
provides a means to switch the oxidation/reduction state of the redox moieties, leading to the
control of catalytic reaction and drug capture/release. Redox microdomains play key roles in
these electrochemical applications, whereas their scaffolds based on the electrochemically
inactive block improve the morphological stability of the films upon the electrochemical
processes as compared with redox homopolymer films. These applications require redox-active
microdomains with high charge transport efficiency. In addition, many applications need
vertically-oriented microdomains with uniform sizes and uniform distribution.

Armada and coworkers were the first to employ redox BCPs for electrochemical enzyme
sensors.®® The BCPs were obtained by random functionalization of the poly(1,2-butadiene)
segment of PS-b-PB with diferrocenylmethylsilane (HSiMeFc2) units.3® The authors used their
thin films on Pt electrodes for electrochemical mediation in glucose sensors based on glucose
oxidase (GOx), though they could not provide any evidences on the formation of microdomains
in the films. Lee and coworkers studied the influence of microdomain morphology on the

performance of GOx-based glucose sensors.®® They drop-casted poly(ferrocenylsilane)-block-



polyisoprene (PFS-b-PI) thin films (100 nm) on carbon electrodes, followed by the crosslinking
the Pl microdomains with OsO4 to enhance the stability of the polymer layer. Microdomain
morphologies were tuned by adjusting the molecular weights of PFS/PI segments and casting
solvent composition. It was found that microdomain morphology gives a significant influence on
the sensor performance, as shown by the observation of a larger glucose oxidation current for
bicontinuous microdomains in comparison to cylindrical and spherical microdomains.

Label-free electrochemical sensing is another important application of electrode-supported
redox BCP films. Yuan et al. reported label-free electrochemical immunosensors based on
poly(ferrocenyl methylmethacrylate)-block-poly(glycidyl methacrylate) (PFMMA-b-PGMA)
brushes on gold electrodes.®” The binding of target analyte TNF-a (tumor necrosis factor) to an
antibody attached to the PGMA chain could be detected as a decrease in faradaic currents of
ferrocene moieties in PFMMA. In another work by Kim et al., poly(ferrocenyl methacrylate)-
block-poly(methyl methacrylate) (PFCMA-b-PMMA) brushes were used for a similar purpose.®
Li and coworkers demonstrated a possibility to design label-free electrochemical sensors that
could give electrochemical signals based on changes in linker flexibility.3! They fabricated gold-
supported nanoporous thin films from polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA), and covalently decorated the nanopore surface with ferrocene moieties. They showed
higher D4 with increasing the length of an alkyl linker between ferrocene moiety and nanopore
surface, which would control the flexibility of the ferrocene moieties. Subsequently, Li and Ito
reported the reversible control of the charge propagation efficiency using an inclusion complex
formation of ferrocene with g-cyclodextrin (-CD) in the ferrocene-decorated, PS-b-PMMA-

derived nanoporous films.®® The repeatable reduction and recovery of faradaic currents were
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observed by adjusting f-CD concentration and the addition of a competitive guest of -CD, 1-
adamantanol, to the solution, respectively.

Meanwhile, Eloi and coworkers showed electrochemically triggered adsorption of ferritin
molecules onto cylindrical redox-active microdomains (20 nm in diameter) in electrode-
supported polystyrene-block-poly(ferrocenylsilane) (PS-b-PFS) thin films.> Electrochemical
quartz crystal microbalance (E-QCM) and AFM were employed to monitor changes in the mass
and surface morphology associated with ferritin adsorption, respectively. It was found that
electrochemical oxidation of the ferrocene moieties of the PFS microdomains could successfully
trigger irreversible adsorption of biomolecules. Chapter 4 in this dissertation will discuss the
application of gold-supported thin PS-b-PAEFc films as heterogeneous catalysts for Michael
addition reaction.

1.2 Biological Materials*®

Nucleic acids, proteins, carbohydrates and lipids are biomolecules forming life. DNA and
RNA, commonly called nucleic acids, are biopolymers that are responsible for genetic coding of
every living organisms. They are composed of sugars, phosphates and nitrogenous base. Proteins
are made up of amino acid residues and can be categorized into several types based on their
functions. Some of them include antibodies, enzymes, and hormones. They are also responsible
for storage (example: ferritin stores iron), transport (example: cytochromes transport electrons)
and structural integrity (example: keratin) in any living organisms. Carbohydrates, which exist in
the forms of sugar, starch and cellulose, are another class of biological materials that serve for
energy production/storage or as the structural components of plant cells. More relevant to this
dissertation are lipids that are amphiphilic biomolecules and are another source of energy in a

living body. More importantly, lipids can self-assemble into cell membranes and vesicles.
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Vesicles involve different functions such as transport of chemical species in biological systems,
and thus are examined as drug delivery vehicles. Interestingly, tubular vesicles seem to be more
promising for such applications than their spherical counterparts because of their sustained
retention in blood plasma and slower release of chemicals from the hollow open ends.*

1.2.1 Organic Nanotubes (ONTS)

Hecht et al. categorize organic tubular materials into hollow helices, stacked rings, stacked
rosettes, and monolayered lipid nanotubes as shown in Figure 1.5.%2 Organic nanotubes (ONTS)
have gathered more attention due to potential biocompatibility, controllable terminal groups,
uniform and tunable inner-diameters, and resemblance to carbon nanotubes.** Methods for their
facile synthesis and large-scale production have been pursued. In addition, ONTs can
encapsulate biomacromolecules, and water molecules in their inner cavity seem to have

anomalous properties.

E SQ «®
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Figure 1.5. Self-assembled organic tubular architectures with open ends. (a) Aggregated helices
from a hollow helix, (b) Stacked rings from a ring, (¢) Stacked rosettes from a rosette, and (d)
monolayer based LNT from an unsymmetrical bolaamphiphile. Reproduced with permission
from reference (42). 2005, Copyright: Semantic Scholar.

(a) (
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ONTs are formed via self-assembly from individual organic molecules such as lipids,
phospholipids and bolaamphiphiles as well as macromolecules. Nanotubular hollow features of
these material are studied for applications such as controlled drug delivery, artificial chaperones,
solar cells, nanocontainers, nanoreactors.**¢ The credit for the discovery of ONTs based on
artificial lipid molecules goes to Kunitake and Okahata: In 1977, they reported self-assembly of
didodecyldimethylammonium bromide in water into spherical vesicles.*’ Subsequently, lipid
nanotubes having relatively large inner (100-200 nm) and outer diameters (200-500 nm) with 50-
200 pm in length were fabricated.*® Later, Fuhrhop et al. successfully obtained lipid nanotubes
with much smaller dimensions.*® Since then, extensive studies have been carried out to explore
possible functions of such self-assembled architectures.>4¢

In comparison to lipid-based ONTSs, bolaamphiphile-based ONTs are considered to be
more suitable as drug delivery vehicles and adsorbents applications owing to their tunability of
the inner and outer surface properties and their narrower pore size distribution.*
Bolaamphiphiles can roll into layers to form ONTSs of inner diameters 2-100 nm which is tunable
by their chemical structure and arrangement.> Distinct inner and outer chemical compositions,
which are defined by the asymmetric head groups of a bolaamphiphile, led to improved
biocompatibility and target recognition by the outer surface, and to the control of the capture and
release of encapsulated molecules. However, thorough understanding of detailed diffusion
behavior of drug molecules inside the nanospace at different physiological conditions is
important for future development of ONTSs for various applications.

1.2.2 Self-Assembly of Asymmetrical Bolaamphiphiles
In general, the formation mechanisms of ONTSs can be categorized to chiral self-assembly,

scrolling of sheets, and packing directed self-assembly, as shown in Figure 1.6.% In chiral self-
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assembly, amphiphilic molecules with few chiral centers, one head group and single or double
tails forms helical ribbon intermediate based on anisotropic molecular interactions such as
hydrogen bonding or m-m interactions, and ultimately offers ONTs.*® On the other hand, a flat
membrane formed from achiral molecules are energetically unfavorable, and thus spontaneously
scrolls into an ONT to reduce the surface energy. In packing directed self-assembly,
asymmetrical bolaamphiphiles form ONTs without the formation of any helical ribbon or flat
membrane intermediates.*

Asymmetrical bolaamphiphiles have two distinct hydrophilic head groups separated by a
hydrophobic spacer as shown in Figure 1.7. As mentioned earlier, a head group at the outer
surface of a bolaamphiphile-based ONT can enhance biocompatibility and target recognition,
while one inside controls molecular encapsulation and release. These head groups can be
adjusted to attain desired functions of the ONTs. A critical packing parameter (P) defines the

morphologies from packing directed self-assembly:>

P=>xlI, Equation 1

Qo
where v is the volume of hydrophobic chain of the amphiphile, ao is the polar head surface area

at the critical micelle concentration and I¢ is the bolaamphiphile/amphiphile chain length.
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Figure 1.6 Formation mechanisms of organic nanotubes in general: (a) chiral self-assembly, (b)
scrolling of sheets, and (¢) packing directed self-assembly. Adapted with permission from
reference (46). 2001, Copyright: Royal Society of Chemistry.
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Figure 1.7 Precursor of the asymmetric bolaamphiphilic ONTs with amine and glucose as
terminal head groups shown in blue and pink, also showing self-assembled nanotube with inner
diameter 10 nm and wall thickness of 3.5 nm. Adapted with permission from reference (56).
2016 Copyright Royal Society of Chemistry.

The inner diameters of asymmetric ONTs formed by packing directed self-assembly (Dinner)
can be easily tuned by adjusting the molecular shape and packing, as shown by the following
equation:*

Dinner = 245L/(As — A4)) Equation 2
where As and A, are the cross-sectional areas of the smaller and larger head-groups, and L is the

length of the molecule. The equation infers that Dimer IS proportional to L, indicating the

controllability of the inner diameter of an ONT by adjusting the length of the hydrophobic
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spacer. In addition, solution conditions like pH, solvent composition and ionic strength may
influence As and A, and thus their adjustment provide a means to attain the precise control of
ONT diameters.*® Rational modification of the precursor material and their packing can be
optimized for further control of molecular encapsulation and release.
1.2.3 Molecular Encapsulation and Release with ONTs

Schnur et al. were the first to report molecular encapsulation and release with amphiphilic
ONTSs.> They showed the sustained release of transforming growth factor-5 (TGF) from ONTSs
based on diacetylenic phospholipids.> Since then, there have been a myriad of investigations
regarding encapsulation and release of proteins, DNA, drugs and dye molecules with various
kinds of ONTSs.%5%¢ Effects of the loading concentration, size, and chemical properties (e.g.,
charge, hydrophobicity) of encapsulated species have been reported.>’° Such studies were
mostly done for a batch of ONTs by spectroscopically monitoring the concentration of released
species in solution. Higher loading concentration led to faster release rate due to larger
concentration gradient between the inner solution of the ONTs and the solution. In addition,
protein molecules with lower molecular weights showed faster release rates due to their higher
diffusivity. For example, Meliander et al.>’ reported the faster release of myoglobin than albumin
and thyroglobulin. Meanwhile, Banerjee and coworkers investigated the entrapment of insulin by
peptide-based microtubules and showed pH dependence for both encapsulation and release:®°
The encapsulation was controlled by repulsive interactions between deprotonated insulin and
carboxylate groups of microtubules. The release was restricted by strong hydrogen bonding
between protonated insulin and microtubule inner surface at lower pH. These authors claimed
that the microtubules could be used to retain and disperse insulin at gastric environment and in

the intestines, respectively.
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Kameta and coworkers visualized the dynamic encapsulation and nanofluidic behavior of
QSY7-labelled ferritin using time-lapse fluorescence microscopy on the basis of fluorescence
resonance energy transfer (FRET) with 4-fluoro-7-nitrobenzofurazan (NBD-F) tethered to the
inner surface of bolaamphiphile-based ONTs (80 nm in inner diameter).%* The fluorescence of
the NBD-F disappeared at pH 6.8 due to the electrostatic encapsulation of the ferritin and
subsequent quenching of donor dye. The encapsulation at pH 6.8 was further evidenced by TEM
images. The importance of electrostatic interaction was supported by control experiments with
QSY7-free ferritin at pH 6.8 and with QSY7-labeled ferritin at pH 9.0. They also investigated the
effects of the inner surface charge of ONTs on the encapsulation of cationic starvation-induced
DNA-binding protein (Dps) and anionic ferritin. ONTs with cationic surface groups could easily
encapsulate ferritin, but not Dps. They further studied the effects of ONT inner diameter on
DNA encapsulation. Double-stranded DNA could be accommodating to 80 nm diameter ONTS,
but not 20-nm ONTSs, reflecting its persistence length (50 nm). They did numerous studies to
understand the roles of the diameter and inner/outer surface chemistry of ONTs in the
encapsulation and release of various molecules.®?4

1.2.4 Molecular Diffusion inside ONTs

Molecular diffusion or adsorption inside ONTSs are influenced by chemical and electrostatic
interactions along with steric factors. Thus, it is very crucial to understand diffusion and
adsorption behavior of encapsulated species within ONT for their efficient use. Guo et al.
reported diffusion behavior of fluorescent dye molecules and peptides inside lipid-based ONTs
using fluorescence recovery after photobleaching (FRAP) and fluorescence correlation
spectroscopy (FCS).% They observed faster diffusion at the ends of a tube as compared to the

middle region, which was explained by the lower packing density at the ends. They also showed
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faster diffusion for species loaded at higher concentrations but did not clearly explain the
diffusion behavior inside the ONTs. Kameta and coworkers measured the diffusion coefficient
(D) of QSY-labeled ferritin within NBD-F-tethered ONTSs.5! The encapsulation and diffusion of
the ferritin led to the quenching of NBD-F fluorescence, enabling the measurement of
longitudinal diffusion distance of ferritin from the ONT openings. D was calculated from the
square of diffusion distance (X?) against time lapse (At) using an equation (X?) = 4DAt. The D
inside 80 nm ONT was 7 pum?/s, which was five times smaller than that in bulk solution. The
authors attributed the slow diffusion to electrostatic interactions and higher viscosity of water in
the nanospace regime, as Orwar et al. reported similar D for 30 nm fluorescent particles inside
200 nm-diameter phospholipid nanotubes.®

More recently, Xu et al. studied the effects of solution pH (6.4 — 8.4) and ionic strength on
diffusion of anionic sulforhodamine B (SRB) within bolaamphiphile-based ONTSs using imaging
fluorescence correlation spectroscopy (imaging FCS).% In this study, ONTs having inner amine
groups and inner diameters of 10 nm, which were synthesized by Dr. Kameta at National
Institute of Advanced Industrial Science and Technology (AIST), Japan, were used. The
diffusion was hindered by coulombic attraction with the inner surface charge and enhanced by
the screening of the surface charge at higher ionic strength. D was in the order of 102 um?/s,
which was much smaller than that in bulk solution. Subsequently, they investigated the local
environments and diffusion behavior of solvatochromic Nile red (NR) and hydroxylated-Nile red
(NR-OH) within the ONTs under ethanolic medium.®” Less polar NR molecules were found to
reside in less polar environments (dielectric constant = 3.45 — 3.91) than that for NR-OH

molecules (dielectric constant ~ 4.19), and showed two-time higher D.
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Chapters 5 and 6 will describe the extension of these studies using different dye molecules
with different net charges and hydrophobicities, a wider pH range (3.4 — 8.4) and ONTs with
different inner groups and diameters. The effects of ONT length on diffusion behavior were also
shown. These thorough studies will give better insight into molecular diffusion in ONTSs, and
clarify the influences of coulombic, chemical and steric interactions on molecular encapsulation
and release for their use as drug delivery vehicles in the bloodstream. These studies also
demonstrated that imaging FCS is a very reliable and convenient tool to investigate the diffusion

behavior of probe molecules along the ONTS.
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Chapter 2 - Instrumental Methods used in the Research

This chapter will discuss the instrumental techniques employed in the research projects
with both PS-b-PAEFc and ONTSs. Spectroscopic ellipsometry was used to measure the thickness
of thin PS-b-PAEFc films on gold-coated silicon substrates. Atomic force microscopy (AFM)
was used to measure the surface morphologies of the thin films. Cyclic voltammetry (CV) and
chronocoulometry (CC) were used for the electrochemical characterization of the thin films. UV-
Vis absorption spectroscopy was used to determine the acid dissociation constant (pKa) and
octanol-water partition coefficient (logPoct) of each of three fluorescent dyes loaded to ONTs for
imaging FCS experiments. TIRF-mode video microscopy was employed to acquire fluorescence
video images of ONTs immobilized on a glass coverslip, which gave fluorescence time-transient
data from individual ONTSs for imaging FCS analysis.

2.1 Spectroscopic Ellipsometry (SE)*

The word ellipsometry comes from ‘elliptically polarized light” which is defined as light
composed of two plane-polarized waves of differing amplitudes or phase other than 90°.
Spectroscopic ellipsometry is a very sensitive and non-destructive analytical technique that is
used to assess the optical properties and thickness of a thin film on a substrate. It measured
changes in optical parameters associated with the conversion of obliquely-incident, linearly-
polarized light to elliptically polarized light as a result of reflection at interfaces (Figure 2.1).
Electric vector (E) of the incident polarized light consists of two components that are parallel and
perpendicular to the plane of incidence and are designated by Greek letters & and o, respectively.
When the light reflects off from the sample interfaces of different media, these two components

undergo changes and can be related to ellipsometric parameters viz. amplitude ratio (tan?) of the
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reflection coefficients and phase difference (4), which are the raw information collected by an

ellipsometer. The relation is defined by the following equation:

p= Z—” = tan(¥)e/? Equation 2.1

where p. and p, are reflection coefficients of the light that are polarized parallel and
perpendicular to the plane of incidence, p is the complex ratio, and j is a number. Psi (%) and
delta (4) collected by the instrument are plotted against wavelength and fitted to an appropriate

model for the estimation of thickness (d) and refractive index (n).

in w - plane

Sample surface

Figure 2.1 Illustration of light path in a spectroscopic ellipsometer. Figure adapted from
reference 1. Reproduced with permission from reference 1. 2004, Copyright: Springer.

Optical components of a spectroscopic ellipsometer is given in Figure 2.2. Light emitted
from a source (a laser or a lamp) passes through a linear polarizer (P) and compensator (C)
before striking onto the sample of interest. It is then immediately reflected towards another
polarizer and finally to a detector. Laser sources have intense power and ability to collimate but
are monochromatic, and thus are not preferred light sources in ellipsometric measurements.
Mostly used are Xenon lamps which can produce a broad range of wavelengths and suitable for
the instrument. The purpose of a linear polarizer is to convert unpolarized light emitted from the
Xenon lamp into linearly polarized light, where ap represents rotational angle of the polarizer

against the direction of = component of the electric vector. Similarly, a compensator alternates
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the polarization state of the incoming light wave to adjust the retardation of the two
perpendicular components of the electric vector. Light passing through the compensator then hits
the sample surface where a portion of it is transmitted and the rest is reflected defined by Fresnel
transmission (tz, 7s) and reflection (px, ps) coefficients. The reflected light then passes through
another linear polarizer called analyzer and finally reaches the detector that can measure
incoming light intensity and change of polarization.

Light Source Computer

@ -

Polarizer Detector

Compensator

Figure 2.2 Schematic diagram showing components of a spectroscopic ellipsometer. Figure
adapted with permission from reference 1. 2004, Copyright: Springer.
2.2 Atomic Force Microscopy (AFM)?3
AFM utilizes attractive or repulsive forces between a sample surface and a nanoscale tip (<
10 nm) to create a 3D/2D surface topography image. It was first developed to overcome the
drawbacks of scanning tunneling microscopy (STM) which could only image conducting or
semi-conducting surfaces. Due to its ability to image any kinds of surfaces ranging from
polymers to biological samples with a resolution up to a few angstroms, AFM has been a routine
imaging technique in many laboratories today.
Basic instrumentation of an AFM is given in Figure 2.3. The tip is normally made of

silicon or silicon nitride. However, the material may vary according to the need of spring
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constant or resonance frequency. The tip used in AFM is supported by a flexible cantilever.
When the tip approaches 0.2 to 10 nm to the sample, it experiences a force which is proportional
to the cantilever deflection. According to Hooke’s law:
F = —kx Equation 2.2

where F is the elastic force existing between the tip and the sample surface, k is spring constant
and x is the deflection of the cantilever. Typical values of F are in the range of 10° — 10° N.
Once the cantilever deflects, laser beam that strikes its back bounces to a position sensitive
photodiode detector containing four quadrants. Position of the laser on the photodiode while the
tip is scanning the sample surface is maintained by a process called a feedback loop using a

voltage-controlled piezo stage.

Photodiode

Sample

Control Law
A
| Amplifier

Figure 2.3 Major components of AFM. Reproduced with permission from reference 3. 2004,
Copyright: Elsevier.

AFM is divided into three basic sub-categories based on how the tip and surface interact
and the kind of force acting between them. In contact mode, the tip feels the surface of the
sample at a contact position. Since the attractive forces caused by van der Waals interaction are

very strong near the sample surfaces, the tip might be prone to snap into the surface resulting in
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significant noise and drift. Tapping mode uses oscillating motion of the tip closer to its resonance
frequency causing intermitted contact with the sample surface. Forces arising from van der
Walls, electrostatic and dipole-dipole interactions may be associated in this mode causing the
cantilever’s oscillation amplitude change at a closer distance. Due to limited contact with the
sample surface, this mode might be better in terms of noises or drift. This mode was used to
obtain height and phase images for experiments in this dissertation. The height image reflects
nanoscale surface topography, and the phase image give local information on surface
compositional heterogeneity that reflects difference in chemical functional groups and material
elasticity. Non-contact mode uses the oscillation of the cantilever above (<10 nm) the sample
surface. This mode is free from tip degradation and may be preferred to contact and tapping
mode, in that respect, but is usually applicable only in ultrahigh vacuum.
2.3 Cyclic Voltammetry (CV)*°

Cyclic Voltammetry (CV) is a routinely used electrochemical technique that measures the
current at an electrode at a cycle of fixed range of applied voltage in a static solution. A plot of
current against potential provides qualitative and quantitative electrochemical information like
oxidation/reduction, their reversibility, formal reduction potential, stoichiometry, and diffusion
behavior of an analyte. A typical cyclic voltammogram with a triangular potential wave-form is
shown in Figure 2.4. Epc, Epa, ipc and ipa represent cathodic peak potential, anodic peak potential,
cathodic peak current and anodic peak current, respectively. CV experiments measure both
faradaic (arising from redox reactions) and non-faradaic (arising from change in the distribution
of ionic species within the electrical double layer near the working electrode) currents. A non-

faradaic current is often subtracted to discuss redox processes on the electrode of interest.
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Figure 2.4 (a) Triangular potential waveform and (b) typical cyclic voltammogram. Reproduced
with permission from reference 5. 2001, Copyright: Wiley.

CV measurements are usually carried out using a three-electrode cell based on working,
reference and counter electrodes. A working electrode, which is often a disk electrode based on
metal (Pt, Au) or carbon, is the electrode of interest where a current is measured as a result of
potential application. A working electrode can be chemically modified to tailor the properties of
the electrode, as gold electrodes were modified with thin PS-b-PAEFc films in Chapters 3 and 4.
A reference electrode is a half-cell with a constant potential, and define a potential applied to the
working electrode. A Ag/AgCl electrode is commonly used for CV measurements in aqueous
solutions, and a Ag/Ag* reference electrode is used in non-aqueous solutions. Lastly, a counter
electrode, which is usually based on Pt, is used to close the circuit so that current flows from/to
the working electrode.

The shape of CV data, faradaic currents and redox potentials provide rich information on
the electrode processes of interest. CV shape reflects the diffusive nature of the redox species
and electrochemical reversibility of the reaction. Faradaic currents are controlled by the
concentration and diffusion coefficient of redox species as well as the electrode area. Redox
potentials give insight into the formal potential of redox species and the electrochemical

reversibility of redox processes. They are also affected by potential sweep rate (v). For example,
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if faradaic currents are controlled by the reversible electrode reaction of species adsorbed onto a
working electrode, a peak current (ip) is proportional to v as shown by the following equation:

ip = n*F*Al .v/RT Equation 2.3
where n is the number of electrons involved, F is the Faraday constant (96,485 C/mol), A is the
electrode area, 7 is the electroactive surface coverage, R is the molar gas constant, and T is the
temperature in Kelvin. In contrast, faradaic currents are controlled by reversible redox reactions
of species that linearly diffuse from the solution, the difference between Epa and Epc is equal to
59/n mV, and iy is proportional to the square root of scan-rate (v'/?), as shown by the following
equation:

i, = (2.69 x 10°)n3/24ADY/2p1/2C Equation 2.4
where D is the diffusion coefficient of the redox species and C is its concentration.

2.4 Chronocoulometry (CC)*°

Chronocoulometry (CC) is another useful electrochemical technique in which electric
charge (Q) is measured as a function of time (t) upon applying a fixed potential step from E; to
E> as shown in Figure 2.6. It is used to determine electrode area, D of redox species, or its
concentration. CC measurements are carried out using a three-electrode cell as with CV
measurements. Prior to CC experiments, CV measurements are carried out to select appropriate
E:1 and E2: These potentials should be > 120 mV more anodic and more cathodic than Eps and
Epc, respectively, to ensure the complete oxidation and reduction of the redox species. Q is

determined by the concentration of redox species that diffuse from the solution, the surface

density of redox-active adsorbates (I"), and capacitive charge (Qai), as shown in Equation 2.5:°
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Figure 2.5 (a) Potential steps and (b) typical chronocoulogram. Reproduced with permission
from reference 1. 2001, Copyright: Wiley.

2nFADY Ct1/?

Q=——F>—"+0Q4 +nFAT Equation 2.5

nl/2
This equation indicates that the slope of a Q-t*? plot can be used to determine D, if C and A are
known. The y-intercept of the plot should afford the density of redox-active adsorbates if Qqi can
be estimated from CV data. In Chapters 3 and 4, Dg values in PS-b-PAEFc films were
determined using CC by estimating C of reactive ferrocene moieties from Qamax, Which is Q
obtained at long t, A and the ellipsometric thickness (d) of the dried film (i.e., C = Qamax/FAd).
2.5 UV-Visible Absorption Spectroscopy?®

Ultraviolet-visible (UV-visible) absorption spectroscopy is one of the simplest forms of
spectroscopic methods that utilizes the absorption (or reflection) of UV and visible light
(wavelength range: 200 — 900 nm) by liquid/solution, gaseous and solid samples. The energy of a
UV-visible photon corresponds to those of the n-o*, n-n* and n-m* transitions of valence
electrons in molecular and ionic species. Since the energy required for electronic transition is
specific to target species, this method is routinely used to determine the concentrations of ionic,
organic and macromolecular species (C) from the absorbance (A) at a specific wavelength using
the Beer-Lambert law (Equation 2.6):

A =abC Equation 2.6
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A= log(ITO) Equation 2.7
In these equations, a is the molar absorptivity of analyte species at the specific wavelength, b is
the path-length of the light, and lo and | are the intensities of incident and transmitted beams,
which are usually measured using blank and sample solutions. The instrumental components of a
UV-Vis spectrophotometer are given in Figure 2.6. Light emitted from a source goes through a
wavelength selector called monochromator, transmits through a sample, and then reaches the
detector to measure the light intensity. A common light source includes a tungsten filament lamp,
a deuterium arc lamp, and a xenon arc lamp. A monochromator normally consists of an entrance
slit, a collimating lens, a grating or prism for dispersion, another lens to focus, and an exit slit.
Cuvettes used for measurements of solution samples are made from various materials like
plastic, glass, fused silica or quartz and should be appropriately chosen according to a

wavelength range of interest. Photomultiplier tube is commonly used as a detector.

Monochromator

~ ’ I
'@' — — — —
LA —4)

Light Source Cuvette Detector Computer

Figure 2.6 Components of a UV-Vis spectrophotometer. Figure adapted from reference 6. 2006,
Copyright: Thomson Brooks/Cole.

2.6 Proton Nuclear Magnetic Resonance (*H-NMR) Spectroscopy’
'H-NMR spectroscopy is widely used in science for the structural determination of
organic/inorganic compounds and biological materials like peptides or proteins in solutions and
solids. Proton is a positively charged particle that can generate a magnetic field. The nuclear

spins of protons undergo alignment with an externally-applied strong magnetic field, which are
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otherwise random as shown in Figure 2.7. Difference in energy (AE) between the differently
oriented spins (designated as a and ) depends linearly on the magnetic field (Bo), as shown in
Figure 2.8. Upon irradiating a sample by radio frequency waves with the energy of AE, protons
in the « spin state are promoted to B-spin state, followed by the relaxation to their original state
by emitting the radio frequency waves. AE is given by the following equation:
AE = /w = ﬁ%BO Equation 2.8

where h is the Planck’s constant, v is the frequency of the radio frequency wave, y is
gyromagnetic ratio that depends on the magnetic moment of a nucleus, and By is the magnetic

field. For proton, value of y is 2.675 x 108 T-1s2,
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Figure 2.7 Showing random and aligned orientation of the nuclear spins in the absence and
presence of external magnetic field. Figure reproduced with permission from reference 7.
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Figure 2.8. Showing the relation between magnetic field and the energy difference (AE). Figure
reproduced with permission from reference 7.
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In a tH-NMR spectrum, resonance frequencies of the protons are plotted against chemical
shift (&) in parts per million (ppm) with reference to tetramethyl silane (TMS). Chemical shift
indicates the particular environment of a proton in the molecule. The presence of an
electronegative atom in the molecule withdraws electrons away from the proton and causes
what’s known as a deshielding effect to have a resonance peak shift in the "downfield" direction.
The integration of a resonance peak gives information about the number of chemically
equivalent proton atoms. Also, neighboring proton atoms can affect the resonance peaks by
splitting them according to n+1 rule. For example, a triplet peak is observed if a particular proton
atom has two neighboring proton atoms. The structure of molecule can be determined from
chemical shifts, integration and splitting of the peaks.

Basic components of a *H-NMR spectrometer consist of a powerful magnet with a slot to
load a sample in a tube, a radio frequency generator, a detector and a computer. Basically, the
sample in a tube is dissolved in an appropriate deuterated solvent.

2.7 Imaging Fluorescence Correlation Spectroscopy (Imaging FCS)&!

Imaging FCS is a multiplexed version of fluorescence correlation spectroscopy (FCS) in
which fluorescent time transients can simultaneously be collected at multiple locations in a
selected region using a highly sensitive charge coupled device (CCD) detector. In FCS, time
transient of fluorescent intensity from a tiny confocal volume defined by diffraction limited
focus of the excitation laser is collected through a pin-hole by an avalanche photo detector or a
photomultiplier tube. The time transient contains fluorescence intensity fluctuations caused by
molecules entering and exiting the detection volume, and then is autocorrelated and fitted with
an appropriate diffusion model to obtain diffusion coefficient (D). Although, FCS is an excellent

technique that can measure D of fluorescent molecules with high temporal resolution, we get
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information only from a single point, and thus one needs to scan the detection area to gain the
distribution of local D in a wide region. To overcome this limited mapping capability of FCS,

imaging FCS was introduced, albeit compromising some temporal resolution.
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Figure 2.9 Microscopic setup for imaging FCS experiment. Reproduced with permission from
reference 10. 2019, Copyright: American Chemical Society.

A typical microscopic set up for imaging FCS is shown in Figure 2.9. Laser light of an
appropriate wavelength (1) passes through several well-aligned optical components like
polarizers, filters and lenses, reflected at a dichroic that passes longer wavelength light and
reflects shorter wavelength light, and then go towards the objective. The laser light irradiated to a
sample on a glass coverslip in an incident angle (6) larger than the critical angle, causing total
internal reflection creating a standing evanescent wave of penetration depth (d,) ~100 nm, as

defined by Equation 2.8:’

d, = ﬁ\/ng sin%f — n2 Equation 2.8
where ns and ng are refractive indices of sample medium and the glass coverslip. This wave

excites the sample and an emitted fluorescence is collected through the objective, passes through
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the dichroic and an emission filter, and finally goes to an electron multiplying CCD (emCCD)
for acquiring fluorescence image at a high signal to noise ratio.

The fluorescence microscope used in this research employed green (514 nm) and blue (488
nm) lasers as light sources, dichroic long-pass (DCLP) mirrors of 555 and 505 nm, a total
internal reflection fluorescence (TIRF) objective lens with a numerical aperture of 1.49, and
emission bandpass filters (580/40 and 525/50 nm, which passes light with a wavelength range of
580 £ 20 and 525 £ 25 nm, respectively).

Time transient data collected from every pixel in a fluorescence image was autocorrelated

to obtain an autocorrelation function, C(z), using Equation 2.9:

<i(t)i(t+7)> _
<i(t)>2

C(r) = 1 Equation 2.9

where i(t) is the fluorescence intensity at time t, i(t + 7) is the time transient shifted by a time lag
of z, and the brackets (<>) represent the time averaged values. Subsequently, the resulting
autocorrelation function was fitted with a one-dimensional Fickian diffusion model, Equation

2.10, on a LabView built software to determine the local D of dye molecules in an ONT.
A exp[k(T-1)]-1

,1+TD£rozcal k(T-1)

In this equation, A is the amplitude of the autocorrelation decay, &° is the squared radius of

C(r) = Equation 2.10

detection region (305 nm for SRB and RB, 288 nm for R123), k is bleaching decay rate constant
calculated by fitting the background fluorescence, and T is the total length of the video. The
radius of the detection region, o, corresponds to the square root of the sum of squares of pixel

size and microscopic resolution.
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Chapter 3 - Title Electron Propagation within Redox-Active
Microdomains in Thin Films of Ferrocene-Containing Diblock

Copolymers

Reproduced with permission from The American Chemical Society.
Published as: G. Ghimire, Y. Yi, M. A. Derylo, L. A. Baker, T. Ito, Langmuir 2015, 31, 12307-

12314.

Contribution of Authors
YY and LAB initiated the project, and TI directed the overall project. YY synthesized all
the block copolymers including relevant *H-NMR and gel permeation chromatography
characterizations. LAB and MAD collected preliminary AFM images and electrochemical data
of the block copolymer thin films, which were not included in this chapter. GG prepared all the
thin film samples on gold substrates and collected all the ellipsometric, AFM and

electrochemical data of the samples. Tl and GG analyzed the electrochemical data.

3.1 Introduction
Block copolymers with ferrocene-containing polymer fragments have recently attracted
considerable attention for formation of iron-containing microdomains of controlled nanoscale
morphologies via microphase separation.’® As with other block copolymers,*® morphologies
and dimensions of the resulting microdomains can be tuned by adjusting the molecular weight
and volume fraction of block copolymer.:” The microdomains were utilized as precursors for
fabrication of iron-containing inorganic nanostructures upon degradation of the organic

components.8* In addition, the redox properties of the ferrocene moieties enabled design of
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micellar aggregates for redox-tunable molecular encapsulation.!**® Furthermore, ferrocene-
containing microdomains in monolithic thin films provided nanoscale charge pathways’® for
electrochemical mediation in enzyme-based glucose sensors'®!® and for redox-controlled capture
of biomolecules.?® Electrochemical mediator layers formed from ferrocene-containing block
copolymers showed high mechanical stability reinforced by the redox-inactive frameworks,® as
with block copolymer-based polyelectrolytes explored for lithium-ion batteries.?!??

To take full advantage of the charge transport properties of ferrocene-containing
microdomains, knowledge of the influence of polymer architecture and microdomain
morphology on electrochemical behavior is crucial. Charge transport within these microdomains
is attributable to electron self-exchange (hopping) reactions between adjacent ferrocene moieties,
similar to ferrocene-containing homopolymers such as poly(vinylferrocene).?3?>  Electrode-
supported thin films of redox homopolymers have been utilized for electrocatalysis?®?’ and
electrochemical mediation in enzyme sensors.?® Electron propagation efficiency in such a redox
homopolymer film has been extensively investigated using electrochemical methods such as
cyclic voltammetry (CV) and chronocoulometry (CC), and was quantitatively discussed based on
an apparent diffusion coefficient (Dap).22° Dgp in redox polymer films depends on the
concentration, electron transfer properties and dynamic properties of the redox moieties, and on
migration of counter ions.?® Dy in poly(vinylferrocene) films (ca. 0.01~ 0.1 pm?/s at room
temperature)®®3! was much smaller than the diffusion coefficient of ferrocene molecules (ca. 103
um?/s),32 reflecting the restricted motion of the redox moieties covalently linked to polymer
frameworks and/or their limited ion permeability.3®3!  With repetitive measurements,

poly(vinylferrocene) films exhibited gradual changes in voltammogram due to enhanced

swelling upon the oxidation of the ferrocene moieties.*3*
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In contrast to redox homopolymers, to the best of our knowledge, there is only one prior
report that quantified electron propagation within ferrocene-containing block copolymer films.*®
In the reported work, CV was used to investigate the electrochemical properties of
poly(ferrocenyldimethylsilane)-block-poly(dimethylsiloxane) (PFDMS-b-PDMS) in 0.1 M
LiClO4 solutions.®® Dgp, values in thin films of two PFDMS-b-PDMS with different PFDMS
volume fractions (2.9 and 9.1 mol% PFDMS) were estimated to be ca. 10% um?%s.3®
Unfortunately, thin films prepared had spherical PFDMS microdomains, which prevented
detailed studies of the effect of microdomain morphology on electron propagation. Effects of
microdomain morphology on electron propagation have been investigated for other block
copolymers, such as polystyrene-block-poly(4-vinylbenzyl diethylamine) (PS-b-PVEA) films
that electrostatically incorporated Fe(CN)s*" into the cationic PVEA microdomains.®® Larger Dap
was observed in the block copolymer thin films as compared with PS-random-PVEA thin films,
possibly due to the enhanced partitioning of Fe(CN)s* into the microdomains.®® Electrostatic
preconcentration of redox-active species into block copolymer microdomains provided a basis
for highly sensitive spectroelectrochemical detection.®” However, films with electrostatically
accumulated redox species are not ideal for many applications, because the stability of redox
activity is limited due to the release of the redox moieties into electrolyte solution.

This chapter describes electrochemical behavior of redox-active microdomains of different
morphologies in thin films of ferrocene-containing diblock copolymers. Polystyrene-block-
poly(2-(acryloyloxy)ethyl ferrocenecarboxylate) (PS-b-PAEFc; Figure 1.3b) with different
PAEFc volume fractions (feaerc = 0.47, 0.30 and 0.17) was used to prepare thin films with
controlled microdomain morphologies and ellipsometric film thicknesses (20-160 nm).

Microdomain formation in thin films of PS-b-PAEFc was verified from surface morphologies
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obtained using atomic force microscopy (AFM). The electrochemical behavior of PS-b-PAEFc
films in acetonitrile solution, including the effects of fraerc and film thickness on voltammetric
behavior and Dap, was systematically investigated using CV and CC. This study reveals factors
that control electrochemical behavior of redox-active block copolymer microdomains and is
relevant to future applications such as electrochemical mediation in enzyme sensors,
electrocatalysis, and redox-controlled molecular deposition.

3.2 Experimental Procedures

3.2.1 Chemicals and Materials

2-(Acryloyloxy)ethyl ferrocenecarboxylate) (AEFc) was synthesized according to the

literature.®® Its 'H-NMR spectrum is shown in Figure 3.1. Styrene (99.9%, Aldrich) was
purified by passing through a silica column and distilled with CaH> under vacuum. Copper (I)
bromide (CuBr; 99.999%, Aldrich), copper (I) chloride (CuCl; >99.99%, Aldrich), N,N,N’,N’,N"-
pentamethyldiethylenetriamine (PMDETA; 99%, Aldrich), ethyl a-bromoisobutyrate (98%,
Aldrich), ferrocene (98%, Aldrich), tetrabutylammonium hexafluorophosphate (> 99%, TBAPFg,
Aldrich), tetrahydrofuran (> 99.0%, Aldrich), methanol (> 99.6%, Aldrich), acetonitrile
(anhydrous, Alfa Aesar), and toluene (HPLC grade, Acros) were used without further
purification. Gold-coated silicon wafers, which were prepared by sputtering 10 nm of Ti
followed by 200 nm of Au onto Si (100) wafers, were purchased from LGA Thin Films (Foster
City, CA).

3.2.2 Synthesis of PS-b-PAEFc

(2) Atom transfer radical polymerization (ATRP) of styrene: Styrene (12.5 mL, 109

mmol), CuBr (62.4 mg, 0.44 mmol) and ethyl a-bromoisobutyrate (63.8 pL, 0.44 mmol) were

charged into a 50 mL Schlenk flask sealed with a rubber septum. After three cycles of freeze-
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pump-thaw, degassed PMDETA (181 pL, 0.87 mmol) was injected into the flask through the
rubber septum via a microsyringe. The solution was kept stirring under nitrogen at room
temperature for 2 min. Then the flask was placed into an oil bath preset at 110 °C. The
polymerization was quenched after 4 h by immersing the flask into liquid nitrogen. A small
amount of polymer solution was taken out to calculate monomer conversion with *H-NMR
(Varian VXR-400 Spectrometer). The remaining solution was diluted with THF and passed
through a basic alumina column to remove the copper complex. Polystyrene was isolated by
precipitating the THF solution in methanol and dried under vacuum at 40 °C overnight. It was
re-dissolved in THF and precipitated into methanol. After filtration, the polymer was dried
under vacuum at 45 °C overnight. The polymerization degree of polystyrene was calculated
from the monomer conversion as 154, which was consistent to the molecular weight (M, = 16K,
PDI = 1.1) measured by gel permeation chromatography (GPC).

(b) ATRP of AEFc for the synthesis of PS-b-PAEFc: Scheme showing synthesis of PS-
b-PAEFc is given in Figure 3.2. Polystyrene macroinitiator (0.3 g, 0.02 mmol), AEFc (0.5 g, 1.5
mmol), CuCl (2 mg, 0.02 mmol) and toluene (2 mL) were charged into a 10 mL Schlenk flask
sealed with a rubber septum. The flask was subjected to three cycles of freeze-pump-thaw.
Then, degassed PMDETA (3 pL, 0.02 mmol) was added via a microsyringe. The flask was put
into an oil bath preset at 90 °C. The polymerization was stopped at different times to get
different polymerization degrees of AEFc. Then the viscous solution was diluted with THF and
passed through a short alumina column to remove copper complex. PS-b-PAEFc was isolated by
precipitating the THF solution in methanol and dried under vacuum at 40 °C overnight. The
diblock copolymer was re-dissolved in THF and precipitated in methanol. The dissolution-

precipitation process was repeated until no residual monomer was detected by *H-NMR. The
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polymerization degree of AEFc was calculated from a *H-NMR spectrum (Figure 3.3) by
comparing the integration ratios of the phenyl ring of styrene unit (5H) at 6.0 — 7.3 ppm and the

cyclopentadiene protons adjacent to carbonyl (2H, a in Figure 3.3) at 4.8 ppm.

I T | -

T T T T T T T T T T T T T T T T T T T T T T T T
67 66 65 64 63 62 61 60 59 58 57 56 55 5(.4 ]5.3 52 51 50 49 48 47 46 45 44 43 42 41 40
ppm

Figure 3.1 '"H-NMR spectrum of AEFc in CDCls. The data was obtained by Dr. Yi. 2015,
Copyright: American Chemical Society.
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Figure 3.2 Synthetic scheme for PS-b-PAEFc. The length of the PAEFc chain was controlled by
varying the polymerization time.
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Figure 3.3 'H-NMR spectra of PS-h-PAEFc in CDCls. The data was collected by Dr. Yi. 2015,
Copyright: American Chemical Society.
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3.2.3 Preparation and Characterization of PS-b-PAEFc Films

Gold substrates were cleaned in a Novascan PSD-UVT UV-ozone system for 30 minutes.
Thin films of PS-b-PAEFc were prepared on gold substrates via spin-coating (2000 rpm) from
dilute toluene solution (0.5~2.5 wt%), followed by immediate drying under reduced pressure (ca.
75 torr) for 6-12 hours. The ellipsometric thicknesses of PS-b-PAEFc films were measured
using a J. A. Woollam alpha-SE spectroscopic ellipsometer. AFM images (0.5 x 0.5 um?; 512
pixel x 512 pixel) of PS-b-PAEFc films were obtained by tapping/phase mode in air, using a
Digital Instruments Multimode AFM with Nanoscope Illa electronics. Tapping mode AFM
probes from Aspire (cantilever length, 225 um; force constant, 50 N/m; resonant frequency, 170
kHz) were cleaned in a Novascan PSD-UVT UV-o0zone system to enhance the phase contrast.

3.2.4 Electrochemical Measurements

CV and CC measurements were performed in a CH Instruments model 700C
electrochemical analyzer. Electrochemical measurements were carried out under an argon
atmosphere in a three-electrode cell®®“° with a Pt counter electrode and either a Ag/Ag* reference
electrode (10 mM AgNOz and 0.1 M TBAPFg in acetonitrile) or a Ag wire quasi-reference
electrode. A PS-b-PAEFc-coated gold substrate immobilized at the bottom of the cell with an O-
ring (3.3 mm in radius) served as the working electrode. Cyclic voltammograms at different
potential sweep rates (v = 0.01 ~ 1 V/s), followed by CC data, were recorded in acetonitrile with
0.1 M TBAPFs supporting electrolyte. CC was performed by applying potential steps from 0 to
+0.6 V and then from +0.6 to 0 V (vs. Ag/Ag*). The low and high potentials were sufficiently
negative and positive with respect to the cathodic and anodic peak potentials, respectively. The
potential of the reference electrode was frequently verified by measuring cyclic voltammograms

of ferrocene (ca. 3 mM, in 0.1 M TBAPFg acetonitrile solution).
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3.3 Results and Discussion

Previous studies of ferrocene-containing block copolymers focused on incorporation of
redox centers in the polymer backbone.’® However, the applicability of such main-chain block
copolymers may be limited* because of cleavage reactions of the ferrocene-containing
backbone.*>** With the advances in “living”/controlled radical polymerization, unprecedented
polymers and block copolymers containing ferrocene in the side chain have been synthesized.**
Here PS-b-PAEFc, with ferrocene moieties in the side chains (Figure 1.3b), was synthesized by
sequential ATRP (see Experimental) and studied to circumvent cleavage of the main chain. The
synthesis and electrochemical properties of PAEFc homopolymers® and PAEFc-grafted
polymers*4® have been reported. However, there has been no report on the microphase
separation and electrochemical characterization of PS-b-PAEFc. We first verified microphase
separation in thin films of PS-b-PAEFc with AFM.

Figure 3.4 shows AFM height (left) and phase (right) images of PS-b-PAEFc films with
smaller (21-36 nm) and larger (97-146 nm) ellipsometric thicknesses. Films of PSiss-b-PAEFCs:
and PSiss-b-PAEFc2s (Figure 3.4a-d) exhibited nanoscale surface structures of relative uniform
widths/diameters. Protruded regions in the height images, which exhibited larger phase changes
in the corresponding phase images, were assigned to PAEFc microdomains, because it is
apparent that in the phase images the PAEFc microdomains were dispersed in the continuous PS
matrix. Furthermore, the PAEFc microdomains occupied larger area in films of PSis4-b-PAEFCs;
(Figure 3.4a, b) as compared with films of PSiss-b-PAEFc26 (Figure 3.4c, d). The shapes of
these regions at the thinner films (Figure 3.4a, c¢) suggested lamellar and cylindrical PAEFc
microdomains in the films of PSis4-b-PAEFcCs: and PSiss-b-PAEFc26, as expected from feaerc (=

0.47 and 0.30; Table 3.1) and the well-established phase diagram of diblock copolymers.*® The
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width of the lamellar microdomains (ca. 30 nm) was larger than the diameter of the cylindrical
microdomains (ca. 20 nm), reflecting the longer PAEFc chains in PSiss-b-PAEFCs1. These
PAEFc microdomains were oriented vertically, which was possibly induced by the nanoscale
roughness of the sputter-coated gold susbtrate*’ and/or by solvent evaporation after spin-
coating.> In contrast, microdomains were not obvious on the surface of the PSiss-b-PAEFcC:?
films (Figure 3.4e,f), likely because the polymer (feaerc = 0.17) afforded spherical microdomains
that were buried inside the PS matrix.

(a)

100 nm 100 nm

Figure 3.4 AFM height (left, Az = 10 nm) and phase (right) images (0.5 x 0.5 um?) of thin films
of (a) PSis4-b-PAEFcsi (21 nm thick), (b) PSiss-b-PAEFcsi (97 nm thick), (¢) PSis4-b-PAEFc26
(29 nm thick), (d) PSiss-b-PAEFc2s (136 nm thick), (e) PSiss-b-PAEFci2 (36 nm thick) and (f)
PSi54-b-PAEFc1> (146 nm thick) on planar gold substrates. The average and standard deviation
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of 22 microdomain widths obtained from two separate images are (a) 31 = 7 (nm), (b) 27 £ 7
(nm), (¢) 22 £4 (nm) and (d) 20 £ 4 (nm). 2015, Copyright: American Chemical Society.

Figure 3.5 shows the scan-rate dependence of cyclic voltammograms of thinner (23-25
nm) and thicker (91-117 nm) PS-b-PAEFc films measured in 0.1 M TBAPFs/acetonitrile.
Faradaic peak currents measured at the thinner films were larger with increasing fraerc (Figure
3.53, ¢, e), as qualitatively expected from the electrode reactions of ferrocene moieties in the
PAEFc microdomains. PAEFc microdomains provided similar redox environment for ferrocene
moieties, as indicated by the similar redox potential (E° =~ +0.29 V vs. Fc'/Fc, Table 3.1)
regardless of fpaerc and film thickness (Figure 3.6a). For PSiss-b-PAEFcs1 and PSiss-b-
PAEFc2s, the larger faradaic peak currents were observed at the thicker films (Figure 3.5a, b and
Figure 3.5¢, d). The thinner films exhibited voltammograms of surface-confined species, as
indicated by the CV peak separation (AEp = Epanodic — Ep,cathodic) Smaller than 58 mV at slower v
(Figure 3.5a, c) and by the slopes of log ip—log v plots close to 1 over the entire v range shown in
Figure 3.6b (black open circles and red open squares).®? AE, was larger at the faster v, probably
due to the slow electron transfer kinetics at the electrode-film interface and/or between adjacent
ferrocene moieties. Thicker films (Figure 3.5b, d) afforded diffusion-controlled
voltammograms at faster v, as shown by the transition of the slopes of the log i,—log v plots from
1to 0.5atv>0.2 V/s (black filled circles and red filled squares in Figure 3.6b). The transition
was observed in the range of 0.1 ~ 0.5 V/s and tended to be at the slower v for the thicker films.
The latter observation suggests that electron propagation took place through ferrocene moieties
closer to the electrode at the short timescale and proceeded in a percolative manner. In contrast,
the faradaic peak currents were independent of thickness for the films of PSiss-b-PAEFcCi2
(Figure 3.5e, f), implying that electron propagation in these films occurred only in PAEFc

microdomains directly contacted to the electrode. Indeed, the PSis4-b-PAEFc2 films exhibited
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voltammograms of surface-confined species, as indicated by the slopes of log i,—log v plots close
to 1 (blue open and filled triangles in Figure 3.6b). Similar voltammograms were observed at
indium tin oxide electrodes grafted by ferrocene-containing diblock copolymer brushes via

surface-initiated ATRP.*8
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Figure 3.5 Cyclic voltammograms measured in 0.1 M TBAPF¢/acetonitrile at different v for thin
films of (a, b) PSis4-b-PAEFcsi, (¢,d) PSis4-b-PAEFcos and (e,f) PSiss-b-PAEFci2.  The
ellipsometric thickness of each film was (a) 25 nm, (b) 91 nm, (¢) 24 nm, (d) 117 nm, (e) 23 nm
and (f) 103 nm. Note that potential was plotted with respect to a Ag'/Ag reference electrode
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(E(Ag'/Ag) = -0.089 £ 0.006 V vs. Fc'/Fc; N = 16). 2015, Copyright: American Chemical

Society.
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Figure 3.6 (a) Effects of film thickness on Eo (V vs. Fc¢'/Fc) obtained from the anodic and
cathodic peak potentials of cyclic voltammograms (v = 0.1 V/s) in 0.1 M TBAPF¢/acetonitrile.
(b) Plots of log i, vs. log v (ip: anodic peak current) obtained from the thin PS-b-PAEFc films in
Figure 3.5. Data for PSis4-b-PAEFcsi, PSis4-b-PAEFcs and PSis4-b-PAEFci> are shown in
black circles, red squares and blue triangles, respectively. 2015, Copyright: American Chemical

Society.

Table 3.1. Eo and D, Obtained for Gold-Supported PS-b-PAEFc Films in 0.1 M

TBAPFe/acetonitrile.

Polymer fraEFc? E° (V vs. Fc*/Fc)® Dap (um?/s)®
PS1s4-b-PAEFCs1 0.47 0.290+0.012 (N=7)  (1.89 +1.35) x 103 (N = 6)
PSis4-b-PAEFcC26 0.30 0.290 + 0.006 (N =5) (1.85+1.67) x 103 (N =7)
PS1s4-b-PAEFC12 0.17 0.302 £ 0.014 (N = 3) i
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2 Calculated from pps = 1.05 (g/cm3) and ppaerc = 1.25 (g/cm3). The latter was estimated from
the density of polyvinylferrocene.> ° Average + standard deviation for the second or third sweep
(v = 0.1 V/s) that was measured at PS-b-PAEFc films (23-160 nm thick) using a Ag*/Ag
reference electrode. The number of samples examined is shown in parenthesis. ¢ Average +
standard deviation obtained from CC data for PS-b-PAEFc¢ films with thicknesses of > 50 nm at t
= 0.1 ~ 0.15 sec. The number of samples examined is shown in parenthesis. ¢ Not calculated
because diffusion-controlled voltammograms were not observed regardless of film thickness.

Of note, voltammograms of the 91-nm thick film of PSiss-b-PAEFcs: (Figure 3.5b)
showed additional anodic and cathodic shoulders around +0.6 V and +0.1 V, respectively.
Shoulders corresponding to them were less significant at the 117-nm thick film of PSiss-b-
PAEFc2s (Figure 3.5d) and were not observed at the 103-nm thick film of PSiss-b-PAEFci2
(Figure 3.5f). These shoulders were attributable to the swelling of the PAEFc microdomains
enhanced by the oxidation of the ferrocene moieties, as described previously for
poly(vinylferrocene) films.>® These observations indicate that PAEFc microdomains of PS-b-
PAEFc with smaller fPAEFc were more stable against solvent-induced swelling due to the
presence of redox-inert PS frameworks.  Similar stability improvement was shown in
polyelectrolytes of solid-state lithium-ion batteries based on block copolymers composed of ion-
conductive and mechanically stabilizing components.?.:2

CC was employed to quantify the fraction of active ferrocene moieties and Dap within
PAEFc microdomains. Figure 3.7 shows typical CC data measured at PS-b-PAEFc films of
different fpaerc and thicknesses. Maximum anodic charge (Qamax) Was larger for the thicker films
of PS1s4-b- PAEFcs: (Figure 3.7a) and PS1s4-b-PAEFC26 (Figure 3.7b) than =~ 25 nm thick films,
whereas Qamax Was independent of film thickness for PSiss-b-PAEFci2 (Figure 3.7c). These
trends could be clearly found from the relationship between Qamax and film thickness, as
summarized in Figure 3.8a. Importantly, not all the ferrocene moieties were redox-active.

Experimental charges (Qamax, individual points) were smaller than theoretical charges (Qtheo,

54



solid line) calculated from the total number of ferrocene moieties in the films. Deviation of
Qamax from Qweo Was smaller for thinner films, which supports the assertation that higher ratios
of PAEFc microdomains could electrically communicate with the electrode in the thinner films.
The thickness-independent Qamax for PSiss-b-PAEFci2 (blue triangles in Figure 3.8a) was

consistent to the observation of thickness independent voltammograms as shown in Figure

3.5e,f.
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Figure 3.7 CC data measured in 0.1 M TBAPF¢/acetonitrile of thin films of different thicknesses
for (a) PS1s54-b-PAEFcs1, (b) PS1s54-b-PAEFca6, and (¢) PSis4-b-PAEFci2. The applied electrode
potential was 0 V (vs. Ag'/Ag) at ¢ (s) <0, +0.6 V (vs. Ag'/Ag) at 0 <t (s) <60, and 0 V (vs.
Ag'/Ag) at 60 <t (s) < 120. 2015, Copyright: American Chemical Society.
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TBAPFe/acetonitrile. Data for PSiss-b-PAEFcsi, PSiss-b-PAEFcys and PSiss-b-PAEFci2 are
shown in black circles, red squares and blue triangles, respectively. In (a), the solid lines

indicate anodic charges that should be obtained when all the ferrocene moieties in the films are
oxidized (Qwmeo). 2015, Copyright: American Chemical Society.

These electrochemical results could be reasonably explained by the models shown in
Scheme 3.1. Electrons could propagate only through PAEFc microdomains that could
electrically communicate with the underlying electrode.*® Lamella and cylindrical PAEFc
microdomains in PSis4-b-PAEFcs1 and PSiss-b-PAEFc26 films could extend from the electrode
surface to the film-solution interface (Scheme 3.1a), leading to the observation of the thickness-
dependent increases in Qamax (Figure 3.8a). However, the ratio of the microdomains penetrating
across a film decreased as film thickness increased due to the absence of a strong external

driving force required for vertical microdomain alignment.>#"4°  This resulted in a larger
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deviation between Qamax and Qtneo at the thicker films (vide supra). On the other hand, spherical
PAEFc microdomains in PSiss-b-PAEFc1> films were electrically isolated and could not
exchange electrons with adjacent microdomains (Scheme 3.1b). As a result, only PAEFc
microdomains in direct contact with the electrode could be involved in the electrode reaction,
giving the thickness-independent Qamax (Figure 3.8a). The counter anions required for the
oxidation of buried PAEFc microdomains could migrate through the PS matrix swollen by
acetonitrile.>

Scheme 3.1. Estimated Microdomain Morphologies in the Thicker PS-b-PAEFc Films. 2015,

Copyright: American Chemical Society.
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Dap for the oxidation of PAEFc microdomains was determined from the CC data>! by the
following Equation 2.5.%2 D,p was determined from the slope of a Q—t*2 plot for relatively thick
PS154-b-PAEFcCs: and PS1s4-b-PAEFC2s films (> 50 nm) at a timescale (i.e., t = 0.1 ~ 0.15 s) that

gives diffusion-controlled voltammograms with negligible influence of the capacitive charge. As
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summarized in Table 3.1, Dsp was similar for PSis4-b-PAEFcs: and PSiss-b-PAEFC26. The fairly
small Dgp (= 2 x 102 um?/s) reflected inefficient electron self-exchange reaction within the
PAEFc microdomains and/or limited counter ion migration through the acetonitrile-swollen
microdomains. For measurements here, the use of the ellipsometric thickness of dried films as d
could lead to the underestimation of Dg because the actual films used for electrochemical
measurements should be thicker due to the acetonitrile-induced swelling (vide supra). However,
even with this caveat, there was no clear thickness dependence of Dqp (Figure 8b). These results
reflect the similarity in the composition of PAEFc microdomains regardless of film thickness and
fPaEFc.
3.4 Conclusion

This study revealed the electrochemical properties of ferrocene-containing microdomains
of thin PS-b-PAEFc films in 0.1 M TBAPFe/acetonitrile. Electron propagation across ferrocene
moieties in the PAEFc microdomains took place via electron hopping accompanied with counter
ion migration through the solvent-swollen films, as with ferrocene-containing homopolymer
films. The spherical PAEFc microdomains formed from PSis4-b-PAEFc1, were buried within PS
matrix, and thus may not be suitable for applications based on their redox properties. In contrast,
there were lamellar and cylindrical PAEFc microdomains formed in the thin films of PSis4-b-
PAEFcs: and PSiss-b-PAEFCos that penetrated across the films. No clear dependence of
microdomain morphology and film thickness on Dap was observed, likely because the
concentration, electron transfer properties and dynamic properties of the ferrocene moieties were
similar in these microdomains. Considering the higher stability against solvent-induced swelling
due to the redox-inert PS matrix, cylindrical PAEFc microdomains will be better suited for

electrochemical applications. However, the PS-b-PAEFc films prepared in this study exhibited a
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decrease in the ratio of penetrating microdomains with increasing film thickness. For the future
applications, the vertical orientation of cylindrical microdomains needs to be improved, for
example via solvent vapor annealing,® to maximize the activity of the redox-active

microdomains.
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Chapter 4 - Electrochemical Characterization and Catalytic
Application of Gold-Supported Ferrocene-Containing Diblock

Copolymer Thin Films in Ethanol Solution

Reproduced with permission from American Chemical Society.
Published as: G. Ghimire, H. Coceancigh, Y. Yi, T. Ito, ACS Appl. Mater. Interfaces 2017, 9,

2906-2913.

Contribution of Authors
This is an extension of Chapter 3. Tl designed and guided the overall project. YY
synthesized all the block copolymers. GG collected all the ellipsometry, AFM and
electrochemical data. GG analyzed the ellipsometry and AFM data, and GG and T1 analyzed the
electrochemical data. HC collected *H-NMR data for the samples collected by GG, and HC and

Tl analyzed the NMR data.

4.1 Introduction

Block copolymers with a ferrocene-containing segment have recently received remarkable
attention, because they can form self-organized, redox-active microdomains in their monolithic
films,'® as with other block copolymers.”® Block copolymers with ferrocene moieties
incorporated into the polymer backbone have shown to form microdomains with sizes and
morphologies predictable from the block molecular weights and compatibility.!®  Block
copolymers with ferrocene moieties in the side chain have also exhibited microphase separation
in spite of their high glass transition temperatures.*%1%12  The ferrocene-containing

nanostructures provide charge transport pathways based on collisional electron self-exchange
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reactions (electron hopping) between adjacent ferrocene moieties.**>’ These microdomains are
surrounded by redox-inactive scaffolds, and thus possess higher stability in electrochemical
applications as compared with ferrocene-based homopolymer films.**” Based on these
properties, electrode-supported monolithic films of ferrocene-containing block copolymers have
been explored for electrochemical mediation in electrochemical enzyme sensors!*® and
electrochemically-controlled biomolecule capture.®

For these applications, ferrocene-containing microdomains need to have high charge
transport efficiency. The charge transport efficiency of redox moieties in a redox polymer film
has been quantitatively assessed from an apparent diffusion coefficient (Dsp) that is often
measured using chronocoulometry (CC).!8 Dy, is controlled by the concentration, electron
transfer and dynamic properties of the redox moieties,'® as revealed through a number of
electrochemical studies of various electrode-supported redox homopolymers.?®?® Due to the
mobility of the redox moieties restricted by covalent linking to the polymer frameworks, Dap in a
redox homopolymer film is usually by several orders smaller than the physical diffusion
coefficient of the molecular counterpart in solution.?*?® In addition, ion migration associated
with charge compensation in the films is known to give significant influences on the charge
transport properties of ferrocene-containing homopolymer films.227  Importantly, these
electrochemical measurements are carried out in solution, and thus these redox polymers should
be, to some extent, swollen by solvent. It was shown that the swelling of films of redox
homopolymers such as poly(vinylferrocene) (PVFc) regulates Dgp through an increase in the
mobility of redox moieties, the facilitation of ion migration, and a decrease in redox moiety

concentration.?®?® The redox processes of ferrocene moieties further manipulate the swellability
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of a redox homopolymer film as a result of changes in solvent compatibility,3*3! as postulated
from the modulated shapes of their voltammograms.?6-2°

Previously, the influences of solvent-induced swelling on the electrochemical behavior of
ferrocene-containing block copolymer films were investigated for
poly(ferrocenyldimethylsilane)-block-poly(dimethylsiloxane) (PFDMS-b-PDMS)*3 and
polystyrene-block-poly(2-(acryloyloxy)ethyl  ferrocenecarboxylate) (PS-b-PAEFc; Figure
1.3b).Y" In the former,*® the crucial roles of polymer swelling in the redox properties of the
PFDMS microdomains were suggested through a series of cyclic voltammetry (CV)
measurements in different solvents. In the latter (Chapter 3),}" the effects of PAEFc
microdomain morphologies on their redox properties were investigated using CV and CC in an
acetonitrile (MeCN) solution. Atomic force microscopy (AFM) images suggested the formation
of lamellar, cylindrical and spherical PAEFc microdomains in thin films of PS-b-PAEFc with
PAEFc volume fractions (fraerc) of 0.47, 0.30 and 0.17, respectively. Similar Dasp was obtained
in MeCN-swollen PS-b-PAEFc films with lamellar and cylindrical microdomains, suggesting the
comparable concentration and dynamic properties of the ferrocene moieties in the PAEFc
microdomains. More interestingly, PAEFc microdomains buried within the PS matrix were
redox-active as long as they were electrically communicable with the underlying electrode. This
observation indicates that the ionic species (PFe’) could migrate from the MeCN solution through
the MeCN-swellable PS matrix.? Unfortunately, a difference in the solvent compatibilities of the
two microdomains was not recognized, probably because both PS and PAEFc microdomains
were significantly swollen by MeCN.

In this chapter, electrochemical properties of electrode-supported PS-b-PAEFc films of

different fraerc Were investigated in an ethanol (EtOH) solution. EtOH is known not to swell
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PS,® and thus should reduce the permeability of the PS matrix as compared with MeCN. A
series of CV and CC measurements were carried out in MeCN and EtOH for each of the PS-b-
PAEFc films for direct comparison. Furthermore, PS-b-PAEFc films were examined as
electrochemically-responsive catalysts®* for Michael addition reactions in an EtOH solution, as
demonstrated with PVFc homopolymer layers deposited onto carbon fiber electrodes.®
Ferrocene-containing block copolymer monoliths based on PVFc-block-polyisoprene were
explored as heterogeneous catalysts for the Michael addition reaction, but the catalytic
ferrocenium moieties were obtained via the oxidation of ferrocene by Ag*, not by a potential
application.’® These measurements will provide insight into the influences of the ferrocene-
containing nanostructures and film permeability on the electrochemical properties and catalytic
applications.
4.2 Experimental Procedures
4.2.1 Chemicals and Materials

PS-b-PAEFc was synthesized by atom transfer radical polymerization as reported
previously.r” AEFc monomer was synthesized as reported previously.®® Ferrocene (98%,
Aldrich), tetrabutylammonium hexafluorophosphate (TBAPFs; >99%, Aldrich), sodium
hexafluorophosphate (NaPFs; >98.5%, Acros), acetonitrile (anhydrous, Alfa Aesar), ethanol
(>99%, Decon laboratories), ethyl 2-oxocyclopentanecarboxylate (E20C; Acros), methyl vinyl
ketone (MVK; Acros), trans-4-phenyl-3-buten-2-one (trans-PBO; Acros), deuterated chloroform
(CDCls; Cambridge Isotope laboratories) and toluene (HPLC grade, Acros) were used without
further purification. Gold-coated silicon wafers, which were prepared by sputtering 10 nm of Ti
followed by 200 nm of Au onto Si (100) wafers, were purchased from LGA Thin Films (Foster

City, CA).
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4.2.2 Preparation and Characterization of PS-b-PAEFc Films

PS-b-PAEFc films were prepared via spin-coating from a dilute toluene solution (0.5-
2.5%) on cleaned gold substrates according to procedures reported previously.t” The
ellipsometric thicknesses of PS-b-PAEFc films were measured in a dry condition using a J.A.
Woollam alpha-SE spectroscopic ellipsometer. AFM images of PS-b-PAEFc films were
obtained by tapping/phase mode in air, using a Digital Instruments Multimode AFM with
Nanoscope lIlla electronics. Tapping mode AFM probes (cantilever length, 225 um; force
constant, 50 N/m; resonant frequency, 170 kHz) were purchased from Aspire.

4.2.3 Electrochemical Measurements

CV and CC measurements were performed in a CH Instruments 720C electrochemical
analyzer.  Electrochemical measurements were carried out under an argon or nitrogen
atmosphere in a three-electrode cell (Figure 4.1)}" with a Pt counter electrode and a Ag/Ag*
reference electrode (CH Instruments). Non-aqueous Ag/Ag" reference electrodes were
fabricated from silver wires that were dipped into a 10 mM silver nitrate solution in 0.1 M
TBAPFs/MeCN or 0.1 M NaPFes/EtOH. The electrodes were then kept airtight and stored in 0.1
M TBAPFs/MeCN or 0.1 M NaPFe/EtOH, respectively. The potential of the reference electrode
was obtained from cyclic voltammograms of ferrocene (ca. 3 mM, in 0.1 M TBAPF¢/MeCN or
0.1 M NaPFe/EtOH). A PS-b-PAEFc-coated gold substrate was immobilized at the bottom of a
Teflon-based cell with an O-ring (3.3 mm in radius) to serve as the working electrode (Figure
4.1).3% Cyclic voltammograms at different potential scan rates (v = 0.01, 0.02, 0.05, 0.08, 0.1,
0.2, 0.5, 0.8 and 1 V/s) and CC data were recorded in 0.1 M TBAPFs/MeCN, and then in 0.1 M
NaPFe/EtOH. CC was performed by applying potential steps (60 sec each) from 0 to +0.6 V and

then from +0.6 to 0 V (vs Ag/Ag") in MeCN or from -0.2 to +0.35 V and then from +0.35 to -0.2

71



V (vs Ag/Ag") in EtOH. The low and high potentials were sufficiently negative and positive
with respect to the cathodic and anodic peak potentials in cyclic voltammograms, respectively.
The maximum charge (Qamax) and D for the oxidation of PAEFc microdomains were
determined from the CC data and the ellipsometric thickness of the dry film, as described in

Chapter 3.Y'

reference counter
electrode electrode
parafim—| PS-b-PAEFc film
(23-152 nm thick)
glass —_|
O-ring
1
I_ Teflon ﬁ I
| | Cu
I_ Teflon I tape

Figure 4.1 Schematic illustration of an electrochemical cell employed in this study. For the
catalysis experiments, the upper opening of the glass tube was sealed by parafilm. 2017,
Copyright: American Chemical Society.

4.2.4 Michael Addition Reaction

After the completion of the CV and CC measurements in the MeCN and EtOH solutions,
PS-b-PAEFc films (38-80 nm in thickness) embedded on the electrochemical cells were explored
as electrochemically-responsive heterogeneous catalysts for Michael addition reaction. A
solution (1 mL) containing 1 M MVK (or 1 M trans-PBO) and 0.3 M E20C in 0.1 M
NaPFe/EtOH, which was prepared in a glass vial that was cleaned with concentrated nitric acid to
remove any metallic contaminants, was placed into the cell under an argon or nitrogen
atmosphere. The cell was completely sealed by parafilm to prevent the evaporation of the

reaction mixture. A continuous potential of +0.3 ~ 0.4 V (vs. Ag/Ag"), which was positive
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enough to oxidize the ferrocene moieties in 0.1 M NaPF¢/EtOH, was applied to the working
electrode without stirring the solution at room temperature (ca. 20 °C). An aliquot of 30 pL was
taken from the reaction mixture and diluted with 500 puL CDCls every 24 hours for 3 days. The
'H-NMR spectra of the solutions were measured on a Varian Mercury 400 MHz Fourier
transform NMR spectrometer, and chemical shifts were reported in § values in ppm downfield of
tetramethylsilane. The reaction progress was monitored from the integration of the 5 and 5d
signals of the product and E20C around 4.1 ppm, respectively (Scheme 4.1). The vinyl proton
signals of MVK (2a, 3a and 3a’) around 6.3 ppm could not be used to measure the reaction yield
in this study because of the gradual loss of volatile MVK (boiling point: 81.4 °C) during the
reaction and sampling. In addition, the signal from the 4d proton of E20C was not used because
its integration was fairly small (0.6H instead of 1H with respect to 2H from 5d) in the reaction
mixture prior to the potential application (i.e., Day 0), possibly reflecting its high acidity. The
integrations of these signals, in general, decreased as the reaction proceeded, but were not ideal

for the calculation of reaction yield.

Scheme 4.1. Reactions Investigated in This Study. 2017, Copyright: American Chemical Society.

(a) MVK + E20C o o
9 o 1 o\
3a, 32’ + 54 > 7 6
N 1d 0N catalyst 2 3
4d 6d 8
2a 1a o}
2d 3d
MVK E20C 9
(b) trans-PBO + E20C
Sa\ o 9 o} a
©/\23)k13 +1d o /\Sd catalyst
2d  3d
trans-PBO E20C

4.3 Results and Discussion
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4.3.1 Comparison of Electrochemical Properties of PS-b-PAEFc films in the MeCN and
EtOH Solutions.

First, the electrochemical behavior of a pristine electrode-supported PS-b-PAEFc film
(fraere = 0.30) was measured in 0.1 M NaPFe¢/EtOH. The PS-b-PAEFc film did not exhibit
faradaic currents (Figure 4.2a, blue) except for those (Figure 4.2b) attributable to defects in the
film (Figure 4.3a, white arrow). This result indicates that both PS and PAEFc microdomains
were not swollen by EtOH, which prevented the collisional motions of the ferrocene moieties
and counter ion migration. In contrast, significantly larger faradaic currents were observed in the
EtOH solution at the same PS-b-PAEFc film after a series of CV measurements in 0.1 M
TBAPFs/MeCN (Figure 4.2a (red)). This result shows that a PS-b-PAEFc film can be
“activated” by applying a potential to induce the redox reaction of the ferrocene moieties in the
MeCN solution. The potential application led to the incorporation of the supporting electrolyte
into the films, which modulated the permeability of the films. The electrolyte incorporation
facilitated the migration of PFe from the EtOH solution into the film, resulting in the

enhancement of the redox processes of the ferrocene moieties.

with no activation

with activation
1 1 4 | _40 1 1 1 1 1

07 0 04 04 0 0.4
E(V vs. Agt/Ag) E(V vs. Agt/Ag)

Figure 4.2 (a) Cyclic voltammograms (v = 0.1 V/s) measured at a thin film of PSis4-b-PAEFc26
(fpaErec = 0.30; 67 nm thick) in 0.1 M NaPF¢/EtOH before (blue) and after activation based on CV
measurements in 0.1 M TBAPF¢/MeCN (red). Note that no CC measurement in 0.1 M
TBAPF¢/MeCN was conducted prior to the measurement of the latter, which possibly resulted in
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the observation of a voltammogram of surface-confined species with smaller faradaic currents
than those discussed below. (b) The expanded voltammogram for the former. E (V vs. Ag'/Ag)
=+0.106 + 0.030 V vs. Fc¢/Fc in EtOH (N = 14). 2017, Copyright: American Chemical Society.

(b)

Figure 4.3 AFM phase images (1 x 1 um?) of thin films of PSiss-b-PAEFc26 (foarre = 0.30; 29
nm in ellipsometric thickness). (a) Pristine, (b) after electrochemical experiments in 0.1 M
TBAPF¢/MeCN, and (c¢) after electrochemical experiments in 0.1 M NaPFe¢EtOH. 2017,
Copyright: American Chemical Society.

Importantly, the microdomain structures were retained upon electrochemical measurements

in these two organic solutions. Figure 4.3 shows AFM phase images of PSis4-b-PAEFC26 (fraerc
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= 0.30) films before and after CV and CC measurements in 0.1 M TBAPFe¢/MeCN, and after the
subsequent CV/CC measurements in 0.1 M NaPF¢/EtOH. The AFM image of the pristine film
(Figure 4.3a) showed circular structures with average diameters of ca. 22 nm that could be
assigned to vertically-oriented cylindrical microdomains exposed to the film surface.’” Similar
structures were observed after the electrochemical measurements in 0.1 M TBAPFs/MeCN
(Figure 4.3b) and in 0.1 M NaPFe¢/EtOH (Figure 4.3c). AFM phase images of PSis4-b-PAEFcC:2
(fraere = 0.17) films before and after the electrochemical measurements are shown in Figure 4.4,
which do not reveal clear microdomain morphology as previously reported for a pristine film.’
Slight differences in morphology between the images possibly resulted from the solvent
swelling-deswelling processes of the films, because similar changes in film morphology were
observed after immersing a PSiss-b-PAEFc2s film in the MeCN and EtOH solutions (Figure

4.5).

200 nm & ALY Ay §2 0 200 nm

Figure 4.4 AFM phase images (1 x 1 um?) of a thin film of PSis4-b-PAEFc1> (fearre = 0.17; 38
nm in ellipsometric thickness). (a) Pristine, (b) after electrochemical experiments in 0.1 M
TBAPFs/acetonitrile, and (c) after electrochemical experiments in 0.1 M NaPFe/ethanol. 2017,
Copyright: American Chemical Society.
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200 nm

Figure 4.5 AFM phase images (1 x 1 pm?) of a thin film of PSiss-b-PAEFc26 (fparre = 0.30; 38
nm in ellipsometric thickness). (a) Pristine, (b) after immersion in 0.1 M TBAPF¢/MeCN, and
(c) after subsequent immersion in 0.1 M NaPF¢EtOH with no potential application. 2017,
Copyright: American Chemical Society.

Figure 4.6 shows typical cyclic voltammograms measured at PS-b-PAEFc films (50-70 nm
in thickness) of the three different fpagrc in (@) 0.1 M TBAPF¢/MeCN and (b) 0.1 M
NaPFe/EtOH. The faradaic currents were larger for PS-b-PAEFc with the larger fpagrc, as
reported previously.!” These films afforded similar E° in each of the solutions regardless of fpagrc
and film thickness (Figure 4.7a, Table 4.1). In the MeCN solution, the voltammograms were
controlled by surface-confined species, which was supported by the relatively narrow peak
widths (Figure 4.6a)*° and the slope of log i,—log v plots close to 1 at the scan rate range of v =
0.01 ~ 0.2 V/s (Figure 4.8).1" In the EtOH solution, the voltammograms appeared to be more
diffusion-controlled, as suggested by the wider peak widths (Figure 4.6b). The slopes of log ip—
log v plots (Figure 4.8) were close to 0.5 for PS-b-PAEFc (fraerec = 0.47 and 0.30), whereas the
slope close to 1 was measured for PS-b-PAEFc (fraerc = 0.17). The observation of diffusion-
controlled voltammograms can be attributed to the reduction of redox moiety mobility and/or
counter ion migration in the less-swollen film. It should be noted that voltammograms in the

EtOH solution were strongly affected by the activation conditions in 0.1 M TBAPFs/MeCN. A

smaller number of CVV/CC measurements in the MeCN solution resulted in the observation of
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surface-confined voltammograms with smaller faradaic currents, as shown in Figure 4.6a. The
larger number of CV/CC measurements in the MeCN solution often led to the observation of
voltammograms with multiple faradaic peaks as reported by Chen et al.,*® possibly reflecting the

heterogeneous swelling of the film.2*

100 |

< 1Zof -
fonere= 017 \‘.";‘fPAEFc= 0.17
Afoper= 0.30] \\fm: -= 0.30
2 ~fopgre= 047 foner = 047
-100 4 -100} ; o
08 04 0 -04 0.4 0 -0.4

E(V vs. Agt/Ag) E(V vs. Agt/Ag)

Figure 4.6 Cyclic voltammograms (v = 0.1 V/s) measured in (a) 0.1 M TBAPFs/MeCN and (b)
0.1 M NaPF¢/EtOH for thin films of PSis4-b-PAEFcs1 (fpagrc = 0.47; 56 nm thick; blue), PS1s4-b-
PAEFcas (fracre = 0.30; 67 nm thick; red), and PSis4-b-PAEFci> (fpagre = 0.17; 67 nm; black).
Note that the potential was plotted with respect to a Ag'/Ag reference electrode: E (V vs.
Ag'/Ag) = -0.087 + 0.009 V vs. Fc'/Fc (N = 14) in TBAPFs/MeCN and E (V vs. Ag'/Ag) =
+0.106 + 0.030 V vs. F¢'/Fc (N = 14) in NaPF¢/EtOH. # Data taken from Chapter 3. 2017,
Copyright: American Chemical Society.
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Figure 4.7 Effects of film thickness on (a) E° (V vs. Fc'/Fc), (b) Qamax (mC) and (¢) Dap (cm?/s)
measured in 0.1 M TBAPFs/CH3CN (filled symbols) and 0.1 M NaPF¢/EtOH (open symbols) for
PSis54-b-PAEFcs1 (feaere = 0.47; blue triangles), PS1s4-b-PAEFca6 (feaere = 0.30; red circles), and
PSis4-b-PAEFc12 (feaere = 0.17; black squares). The Eo values were determined from CVs at 0.1
V/s (the second or third sweep), and the Qamax and Dap values were measured from CC data.
The solid lines in (b) indicate anodic charges that should be obtained when all the ferrocene
moieties in the films were oxidized (QOieo). 2017, Copyright: American Chemical Society.
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Figure 4.8 Plots of logi, vs logv (ip: anodic peak current; v = 0.01 ~ 0.2 V/s, where
voltammograms of surface-confined species were observed in 0.1 M TBAPF¢/MeCN) obtained
from the voltammograms shown in Figure 4.6. The slopes were 0.88 (in MeCN; filled blue
triangles) and 0.58 (in EtOH; open blue triangles) for PSis4-b-PAEFcs; (fpagre = 0.47), 0.96 (in
MeCN; filled red circles) and 0.66 (in EtOH; open red circles) for PSiss-b-PAEFc2s (fparre =
0.30), and 0.79 (in MeCN; filled black squares) and 0.78 (in EtOH; open black squares) for
PSi154-b-PAEFc12 (fparre = 0.17). 2017, Copyright: American Chemical Society.

Table 4.1 E° and D,, Obtained for Gold-Supported PS-b-PAEFc¢ Films in 0.1 M TBAPF¢/MeCN
and 0.1 M NaPFe/EtOH. 2017, Copyright: American Chemical Society.

Polymer fraerc®  Solvent  E° (V vs. Fc*/Fc)® Dap (um?/s)°
PS1s4-b-PAEFCs: 0.47 MeCN  0.297 £0.015 (5) (2.53 % 1.17) x 10 (4)
EtOH 0.219 £0.036 (5)  (2.7s + 0.96) x 10™* (4)
PS1s4-b-PAEFC26 0.30 MeCN  0.300+0.019 (13) (2.0s % 2.56) x 107 (6)
EtOH  0.225+0.021 (13) (3.1 + 2.44) x 10" (6)
PSis4-b-PAEFC12 0.17 MeCN 0.299 + 0.013 (5) =
EtOH 0.213 + 0.028 (5) —d

2 Calculated from pps = 1.05 (g/cm®) and ppaerc = 1.25 (g/cm®).%° The latter was estimated from
the density of polyvinylferrocene. ° Average + standard deviation of E° (V vs. Fc*/Fc) measured
for the second or third sweep (v = 0.1 V/s) at PS-b-PAEFc films (23-152 nm in ellipsometric
thickness) using a Ag*/Ag reference electrode. The number of measurements (N) is shown in
parenthesis. The potentials of the reference electrodes (E (V vs. Ag*/Ag)) were (-0.087 + 0.009)
and (+0.106 + 0.030) V vs. Fc*/Fc (N = 14) in MeCN and EtOH, respectively. ¢ Average +
standard deviation of Dsp obtained from CC data for PS-b-PAEFc films with ellipsometric
thicknesses of > 50 nm at t = 0.1 ~ 0.15 sec. The number of samples examined is shown in
parenthesis. ¢ Not calculated because diffusion-controlled CVs were not obtained.
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The fraction of active ferrocene moieties in the films and Das within the PAEFc
microdomains were quantified using CC according to procedures reported previously.r” PSiss-b-
PAEFcs: (fraerc = 0.47) afforded the larger Qamax for the thicker films in both the solutions,
whereas PSis4-b-PAEFc1> (fraere = 0.17) offered Qamax almost independent of film thickness
(Figure 4.7b). PSiss-b-PAEFc26 (fraerc = 0.30) exhibited the intermediate thickness dependence
of Qamax. These observations could be explained by a difference in microdomain morphology:
The two PS-b-PAEFc with the larger fraere afforded possibly lamellar or cylindrical PAEFc
microdomains that could be extended from the underlying substrates to the film surface, in
contrast to the spherical microdomains formed from the PS-b-PAEFc (faerc = 0.17).17 In
addition, the Qamax Was significantly smaller than Qineo, Suggesting that the faradaic currents
were measured from ferrocene moieties that could electrically communicate with the underlying
substrate.r” Interestingly, Qamax in the EtOH solution was fairly close to that in the MeCN
solution, indicating that the redox activity of the ferrocene moieties retained in the less-swollen
films.

Dap was determined in both the solutions for PS-b-PAEFc films (fraerc = 0.47 and 0.30)
thicker than 50 nm. These films gave diffusion-controlled voltammograms that were based on
electron hopping at the faster v (> 0.2 V/s) in the MeCN solution!’ and also at the entire v
examined in the EtOH solution (Figure 4.8). Dap values (= 10°3~10" um?/s) were significantly
smaller than the physical diffusion coefficient of ferrocene in solution (ca. 10° um?/s) due to the
restricted motions of the ferrocene moieties and limited counter ion migration, as with PVFc
films.2425 Dy, did not depend on film thickness for both the solutions (Figure 4.7c), and instead
was largely different among the films. In comparison of D4, values in the two solutions for each

of the films, D4 in the EtOH solution was significantly smaller than that in the MeCN solution.
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On average, the former was by one order of magnitude smaller than the latter (Table 4.1). The
smaller Dsp values in the EtOH solution reflected the poorer swelling of the films in the EtOH
solution that led to the limited electron hopping and/or counter ion migration. Negligible
difference in Dy between the two PS-b-PAEFc suggests that the PAEFc microdomains were
swollen to the similar extents.

4.3.2 Electrode-Supported PS-b-PAEFc Films as Electrochemically-Responsive Catalysts
for Michael Addition Reaction

Immediately after the series of CV and CC measurements, some of these PS-b-PAEFc
films were explored for the catalysis of the Michael addition reaction of a 1,3-dicarbonyl
compound with an activated alkene on the basis of the Fe(l1l) produced by the PAEFc oxidation.
Fe(111) has been shown to be a good catalyst for the Michael addition reaction,* and ferrocenium
ions generated from ferrocene-containing polymers via chemical’® and electrochemical®®
oxidation were previously explored for the catalysis of the reaction. In this study, the effects of
microdomain morphology on the reaction were first investigated for PS-b-PAEFc that were
anticipated to give cylindrical (fraerc = 0.30) and spherical (fpagec = 0.17) microdomains. E20C
and MVK were employed as a 1,3-dicarbonyl compound with an activated alkene, respectively
(Figure 1.3b). Subsequently, the reaction was explored for a different activated alkene, trans-
PBO.

Figure 4.9 shows *H-NMR spectra of the reaction mixtures taken after different durations
of potential application for the electrochemical oxidation of the ferrocene moieties in electrode-
supported PS-b-PAEFc films. The H-NMR measurements were carried out by diluting an
aliquot of the reaction mixture containing 0.1 M NaPFe/EtOH by CDClIs. Prior to the potential

application (Day 0 in Figure 4.9ab), the vinyl proton signals of MVK (2a, 3a and 3a’ in Scheme
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4.1a) around 6.3 ppm and the quartet from 5d of E20C (Scheme 4.1a) around 4.15 ppm were
clearly observed. Upon applying the potential (Day 1-3), the vinyl proton signals decreased and
another quartet around 4.11 ppm, which could be assigned to 5 of the product (2-(3-
oxobutyl)cyclopentanone-2-carboxylic acid ethyl ester),** appeared for both the PS-b-PAEFc
films. It should be pointed out that the two upfield peaks of the quartet from 5d and the two
downfield peaks of the quartet from 5 overlapped. In contrast, no reaction proceeded at PS-b-
PAEFc films without the potential application after 3 days (Figure 4.10), indicating the
involvement of the oxidized PAEFc microdomains in the reaction. These changes were more
remarkable for longer reaction time, as supported by the reaction progress that was monitored
from the 5d and 5 proton signals of E20C and the product (Figure 4.11), respectively.
Interestingly, the reaction was noticed for both the two types of PS-b-PAEFc. In particular, the
reaction with PS-b-PAEFc (fraerc = 0.17) was unexpected, considering that its spherical PAEFc
microdomains should be buried within the PS matrix.” The similar reaction yields suggests that
the reaction took place between MVK and E20C that penetrated through the partially-swollen
PS matrix and reacted at the PAEFc microdomains directly contact to the underlying electrode.
The catalytic reaction could be regulated by controlling applied potentials (Figure 4.12), as with
a PVFc-coated electrode.®® An increase in the product was observed while an oxidative potential
(E = +0.31 V) was applied (Day 1 and Day 3), but not while a reductive potential (E = -0.20 V)
was applied (Day 2). The relatively slow reaction was attributable to the absence of solution
stirring, the small effective surface area of the film, and also the requirement of the reactant
permeation through the film. The maximum reaction may partly be limited by the gradual
evaporation of MVK during the reaction, as suggested by the very small vinyl proton signals at

Day 3.
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Figure 4.9 "H-NMR spectra (4.0-8.0 ppm) of the reaction mixtures of MVK and E20C sampled
after different periods of reaction time with potential application (+0.37 V vs Ag/Ag") for thin
films of (a) PSis4-b-PAEFc26 (feaerc = 0.30; 64 nm thick) and (b) PSis4-b-PAEFci2 (fparre = 0.17;
65 nm thick). The reaction solutions initially consisted of (a) 1.1 M MVK and 0.36 M E20C in
0.1 M NaPFe¢/EtOH and (b) 1.0 M MVK and 0.35 M E20C in 0.1 M NaPF¢EtOH. The
magnified spectra at 4.0-4.2 ppm were also shown (right). The NMR spectra were collected by
Herman Coceancigh. 2017, Copyright: American Chemical Society.
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Figure 4.10. "H-NMR spectra (4.0-8.0 ppm) of the reaction mixtures of MVK and E20C upon
no potential application to electrodes coated with activated thin films of (a) PSiss-b-PAEFc26
(fPAEFc = 0.30; 64 nm thick) and (b) PSi54-b-PAEFc12 (fpagre = 0.17; 65 nm thick) at Day 0 and
Day 3. The solutions consisted of (a) 1.1 M MVK and 0.36 M E20C in 0.1 M NaPF¢EtOH and
(b) 1.0 M MVK and 0.35 M E20C in 0.1 M NaPF¢/EtOH. The magnified spectra at 4.0-4.2
ppm were also shown (right). The NMR spectra were collected by Herman Coceancigh. 2017,
Copyright: American Chemical Society.
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Figure 4.11 'H-NMR spectra (4.05-4.25 ppm) shown in Figure 4.9 with the integrations of the
peak areas for 5d and 5 protons. The NMR spectra were collected by Herman Coceancigh. 2017,
Copyright: American Chemical Society.

Interestingly, the reaction did not proceed between E20C and trans-PBO (Scheme 4.1b) at
electrode-supported PS-b-PAEFc films (Figure 4.13) in contrast to electrochemically-oxidized
PVFc films.® This result could be explained by the low permeability of trans-PBO through the
partially-swollen PS matrix. MVK, which is present as a liquid reagent at room temperature in
contrast to trans-PBO, at the relatively high concentration (= 1 M) may contribute to the swelling
of the PS-b-PAEFc film to further enhance their penetration into the film and also the release of
the reaction product from the film.  These results suggest a possibility to design

electrochemically-responsive heterogeneous catalysts based on ferrocene-containing block

copolymers with a selectivity controlled by the microdomain permeability.
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Figure 4.12 (a) 'H-NMR spectra of the reaction mixtures of MVK and E20C before and after
potential application of +0.31 V (Day 1), -0.20 V (Day 2) and +0.31 V (Day 3) to a gold
electrode coated with an activated thin film of PSis4-b-PAEFc26 (feaere = 0.30; 38 nm thick). (b)
The reaction yield as a function of reaction time obtained from the 'H-NMR spectra shown in
(a). The NMR spectra were collected by Herman Coceancigh. 2017, Copyright: American
Chemical Society.
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Figure 4.13 '"H-NMR spectra (4.0-8.0 ppm) of the reaction mixtures of #ans-PBO and E20C
sampled after different periods of reaction time with potential application (+0.37 V vs Ag/Ag")
for thin films of PSis4-b-PAEFc26 (frarre = 0.30; 64 nm thick). The reaction solutions initially
consisted of 1.0 M trans-PBO and 0.33 M E20C in 0.1 M NaPF¢/EtOH. The magnified spectra
at 4.0-4.2 ppm were also shown (right). The NMR spectra were collected by Herman
Coceancigh. 2017, Copyright: American Chemical Society.
4.4 Conclusion

This study showed the permeability-based control of the electrochemical properties and
catalytic activity of ferrocene-containing block copolymer films. A pristine PS-b-PAEFc film
was redox-inactive in 0.1 M NaPFe/EtOH due to its negligible compatibility with PS and PAEFc.
In contrast, these films could be converted to be redox-active by oxidizing the ferrocene moieties
in 0.1 M TBAPF¢/MeCN prior to the electrochemical measurements in the EtOH solution. The
fraction of redox-active ferrocene moieties measured for the activated PS-b-PAEFc films in the
EtOH solution was similar to that in the MeCN solution. However, the charge transport
efficiency of the activated PS-b-PAEFc in the EtOH solution was significantly lower than that in
the MeCN solution, reflecting the reduced mobility of the redox moieties and limited counter ion
migration in the less-swollen films. The activated PS-b-PAEFc films were used as

electrochemically-responsive heterogeneous catalysts for Michael addition reaction in the EtOH

solution. Interestingly, the reaction selectivity could be controlled by the permeability of the
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redox-inactive PS matrix. We believe the reaction can be accelerated by the use of a porous
electrode with a high surface area as the support of a PS-b-PAEFc film. This work opens
opportunities to develop redox-active block copolymers as electrochemically-responsive

catalysts with a selectivity based on the microdomain permeability.
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Chapter 5 - Diffusion Behavior of Differently Charged
Molecules in Self-Assembled Organic Nanotubes Studied Using

Imaging Fluorescence Correlation Spectroscopy

Reproduced with permission from American Chemical Society.
Published as: G. Ghimire, R. Espinoza, H. Xu, S. Nagasaka, N. Kameta, M. Masuda, D.A.

Higgins, T.Ito, Langmuir, 2019, 35, 7783-7790.

Contribution of the Authors
DAH and TI designed this project. NK and MM synthesized the bolaamphiphile and
characterized its ONTSs using transmission electron microscopy (TEM). RE collected some of the
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5.1 Introduction
Nanotubes based on inorganic!* and organic materials’>® have recently been explored for
use as drug delivery vehicles and contaminant adsorbents because of their ability to encapsulate
solute molecules into their cylindrical hollow spaces. In addition, these materials have high
loading capacity due to their large effective surface area. For drug delivery applications, these
materials exhibit the slower release of loaded solutes from the open ends of the tubes. The
efficiency of the loading/release of solutes into/from these materials is regulated by steric,

electrostatic, and chemical interactions with the openings and inner wall surface. In particular,
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these molecular interactions with the inner surface play key roles in controlling the rate and
selectivity of molecular release.™>’ Interestingly, it has been reported that nanoscale cavities
afford unique environments that enhance molecular interactions owing to the nanoconfinement
of solute species.>'° Thus, a thorough understanding of solute-nanotube interactions is crucial to
the design of nanotube-based materials optimized for the aforementioned applications. In
addition, the precise control of molecular loading/release requires the use of multiple nanotubes
having identical molecular transport properties. Thus, it is important to fully understand the
level of heterogeneity exhibited by the nanotubes, which is best studied one nanotube at a time
rather than by probing the ensemble-averaged properties of multiple nanotubes.

Among nanotubular materials, organic nanotubes (ONTS) consisting of asymmetrical
bolaamphiphiles have attracted considerable interest as drug delivery vehicles.”® Rationally-
designed bolaamphiphiles can self-assemble to form uniform cylindrical tubular structures with a
very narrow size distribution on the basis of rolled bolaamphiphile layer(s). The inner and outer
tube diameters are controllable in the range of 2 — 100 nm and 6 — 120 nm, respectively, by
adjusting the chemical structure(s) of the constituent bolaamphiphile(s) and their arrangement in
the rolled layer(s). More uniquely, these ONTs have distinct chemical compositions on their
inner and outer surfaces that reflect the terminal functional groups of the asymmetrical
bolaamphiphile(s),* in contrast to many other organic,"® inorganic,®* and lipid bilayer®
nanotubes that have identical inner and outer surface compositions. The distinct surface
compositions permit the functionalization of the inner surface for efficient loading and controlled
release, independently of the outer surface, which can be modified for improved biocompatibility
and selective target recognition. Owing to their structural and chemical characteristics, these

ONTs exhibit a number of unique properties that make them suitable for drug delivery
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applications, including low toxicity,'> stimulus-responsive molecular release,>*® sustained
molecular release,®® the loading/release of poorly water-soluble molecules,'®” and the
stabilization of proteins.!® Among these properties, the loading properties of ONTs were
evaluated by the visualization of species encapsulated within individual ONTs using

19 small-angle X-ray scattering,® and by solid-state NMR

transmission electron microscopy,
measurements of molecule-nanotube interactions.'” However, these results provide negligible
information on the dynamic behavior of solutes loaded into ONTs. The release properties of
ONTSs were assessed by spectrometric measurements of different solute molecules released from
a batch of ONTs.23517 The release properties were controlled by interactions between solutes
and the ONT inner surfaces, and thus could be tuned by adjusting the diameter and surface
functionality of the ONTSs as well as solution conditions such as pH. However, the release rates
measured represent the ensemble-averaged properties of multiple ONTS, and thus do not reveal
whether the individual ONTs have homogeneous release characteristics.

At the molecular level, the loading/release of molecules is controlled by their diffusion and
adsorption/desorption under the influence of steric, electrostatic, and chemical interactions
within the ONTs. The apparent diffusion coefficient of molecules within single tubular materials
has been measured using fluorescence techniques,?*?? including fluorescence resonance energy
transfer (FRET) imaging,*>'°23 fluorescence recovery after photobleaching (FRAP),%+%6 confocal
fluorescence correlation spectroscopy (FCS),® and imaging FCS.?”?®  FRET imaging
successfully revealed the slow diffusion of fluorescently-labeled biomolecules and nanoparticles
within ONTs that was attributable to steric and electrostatic interactions.*>1*2  However, this

method cannot be used to investigate the molecular permeability of native ONTS, because the

nanotube inner surface needs be modified with a donor or acceptor chromophore to visualize the
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diffusion of fluorescent species. FRAP was used to quantify molecular diffusion along the long
axis of tubular materials.?#?® However, FRAP is applicable only for relatively long tubes (> 10
pum) due to the requirement that a um-scale area be photobleached. Such long tubular materials
may not be suitable as drug delivery vehicles or contaminant adsorbents. Confocal FCS showed
the involvement of multiple processes in molecular diffusion within sub-pum-scale regions of a
lipid tubule.”® These processes were represented by multiple diffusion coefficients that were
obtained by autocorrelation of temporal fluorescence intensity fluctuations that originated from
molecular diffusion across the focal volume of a laser beam.?® This method can measure fast
moving species due to the high temporal resolution of the single point detector employed (~
psec), but requires a long time to map local diffusion coefficients in a single tubule. In contrast
to these methods, imaging FCS provides a quicker means to simultaneously measure the local
apparent diffusion coefficients (Diocar) Of fluorescent molecules along the full length of individual
nanotubes.?® This method employs a wide-field fluorescence microscope to record videos of
individual nanotubes. Temporal fluorescence intensity fluctuations at each of the pixels are
autocorrelated to obtain Dioca at all the pixels on a nanotube, though fast diffusion processes
cannot be detected due to the limited temporal resolution (~ msec) of a CCD camera.
Previously, we employed imaging FCS to measure the effects of electrostatic interactions on the
diffusion of anionic sulforhodamine B (SRB; Figure 5.1a)?’ and the diffusion and distribution of
solvatochromic fluorescent probes?® within 10-nm diameter ONTSs having inner surface amine
groups with pKa of ~ 7.27*% (NH2-ONT10nm; Figure 5.1b and Figure 5.2). In the former,?’ the
Diocat Of SRB in the ONTs was measured in aqueous phosphate buffer saline (PBS) solutions of
different ionic strengths (I =1 — 500 mM) and pH (pH 6.4 — 8.4), and was shown to be controlled

by electrostatic attraction with protonated amine groups on the inner ONT surface. In the
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latter, two-color imaging FCS was used to simultaneously assess the diffusion and distribution
of Nile Red (NR) and its hydroxylated derivative (NR-OH) within the ONTSs in ethanol. As
compared with NR, NR-OH located in more polar environments and diffused more slowly due to

hydrogen bonding interactions with the functional groups of the ONTSs.
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Figure 5.1 (a) Molecular structures of fluorescent dyes employed in this study: sulforhodamine
B (SRB), rhodamine B (RB) and rhodamine-123 (R123). (b) Molecular structure of
bolaamphiphile monomer and schematic illustration of a bolaamphiphile-based organic nanotube
(ONT) formed from the monomer via self-assembly. Reproduced from Xu, H.; Nagasaka, S.;
Kameta, N.; Masuda, M.; Ito, T.; Higgins, D. A. Phys. Chem. Chem. Phys. 2016, 18, 16766-
16774 (ref. 27) — Published by the PCCP Owner Societies. 2019. (c) Experimental setup used in
this study. Copyright: American Chemical Society.
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Figure 5.2 Scanning-TEM image of NH2-ONTsionm that were negatively stained by 2wt%
phosphotungstate. The hollow cylinder space is shown as the relatively darker area compared
with the surroundings. The image was collected by Dr. Kameta. 2019, Copyright: American
Chemical Society.

This Chapter discussed the diffusion behavior of differently charged fluorescent probes
(Figure 5.1a) within NH2-ONT10nm in aqueous PBS solutions of different pH and ionic strengths.
Anionic SRB, zwitterionic/cationic rhodamine B (RB), and cationic rhodamine 123 (R123) were
employed as probe molecules to understand how the net charge on the probe and its
hydrophobicity affect its diffusion behavior within the amine-terminated nanotubes. This study
is an extension of our previous work with SRB and NH2-ONT1onm?” with the use of multiple
fluorescent molecules over a wider pH range (pH 3.4 — 8.4). The measurements at the wider pH
range will permit us to assess the influences of the protonation of RB on its diffusion behavior in
the ONTs. A thorough diffusion study with the different probe molecules under different
solution conditions will provide basic insight into molecule-nanopore interactions controlling the

molecular loading/release properties of nanotubular materials with multiple chemical
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environments. In addition, this study demonstrates that imaging FCS is a convenient tool to
assess the homogeneity of the molecular diffusion properties within individual ONTSs.
5.2 Experimental Section
5.2.1 Chemicals and Materials

NH2-ONTs1onm having lengths of 2-5 um were formed from N-(5-D-glucopyranosyl)-N’-
(2-glycylglycylglycine-amideethyl)-icosane-diamide, which has terminal amine and glucose
headgroups linked by a hydrophobic spacer (Figure 5.1b), according to a procedure reported
previously.’®?” TEM image of the ONTs (Figure 5.2) reveals their cylindrical hollow structures
with a diameter of 10 nm. Rhodamine-123 (R123; Aldrich), rhodamine B (RB; Aldrich),
sulforhodamine B (SRB; Acros Organics), phosphate buffered saline (P5368; Aldrich), which
yields one liter of 0.01 M phosphate buffered saline containing 0.138 M NaCl and 0.0027 M
KCI, 1-octanol (Aldrich) , hydrochloric acid (HCI; Fisher), sodium hydroxide (NaOH; Fisher)
and o-phosphoric acid (Fisher Scientific) were used as received. All aqueous solutions were
prepared with water having a resistivity of 18 MQ cm or higher (Barnstead Nanopure Systems).

5.2.2 Determination of the Acid Dissociation Constants (pKa) and Octanol/Water
Partition Coefficients (logPoct) of the Dyes

The pKa and logPoct values of R123, RB and SRB were determined from their UV-Vis
absorption spectra recorded using an Agilent Cary 60 UV-Vis spectrophotometer. The pKa
values were measured in aqueous solutions of 3.6 uM SRB, 4.8 uM RB or 4.5 uM R123
containing 20 mM o-phosphoric acid at different pH that was adjusted by adding a NaOH
solution. The solution pH was measured using a Fisher Accumet pH glass electrode. For
determination of the logPoct values,®® 1-octanol saturated with water and water saturated with 1-

octanol (pH ~ 5.4) were employed. Five milliliters of an aqueous dye solution (5 uM) was
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mechanically shaken with an equal volume of 1-octanol in a glass test tube wrapped with
aluminum foil for > 1 hour at room temperature (ca. 25 °C). The resulting mixture was then
centrifuged to obtain the aqueous phase for a UV-Vis spectroscopic measurement.
5.2.3 Sample Preparation for Imaging FCS Experiments

NH2-ONT10nm Was deposited from a turbid aqueous solution (0.1 mg/mL) onto plasma-
cleaned glass coverslips (FisherFinest Premium; 25 x 25 um?) as reported previously.?”? The
resulting ONT-coated coverslips were covered with aqueous solution (200 pL) containing 1 pM
SRB, 50 nM RB, or 50 nM R123 for 2 hours, rinsed carefully with water, and then dried with Ar
or N. Fluorescence videos of the ONTs were recorded in PBS solutions of different pH and
ionic strengths. These solutions were loaded into a rectangular polydimethylsiloxane (PDMS)
well that was attached to the coverslip, and subsequently covered with a PDMS slab (Figure
5.1c). The solution pH was adjusted by adding aqueous HCI (~ 0.15 M) or NaOH (~ 0.25 M)
solutions. It should be noted that the different dyes required different loading concentrations to
observe the fluctuation of fluorescence intensity induced by dye diffusion, because the more
hydrophobic RB and R123 were loaded more efficiently into the NH2-ONT1onm than SRB. We
have empirically found that the fluorescence intensity most suitable for imaging FCS
measurements was in the range of 120 — 250 cps at each pixel on the ONTs and that was
achieved by optimizing the concentration of dye solution used for doping.

5.2.4 Imaging FCS Measurements

Imaging FCS data were recorded using the experimental setup shown in Figure 5.1c. An
inverted epi-illumination microscope (Nikon TiE) was used for the acquisition of fluorescence
videos, as described previously.3* An argon ion laser (514 nm) was used for SRB- and RB-

doped ONTSs, and a blue diode laser (488 nm) was used for R123-doped ONTs. Total internal
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reflection fluorescence (TIRF) mode was employed to reduce background fluorescence. A
dichroic beam splitter (555 DCLP for SRB and RB, and 505 DCLP for R123) was used to
introduce ca. 0.01 mW of laser light to the back aperture of an oil immersion objective lens
(Nikon Apo TIRF 100x, 1.49 NA). Fluorescence collected by the objective lens was directed
through the appropriate dichroic beam splitter and emission filter (Chroma 580/40 for RB and
SRB, and 535/50 HQ for R123). Fluorescence videos of individual ONTs (25,000 frames; ~ 2.5
x 2.5 um?) were acquired using an EM-CCD camera (Andor iXon DU-897) with 2 ms exposure
time, ~ 6.5 ms cycle time, 10 MHz readout rate, 3 x 3 binning, and an EM gain of 30.

The video files were analyzed using a program written in LabView (National Instruments).
This software provided for background correction, autocorrelation, and pixel by pixel fitting of
the data, as reported previously.?” Specifically, time transient data at individual pixels were
autocorrelated using Equation 2.9. The autocorrelation function was fitted to Equation 2.10,
incorporating two decay components associated with 1D Fickian diffusion and
photobleaching.?’%2

5.3 Results and Discussion
5.3.1 Fluorescent Molecules Loaded into NH2-ONT 10nm

In this study, the diffusion of anionic SRB, zwitterionic/cationic RB, and cationic R123 in
NH2-ONT10nm (pKa ~ 7.27 for the amine groups on the inner surface)'® was measured at different
pH and ionic strengths using imaging FCS. Table 5.1 summarizes the pKa and logPoct values of
these fluorescent dyes, as determined using UV-Vis absorption spectrometry (Figures 5.3 and

5.4).
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Table 5.1 Acid Dissociation Constants (pKa.)* and 1-Octanol/Water Partition Coefficients
(logPoct)® of the Fluorescent Molecules Used in This Study. 2019, Copyright: American
Chemical Society.

Fluorescent Dyes pKa l0gPoct
SRB <21 -1.90 + 0.80
RB ~3.2 1.56 £ 0.0¢
R123 > 8.7 0.206 + 0.208

& Measured in aqueous phosphate solutions (20 mM) of pH 2 — 9 at room temperature (ca. 25 °C)
using UV-Vis absorption spectrometry (Figure 5.3). ° The 95% confidence intervals obtained
from 3-4 measurements (Figure 5.4) at room temperature (ca. 25 °C). The pH of the water was
~5.4.
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Figure 5.3 UV-Vis absorption spectra of (a) SRB, (b) RB and (¢) R123 in aqueous phosphate
solutions of different pH at room temperature (ca. 25 °C). (d) pH dependence of the absorption
peak wavelengths of SRB (black circles), RB (red triangles) and R123 (blue squares). 2019,
Copyright: American Chemical Society.
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Figure 5.4 UV-Vis absorption spectra of (a) SRB, (b) RB and (¢) R123 in water before (black)
and after extraction. Results of 3 — 4 different solutions are shown. 2019, Copyright: American
Chemical Society.

The pKa values were determined from pH-dependent changes in the absorption peak
wavelengths Zmax) of the dyes (Figure 5.3). SRB and R123 are anionic and cationic,
respectively, in aqueous solution at pH 2 — 9, as indicated by negligible pH-induced change in
Jmax (Figure 5.3acd). In contrast, RB exhibited a slight shift in Amax from pH 2.9 (557 nm) to pH
3.5 (553 nm) (Figure 5.3bd), attributable to the deprotonation of the -COOH group. The pKa of
RB is estimated to be ~ 3.2, which is very close to its literature value,® indicating that RB is in

the uncharged zwitterionic form at neutral to basic pH and protonates to its cationic form at

lower pH.
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The logPoct values were spectrometrically estimated from the dye concentrations in the
aqueous phase before and after extraction with 1-octanol (Figure 5.4). As summarized in Table
5.1, the hydrophobicity of the three dyes decreases in the order of RB > R123 > SRB. Of note,
the extraction experiments were performed with water (pH ~ 5.4), and thus the logPoct value of
RB represents the hydrophobicity of its uncharged, zwitterionic form. The logPoct value of
protonated RB may be significantly smaller due to its positive net charge.

5.3.2 Imaging FCS Measurements of Dye-Doped ONTSs

Imaging FCS provides a simple means to measure Dioca ON individual ONTs from single
fluorescence videos. Figure 5.5a shows representative fluorescence microscopy images of NH»-
ONTs10nm doped by SRB, RB, or R123 that were measured in a PBS solution (I ~ 160 mM) at
pH 7.4. These images are obtained by averaging the fluorescence across the 25,000 frames of
the videos. The widths of these ONTs were significantly larger than the actual width (17 nm)
owing to the pixel size (187.5 nm) and the diffraction-limited spatial resolution (220 — 240 nm at
Jem = 535 — 580 nm). Spatial variations in the fluorescence intensity from the ONTs implies a
non-uniform distribution of the relatively small number of dye molecules in the ONTs. More
importantly, each pixel over the ONTs exhibited temporal fluctuations in the fluorescence
intensity attributable to the diffusion of individual dye molecules in and out of the detection
volume, in addition to a gradual decrease in fluorescence intensity due to photobleaching
(Figure 5.5b). Equation 2.9 was used to obtain an autocorrelation function (Figure 5.5¢) from
the time transient data, which was fitted by Equation 2.10 to obtain A and Diocal. It is important
to note that choice of the time lag () played an important role in data analyses to calculate Diocar.
We found that Diocai peaks at certain time lag (zpeak) and that was determined by plotting

maximum time lag (zmax) of 100 — 600 frames against Diocat a5 shown in Figure 5.6 for pixels
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highlighted in Figure 5.5a. Optimized 1 of 320 frames was obtained from the averages of peak
from about 10 pixels of respective dye doped ONTs. These values obtained at each of the pixels
were plotted to obtain composite images of the ONTS, in which the normalized A was shown as
height and Diocal Was depicted by the color scale (Figure 5.5d). Diocal Varied in the range of 0.01
— 0.12 um?/s with negligible position dependence along the ONTS, reflecting the random
variation of local environment for molecular diffusion.?’ There was no clear correlation between
A and Diocal, Suggesting the random distribution of mobile molecules within the ONTs. Most
importantly, the Diocal Values of these dyes in the ONTs were significantly smaller than those in
aqueous solution (~ 4 x 10? um?s)®” and those estimated using the hindered diffusion
models,*®*° reflecting the involvement of short-timescale adsorption and partition processes in
molecular transport within the ONTs.?’
5.3.3 Effects of NH2-ONT1onm Length on Molecular Transport

Fluorescence microscopy videos also afforded the lengths of individual ONTSs, and thus
permitted us to investigate a possible relationship between the length and molecular transport
properties of individual ONTs. The apparent diffusion coefficient of the dye within each ONT
(DonT) was calculated from Diocar Values obtained at ten different pixels along the ONT. Figures
5.7 and 5.8 reveal that Dont Was independent of ONT length for each of the dyes and solution
conditions examined in this study. For example, Figure 6e shows similar Dont values for five
SRB-doped ONTs (black circles) that were significantly larger than those for five RB-doped
ONTSs (red triangles) and four R123-doped ONTSs (blue squares). The negligible dependence of
Dont on ONT length was also found for the other pH and I conditions (Figures 5.7 and 5.8).
Dont tended to be larger in the order of RB > R123 > SRB at pH 3.4 (Figure 5.7a-d) and SRB >

RB ~ R123 at pH 7.4 (Figure 5.7e-h). Most importantly, the similarity in Donr, in spite of the
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variation of Diocal as represented by the error bars of Donr, suggested that the ONTSs in each batch
were homogeneous in terms of their solute loading and release properties. These results clarified
the unique capability of imaging FCS to measure the detailed properties of individual

nanotubular materials.
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Figure 5.5 (a) Representative fluorescence images of ONTs doped by SRB, RB and R123 that
were measured at pH 7.4 and the ionic strength of 160 mM. The images were obtained by
averaging the fluorescence across the 25,000 frames of the videos. (b) Time transient data from
pixels highlighted in each of the fluorescence images shown in (a). (c¢) Autocorrelation functions
obtained from the time transient data shown in (b). The black solid lines depict the fitted curves
that gave the autocorrelation amplitude, 4, and Diocal in Equation 2.10. Diocal values obtained by
the fitting are shown. (d) 3D plots for each of the ONTs, indicating 4 shown as height and Diocal
depicted by the color scale. 2019, Copyright: American Chemical Society.
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Figure 5.7 Relationship between Dont and ONT length obtained for SRB (black circles), RB
(red triangles) and R123 (blue squares) at (a-d) pH 3.4 and (e-h) pH 7.4 with the ionic strengths
of (a, e) ca. 1.6 mM, (b, f) ca. 16 mM, (¢, g) ca. 160 mM and (d, h) ca. 500 mM. Data at the
other pH conditions are shown in Figure 5.8. Error bars represent the 95% confidence interval
of Diocal Obtained at ten different positions (pixels) for each ONT. 2019, Copyright: American
Chemical Society.
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Figure 5.8 Relationship between Dont and ONT length obtained for SRB (black circles), RB
(red triangles) and R123 (blue squares) at (a-d) pH 4.4, (e-h) pH 5.4, (i-1) pH 6.4 and (m-p) pH
8.4 with the ionic strengths of (a, e, i, m) ca. 1.6 mM, (b, f, j, n) ca. 16 mM, (c, g, Kk, 0) ca. 160
mM and (d, h, 1, p) ca. 500 mM. Note that Figure 5.80 does not include a Dont data (= 0.088 +
0.036 um?/s) obtained from a 4.8 um-long, SRB-doped ONT. An error bar represents the 95%
confidence interval of Dj,cas values obtained at the ten different positions (pixels) of each ONT.
2019, Copyright: American Chemical Society.

5.3.4 Effects of pH on Apparent Diffusion Coefficient in NH2-ONTS10nm

The Dont Vvalues for individual ONTs were compiled to calculate ensemble-averaged
diffusion coefficients (D). Figure 5.9 shows a relationship between D and pH for the three dyes
at the four different I. The error bars in these plots represent the variations of Dont values
measured from multiple ONTs under identical solution conditions. The plots in Figure 5.9
indicate that the D of the dyes was primarily controlled by electrostatic interaction with the
nanotube surface: The diffusion of anionic SRB was mainly controlled by electrostatic attraction
to the protonated amine groups*® on the ONT inner surface (pKa ~ 7.27),%% as indicated by a
decrease in D with decreasing pH from 8.4 to 4.4 (Figure 5.9a), as with previously reported
results at pH 8.4 — 6.4.2” An increase in D was unexpectedly observed from pH 4.4 to 3.4, which
might be due to the protonation of the sulfonate groups (pKa < 2.1 in aqueous solution; Table
5.1) enhanced by protonated amines on the ONT inner surface. The protonation converted SRB
from its anionic to zwitterionic/uncharged forms, resulting in the reduction of electrostatic
attraction to the protonated ONT surface. In contrast, cationic R123 exhibited the opposite trend:
D increased with decreasing pH (Figure 5.9¢) owing to the enhanced electrostatic repulsion of
the cationic dye by the protonated amine groups. RB also showed an increase in D with
decreasing pH (Figure 5.9b), which was attributable to electrostatic repulsion of its protonated,
cationic form by the positive charge on the ONT inner surface. The continuous changes in D

across a wide pH range (pH 3.4 — 8.4) could reflect the gradual protonation of the surface-
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localized amine groups, as observed on self-assembled monolayers (SAMs).** Meanwhile, the
higher D of RB as compared with R123 at all pH conditions investigated (see also Figures 5.7
and 5.8), might be associated with the reduced adsorption of the zwitterionic species onto the
nanotube surface, as reported on SAMs.*>%® These results verify the essential role of the ONT
surface amine groups in their pH-dependent molecular loading and release for drug delivery

applications.t!4
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Figure 5.9 Apparent diffusion coefficients (D) of (a) SRB, (b) RB and (¢) R123 as a function of
pH (3.4 — 8.4) at the ionic strengths of ca. 1.6 (black circles), ca. 16 (red squares), ca. 160 (blue
triangles) and ca. 500 mM (green inverse triangles). Error bars represent 95% confidence
intervals obtained from 3 — 7 different ONTs. 2019, Copyright: American Chemical Society.
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5.3.5 Effects of lonic Strength on Apparent Diffusion Coefficient in NH2-ONTS1onm

The data shown in Figure 5.9 were replotted in Figures 5.10 and 5.11 to allow for the
effects of ionic strength on D to be better visualized. Figure 5.10 shows data obtained at pH 3.4,
6.4 and 8.4, and Figure 5.11 depicts those obtained at the other pH conditions. These data show
that D seems to increase with increasing | under some conditions, but not in others. The slight I-
dependent increase in D could be explained by the screening of the dye charges and those of the
ONT surface,?” as is consistent with the pH dependence in D indicating the key role of
electrostatic interactions in the molecular transport within  NH2-ONTsionm (vide supra).
However, the I-dependence of D was very small at most of the pH conditions. The weak
dependence of D on | suggests the involvement of non-coulombic (hydrogen bonding and
hydrophobic) interactions between the dye molecules and nanotube surfaces. Such interactions
may enhance the adsorption and/or partitioning of the dyes to the ONT surfaces and/or walls on

short timescales, resulting in the small diffusion coefficients obtained in this study (vide supra).
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American Chemical Society.
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In this study, we systematically investigated the effects of pH and | on the diffusion of
three fluorescent dyes within NH2-ONTS1onm Using imaging FCS. Molecular diffusion within the
ONT was mainly controlled by electrostatic interactions with the protonated amine groups on the
inner ONT surfaces, as shown by the pH dependence of D. The continuous change in D over a

wide pH range originated from the gradual protonation of the surface-localized amine groups as



well as the protonation of the acidic groups of the dyes within ONTs. The pH-dependent
diffusion behavior could lead to the pH-responsive loading and release capability of NH-
ONTsionm for charged molecules.*** The negligible influence of 1 on D suggested the
involvement of non-coulombic interactions in molecular transport processes within the ONTSs.
These interactions may enhance dye adsorption to the ONT surface and/or dye partitioning to the
ONT wall, resulting in the observation of the small apparent diffusion coefficients. Most
importantly, the imaging FCS results revealed the heterogeneous nature of Digcar in the ONTS,
and also the fairly uniform Dont for a batch of ONTs. The homogeneity of the diffusion
properties of individual ONTs could originate from the well-defined cylindrical hollow
structures and the uniform diameters of the ONTs. An improved understanding of the
fundamental properties of NH2-ONTsionm, Which incorporate multiple chemically distinct
environments, will provide valuable insight into the future design of organic nanotubes as highly

efficient drug delivery vehicles and contaminant adsorbents.
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Chapter 6 - Effect of Surface Charge and Inner Diameter on the
Diffusion Behavior of Ionic and Zwitterionic Molecules in Self-

Assembled Organic Nanotubes

G. Ghimire, M.M. Moore, R. Leuschen, S. Nagasaka, N. Kameta, M. Masuda, D.A. Higgins, T.

Ito, manuscript in preparation.

Contribution of Authors

This is an extension of Chapter 5. DAH and TI designed the experiments. NK and MM
synthesized the bolaamphiphiles and the characterized bolaamphiphile-based ONTs using TEM.
SN prepared the dispersed ONT sample on coverslips. GG and MM collected and analyzed most
of the imaging FCS data, whereas RL collected a part of the data at the early stage of the

experiments.

6.1 Introduction

Self-assembled organic nanotubes (ONTS) derived from asymmetric bolaamphiphiles have
distinct functional advantages over other symmetrical counterparts, owing to their tunable inner
diameters and surface functionalization for biocompatibility, secure encapsulation, selective
target recognition and controlled molecular cargo delivery.> These unique properties arise from
the capability of asymmetric bolaamphiphiles for parallelly packed head-to-tail polytype self-
assembly.®” The resulting ONTs have cylindrical tubular structures with an homogenous inner
diameter of 2 — 100 nm, which can be adjusted by controlling spacer lengths, terminal head-

group size and their arrangement in the rolled layer(s) as discussed in Chapter 1.2.2.! X-ray
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diffraction (XRD) results suggest that the inner diameters of these ONTs depend upon molecular
packing within the monolayer lipid membrane (MLM). Asymmetrical ONTSs are very suitable for
selective functionalization of inner and outer surfaces with anionic, cationic, neutral or
hydrophobic groups.*®° The surface functionalization can be categorized to postmodification
and prefunctionalization. Postmodification refers to the modification of the ONT surface after
successful self-assembly. For example, amine-terminated asymmetrical ONTs were covalently
modified with a fluorescent moiety, 4-fluoro-7nitrobenzofuran. In prefunctionalization, a
functional group of interest is conjugated with ONT-forming precursors prior to the formation of
ONTs.2 Selective functionalization of the inner surface of ONTs will enhance interactions with
encapsulated molecules and thus promote their secure encapsulation, and that of the outer surface

will improve the selectivity and efficiency of ONT delivery.

Molecular encapsulation and release with ONTs are affected by several factors like the
concentration, distribution, size and chemical properties of encapsulated species as well as the
length, inner diameter and surface chemical properties of ONTs. Guo et al. reported the effects of
concentration and position of encapsulated molecules on their diffusion behavior inside lipid-
based ONTs.!! Meliander et al. reported the facilitated encapsulation and release of protein
molecules with lower molecular weights with lipid-based ONTs.'? Ding et al. showed that ONTs
with lengths of 400 — 800 nm could easily reach to a target cell and deliver loaded plasmid DNA
while ONTs longer than 1 um struggled.'® More relevantly, Kameta et al. extensively studied the
behavior of molecular encapsulation and release with asymmetrical ONTs of different inner
diameters using TEM and spectroscopic methods.®>51%14 They investigated the encapsulation of
different kinds of species ranging from biomacromolecules to small dye molecules, and found

that the rational control of the inner diameter and surface functionalities was essentially required.
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For example, they investigated the effects of inner diameter on the encapsulation of DNA using
20- and 80-nm diameters ONTs formed from N-(2-amino-ethyl)-N’-(5-D-glucopyranosyl)-
alkanediamide.'® They showed that the YOYO-1-labelled TAGT7-DNA, which is 56 um in
extended length, 2 nm in width and 50 nm in persistence length, could be encapsulated only in
the 80-nm ONTs. They also demonstrated the electrostatic, pH-controlled encapsulation of
anionic ferritin and cationic starvation-induced DNA-binding protein (Dps) in ONTs with inner

amine and carboxyl groups.*®

Kameta et al. also assessed the diffusion of ferritin and green fluorescent protein (GFP)
within ONTSs with different inner diameters.™® The inner amine groups of asymmetric ONTs with
inner diameters of 10, 20 and 80 nm were covalently modified with Alexa Fluor 546 to trigger
fluorescence resonance energy transfer (FRET) with GFP in close proximity to the nanotube
inner surface. Analyses of time-lapse fluorescence microscopy images showed a clear decrease
in diffusion coefficient (D) for both GFP and ferritin with decreasing inner diameters, because of
the restricted nanospace. D was obtained by plotting the square of diffusion distance (X?) that
was measured from the FRET-induced quenching of Alexa Fluor 546 fluorescence as a function
of time (Chapter 1.2.4). They further studied protein refolding within hydrogels of asymmetric
ONT with different inner diameter and surface properties.'® Hydrogels based on 10-nm diameter
ONTs gave first and second GFP refolding ratio of 49% with further enhancement to 85% upon
partial introduction of hydrophobic moiety. In contrast, GFP refolding was absent in hydrogels
of 20-nm diameter ONTSs. These observations suggest that the GFP refolding could be assisted

by the nanospace of the ONTSs.

Although there are several reports that claim the effects of ONT inner diameter and surface

properties on molecular encapsulation, diffusion or biochemical function, these studies were
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either limited to investigations for macromolecules or to ensemble measurements from multiple
ONTs. A thorough and systematic study of the local diffusion of small molecules in individual
ONTSs with different inner diameter and surface properties is crucial to develop ONTSs suitable
for various applications. Chapter 5 described the diffusion behavior of anionic sulforhodamine
B (SRB), zwitterionic/cationic rhodamine B (RB) and cationic rhodamine 123 (R123) within
amine-terminated asymmetrical ONTs of diameter 10 nm (NH2-ONTionm). Electrostatic
interactions with the ONT inner surface played an important role in molecular diffusion
behavior. Anionic SRB (pKa < 1) exhibited a decrease in D at lower pH conditions (8.4 — 4.4)
due to the enhancement of electrostatic attraction induced by the protonation of the inner amine
groups (pKa ~ 7.28).1"18 In contrast, cationic RB (pKa ~ 3.2) and R123 (pKa > 8.7) showed an
increase in D with decreasing pH due to the protonation-induced enhancement of electrostatic
repulsion. The molecular diffusion would take place near the ONT surface, as suggested by the
two-color imaging FCS results with solvatochromic Nile red and hydroxylated Nile red.*® In this
chapter, diffusion of SRB, RB and R123 within carboxyl-terminated asymmetrical ONTs with
inner diameters of 10 and 20 nm (COOH-ONT10nm and COOH-ONT20nm) Was measured in pH
6.4 ~ 8.4 solutions having different ionic strengths using imaging FCS. Results with these ONTs
were subsequently compared with those with NH2-ONT10nm (Chapter 5). Imaging FCS was used
because of its capability to probe local diffusion behavior at sub-pm-scale detection regions of
an entire ONT. Other methods used for the measurements of D, including FRET, fluorescence
recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS), are not
suitable for simultaneous assessment of local permeability of intact ONTs with relatively short

lengths (< 10 Hm)_10,14,20-23

6.2 Experimental Section
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6.2.1 Chemicals and Materials

Bolaamphiphiles that form COOH-ONTs10nm and COOH-ONTSsz0nm With terminal carboxyl
and glucose head groups (Figures 6.1a and b) were synthesized according to a procedure
reported previously.*® TEM images of NHz-ONTS10nm, COOH-ONT10nm and COOH-ONT 20nm
are given in Figure 6.2.5%® Sulforhodamine B (SRB; Acros Organics), rhodamine B (RB;
Aldrich), rhodamine-123 (R123; Aldrich), phosphate buffered saline (P5368; Aldrich), which
yields one liter of 0.01 M phosphate buffered saline containing 0.138 M NaCl and 0.0027 M
KCI, hydrochloric acid (HCI; Fisher), sodium hydroxide (NaOH; Fisher) and o-phosphoric acid
(Fisher Scientific) were used as received. All aqueous solutions were prepared with water having

a resistivity of 18 MQ cm or higher (Barnstead Nanopure Systems).
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Figure 6.1 Molecular structures of bolaamphiphiles used to obtain (a) COOH-ONT/onm and (b)
COOH-ONT20mm. (¢) Schematic illustrations of the cross-sectional views of COOH-ONT/onm and
COOH-ONT20nm.

127



Figure 6.2 (a) Scanning-TEM images of NH2-ONTionm, and TEM images of (b) COOH-
ONT10mm, and (¢) COOH-ONT20nm. The figures were reproduced with permission from references
5, 8, and 18 for (a), (b), and (c) respectively. (a) 2019, Copyright: American Chemical Society,
(b) 2012, Copyright: Royal Society of Chemistry, and (¢) 2004, Copyright: American Chemical
Society.

6.2.2 Sample Preparation for Imaging FCS Experiments

COOH-ONT10nm and COOH-ONT20nm Were prepared from the precursor bolaamphiphiles
according to a procedure reported previously.*The bolaamphiphile was dissolved in DMSO at 70
°C, and then cooled to room temperature to obtain a DMSO gel. The gel was transferred into
deionized water, dispersed, and then the resulting solution was filtrated to collect ONTs. ONTs
were then deposited onto plasma-cleaned glass coverslips from a turbid aqueous solution, and
dried. An aqueous dye solution (500 nM, 200 uL) was deposited onto the coverslips for 2-24
hours to ensure sufficient loading of the dye, washed with ultra-pure water, and then dried by N
blowing. Acquisition of wide-field fluorescence images and their analysis were carried out in a
procedure described in Chapter 5.2.4.18 LabView software gave a Diocai/o® value from each pixel

along an ONT, which was further analyzed using imageJ to obtain Diocal and Dons.

6.3 Result and Discussion

6.3.1 COOH-ONTs and Fluorescent Molecules
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This chapter focuses on describing the diffusion of three differently charged fluorescent
molecules viz. anionic SRB, zwitterionic/cationic RB and cationic R123 within COOH-ONT 1onm
and COOH-ONT2onm. The three dye molecules have different pKa and log Poct in aqueous

solution as summarized in Table 5.1.18

COOH-ONT10nm and COOH-ONT20nm have glucose and carboxyl groups on their exterior
and interior surfaces. The inner carboxyl groups of the ONTs were verified by FT-IR while their
pKa (~ 6.0) was measured using pH titration.>>® The inner diameters of the ONTs were
previously measured using TEM (Figure 6.2).>81® The TEM images suggest that COOH-
ONT1onm consists of a single monolayer like NH2-ONTS1onm With a wall thickness of 3-4 nm,
whereas COOH-ONT20nm is based on four layers with a wall thickness of 12.2 nm. The
molecular packing of the wall of COOH-ONT20nm may not be perfect due to the absence of
polyglycine-ll-type hydrogen bonding, in contrast to COOH-ONTionm with three glycine

moieties, possibly allowing molecular permeation through the nanotube wall.

6.3.2 Imaging FCS Data Analysis

Fluorescence videos of 25000 frames were collected for each selected ONT with exposure
time (frame time) of 0.002 sec and cycle time (time between each frames) of 0.0065 sec at the
laser power of ~ 0.01 mW. The video data was then loaded to the LabView built software for the
truncation of the initial 5000 frames, background correction, autocorrelation and theoretical
fitting to obtain Dioca. Autocorrelation of the time trace was done for each pixel using the
Equation 2.9. The resulting autocorrelation function was fitted with one-dimensional Fickian
diffusion model described by Equation 2.10, considering the high aspect ratio of the ONTSs, i.e.,

the length of 1-5 pm and the inner diameter of 10 or 20 nm. It should be noted that zmax Of 320
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frames was used for the fitting because empirically, the largest D was obtained around this time

lag due to the limited signal averaging at the longer zmax.

Representative images of COOH-ONT1onm and COOH-ONT2onm as collected from the
wide-field microscope, after background subtraction and after autocorrelation are shown in
Figures 6.3 and 6.4, respectively. The images after autocorrelation show that the ONTs could be
visualized at sub-diffraction limited resolution. For example, SRB-doped COOH-ONT1onm is
barely recognized in raw images from the microscope (Figure 6.3a) but is distinctly clear after
background subtraction and autocorrelation (Figure 6.3c). In addition, these images show the
variation of ONT length: Figure 6.3b shows a 2 pm-long COOH-ONT10nm and Figure 6.4b
shows > 5 pm-long COOH-ONT20nm. Furthermore, fluorescence intensity was different among
individual ONTs and also varied from pixel to pixel, possibly reflecting different loading
concentration of the dye. Empirically, COOH-ONT20nm could be doped more easily, and usually

gave fluorescence images of higher S/N, than COOH-ONT 10nm.
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Figure 6.3 Representative images of COOH-ONTonm doped by (a) SRB, (b) RB, and (c¢) R123:

Left: raw fluorescence image; Middle: image after background subtraction; Right:
autocorrelation amplitude image.

Figure 6.4 Representative images of COOH-ONT2onm doped by (a) SRB, (b) RB, and (¢) R123:
Left: raw fluorescence image; Middle: image after background subtraction; Right:
autocorrelation amplitude image.
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6.3.3 Effect of ONT Length on Dont

It was reported that filamentous nanostructures as found with asymmetric ONTs could be
beneficial for drug delivery applications due to their sustained retention in blood.?42
Furthermore, such nanostructures are suitable for such applications because they can gradually
release molecules from the two open ends. The release rate of encapsulated molecules is
controlled by molecular diffusion along the nanostructures, and thus it is important to quantify
local diffusion behavior in such structure. In Chapter 5, we showed that Dont Was independent
of the length of NH2-ONT1onm in the range of 1 — 5 pm.28 In this chapter, the effects of ONT
length on Dont was investigated for COOH-ONT 10nm and COOH-ONT2onm. Figures 6.5 and 6.6
show that, as with NH2-ONT10nm, Dont negligibly depends on the length of COOH-ONT10nm and

COOH-ONT20nm, leading to homogeneous encapsulation and release for the batch of the ONTS.
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Figure 6.5 Relationship between the length of COOH-ONTionm and Dont for SRB (black
spheres), RB (red triangles) and R123 (blue squares). Dont was measured in PBS solutions at pH
(a) 3.4 (b) 4.4 (¢) 5.4 (d) 6.4 (e) 7.4 and (f) 8.4 with the ionic strength of 160 mM. Error bars
indicate 95% confidence interval from Diocal values obtained at ~10 pixels along each ONT.
Several data were collected and analyzed by Mikaela Moore and Rebecca Leuschen.
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Figure 6.6 Relationship between the length of COOH-ONT20nm and Dont for SRB (black
spheres), RB (red triangles) and R123 (blue squares). Dont was measured in PBS solutions at pH
(a) 3.4 (b) 4.4 (c) 5.4 (d) 6.4 (e) 7.4 and (f) 8.4 with the ionic strength of 160 mM. Error bars
indicate 95% confidence interval from Diocai values obtained at ~10 pixels along each ONT.
Several data were collected and analyzed by Mikaela Moore and Rebecca Leuschen

6.3.4 Effects of Inner Diameter

The effects of ONT inner diameter on molecular diffusion can be discussed from the D
data for COOH-ONT10nm and COOH-ONT20nm. Figures 6.5 and 6.6 suggest that there was not so
significant difference in pH-dependent Dont for each of the dyes within these ONTSs. Figure 6.7
summarized the D values of the three dyes for COOH-ONT10nm and COOH-ONT20nm, Which
were obtained from the data shown in Figures 6.5 and 6.6. There is no clear difference in D for
these ONTSs, except the observation of slightly smaller D values for RB in COOH-ONT20nm at
acidic pH conditions. The comparable D values suggest negligible difference in electrostatic
interactions with small molecules within 10 and 20 nm nanotubes. In contrast, Kameta et al.

reported the diffusion of fluorescently-labeled amino acids within 4-nm diameter ONTs was
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more strongly affected by electrostatic or hydrogen bonding interactions than that within 8-nm

diameter ONTSs.16
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Figure 6.7 D values obtained with the ONTs (solid-bars: COOH-ONT1onm, striped-bars: COOH-
ONT20mm) for SRB (black), RB (red), and R123 (blue) in 160 mM PBS solutions of (a) pH 3.4
(b) pH 4.4 (¢) pH 5.4 (d) pH 6.4 (e) pH 7.4 and (f) pH 8.4. Error bars indicate 95% confidence
interval calculated from Donr values obtained from 4 - 15 ONTs.
6.3.5 Effects of Surface Charge
As described in Chapter 5, the D values of the three dye molecules in NH2-ONT10nm Were
strongly affected by solution pH on the basis of electrostatic interactions controlled by the
protonation of the inner amine groups: Attractive interactions reduced D due to the adsorption of
the molecules onto the ONT walls while repulsive interactions increased D. Here, the data in

Figure 6.7, together with data at 160 mM ionic strength in Figure 5.9, were replotted in Figure

6.8 to discuss the effects of pH on D for the three dye molecules.
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For anionic SRB (Figure 6.8a), all the ONTs showed very similar pH-dependent changes
in D, which would be basically regulated by electrostatic interactions. The decrease in D at the
lower pH could be explained by the reduction of electrostatic repulsion dye to the protonation of
the inner carboxyl groups of COOH-ONT1onm and COOH-ONT20nm. At higher pH, amine- and
carboxyl-terminated ONTs undergo less attractive and more repulsive interactions with SRB,

respectively, resulting in increase in D.

Figure 6.8b shows the effect of pH on D for zwitterionic/cationic RB. In contrast to NHa-
ONT10nm, COOH-ONT10nm and COOH-ONT20nm exhibited negligible pH-dependent change in D.
This observation can be explained as follows: At the lower pH, the carboxyl groups of RB and
ONT surface are protonated to give cationic RB and uncharged ONT surface, resulting in
negligible electrostatic interactions. At the higher pH, the deprotonation of carboxyl groups
afford uncharged, zwitterionic RB and anionic ONT surface, again resulting in in negligible
electrostatic interactions. In contrast, NH2-ONT1onm exhibited the higher D at the lower pH due

to repulsive interactions between the cationic RB and positively-charged ONT inner surface.
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Figure 6.8 Plots showing the effect of pH on D of (a) SRB, (b) RB, and (c¢) R123 for NH>-
ONTionm (black spheres), COOH-ONTonm (red triangles), and COOH-ONT2onm (blue squares).
Errors indicated 95% confidence interval obtained from Dont values from 4-15 ONTs.

Cationic R123 showed higher D at acidic pH for COOH-ONT10nm (Figure 6.8c). At basic
pH, pH effect on D was negligible. In contrast, NH2-ONT1onm exhibited an increase in D with
decreasing pH over the entire pH range, which was rationalized by electrostatic repulsion due to
the protonation of the inner amine groups. Of note, at this point, results for COOH-ONT20nm

could not be discussed due to the limited number of data.

The surface charge effects were further assessed by measuring D in pH 7.4 PBS solutions
at different ionic strengths. An increase in the PBS concentration from 1.60 to 500 mM leads to a
decrease in the Debye length from 7.6 to 0.43 nm, leading to the stronger screening of the
electrostatic interactions. As a result, both electrostatic attraction and repulsion are expected to

mitigate at the higher ionic strength and thus to observe larger and smaller D. However,
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experimental results were somewhat different. For SRB, both COOH-ONT10nm and COOH-
ONT20nm gave the highest D at 160 mM and similar D at the other ionic strengths (Figure 6.9a).
For RB, ionic strength effect was negligible (Figure 6.9b), as anticipated from the negligible
involvement of electrostatic interactions with the ONT surface (vide supra). Cationic R123 on
the other hand shows somewhat larger D for COOH-ONT10nm at 160 and 500 mM (Figure 6.9c),
attributable to the screening of the electrostatic attraction with the ONT surface. Again, the

results for COOH-ONT20nm cannot be discussed in this chapter due to the limited number of data.
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Figure 6.9 Plots showing the effect of ionic strength (1.60, 16.0, 160 and 520 mM) on D of (a)
SRB, (b) RB, and (¢) R123 for NH>-ONT1onm (black spheres), COOH-ONTonm (red triangles),
and COOH-ONT20nm (blue squares). Errors indicate 95% confidence interval obtained from Dont
values from 4-15 ONTs.

6.4 Conclusions
In this chapter, the diffusion behavior of three differently charged dyes was discussed

within three types of ONTs having different surface functional groups and inner diameters () in
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pH 3.4 — 8.4 solutions of different ionic strengths (1.6, 16, 160 and 500 mM). ONT length did
not affect diffusion behavior of any of the dye molecules for the three ONTS, indicating the
homogeneity of the properties of ONTs in the batch. COOH-ONT1onm and COOH-ONT20nm
exhibited similar diffusion behavior except RB molecules at acidic pH. Most importantly,
electrostatic interactions played the most significant role in molecular diffusion also in these
COOH-terminated ONTSs. Attractive interactions hindered the diffusion of molecules due to their
adsorption onto the ONT inner surface, while repulsive interactions enhanced the diffusion. The
negligible effect of ionic strength might be due to involvement of hydrophobic and hydrogen
bonding interactions in molecular diffusion in these ONTs. These findings may help design
ONTSs with appropriate surface properties and inner diameter for drug-delivery applications in

the future.
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Chapter 7 - General Conclusions and Future Outlook

In this dissertation, we investigated charge transport within self-assembled nanostructures
in thin-films of redox block copolymers (BCP) and molecular diffusion in asymmetric ONTS. In-
depth understanding of charge transport behavior in redox BCP microdomains of different
morphologies is very crucial for their potential applications as catalysts or sensors. Spectroscopic
ellipsometry, AFM and electrochemical methods were used to measure the film thickness,
microdomain morphologies and charge transport efficiency. Likewise, in-depth knowledge of
diffusion behavior of small molecules inside ONTs having different surface functional groups
and inner diameters at near-physiological pH and ionic strength conditions is required to utilize
them for drug-delivery applications. Imaging FCS provided a very convenient tool to study
molecular diffusion within the very small regions of a single ONT.

In Chapter 3, we successfully assessed the electrochemical properties of PS-b-PAEFc
thin-films in 0.1 M TBAPFe/acetonitrile. We showed that electron hopping assisted by
counterion migration was the charge transport mechanism within the thin PSiss-b-PAEFc26 and
PSis4-b-PAEFcs: films with possible lamellar and cylindrical microdomains, respectively.
Because of the higher electrochemical stability as a result of scaffold forming redox-inert PS
matrix, thin films comprising cylindrical microdomains were considered to be promising
candidates for electrochemical applications. PSiss-b-PAEFc12 showed thickness-independent,
adsorption-controlled charge transport behavior due to the formation of spherical microdomains
that were buried within PS matrix. Most importantly, we found that Dap was independent of
microdomain morphology or film thickness, reflecting comparable concentration, electron

transfer properties and dynamic properties of the redox moieties within the microdomains.
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In Chapter 4, we studied the electrochemical properties of the same PS-b-PAEFc thin-
films on gold electrodes in 0.1 M NaPFg/ethanol. We showed that a pristine PS-b-PAEFc film
was redox-inactive in NaPFe/ethanol but rendered redox-active once its redox moieties were
electrochemically oxidized in TBAPFe/acetonitrile possibly due to the incorporation of counter
ions into the film. Although the fraction of redox active ferrocene moieties in
TBAPF/acetonitrile and NaPFe/ethanol were comparable, charge transport efficiency
represented by Dap was significantly lower for the latter. The low charge transport efficiency may
reflect the restricted mobility of the redox moieties and limited counterion migration in the less
swollen films. AFM images showed that microdomain morphologies on the thin films were
retained even after a series of electrochemical measurements. Most interestingly,
TBAPFg/acetonitrile-activated PS-b-PAEFc films with cylindrical and spherical PAEFc
microdomains could be used as electrochemically responsive heterogenous catalysts for Michael
addition reaction in NaPFe/ethanol. We found that the reaction selectivity was controlled by
permeability of the reactants into redox-inactive PS matrix, and the overall reaction yield was not
affected by microdomain morphology.

In Chapter 5, we studied the diffusion behavior of three differently charged dye molecules
within self-assembled asymmetric ONTs (NH2-ONT1onm) in pH 3.4 — 8.4 PBS solutions having
ionic strength of 1.60 — 500 mM. These bolaamphiphilic ONTs had glucose and amine groups on
the exterior and interior surfaces, an inner diameter of 10 nm, a wall thickness of 3.5 nm and
lengths of 1 — 5 pum. A laser-based, wide-field fluorescence microscope was used to collect
fluorescence videos for imaging FCS measurements. Autocorrelation and subsequent theoretical
fitting of the data at each pixel across an ONT vyielded local diffusion coefficient (Diocar). Diocal

values from the multiple pixels were later averaged to calculate overall Dont for each ONT.
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Donr values from multiple ONTs were compiled to assess the effects of pH and ionic strength on
molecular diffusion behavior. pH effects on D showed that electrostatic interaction between the
dye molecules and ONT inner surface plays an important role in determining molecular diffusion
behavior: Electrostatic attraction between cationic ONT inner surface and anionic SRB resulted
in a decrease in D, while electrostatic repulsion for zwitterionic/cationic RB or cationic R123
with the protonated amine-terminated surface increased D. However, the effects of ionic strength
on D were negligible possibly due to the involvement of other non-coulombic interactions in the
molecular diffusion.

In Chapter 6, we further investigated the effects of surface charge and inner diameter on
the diffusion behavior of SRB, RB and R123 molecules using ONTs with inner carboxyl groups,
COOH-ONT10nm and COOH-ONT20nm. As with Chapter 5, imaging FCS measurements were
carried out in pH 3.4 — 8.4 PBS solutions having different ionic strengths (1.60 — 500 mM). As
with NH2-ONT1onm in Chapter 5, ONT length gave no influence on the Dont of molecules
studied. Inner diameters of the carboxyl-terminated ONTs (10 and 20 nm) gave no significant
effect on the molecular diffusion. Anionic SRB showed a decrease in D with decreasing pH due
to the reduced electrostatic repulsion as a result of the protonation of the surface carboxyl
groups. lonic strength did not affect D except 160 mM. Zwitterionic RB, in contrast, showed
similar D at pH 3.4 — 8.4 for COOH-ONT10nm and COOH-ONT20nm because either dye molecule
or ONT surface was uncharged in the solutions examined. Indeed, ionic strength gave no
influence on D. R123 showed similar D at most of the solution conditions except acidic pH in
COOH-ONT10nm. R123 showed a slight increase in D at higher ionic strength, which might be

due to the weakening of the electrostatic interactions as a result of charge screening.
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Unfortunately, we did not have enough data for R123 in COOH-ONT10nm and COOH-ONT20nm,
and thus we could not discuss its diffusion in these ONTSs.

This dissertation discussed charge transport behavior in nanostructures self-assembled from
redox diblock copolymers (Chapters 3 and 4) and molecular diffusion behavior within
nanostructures self-assembled from asymmetric bolaamphiphiles (Chapters 5 and 6). In the
former, the charge transport properties of the redox-active nanostructures were assessed using
electrochemical methods in TBAPFs/acetonitrile and NaPFs/ethanol and provided a means for a
catalysis application. One major problem with this study is that we did not perform any
annealing processes for the thin films, and thus the order and orientation of the microdomains
may not be good enough to extract the intrinsic charge transport properties of the microdomains.
In addition, a planar gold electrode is not ideal for efficient catalytic reaction due to the limited
electrode area. The use of a porous electrode as a support of a PS-b-PAFEc film will accelerate
the catalytic reaction. In the future, a myriad of redox BCPs will be examined for various
applications through a collaboration between polymer scientists and electrochemists. In the latter
regarding the ONT projects, we could not conclude the actual locations of the dye molecules in
ONTs: The dyes may be adsorbed on the outer surface or on the inner surface, or incorporated in
the wall, though we could infer that the dyes were mainly near the inner surface from the
significant influences of electrostatic interactions. In addition, the limited spatial resolution of the
fluorescence microscopic method hindered us from accurately differentiating between a single
ONT or a bundle of ONTSs. These problems may be solved through the advancement of optical
microscopic techniques in the future. Lastly, although imaging FCS is a convenient tool to
measure relatively slow diffusion of fluorescent species, this method cannot measure fast

diffusion (e.g., > 3 pm?/s) due to the limited temporal resolution of the emCCD detector. Future
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development of a more sensitive camera will improve the time resolution, and thus will permit

the measurements of faster diffusion.
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