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CHAPTER |

INTRODUCTION

Heightened awareness in global warming and an increasing demand in energy
consumption, projected to be ~40 TW by 2050, have generated a surging interest in
creating sustainable alternative energy sources. One of the major challenges of
incorporating these alternative technologies, such as solar cells and fuel cells, into
societal infrastructure is their cost. To reduce the cost of these technologies, either they
must be made more efficient or a fundamental rethink of current designs is necessary.
Currently, silicon-based photovoltaics have an efficiency of ~20%:;?> however, the
expense of their processing has kept photovoltaics from being commercially
competitive.! Fuel cells are currently limited by improper processing during membrane
electrode assembly, where membranes and electrodes are literally pasted together to
achieve 2-D interfaces that provide limited contact area for power generation. These
shortcomings can also underutilize rare and precious metal catalysts, raising the cost and
inefficiency of the fuel cell. An essential component of both of these energy conversion
technologies is the interfacial charge transfer from the cells to an external circuit. The
research presented herein seeks to address interfacial issues in both a biomimetic solar
energy conversion platform and also a 3-D architecture for potential improvements in
fuel cell processing and performance and is discussed in two parts: (1) the development of

dense, protein films on electrode surfaces for use in biomimetic solar energy conversion



and (I1) the bottom-up growth of ionomer films on both 2-D and 3-D electrode
architectures for use in proton exchange membrane fuel cells (PEM-FC).

Part | discusses the incorporation of the light harvesting complex, Photosystem 1,
into electrochemical systems. The Earth is bombarded with ~178,000 TW of solar
radiation, providing a huge capacity to meet present and future energy demands.® Plants
and some bacteria take advantage of this abundant energy source through photosynthesis,
Nature’s ~90 TW solar energy conversion process.* PSI, one of the major protein
complexes responsible for photosynthesis, exhibits photodiode properties transferring an
electron across the thylakoid membrane upon absorption of a photon with a quantum
efficiency of 0.97.° For nearly every photon absorbed, PSI produces charge separation
within 15 ps, inducing a potential drop of 1.1 V across the membrane.” These remarkable
properties exhibited by PSI make it a prime candidate for use in biologically inspired
solar energy conversion, in both solid-state photo-electrochemical devices and *“wet”

photo-electrochemical cells.®®

Counter Electrode

Figure 1.1. Schematic of PSI incorporated into a photoelectrochemcical cell.



To circumvent some of the problems in maintaining PSI in the dry, solid-state
environment of a device, we focus here on the incorporation of highly stable PSI,
extracted from spinach, into a “wet” photoelectrochemical cell through bottom-up, self-
assembly processing. As an example of a “wet” photoelectrochemical cell, Figure 1.1
shows a schematic of PSI oriented near an electrode surface and exposed to a solution
that contains a freely diffusing electrochemical mediator. Upon light-induced electron
transfer across PSI, the mediator is reduced at the acceptor site of PSI and can then
discharge its current at an anode, while the P700" reaction center must draw an electron
from the metal electrode (cathode) to enable further photon capture. The advantages of
using electrochemical mediators rather than a hard-wired, solid state device are that the
process more closely mimics photosynthesis with the mediator exhibiting a parallel
function as ferredoxin does in the plant and the protein complex is stable in an aqueous
environment. The research proposed herein will focus on PSI assembly into dense
monolayer and multilayer films, as well as PSI activity and performance in a
photoelectrochemical cell.

In order to effectively incorporate PSI into a solar energy conversion device, PSI
must be: 1) isolated from the thylakoid membrane while maintaining its functionality, 2)
assembled into dense films at an electrode with general orientation of its electron transfer
vector normal to the electrode surface, and 3) interfaced with efficient electron transfer
mediators to transfer charged species between PSI and an opposing electrode of the
device. Much work has been done in order to isolate PSI from its natural environment

9-12

without losing its unique properties and functionality” ™, and our work has built from



those studies.  Current methods for incorporating PSI into photovoltaics and
electrochemical cells primarily include adsorption of extracted PSI from solution onto
self-assembled monolayers (SAMs) atop gold electrodes through physical or electrostatic
interactions.® *¥*® PS| has also been successfully tethered to a gold electrode through
genetic mutation of specific subunits or residues.® " *° However, these approaches can be
labor intensive and may require many hours to achieve dense PSI layers that are effective
in solar energy conversion.

Chapters 1V and V discuss the development of PSI/Au electrodes for solar energy
conversion. This work developed a simple, fast method to assemble PSI on a surface
while maintaining functionality and performance, and these chapters discuss the effects
of the attachment scheme on electron transfer at the PSI/Au electrode. In Chapter V, we
discuss the expansion of the PSI monolayer assembly process to prepare dense multilayer
films of PSI. Further, the enhanced photocurrent observed for a multilayered PSI film
over that of a monolayer PSI film is described and discussed.

Part 1l describes the development of new surface-initiated ionomer films and
electrode architectures to enhance performance and efficiency of PEM-FC. The power of
a PEM-FC is determined by the reaction of oxygen with protons on Pt catalyst sites.
Thus, films that facilitate oxygen and proton transport to the Pt catalyst on the cathode of
the fuel cell would improve the performance and lower the cost of current technologies.
Current fabrication approaches®® 2 for proton exchange membrane (PEM) fuel cells are
highly empirical and utilize poorly controlled coating and processing methods. As an
example of a common integration of catalyst layers within a fuel cell, a microscopically

ill-defined mixture of catalyst and ionomer is sprayed or brushed onto a Nafion®



membrane, and the resulting structure is pressed against a carbon cloth.?! Due to the poor
control of this method, a significantly thicker catalyst layer must be prepared to assure
complete coating of the membrane, leading to waste of expensive materials. Coupled
with the empirical nature of the mixing process, this overly thick catalyst layer will result
in poor utilization of catalyst since many catalyst particles are not directly wired to the
electron- or proton-conductive elements and are therefore inactive in the electrode
reaction.”? In addition, the haphazard mixing of these processes leads to poor
reproducibility and the inability to compare results from different laboratories.

As fuel cell interfaces evolve from nearly 2-D to highly porous, 3-D systems,?
the ability to grow ionomer from the electrode surface, monomer by monomer, is
essential to ensure the appropriate integration of ionomer with electrode/catalyst.
Presynthesized bulk ionomer would be restricted from entering small pores, leading to
inaccessibility of the expensive catalyst in those pores to the transport of reactants. Here,
we employed the surface-initiated ring opening metathesis polymerization of 5-
(perfluoro-n-alkyl)norbornenes (NBFn), followed by sulfonation of their olefinic
groups,?* as a route towards ultrathin ionomer coatings to enhance oxygen and proton

transport to the “triple interface” as discussed in Chapters VI-1X.
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CHAPTER II

BACKGROUND

Photosystem I (PSI)

Photosystem | (PSI), a ~500 kDa protein with an ~80 nm? footprint, is one of two
photosynthetic reaction centers essential in the photosynthesis process found in higher
order plants and some bacteria."® The primary light driven reactions in photosynthesis
are catalyzed by four protein complexes: Photosystem Il (PSIlI), cytochrome bgf,
Photosystem | (PSI), and an ATP-synthase (Figure 1).>* Upon photo-excitation, PSII
enables the oxidation of water. The cytochrome complex facilitates proton and electron
transfer between PSII and PSI. Upon photo-excitation, PSI reduces ferrodoxin to enable
production of NADPH. The ATP-synthase generates ATP. Photosystem | produces the
largest potential drop upon absorbing light, and captures 20% more photons than PSI1.>®
Spinach-derived PSI is considered to be a macromolecule comprised of 16 protein
subunits, 2 phylloquinones, 3 FesS; clusters, and many chlorophyll light harvesting
complexes (the amount of chlorophylls per PSI is dependent upon extraction methods

used, usually ~100) (Figure 2.1).%> %%
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Figure 2.1. Structure of PSI with the P700 reaction center, electron transfer chains, and iron complexes
highlighted. This figure has been adapted from Nelson and Yocum.?

Upon absorbing photons through light harvesting complexes, PSI generates excited
electrons that travel unidirectionally from the reaction center, P700, to the ferredoxin
docking sites, Fa/Fg, at the stromal side of the protein using one of two electron
pathways. Upon exposure to light PSI behaves as a diode and achieves a 1.1 V potential
drop from P700, with an E, of +440 mV vs. NHE, to the Fa/Fg cofactor, with an E, of
-540 mV vs NHE. In plants and cyanobacteria, the P700 reaction center is reduced by
plastocyanin. The quantum efficiency of PSI is near unity and electron transfer occurs in

approximately 15 ps.'* **

Self-Assembled Monolayers and PS1 Adsorption

Self-assembled monolayers (SAMs) have been utilized effectively in the
modification of surfaces in order to immobilize many biological species, including
peptides,’? DNA,** ** proteins,**® and cells.”>*" In particular, o-terminated alkyl thiols

are widely used because of their commercial availability and the dense 2-D sheet of
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surface functionality that results from their assembly. Greenbaum et al. demonstrated
that PSI readily adsorbs onto hydroxyl- and carboxyl-terminated SAMs, presumably

through hydrogen bonding and electrostatic interactions, respectively.’® 2

By
characterizing their films with scanning tunneling spectroscopy, they were able to
distinguish the orientation of the PSI complexes on the SAM surfaces. They report that
~70% of the PSI complexes orient with the electron transfer vector normal to the surface
on hydroxyl-terminated SAMs, whereas ~80% of PSI complexes orient parallel to the
substrate atop carboxyl-terminated SAMs. Terasaki et al. utilized 3-mercapto-1-
propanesulfonic acid SAMs to preferentially attach PSI to gold nanoparticles with the Fg
site proximal to the surface,”* and Rusling et al. investigated bacterial PSI adsorbed onto
a polycationic layer atop a thin, negatively charged SAM on gold.?* Previously, our
group has demonstrated that PSI does not adsorb to low energy surfaces from solution.?®
We were able to control PSI adsorption by patterning substrates with high and low energy
moieties, such as hydroxyl- and methyl-terminated alkanethiols.?* However, these
methods do not directly attach PSI to the substrate. By taking advantage of a thiol
group’s affinity for gold, Das et al.?® and Frolov et al.*® %" have mutated PSI subunits to
contain cysteine residues that enabled PSI to have a direct linkage to a gold surface. Both
groups claim that through the cysteine mutation they are able to control the orientation of
PSI complexes on the surface.

The approaches mentioned above are limited due to only a monolayer of PSI
being used. In its natural environment, PSI resides within the lipid bylayer of thylakoid

stacks located in the chloroplasts of the cell. Since, the thylakoid membranes are in

stacks, each plant cell is able to absorb more light. Thus, translating this principle to PSI-
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modified electrodes, multiple layers of PSI would be able to convert more light into
chemical or electrical energy than monolayer PSI films. Recently, Carmeli and Frolov
described a method in which they prepared a multilayer PSI film through layer-by-layer
deposition.® They mutated PSI to include a cysteine residue to preferentially bind the
protein to the electrode surface. Then depositing Pt to the Fg site, they repeated PSI
monolayer deposition taking advantage of sulfur’s affinity for Pt, creating stacked layers
of PSI. This technique is tedious and cumbersome, requiring many steps to create the
multilayered protein film. In Chapter V a facile method for the formation of multilayer
PSI films will be discussed.

(d)

@ w o 0, "

Figure 2.2. The orientation of PSI impacts the type of current produced upon photo-excitation: cathodic
(@) or anodic (b). Direct electrochemical measurements of P700 (c) and Fg (d) are possible by inhibiting
light exposure.

PSI behaves as a photodiode, such that, upon exposure to light, electrons are
transferred unidirectionally across the protein complex from P700 to Fg. Thus, the
orientation of PSI affects the type of photo-induced current produced. If the P700 is
proximal to the electrode, a cathodic current is produced by electrons transferring from
the gold substrate to P700 (Figure 2.2(a)). However, if the Fa/Fg clusters are near the

electrode surface, electrons are transferred from Fg to the electrode, producing an anodic
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photo-current (Figure 2.2(b)). Random PSI adsorption on an electrode surface would
yield little or no net photo-current due to the competing cathodic and anodic currents
produced. Therefore, controlled orientation of PSI on the electrode surface is essential in

the development of PSI photoelectrochemical cells and devices.

Electron Mediators

In plants, the primary electron mediators that interact with PSI are plastocyanin
and ferredoxin. Upon photo-excitation, P700 is excited to P700" sending an electron
across the protein to the iron complexes Fa/Fg, so that P700* becomes P700".
Ferredoxin then oxidizes Fa/Fg. In order to repeat the cycle, plastocyanin must reduce
P700" back to P700. However, artificial redox mediators can be used to reduce and
oxidize P700" and Fa/Fg, respectively. x,y-Dipyridyl salts, such as methyl viologen
(MV, E, =-0.44 V vs NHE) and 2,6 dichloroindophenol (DCIP, E, = +0.22 V vs. NHE),
and low-potential quinones, such as anthraquinone sulfonates (E, ~ -0.2 V vs. NHE), are
able to accept electrons from Fa/Fg.2° Electron donors of P700 are the reduced form of
DCIP (DCIPHy) and sodium ascorbate (NaAs, E, = +0.06 V vs. NHE); however, other
mediators (diaminodurene, phenazine methosulfate, and N,N,N,N-tetramethyl-p-
phenylenediamine) can also reduce P700" if present in high concentrations.”® We will

primarily be using MV, DCIP, DCIPH,, and NaAs as redox mediators (Figure 2.3).
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Figure 2.3. Common electron acceptors (top) and donors (bottom) of PSI.

Fuel Cells

Fuel cells are electrochemical cells that capitalize on the oxygen reduction
reaction with hydrogen to generate power. Figure 2.4 displays a schematic of a typical
proton exchange membrane fuel cell (PEM-FC). In PEM-FCs, the hydrogen source gas
is split into electrons and protons at the anode. The electrons flow through an external
circuit toward the cathode, whereas the protons are transported to the cathode using an
ionomer membrane as electrolyte. The ionomer doubles as a barrier to the feed gases
between the electrodes. The electrochemical circuit is completed at the catalyst-coated
cathode where the protons combine with oxygen and electrons to form water. The
efficiency of a PEM-FC is dependent on the integration of the ionomer membranes, feed

gases, and catalysts sites, also known as the “three-phase” interface in a FC.
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Figure 2.4. Schematic of a typical proton exchange membrane assembly.

Current PEMs are generally doped with either sulfonate or phosphonic acid
groups to promote proton transport to the cathode of a FC. Nafion 117, a
perfluorosulfonate polymer created by Du Pont, is the predominant ionomer studied due
to its chemical, mechanical, and thermal stability and high proton conductivity at
moderate temperatures, ~80° C. The proton conductivity of these polymers increases
with the degree of sulfonation. However, Nafion membranes suffer from degradation in
mechanical stability at sulfonation levels > 60% and complete solubility in water at levels
> 80%. To circumvent these issues, more rigid and mechanically robust ionomer
membranes are being investigated. In particular, polybenzimidazole-based PEMs are
being developed as the cyclic structures that comprise the back-bone of the ionomer are
stiff and introduce mechanical stability.*® This class of ionomers is more thermally stable
than Nafion and is applicable to higher temperature FCs that operate from 150° — 200°
C.SO

Chapters VI-I1X discuss the development of novel cathode interfaces by designing
a new ionomer film to facilitate the ORR on planar and porous supports. The ionomer

materials introduced here are comprised of a series of sulfonated poly(perfluoro-n-
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alkyl)norbornenes, structure shown in Figure 2.5. In general, polynorbornenes exhibit
excellent thermal and chemical stability,®* and the asymmetry of the structure proposed
here, considering the hydrophobicity of the fluorocarbon sidechain, should promote self-
organization to promote formation of a hydrophobic matrix for good gas transport along
with SOz  lined channels for proton transport. A notable advantage of these
polynorbornenes is that they can be grown from surfaces at low temperature using a
controlled ring-opening metathesis polymerization (ROMP) to produce well-defined thin

films on surfaces of any geometry.*

SO

OH m

Ro

Figure 2.5. Chemical structure of sulfonated poly(5-(perfluoro-n-alkyl)norbornenes) where R, = C4F,,
C6F131 C8F17, ClOFZl-

Surface-Initiated Polymerization
Surface-initiated polymerization (SIP) is a commonly used method for coating

complex, three dimensional substrates.®*

Conformal polymer coatings on irregular
surfaces cannot be obtained using spin-coating or solution-casting methods due to the
topical nature of these deposition techniques. Traditional polymerization techniques such
as ionic, living radical, and ring-opening polymerizations are applicable as surface-

initiated approaches. However, in SIP, a bottom-up approach is used in which the

monomer reacts with a surface-tethered initiator or polymerization catalyst, resulting in
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the growth of a polymer chain from the surface. SIPs offer rapid film growth,*” improved
adhesion due to a chemical attachment of the initiator/polymer chain to the substrate, the
ability to prepare uniform, conformal coatings on objects of any shape,*® excellent control

over film thickness,®® from a few nanometers up to the micron level

tunable grafting
densities,* and good control over depth-dependent composition by enabling the growth
of additional blocks to prepare copolymer films.**? These films are already used in
applications traditionally dominated by spin coating and solution casting, such as

43, 44

polymer dielectric layers,® etch resists for lithography,** ** responsive polymer films,**

%% and membrane separations.*” “?

Highly Porous Electrodes
Nanoporous Gold Leaf

The current measured by an electrode scales with its electrochemically active
area, and thus, the fabrication and modification of highly porous conductive substrates is
an active area of research. These porous electrodes can be fabricated using casting and
etching methods involving colloidal dispersions® or block copolymers®® *! the
anodization of oxides, such as alumina, and electrochemical acid treatments of silicon.*®
The latter two methods require additional processing to increase their conductivity to
function as electrodes. Porous gold electrodes are advantageous for their chemical
stability, wide active electrochemical window, and ease of surface modification with
thiols®* and disulfides.”® However, there are few simple methods available to synthesize
nanoporous metallic structures.  One such method is the dealloying of gold/silver leaf

alloy reported by Erlebacher et al.>® to create a mesoporous gold substrate, shown in
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Figure 2.6. As the leaf is inserted into nitric acid, the acid selectively etches the silver
from the alloy. The remaining gold tends to cluster into mesh-like islands that allow the
dissolution front to move further into the material, leaving behind nanoporous gold mesh
structures.”® " This process occurs rapidly (< 5 min) for thin sheets ~100 nm thick. The
average mesh size of the nanoporous gold structure is tunable through additional
annealing time, which allows the gold structure to coarsen and lowers the specific surface

area while increasing ligament and pore size.”®

Figure 2.6. Scanning electron micrograph of nanoporous gold leaf prepared by exposing a gold/silver leaf
to nitric acid for 4 h.

Modified Carbon Electrodes

Functionalized carbon electrodes have widespread applications in sensing,*® *°
analytical electrochemistry,®® and fuel cell designs.”® In particular, carbon electrodes
coated with thin polymer membrane films can selectively mitigate the transfer of desired
species, thereby enhancing the signal for chemical®® and biological sensing®® or

enhancing catalytic reactions. These membranes can be discretionary using molecule

size, charge, or chemical affinity. A notable example is the perfluorinated ionomer
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Nafion which has been used as a barrier against anionic species while facilitating
transport of hydrophobic cations. Moussy et al. were able to fabricate a carbon electrode
modified with a membrane film comprised of porphyrin and Nafion that enhances the
selectivity of NO over NO;" such that concentrations as low as 10 nM of NO could be

detected.®

Figure 2.7. Scanning electron micrograph of unmodified carbon paper.

Carbon paper (Figure 2.7) is an attractive substrate as it provides a 3-D, high
surface area porous electrode at reasonable cost. Polymerization initiators are attached to
carbon electrodes by either reductive or oxidative methods. Reduction of chemical

moieties onto the carbon surface is primarily carried out electrochemically using

65, 66

aryldiazonium salts. Non-electrochemical methods include the use of chemical

reducing agents, such as HsPO,, to covalently attach salt cations to the carbon substrate.®’

In contrast to reductive techniques, oxidative modifications can erode the carbon surface.

69-71

68, 89 or concentrated acid washes®® " as

Typical oxidation processes include O, plasma

72, 73
l,

well as electrochemica or high temperature® treatments of the carbon. Upon
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oxidation, the carbon electrodes are further modified using appropriate chemistry to
attach the desired ligand to the surface. In Chapter 1X, we describe the SIP of 5-

(perfluorohexyl)norbornene on carbon paper.
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CHAPTER III

EXPERIMENTAL PROCEDURES AND CHARACTERIZATION METHODS

Experimental Procedures

Materials

Gold shot (99.99%) was obtained from J&J Materials, and silicon (100) wafers
were purchased from Montico Silicon. Chromium-coated tungsten rods were obtained
from R.D. Mathis. Deionized water (16.7 MQ) was purified using a Modu-Pure filtration
system, and 200 proof ethanol was used as received from Aaper. SpectraCarb carbon
paper (2050-A) and Toray Teflon treated carbon paper (TGP-H-30) were purchased from
fuelcellstore.com. 5-n-butylnorbornene (98%) and 5-n-decylnorbornene (98%)
monomers were provided by Promerus Electronic Materials and used as received.
1H,1H,2H-perfluoro-1-dodecene (97%) was used as received from Matrix Scientific.
Grubbs Catalyst - first generation (benzylidene-
bis(tricyclohexylphosphine)dichlororuthenium), 4-mercapto-1-butanol (97%), Grubbs
Catalyst - 2n generation (1,3-Bis-(2,4,6-trimethylphenyl)-2-
(imidazolidinylidene)(dichlorophenylmethylene), 1H, 1H, 2H-perfluoro-1-hexene (99%),
IH,1H,2H - perfluoro-1-octene  (99%), 1H,1H,2H-perfluoro-1-decene (99%),
hydroquinone, 1,2,4-trichlorobenzene, and 2,2,2-trifluoroethanol, 1-dodecanethiol (98%),
hexane-1,6-dithiol (97%), copper (II) sulfate (99%), 11-Mercapto-1-undecanol (97%),

K;3Fe(CN)s  (99%), KuFe(CN)¢3H,O (99%), 2-aminoethanethiol hydrochlorate,
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mercaptoacetic acid (MAA), terephthaldialdehyde, 1-octanethiol, N-hydroxysuccinimide,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, sodium ascorbate, and
2,6 dichloroindophenol were used as received from Sigma-Aldrich. Norbornene (NB,
99%) was used as received from MP Biomedicals. Gold leaf (Monarch 12 Kt) was used
as received from fineartstore.com. Dichloromethane (99.9%), potassium
tetrachloroplatinate (II) (46.5-47% Pt), dicyclopentadiene (95%), trans-3,6-endo-
methylene-1,2,3,6-tetrahydrophthaloyl chloride (97%), n-hexadecane (99%), acetic
anhydride (99%), perfluorooctanoyl chloride (C;F;sCOCIl, 98%), 1,2-dichloroethane,
nitric acid (69.6%), Triton X-100, toluene (99.9%), NasP,O;"H,O, MgCl,"6H,0,
NaH,PO4H,0, MnCl,*4H,0, NaCl, acetone, sorbitol, ascorbic acid, HEPES, and tricine
were used as received from Fisher Scientific. Hydroxylapatite fast-flow was purchased
from Calbiochem. Sulfuric acid (95%) was used as received from EM Science and 1-
Docosanetiol was purchased from Narchem. n-Decane (99%), n-dodecane (99%), and n-
tetradecane (99%) were purchased and used as received from Alfa Aesar. N, and O, gas

cylinders were obtained from A1 Compressed Gas.

Preparation of Gold Substrates

Silicon wafers were rinsed with ethanol and water, then dried in a nitrogen
stream. Chromium (100 A) and gold (1250 A) were sequentially evaporated onto the
silicon wafers at rates of <2 A s in a diffusion-pumped chamber with a base pressure of

under 5 x 107 torr. The wafers were typically cut into sample sizes of 1.5 cm x 3.5 cm.

Photosystem I Extraction
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Commercial spinach leaves were used for PSI isolation using a modified

procedure to that reported by Reeves and Hall.'*

Briefly, spinach leaves were finely cut
and homogenized in grinding medium (0.33 M sorbitol, 10 mM NasP,07, 4 mM MgCl,, 2
mM ascorbic acid, pH 6.5) and then filtered and centrifuged to separate the chloroplast
pellet. The pellet was resuspended in a resuspension buffer (0.33 M sorbitol, 2 mM
EDTA, 1 mM MgCl,, 1 mM MnCl,, 50 mM HEPES, Triton X-100, pH 7.6) and
centrifuged. The resulting suspension was loaded onto a hydroxylapatite column, washed
with column buffer (10 mM phosphate buffer, pH 7), and eluted with elution buffer (0.2
M phosphate buffer, pH 7, with 1 mM Triton X-100). Chlorophyll concentration was
analyzed using the methods described by Shiozawa et al.' and Markwell et al.” The P700
concentration was determined using methods described by Baba et al.® The final

suspension containing approximately 20 uM PSI in elution buffer was stored at -80 °C.

A more detailed description of the extraction procedure is given in Appendix A.

Synthesis of 5-(perfluoro-n-alkyl)norbornenes

R—C=CH, -+ @ 170C, 720
H R

1H, 1H, 2H-perfluoroalkene  Cyclopentadiene 5-(perfluoro-n-alkyl)norbornene

R=C\Fa:1(n=4,6,8, 10)

Figure 3.1 Schematic of the Diels-Alder reaction used to synthesize 5-(perfluoro-n-alkyl)norbornenes.

Four monomers were synthesized utilizing a Diels-Alder reaction, shown in

Figure 3.1, described by Perez et al.:  5-(perfluorobutyl)norbornene (NBF4), 5-
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(perfluorohexyl)norbornene (NBF6), 5-(perfluorooctyl)norbornene (NBF8), and 5-
(perfluorodecyl)norbornene (NBF10), with ~47%, 48%, 47%, and 50% yield,
respectively. Briefly, a Parr Instruments high pressure reaction vessel was charged with
1:1 molar ratios of the 1H, 1H, 2H-perfluoro-1-alkene and dicyclopentadiene and 0.03
mol fraction of hydroquinone, as a quenching agent. The reaction was held at 170 °C for
72 h. CAUTION: Contents of reactor will be under high pressure- wait until the reaction
vessel cools to room temperature before removing contents. Monomers were purified by
vacuum distillation. A DRX-400 Bruker NMR spectrometer equipped with a 9.4 Tesla
Oxford magnet was used to confirm the chemical structure and composition of the
synthesized 5-(perfluoro-n-alkyl)norbornenes (NBFn). The reactions yielded ~3:1 ratio
of endo- to exo-isomers of the NBFn as determined by °C NMR. The NMR spectra
were collected using deuterated chloroform as solvent and are consistent with those
reported by Perez et. al. NBF4: 'H NMR (CDCL): & 6.2, 6.0 (2H), 3.2 (1H), 3.0 (1H),
2.8 (1H), 2.0 (1H), 1.5 (1H), and 1.2-1.4 (2H). ""F NMR (CDCls): &-81.0 (s); -112.8
(m); -123.8 to -121.4 (m); -127.1 to -125.1 (m). NBF6: 'H NMR (CDCL): § 6.2, 6.0
(2H), 3.2 (1H), 3.0 (1H), 2.8 (1H), 2.0 (1H), 1.5 (1H), and 1.2-1.4 (2H). ""F NMR
(CDCl3): 8-80.9 (s); -112.6 (m); -123.8 to -121.3 (m); -127.1 to -125.3 (m). NBF8: 'H
NMR (CDCl): 8 6.2, 6.0 (2H), 3.2 (1H), 3.0 (1H), 2.8 (1H), 2.0 (1H), 1.5 (1H), and 1.2-
1.4 (2H). F NMR (CDCls): & -81.0 (s); -112.6 (m); -123.8 to -121.4 (m); -127.2 to -
125.4 (m). NBF10: 'H NMR (CDCls): § 6.2, 6.0 (2H), 3.2 (1H), 3.0 (1H), 2.8 (1H), 2.0
(1H), 1.5 (1H), and 1.2-1.4 (2H). ""F NMR (CDCl): & -80.9 (s); -112.6 (m); -123.9 to -
121.4 (m); -127.2 to -125.5 (m). Table 3.1 summarizes the °C NMR spectra for all

monomers.
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Table 3.1. Summary of °C NMR spectra for all pNBFn monomers.

2 !

J . BCs (ppm)

Monomer  Isomer C, C, Cs; C, Cs Ce C;
NBF4 exo 411 138.2 136.2 42.3 40.6 26.7 46.3
endo 41.9 137.2 131.7 435 40.8 27.4 49.6

NBE6 exo 411 138.1 136.2 42.3 40.6 26.7 46.2
endo 41.9 137 1 131.6 435 40.7 27.4 495

NBES exo 41.2 138.2 136.3 42 .4 40.6 26.7 46.3
endo 42.0 137.2 131.7 43.6 40.7 27.5 49.6

NBE10 exo 411 138.1 136.2 42.3 40.6 26.7 46.2

endo 41.9 1371 131.6 43.5 40.9 27.4 49.5

Characterization Methods

Reflectance Absorption Infrared Spectroscopy

Reflectance absorption infrared spectroscopy (RAIRS) and polarized modulation
infrared reflectance absorption spectroscopy (PM-IRRAS) are non-destructive,
vibrational spectroscopic methods used to determine composition and to derive structural
information from thin organic films.® RAIRS and PM-IRRAS involve a single reflection
of an IR beam off of a reflective substrate that is coated by an organic film. The reflected
radiation creates an electric field normal to the substrate. Peak positions and intensities
in the IR absorption spectrum can provide compositional and structural information of the
organic film. Molecular groups within the film absorb the IR radiation to yield
absorbance peaks in the spectrum with intensities that depend on the concentration of
those groups within the films and the orientation of their transition dipole moments

relative to the electric field.” The observed peak for a given mode in the IR spectrum is
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proportional to the square of the component of its dynamic dipole moment oriented along

the surface normal, as indicated by the following equation:'’

| oc cos® 6, (3-1)

where | represents the spectral intensity and 6,, is the average angle between the

transition dipole moment (m) for a particular band and the surface normal (z). Thus, a

functional group with a dipole oriented mostly normal to the substrate (8,,— 0°) will

have a much higher spectral intensity than a functional group oriented mostly parallel to

the substrate (6,, — 90°). PM-IRRAS provides higher signal to noise ratios over RAIRS

and thus, is advantageous when investigating very thin organic films, such as short-chain

alkanethiolates.

Table 3.2. Correlation between protein secondary structure and IR absorbance.

Wavenumber (cm'l) Secondary Structure Assignment
1616 — 1620 B-turn
1624 — 1636 [-sheet
1638 — 1645 unordered helix
1648 — 1660 a-helix
1663 — 1667 a-helix
1670 — 1676 [-sheet
1680 — 1690 B-turn
1692 — 1697 [-sheet

For a PSI film, there are two significant vibrational bands appearing in the mid-IR
region corresponding to amide (N-C=0) stretching: Amide I (1600-1700 cm™) and

Amide I (~1500-1600 cm™). Secondary structure of PSI can be determined by
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deconvoluting the Amide I absorption peak.'' Table 3.2 above displays the relationship

1121 pQT denaturation caused

between the IR absorption range and the protein structure.
by unfolding of the protein can be determined by monitoring changes in the Amide I
absorption peak. PSI interaction with the underlying SAM can also be investigated using
RAIRS. Evidence of covalent attachment can be determined by the diminution (or lack
thereof) of the absorbance peak for carbonyl stretching (~1680-1740 cm™) when NHS- or
TPDA attachments are used (see Figure 15 (a) and (b), respectively).

For the pNBFn films, the CF; stretching modes absorb strongly from 1100-1400
cm™. Due to the helical structure of fluoroalkyl chains, two types of CF; stretching peaks
are expected in the IR: those lying along the helical axis (14 (CFs), 1300-1400 cm™) and
those perpendicular to the helical axis (14,d(CF), 1100-1300 cm™).****  The ratio of
15d(CF2) to v (CF,) absorbance for the film, relative to the same ratio for isotropic
orientation of drop-cast pNBFn films, provides information on the orientation of the
fluorocarbon side chains in the polymer film relative to the surface normal.

RAIRS was performed using a Varion Excalibur FTS-3100 infrared spectrometer.
The p-polarized light was incident at 80° from the surface normal. The instrument was
run in single reflection mode and equipped with a universal sampling accessory. A
liquid-nitrogen-cooled, narrow-band MCT detector was used to detect reflected light.
Spectral resolution was 2 cm’ after triangular apodization. Each spectrum was
accumulated over 400 scans for polymeric films or 1000 scans for monolayer films using
a deuterated octadecanethiol-ds; self-assembled monolayer on gold as the background.

PM-IRRAS data were collected using a Bruker PMA-50 attachment to a Bruker

Tensor 26 infrared spectrometer equipped with a liquid-nitrogen-cooled mercury-
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cadmium-telluride (MCT) detector and a Hinds Instruments PEM-90 photoelastic
modulator. The source beam was modulated at a frequency of 50 kHz with half-

wavelength (1/2) retardation and set at 80° incident to the sample surface. Spectra for

SAMs on gold substrates were collected over 760 scans at a resolution of 4 cm™. The
differential reflection spectra (AR/R) were calculated from the s- and p-polarized signals

simultaneously collected by a lock-in-amplifier.

Electrochemical Impedance Spectroscopy

Barrier properties of organic thin films may be measured with electrochemical
impedance spectroscopy. In EIS, the film-coated electrode is part of an electrochemical
cell with a solution containing redox probes and ions and connected to an alternating
current source. During an EIS experiment, current is measured upon altering the
potential of the working electrode with a sinusoidal perturbation of varying frequency.

The following equation is then applicable to this situation:

7 _ E() _ E, cos(at) _7 cos(awt)
I(t) [,cos(at—9) * cos(wt — ?)

(3-2)

where Z 1is the impedance of the system, E(t) is the applied potential at time t, I(t) is
the resulting current at time t, E; is the amplitude of the potential, @ is the radial
frequency (equals 2nf where f is the frequency in Hz), |, is the amplitude of the current,

¢ 1s the phase shift of the output signal, and Z, is the magnitude of the impedance.

From these equations, the impedance of a system can be characterized by a magnitude
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and a phase shift. An impedance plot is obtained by measuring cell current while altering
the frequency of the ac source. The impedance changes due to the ability of redox probes
to reach the vicinity of the working electrode/metal surface underlying the film where
they can be oxidized/reduced. Impedance is directly affected by the transport of ions
through a film, and lower frequencies allow more time for diffusive processes to occur.”
Since an electrochemical cell is used, the results can be modeled using equivalent
electrical circuits consisting of resistors and capacitors that represent film, interfacial, and
solution properties. Resistance and capacitance values for the initiator and polymer
layers in our films may be estimated using the following equations that apply to the

equivalent circuits shown in Figure 3.2.

|Z| = \/(Zreal )2 + (Zimag )2 (3_3)

Zreal = R (3_4)
I

Zimag = R (3_5)

where |Z| equals Z, and is the magnitude of the total impedance, Z,, and Z,  are the

imag
real (resistances) and imaginary (capacitances) components of the impedance, R denotes
a resistance, and C denotes a capacitance. As evidenced by the impedance equations for

a resistor and capacitor, higher film resistance and lower film capacitance yield higher

37



total impedance. Higher impedance corresponds with the inhibition of ion transport to
the surface and signifies a better barrier film.*

EIS was performed with a Gamry Instruments CMS300 impedance system
interfaced to a personal computer. A flat cell (EG&G) was used to selectively expose 1.0
cm’ of each sample as the working electrode to an aqueous analyte solution.
Measurements were taken using a Ag/AgCl/saturated KCI reference electrode with
evaporated gold on silicon as the counter electrode. Data were collected between 107
and 10* Hz and fit using an appropriate equivalent circuit to determine resistance and
capacitance values. Reported values and errors represent the averages and standard

deviations, respectively.
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Figure 3.2. Equivalent circuits used to model impedance spectra for films on gold, nanoprous gold, and
carbon paper electrodes: (a) the commonly used Randle’s circuit; (b) the Randles circuit model modified
with a Warberg impedance; (c) the two-time constant model with mass transfer limitations; (d) the
constant-phase-element equivalent of a Randle’s circuit; (e) the constant-phase-element circuit modified
with a Warberg impedance; and (f) the constant-phase-element equivalent of the two-time constant model.
The constant phase element allows for film inhomogeneity and the modeling of “leaky” capacitors.

Cyclic Voltammetry (CV)

Cyclic voltammetry is the dynamic measurement of current at the working
electrode as a result of a linearly-sweeping potential in a standard three electrode
electrochemical cell. The potential is applied and is varied at a constant rate to a
predefined potential limit, at which the direction of the scan is reversed and the potential

22, 24

is scanned in the opposite direction. In a redox experiment, species deposited via

reduction on the forward scan are oxidized and desorbed on the reverse scan.
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CV was performed with a Gamry Instruments CMS300 impedance system
interfaced to a personal computer. A flat cell (EG&G) was used to selectively expose 1.0
cm’ of each sample as the working electrode to an aqueous analyte solution. Reported
values and errors represent the averages and standard deviations, respectively obtained
from at least 3 different experiments. Details of the specific CVs used for copper
underpotential deposition, thiolate desorption, and oxygen reduction reaction are

discussed in Chapter VII.

Underpotential Deposition (UPD)
Underpotential deposition is a plating technique where the deposition of a metal adlayer
onto a metal substrate occurs at potentials more positive than the equilibrium potential of

the given species. This equilibrium potential ( E,, ) is governed by the Nernst Equation:

red
E.=E' 4 L pp?
nF a”™

) (3-6)

where E° is the standard potential, R is the gas constant, T is the absolute temperature, n
is the number of electrons transferred, a is the chemical activity, and F is the Faraday
constant.”> UPD enables the deposition of submonolayer coverages of a less noble metal
adlayer onto a more noble substrate. UPD is typically accomplished in a CV experiment,
where deposition of the adlayer is observed as cathodic current and removal of the
adlayer is observed as anodic current. The potential is held at a value corresponding to
the desired adlayer coverage, and the working electrode is removed under constant

potential. We utilize UPD to deposit a submonolayer of copper (less noble adlayer) onto
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polycrystalline gold (more noble) substrates. Potentials are cycled between 500 and 50

0/1+
mV vs. Cu”

in a solution of 1.0 mM CuSOy in 0.1 M H,SO4 (aqg, nitrogen saturated).
On polycrystalline gold, only one copper UPD peak (~200 mV) can typically be
distinguished from the deposition of bulk copper.”® Underpotential deposition of copper
was performed with a Gamry Instruments CMS300 impedance system interfaced to a
personal computer. After at least two cycles, the potential was held just negative of the

UPD peak on the cathodic sweep (~100 mV), and the sample was removed from solution

under potential control. Samples were rinsed in ethanol and dried in a nitrogen stream.

Photochronoamperometry

We used photochronoamperometry to investigate the effect of light on the current
production from PSI films. Chronoamperometry is a measurement of current produced
over time from a working electrode while a potential step is applied to the working
electrode in the presence of redox mediators.””> In our photochronoamperometric
measurements, no potential step is made; however, a step in light exposure is used instead
(i.e. from dark or no light to light and vice versa). By keeping the potential of the
working electrode constant, the current produced by PSI films were measured
exclusively. The photo-current response of PSI can be affected by diffusional limitations
of electron transport mediators. The decay of the photo-current response is described by

the Cottrell Equation:

|, =nFAc |2 (3-7)
tr

where n is the number of electrons transferred in the reaction, F is Faraday’s constant, A

is the surface area of the electrode, ¢ is the bulk concentration of electron mediator, D is
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the diffusion coefficient of the mediator, and t is the time elapsed since the potential step
(in our experiments, light). Eqn. 3-7 strictly describes diffusional mass transfer only;
deviations from this model include convection or a non-diffusion limited system.*’

Photochronoamperometric measurements taken over a span of discrete potential
steps also provide valuable kinetic information. Plotting the amperometric responses vs.
potential setting on a log scale creates a graph known as a Tafel plot. Tafel plots have
two primary domains: a kinetically limited region in which electron transfer between the
electrode and mediator is capped by the set potential, and a diffusion-limited region in
which the concentration of mediator near the electrode surface is not sufficient to drive
the redox reaction. The current increases exponentially with increasing over-potential
throughout the kinetic regime of the plot, yet is approximately constant through the
diffusion-limited regime.

Light-induced chronoamperometric data were collected using a custom three-
electrode electrochemical cell attached to a CH Instruments CHI660a electrochemical
workstation equipped with a Faraday cage. A Ag/AgCl (saturated KCl) electrode was
used as a reference electrode, and a Pt mesh was used as a counter electrode. The
electrolyte medium contained 5 mM phosphate buffer, 100 mM sodium chloride, 250 uM
2,6 dichloroindophenol, and 5 mM sodium ascorbate. A 500 lumens Leica KL.2500 cold
lamp equipped with a red light filter was used as a light source. The working electrode

was set to a -0.11 V potential bias during data collection.
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Spectroscopic Ellipsometry

Ellipsometery allows determination of thickness and refractive index of single
films, layered stacks, and substrate materials with very high sensitivity.”® Film thickness
between 0.1 nm and 100 um can be measured, depending on the spectral range used and
the homogeneity of the thicker films. Thickness < 1 um can be determined with a
sensitivity better than 0.01 nm.”® Linear polarized light in a specified wavelength range
is reflected from a sample surface and changed into elliptically polarized light. Both the
polarization change, phase (A) and amplitude ('), of the reflected light are collected by a
detector. Information about the properties of the sample are contained in the complex
ratio, p is the Fresnel coefficient of reflection comprised of the parallel (r,) and

perpendicular (r5) electrical field vectors.

r

p=— (3-8)
rS

The fundamental equation of ellipsometry

p=tanye'A (3-9)

describes the connection between the measured quantities ¥ (amplitude) and A (phase)
and the sample properties contained in the coefficient of reflection p. Model layers
representing the film on the surface can be created to fit theory to the measured data.

A simple, effective model for thin organic films is the Cauchy Equation:

n:A+%+%+..., (3-10)

where n is the film refractive index, A, B and C are model fit parameters, and A is the
wavelength of incident light. The Cauchy model assumes a film to be optically

transparent and uniform in thickness.
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A J. A. Woollam Co. M-2000DI variable angle spectroscopic ellipsometer with
WVASE32 software for modeling was used for all ellipsometric measurements. The
optical source beam was set at a 75° incident angle to the sample surface and data was
taken from 400 nm — 700 nm. Thickness measurements were extrapolated using a one
parameter Cauchy model with an index of refraction of 1.45 for alkanethiol monolayers,
1.33 for PSI films,” and 1.38 for fluorocarbon polymer films.*® Reported values and
errors are the averages and standard deviations, respectively, of at least three

independently prepared samples.

Profilometry

A profiler uses a stylus tip to map surface topography and roughness by
measuring changes in the height of the stylus tip as it probes the surface using direct
contanct.’! Profilers have excellent vertical resolution, on the order of tens of nm, and

decent lateral resolution, on the order of hundreds of nm.’!

A Veeco Dektak stylus
profiler equipped with a high aspect ratio tip was used to determine pNBF6 film

thicknesses that exceeded 100 nm.

Atomic Force Microscopy

Atomic force microscopy (AFM) consists of a small cantilever with a nanometer
scale tip that is brought into contact with the surface being examined. The deflection of
the cantilever by the surface is monitored by the position of laser light reflected off the

31, 32

cantilever. Tapping mode (intermittent contact mode or dynamic contact mode)

AFM refers to the oscillation of the cantilever and detecting changes in the phase or
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amplitude of the oscillations to provide information on the surface. For soft surfaces,
such as protein or polymeric films, AFM is generally operated in tapping mode to
eliminate lateral forces that could potentially damage the surface and distort the
topographical image.”> We used a JEOL 5200 scanning probe microscope (SPM) to
investigate the surface morphology and uniformity of PSI and pNBFn films. Height
contrast images (20 um x 20 um) were collected in tapping mode using a silicon nitride
tip. The images were plane-fitted and filtered to remove noise using the instrument

software.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) uses a focused beam of electrons (in
vacuum) to probe a target surface or film. Upon interaction with the target sample, the
electrons and photons are emitted from, or through, the sample and collected using
appropriate detectors. The output of the detectors is synchronized with the directional
coordinates of the rastering electron beam to create an image of the surface. The SEM
image can yield information on morphology, composition, and crystallography about the
target sample using three imaging techniques available in SEM: secondary electron
images, backscattered electron images, and energy-dispersive X-ray analysis.”> We
obtained scanning electron micrographs using a Raith eLINE electron beam lithography
tool in image mode with an accelerating voltage of 10.0 kV and a working distance of 10
mm equipped with a backscattering detector. We used the Raith to characterize
unmodified NPGL and carbon paper electrodes, as well as, pNBFn films on planar

polycrystalline gold, nanoporous gold, and carbon paper electrodes. SEM images were
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also collected to investigate the morphology of PSI multilayer films on planar

polycrystalline gold electrodes.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an ultra high vacuum technique where
a material is irradiated with x-rays while the kinetic energy and number of escaping
electrons are measured. The kinetic energy can be used to determine the composition,
chemical state, and electronic state of the outermost ~10 nm of a material.>* Data are
typically reported as counts per second against binding energy. Binding energy (Eg) is
related to the kinetic energy (Ex) by equation 3-8, where hv is the energy of the incident

photons and @ is the work function of the spectrometer.”*

E, =hv—E, - ® (3-11)

We used XPS to investigate the extent of Cu and Pt coverage on a gold electrode
(discussed in Chapter VII), as well as, the surface concentration of oxygen and fluorine
moieties on carbon paper (discussed in Chapter 1X). X-ray Photoelectron spectra were
obtained with a PHI 5000 VersaProbe spectrometer equipped with a monochromatized Al
Ko X-ray source (square spot of 100 um x 100 um) and a concentric hemispherical
analyzer (pass energy = 150 eV). The detector angle with respect to the surface normal
was 45°. Peak positions were referenced to Au(4f7,) = 84.2 eV, and peaks were fit with

70% Gaussian/30% Lorentzian profiles and a Shirley background.
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Contact Angle Goniometry

The surface properties of films can be measured using the simple, direct method
of contact angle goniometry.”> When a small drop of liquid is placed onto a surface, the
interfacial tensions between the drop, the film surface, and air determine the shape of the

drop. The interfacial tensions are denoted as y,, at the solid-vapor interface, y at the
solid-liquid interface, and y, at the liquid-vapor interface. A force balance of these

tensions involved in the surface-liquid-air interface leads to Young’s equation:

Ysv —VsL =Ly c0sO (3-12)

where the contact angle, @, is the angle between the line drawn tangent to the edge of the
liquid drop (at the liquid-vapor interface) and the line flush with the surface underneath
the drop (the solid-liquid interface). For a given liquid, typically water or hexadecane,

7.y 1s held constant while all other values change depending on surface composition. A

goniometer, an optical microscope with a protractor built into the lens, is used to
determine 6. Water contact angles are used to indicate the relative
hydrophilicity/hydrophobicity of a surface, while hexadecane is used for oleophilicity /
oleophobicity. Larger measured angles result from more hydrophobic and oleophobic
surfaces.

Contact angles are useful in providing insight into surface roughness, chemical
composition, and interfacial structure. By adding small liquid drops (~5puL) to the

surface using a microliter syringe, the advancing contact angle 6, and receding contact

angle ¢k are generally measured. 6ais measured after liquid has been added to the drop,
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causing it to slowly advance across the surface, and ¢k is measured after liquid has been
removed from the drop, causing it to slowly recede across the surface. The chemical
composition at the surface also greatly affects the measured contact angles. Depending
on whether a surface is dominated by -CH,-, -CHjs, -CF,-, -CF3, or higher energy (-SOs-,
-OH) groups, the contact angles will be altered, shown in Table 3.3.>° The contact angle
hysteresis, 6p - €&k, gives a measure of the roughness or chemical heterogeneity of the
surface. More homogeneous surfaces have a very low hysteresis while heterogeneous
surfaces have a much larger hysteresis.”’

Table 3.3. Typical wetting properties of omega-terminated alkane thiols on gold. *****
Advancing Contact Angle

Surface Functionality Owater Ohexadecane
-S0O; <15 <10
-OH 25 <10
-CHa- 103 <10
-CH; 115 48
-CF»- 109 53
-CF;3 120 83

A Rame-Hart contact angle goniometer with a microliter syringe was used to
measure advancing and receding contact angles on static drops of the probing liquid on
the sample surfaces. The needle tip of the syringe remained inside the liquid drop while
measurements were taken on both sides of ~5 puL drops. Reported values and ranges

represent the average and standard deviation of values obtained from at least five

independent sample preparations.
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CHAPTER IV

RAPID ASSEMBLY OF PHOTOSYSTEM | MONOLAYERS ON GOLD
ELECTRODES
Introduction

Heightened awareness on global warming and an increasing demand for energy
has generated a surging interest in the harnessing of solar radiation, which offers the
greatest capacity of all alternative energy sources." Natural light harvesting complexes
are exceptionally efficient in converting captured photons with a quantum yield near 1.0.?
Recently, Photosystem | (PSI), a 500 kDa protein complex® essential in the electron
transfer process of photosynthesis, has been extracted from plants and cyanobacteria and
assembled at electrode surfaces to investigate biomimetic solar energy conversion.*
Orientation of adsorbed PSI layers on an electrode is a critical concern because PSI
behaves as a photodiode, enabling electron transfer from the P700 reaction center to the
FalFg sites once a photon of light is captured.

Traditional methods for incorporating PSI into photovoltaics and electrochemical
cells primarily include adsorption of extracted PSI from solution onto self-assembled
monolayers (SAMSs) on gold electrodes through physical or electrostatic interactions.>*°
PSI has also been successfully tethered to a gold electrode through genetic mutation of

specific subunits or residues.**™

These approaches can be labor intensive and may
require many hours to achieve dense PSI layers that are effective in solar energy

conversion. New fabrication methods that enable rapid assembly of oriented PSI
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monolayers can offer a profound impact in the preparation of biomimetic solar cells and

devices.
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Figure 4.1. Covalent attachment of PSI to a gold substrate. An amlne-termlnated SAM is reacted with
TPDA to form aldhydic termini, which are reactive with lysine residues of PSI to form covalent imine
bonds.

In this chapter, we describe a rapid and effective method for achieving dense,
oriented monolayer films of PSI. The versatility of this approach is demonstrated by the
formation of precipitated monolayers of PSI, isolated from commercial spinach leaves,
onto a variety of low and high energy surfaces alike. The method is similar to that where
solvent evaporation is utilized to increase protein concentration upon surface attachment
for preparation of assay arrays.* However, the majority of these methods involve
heating the solution or extensive periods of time. Here, we reduce the pressure of the
system in order to achieve rapid evaporation of solvent without thermal degradation of

PSI.
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Experimental Procedures
Preparation of SAMs.

The SAMs were prepared by immersing gold-coated silicon samples into 1 mM
o-terminated alkyl thiol solutions for 24 h at room temperature. Carboxyl-terminated
SAMs were further modified by immersing the samples in 5 mM N-hydroxysuccinimide
(NHS )and 20 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) aqueous
solution for 1 h. Amine-terminated SAMs were further modified by immersing the
samples in a 1 mM TPDA aqueous solution for 1 h. The samples were rinsed with
ethanol and water and dried under a stream of nitrogen following SAM formation and

modification.

Results and Discussion

As an example of an effective approach, we exposed an amine-terminated SAM,
prepared from adsorption of 2-aminoethanethiol onto gold, to a 1 mM solution of
terephthaldialdenyde (TPDA) in ethanol for 1 h (Figure 4.1). The TPDA-capped SAM
can bind lysine residues of proteins through covalent imine bonds.*> An aqueous solution
of PSI (~1.9 -10® mol/L) containing 0.2 M phosphate buffer and 0.9 mM Triton X-100
was then deposited onto the TPDA-modified SAM, Figure 4.2(a), and placed under
vacuum (~30 mTorr) for 5 — 180 min. As the water evaporates from the film, PSI
aggregates form and crash out of solution since PSI is by far the least soluble component
in this aqueous buffer solution. A thick film (~20 um) of PSI, salt, and Triton X-100 is

precipitated upon complete removal of the water, Figure 4.2(b). A dense and covalently
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bound monolayer (~70 A ellipsometric thickness) remains after thoroughly rinsing this

film with water, Figure 4.2(c).

+ salt
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Figure 4.2. Vacuum-assisted approach for rapidly forming dense PSI monolayers.

Although covalent attachment utilizing lysine residues is not as selective as some other
covalent attachment methods due to the abundance of lysines within PSI, the surface of
subunit F near the P700 reaction center does contain multiple exposed lysine residues.’
This fact, coupled with the tendency for PSI to orient with its luminal side nearest the

electrode surface on high energy surfaces,**°

suggests that our approach can
preferentially and covalently bind PSI with P700 proximal to the electrode for facile
electron transfer.

Figure 4.3 shows polarized modulation infrared reflectance-absorption spectra
(PM-IRRAS) of the amine-terminated SAM, the same SAM after capping with TPDA,
and after exposure to PSI using the vacuum-assisted assembly approach shown in Figure
4.2. After exposure of the amine-terminated SAM (Figure 4.3(a)) to a 1 mM TPDA
solution for 1 h (Figure 4.3(b)), TPDA conversion of the amine termini is evidenced by
the appearance of a peak at ~1716 cm™ corresponding to aldehydic C=0 stretching and a

peak at ~1640 cm™ corresponding to imine stretching, (Figure 4.3(b)). Upon exposure of
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TPDA-terminated films to ~19 uM PSI, covalent attachment is evidenced by the
diminution of the carbonyl peak (~1716 cm™) and the appearance of strong Amide | and
Amide 11 peaks at ~1662 cm™ and ~1540 cm™, respectively (Figure 4.3(c)). The ~80%
reduction of the ~1716 cm™ carbonyl peak is consistent with the formation of multiple
imine bonds between a single PSI complex and the underlying SAM since many TPDA

groups would be underneath the ~80 nm? footprint of PSI.

—_——_————
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Figure 4.3. PM-IRRA spectral evidence of PSI covalent attachment. Spectra are shown for an amino-
terminated SAM (a), a TPDA-functionalized SAM (b), and a PSI monolayer (c).

The PSI film that is attached through the TPDA-terminated SAM by the vacuum-
assisted approach for 30 min has an ellipsometric thickness of 67 + 7 A, which is
consistent with a dense monolayer of PSI, considering its size'® and the accompanying

free volume when curved objects such as PSI pack into a 2-D film. Using atomic force
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microscopy (AFM) we confirm the formation of a dense PSI monolayer with a RMS
roughness of 1.9 nm, as shown in Figure 4.4. As further confirmation that this PSI film is
indeed a dense monolayer rather than a sparse multilayer, we have exposed it to a 1 mM

solution of docosanethiol (C,2SH) in ethanol for 2 h.
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Figure 4.4. AFM image of a 10 um by 10 um section of a PSI monolayer film assembled using the
vacuum approach with a diagonal line scan depicting the surface topology.

We have recently shown that C»,SH will displace a thin, underlying SAM in areas that
are not coated by PSI whereas the presence of PSI acts to block this displacement
reaction.®  As shown in Figure 4.5, C»SH displaces the TPDA-terminated SAM when
PSI is not present, but does not adsorb when a PSI film is present on the surface. The

ineffectiveness for C2,SH to exchange away the TPDA SAM, coupled with the 67 + 7 A
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thickness for the PSI film and the smooth nature of the film, indicates a dense monolayer

of PSI on the surface of the electrode.

(a)

AR/R

2975 2925 2875 282¢
Wavenumber (cm™)
Figure 4.5. PM-IRRA spectra of a PSI monolayer prepared using the vacuum approach, (a), and a
terephthaldialdehyde SAM (b) prior to (faded) and after (bold) exposure to C»,SH for 2 h. *The PM-IRRA
spectrum of the TPDA SAM prior to C,,SH exposure (b, faded) has been magnified 10 fold to enable
clearer comparison.

We wused light-induced chronoamperometry with a custom 3-electrode
electrochemical cell to characterize the photoelectrochemical activity and relative
orientation of PSI films on gold electrodes. Upon adsorption, PSI can orient with its
electron transfer vector directed away from the electrode surface (P700 proximal to the
electrode), toward the electrode surface (Fg terminal acceptor proximal to the electrode),
or in some random, non-specific orientation.” During irradiation by light, the gold
electrode can donate electrons (cathodic current) to reduce the photooxidized P700*
reaction centers located near the SAM/PSI interface, and the electrode can receive

electrons (anodic current) from reduced Fg™ cofactors located near the SAM/PSI interface.
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The net current induced by the light is a measure of the cathodic current minus the anodic
current and is very sensitive to the average orientation of PSI. At the PSl/solution
interface, electron mediators are required to maintain a steady flow of current by
accepting electrons from Fg™ or donating electrons to P700" that are located near this
interface. The electrolyte medium for this experiment contained 5 mM phosphate buffer,
100 mM NaCl, 250 uM 2,6 dichloroindophenol (DCIP), an electron acceptor compatible
with the Fg site of PSI, and 5 mM sodium ascorbate (NaAs), an electron donor
compatible with the P700 reaction center. Figure 4.6 displays the photo-induced
amperometric responses of two different PSI films, one formed through the vacuum-
assisted approach of Figure 2 for 30 min and one adsorbed from a ~1.9x10° M PSI
solution for 30 min, with both using the TPDA attachment scheme (Figure 1).}" The
precipitated monolayer of PSI, prepared under vacuum, is ~75% denser (~70 A vs ~40 A
thickness) by ellipsometry and draws ~10 times more current from the gold electrode

than does the PSI film formed from traditional solution adsorption.
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Figure 4.6. Chronoamperometry of PSI monolayers covalently bound to a TPDA-functionalized SAM by
(@) vacuum-assisted assembly or (b) solution adsorption for 30 min. (c) Chronoamperometry of a TPDA-
functionalized SAM without PSI.
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The remarkably higher current for the vacuum approach may be related to a
higher coverage of active and oriented PSI during the photoelectrochemical
measurements. In this study, the electrodes were set to a potential of -0.11 V (vs.
Ag/AgCl), at which the oxidation of Fg (E® = -0.787 V vs Ag/AgCl)*® is more favorable
than the reduction of P700" (E° = 0.313 V vs Ag/AgCl).> The observation of cathodic
current in Figure 4.6 at this intermediate applied potential is consistent with an average
orientation of PSI where P700 is near the electrode/SAM interface for facile reduction of
P700" by gold.

To investigate whether adsorption of PSI from dilute solution precludes the
formation of dense protein films, we exposed a TPDA-terminated SAM to the PSI
solution for extended times. Assembly of PSI over these long periods of time (~50 h)
using traditional solution adsorption produced films of similar thickness and photo-
induced current to those of the vacuum approach under much shorter times (Figure 4.7a).
Dense PSI monolayer films utilizing the TPDA attachment yield at least ~90 nA/cm? of
photo-induced current for both vacuum-assisted assembly and solution adsorption. A
sharp increase in yielded current occurs for both methods when the PSI monolayer
approaches a density corresponding to at least a ~65 A thickness on this TPDA
monolayer (Figure 4.7c¢). We attribute this critical thickness to the related dense packing
of the protein complex on the surface, which encourages preferential orientation of PSI
and blocks access of reduced mediators to the gold surface to minimize anodic current.
The critical thickness is achieved after ~40 h of solution adsorption and just 30 min using
the vacuum approach, demonstrating that the vacuum-assisted assembly of PSI forms

these requisitely dense PSI films ~80 times faster than solution adsorption.
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Figure 4.7. Time-dependence of (a) PSI film thickness by ellipsometry and (b) current density for
vacuum-assisted assembly and solution adsorption of PSI. The dashed line in (a) represents a critical film
thickness of ~67 A, in which elevated photocurrents are observed. In (c), the critical film thickness is
shown more clearly as the effect of film thickness on photocurrent is shown.

Vacuum-assisted assembly is not limited to the TPDA attachment strategy of
Figure 4.1 and enables the formation of PSI monolayers on many SAMs, as well as direct
adsorption onto the gold electrode (Table 4.1). The vacuum-assisted approach enables
formation of PSI films on surfaces that previously promoted sparse or no PSI film
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formation using traditional adsorption methods. For example, we previously reported
that PSI does not assemble from solution onto CHs-terminated SAMs due to mediating

effects of the Triton X-100 surfactant with the low-energy surface.’

Table 4.1. A comparison between current and thickness produced from 30 min PSI adsorption via the
vacuum approach and solution adsorption. *Denotes covalent attachment strategies.

Vacuum-Assisted Assembly Solution Adsorption
Average Current Average PSI Film  Average Current  Average PSI Film

Attachment (nA/cmz) Thickness (A) (nA/cmz) Thickness (A)
None 101+ 11 72+9 137 44 + 14
HSC;H4,CH; 315 55+ 13 0 0
HSCH,COOH 26+ 6 64+7 4+2 29+14
HSC,H;NH, 1719 62+ 15 113 52 + 11
HSCH,CO-NHS* 65+ 34 7119 6+3 34+8
HSC,H,;N-TPDA* 90+8 677 714 35+ 11

Using the vacuum approach, we can indeed form PSI layers on a CHs-terminated SAM,
albeit at lower densities than for the other surface compositions. The enhancement in
photocurrent using vacuum-assisted assembly of PSI is greater than that of solution
adsorption for every attachment strategy studied at the common time of 30 min. The
vacuum approach accompanied by covalent attachment of PSI through TPDA or N-
hydroxysuccinimidyl (NHS) termini or direct adsorption of PSI onto the gold electrode

all enable consistently high PSI densities that again translate into high currents.

Conclusions
We have shown that a densely packed PSI monolayer of at least ~65 A is required
to obtain optimal solar conversion performance, and we have introduced a vacuum-

assisted method for PSI adsorption that produces these requisitely dense, oriented
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monolayers of PSI ~80 times faster than solution adsorption. This method also enables
the assembly of PSI films onto surfaces that have previously resisted adsorption of this
protein complex. The robustness and ease of this new assembly method should be easily

adaptable to other biomimetic systems.
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CHAPTER V

RAPID ASSEMBLY OF PHOTOSYSTEM I MULTILAYER FILMS ON GOLD
ELECTRODES

Introduction

The remarkable efficiency and reducing power of PSI has led to the development
of PSI-modified electrodes to convert solar energy for use in biocatalysis'™ or
electrochemical power generation. In order to use PSI towards these means, it is
extracted from its natural environment and attached to various electrode substrates. We’”
? and others'®'* have demonstrated the adsorption of PSI monolayers onto electrodes
using self-assembled monolayers (SAMs). Greenbaum and co-workers described the
orientation of PSI on carboxylic-, hydroxyl-, and amine-terminated surfaces and that
hydroxyl surfaces preferentially orient the protein with the P700 center proximinal to the
surface.”” Terasaki et al. used a sulfonic-acid-terminated SAM to adsorb a monolayer
PSI film with the Fj site close to the surface."* However, these methods do not provide a
direct attachment of PSI to the electrode. To covalently bind PSI to an electrode surface
Das et al.'' and Carmeli et al.'’ modified a PSI subunit with cysteine mutations to directly
bind the protein to a gold electrode. In the previous chapter we discussed a new, facile
method for the preparation of monolayer PSI films that combines the convenience of
SAMs and the stability afforded through covalent attachment. We determined that a
critical density of PSI was required on the electrode surface in order to achieve

appreciable photocurrent production.
These approaches are limited due to only a monolayer of PSI being used. In its

natural environment, PSI resides within the lipid bylayer of thylakoid stacks located in
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the chloroplasts of the cell. Since, the thylakoid membranes are in stacks, each plant cell
is able to absorb more light. Thus, translating this principle to PSI-modified electrodes,
multiple layers of PSI would be able to convert more light into chemical or electrical
energy than monolayer PSI films. Recently, Carmeli and Frolov described a method in
which they prepared a multilayer PSI film through layer-by-layer deposition."”> They
mutated PSI to include a cysteine moiety to preferentially bind the protein to the
electrode surface. Then depositing Pt to the Fp site, they repeated PSI monolayer
deposition taking advantage of sulfur’s affinity for noble metals, creating stacked layers
of PSI. This technique is tedious and cumbersome, requiring many steps to create the
multilayered protein film. Last chapter, we described a technique in which we were able
to form monolayer PSI films ~80 times faster than pre-existing methods.” Here, we
extend this method to the formation of multilayer PSI films and compare their
electrochemical performance to that of PSI monolayer films.

In this manuscript, we describe the preparation of multilayer PSI films using the
vacuum-assisted assembly as depicted in Figure 5.1(ii). This simple method enables the
formation of active micron-thick PSI films in as little as 30 min. We characterize the
films using light-induced chronoamperometry to determine the current produced from
PSI-modified electrodes upon irradiation. Comparisons between the performance of

multilayer and monolayer PSI films are also discussed.

Experimental Procedures

Preparation of SAMs
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Gold-coated silicon wafers were prepared by first evaporating a 100 A layer of
chromium followed by ~1250 A of gold at a base pressure of 5 x 10 torr. The SAMs
were prepared by immersing 1 cm by 3 cm gold-coated silicon samples into 1 mM 2-
aminoethanethiol solutions in ethanol for 24-48 h at room temperature. The amine-
terminated SAMs were further modified by immersing the samples in 1 mM TPDA
aqueous solution for 1 h. The samples were rinsed with ethanol and water and dried

under a stream of nitrogen following SAM formation and modification.

Preparation of PSI Films

An aqueous solution of PSI (~1.9 -10” mol/L) containing 0.2 M phosphate buffer
and 0.9 mM TritonX-100 was deposited onto the TPDA modified SAM and placed under
vacuum (~30 mTorr) for 30 min. A thick layer of PSI, salt, and Triton X-100 is formed
upon water removal as shown in Figure 5.1. A dense monolayer of PSI is obtained by
thoroughly rinsing with water, Figure 5.1(i), as previously described.” A dense multi-
layered PSI film can be obtained by first placing the samples in an ethanol bath prior to
rinsing with water, Figure 5.1(ii). The ethanol bath enables the solvation of TritonX-100
leaving the salt and PSI film on the surface. Varying thickness of multilayer PSI films
were achieved by using different volumetric amounts, 50 uL — 200 uL, of PSI solution

during the vacuum-assisted depositions.

Results and Discussion

Multilayered Photosystem I films were prepared on gold electrodes utilizing a

vacuum-assisted deposition we previously reported’ as depicted in Figure 5.1(ii). We
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exposed an amine-terminated SAM, prepared from adsorption of 2-aminoethanethiol onto
gold, to a 1 mM solution of terephthaldialdehyde (TPDA) in ethanol for 1 h. The TPDA-
capped SAM can bind lysine residues of proteins through covalent imine bonds.'® An
aqueous solution of PSI ([J1.9 x 10-5 mol/L) containing 0.2 M phosphate buffer and 0.9
mM Triton X-100 was then deposited onto the TPDA-modified SAM and placed under
vacuum (130 mTorr) for 30 min. As the water evaporates from the film, PSI aggregates
form and crash out of solution since PSI is by far the least soluble component in this
aqueous buffer solution and bind to the TPDA-covered surface. A thick film ([J20 pm)
of PSI, salt, and Triton X-100 is precipitated upon complete removal of the water.
Rinsing with water, Figure 5.1(i), leaves a PSI monolayer film on the surface removing

excess PSI, salt and TritonX-100 residue.’

Water Rinse M

Au
tits 4 salt and Triton X-100
. ‘ Au
—_—
[ 71 T E— App'y Vacuum
Au Au
1) EtOH Bath
2) Water Rinse
Au

Figure 5.1. Vacuum-assisted approach for rapidly forming dense (i) PSI monolayers and (ii) PSI
multilayers.

However, a multilayered PSI film can be formed by selectively removing the surfactant

that stabilizes PSI in the aqueous buffer using an ethanol bath prior to rinsing with water.
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Without the surfactant, PSI is less soluble in water, thus upon rinsing, Figure 5.1(ii) a
multilayered PSI film remains on the surface. Figure 5.2 displays a cross-sectional
scanning electron micrograph of a multilayered PSI film. As can be seen, a multilayered
PSI film prepared using the method shown in Figure 5.1 is typically ~1 pm thick. The
bright layer, ~125 nm thick, underneath the protein film, is the gold electrode on which

the PSI film is deposited.

Figure 5.2. Cross-sectional scanning electron micrograph of a PSI multilayer.

Figure 5.3 displays the RAIR spectrum of a PSI multilayer film. For a PSI film,
two significant vibrational bands appear in the mid-IR region corresponding to amide
stretching: Amide I (1600-1700 cm™) and Amide II (1500-1600 cm™). The secondary
structure of PSI can give insight into its activity and can be determined by further
examination of the Amide I absorption peak. The IR absorption in the Amide I region
can be assigned to various secondary structural moieties in a protein as shown in Table
3.2.""%" Thus, PSI denaturation can be monitored by the shape of the Amide I absorption

peak in the RAIR spectrum. As can be seen in Figure 5.3, the multilayer has strong
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Amide I and Amide II absorption peaks at ~1666 cm™ and ~1548 cm™', suggesting that

the PSI film is still functional and warrants electrochemical characterization.

‘QOS
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Wavenumber (cm'l)

Figure 5.3. Reflectance absorption infrared spectrum of a multilayer PSI film (black line) and PSI
monolayer film enhanced 10 fold (gray line).

We used light-induced chronoamperometry with a custom 3-electrode
electrochemical cell to determine the photoelectrochemical activity of PSI films on gold
electrodes. Upon adsorption, PSI can orient with its electron transfer vector directed
away from the electrode surface (P700 proximal to the electrode), toward the electrode
surface (Fp terminal acceptor proximal to the electrode), or in some random, non-specific
orientation.”> During irradiation by light, the gold electrode can donate electrons

(cathodic current) to reduce the photooxidized P700" reaction centers or oxidized
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mediator located near the SAM/PSI interface, and the electrode can receive electrons
(anodic current) from reduced Fgy  cofactors or reduced mediator located near the
SAM/PSI interface. The net current induced by the light is a measure of the cathodic
current minus the anodic current. At the PSI/solution interface, electron mediators are
required to maintain a steady flow of current by accepting electrons from Fg~ or donating
electrons to P700" that are located near this interface. The electrolyte medium for this
experiment contained 5 mM phosphate buffer, 100 mM NaCl, 250 uM 2,6
dichloroindophenol (DCIP), an electron acceptor compatible with the Fyg site of PSI, and
5 mM sodium ascorbate (NaAsc), an electron donor compatible with the P700 reaction
center. We previously reported the E, of the P700 reaction center as +0.313 V vs.
Ag/AgCl for a monolayer of PSI adsorbed onto a Au/S(CH,)sOH film,® whereas the E, of
Fp is ~ -0.787 V vs. Ag/AgCl, respectively.”® Therefore, in order to favor reduction of
the P700" reaction center, the cell potential was set to approximately -0.11 V vs.
Ag/AgCl.

Figure 5.4 displays the photo-induced amperometric response of a multilayer PSI
film (curve (a)) and a monolayer PSI film (curve (b)) adsorbed from a ~1.9x10” M PSI
solution using the scheme shown in Figure 5.1. For both of these systems only the first
layer of PSI is interfaced with the gold electrode, yet upon exposure to light, we observed
a dramatic increase, ~ 20 fold, in photocurrent production by the multilayer PSI film, ~
1800 nA/cm?, over that of a PSI monolayer film, ~80 nA/cm®. This suggests that the
multilayer assembly provides additional conduits to the reduction of P700" reaction

centers in PSI complexes proximal to the electrode surface.
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Figure 5.4. Photochronoamperometric response of a (a) PSI multilayer film and (b) PSI monolayer film
covalently bound to a TPDA-functionalized SAM upon exposure to light.

The multilayer of PSI could contribute to enhanced photocurrent production in
two ways: 1) the electron mediators enable non-“wired” PSI to contribute energy to the
electrochemical system and 2) the electron mediators partition into the PSI film, thus
increasing the concentration of mediator able to facilitate charge transfer throughout the
PSI film and near the electrode interface. Recently, we demonstrated that the reduction
and oxidation of P700" and Fg” within a PSI multilayer film, respectively, changes the
concentration of mediator near the working electrode.”” The change in mediator
concentration induced by the PSI multilayer film at the working electrode surface can be
attributed to the conversion of oxidized electrochemical mediators to their reduced state
by PSI complexes in non-bound layers, which acts to maintain a higher concentration of
the reduced mediator species in the vicinity of the electrode. To complete the circuit of

the electrochemical cell, every P700" center reduced must be accompanied by the
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oxidation of an electron mediator at the counter electrode. Thus, the concentration
gradient induced from the reduction of electrochemical mediators within the PSI
multilayer film facilitates the transport of this reduced mediator to the counter electrode

enabling the production of greater cathodic currents than in a PSI monolayer film.

e/(1) Au €

Figure 5.5. Schematic of possible avenues of cathodic current production in a multilayer PSI film. (1)
Direct electron transfer from the electrode to reduce P700". (2) Rapid Fg- turnover through subsequent
mediator oxidation and reduction facilitating the regeneration of P700" from the electrode. (3) Subsequent
electron mediator reduction at the electrode surface after oxidation at P700" centers within the multilayer.

To further illustrate the impact of the PSI multilayer on photocurrent generation,
Figure 5.5 displays a schematic depicting three methods that the multi-layered PSI-
modified electrode produces cathodic current upon exposure to light.  Figure 5.5(1)
illustrates the direct electron transfer from the electrode to “wired” PSI complexes to
regenerate P700" centers, which also occurs in PSI monolayer films. However, the P700"
centers within the upper layers must also be regenerated to continue converting photons
into electrochemical energy. Since they are not directly connected to the electrode,
reduction from the surface is not possible as electron tunneling ceases beyond a few nm

(the length scale of a single PSI complex).’® Thus, electron mediators are able to reduce
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the P700" sites, regenerating them for further activity. Figure 5.5(2) illustrates the
regeneration of a P700" center and subsequent oxidation of a Fg site from the “wired”
monolayer. This series of electron transfer would enable the rapid turn-over of PSI
complexes anchored to the electrode, thereby, increasing the cathodic current production
capacity of the interfacial layer of PSI. Similarly, electron mediators that regenerate
P700" centers can then accept electrons from the working electrode, producing cathodic
current, illustrated in Figure 5.5(3). The enhanced concentration gradient of oxidized
mediator is not feasible in a PSI monolayer system and thus contributes to the
photocurrent enhancement shown in PSI multilayer films over that of PSI monolayer
films.

As noted previously, the photocurrent generation afforded by the electron
mediators in multilayer PSI films is also due to preferential partitioning of the mediators
into the PSI film over that of solution. The electron mediators used in our experiments
are hydrophobic and thus, we expect them to preferentially partition into the PSI

multilayer film from solution. To confirm that DCIP and NaAsc partition into the PSI
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Figure 5.6. Photochronoamperometry, in 100 mM NaCl and 50 mM PBS solution (aq), of PSI multilayer
films that have been exposed to 250 uM of the indicated electrolyte solution. The control indicates the
response of a PSI multilayer film that was not exposed to any electrolyte solution.
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film from bulk solution, we modified the preparation of the multilayer PSI films. Upon
forming a PSI multilayer film using the scheme shown in Figure 5.1(ii), the PSI films
were exposed to 250 uM solutions (aq) of methyl viologen (MV), DCIP, or DCIP/NaAsc
for 30 min., rinsed with water, and dried with N,. The performance of these films was
assessed using photochronoamperometry with no electron transfer mediators in solution
during the experiment, shown in Figure 5.6. Any photocurrent response is indicative of
electron mediator having partitioned into the PSI multilayer film, thus facilitating
electron transfer during the subsequent photochronoamperometric measurements. As a
control, we measured the photocurrent response of a PSI film that was not exposed to any
electron transfer mediators. As can be seen in Figure 5.6, the PSI multilayer films
exposed to mediator solutions prior to the photocurrent measurement exhibit significant
photochronoamperometric response upon irradiation with light. Thus, the PSI multilayer
film acts to greatly increase the concentration of mediator near the electrode surface,
enabling a larger gradient of mediator to enhance transport to the anode and elevate

photocurrents.
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Figure 5.7 displays the impact of PSI film thickness on photocurrent generation.
As can be seen, the first few additional layers of PSI complexes increases the
photocurrent production linearly with a ~4 fold enhancement in thickness yielding a ~ 4
fold response in photocurrent. However, this trend does not continue as the PSI film
thickness increases. For PSI films > 1.2 microns thick, the impact of additional PSI
layers is not as effective in generating photocurrent. This is consistent with the electron
transfer mechanism previously described as the electrochemical mediator must diffuse

farther as the PSI film becomes thicker.
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Figure 5.8. The photochronoamperometric response of a multilayer PSI film over time. The PSI film was
stored in PBS, pH 7, in between measurements.

An additional benefit to preparing multilayered PSI films is the enhanced stability
of the “wired” PSI monolayer. Previously, we developed a unique approach to insulate
and stabilize adsorbed PSI complexes using long-chain alkanethiols to mimic the
environment of the thylakoid membrane of green plants.”’ Similarly, we suggest that the
additional PSI layers insulate and stabilize the “wired” PSI monolayer through
intermolecular protein/protein interactions. Figure 5.8 displays the photocurrent response
of a multilayered PSI film exposed to light at various time intervals. As can be seen, the
PSI multilayer film produces at least ~250 nA/cm® of photocurrent over a 5 month time-
span. The photocurrent generated by the multilayer film remained greater than the
current produced by a freshly-prepared PSI monolayer film (~100 nA/cm?), indicated by
the dashed line in Figure 5.8. We attribute the decrease from the initial photocurrent
production to loss of PSI layers during rinsing cycles between measurements, thereby
reducing the amount of active protein on the surface. We recently reported a

photoelectrochemical cell comprised of a multilayer-PSI modified electrode that has been
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stable for over 1 year producing photocurrent and open circuit potentials comparable to

initial values.”’

Conclusion

We have demonstrated the facile preparation of multilayer Photosystem I films
via vacuum-assisted assembly that generate ~20 fold greater light-induced current than
monolayer PSI films upon light irradiation. The electron transfer mediators play an
important role in the photocurrent enhancement observed in the multilayer films. The
electron mediators preferentially partition into the multilayer PSI film, increasing the
concentration of redox couples near the electrode surface over that of the bulk electrolyte
solution. The electron mediators also enable non-“wired” PSI to contribute energy to the
electrochemical system by providing an electron transfer pathway to the working

electrode.
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CHAPTER VI

SURFACE-INITIATED POLYMERIZATION OF 5-(PERFLUORO-N-
ALKYL)NORBORNENES FROM GOLD SUBSTRATES

Introduction

Due to their low critical surface energy,' dielectric constant,” and chemical
inertness,” fluorinated polymers are used for a wide range of applications including
protective coatings, biomaterials,4 membranes,” and microelectronics.® Recently, more
attention has been given to partially perfluorinated polymers because of concerns over the
safety and processability of perfluorinated polymers. Partially fluorinated polymers are
advantageous over perfluorinated polymers as the desired interfacial and surface
properties of the fluorocarbon moiety can be achieved, and in many cases, surpassed,
using safer, simpler, and less expensive methods.

Generally, fluorinated polymers are deposited onto surfaces via spin-coating,’
dip-coating,® solution-casting’, or chemical adsorption.'® In the case of spin-coating and
solution-casting, conformal polymer film coatings are possible on planar surfaces.
However, these methods do not provide a direct attachment of the polymer to the surface,
nor can they be applied to non-planar geometries. Chemical adsorption yields non-
conformal, low density polymer films due to steric and diffusional constraints of
untethered polymer segments. '’

Surface-initiated polymerizations (SIP) enable controlled growth of polymer
chains that are directly attached to a surface and are capable of producing conformal thin

films on surfaces of many geometries.'' Generally, surface-initiated polymer films
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obtain their fluorocarbon functionality through post-processing methods. Our group'?
has modified poly(hydroxyethylmethacrylate) (PHEMA) films with perfluorinated acid
chlorides to obtain fluorocarbon functionality throughout the film and achieve critical
surface energies as low as 9 mN/m. Bruening, Baker, and co-workers have used post-
fluorination of PHEMA to prepare membranes capable of high CO, permeability and
CO,/CHj selectivity.”

The ability to achieve partially perfluorinated polymer films directly via surface-
initiated polymerization would eliminate the need for post-processing methods mentioned
in the examples above. However, few partially fluorinated polymers have been grown
directly from a surface using surface-initiated polymerizations. A notable example
includes the work of Ruhe and co-workers, who polymerized a fluorinated acrylate using
controlled radical polymerization methods.”> They were able to achieve dense films;
however, the polymerization required 4 h and 27 h to achieve films ~20 nm and ~70 nm
thick, respectively. In general, controlled radical polymerization methods require hours

14, 15
k.

to yield coherent polymer films less than 100 nm thic An exception is water-

accelerated atom transfer polymerization (ATRP), which exhibits much faster kinetics

enabling the growth of thicker polymer films, > 100 nm."*"®

However, monomers must
be water soluble, thus precluding the use of most fluorinated monomers in water-
accelerated ATRP.

In this manuscript, we describe the preparation of partially fluorinated polymer
films using surface-initiated ring-opening metathesis polymerizations (SI-ROMP). SI-
ROMP is attractive for its mild reaction conditions and rapid kinetics to enable films with

19

thicknesses of several nm up to a few pm.” The predominate ROMP monomers
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studied in surface-initiated cases have been norbornene and its functional derivatives™ "
> due to their high reactivity in ROMP and the ease of synthesizing functionalized
monomers. Here, we have synthesized 5-(perfluoro-n-alkyl)nobornenes (NBFn) with
fluorocarbon chain lengths (n) of 4, 6, 8, and 10 and polymerized them from surfaces
using Grubbs 2nd generation catalyst (Figure 1). Our approach combines the advantages
of SI-ROMP with the technological importance of partially fluorinated films to grow
tunable films under ambient conditions.** We show that these films grow rapidly, are far
more stable than polynorbornene films, and yield critical surface tensions that are

dependent on the fluorocarbon chain length.

Experimental Procedures

Synthesis of NBFn

Four monomers were synthesized utilizing a Diels-Alder reaction described by Perez et
al.®: 5-(perfluorobutyl)norbornene (NBF4), 5-(perfluorohexyl)norbornene (NBF6), 5-
(perfluorooctyl)norbornene (NBF8), and 5-(perfluorodecyl)norbornene (NBF10), with
~47%, 48%, 47%, and 50% yield, respectively. Briefly, a Parr Instruments high pressure
reaction vessel was charged with 1:1 molar ratios of the 1H,1H,2H-perfluoro-1-alkene
and dicyclopentadiene and 0.03 mol fraction of hydroquinone, as a quenching agent. The
reaction was held at 170 °C for 72 h. Monomers were purified by vacuum distillation. A
DRX-400 Bruker NMR spectrometer equipped with a 9.4 Tesla Oxford magnet was used
to confirm the chemical structure and composition of the synthesized 5-(perfluoro-n-
alkyl)norbornenes (NBFn). The reactions yielded ~3:1 ratio of endo- to exo-isomers of

the NBFn as determined by *C NMR. NMR spectra were collected and are consistent
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with those reported by Perez et al.”> A more detailed discussion of the NMR spectra is

given in Chapter III.

Polymerization

Gold substrates were placed in a 1.0 mM ethanolic solution of 4-mercapto-1-
butanol for at least 1 h to yield a hydroxyl-terminated self-assembled monolayer (SAM).
The films were rinsed in ethanol and dried in a stream of nitrogen. Exposure of the SAM
to a 5 mM solution of trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride in
dichloromethane for 30 min yields the acylation product of a surface-tethered
norbornenyl group.”® The samples were rinsed with DCM, ethanol, and dried in a stream
of N,. The norbornenyl decorated substrates were exposed to a 5 mM solution of Grubbs
(IT) catalyst in dichloromethane for 10 min. The monolayers were rinsed with
dichloromethane and immediately placed in a monomer solution containing 0.1 M NBF4,
0.05 M NBF6, 0.05 M NBF8, and 0.05 M NBF10 in dichloromethane for 1 min to grow
pNBFn films that were ~50 nm. pNBFn films were also prepared in 0.5 M monomer
solutions for 5 min to investigate the effect of fluorocarbon chain length on film growth.
To determine the effects of monomer concentration on polymerization, pNBF8 films
were prepared with monomer solutions ranging from 0.005 M — 1.0 M for 5 min. To
obtain pNBH4 films, Grubbs II-modified surfaces were exposed to 0.47 M NBH4
solution for 10 min. All films were sequentially rinsed with fresh solvent, ethanol, and
water and dried in a stream of nitrogen. A drop-cast film of pNBF10 was prepared

utilizing ROMP in solution. Grubbs 2™ generation catalyst was added to 0.5 M NBF10
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in dichloromethane at room temperature and polymerized for 30 min. The resulting

polymer was cast onto a gold-coated silicon wafer and dried under vacuum for 24 h.
Results and Discussion

Kinetics and Concentration Effects

Films of pNBFn were grown from gold surfaces by utilizing SI-ROMP as
depicted in Figure 6.3. A HOC4S/Au SAM was treated with trans-3,6-endo-methylene-
1,2,3,6-tetrahydrophthaloyl chloride, a norbornene with pendant acid chlorides in the 5
and 6 positions, to produce an ester-linked norbornene group on the surface. The
resulting surface was made catalytically active for ROMP by exposure to Grubbs 2™
generation catalyst.  Subsequent exposure to NBFn (n = 4, 6, 8 and 10) in
dichloromethane (DCM) resulted in the growth of partially fluorinated polymer films

from the surface in times ranging from 1 — 15 min.
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Figure 6.1. Kinetics of pNBF8 film growth by exposing Grubbs II-modified surfaces to 0.5 M NBF8
monomer solution in DCM.
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As an example of the rapid kinetics of SI-ROMP of pNBFn, Figure 6.1 displays
the growth of pNBFS8 films from the surface in times ranging from 0 — 30 min.
Polymerizations that exceeded 15 min did not result in thicker films as coupling and
backbiting competes with metathesis and can actually result in decreased film thicknesses
as observed by us'® and others.'” %’ The rapid growth of micron-scale pNBFn films by
SI-ROMP contrasts the slower growth of ultrathin partially fluorinated films by ATRP."
Figure 6.2 displays the dependence of pNBFS8 film growth on monomer concentration
upon exposure to the monomer for 5 min. The linear dependence of pNBFS8 thickness
with monomer concentration suggests the ability to tune film thickness from ~50 nm to a
few um by changing the concentration of monomer in solution. The ability to achieve
film thicknesses in excess of 1 um in as little as 5 min is attributed to the rapid turnover
and activity of the surface-bound Grubbs (II) catalyst. All monomers showed similar

trends (not shown) with increased film thicknesses at higher monomer concentrations.
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Figure 6.2. The effect of NBF8 monomer concentration on pNBF8 film thickness after exposure to the
monomer in DCM for 5 min.
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Figure 6.3. Schematic of SI-ROMP of 5-(perfluoro-alkyl)norbornenes on a gold substrate. A gold surface
is modified with mercaptobutanol and further treated with trans-5-norbornene-2,3-dicarbonyl chloride for
30 min. The initiator is activated by Grubbs 2nd Generation catalyst, denoted as [Ru], and exposed to the
NBFn monomer solution (R2 = C4Fy, -C¢Fy3, -CgFy7, or -CyoF»;). R1 represents CHPh.
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Effect of Fluorocarbon Chain Length

Table 6.1. Impedance properties and thicknesses of pNB and pNBFn films grown from 1 M monomer
solutions for 5 min.

Film Thickness (nm) log (R{(Q2 sz)) Cs (nF/cmZ)
Initiator 1.3 19000
pNB 49 4.3 250
pNBF4 52 6.2 63.2
pNBF6 612 6.4 4.6
pNBF8 713 7.4 2.8
pNBF10 1565 7.5 1.6

The effect of fluorocarbon chain length (n) on film thickness upon exposure of
Grubbs (I1)-modified surfaces to 0.5 M NBFn in DCM for 5 min is shown in Table 6.1.
Whereas pNBF4 and pNB (n = 0) yield similar thicknesses of ~50 nm, increasing n
beyond 4 results in an order-of-magnitude increase in film thickness. The large
thicknesses achieved in 5 min for pNBFn, where n = 6, 8, and 10, illustrate the rapid
kinetics of SI-ROMP in comparison to other surface-initiated strategies. The trend of
increasing thickness with longer fluorocarbon substituents is in stark contrast to the
growth of non-fluorinated pNBHn that we observed previously.'” SI-ROMP of NBHn
yielded thinner films with more defects for increasing hydrocarbon chain-length, such
that polymerization of NBH10 generated only sparse islands of polymer.'”” We attribute
the dramatic increase in film growth for NBFn monomers with n > 4 to the greater strain
of longer chains on the norbornenyl ring to assist metathesis> as well as the structure of
the predominate endo monomers in solution. Perez et. al.”> reported a structural
conformation of endo NBFn monomers in solution such that they adopt a folded structure
in which the fluorocarbon side chain folds back toward the olefin in the norbornenyl ring.

The folded structure of the monomer units was theorized to obstruct access to the olefin
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and interferes with the metathesis polymerization. They also noted a significant
reduction in the amount of monomer that adopt the folded conformation for monomers
for n > 6, as longer fluorocarbon chains are known to be stiff and would lack the
flexibility to fold back to the olefin site. Thus, long flexible hydrocarbon chains on the
norbornenyl ring would be expected to interfere with metathesis to a greater extent than

would a much stiffer fluorocarbon chain of similar length.

Solvent Effects on Film Growth

To demonstrate the effect of solvent on SI-ROMP of NBFn, we grew pNBF4 and
pNBFS8 films in a variety of solvents and compared them to films grown in DCM.
pNBF4 and pNBFS films were prepared by exposure of Grubbs II-modified surfaces to
250 mM and 50 mM solutions, respectively, for 5 min. We observed little to no pNBF4
and pNBF8 film growth in chloroform or 1,2-dichloroethane, two halogenated solvents
that are similar to DCM, although these solvents appear to solvate the monomers very
well. However, pNBF4 films grown in 2,2,2-trifluoroethanol and 1,2,4-trichlorobenzene
were comparable to those grown in DCM. pNBFS8 films grew only in 1,2,4-
trichlorobenzene but were much thinner than pNBF8 films prepared in DCM. Others
have also observed that ROMP performed in solvents with stronger polarity, such as
DCM, are more effective and have faster turn-over rates than less polar solvents.”® For
the SI-ROMP of pNBFn films, DCM appears to be an optimal solvent because of its

significant polarity and capacity to solvate fluorinated species.
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pNBFn Barrier Properties

The greater thicknesses for n > 4 translated into more protective coatings in an
aqueous environment. We used electrochemical impedance spectroscopy to investigate
the barrier properties of pNBFn films in the presence of KsFe(CN)g and K4Fe(CN)g in 0.1

M Na,SO04(aq).
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Figure 6.4. Electrochemical impedance spectra obtained in 1 mM K3Fe(CN)g and 1 mM Ky4Fe(CN)g in 0.1
M Na,S0O4(aq) for the indicated films on gold prepared by exposure of Grubbs II-modified surfaces to 0.5
M NBFn for 5 min. Solid curves represent fits of the data using appropriate equivalent circuit models.

Representative Bode plots for pNBF4, pNBF6, pNBF8, and pNBF10 films that
were prepared by exposure to a 0.5 M monomer solution in DCM for 5 min are shown in
Figure 6.4. All films exhibit much higher impedance than that of the initiator SAM, and

in general, the impedance at all frequencies scales with the thicknesses of these polymer
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films from Table 6.1. The thicker films provide a more complete barrier with fewer
defects to minimize the penetration of the redox probes. The impedance spectra of the
polymer films are best fit with a Randle’s equivalent circuit”’ modified with a Warburg
impedance term to account for a resistance to mass transfer.'” Table 6.1 shows film
thicknesses along with the resistances (Ry) of the films against penetration by redox
probes, and capacitance (Cr) values. The film resistances (Ry ~ 107 Q‘cm?®) and
capacitances (~2 - 63 nF) of pNBFn are comparable to those of other highly blocking
fluorinated polymer films.'” Consistent with the trends of film thickness, we observed
an increase in the polymer film resistance and decrease in the film capacitance with
increasing perfluorinated chain-length, with a dramatic decrease in capacitance for n > 4.
When pNBFn films of similar thickness (~50 nm) were characterized by EIS, the results

(not shown) indicated no effect of chain length.

Film Structure

We used RAIRS to determine the composition and structure of the pNBFn films.
Figure 6.5 displays the fluorocarbon region of RAIR spectra for the pNBFn films where n
=4, 6, 8, and 10. The CF, stretching modes absorb strongly from 1100-1400 cm™. Due
to the helical structure of fluoroalkyl chains, two types of CF, stretching peaks are
expected in the IR: those lying along the helical axis (vi(CF), 1300-1400 cm™) and
those perpendicular to the helical axis (14,d(CF), 1100-1300 cm™).**3? The ratio of
5d(CF2) to v (CF,) absorbance for the film, relative to the same ratio for isotropic
orientation of drop-cast pNBFn films, provides information on the orientation of the

fluorocarbon side chains in the polymer film relative to the surface normal. RAIRS
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utilizes inherent surface selection® such that the intensity for a given mode in the IR
spectrum is proportional to the square of the component of its dynamic dipole moment

oriented along the surface normal.
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Figure 6.5. Reflectance absorption infrared spectra of pNBFn films. -CF, groups primarily exhibit two
modes of stretching: v, (CF,) from 1300-1400 cm’! and Vpa (CF) from 1100-1300 em™.

Figure 6.6 displays the RAIR spectrum for a drop cast film of pNBF10 where the
absorbance of 144(CF») to v« (CF») is nearly equal. Thus, the orientation of fluorocarbon
chains within polymer films grown from a surface can be assessed if the ratios of 1,4CF
to 1uCF, differs from 1. For films where 1,4CF; to v4CF, is >> 1, the fluorocarbon
chains are generally oriented parallel to the surface. However, if 1,4CF; to v CF; is <<

1, the fluorocarbon chains are primarily oriented normal to the surface. We observe a
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high ratio of 14,4(CF,) to v (CF,) absorbance (> 4) in the surface-initiated pNBFn films,
as shown in Figure 6.5, indicating the fluorinated side chains of the polymer are generally
oriented more along the parallel to the gold substrate. This parallel orientation of the
fluorocarbon groups is similar to that in semi-fluorinated polyisoprene films reported by

1‘31

Genzer et. a and that reported by us for the acylation of PHEMA films with

perfluorinated acid chlorides."
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Figure 6.6. RAIR spectrum of a drop-cast pNBF10 film.

Film Stability

pNB (n = 0) films have been reported as oxidatively unstable due to the
unprotected olefin functionality located along the polymer backbone. Seehof and co-
workers demonstrated that fluorocarbon substituents increase oxidative stability such that

fluorinated polynorbornenes showed no degradation over time, whereas, unmodified pNB
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started to degrade within 24 h.*> They attribute oxidative stability to the electron-
withdrawing nature of the fluorocarbon moieties, which stabilize the polymer.
Elimination of chain unsaturation by sulfonation of the olefins to achieve a
hydroxysulfonate product also results in more stable pNB polymer films, but sulfonation
increases the solubility of any chains that were already oxidatively cleaved and may
result in their removal from the film upon rinsing.”® Thus, the sulfonation process itself
can be used as a measure of the stability of the polymer film. Previously, we observed
40% film loss of pNB films upon 1 min exposure to acetyl sulfate.** However, negligible
film loss was observed during the sulfonation of pNBF4 over a 24 h exposure to acetyl

sulfate.*?

The improved stability imparted by the fluorocarbon side chains is likely the
result of diluting olefin functionality within the film to inhibit reactions such as coupling

and backbiting that are known to cleave chain fragments.**>*® For n 2 4, the fluorocarbon

chain consists of 2 77% of the mass of the monomer repeat unit.

Surface Properties

We utilized contact angle goniometry to probe the surface of the pNBFn films.
Table 2 summarizes the advancing contact angles of water and hexadecane droplets in
contact with pNBFn films. As n increases, the surfaces of the films increase in
hydrophobicity and oleophobicity with the exception of pNBF10. The pNBFn films
present hydrophobic and oleophobic surfaces that should have low critical surface
tensions (yc), defined as the highest surface tension of liquid that completely wets the
surface. Surfaces dominated by -CF3 groups exhibit a yc of 6-9 mN/m, whereas -CF,-

surfaces such as PTFE exhibit yc of ~18 mN/m. To estimate the critical surface tensions
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of the films, we used the Zisman method®” ** and selected a series of n-alkanes having
even numbers of carbons, from hexane to tetradecane, as contacting liquids. 6 for each
of the liquids was measured on each pNBFn film, and cos €y was plotted against 1, the
surface tension of the liquid (Figure 6.7). A straight line fit of the data and extrapolation
of the line to cos 6a=1 gives yc of the film such that a liquid with 1. < y will completely

wet the surface.

0.2

A pNBF4

0.3 1 a pNBF6 ]
m pNBF8

0.4

o pNBF10

0.5

0.6 -

COS Op

0.7

0.8 A %

0.9 -

1 LIS L L L LA L L L L L L L O AL L L L LI

O 5 10 15 20 25 30
v (MN/m)

Figure 6.7. Zisman plot of advancing contact angles of hexane (Y = 18.4 mN/m), octane (Y = 21.6 mN/m),

decane (Y = 23.8 mN/m), dodecane (Y = 25.2 mN/), and tetradecane (Y = 26.6) on pNBFn films that were
exposed to air for at least 12 h prior to measurement. The lines represent least square fits to the data and
are extrapolated to cos 0, = 1.0 to determine the critical surface energy (y¢).

pNBFS yielded the lowest surface energy of these films with a yc of ~9 mN/m,

consistent with a CF;-rich surface that contains some higher energy -CF,- groups. The

99



low critical surface energy of pNBFS8 and the implied dominance of -CF3 groups at the
surface is consistent with fluorocarbon chains orientated normal to the substrate at the
liquid/polymer interface, whereas, the fluorocarbon chains in the bulk of the film adopt a
parallel orientation based on the large ratio of 1,q(CF>): vix(CF5) absorbances in RAIR
spectra (Figure 6.5). Consistent with advancing contact angles of water and hexadecane,
the jc of the pNBFn films decreased with increasing fluorocarbon side chain length with
the exception of the pNBF10 films. The discontinuance of this trend for n = 10 may be
related to its larger CF,:CF; ratio, exposing more -CF,- groups and reducing
oleophobicity, or its presumed lower mobility to achieve a dense, oriented fluorocarbon
film at the outer surface. The low j’s of pNBF10 (~11 mN/m) and pNBF6 (~13 mN/m)
indicate that the fluorocarbon chains at the surface are oriented generally normal to the
substrate, but with more -CF,- groups exposed than for pNBFS. However, the
fluorocarbon chains within pNBF4 do not orient at the surface like the other pNBFn
films. From Figure 6.7, we estimate the y of pNBF4 to be ~19 * 2 mN/m, suggesting
that -CH- and -CH,- groups are present at the surface, as well as -CF,- and -CF;

functionalities.

Table 2. Wetting properties and critical surface tensions of pNBFn films.
Advancing Contact Angle (°)

Film water hexadecane yc (mN/m)
pNBF4 110+ 2 611 19+2
pNBF6 116 £5 67 £ 1 13+1
pNBF8 123+ 3 78 £ 1 9+1
pNBF10 120+ 3 73+2 11+1
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The Zisman plot shown in Figure 6.7 displays the % of pNBFn films exposed to
air for at least 12 h. The y’s for freshly prepared pNBFn films were 2-3 mN/m higher
than those exposed to air, which is consistent with the gradual diffusion of the
fluorocarbon side chains to the air/polymer interface. The tendency for fluorocarbon

31, 39

moieties to partition to the air/polymer interface has been observed by others and is

related to their mobility and the driving force to reduce interfacial free energy.

Film Morphology

We used scanning electron microscopy (SEM) in conjunction with atomic force
microscopy (AFM) to investigate the morphology and topography of pNBFn films.
Figure 6 displays SEM images of pNBFn films grown for 1 min using 0.1 M (n = 4) or
0.05 M (n = 6, 8 and 10) monomer concentrations in which we observed distinct
light/dark patterns. As a control, we obtained SEM micrographs of pNBH4 films, also
displayed in Figure 6.8, that do not show the patterns found in the pNBFn films. Contrast
in SEM images is due to varying chemical composition of the polymer, where brighter

areas correspond to higher molecular weight elements or higher electron density.*’
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Figure 6.8. Scanmng electron micrographs of pNBF4, pNBF6, pNBF8, pNBFlO and pNBH4 films. The
pNBF6, pNBF8, and pNBF10 films were grown in 0.05 M monomer solutions for 1 min, whereas pNBF4
and pNBH4 were grown in 0.1 M and 0.47 M monomer solutions for 1 min, respectively. The scale bar
indicates 1 um. * For the top right pNBFS panel, the film has been annealed at 120 °C for 1 h.

The observed patterns are not due to islands within a sparse polymer film as the
AFM image in Figure 6.9, the barrier properties displayed in Table 2, and the critical
surface energies of Figure 6.7 confirm the growth of dense pNBFn films. A naive
interpretation of the image might suggest that the lighter regions are fluorocarbon and the
darker ones are hydrocarbon. However, the fact that pNBFn is a comb-like
homopolymer in which fluorocarbon and hydrocarbon regions cannot be completely
separated, combined with the size (~50 — 100 nm) and fractional coverage of the lighter
regions in Figure 6.8, are inconsistent with complete phase separation. Indeed, these
patterns are much too large to represent the molecular structuring of a few neighboring
chains, since the width of two adjacent polymer chains for pNBF10 would span
approximately 2 nm. Further, the size of these lighter regions does not scale with

fluorocarbon chain length (n), and the very low critical surface energies for n = 6, 8, and
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10 are consistent with dense fluorocarbon layers over the entire outermost surface and not

just fractionally in the lighter regions.
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Figure 6.9. Atomic force microscopy tapping mode image of a pNBF10 polymer film grown by exposure
to 0.05 M NBF10 in DCM for 1 min.

A closer view of these regions in Figure 6.8, panel pNBF10, reveals the presence
of small round clusters of 20 — 30 nm in both the lighter and darker regions. Since SEM
is probing the outermost few nm of the surface,”’ the lighter regions may correspond to
specific organization within polymer chains that concentrate fluorocarbon groups densely
at the outer few nm of the surface, such as a hemispherical shell of dense fluorocarbon
with hydrocarbon chains concentrated in the core. The darker regions, which still
correspond to fluorocarbon groups at the outer surface, likely represent a different type of
chain conformation where fluorocarbon groups are not concentrated as extensively in the
outer few nm of the film. Annealing the film at 120 °C followed by cooling to room

temperature provides sufficient energy for more chains to adopt the low-energy

103



configuration to produce a less heterogeneous SEM image that shows a prevalence of the

lighter region (Figure 6.8, panel pNBF8*).

Conclusions

We have utilized SI-ROMP of perfluorinated n-alkylnorbornenes to form robust
partially fluorinated polymer films of tunable thicknesses ranging from tens of
nanometers to microns on gold substrates. The length of the fluorocarbon substituent on
the norbornenyl ring influences the properties of the polymer film. Increasing the length
of the fluorocarbon side chain enhances the rate and extent (thickness) to which the
polymer films grow from the surface. The critical surface tensions also decrease with
increasing fluorocarbon chain length in which pNBF8 films yield the lowest critical
surface energy, ~9 mN/m. Upon exposure to air, the fluorocarbon chain segments of the
pNBFn films seek the air/polymer interface, enhancing the hydrophobicity and
oleophobicity of the surface. SI-ROMP of pNBFn yields 20 — 30 nm clusters of different
conformations of the polymer chains, observed as distinct light/dark patterns in SEM

micrographs.
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CHAPTER VII

SURFACE-INITIATED GROWTH OF IONOMER FILMS FROM PT-MODIFED
GOLD ELECTRODES

Introduction
The direct wiring of ionomer films to electrode surfaces is beneficial to control
interfacial composition in many energy-related applications.'” In a proton exchange

»43 at the cathode

membrane (PEM) fuel cell, for example, the so-called “triple interface
requires that catalyst particles be electronically wired to a conductive gas diffusion layer
and ionically interfaced with a proton-conducting polymer to enable the convergence of
oxygen, protons, and electrons for the production of water. Chemisorption of the
ionomer at the electrode surface enables the direct wiring for efficient transfer of protons
and oxygen to the electrode surface and has been shown to boost electrochemical
performance.'” However, a key issue regarding the direct chemical wiring of ionomer to
electrode/catalyst interfaces is the possible deactivation of the catalyst by the
chemisorption event.

In this chapter, we report the surface-initiated growth and sulfonation of
polynorbornene  (pNB), poly(5-n-butylnorbornene) (pNBH4), and poly(5-n-
perfluorobutylnorbornene) (pNBF4) to prepare ionomer films on gold electrodes that are
pre-modified by an atomic layer of Pt. This experimental system offers two unique
advantages in the investigation of chemisorbed ionomer/electrode interfaces. First, the Pt

monolayer is localized at a well-defined 2-D interface such that its loading is ultra low

and its utilization in an electrochemical reaction is potentially very high. Second, since
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the catalytic performance of the electrode is easily diminished by displacement or
chemical alteration of the single Pt layer, its performance is extremely sensitive to the
nature of the chemisorption of ionomer.

Surface-initiated polymerization is a commonly used method for coating 2-D or
complex, three-dimensional substrates with uniform films of well-controlled

. 6-12
thicknesses.

In surface-initiated polymerization, the monomer reacts with a surface-
tethered initiator or polymerization catalyst, resulting in the growth of a polymer chain
from the surface.® As fuel cell interfaces evolve from nearly 2-D to highly porous, 3-D
systems, " the ability to grow ionomer from the electrode surface, monomer by monomer,
is essential to ensure the appropriate integration of ionomer with electrode/catalyst.
Presynthesized bulk ionomer would be restricted from entering small pores, leading to
inaccessibility of the expensive catalyst in those pores to the transport of reactants. Here,
we employ the surface-initiated ring opening metathesis polymerization of three different
norbornenes, followed by sulfonation of their olefinic groups,” as a route towards
ultrathin ionomer coatings of tunable thickness with tailored hydrophobicity. Our work
represents the first reported surface-initiated growth of pNBF4 as well as the first
functionalization of Pt monolayer/Au surfaces. Through complementary
characterizations of the resulting films and interfaces, we have investigated the effects of
ionomer attachment and side chain composition on the impedance against proton transfer
as well as the current and potential of the oxygen reduction reaction.

In order to fully assess the performance of the ionomer coating, it must be
evaluated in a catalytic electrode assembly. The deposition of platinum as an oxygen

reduction reaction (ORR) catalyst is an essential step in many electrode processes.'*'
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The expense of platinum necessitates sparse and controlled use both experimentally and
in commercial applications. For maximum utilization of the Pt, a monolayer of Pt atoms
on the support is desirable, allowing each Pt atom to be accessible by the reactants.
Brankovic and Adzic have developed a process of depositing adlayers of platinum onto
gold surfaces through a two step process.'” They utilize underpotential deposition
(UPD)'® to achieve sub-monolayer coverages of copper atoms onto the gold supports, and
then electrolessly exchange the copper with platinum, thus immobilizing an adlayer of
platinum on the gold surface.'” The deposition of the platinum adlayer at a well-defined
planar interface potentially allows for complete utilization of this catalyst.

Our goal here is to demonstrate proof-of-concept systems for the integration of
ionomer and catalyst at model 2-D electrode surfaces. Although a 2-D Pt/Au electrode is
not an appropriate substrate for PEM fuel cells, elements of the strategy presented here

19,20

could be extended to 3-D supports in which the deposition of Pt and the surface-

initiated growth of polymers*'*

remain viable. An important aspect of the work is to
investigate the compatibility of surface-initiated, chemisorbed ionomer with a
catalytically active electrode for oxygen reduction. A 2-D electrode offers a
straightforward integration of ionomer with catalyst as well as ease of characterization of
the performance of the interface and therefore, is used exclusively in this study. By
controlling the hydrophobicity of the ionomer through selection of side chain, we are able
to examine the effect of ionomer composition on the performance of the electrode.

In surface-initiated polymerizations, only a small fraction (often < 10%)’ of the

initiator sites typically yield polymer. For electrochemical applications, those adsorbates

that do not tether polymer can block catalyst sites on the surface and hamper the
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performance of the electrode. Here, we demonstrate the ability to electrochemically
reduce and desorb these short, non-polymeric adsorbates from the surface without
affecting the surface-attached ionomer. Others™** have used electrochemical reduction
to remove alkanethiolate SAMs from gold surfaces. Here, we extend this approach to
heterogeneous films containing short-chain thiolates and tethered polymer chains on
Pt/Au and gold electrodes. We show that desorption of these short molecular
components from the polymer/electrode interface reduces interfacial impedance and

greatly improves the performance of the Pt/Au electrode for oxygen reduction.

Experimental Procedures

Polymer Film Preparation

Gold substrates were placed in a 1.0 mM ethanolic solution of 4-mercapto-1-
butanol for at least 1 h to yield a hydroxyl-terminated self-assembled monolayer. The
samples were rinsed in ethanol and dried in a stream of nitrogen. Exposure of the SAM
to a 5 mM solution of trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride in
dichloromethane for 30 min yields the acylation product of a surface-tethered
norbornenyl group.> The samples were rinsed in ethanol and dried in a stream of N,.
The norbornenyl decorated substrates were exposed to a 5 mM solution of Grubbs (I)
catalyst in dichloromethane for 15 min for growth of pNB or pNBH4. The monolayers
were rinsed with dichloromethane and immediately placed in a monomer solution
containing 1.0 M norbornene in toluene or 1.0 M NBH4 in dichloromethane for 15 min to
achieve ~120 nm polymer films. To achieve 50 nm films, a concentration of 0.27 M NB

or 0.5 M NBH4 and the same time of 15 min was utilized. The norbornenyl decorated
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substrates were exposed to a 5 mM solution of Grubbs (II) catalyst in dichloromethane
for 15 min for growth of pPNBF4. The monolayers were rinsed with dichloromethane and
immediately placed in a monomer solution containing 1.0 M or 0.1 M NBF4 in
dichloromethane for 15 min to grow pNBF4 films that were ~120 nm or ~50 nm,
respectively. All films were sequentially rinsed with fresh solvent, ethanol, and water

and dried in a stream of nitrogen.

Sulfonation

A 1.0 M acetyl sulfate solution in dichloromethane was prepared immediately
prior to use similar to Tran et al’® Acetic anhydride (2.8 mL) was added to
dichloromethane (14.0 mL) at 0°C. Concentrated sulfuric acid (1.0 mL) was added
dropwise to the acetic acid solution resulting in a 1.0 M acetyl sulfate solution in DCM.
1.0 mL of the 1.0 M acetyl sulfate solution was diluted to 0.1 M through the addition of
9.0 mL of dichloromethane. Polymer-coated substrates were exposed to the 0.1 M
solution of acetyl sulfate for 1 min to yield a surface-tethered sulfonated polymer coating.

Samples were rinsed with dichloromethane and ethanol and dried in a nitrogen stream.

Copper and Platinum Deposition

Underpotential deposition of copper was performed with a Gamry Instruments
CMS300 impedance system interfaced to a personal computer. Potentials were cycled at
20 mV/s between 500 and 50 mV vs Cu”'" in a Nj,-saturated solution of 1.0 mM CuSOq,
in 0.1 M H,SO4(aq) using a polycrystalline gold-coated counter electrode. After at least

two cycles, the potential was held just negative of the deposition peak (~100 mV) on the
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cathodic sweep, and the sample was removed from solution under potential control.
Samples were rinsed in ethanol and dried in a nitrogen stream.

Copper-coated gold substrates were immediately placed in a Nj-saturated solution
of 1.0 mM K,PtCly in 0.1 M H,SO4(aq). After 5 min, samples were removed from

solution, rinsed sequentially with water and ethanol and dried in a nitrogen stream.

Monitoring the Oxygen Reduction Reaction

The catalysis of the oxygen reduction reaction (ORR) was monitored via cyclic
voltammetry (CV) with a Gamry Instruments CMS300 impedance system interfaced to a
personal computer. ORR measurements were obtained using a Ag/AgCl/saturated KCl
reference electrode (EG&G Instruments) with a Pt mesh as the counter electrode in an O,
saturated, 0.1 M H,SO4(aq). Samples were cycled at 50 mV/ s over potentials from 800
to 0 mV in an O,-saturated, 0.1 M H,SO4(aq). Due to irreproducibilities in the mass
transfer of oxygen over various experiments, we report here the half-wave potential

(Ei12), or the potential corresponding to half the maximum current.

Desorption of Short-Chain Thiolates

Cyclic voltammetry was used to monitor thiolate desorption from gold substrates
using a Gamry Instruments CMS300 impedance system interfaced to a personal
computer. Potentials were cycled at 200 mV/s between 0 and -1000 mV vs a
Ag/AgC/saturated KCI reference in a Nj-saturated solution of 50.0 mM

NaH,PO4-H,0(aq) (pH 8.3) using a polycrystalline gold-coated counter electrode.
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Results and Discussion

Preparation of Pt Submonolayers on Au

Figure 7.1. Schematic illustration of the deposition of a Pt monolayer onto a gold electrode by the
underpotential deposition (upd) of Cu followed by electroless exchange of Cu with Pt.

To prepare Pt submonolayers on a gold electrode, we have used the method of
Adzic and co-workers'” where Pt electrolessly displaces a copper submonolayer from the
gold surface (Figure 7.1). We first deposit a submonolayer of copper onto a
polycrystalline gold-coated substrate via underpotential deposition (UPD) from a solution
of 1.0 mM copper sulfate and 0.1 M sulfuric acid.?’ As shown in the cyclic
voltammogram of Figure 7.2, the positions of the anodic Cu (220 mV vs Cu wire) and
cathodic (170 mV) peaks are consistent with previous reports,”’ and signify the stripping

and deposition, respectively, of a submonolayer of copper on the gold surface.
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Figure 7.2. Cyclic voltammogram for a polycrystalline gold substrate in 0.1 M H,SO, and 1.0 mM CuSO,
(aq). The large peaks at 170 mV and 220 mV on the cathodic and anodic scans, respectively, indicate the
deposition and stripping, respectively, of a copper submonolayer. The potential was held at ~100 mV on
the reductive scan, and the electrode was removed and found to contain a fractional copper coverage of
0.78 by XPS.

On the cathodic sweep, the potential of the system was held just negative of the
UPD peak (~100 mV), and the sample was removed from solution under constant
potential. The presence of copper on the gold surface was confirmed through the Cu
2ps; and 2p;, peaks at 932 and 952 eV, respectively, in the XPS spectrum (Figure 3).
The fractional coverage of the Cu adlayer (¢q) on the gold surface was calculated to be
0.78 = 0.04 from integration of the Cu 2ps, and Au 4f;, peaks and the following

equation: *72*

-1
| 1° -a —-a
Py = (ﬂJ[%dj 1—exp ad +|1-exp ad (7-1)
) lag A1 A j’ad(KE—ad) cos® ﬂ’ad(KE—Au) cos®

where la, and layg are the attenuated photoelectron intensities, 15, and I, are the

unattenuated intensities for bulk samples and the ratio of 1, to I3, is estimated using

the ratio of their respective sensitivity factors, 8,4 is the diameter of the adatom, ® is the
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angle of the detector with respect to the surface normal, AuqkE-ad) and Aaqe-au) are the
inelastic mean free paths through the adlayer for electrons with kinetic energy from the

adlayer and the gold substrate, respectively.
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Figure 7.3. XPS spectra of gold substrates containing a copper submonolayer before and after exchange
with platinum. (a) Cu (2p) region; (b) Pt (4f) region. The spectra have been offset vertically for clarity.

Copper-coated samples were immediately placed in a solution of 1.0 mM K,PtCl,4
in 0.1 M H,SO4 (aq) for 5 min where the underpotentially deposited Cu layer was
stoichiometrically exchanged with Pt. XPS spectra obtained after exposure to the Pt
solution (Figure 7.3) show the complete diminution of Cu 2ps;; and 2p;,, peaks and the

29,30

introduction of the Pt 4f;, and 4fs, peaks at 71 and 75 eV, respectively. From
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integrated XPS intensities for Pt 4f;; and Au 4f;,, and Eq 7-1, we calculated the coverage
of Pt on the gold surface as 1.06 + 0.10, suggesting slightly more than a monolayer of Pt
on the gold surface. The replacement of copper with platinum has been previously

demonstrated to occur at a 1:1 stoichiometry."’

Assuming a 1:1 exchange, the original
0.78 coverage of copper would equate to a coverage of 0.92 + 0.05 for Pt due to its larger
atomic diameter, which is in relative agreement with XPS in that an approximate
monolayer of Pt is on the gold surface. The monolayer Pt coverage corresponds to a

cathode catalyst loading of 0.5 pg/cm’, which represents a reduction by three orders of

magnitude when compared to conventional MEA cathode loadings of 0.5 mg/cm®."
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Figure 7.4. Voltammetric scans for oxygen reduction in O,-saturated, 0.1 M H,SO, (aq) for Au, Pt/Au,
and the films indicated that were grown from Pt/Au.

Evaluation of ORR catalytic activity for this Pt/Au surface was monitored through
cyclic voltammetry from 1,000 to 0 mV vs. Ag/AgCl/saturated KCl in O,-saturated 0.1 M

H,SO4(aq) (Figure 7.4). Consistent with previous reports,'* the planar gold substrate
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exhibits poor ORR catalytic activity (400 pA/cm?, E;, = 135 mV vs. Ag/AgCl). The
addition of a submonolayer of platinum on the planar gold substrate increases the half-
wave potential from 135 mV to 470 mV and increases the maximum current density
(~600 pA/cm?), consistent with the superior catalytic properties in oxygen reduction for

Pt versus Au.

Modification of Pt/Au Electrodes

The exceptionally low Pt loadings and good performance hold promise for the
efficient design of catalytic interfaces. Nonetheless, for interfaces in proton exchange
membrane fuel cells, the modification of the electrode surface to tailor interfacial
hydrophobicity and limit flooding while maintaining facile proton transport is essential
for optimal performance. Here, we have investigated the effects of the surface-initiated
growth of a proton-conducting polymer film from the Pt/Au interface on the catalytic
performance of the Pt layer. Figure 7.5 shows the steps in the surface modification.
After deposition of the Pt monolayer, the electrode is exposed to 4-mercaptobutanol to
generate a 2-D sheet of hydroxyl functionality for further surface reactions (Figure 7.5a).
In this process, the selection of 4-mercaptobutanol (HSC4OH) is motivated by the fact
that it forms a thin SAM that imparts little resistance against ion transfer but is
sufficiently oriented to provide many hydroxyl groups for attachment of the norbornenyl
diacid chloride in the next step. The use of shorter (2-mercaptoethanol) or longer (6-
mercaptohexanol or 11-mercaptoundecanol) hydroxyl-terminated thiols resulted in

decreased effectiveness. Figure 7.6 shows cyclic voltammograms for the oxygen
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reduction reaction at a Pt/Au surface that was modified with HSC4OH. Immediately after

modification with HSC4OH, the current and half wave potential of the reduction wave
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Figure 7.5. Process for preparing pNB (R, = H), pNBH4 (R, = -(CH,);CHj3), and pNBF4 (R, = -
(CF,);CF;) on Pt/Au substrates and the subsequent sulfonation of these films to achieve the hydroxyl
sulfonate product. A self-assembled monolayer derived from HSC,OH (a) is exposed to a norbornenyl
diacidchloride (b) and Grubbs (I) or (II) catalyst, denoted as [Ru] (c) before exposure to the monomers to
grow a surface-initiated polymer film of pNB, pNBH4, or pNBF4 (d) and subsequent sulfonation of the
films in acetyl sulfate (e).
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decrease from 600 pA/cm” and 470 mV, respectively (Figure 7.4), to 425 uA/cm’ and
415 mV, respectively (Figure 7.6), but upon continued cycling, these values steadily
improve. This behavior suggests that the SAM interferes with the catalytic performance
of the Pt/Au electrode but is either partially or completely removed from the surface upon
electrochemical cycling, as SAMs prepared from short-chained thiols have poor stability

against electrochemical cycling.**
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Figure 7.6. Voltammetric scans for oxygen reduction in oxygen-saturated, 0.1 M H,SO,(aq) for
HOC,S/Pt/Au. Shown are the 1st, 2nd, 3rd, 4th, and 5th scans. The improvement for each scan is due to
the gradual removal of the SAM from the electrode to expose additional Pt sites for enhanced oxygen
reduction.

To test if the SAM was still present after cycling, we exposed it to the proceding reagents
(vide infra) for polymer initiation and growth and discovered that no polymer could be
grown from the surface. Thus, the SAM is removed from the surface upon
electrochemical cycling for the oxygen reduction reaction. Although we did not observe
an electrochemical signal for the reduction of the thiolate from the Pt/Au surface, the

large, broad reductive wave for oxygen reduction at the Pt/Au surface likely obscures the
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reductive desorption of the thiolate. In addition, the thiolate could be removed by
competitive interactions between O, and the Pt/Au surface. Under oxygenated
conditions, bound thiolates can be converted to sulfonates®' that bind weakly to Au, and
presumably Pt/Au surfaces, and may be easily desorbed from the surface even at the low
reducing potentials required for oxygen reduction. Nonetheless, this observation of SAM
desorption is only detrimental to our processing if the polymer chains attached to the
SAM are also removed (vide infra).

As a second step toward Pt/Au electrode functionalization, the hydroxyl-
terminated monolayer was exposed to norbornenyl diacidchloride to generate ester-linked
norobornenyl groups on the surface (Figure 7.5b). We have previously reported that
~90% of the norbornenyl groups are bound to the underlying SAM through both arms or
two ester linkages.” These norbornenyl groups enable attachment of a suitable catalyst,
such as Grubbs first- (I) or second-generation (II) catalysts (Figure 7.5c). Here, we use
Grubbs (I) for growth of polynorbornene (pNB) or poly(butylnorbornene) (pNBH4) films
but found Grubbs (II) to be much more effective for growth of
poly(perfluorobutylnorbornene) (pNBF4) films. NBF4 could not be polymerized by a
surface-anchored Grubbs (I) but grew rapidly when exposed to Grubbs (II)-modified
surfaces. In contrast, NB and NBH4 grew to similar extents with Grubbs (I) or (II). The
larger cross-section of the fluorocarbon group may sterically prevent close approach of
NBF4 to the Ru active site of the Grubbs (I) catalyst. The Grubbs (II) catalyst is reported
to provide more efficient polymerization of many functionalized norbornenes than the

Grubbs (1) catallyst.32
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The catalyst-coated surfaces were then exposed to a solution of NB, NBH4, or
NBF4 for 15 min to grow hydrophobic polymer films from the surface (Figure 7.5d),
followed by acetyl sulfate for 1-10 min to convert chain unsaturation along the backbone
to a hydroxyl sulfonate product (Figure 7.5¢). We have recently described the IR spectra
for pNB and pNBH4 before™ and after® sulfonation so that, here, we focus on the spectra

for pNBF4 (Figure 7.7).
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Figure 7.7. Reflectance-absorption infrared spectra for a ~140 nm pNBF4 film before and after
sulfonation for 24 h.

Before sulfonation, the IR spectrum for pNBF4 exhibits peaks of absorbance for
perpendicular C-F stretching modes at 1260 and 1138 cm™, as well as a peak for axial
C-F stretching at 1360 cm™. The small peak at 968 cm™ is due to trans C=CH out of
plane bending, representing the olefin functionality along the backbone. After exposure
to acetyl sulfate for 24 h, the small peak at 968 cm™ due to olefin functionality disappears
to indicate nearly complete conversion of the film to the hydroxylsulfonate product as

shown schematically in Figure 7.5(e). The peak for the asymmetric stretching for
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deprotonated SO; species appears at 1208 cm™ and those for the asymmetric and
symmetric stretching for protonated SOs; species appear at 1363 and 1146 cm’,
respectively. These peaks are shifted to slightly different wavenumbers in comparison to
our previously reported values for sulfonated pNBH4 films,” which likely reflects the
different microenvironment for these sulfonate groups in the different films. We do note
that achieving this level of sulfonation for the pNBF4 film required 24 h exposure to 1.0
M acetyl sulfate in dichloromethane, much longer than the 1 min required for the

sulfonation of pNB and pNBH4 films, as reported previously.

Table 7.1. Advancing Water Contact Angles of pNB, pNBH4, and pNBF4 Before and After Sulfonation.

Before After
Film Oa (°) Oa (°)

pNB 105 + 1 719+2
pNBH4 106 + 2 92 +1
pNBF4 110+ 2 86 +3

Prior to sulfonation, these polymer films are hydrophobic, yielding high water
contact angles (Table 7.1), and they expectedly quench oxygen reduction activity due to
their thickness and poor proton transfer properties. Upon sulfonation, the wettability
increases for each film, as supported by decreases in the advancing water contact angles
by 26°, 14°, and 24° for sulfonated forms of pNB, pNBH4, and pNBF4, respectively, as
shown in Table 7.1. As a dense -SOs surface would be wet by water, the contact angles
after sulfonation are consistent with surfaces that contain -SO;™ groups as well as other

hydrophobic functionality, including cyclopentane and butyl or perfluorobutyl groups.
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Electrochemical Characterization of Polymer Films

Figure 7.8a shows impedance spectra in the form of Bode plots for the three
polymers (each ~50 nm thick) before and after sulfonation using 0.1 M H,SO4(aq) as a
probing medium. These spectra have been fit with the equivalent circuit model shown in
Figure 7.8b, which has time constants for the polymer film and the polymer/metal
interface.®®  Before sulfonation, the spectrum for each film is consistent with
predominately capacitive behavior where the conductive electrolyte is separated from the
electrode by the polymer dielectric, which is modeled as a constant phase element (CPEy)

3336 These films exhibit a dense,

in Figure 7.8b to allow for film inhomogeneity.
hydrophobic barrier against the penetration of ions to provide a large resistance (Ry)
against proton transfer, and the relative magnitude of the impedance for each film scales
inversely with the CPE; value of the films. In these cases, the film impedance dominates
the spectrum so that the time constant for interfacial impedance is insignificant. CPE;
values (Table 7.2) decrease in the order of pNB > pNBH4 > pNBF4 for these films of
similar thickness, suggesting that the fluorocarbon and hydrocarbon groups are imparting
a lower dielectric constant to the film. The exponent for the CPE; term (o) ranges from
0.928 for pNBF4 to 0.948 for pNB, indicating some deviation from a perfect capacitor
(ar = 1), which may be due to the thinness that contributes some mild inhomogeneity to
these films. Sulfonation of the chain unsaturation by acetyl sulfate (Figure 7.5¢) provides
dramatic changes to the impedance spectra, which indicate that the interfacial impedance

becomes the dominant component in the circuit (Figure 7.8b) due to a greatly diminished

polymer film resistance. The spectra for sulfonated films of pPNBH4 and pNBF4 now
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Figure 7.8. (a) Electrochemical impedance spectra in N,-saturated, 0.1 M H,SO, (aq) for ~50 nm films of
pNB, pNBH4, and pNBF4 on Au before and after sulfonation. (b) Equivalent circuit model used to fit the
impedance spectra and determine solution resistance (R;), polymer film resistance (Ry), Warburg
impedance (W), and interfacial resistance (R;), in addition to constant phase elements for the polymer film
(CPEy) and the organic/metal interface (CPE;).
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show two time constants, including a resistive plateau at high frequencies that is due to
the resistance of the film against proton transfer. The spectrum for sulfonated pNB does
not show this second time constant because its resistance against proton transfer is
sufficiently low that it cannot be distinguished from the solution resistance. We attribute
the differences in resistances to the hydrophobic structuring that the side chains provide
for sulfonated pNBH4 and pNBF4 films that limit the flux of protons to the electrode. At
low to intermediate frequencies, the impedance spectra for all sulfonated films are nearly
superimposable, reflecting the underlying SAM that binds all three polymers. In fact, o

=1 for these interfaces, indicating ideal interfacial capacitors.

Table 7.2. Impedance Properties of Polymer Films Before and After Sulfonation

Ry CPE; o Warburg CPE; o
Film (Qrcm?)  (uS *s*/ cm?) (uS-s"/cm?)  (uS-s“/cm?)
pNB 1.0 x 10’ 254 0.948
pNBH4 1.2 x10° 102 0.946
pNBF4 3.7 x10’ 83 0.928
pNB-sulf 8 12000 5 1
pNBH4-sulf 88 453 7 1
pNBF4-sulf 24 102 26 1

The performance of the interfacial modifications on the Pt/Au electrode are
revealed by examining the oxygen reduction reaction (Figure 7.4). All films improved
substantially with cycling similar to the Au/Pt/SC4OH monolayer, consistent with a
similar desorption of the short-chain thiolates bound to the Pt/Au surface. Importantly,
characterization of the polymer films after cycling revealed no changes in thickness or
composition, indicating thiolates that tethered polymer were not lost from the interface.

The loss of the short-chain thiolates and the preservation of the polymer-attached
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thiolates are consistent with the additional stability of the longer chained adsorbates
against reductive desorption24 and importantly, provides a unique approach to “clean” the
interface and eliminate the large fraction of adsorbates that do not bind ionomer but can
block Pt sites. We observed the interfacial capacitance to increase by ~50% after the
cycling, which again, is consistent with the removal of the short-chain thiolates.

To demonstrate the generality of this approach toward removal of short-chain
thiolates at polymer/metal interfaces, Figure 7.9 shows reductive waves for Au/SC4OH
(no Pt), the same SAM after functionalization with norbornenyl diacidchloride, and the
resulting surface after growing and sulfonating a ~50 nm film of pNB, all in deaerated,
pH 8.3 phosphate buffer (aq). The —-SC4OH SAM is reductively desorbed as indicated by
a sharp peak centered at -670 mV. Modification of the hydroxyl SAM by norbornenyl
diacid chloride results in a much broader desorption peak, representing the presence of
the different species on the surface: unreacted alcohol-terminated adsorbates and
norbornene-terminated adsorbates in which the norbornene can be singly or doubly
bound to the SAM. Growth of pNB and sulfonation result in a desorption peak that
regains its sharpness but is shifted to -865 mV. Importantly, the polymer chains are still
anchored to the surface after this desorption, so that the peak represents the selective
removal of the short-chained species. Clearly, the presence of the polymer affects the
potential required for desorption of these short-chained components but does not preclude
their removal. These results on gold electrodes, in comparison with our removal of short
chain components during oxygen reduction on Pt/Au electrodes, demonstrates a versatile

way of desorbing unnecessary components from the ionomer/metal interface.
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Figure 7.9. Voltammetric scans for the reductive desorption of short-chained thiolates for (a) a HOC,S/Au
SAM, (b) the film from (a) after modification with a norbornenyl diacidchloride, and (c) the surface from
(b) after exposure to Grubbs (I) catalyst and a NB solution to grow pNB and the subsequent sulfonation of
pNB to prepare a ~50 nm ionomer film. The scan rate was 200 mV/s. The solution consisted of pH 8.3,
phosphate buffer (aq).

Given the improvement of all films with cycling, we report in Figure 7.4 the
oxygen reduction waves for the films indicated on Pt/Au after a steady state current and
potential were reached (at least 10 cycles). All sulfonated polymer films provide similar
currents as unmodified Pt/Au, suggesting that the film does not provide a significant
barrier against the transport of reactants to the interface beyond that of the aqueous
electrolyte. The ionomer-coated films exhibit a more anodic half-wave potential than
unmodified Pt/Au that scales with hydrophobicity, with E,;, for Pt/Au (470 mV) < PNB-
sulf/Pt/Au (500 mV) < pNBH4-sulf/Pt/Au =~ pNBF4-sulf/Pt/Au (550 mV). According to
the Nernst equation,’’ the more anodic potential for the ionomer-coated electrodes signals
a greater concentration of O, at the ionomer/electrode interface. We interpret these
changes in E;; as related to the improved partitioning and permeation of O, through the
hydrophobic domains of the film. Although the pNBF4-sulf and pNBH4-sulf films

provide a larger resistance against proton transfer than that of pNB-sulf, the hydrophobic
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structuring enables enhanced partitioning of O, near the interface to boost half-wave
potentials. While the hydrophobic chain length or extent of sulfonation has not been
optimized in these studies, the results show that control over interfacial composition

through surface-initiated routes can improve the performance of catalytic electrodes.

Conclusions

Through surface-initiated ROMP and subsequent sulfonation, we have
demonstrated a bottom-up approach to fabricate ultrathin ionomer films with controlled
side-chain hydrophobicity on Pt monolayer-modified Au substrates. The Pt monolayer
remains affixed to the substrate and catalytically active during the modification steps.
The sulfonated films with hydrophobic side groups (pNBH4-sulf and pNBF4-sulf)
exhibit increased resistances against proton transfer but more anodic half-wave potentials
for oxygen reduction, consistent with an improved partitioning of O, near the
polymer/electrode interface. The surface-initiated polymer chains were tethered to the
surface via short-chained thiolates. The unreacted short-chain components, those that did
not tether polymer, were removed electrochemically without disturbing the polymer film

to effectively clean the catalyst surface of these short-chain contaminants.
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CHAPTER VIII

SURFACE-INITIATED RING-OPENING METATHESIS POLYMERIZATION OF 5-
(PERFLUOROHEXYL)NORBORNENE ON CARBON PAPER

Introduction

Surface-initiated polymerization (SIP) is a commonly used method for coating
complex, three dimensional substrates with ultrathin polymer films.*®* Conformal
polymer coatings on irregular surfaces, such as porous supports or fibrous meshes, cannot
be obtained using spin-coating or solution-casting methods due to the nature of these
techniques in which the polymer is topically applied to substrates. Since the inner
dimensions of porous supports are not easily accessible, they are often left bare when
using classical coating or casting methods. However, in SIP, a bottom-up approach is
used in which the monomer reacts with a surface-tethered initiator or polymerization
catalyst, resulting in the growth of a polymer chain from the surface.* > A wide variety of
polymerization techniques such as ionic, living radical, and ring-opening polymerizations
are applicable as surface-initiated approaches provided that an appropriate initiator can be
anchored to the surface." Thus, desired polymer properties can be imparted to a wide
variety of surfaces and geometries by growing thin polymer films from these surfaces.
The precise control and tunability of film properties on the molecular scale afforded by
SIP methods enables excellent control over film functionality and thickness ranging from
a few nm to microns.® ” SIP allows functionalization and modification of a variety of

11, 12

substrates including nanoscale structures and particles,®*° pourous supports, and

separations media.”® ** SIPs are particularly advantageous in coating largely unreactive
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surfaces, such as carbon supports, due to the forgiving nature of polymer film growth.
For example, Qin et al. demonstrated that only 1 in ~250 carbon sites needs to be
catalytically active to grow a complete polymer coating on carbon nanotubes (CNT),
whereas 1 in 10 carbons needs to be coated with monolayer modifications to achieve
desired functionality.®

In this chapter, we discuss the surface-initiated growth of poly(5-
(perfluorohexyl)norbornene) (pNBF6) films on carbon paper electrodes.  These
functionalized electrodes have applications in chemical®® and biological sensing,'
separations,'’ or catalysis due to their selectivity in mitigating the transfer of
hydropohobic and ionic species upon sulfonation. A bottom-up approach is preferred
because presynthesized bulk polymer would be restricted from conformally coating the
carbon fibers within the inner dimensions of the carbon paper, leading to underutilized
electrochemically active area. We have previously demonstrated surface-initiated growth
of poly(5-(perfluoro-n-alkyl)norbornenes (pNBFn) films on planar gold electrodes.'®
These films exhibit rapid growth kinetics with low critical surface energies while
providing an effective barrier to the diffusion of aqueous ions.®® pNBFn films can be
converted to ionomer films through exposure to 0.1 M acetyl sulfate solution in
dichloromethane reacting the olefin residing in the polymer backbone to yield a sulonate
group.® % Upon sulfonating these films, the ability to transport protons and aqueous
ions improves by at least 4 orders of magnitude.’® Integrating the sulfonated fluoro-
ionomer film with a Pt-coated gold electrode enhanced the half-peak potential of oxygen
reduction reaction by 17% over that of an unmodified Pt/Au electrode.® Here, we

employ the surface-initiated ring-opening metathesis polymerization (SI-ROMP) of 5-
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(perfluorohexylnorbornene) (NBF6), as a route towards ultrathin fluoro-polymer coatings
of carbon paper substrates.

Carbon paper is an attractive substrate as it provides a 3D, high surface area
porous electrode at reasonable cost with commercially available comparisons, such as
poly(tetrafluoroethylene) (PTFE)-coated carbon paper.”: 2 PTFE-coated carbon fibers
are primarily used as hydrophobic protective coatings and membranes to prevent water
build-up while promoting gas diffusion at the electrodes in proton exchange membrane
fuel cells.”> However, these coatings are typically made in high vacuum environments at
elevated temperatures using laser ablation techniques or chemical vapor deposition
techniques.”®  In comparison, our approach using SI-ROMP of NBF6 to grow
fluorocarbon polymer films from carbon fibrous supports is performed under ambient
conditions while exhibiting rapid kinetics. Additionally, pNBF6 has the potential of
translating to an ionomer film via sulfonation of the olefin residing in the backbone of the
polymer chain. Herein, we compare the barrier properties of pNBF6 films and
commercial PTFE films on carbon paper against the transport of aqueous ions. The

effects of initiator concentration on the extent of pNBF6 film growth are also discussed.

Experimental Procedures
pPNBF6 Film Preparation
Carbon paper was exposed to O, plasma (Harrick PDC-23G plasma cleaner, low
power, 150 mTorr) to yield hydroxyl moieties on the surface depicted in Figure 1(a). The
films were immediately placed in a 5 mM solution of trans-3,6-endo-methylene-1,2,3,6-

tetrahydrophthaloyl chloride in dichloromethane for 30 min to yield the acylation product
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of a surface-tethered norbornenyl group, Figure 1(b).** The samples were rinsed in
dichloromethane and ethanol and dried in a stream of N,. The norbornenyl decorated
substrates were exposed to a 5 mM solution of Grubbs (Il) catalyst in dichloromethane
for 10 min to anchor the catalyst to the substrate as seen in Figure 1(c). The monolayers
were rinsed with dichloromethane and immediately placed in a monomer solution
containing 0.05 M NBF6 in dichloromethane for 10 min to grow pNBFn films, shown in

Figure 1(d). Carbon paper samples were typically cut to 1 cm x 4 cm pieces.
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Figure 8.1. SI-ROMP reaction schematic of perfluoro-alkylnorbornenes on carbon paper. A carbon
surface is modified with O, plasma and initiated using trans-5-norbornene-2,3-dicarbonyl chloride. The
initiator is activated by Grubbs 2nd Generation catalyst, denoted as [Ru], and exposed to the NBF6

monomer solution. R2 = -CgF13 and R1 represents CHPh.

Results and Discussion
Films of poly(5-(perfluorohexyl)norbornene) (pNBF6) were grown from O-
plasma-treated carbon paper utilizing SI-ROMP as depicted in Figure 8.1. The plasma-
treated paper was exposed to 1 mM trans-3,6-endo-methylene-1,2,3,6-
tetrahydrophthaloyl chloride in dichloromethane (DCM) for 60 min to produce an ester-
linked norbornene group on the surface. This tethered norbornene acts as an anchor for
the polymerization catalyst, Grubbs 2" generation catalyst (Grubbs I1). The resulting

surface was made catalytically active for ROMP by exposure to 5 mM Grubbs 2™
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generation catalyst in DCM for 5-10 min. Subsequent exposure to NBF6 in DCM for 10
min resulted in the growth of partially fluorinated polymer films from the surface.

This polymerization scheme takes advantage of anchoring the initiator (Grubbs I1)
using a surface-tethered norbornene via acylation of hydroxyl termini. Previously, we
utilized self-assembled monolayers of HS(CH,)4,OH to achieve a hydroxyl terminated
surface to bind trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride to the
surface. However, SAMs take advantage of sulfur’s affinity for metals such as copper,
silver, gold, and platinum and do not bind to non-metal substrates. Thus, for silicon-
based substrates like glass, and silicon wafers, a hydroxyl terminus can be achieved by
etching the surfaces with a hydrogen peroxide and sulfuric acid solution. To achieve
hydroxyl termini on a carbon surface, strong oxidizing agents are necessary as well.
Others have achieved oxidation of a carbon substrate via exposure to strong acids such as

2521 However, the harsh conditions of the acid

concentrated sulfuric and nitric acids.
treatment can induce heavy erosion of the carbon substrate, while providing only a low
yield in surface coverage of hydroxyl moieties. Yields as high as ~45 % are possible;
however, the procedures are cumbersome and require at least 24 h exposure to
concentrated acids. Exposing carbon fibers to oxygen-rich environments at elevated
temperatures also oxidizes the surface; however, this method predominately produces
carboxylic acid groups.?® Here, we chose to utilize an O, plasma to oxidize the carbon
fibers to achieve hydroxyl termini since the integrity of the carbon fibers can be

maintained while generating a reasonable yield of hydroxyl functionality within a few

minutes.?®
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Figure 8.2. The fluorine to carbon ratio, (a), on the surface of fluorine functionalized carbon paper, and
oxygen to carbon, (b), ratio on the surface of plasma treated carbon paper as determined via integration of
the F(1s), O(1s), and C(1s) peaks in XPS.
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Upon exposing the carbon paper to O, plasma, not only are —OH functionalities
formed, but also a variety chemical moieties with varying degrees of oxidation.
Quinones, carbonyls, carboxylic acids, and radicals are formed in conjunction with the
preferred hydroxyl functionality.?® Yuan et al. demonstrated that the degree and type of
oxidation of carbon fibers fluctuates depending on the length of exposure to O, plasma.?®
They concluded that extended O, plasma exposure eroded the carbon surface causing the
concentrations of oxidized species to fluctuate cyclically. Thus, extended plasma
exposure does not yield more functionalization of the carbon surface. To investigate the
optimal plasma exposure time that yields the highest surface concentration of hydroxyl
termini for our systems, we characterized the acylation product of
pentadecafluorooctanoyl chloride and the O,-treated carbon paper using XPS. We utilize
the fluorinated acid chloride as a tag because of the high intensity of the F(1s) signal in
XPS. The attachment mechanism of the fluorinated acid chloride is also directly
comparable to the chemistry employed to attach trans-3,6-endo-methylene-1,2,3,6-
tetrahydrophthaloyl chloride to the carbon paper surface as an initiator for SI-ROMP of
NBF6. Samples that yield a higher F/C count ratio in the XPS spectrum indicate that
more hydroxyl moieties were produced during the plasma treatment. As indicated in
Figure 2a, short times, < 30 s, are insufficient to saturate the surface with hydroxyl
termini, and extended times > 60 s do not provide more acylation product. Indeed, we
observed saturation in surface oxidation after 60 s, as indicated by the O/C count ratio
shown in Figure 2b.

Scanning electron microscopy (SEM) was used to investigate the coverage of

pNBF6 films grown from carbon paper that was exposed to different plasma treatment
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times. Figure 8.3(a) displays the micrograph for untreated carbon paper. As can be seen,
the surface of the carbon fibers is rough and fibrillar in nature. Upon O,-plasma exposure

excess particles are removed and the ridges become more uniform.?®

As a control, we
exposed Grubbs (I1)-modified carbon paper, which had no plasma treatment, to 50 mM of

NBF6 for 15 min resulting in very little polymer growth on the film, shown in Figure

3(b).

n, T N -

-

Figure 8.3. Scanning electron mi'crographs of (a) unmodified carbon paper, (b) pBF6 rown on
unmodified carbon paper, (c) pNBF6 grown on 10 s O, plasma treated carbon paper, and (d) pNBF6 grown
on 45 s O, plasma treated carbon paper. The scale bar indicates 500 nm.

The majority of the polymer aggregates seen in Figure 8.3(b) are due to NBF6
polymerizing in solution and adsorbing onto the carbon fibers. The SEM micrograph of

carbon fibers that were plasma-treated for 10 s and exposed to 50 mM NBF6 for 15 min
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is shown in Figure 8.3(c), displaying sparse isolated islands of polymer. The smooth
regions in the image represent pNBF6 whereas the fibrillar structure is indicative of the
carbon fiber surface, also shown in Figure 8.3(a). The resulting sparse polymer film
growth is consistent with a lack of initiation sites as indicated by the XPS data. The F/C
ratio at 10s in Figure 8.2(a) suggests that the carbon fiber surface has been effectively
functionalized but not saturated. Thus, SI-ROMP of NBF6 does occur, just not enough to
yield a complete or coherent film. However, carbon fibers that have attained sufficient
amounts of —OH groups, yield complete pNBF6 films upon exposure to NBF6 as shown
in Figure 8.3(d). This image displays the SEM micrograph of pNBF6 grown on carbon
paper that was exposed to O, plasma for 45 s. The pNBF6 film exhibits hemispherical
structures on the scale of 20-50 nm with some features much larger. These smaller
structures are similar to those we previously observed in pNBFn films on planar
polycrystalline gold surfaces.*®

We used RAIRS to confirm the growth and structure of the pNBF6 films.
Although carbon substrates would not seem conducive to reflectance mode FTIR, we are
not the first to use RAIRS to investigate chemical moieties on carbon fibers. For
example, Zhu et al. used RAIRS to verify the presence of oxygen functional groups on
the carbon fibers after plasma-treatment.® Figure 8.4 displays the fluorocarbon region of
the RAIR spectrum for a pNBF6 film grown on carbon paper. The CF; stretching modes
absorb strongly from 1100-1400 cm™. Due to the helical structure of fluoroalkyl chains,
two types of CF, stretching peaks are expected in the IR: those lying along the helical

axis (vaxCF2, 1300-1400 cm™) and those oriented perpendicular to the helical axis

(paCF,, 1100-1300 cm™).1"*
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Figure 8.4. Reflectance absorption infrared spectrum of pNBF6 grown on carbon paper.

As expected, the pNBF6 film greatly enhances the hydrophobicity and the
oleophobicity of the carbon paper. Table 8.1 summarizes the advancing water contact
angles atop the carbon paper after each stage of the polymerization process shown in
Figure 8.1. The advancing contact angle for water is well above the ~120° expected for a
smooth fluorocarbon surface due to the innate roughness and porosity of the carbon fiber
substrate, and is comparable to the PTFE-coated carbon paper. The inflated contact
angles can be described using an expression developed by Wenzel*:
cos6,, =rcosé, (8-1)

where 6, is the Wenzel contact angle, r is a roughness factor, and 6, is the contact

angle measured on a homogeneous surface. Thus, if a smooth surface yields an
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advancing contact angle > 90°, a rough surface of the same composition is expected to
have a greater contact angle than the smooth substrate. However, if a smooth surface
yields a contact angle < 90°, a roughened surface will yield a contact angle less than the
smooth substrate. Using Equation 8-1 and the advancing water contact angles in Table 1,

the Wenzel roughness factor can be estimated to be ~1.7.

Table 8.1. Impedance properties and advancing contact angles of unmodified, plasma-treated, Teflon-
treated, and pNBF6-coated carbon paper electrodes obtained in 1 mM KsFe(CN)g and 1 mM K, Fe(CN)g in

0.1 M Na,SO4(aq). O represents the advancing water contact angle atop the samples.

Sample log (R (Q:cm?)) CPE; (mS*s%) o O
Unmodified 2.8 174 0.703 134 £ 2
Plasma-treated 1.2 108 1 0
Initiator — — — 52125
Teflon-treated 3.7 17 0.825 145+ 2
pNBF6-coated 4.0 3.1 0.916 154 £ 4

Hexadecane is a more sensitive probing contact liquid on fluorocarbon surfaces as small
changes in fluorocarbon functionality yield large changes in the contact angle. The
advancing hexadecane contact angle (6up) on smooth -CF,-, such as PTFE, is expected to
be ~50°,% while a surface comprised of dense —CF3 groups yields a 6yp of ~83°.3 Since
these values are less than 90° coupled with the low surface tension of HD and the
roughness and porosity of the carbon fibrous mesh network, all samples absorbed the
hexadecane droplet upon exposure. The hexadecane droplet was maintained on top of the
pNBF6-coated carbon paper for ~10s before the droplet was absorbed, whereas, the
droplet was immediately absorbed into untreated, plasma-treated, and PTFE-treated

carbon paper.
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Figure 8.4. Electrochemical impedance spectra obtained in 1 mM KsFe(CN)g and 1 mM K;Fe(CN)g in 0.1
M Na,SO4(aq) for the indicated films on carbon paper. Solid curves represent fits of the data using
appropriate equivalent circuit models depicted in Figure 8.6. The area cited in the figure is geometric area
not active surface area of the electrodes.

The pNBF6 film on the carbon paper provides protective coating in an aqueous
environment. We used electrochemical impedance spectroscopy to investigate the barrier
properties of the pNBF6 films in the presence of K3Fe(CN)s and K4;Fe(CN)g in 0.1 M
Na,SO4(aq). Representative Bode plots for unmodified carbon paper, plasma-treated
carbon paper, pNBF6-coated carbon paper, and commercially available PTFE-coated
carbon paper are shown in Figure 8.5. As indicated by the order of magnitude reduction
in impedance, O,-plasma treatment of the carbon paper effectively cleans and oxidizes
the surface, creating a double layer of capacitance of 108 pF/cm? at lower frequencies.

The pNBF6 film and the Teflon-coated sample exhibit 10° improvement beyond the
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plasma-treated carbon paper electrode. The increased impedance of these films can be
attributed to the enhanced hydrophobicity and protection provided by the fluorocarbon

films.

RS RS
|
1 Rint R
Coa__ CPE ) f
Carbon Paper Carbon Paper

Figure 8.5. Equivalent circuits used to model impedance spectra for films on carbon paper electrodes: (a)
mixed kinetic and charge transfer model and (b) the Randles circuit model modified with a constant phase
element. The constant phase element allows for film inhomogeneity and the modeling of “leaky”
capacitors.

The plasma-treated carbon paper can be modeled using a double layer capacitance in
parallel with a Warburg impedance, shown in Figure 8.6a, to account for diffusional
limitations at low frequencies. The untreated, Teflon-treated, and pNBF6-coated carbon
paper were modeled using a modified Randle’s circuit, Figure 8.6b. Capacitors were
replaced with constant phase elements (CPE) to allow for film inhomogeneity.** ** The
film inhomogeneity may be due to varying film thickness throughout the fibrous network.
Since film capacitance is inversely proportional to the thickness of a film, variability in
the thickness can result in the film behaving as a “leaky” capacitor. This leakiness is

accounted for in the parameter a, where oo = 1 for a true capacitor. The pNBF6-coated

film exhibits a lower capacitance, 3.1 uS-s” (where o = .916), and higher impedance, 10.8
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kQ, than the Teflon-coated electrode, 17.1 uS-s* (where o = .824) and 4.9 kQ,
respectively. Table 8.1 summarizes the film resistances and CPE’s extrapolated from the
equivalent circuits used to model the EIS spectra.

Although the pNBF6 film and the Teflon® film exhibit similar barrier properties,
PNBF6 can be prepared at room temperature in ambient conditions with no specialized
equipment beyond O,-plasma treatment. Teflon coatings are generally prepared using
chemical vapor deposition techniques under vacuum. pNBF6 can also be further
modified via exposure to acetyl sulfate, resulting in a proton-conducting ionomer film

that has utility if proton transport to the carbon paper is desired.*

Conclusion

Through surface-initiated ROMP of 5-perfluorohexylnorbornene, we have
demonstrated a bottom-up approach to fabricate thin partially fluorinated polymer films
on carbon paper electrodes. Exposing the carbon paper to O, plasma is a simple, fast
method that produces hydroxyl groups on the surface. At least 45 s of plasma exposure is
needed to saturate the carbon paper surface with oxidized species, and enables complete,
coherent pNBF6 film growth. The pNBF6 films are hydrophobic and provide good
impedance to the transfer of aqueous ions, exceeding the performance of commercially
available Teflon-treated carbon paper. This protocol should be easily extendable to Sl-

ROMP of other norbornenyl derivatives as well.
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CHAPTER IX

SURFACE-INITIATED RING-OPENING METATHESIS POLYMERIZATION OF
POLY (5-PERFLUOROHEXYL)NORBORNENE WITHIN NANOPOROUS GOLD
LEAF ELECTRODES

Introduction

The current measured by an electrode scales with its electrochemically active
area, thus the fabrication and modification of highly porous conductive substrates is an
active area of research. These porous electrodes can be fabricated using casting and
etching methods involving colloidal dispersions® or block copolymers,® 3 the anodization
of oxides, such as alumina,* and electrochemical acid treatments of silicon.” Porous gold
electrodes are advantageous for their chemical stability, wide active electrochemical
window, and ease of surface modification with thiols and disulfides.* © However, there
are few simple methods available to synthesize nanoporous metallic structures.  An
exception, is the dealloying of gold/silver leaf alloy reported by Erlebacher et al.? to
create a thin, ~50-100 nm thick, mesoporous gold substrate. The dealloying process they
describe yields highly porous gold substrates, with features on the nanoscale, without the
use of prefabricated scaffolds. Their group recently used these porous gold substrates in
the assembly of a proton exchange membrane (PEM) fuel cell using Pt-plated nanoporous
gold leaf (NPGL) as electrodes and Nafion 113.5 as the PEM.® Our group™ has used an
adaptation of Erlebacher’s procedure to attach a photo-active protein to nanoporous gold
electrodes for the enhancement of biomimetic solar energy conversion. In order to

stabilize the thin NPGL, we supported the NPGL on glass and Au-coated silicon
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substrates using thiol-terminated silanes and dithiols, respectively, to prepare an adhesive
interlayer.
Highly porous architectures, like NPGL, functionalized with thin films have many

12.13 and catalysis.** Thin films range in

applications in separations,** protective coatings,
thicknesses from 1 nm,™ as in the case of monolayer films, or as thick as a few microns
using polymeric films. These films can be discretionary based on molecule size, charge,
or chemical affinity, and thus facilitate or block the transport of desired species.
Polymer films are prepared using either physical adsorption or chemical attachment.
Physical applications of polymer films such as spin-coating®® and solution-casting'’
provide coherent films of tunable thickness on flat substrates. However, these methods
yield incomplete and non-conformal coatings on complex three dimensional substrates
such as membranes and porous structures due to the topical application of these
techniques.  Non-uniformity of the polymer films within the porous support can
underutilize an electrode’s surface area causing poor transport, barriers properties, or
catalysis. To overcome these limitations, bottom-up approaches can be used to coat and
functionalize porous architectures. In contrast to spin-coating and drop-casting methods,
surface-initiated polymerizations (SIPs) enable the growth of polymer films on flat or
irregular geometries while providing a direct chemical attachment to the substrate.’® In
SIP, the monomer reacts with a surface-tethered initiator or polymerization catalyst,
resulting in the growth of a polymer chain from the surface. Thus, the surface-initiated
polymer film can be tailored to provide desired chemical functionality. Lopez et al.

utilized atom transfer radical polymerization (ATRP) of N-isopropyl acrylamide

throughout mesoporous silica particles to control the transport of molecular species.
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Whereas, Bruening, Baker, and co-workers grew poly(hydroxyethylmethacrylate)
(PHEMA) films from porous alumina supports to enhance the performance of CO,/CH,4
separations.

In this chapter, we describe the coating of NPGL electrodes utilizing surface-
initiated ring-opening metathesis polymerization (SI-ROMP) of 5-
(perfluorohexyl)norbornene (NBF6). We have previously demonstrated surface-initiated
growth of poly(5-(perfluoro-n-alkyl)norbornenes (pNBFn) films on planar gold
electrodes.”® These films exhibit rapid growth kinetics with low critical surface energies
while providing an effective barrier to the diffusion of aqueous ions.”®* pNBFn films can
be converted to ionomer films through exposure to 0.1 M dichloromethane solution of
acetyl sulfate, which reacts with the olefin residing in the polymer backbone to yield a
sulonate group.?® %

One of the challenges of investigating the properties of functionalized nanoporous
architectures, such as NPGL, is that the inner dimensions of the structure are not readily
accessible. Thus, determining the extent and coverage of polymerization throughout
highly porous structures is usually reliant upon destructive techniques. However,
electrochemical probing of the film provides a non-destructive method to investigate the
properties of these systems.

Here, we characterize the pNBF6-coated NPGL electrodes using electrochemical
impedance spectroscopy (EIS) in conjunction with scanning electron microscopy (SEM)
to determine the extent and coverage of the polymer film. Our approach demonstrates
the growth of coherent polymer coatings throughout NPGL electrodes and their

subsequent characterization using non-destructive techniques.
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Experimental Procedures

Preparation of Nanoporouos Gold Leaf

The nanoporous gold leaf electrodes were fabricated using a technique we
previously reported’® that was adapted from a method developed by Ding et. al.® The
gold/silver leaf was cut into portions slightly larger than the final desired sample size to
allow the NPGL to completely cover the substrate surface. The leaf was then gently
placed onto a glass microscope slide, and the slide was slowly dipped into a beaker of
concentrated nitric acid causing the leaf to float at the air-acid interface. As the leaf
floated freely on the surface of the acid, the glass slide was removed to allow the
dealloying to proceed for the desired time. The leaf was then removed from the acid with
a glass slide by positioning it beneath the NPGL, and then gently withdrawing it. As the
slide was removed, the free-floating leaf adhered smoothly to the surface, and it was then
transferred to a beaker of deionized water for rinsing. The leaf was removed from the air-
water interface with a pre-cut portion of a glass slide that was pre-modified with 3-
mercaptopropyl trimethoxysilane. The free thiols on the terminus of the silane bind the
NPGL to the surface, fastening it firmly to the planar glass substrate, shown in Figure 1a.

The glass slides were typically cut to 1 cm x 4 cm pieces.

pPNBF6 Polymer Preparation
PNBF6 films were grown from the NPGL substrates using the scheme shown in
Figure 6.3. NPGL substrates supported on glass slides were placed in a 1.0 mM ethanolic

solution of 4-mercapto-1-butanol for at least 1 h to yield a hydroxyl-terminated self-
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assembled monolayer (SAM). The films were rinsed in ethanol and dried in a stream of
nitrogen. Exposure of the SAM to a 5 mM solution of trans-3,6-endo-methylene-1,2,3,6-
tetrahydrophthaloyl chloride in dichloromethane for 30 min yielded the acylation product
of a surface-tethered norbornenyl group.??. The samples were rinsed in ethanol and dried
in a stream of N,. The norbornenyl decorated substrates were exposed to a 5 mM
solution of Grubbs (1) catalyst in dichloromethane for 90 min. The monolayers were
rinsed with dichloromethane and immediately placed in a monomer solution containing

0.05 M NBF6 in dichloromethane for 10 min to grow pNBFn films.

Electrochemical Impedance Spectroscopy (EIS)

Since the surface area of a NPGL electrode is dependent on the dealloying time
during the etching process and decreases as etching time increases, our reported values
are on a geometric 1 cm? basis, not the electrochemically active surface area of the NPGL
electrode. Thus, the reported impedances for the NPGL electrodes are deflated since the

amount of current measured from an electrode surface scales with its surface area.

Results and Discussion

Effect of NBF6 Concenctration

Polymer films were grown from NPGL surfaces by utilizing SI-ROMP as
depicted in Figure 6.3. A HO(CH,);S/Au SAM was treated with trans-3,6-endo-
methylene-1,2,3,6-tetrahydrophthaloyl chloride, which is a norbornene with pendant acid

chlorides in the 4 and 5 positions, to produce an ester-linked norbornene group on the
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surface. The resulting surface was made catalytically active for ROMP by exposure to
Grubbs 2" generation catalyst. Subsequent exposure to a solution of NBF6 in
dichloromethane (DCM) for 90 min resulted in the growth of partially fluorinated
polymer films from the NPGL surface. The average pore size of NPGL electrodes

dealloyed for 4 h is on the order of 50 nm, Figure 9.2(a).
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Figure 9.1. Reflectance absorption infrared spectra of pNBF6 grown from a NPGL electrode. -CF, groups
primarily exhibit two modes of stretching: v,,(CF,) from 1300-1400 cm™ and vpa(CF2) from 1100-1300 cm”
1

We used RAIRS to confirm the growth and structure of the pNBF®6 films. Figure
9.1 displays the fluorocarbon region of the RAIR spectrum of a pNBF6 film grown from

a NPGL electrode. As can be seen, the pNBF6 film absorbs strongly from 1100-1300
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cm® and weakly from 1300-1400 cm™, which is attributed to CF, stretching

perpendicular and parallel, respectively, to the helical axis of the fluorocarbon chain.’*°

_?.
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Figure 9.2. Scanning electron micrographs of NPGL electrodes modified with norbornenyl initiator (a)
and pNBF6 film grown in 0.025 M (b), 0.05 M (c), and 0.1 M (d) NBF6 solution. The pNBF6 films were
grown for 90 min in DCM.

As expected, the pNBF6 film greatly enhances the hydrophobicity and the oleophobicity
of the NPGL electrodes. Table 9.1 summarizes the advancing water and hexadecane
contact angles atop the pNBF6-coated NPGL electrodes after each stage of the
polymerization process shown in Figure 6.3. The average advancing contact angle for
water and hexadecane is ~120° and ~ 66°, respectively, which is consistent with dense
fluorocarbon films on a porous support. There was no observable difference in the
wettability of the modified NPGL electrodes except for electrodes coated with pNBF6

films grown in 5 mM NBF6. These electrodes showed the greatest hysteresis, 76° £ 2°
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vs. 30° £ 3° for all other pNBF6 films, between advancing and receding water contact

angles, indicating a poorly formed pNBF6 film.

Table 9.1. Wetting properties of pNBF6 films grown on NPGL electrodes.
Advancing Contact Angle (°) Receding Contact Angle (°)

Film B0 01p Oho0 Oup
Initiator 61+4 — 15+ 1 —
pNBF6 120+ 3 66 + 1 90 +2 32 +1

Previously, we have shown the ability to control pNBFn film growth on planar
gold electrodes by varying the concentration of the monomer solution.® We
demonstrated that we could grow polymer films ranging in thicknesses from ~50 nm to ~
1 um using NBFn concentrations ranging from 50 mM — 1 M, respectively. Extending
this trend to pPNBF6 growth on NPGL electrodes, we should be able to induce sparse,
coherent, and superfluous polymer growth on the NPGL support by changing the
concentration of NBF6 during polymerization.  To investigate the extent of
polymerization throughout the NPGL electrode, including the inner dimensions, without
destroying the NPGL electrode, we used electrochemical impedance spectroscopy (EIS)
to probe the films. EIS is a non-destructive analytical electrochemical technique that
probes electrode interfaces with redox species to determine the barrier properties of a
surface film. Previously, we investigated the barrier properties of SAMs formed from the
adsorption of n-alkanethiols onto a NPGL electrode. SAMs are convenient due to their
ease of formation and their formation of dense monolayer films. The n-alkanthiolate
SAMs effectively provided a barrier against aqueous ions displaying a trend of

decreasing film capacitance with increasing chain length, which is consistent with an
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effective increase in film thickness. EIS spectra can be fit with appropriate equivalent
circuit models to extract effective film resistances and capacitances. A standard Randle’s
equivalent circuit was used to model the n-alkanthiolate EIS spectra mentioned above, in
which charge transfer through the SAM and electrolyte solution can be modeled using a
parallel capacitor (C;) and resistor (R;) in series with a solution resistance (Rs). We used
a two-time constant equivalent circuit to model the EIS spectra of pNBFn films on planar
gold electrodes to account for the polymer film and the polymer/metal interface. For
pNBF6 films grown from NPGL electrodes, three distinct domains are possible: 1) the
initiator tethered to the NPGL surface, 2) the pNBF6 film within the pores, and 3) the

pNBF6 film atop the NPGL electrode.

(a) R (b)

.............................. interface R;

CPE \)

Au Au

Figure 9.3. Equivalent circuits used to model impedance spectra for polymer films on NGPL.: (a) a two
time constant model for both the polymer film and organic-metal interface and (b) a modified Randle’s
circuit.

162



Thus, a three-time constant equivalent circuit is appropriate to model the EIS spectra of
pNBF6 films on NPGL electrodes. However, this model can be simplified to a two-time
constant and even a Randle’s equivalent circuit under certain conditions. If no
superfluous overgrowth of polymer exists on top of the NPGL electrode or if the film
impedance does not dominate the interfacial impedance, then the EIS spectra can be
modeled using the circuit shown in Figure 9.3(a). In some cases, the film impedance
dominates the spectrum so that the time constant for interfacial impedance and bulk (film
atop the electrode) pNBF6 is insignificant, thus reducing the model to a Randle’s circuit,
shown in Figure 9.3(b). To aid in the interpretation of our EIS spectra, we collected

scanning electron micrographs as well, displayed in Figure 9.2.
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Figure 9.4. Electrochemical impedance spectra obtained in 1 mM Ks;Fe(CN)g and 1 mM K Fe(CN)g in 0.1
M Na,SO,(aq) for the pNBF6 films on NPGL, dealloyed for 4 h, prepared by exposure of Grubbs II-
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modified surfaces to 5 mM, 25 mM, 50 mM, 100 mM, or 150 mM NBF6 in DCM for 90 min. Solid
curves represent fits of the data using appropriate equivalent circuit models.

Figure 9.4 displays EIS spectra of pNFB6 films grown from Grubbs (1) modified
NPGL in 5 mM, 25 mM, 50 mM, 100 mM, or 150 mM NBF6 for 90 min on NPGL
electrodes. An aqueous solution of 1 mM K4Fe(CN)ge3H,0, 1 mM KszFe(CN)g, and 0.1
M Na,SO, was used to provide redox probes to interrogate the surface. These spectra
have been fit with the equivalent circuit models shown in Figure 9.3, and the equivalent
film resistances and capacitances are summarized in Table 9.2. As shown in Figure 9.4,
the pNBF6 film resistances increase and the film capacitances decrease for increasing
monomer concentrations during polymerization.  This trend is consistent with
polymerizations on 2-D supports in that higher concentrations produce thicker films, as

film capacitance is inversely proportional to film thickness.

Table 9.2. Impedance properties of pNB6 films grown from 0.005 M, 0.025 M, 0.05 M, 0.1 M, or 0.15 M
monomer solutions for 90 min on NPGL dealloyed for 4 h.

Concentration  log (R; (Q'cm?)  CPE; (uS*s%)

5 mM 37 32.6
25 mM 5.5 3.94
50 mM 6.4 0.07
100 mM 6.8 0.045
150 mM 11.7 2.25x10°

pPNBF6 prepared in 5 mM monomer solution for 90 min are so thin that its spectrum is
comparable to that of the polymerization precursor, shown in Figure 9.5. This indicates
that little to no polymer growth occurred in 5 mM NBF6 solution. However, pNBF6
films grown in 25 mM monomer solution provide barrier properties comparable to that

derived from a dodecanethiol monolayer,”® suggesting that an appreciable amount of
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polymer growth occurred throughout the NPGL electrode providing an effective barrier
to ion transport. The scanning electron micrograph shown in Figure 9.2(b) confirms the
pNBF6 film growth in 25 mM monomer solution as the pore sizes are diminished, and
also reveals the formation of island polymer domains atop the NPGL electrode. The
pores of the NPGL, although slightly smaller due to the pNBF6 film, can still be
distinguished clearly. The EIS spectrum of pNBF6 grown in 50 mM NBFG6, Figure 9.4,
is consistent with a conformal polymer coating. The spectrum can be modeled with a
Randle’s circuit indicating a solution resistance at high frequencies, film resistance at low
frequencies, and film capacitance at moderate frequencies. Randle’s equivalent circuits
have been used to model complete coatings atop 2-D electrodes. Figure 9.2(c) displays
an SEM image of a coherent, complete pNBF6 coating, prepared in 50 mM NBF6, of the
NPGL. The pore openings in the NPGL are muted, but are still visible. The EIS
spectrum of pNBF6 grown in 100 mM monomer solution, Figure 9.4, is similar to the
film grown in 50 mM NBF6; however, a higher impedance at high frequencies, lower
capacitance, and higher film resistance are noticeable. The impedance of the pNBF6 film
at high frequencies can be attributed to the increased polymer growth on top of the NPGL
electrode that further separates the NPGL electrode from the redox probes in the aqueous
solution. The added polymer dielectric layer increases the resistance in the circuit and is
accounted for as a film resistance in the equivalent circuit. Confirming the additional
growth of pNBF6 atop the NPGL electrode, the SEM image shown in Figure 9.2(d)
displays an overgrown polymer film that completely covers the porous network of the
NPGL. The inner dimensions of the NPGL electrode are still accessible by the redox

probes interacting with the NPGL surface, represented as the film resistance in the EIS
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spectrum (Figure 9.4, 100 mM). The pNBF6 film grown in 150 mM monomer solution
yielded the most unique EIS spectrum. The data can be modeled as a pure capacitor
indicating that no redox probes were able to interact with the surface during the time
period of the experiment. This suggests superfluous film growth atop the NPGL
electrode such that no redox probes were able to penetrate the pNBF6 film. Comparing
this spectrum to that of a ~600 nm pNBF6 film grown on a planar gold electrode we
previously reported®®, may indicate that the pNBF6 film plugged the pores within the
NPGL entrapping air beneath the polymer film. The pNBF6 film on planar gold
exhibited Randle’s circuit behavior?® in which the redox couples interacted with the gold
substrate at lower frequencies. The barrier properties observed of pNBF6 films on planar
gold electrodes coupled with the pure capacitive behavior of pNBF6 grown from NPGL
suggests that the pNBF6 film grown on NPGL in 150 mM NBF®6 is either ~14 mm thick
(estimated based on the inverse relationship to film thickness and film capacitance in
EIS), which is inconsistent with pNBF6 polymerization kinetics and visual observations,
or contains a layer, such as trapped air, that inhibits charge transfer. Thus, by controlling
the concentration of NBF6 during polymerization we are able to tune the polymer film
growth throughout the NPGL electrode, ranging from films that provide comparable

impedance as SAM films to films that behave as pure capacitors.

Effect of NPGL Pore Size
One of the challenges in growing conformal polymer coatings within small pores is
that diffusion limitations can cause excessive growth near the top of the pores that tapers

to negligible film growth as pore depth increases. Thus, pores need to be large enough to
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enable coherent polymer film growth throughout the structure. We fabricated
nanoporous gold leaf electrodes using a similar method previously reported by
Erlebacher et al.® Concentrated nitric acid was used to selectively leach the silver from a
gold/silver leaf; thereby, creating a highly porous gold electrode. The pore size within
the NPGL is tunable by controlling the leaf’s exposure to nitric acid, with longer
exposure to nitric acid longer increasing the average pore size while reducing the surface
area of the NPGL.% ® We'® and Erlebacher et al.® previously reported the correlation
between the total surface area of the NPGL and nitric acid exposure time. The surface
area of a NPGL electrode prepared via 30 min of acid exposure is ~15 fold greater than a
planar gold electrode, whereas a NPGL electrode prepared via 24 h of acid exposure is

only ~4 fold greater.*
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Figure 9.5. Electrochemical impedance spectra obtained in 1 mM Ks;Fe(CN)g and 1 mM K Fe(CN)g in 0.1
M Na,SO,(aq) for the pNBF6 films on NPGL dealloyed for the times indicated. The pNBF6 films were
prepared by exposure of Grubbs II-modified surfaces to 0.05 M NBF6 in DCM for 90 min. The control
spectrum indicates a norbornenyl decorated NPGL electrode. Solid curves represent fits of the data using
appropriate equivalent circuit models.

We investigated the pore size in which complete, coherent pNBF6 films within the
NPGL can be grown using a span of dealloying times from 30 min — 24 h. Figure 9.5
displays the EIS data of pNBF6 films grown on NPGL electrodes exposed to nitric acid
for 30 min, 2 h, 4 h, and 24 h. These spectra have been fit with the equivalent circuit
model shown in Figure 9.3, and the equivalent film resistances and capacitances are
summarized in Table 9.3. The spectrum for each film is consistent with predominately
capacitive behavior where the conductive electrolyte is separated from the electrode by
the polymer dielectric, which is modeled as a constant phase element (CPEy), to allow for

film inhomogeneity.?* > All pNBF6 films performed as better protective barriers against
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aqueous ions than a monolayer of the polymer initiator, labeled as the control in Figure 6.
Interestingly, the pNBF6 film grown on the NPGL with the highest surface area, 30 min
acid treatment, exhibits only capacitive behavior, similar to that of pNBF6-coated NPGL
grown in 150 mM monomer concentration, indicating that no redox probes were able to
reach the NPGL surface within the frequencies measured. A trend is apparent, shown in
Figure 9.5, for the remaining dealloying times in which the impedance properties
decrease as dealloying times increase. The impedance values shown in Figure 9.5 are
based on per geometric area and do not account for active surface area of the electrode.
Thus, the higher surface area electrodes, those dealloyed for shorter times, have deflated
impedance values. Taking this into account, the impedance values for the pNBF6 film on
NPGL that has been dealloyed for two hours is consistent with the trend of lower

impedance with increasing dealloying times.

Table 9.3. Impedance properties of pNB6 films grown from 0.05 M monomer solutions for 90 min on
NPGL dealloyed for 30 min, 2 h, 4 h, or 24 h.

Time (h) log(R; (Q-cm?)) CPE; (nS*s%)

0.5 11.8 0.0002

2 5.1 863

4 6.4 69.5

24 6.1 616
Conclusion

Through surface-initiated ROMP of 5-perfluorohexylnorbornene, we have
demonstrated a simple bottom-up approach to fabricating thin fluorinated polymer films
on nanoporous gold leaf electrodes. The pNBF6 films are hydrophobic and provide good
impedance to the transfer of aqueous ions. EIS in conjunction with SEM was used to

effectively characterize the extent of polymerization throughout the NPGL electrodes.
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We are able to grow incomplete, coherent, and superfluous pNBF6 films on the NPGL
electrodes by controlling the monomer concentration during film growth.
Polymerizations in NBF6 concentrations greater than 150 mM cap the electrode pores,
entrapping air beneath the polymer film. The pore size of the NPGL electrode also
impacts the growth of pNBF6 films, such that, if the pores are too small, the pNBF film
rapidly caps and plugs the pores of the electrode, entrapping a layer of air beneath the

polymer.
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CHAPTER X

CONCLUSIONS AND FUTURE WORK

Conclusions

In this body of work, we have shown proof-of-concept designs for the
development of dense, protein films on electrode surfaces for use in biomimetic solar
energy conversion and the bottom-up growth of ionomer films on both 2-D and 3-D
electrode architectures for use in proton exchange membrane fuel cells (PEM-FC).

In Chapter 1V, we demonstrated that a critically dense monolayer of spinach-
derived PSI must be formed on an electrode surface to achieve optimal photocurrents,
and we introduced a new method for preparing these dense PSI monolayers that reduces
the time required for assembly by ~80 fold in comparison to that for adsorption from
solution. This method consisted of applying a vacuum above the aqueous PSI solution
during assembly to concentrate PSI and precipitate it into a thick layer onto the surface of
various self-assembled monolayers or directly onto the electrode surface. Rinsing with
water yielded a dense monolayer of PSI that draws ~100 nA/cm? of light-induced current
from the gold electrode in the presence of appropriate electron transfer mediators.

We extended the method described in Chapter 1V to the preparation of multilayer
Photosystem | (PSI) films on gold electrodes in Chapter V. Upon concentrating PSI into
a thick layer onto the gold electrode surface, we exposed the film to an ethanol bath. The
ethanol bath selectively dissolved the surfactant stabilizing the PSI in aqueous solution,

leaving a multilayered PSI film on the electrode surface. Using a custom three-electrode
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electrochemical cell, the photocurrent response of PSI-modified electrodes was measured
upon exposure to light. The multilayered PSI film drew up to ~20 fold more
photocurrent than a monolayer PSI film from a gold electrode when coupled with
appropriate electron transfer mediators.

In Chapter VI, we introduced a new class of polymers that are able to be grown
from gold electrodes using a bottom-up approach which allows for excellent control over
film properties. We described the synthesis of 5-(perfluoro-n-alkyl)norbornenes and
utilized surface-initiated ring-opening metathesis polymerization (SI-ROMP) of NBFn to
grow partially fluorinated polymer films of tunable thicknesses ranging from tens of
nanometers to microns on gold substrates. The perfluoroalkyl chains range in length (n)
from 4 — 10 carbons, representing 67 — 83% of the molecular weight of the repeat unit.
The growth rate of the film depends on the perfluoroalkyl chain length, with longer
chains enabling faster surface-initiated growth and greater ultimate thicknesses. These
films exhibited hydrophobic and oleophobic surface properties and proved effective
barriers to the diffusion of aqueous ions. The critical surface tensions of the films exhibit
a minimum for a fluorocarbon chain of 8 (pNBF8) and range from 9 to 19 mN/m. The
morphologies of the pNBFn films consisted of densely packed 20-30 nm clusters that
differ in the concentration of fluorocarbon chains in the outer few nm of the film.

Sulfonating the pNBFn films and integrating them with a Pt-catalyst enabled the
investigation of current production via oxygen reduction reaction. In Chapter VII, we
demonstrated proof-of-concept principles for the SI-ROMP of norbornene (NB), 5-
butylnorornene (NBH4), and NBF4 from Pt-modified gold substrates and the subsequent

sulfonation of olefins along the polymer back-bones to produce ultrathin sulfonated
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polymer films. Prior to sulfonation, the films were hydrophobic and exhibited large
barriers against ion transport, but sulfonation dramatically reduced the resistance of the
films by providing pathways for proton diffusion. Sulfonated films derived from NBF4
and NBH4 yielded more anodic potentials for oxygen reduction than those derived from
NB or unfunctionalized electrodes. These improvements are consistent with hydrophobic
structuring by the fluorocarbon or hydrocarbon side groups to minimize interfacial
flooding and generate pathways for enhanced O, permeation near the interface.
Importantly, we demonstrated that the sulfonated polymer chains remained anchored to
the surface during voltammetry for oxygen reduction whereas short-chain thiolates that
do not tether polymer were removed from the substrate. This approach, which we extend
to unmodified gold electrodes at neutral pH, presents a method of cleaning the
ionomer/electrode interface to remove molecular components that hamper the
performance of the electrode.

We extended these polymer films from planar electrodes 3-D, porous electrodes.
In Chapters VIII and IX, we described the SI-ROMP of NBF6 on two porous supports:
carbon paper and nanoporous gold leaf, respectively. We grew pNBF6 from carbon paper
that was pre-treated with O, plasma. For our reaction scheme, the growth of the pNBF6
films is dependent on the concentration of hydroxyl groups on the carbon paper substrate.
X-ray photoelectron spectroscopy and scanning electron microscopy were used to
determine the required time for O, plasma exposure to saturate the surface with hydroxyl-
termini. Complete, conformal pNBF6 films were grown on carbon paper electrodes
exposed to O, plasma for at least 45 s. These films exhibit hydrophobic and oleophobic

surface properties and provided similar barrier properties to that of Teflon-treated carbon
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paper. However, pNBF6 can be prepared at room temperature in ambient conditions with
no specialized equipment beyond O,-plasma treatment. Teflon coatings are generally
prepared using chemical vapor deposition techniques under vacuum. pNBF6 can also be
further modified via exposure to acetyl sulfate, resulting in a proton-conducting ionomer
film that has utility if proton transport to the carbon paper is desired.

Growing pNBF6 from NPGL, we were able to control the thickness and
uniformity of the pNBF6 coatings by varying the monomer concentration during film
growth. NBF6 concentration ranging from 25-100 mM resulted in conformal growth
throughout the nanoporous network, whereas NBF6 concentrations = 150 mM resulted in
capping of the porous network. Electrochemical impedance spectroscopy and scanning
electron microscopy were used to characterize the uniformity and extent of films within
the nanoporous architecture. Purely capacitive behavior was observed for films grown in
150 mM NBF6, suggesting that no redox probes were able to reach the NPGL surface
during the experiment, whereas two time constant and Randle’s circuit models were used
to fit the remaining spectra. The size of the pores throughout the NPGL electrode
impacts pNBF6 film growth and can inhibit conformal coating within the pores if too
small. pNBF6-coated NPGL electrodes exhibit hydrophobic and oleophobic surface
properties and provide effective barriers against the diffusion of aqueous ions.

The work described here presents enabling technologies that may have
applications in the development of alternative energy sources. The PSI films have
incredible reducing power that can be used in biocatalysis. The pNBFn polymer films

can be applied as dielectrics, water- and oil-repellent coatings, and membranes films.
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Upon sulfonating these films, the barrier properties changing dramatically, enabling the

transport of protons and other ionic species through the film.

Future Work

Fabrication of a PSI-Electrochemical Cell

After gaining fundamental insight on the assembly and performance of PSI films,
a progressive step would be to fabricate and test PSI photoelectrochemical proto-type
cells. As depicted in Figure 10.1, a PSI electrochemical cell is comprised of a dense PSI
film is assembled onto a gold cathode that is opposite a transparent indium tin oxide
(ITO)-coated glass anode. A thin layer of dielectric, such as polystyrene (PS), will be
used as an insulating layer to separate the gold and ITO electrodes. To prepare such a
prototype cell, we will first prepare the PS layer via drop-casting or spin-coating the
polymer around the perimeter of a mask as reported by Stange et al.”> The low energy
surfaces created by the PS coatings will prevent PSI deposition and enable us to
selectively deposit the PSI onto hydrophilic surfaces such as —OH, -CO,H, -NH,, -NHS,
and —TPDA terminated SAMs that were previously masked areas of the surface, Figure
10.1.>* We will then assemble a PSI film using vacuum assembly. During the PSI
assembly, we will employ a hydrophobic mediator such as DCIP, which will partition
from solution into the PSI film. A thin layer of polymer gel electrolyte will be deposited
atop the PSI-filled cathode. We will use polymer gel electrolytes previously used in dye-
sensitized  Gratzel cells.’ Polymer gels like poly(vinylidenefluoride-co-

hexafluoroproylene) (PVdF-HFP), polyacrylonitrile, and polymethylmethacrylate
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enhance the stabilities and lifetimes of the photoelectrochemical cells while maintaining
high ionic conductivities (>10% S/cm)® and diffusion coefficients similar to aqueous
electrolytes. We will investigate transparent ITO-coated glass as the anode to complete
the structure. Stacks of these structures can be created to multiply the current, as long as
light can penetrate through the entire stack. We have estimated that a dense 7 um film of
PSI would block out all light, so as long as the combined thicknesses of the PSl/cathodes

are below a few micrometers, stacked structures are viable to multiply current.

ITO/glass

Gel Electrolyte + Mediators

PS PS

Au

Figure 10.1. Proposed architecture of a PSI photo-electrochemical cell.

Integration of Pt-Catalyst within 3-D supports

As an extension of the proof-of-concept principles demonstrated in Chapter VII
and the ability to grow pNBFn films from carbon paper and NPGL electrode supports in
Chapters VI1II and IX, we can combine these ionomer films with Pt-catalyst within the 3-
D porous supports. Figure 10.2 displays a schematic of a prototype cathode assembly.
Combining this electrode with a proton exchange membrane, such as Nafion®, would
enable the testing of an entire membrane electrode assembly. The use of a bulk
membrane is motivated to assess any impedance to proton transfer from the membrane to
the porous electrode and the role of interfacial ionomer in facilitating this transfer. We

can vary average pore size and porosity of the NPGL electrode, in addition to the
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ionomer composition (pNBFn vs. pNBFHN) and thickness to investigate these pertinent
interfacial effects on the oxygen reduction reaction and on the overall impedance of the
system. Direct incorporation of Pt-catalyst and ionomer onto a carbon paper electrode
would provide insight into the interfacial transport properties of the ionomer films as
well.  Such information could be used to molecularly optimize the interfacial
environment within these 3-D electrodes and provide guidelines for the molecular design

of interfaces for other geometries and types of fuel cells.

lonomer Film

| | Pt Layer

Gas
Diffusion

Figure 10.2. Schematic of a membrane electrode assembly using NPGL as a high surface area electrode
modified with Pt layers.
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