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CHAPTER I

INTRODUCTION

With the increasing interest in hydrogen as a viable energy currency,' a need to improve
current fuel cell efficiencies while driving down equipment costs is essential. Proton
exchange membrane (PEM) fuel cells have exceptionally good qualities for power
generation. PEM fuel cells can operate at low temperature’ with high theoretical
efficiency’ and excellent durability.* In particular, a redesign of the PEM fuel cell
electrode assembly has the greatest potential to increase overall performance with the
molecular optimization of proton, electron, and gas transport properties while reducing

cost through more efficient use of materials.’

Carbon Cloth
Catalyst + lonomer
Membrane Spray Membrane Dry | Membrane Press Membrane

Figure 1.1. Preparation of a typical membrane electrode assembly.

Current fabrication approaches*® 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 (Figure 1.1).°



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 wired to the electron- or proton-conductive elements and are therefore inactive in the
electrode reaction.” In addition, the empirical nature of these processes leads to poor

reproducibility and the inability to compare results from different laboratories.

<“<—jonomer

catalyst particles

cathode/electrode

porous support

gas diffusion pathways

T
0,

Figure 1.2. Cross sectional view of proposed integrated catalyst/ionomer network.

The research presented herein seeks to radically alter PEM fuel cell processing
and integrate the catalyst support, gas diffusion pathways, and ionomer into a single
network based on a bottom-up, templated approach. We utilize the similar nanoscale
dimensions of the catalyst particles and the pores that transport oxygen and ions to
construct a highly controlled, well-defined interface for the triple access by protons,

electrons, and gas molecules to the catalyst particles. Figure 1.2 shows a schematic of



the proposed design of an integrated cathode where catalyst nanoparticles are supported
on a nanoporous gold structure. These pores effectively double as conduits for gas
diffusion. A new class of ionomer film is grown from the pore walls to develop proton
conducting pathways throughout the pores and to the adsorbed catalyst particles. This
ionomer film can be integrated with a bulk membrane or an anode that is engineered in a
similar way. Each catalyst particle will be electronically accessible from the metal
cathode and in contact with proton-conducting ionomer to yield extremely high

5,8

utilization efficiencies of the catalyst (approaching 100%). A network based on

nanoporous structures enables high catalytic surface areas (> 10,000 cm” of active area

per cm? of geometrical area) and rapid transport of oxygen to the catalyst particles.””"

SO,H

OH
/
. R )

Figure 1.3. New class of ionomer materials to be prepared based on poly(n-
alkylnorbornenes). R represents an n-alkyl group.

As an integral part of this project, we will introduce new classes of interfacial
ionomers based on a controlled surface-initiated ring-opening metathesis polymerization
of hydrocarbon-functionalized norbornenes (see Figure 1.3). The hydrophobicity of the
ionomer is tailored to promote self organization of conductive pathways to enhance

5,11

proton transport. The surface-initiated growth of the films should enable uniform



growth throughout the pores and precise tailoring of the catalyst/ionomer interface, which
has often been neglected in previous work. This innovative processing will utilize highly
controlled methods of thin film fabrication to enable a stronger fundamental
understanding of the relevant atomic- and molecular-scale factors required to optimize

performance of electrode interfaces.
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Proton exchange membrane fuel cells operate on the reaction of hydrogen and
oxygen yielding water (Figure 2.1). Hydrogen is introduced at the anode side, where it is
oxidized within the catalyst layer to form protons and electrons. The membrane consists
of an ionomer designed to transport protons from the anode to the cathode while not
allowing the mixing of the feed gasses. The protons combine with electrons and oxygen
in the catalyst layer of the cathode to form water. For high efficiency in the anodic or
cathodic half reactions, the catalyst must be wired to the proton conducting ionomer and

the electron conducting gas diffusion matrix and be easily accessible to the appropriate

feed gas.

CHAPTER 1II

BACKGROUND

Fuel Cells

Gas Diffusion Layer
Anode / Catalyst Layer Cathode

2H, >4 e +4H

Figure 2.1. Schematic of a PEM fuel cell, and a zoomed in view of the key interfacial

1Ssues.

O,+4e +4H*">2H,0

H,O



While we focus on proton exchange membrane fuel cells, many different types of
fuel cells are currently being researched. Direct methanol fuel cells offer an alternative
form of energy conversion in which methanol oxidized at the anode to CO, and oxygen is
reduced at the cathode to produce water. Direct methanol fuel cells are attractive due to
their low operating temperatures and the multiple renewable sources of methanol fuel.'
Direct methanol fuel cells often use the same ionomers as PEM fuel cells, and also may

benefit from technologies developed in this research.’

Membranes

Perfluorosulfonate polymers such as Nafion® have been predominately used as
fuel cell membranes due to their chemical, mechanical, and thermal stability and high
proton conductivity. The superior proton transport through these membranes is likely
due to their high acidity and self organization of the hydrophilic sulfonate groups to form
continuous regions of aqueous and ionic ribbon-like clusters that serve as proton wiring
amidst a hydrophobic —(CF,),- matrix (Figure 2.2).>* The effective concentration of
sulfonate groups within this cluster region ranges from 1 — 10 mol/L.’> Protons are
believed to “hop” along sulfonate groups whereas larger cations (Li" and Na") are
transferred by a water-facilitated vehicle mechanism.* Molecular dynamics simulations
of Nafion and Dow membrane indicate the need for good connectivity of these ionic
regions.” The shorter side chain length of the Dow ionomer is believed to provide less of
a disturbance of cluster generation and increase the number of transport paths for ions
and water; this may explain the higher ion conductivities for the Dow membrane.” The

results of these simulations led the authors to conclude that membranes with higher



conductivity are possible if polymer structure is carefully controlled. = While
perfluorosulfonate ionomers have performed generally well, there has been concern over
their expense, low resistance to gas transport, low temperature range of operation, and

high osmotic drag, which complicates water management.’

-(CF,),-

Figure 2.2.  Self-organization within Nafion® to form ionic clusters. The gray lines
represent fluorinated ether segments that connect sulfonates to the hydrophobic
backbone.

Roziere and Jones® have reviewed the use of non-fluorinated polymers for PEM
fuel cells. These materials typically consist of sulfonated heterocyclic- or aromatic-based
polymers that have sufficient thermal stability for fuel cell operation at temperatures
exceeding 80 °C. Problems with these materials have included low solubility,
irreproducible sulfonation, poor stability once sulfonated, and/or poor conductivity at low
water swelling. The poor stability was especially pronounced for polyaromatics in which
sulfonates were attached directly on the aromatic ring.® The poor conductivity for many
of these materials may be due to their ultra rigidity that prevents the polymer from self-

organizing and forming ion-conducting pathways. New classes of non-fluorinated, non-



aromatic polymers that are structured to promote self-organization while still maintaining
good stability should provide improved performance.

The ionomer materials introduced in this thesis are comprised of a family of
sulfonated polynorbornenes as shown in Figure 1.3, and are designed to promote proton
transfer near electrode/catalyst interfaces. In general, polynorbornenes exhibit excellent
thermal and chemical stability,” and the asymmetry of the structure proposed here,
considering the hydrophobicity of R, should promote self-organization to promote
formation of a hydrophobic matrix for good gas transport along with SO5™ 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.®
The highly controlled and gentle surface chemistry combined with the stability of
polynorbornenes creates unique opportunities to study and optimize proton transfer at

ionomer/catalyst interfaces.

Surface-Initiated Polymerizations
Prior work in fuel cells has focused on bulk, casted polymers as membranes.'”
While these thick polymers are useful under operating conditions to prevent gas cross-
over, their wide-spread use has masked important interfacial events. Thinner films,
especially surface-initiated films, allow for a better defined and more assured integration
of catalyst and ionomer. Surface-initiated polymerizations refer to the continual addition
of repeat units at the termini of surface-tethered chains and offer several advantages over

traditional coating methods, including rapid processing,” improved adhesion due to a



chemical coupling of the initiator/polymer chain to the substrate, the ability to prepare

10,11

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

14-16

blocks to prepare copolymer films. These films are already used in applications

traditionally dominated by spin coating and solution casting, such as polymer dielectric

17,18 19,20

layers,9 etch resists for lithography, responsive polymer films, and membrane

21,22

separations. The ability to grow films with new compositions, architectures, and

properties could have a profound impact on the development of new fuel cell ionomers.

Grubbs

Catalyst @
atalys /\?\\)\ .

Au Au

AU |-
~

R
Figure 2.3. Schematic representation of surface initiated polynorbornene film growth.

Ring-opening metathesis (ROMP) polymerizations exhibit rapid kinetics under
mild conditions, producing among the thickest surface-initiated films (Figure 2.3) ever

8,9,12,23,24 - ST
707 The predominate ROMP monomer studied in surface-

produced (> 1 um).
initiated cases has been norbornene and its functional derivatives. Polymerization of
unfunctionalized norbornene yields primarily hydrophobic films with low dielectric
constants. Functional derivatives of norbornene can polymerize to produce films with
wide ranging properties and applications, including functionalization of chromatographic

8,11,25,26

supports to improve selectivity, and modification of carbon nanotubes to improve

dispersability in common solvents.'” Surface initiated ROMP on gold occurs by

10



anchoring an olefinic initiator group to the surface via thiolate/Au linkage. The olefin
functionality in the covalently bound monolayer is exposed to a metathesis catalyst
(Grubbs Catalyst) to generate active sites bound to the surface. Non-bound catalyst is
rinsed away, and the surface is exposed to a ROMP active monomer. The reactivity of a
ROMP monomer is typically related to the ring strain of the monomer. The high ring
strain of the norbornene family tends to result in highly reactive monomers. Typical
surface initiated ROMP experiments are run for short time periods (5 - 60 min). Since
the most preferred thermodynamic conditions for ROMP are at low temperatures,”’ most

: 23,28-31
experiments are run at room temperature.®>>**

Chain terminating reactions include
reaction of the active site with olefin functionality in the pNB backbone (inter- or intra-

molecular) and in vinyl terminated initiators, the ring closing reaction with neighboring

uncatalyzed vinyl groups.

Alternate Architectures

The common architecture for PEM fuel cells leads to a poorly defined three-phase
boundary and low utilization of expensive materials (Figure 1.1). Geoffrey Ballard, co-
founder of Ballard Power Systems, was recently quoted in Popular Science as stating that
there needs to be a “fundamental engineering rethink™ of the architecture and geometry of
PEM fuel cells.”? In recent years, there have been numerous approaches at alternative
electrode architectures.  While many focused solely on shrinking the electrode
dimensions, some recognized the opportunity for increased efficiency with the
orientation of the electrode microstructure. Middelman used a strong electric field to

orient the electron conductor, pores and the bulk polymer normal to the membrane
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surface, though no results were published detailing any improvements in performance
over conventional electrodes.’

DeSimone and co-workers have prepared cross-linked, highly fluorinated PEMs
that exhibit textured surfaces via soft lithography.** Membrane electrode assemblies
containing these textured membranes exhibited up to 1.61 times more power than flat
membranes, illustrating the importance of interfacial area in these systems. They
achieved Pt loadings as low as 0.09 mg/cm?.

Creager and co-workers have discussed the need for intimate contact between the
electrode and ionomer and have bound an ionomer monolayer to a carbon electrode by
reduction of a fluorosulfonimide aryl diazonium zwitterion.*> The bound monolayers are
highly stable to solvents and temperature but are very thin (~1 nm), thus providing low
interfacial volume for pulling protons from the bulk ionomer into the interfacial region.

Martin and co-workers provided a foundation for an alternate design in 1998
when they deposited graphitic carbon inside the walls of a porous alumina support to
produce free-standing carbon membranes in which the inner and outer tubules were
electrochemically active.”® They demonstrated that Pt and Pt/Ru nanoparticles could be
deposited within the tubules and were highly active for oxygen reduction and methanol
oxidation, yielding currents 20 times higher than those at a flat Pt-coated electrode of
similar geometric area. Consistent with typical post polymerization ionomer deposition
methods, the Nafion ionomer coated the top of the membrane and was not integrated
within the pores. The authors have not followed up this promising work, but the initial
findings offer potential for the design of a well-defined interface in which catalyst,

ionomer, and gas diffusion are integrated into one network. Such a templated system
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may provide a highly reproducible test bed for examining basic issues in how interfacial
effects and molecular design influence fuel cell performance.

In general, alumina films containing a homogeneous array of monodisperse pores
with diameters varying between 5 and 250 nm can be prepared by the anodization of
aluminum.”” The pore size can be tuned by controlling the pH, anodization voltage, and
choice of acid in the anodizing media. Martin’s group® has used the pores of alumina
membranes as templates to synthesize a wide variety of materials including tubules and
fibrils composed of metals, polymers, and semiconductors. Others have adopted Martin’s
strategy to form ordered metal nanohole™ or colloidal® arrays or membranes with self-
assembled monolayers lining the pore walls.

Researchers at Johns Hopkins have developed simple techniques for the
generation of nanoporous gold films that can function as electrodes of high surface area
(Figure 2.4)."** The process for their nanoporous gold is based on the etching of alloys
of gold and silver with nitric acid. As gold is inert to nitric acid, the acid selectively
etches the silver from the alloy.* The remaining gold tends to cluster into islands and
allows the dissolution front to move further into the material, leaving behind nanoporous

gold structures.***

This process occurs rapidly (< 5 min) for thin sheets of the alloy,
known as white gold leaf. The pores of the nanoporous gold structure are tunable
through additional annealing time, which allows the gold structure to coarsen and lowers
the specific surface area while increasing ligament and pore size.* The proposed work

seeks to integrate ionomer, catalyst, and gas diffusion into one network to achieve

improved performance in PEM fuel cells.
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Figure 2.4. Scanning electron microscope image of nanoporous gold leaf after 30 min
dealloying in concentrated nitric acid. Image courtesy of Peter Ciesielski.
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CHAPTER III

EXPERIMENTAL PROCEDURES AND CHARACTERIZATION METHODS

Experimental Procedures

Materials

5-n-butylnorbornene  (98%),  5-n-hexylnorbornene  (98%), and  5-n-
decylnorbornene (98%) monomers were provided by Promerus Electronic Materials and
used as received. Grubbs Catalyst - first generation (benzylidene-
bis(tricyclohexylphosphine)dichlororuthenium),  4-mercapto-1-butanol  (97%), 1-
pentanethiol (98%), 1-dodecancthiol (98%), 2-propene-1-thiol (allyl mercaptan, 70%),
hexane-1,6-dithiol (97%), copper (II) sulfate (99%), 11-Mercapto-1-undecanol (97%),
KHCO3 (98%), Br, (99%), KOH (85%), K3Fe(CN)s (99%), and K4Fe(CN)e'3H,0 (99%)
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), trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride (97%), acetic
anhydride (99%), dimethyl sulfoxide (99%), sodium sulfate (anhydrous),
perfluorooctanoyl chloride (C7F15COCI, 98%), nitric acid (69.6%) and toluene (99.9%)
were used as received from Fisher Scientific. Sulfuric acid (95%) was used as received
from EM Science. Hexane (99.9%) and tetrahydrofuran (THF, 99.9%) were used as

received from Burdlick & Jackson. n-Docosanethiol was used as received from Narchem
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Corporation. Gold shot (99.99%) and chromium-coated tungsten filaments were obtained
J&J Materials and R.D. Mathis, respectively. Silicon wafers (100) were obtained from
Montco Silicon. Ethanol (absolute) was used as received from AAPER. Deionized water

(16.7 MQ-cm) was purified with a Modu-Pure system.

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-1 in a diffusion-pumped chamber with a base pressure

of 4 x 10-6 torr. The wafers were typically cut into sample sizes of 1.5 cm x 3.5 cm.

Characterization Methods

Reflectance Absorption Infrared Spectroscopy (RAIRS)

Reflectance absorption infrared spectroscopy is used to determine structural and
compositional information about thin organic films. The functional groups that compose
the film absorb IR radiation (400-4000cm™) in specific regions of the spectrum due to
specific vibrations (bending, stretching, etc.) of the molecules, allowing the identification
of species present in the film. RAIRS is a specific type of IR spectroscopy which can aid
in the determination of film structure. The peak intensity for a given mode from RAIRS
is proportional to the square of the component of its dynamic dipole moment normal to

the surface, as indicated by the following equation:'
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| occos®0,, (3-1)

where I 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). This
orientational dependence is due to the polarization of the incoming beam parallel to the
substrate, causing an electric field normal to the substrate. > Thus, a functional group
with a dipole oriented mostly normal to the substrate (6, — 0°) will have a much higher
spectral intensity than a functional group oriented mostly parallel to the substrate (6,. —
90°).

The CH stretching region of the RAIR spectrum for pNB consists of crisp and
intense asymmetric and symmetric CH, (2948 cm™ and 2866 cm™) and CH stretching
(2911 cm™) peaks. The position of the CH, scissoring peak (~1450 cm™) is indicative of
purely cyclic CH, functionality.” The Davydov splitting of the scissoring peak into a
doublet observed in the pNB spectrum is unique to largely homogeneous, well ordered
chain structures.* The olefin functionality is observed in the trans C=CH out of plane
bending3’5 peak (968 cm™), cis C=CH out of plane bending peak3’5 (745 cm™), C=C
stretching peak™ (1661 cm™), and the C=CH stretching peak™® (3030 cm™). The
introduction of sulfonate functionality can be observed through the appearance of
asymmetric and symmetric SOs stretching (~1343, 1203, ~1167, and 1040 cm™)
modes.>”

RAIRS was performed using a Varian 3100 FT-IR spectrometer in single
reflection mode with a universal sampling accessory and a liquid nitrogen cooled,

narrow-band MCT detector. p-Polarized light was incident at 80° from the surface
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normal. Spectra were collected using 200 scans at a resolution of 2 cm™ using a clean

gold sample as a reference.

Electrochemical Impedance Spectroscopy (EIS)

Barrier properties of 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(t) E,cos(wt) _7 cos(mt)
CI(t)  1,cos(ot—¢)  ° cos(wt—¢)

(3-2)

where Z is the impedance in the system, E(z) is the applied potential at time ¢, I(t) is the
resulting current at time t, £, is the amplitude of the potential, w is the radial frequency
(equals 2xf where f is the frequency in Hz), I, is the amplitude of the current, ¢ is 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 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

. . . . 8 -
a film, and lower frequencies allow more time for diffusive processes to occur.” Since an
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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 3.1.

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

Zreal = R (3_4)
1

Zimag Z% (3_5)

where |Z| equals Zy and is the magnitude of the total impedance, Z..,; and Z;,., are the
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
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 10
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and 10* Hz and fit using to an appropriate equivalent circuit to determine resistance and
capacitance values. Reported values and errors represent the averages and standard

deviations, respectively.

Au A Au

1 § 3 § )
G T —— C; pr— P
—————————————————————— iinterface % Zw
T ¢ U TC' interface
Au Au Au

Figure 3.1. Equivalent circuit used to model impedance spectra for films on gold: (A) the
commonly used Randles circuit model; (B) the model used for polymer films with two
time constant functionality; (C) the Randles circuit model modified with a Warberg
impedance; (D) the Randles circuit model in the absence of redox probes; (E) the two
time constant model in the absence of redox probes; (F) the two time constant model in
the absence of redox probes with mass transfer limitations.”

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
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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

11 . . . .
In a redox experiment, species deposited via

is scanned in the opposite direction.®
reduction on the forward scan are reduced on the reverse scan.

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 the oxygen

reduction reaction and copper deposition are given in Chapter VL.

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 (£,,) is governed by the Nernst
Equation:

(3-6)

areduced
qoxidized )

_ po 4 RT
Eeq = E°+ ~-in(
where E° is the standard potential, R is the gas constant, T is the temperature, n is the
number of electrons transferred, a is the chemical activity, and F is the Faraday
constant.'> UPD allows the deposition of submonolayer coverages of a less noble onto a

more noble substrate. UPD is typically accomplished in a CV experiment, where
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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 polycrystalline

gold (more noble) substrates. Potentials are cycled between 500 and 50 mV vs. Cu”'" i

n
a solution of 1.0 mM CuSOy in 0.1 M H,SOy4 (aq, 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.

Ellipsometry

The use of ellipsometry allows simple estimation of film thickness at the
angstrom scale. Light is polarized linearly and reflected off the substrate. The reflection
of the light causes an elliptical polarization where the detector collects phase (A) and
amplitude (V) information. Thin film models are used to fit the data to theoretical phase
and amplitude response. The proposed polymer films are fit to a generic two-term
Cauchy layer model. Since both the film refractive index, n, and thickness are usually
not known, this model allows both of these physical film parameters to be determined by

fitting experimental data to the model and minimizing the mean square error between the

26



14

two. " Data are collected at one angle (75°) and over an extensive wavelength range

(usually 400 — 700 nm) to ensure more accurate fits of the data to theoretical models.

Contact Angle Goniometry
Contact angle goniometry is a simple and convenient method of evaluating the

surface properties of thin films."

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 v, at the solid-vapor interface, yg,; at the
solid-liquid interface, and vy, at the liquid-vapor interface. A force balance of these

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

Ysy = Ysp = ¥y cos 6 (3-7)

where the contact angle, 6, 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,
Y.y 18 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.
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Contact angles are useful in providing insight into surface roughness, chemical
composition, and interfacial structure. By adding small liquid drops (~5uL) to the
surface using a microliter syringe, the advancing contact angle 6, and receding contact
angle 6 are generally measured. 6, is measured after liquid has been added to the drop,
causing it to slowly advance across the surface, and 6z 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;-, -CH3, -CF,-, -CF3, or higher energy (-SO3,
-OH) groups, the contact angles will be altered.'® The contact angle hysteresis, 6, - 6k,
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.'’

Atomic Force Microscopy (AFM)

Atomic force microscopy consists of a small cantilever with a nanometer scale tip
which 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
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 amplitude
of the oscillations to provide information on the surface. Tapping mode allows the tip to
approach the surface to allow the detection of short range forces while preventing the tip

from sticking to the surface and is useful for soft materials.'’
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We used a Digital Instruments MultiMode Nanoscope Illa AFM to investigate
surface morphology and uniformity of surface-initiated polymer films. Height contrast

images (25 um x 25 um) were collected in tapping mode with a silicon tip.

Optical Microscopy

Optical microscopy is a simple and straightforward method to observe
microscopic structures.'® Film coverage and surface morphology were investigated with
an Olympus BX41 microscope with Pixera camera and Pixera Viewfinder Pro imaging

software. We used a 10x magnification lens to produce 250 pm x 250 pm images.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy 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 (Ep) is
related to the kinetic energy (Ex) by equation 3-8, where /v is the energy of the incident

photons and @ is the work function of the spectrometer.

EK = hv — EB - @ (3-8)

XPS was used to monitor the deposition of copper and platinum onto planar gold

substrates. We used a Leybold-Heraeus LHS-10 surface analysis system equipped with a
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non-monochromatic dual Mg/Al anode x-ray source. The analysis chamber pressure was
~2e-9 torr. Data on were collected over binding energies from 950 to 920 eV and 100 to
60 eV using the Mg Ko anode (Epnon = 1253 €V). Spectra were averaged over 10 scans

at a constant pass energy of 50 eV. Spectra were referenced to Au 417, at 84.0 eV.
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CHAPTER IV

GROWTH AND STRUCTURE OF SURFACE-INITITATED POLY(N-
ALKYLNORBORNENE) FILMS

Introduction

We report the development of a surface-initiated polymer film composed of
poly(n-alkylnorbornene)s.  Our approach (Figure 4.1) begins by preparing a vinyl-
terminated monolayer on a gold substrate via exposure to allyl mercaptan. The terminal
vinyl group is then reacted with a metathesis catalyst, immobilizing the catalyst on the
substrate. The bound catalyst is then reacted with the desired monomer through ring-
opening metathesis polymerization (ROMP) to create a surface-tethered poly(n-
alkylnorbornene) film. This chapter reports the first surface-initiated growth of poly(n-
alkylnorbornene) films as well as the first use of allyl mercaptan as a linkage between a
substrate and a metathesis catalyst. Allyl mercaptan is a convenient choice, as it is
inexpensive and commercially available. Previously reported thiol-based linking
molecules all have been custom synthesized for the particular application.

Ring-opening metathesis polymerizations exhibit rapid kinetics under mild
conditions, producing among the thickest surface-initiated films ever produced when

. 1,4,15-17
norbornene is used as the monomer (> 1 um). ™

Typical surface-initiated ROMP
experiments are run for short time periods (< 60 min) at room temperature. The
predominate ROMP monomers studied in surface-initiated cases have been norbornene

and its functional derivatives,"*>'>"'® due to the high reactivity of norbornene in ROMP

and the ease of functionalized monomer synthesis."’
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Figure 4.1. Schematic illustration of the gold surface preparation by attachment of allyl
mercaptan, attachment of Grubbs’ catalyst, and the ring-opening metathesis
polymerization of alkylnorbornenes.

Au

R

Functional derivatives of norbornene can polymerize to produce films with wide
ranging properties and applications, including functionalization of chromatographic

1320 to improve selectivity and modification of carbon nanotubes to improve

supports
dispersability in common solvents.” The conservation of the olefin functionality in these
films provides an opportunity for further functionalization, which may lead to a wide
variety of end uses for this family of films. Boyd and Schrock have demonstrated facile
sulfonation and epoxidation of modified polynorbornenes.”’ A sulfonated thin film could
be useful in proton/ion/water transport applications,”” whereas an epoxide is a useful
intermediate for further film functionalization including conversion to an alcohol.*’ For
traditional barrier films, hydrogenation would be useful in preventing unwanted side

23,24

reactions. While surface-initiated poly(alkylnorbornene) films have yet to be
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reported, Hatjopoulos and Register” recently published a study on the bulk elastomeric
properties of ROMP-type poly(alkylnorbornene)s and their hydrogenated derivatives.
They observed a decrease in glass transition temperature with increasing alkyl chain
length which was attributed to the alkyl side chains of the polymer acting as plasticizers
to disrupt packing within the polymer.

Previous studies have shown the polymerization kinetics of substituted
norbornene monomers to be slower than that of norbornene.”*>*® The polymerization
kinetics of n-alkylnorbornenes in solution using a Schrock-type catalyst was studied by
Hatjopoulos and Register.”> They reported a moderate decrease in the polymerization
rate constant as the length of the alkyl side chain increased. The kinetic penalty
associated with the alkyl side chain may be exaggerated on a surface due to steric
hindrances associated with a solid support.

Here, we investigate the effect of alkyl chain length on the kinetics of surface-
initiated polymerization of alkylnorbornenes. We use a series of poly(alkylnorbornene)
films of comparable thickness to evaluate the dependence of film structure, as well as
surface and barrier properties, on alkyl side chain length. Surface-initiated
poly(alkylnorbornene) films should have a low surface energy, due to a surface
composed of both methyl and methylene functionality. Surface-initiated ROMP has been
shown to grow uniform coatings given appropriate monomers and reaction
conditions."*'*"* We use AFM to investigate the uniformity and morphology of the
surface initiated poly(alkylnorbornene) films and electrochemical impedance
spectroscopy to measure the barrier properties of the films. The barrier properties of

hydrocarbon-based surface-initiated films have been extensively studied, and show
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29-32 - -
The barrier properties of some

excellent resistance to water and ion transport.
poly(alkylnorbornene) films should prove to have comparable film resistances to dense

hydrocarbon-based surface-initiated films, making them suitable for numerous

applications as surface coatings.

Experimental Procedures

Preparation of Poly(n-alkylnorbornene) Films

Gold substrates were placed in a 2.0 mM ethanolic solution of allyl mercaptan for
30 min. The initiator coated substrates were exposed to a 5 mM solution of Grubbs
catalyst in dichloromethane for 15 min. The catalyst-coated films were rinsed with
dichloromethane and immediately placed in a monomer solution containing either 0.27 M
norbornene, 0.50 M butylnorbornene, or 1.89 M hexylnorbornene in dichloromethane for
15 min to achieve ~45 nm polymer films. Poly(decylnorbornene) films were analogously
prepared with a 3.00 M solution of decylnorbornene in dichloromethane to yield ~10 nm
polymer films. The films were sequentially rinsed with dichloromethane, ethanol, and
water and dried in a nitrogen stream. Catalyst-coated films were immersed in 1.0 M
monomer solutions for 10 s, 2, 15, and 60 min for the determination of kinetic rate
constants. Samples for kinetic studies were also sonicated in dichloromethane for 2 min

after polymerization to remove any unbound material.
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Results and Discussion

Growth Kinetics

We investigated the kinetics of film growth by exposure of the ROMP-active
monolayers to 1.0 M alkylnorbornene solutions for 10 s, 2, 15, and 60 min, followed by
measuring the thicknesses of the resulting films. Figure 4.2 shows the experimental
thickness for films grown from norbornene (NB), butylnorbornene (C4NB),

hexylnorbornene (C6NB), and decylnorbornene (C10NB) monomers. At short times, the

100

00)
o

thickness (nhm)

20

time (min)

Figure 4.2. Ellipsometric film thickness of poly(alkylnorbornene) films grown from 1.0
M alkylnorbornene solutions in dichloromethane for the indicated times. Solid curves
represent fits of the data using a polymerization kinetics model.
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active chains grow and the thickness of the poly(alkylnorbornene) film increases rapidly
with time. As the catalyst deactivates, the growth of the poly(alkylnorbornene) chains
ceases and the film thickness approaches a constant value that decreases as the side chain
length is increased.

The description of ROMP kinetics necessitates the determination of initiation,
polymerization, and termination kinetic rate constants. As a tool to estimate the relative
kinetics of film growth for this series of alkylnorbornenes, we begin with a simplified
kinetic model set forth by Harada et al.,>’ which assumes an initial chain density. The

time-dependence of film thickness (d) was given as

_ k M I"nopl _ —kit _
Ll e

where k), 1s the propagation rate constant and &, is an apparent, first-order termination rate

constant, M is the monomer concentration, m, 1s the mass of the monomer unit, P; is the
initial concentration of propagating chains, and p is the polymer density on the surface.
Since P; is unknown for this series of monomers and highly challenging to determine for
films initiated from 2-D surfaces, we combine &, and P; as a single rate term (K) for film

growth

K=k P, (4-2)
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that reflects both initiation and propagation and enables an overall comparison of film

growth kinetics for this series of monomers. The resulting equation becomes

_ KMm, ok ]
4= k p -e) -

We also estimate the density of the polymer on the surface from the density of the

2733 The rate constants obtained from this

monomer (~0.865 g/crn3 ), as similar to others.
analysis are used to assess the relative reactivity of the monomers studied.

Table 4.1 contains estimates of K and %, based on fits of the kinetic results with
Equation 4-3. The rate constant for film growth (K) decreases with increasing length of
the alkyl side chain, consistent with that found by Hatjopoulos and Register for the same
monomers in solution using a Schrock-type catalyst.”> While Hatjopoulos and Register
reported a 37% decrease in the rate of polymerization from NB to CIONB, our surface-
initiated system exhibits a three order of magnitude decrease in K over the same range of
monomers. The contrast in the magnitude of change is not surprising due to the numerous
differences (catalyst, cocatalyst, solvent, bulk vs. surface) between the system reported
by Hatjopoulos and Register and the surface-initiated system we employed, especially
considering that K here represents effects due to both initiation and propagation. The
surface-immobilization of the catalyst will likely exaggerate the steric penalty associated
with an alkyl substituent on the monomer over that of a solution polymerization. The
choice of solvent also has a strong impact on film growth. While a 1.0 M NB solution

can grow films of comparable thickness solvated in both toluene (56 nm) and

dichloromethane (78 nm), the thickness of a film grown from 1.0 M C4NB is ~35 times
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lower when grown in toluene (2 nm) versus dichloromethane (68 nm). Also shown in
Table 4.1, the termination rate constant is reduced by a factor of 20 - 50 for n-
alkylnorbornenes as compared with norbornene. The reduction is attributable to the alkyl
side chain sterically hindering coupling and backbiting”’ (secondary-metathesis) based

termination reactions.

Table 4.1. Relative Film Growth and Termination Rate Constants for Surface-
Initiated Growth in Dichloromethane

Monomer K(ms") k(s
NB 50x10° 0.0700
C4NB 50x 10" 0.0013
C6NB 40x 107" 0.0030
CIONB 53x 10" 0.0025

Influence of n-Alkyl Side Chains on Film Composition and Structure

We used RAIRS to probe the composition and structure of the polynorbornene
films. Control of the NB, CANB, and C6NB monomer concentration allowed the growth
of films of comparable thicknesses (~45 nm). The limited reactivity of the C10NB
monomer prohibited the growth of 45 nm films; thus, ~8 nm pC10NB films are used for
comparison. Figure 4.3 shows the relevant regions of representative RAIR spectra for all
polymer films studied. The C-H stretching region of the RAIR spectra for
polynorbornene consists of strong cyclic methylene stretching peaks (Vg = ~2948 cm™, v,
= ~2866 cm™") as well as a less intense tertiary C-H stretching peak at ~2911 em™ . The
position of the methylene scissoring peak at ~1450 cm™ is indicative of purely cyclic

5

methylene functionality.”> The olefin functionality is observed in the trans C=CH out of

plane bending**** peak (968 cm™) and the C=CH stretching peak (3030 cm™). Other

groups have reported peak positions consistent with our observations.**

40



0.02
pNB
()]
[&]
= C4NB
S p
o) /e
(V)]
o]
<
NLOMNE
j\/\__/ pC10NB
3200 2800 1200 800

Wavenumber (cm-1)

Figure 4.3. Reflectance-absorption infrared spectra of the indicated polymer films. The
spectra have been offset vertically for clarity.

The addition of an n-alkyl side chain to the 5 position of the norbornene monomer
alters the composition and structure of the resulting polymer. The polymer films with
longer alkyl substituents exhibit increased n-alkyl functionality in the RAIR spectra with
diminished polynorbornene functionality when compared to their shorter chained
analogues. Specifically, the contribution of the acyclic methylene stretching (v, = 2926-
28 cm™, v, = 2854-58 cm™) increases while the contributions of the cyclic methylene
stretching (v,s = 2948-2955 cm'l, vs = 2866-71 cm'l) and the trans C=CH out of plane

bending (968-9 cm™) decrease in an inversely proportional fashion. The shift of the
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methylene scissoring peak with the addition of the alkyl side chain is indicative of a
deviation from a purely cyclic methylene component (8 CH, ~1447 cm™) toward a
largely acyclic film (6 CH, ~1467 em™).¥  The positions of the cyclic methylene
stretching peaks in the poly(alkylnorbornene)s are shifted towards higher wavenumbers
(Vas = ~2955 cm’™’, vs = ~2870 cm’™") indicative of a less crystalline conformation of the

cyclopentane groups as compared to those in the original poly(norbornene) film.

Table 4.2. Peak Positions From RAIR Spectra

Wavenumber (cm™)

Mode pNB pC4NB pC6NB pC10NB
v - CH; cyclic 2948 2955 2955 2955

v - CH; cyclic 2866 2871 2869 2871
v—CH 2911 - - -

V,s - CH; acyclic - 2928 2927 2926
v - CH; acyclic - 2858 2856 2854

0 - CH, scissor 1466 / 1447 1467 1467 1468

o - C=CH 968 968 969 969

Previous studies on polymethylene chains with highly crystalline chain packing
exhibit asymmetric (v,) and symmetric (v;) methylene stretching at ~2918 cm™ and
~2850 cm™, respectively, while polymethylene chains in a liquid-like packing are shifted
to higher wavenumbers. The poly(alkylnorbornene) films exhibit asymmetric and
symmetric methylene stretching peaks at ~2926-28 cm™ and ~2854-8 cm™ (Table 4.2)
indicative of liquid-like alkyl packing,’® with incrementally more crystalline packing
(lower wavenumber) as alkyl chain length is increased. We previously observed a
comparable correlation in alkyl chain length with peak position in poly(hydroxyethyl

methacrylate) films with n-alkyl side chains.”® The greater van der Waals interactions
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between the longer n-alkyl chains likely drives the slight improvement in crystallinity in

these polymers.*

50 nm

25 nm

0O nm

Figure 4.4. Atomic force microscopy images (25 pm x 25 pm) of pNB (A), pC4NB (B),
pC6NB (C), and pC10NB (D) films.

Though the RAIR spectra demonstrate a slight increase in alkyl crystallinity in the
poly(alkylnorbornene) films with increasing side chain length, the crystallinity of the
remainder of the film is likely hindered due to internal plasticization.”” Hatjopoulos and
Register have reported a T, decrease in bulk ROMP-type poly(alkylnorbornene)s with an
increase in side chain length, a strong indication that the structuring of the polymers and

the analogous surface initiated films is disrupted by moderate length alkyl chains.”
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We used AFM to determine the morphology of the pNB and polyalkylnorbornene
films. The surface-initiated polymerization of NB, CANB, and C6NB generated a dense
polymer coating (~45 nm) on the gold surface (Figure 4.4)** The small pinholes
observed for the pC4NB and pCONB are similar to much larger holes formed for pNB
when NB was obtained from a different supplier (see Supporting Information)." In
contrast, the polymerization of C10NB resulted in the growth of polymeric islands on the
gold surface. The ellipsometric film thickness for the pC10NB polymer layers (~8 nm) is
used as a means to quantify the polymer on the surface and is not indicative of a true 8
nm film.

Contact angle goniometry is used to qualitatively access the composition and
roughness of the surface of a film. Table 4.3 shows the advancing and receding water
and hexadecane contact angles collected on all films studied. The advancing water
contact angle for pNB (0A(H>O) ~106°) is consistent with a predominant CH, surface
and is similar to values of ~103° reported on polyethylene surfaces.” The contribution of
the methyl terminus on the alkyl chain causes an increase in hydrophobicity in the
pC4NB, pC6NB, and pCIONB films (0A(H,O) = 109°-114°), comparable to values
obtained on pure methyl surfaces of SAMs (0(H,0) = 115°).* The low surface tension
of hexadecane amplifies surface energy differences in low energy films and allows a
more distinguishing measure of the surface properties of low energy films via contact
angle goniometry. The predominant CH, surface of the pNB film allows the wetting of
the surface by hexadecane (05(HD) < 15°). The methyl functionality of the pC4NB films
causes an increase in the hexadecane contact angle to 29°. Interestingly, the hexadecane

contact angle decreases as the length of the alkyl side chain increases to that of a pC6NB
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(0A(HD) = 23°) and a pCI10NB film (8,(HD) < 15°). The additional length of the alkyl
side chain of the polymer dilutes the methyl functionality, which is responsible for the
oleophobicity of the film. In the case of pC10NB, the cluster-like morphology (see
Figure 4.4D) leads to a lower hexadecane and higher water contact angles, as predicted

by the effect of roughness on contact angles.>*'**

Table 4.3. Water and Hexadecane Advancing and Receding Contact Angles (°) for
Films on Gold

water Hexadecane
Film Oa Or Oa Or
pNB 106 = 2 81 £+ 3 <15 <15
pC4ANB 109 £ 2 83 + 4 29 £ 5 <15
pC6NB 114 =2 78 £ 3 23 + 5 <15
pCIONB 113 £ 2 81 £ 1 <15 <15

Barrier Properties

We used electrochemical impedance spectroscopy to investigate the barrier
properties of the surface-initiated poly(alkylnorbornene) films in the presence of
K;5Fe(CN)g and K4Fe(CN)g in 0.1 M NaSOy (aq). Representative Bode plots for ~45 nm
films of pNB, pC4NB, and pC6NB are shown in Figure 4.5. Due to the limited reactivity
of the CIONB monomer, an ~8 nm pC10NB films is used. 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 4.4 shows film
thicknesses along with the resistance (Rf) of the films against penetration by redox
probes, and capacitance (Cr) values. Good barrier films typically exhibit high resistance

2,30-32,44

and low capacitance values. The film resistances (R~10° Qecm®) and

capacitances (~200 nF) of the pNB, pC4NB, and pC6NB films are comparable to that of
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Figure 4.5. Electrochemical impedance spectra obtained in 1 mM K3Fe(CN)s and 1 mM
K4Fe(CN)g in 0.1 M NaySOs(aq) for the indicated films on gold. Solid curves represent
fits of the data using appropriate equivalent circuit models.

Table 4.4. Film Capacitance, Resistance and Ellipsometric Thickness Values for pNB and
poly(alkylnorbornene) films

thickness log(Ry) Cr
Film (nm) (Qecm?) (nF/cm?)
vinyl linkage/catalyst not measured 1.3+0.1 19000 + 1200
pNB 49 +2 43+0.6 250+ 170
pC4NB 47+£5 45+0.5 140 £ 60
pC6NB 42 +7 5.1+0.6 150 £ 50
pCI10ONB 8 +2 22+0.2 11000 £ 4000

other hydrocarbon surface-initiated films with a pronounced increase in film resistance as
the chain length of the hydrophobic alkyl group is increased.”® When compared to pNB,
the increase in resistance due to the added hydrophobicity for the pC4NB and pC6NB

appears to outweigh the greater density of pinholes in these films (Figure 4.4). The low
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film resistance (Ry~10> Qecm?) and high capacitance (C¢ ~11 pF) of the pC10NB films

are attributed to the non-uniform, cluster-like film growth as shown in Figure 4.4D.

Conclusions

The preparation of surface-initiated ROMP-type poly(n-alkylnorbornene) films is
easily achieved through three sequential and rapid reactions, including assembly of allyl
mercaptan, catalyst attachment, and polymerization. Polymerization of butylnorbornene
and hexylnorbornene yields dense films with liquid-like packing of the alkyl side chains
whereas decylnorbornene polymerizes into discrete clusters. Increasing the length of the
alkyl side chain on the monomer decreases the rate of film growth and limits the ultimate
thickness of the polymer film. The methyl terminus of the alkyl side chains decreases the
surface energy beyond that of a typical polynorbornene film. The added hydrophobicity
of pC4ANB and pC6NB correlates with an enhanced resistance against redox probes as
compared with pNB films, while barrier properties of the pC10NB are consistent with a
poor coverage of the metallic substrate. These films contain internal olefin groups to
enable further reactive processing and tailorability of film and surface properties, which

will be discussed in the following chapter.
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CHAPTER V

SULFONATION OF SURFACE INITITATED POLYNORBORENENES

Introduction
The unique chemical behavior of sulfonated polymer films has made them of
particular interest in modern technologies. Sulfonated polymers are well established as
the standard in proton exchange media for fuel cells."® These polymers are commonly
prepared as thick films by solution casting,”® a method that is inadequate to achieve
conformal coatings on irregular substrates that are becoming utilized as fuel cell

7,9-12

architectures evolve. Sulfonated polymers are also useful in ion exchange

1314 Alternative sulfonated

applications including water purification and desalination.
polymeric structures are of relevance given the increasing research interest in efficiently
extracting water from saltwater sources.*®

The abundance of naturally occurring biopolymers which include or interact with
sulfonate functionality suggests the promise that sulfonated polymer surfaces hold for
applications as biomimetic materials. Eckenrode and Dai recently highlighted the ability
for sulfonated polystyrene surfaces to adsorb positively charged polylysine.”> The
biological adsorption of charged molecules has shown to play a key role in
immunoadsorption as well as blood clotting.'® Huck and coworkers recently reported the

application of silver-loaded poly(3-sulfopropylmethacrylate) films as an antibacterial

surface.!” The ion exchange properties of new types of sulfonated polymer surfaces, as
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well as the ability to incorporate these films into more complex architectures should

continue to drive the development of the next generation of biomaterials.
Surface-initiated polymerization offers advantages over spin coating and solution

casting due to a chemisorbed linkage of the polymer to the surface,'®? the ability to

18,24,25

conformally coat substrates of any geometry, and the exceptional film uniformity at

a low film thickness.??%28

Surface-initiated films with sulfonate functionality are
typically prepared through the growth and sulfonation of polystyrene. 2% Alternatively,
the growth and sulfonation of polynorbornene films would be advantageous because they
are grown rapidly through ring-opening metathesis polymerization (ROMP), yielding an
80 nm film after 15 min of polymerization at room temperature.®! In contrast, almost 36 h
at temperatures in excess of 75°C are required to grow polystyrene films of comparable
thickness.?** The surface-initiated polymerization of a sulfonate-containing monomer
via atom transfer radical polymerization (ATRP) also has slow polymerization rates when
compared to ROMP, requiring over 5 h to grow an 80 nm film.'” The tailorable
functionality of norbornene-based monomers allows for a variety of modified ROMP-
type films to be sulfonated films via an analogous approach.*

Here, we demonstrate the growth and sulfonation of surface-initiated
polynorbornene films. Our approach is outlined in Figure 5.1. An alcohol-terminated
self-assembled monolayer (SAM) (Au/SC,OH) is prepared by exposure of a gold coated
silicon substrate to 1-mercapto-4-butanol. The alcohol-terminated monolayer is then
reacted with a diacid-chloride-functionalized norbornene (NB(COCI);) to tether the

norbornene group to the surface via ester linkages. Exposure to Grubbs first generation

catalyst results in a submonolayer of immobilized ROMP-active catalyst.?* The bound
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catalyst is then reacted with the appropriate norbornene (NB) monomer, resulting in a
surface-tethered ROMP-type polymer film, which is then sulfonated by exposure to
freshly-prepared acetyl sulfate. The immobilization of an acid chloride functionalized
norbornene on an alcohol terminated monolayer is a fast and convenient method for
achieving a norbornene-decorated surface through the sequential exposure to
commercially available materials. This approach allows techniques based on SAMs to

control the nature of the linkage of the polymer to the underlying gold support.

(A)

Au

(B)

Au

©

Au

(D)

Au

R, n
Figure 5.1. Schematic illustration of the gold surface preparation by attachment of the
norbornenyl decorated SAM system (A), attachment of Grubbs’ catalyst (B), the ring-
opening metathesis polymerization of norbornene (C) and the sulfonation of the surface
tethered film (D). [Ru] = (PCy3),Cl;Ru, Cy= cyclohexyl. R; = CHPh. R, = -H for
polynorbornene, -(CH,);CHj for poly(butylnorbornene). Figure not indicative of actual
bond lengths and angles.
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The versatility of olefin chemistry offers many reaction pathways for the
sulfonation of polynorbornene.*® Typically, the unsaturated polymer is exposed to an
adduct of sulfur trioxide yielding a highly unstable B-sultone. Upon exposure to water,
the sultone is rapidly converted to either an olefinic sulfonate or a hydroxylsulfonate.**%
The distinction between the products is determined by the nature of the adduct as well as
the olefin.**** Previously, Planche et al. have sulfonated solution-phase polynorbornene
with the SOs-triethylphosphate adduct yielding almost exclusively an olefinic sulfonate
product.®*** In the interest of polymer stability, the persistence of the olefin functionality
in the sulfonated product is not desirable. Boyd and Schrock have published a study on
the solution-phase sulfonation reaction of modified polynorbornenes using an SOs-
dioxane adduct.*®> They observed >80% conversion of the olefin as well as selectivity
towards the more desirable hydroxylsulfonate product. Dioxane was chosen as a
complexing reagent, due to the lack of reactivity of SOs-dioxane with the aromatic
sidechains present in their studies.®* Hoffman and Simchen developed a more convenient
preparation of SOgs-dioxane by observing the addition of dioxane to trimethylsilyl

chlorosulfonate yields SOs-dioxane and chlorotrimethylsilane, %

alleviating the need to
use sulfur trioxide as a reagent. The chloromethylsilane byproduct is typically removed
by vacuum distillation. Acetyl sulfate is another conveniently prepared, reactive
sulfonation reagent achieved by the stoichiometric addition of sulfuric acid to acetic
anhydride.®®*°  Acetyl sulfate has been shown to be reactive with olefin functionality to
generate a p-sultone® and is promising for utility in the sulfonation of polynorbornene.

Here, we investigate the use of acetyl sulfate as a sulfonation reagent for surface-

tethered polynorbornene and poly(butylnorbornene) and the applicability of these
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materials as proton-conducting films. We use reflectance-absorption infrared
spectroscopy (RAIRS) to probe the structural and chemical changes during sulfonation.
In Chapter IV, we demonstrated the uniformity of surface-initiated polynorbornene and
poly(butylnorbornene) films.®® Here, we use optical microscopy to investigate the
microscopic changes in film morphology upon sulfonation and further surface treatment.
Electrochemical impedance spectroscopy is used to determine the proton transport
properties of the films. We have previously reported that surface-initiated
polynorbornene films provide excellent resistance to the transport of water and large
ions.®* Upon sulfonation, the sulfonate functionality of the polymer should provide
hydrophilic domains in the polymer structure which facilitate proton and water transport
through the film. The reorganization of polymers into hydrophobic and hydrophilic
domains is known to be vital to proton transport through commercial proton exchange

* In addition, we

membranes due to a water-mediated proton transport mechanism.*
highlight the versatility of this sulfonation procedure through the sulfonation of surface

initiated poly(n-butylnorbornene).

Experimental Section

Preparation of Polymer Films

Gold substrates were placed in a 1.0 mM ethanolic solution of 4-mercapto-1-
butanol for at least 60 min 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 5.0 mM solution of trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride in
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dichloromethane for 30 min vyields 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 catalyst in
dichloromethane for 15 min. The catalyst-coated films were rinsed with dichloromethane
and immediately placed in a monomer solution containing 1.0 M norbornene in toluene
for 15 min to achieve ~120 nm polymer films. The films were sequentially rinsed with
toluene, ethanol, and water and dried in a stream of nitrogen. Poly(n-butylnorbornene)
films were prepared analogously using a monomer solution containing 1.0 M 5-n-

buytlinorbornene in dichloromethane.

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 1.0 M
solution of acetyl sulfate for 60 s to yield a surface-tethered sulfonated polymer coating.
Samples were rinsed with dichloromethane and ethanol and dried in a nitrogen stream.
The resulting polymer films were exposed to dimethyl sulfoxide (DMSO) for 5 to 30

min.
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Polarization Modulation Infrared Reflection Absorption Spectroscopy

IR spectra of monolayer films were collected using polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS). Data were collected using a
Bruker PMA-50 attachment on a Bruker Tensor 26 infrared spectrometer equipped with a
liquid-nitrogen-cooled MCT detector and a Hinds Instruments PEM- 90 photoelastic
modulator. The source beam was modulated at a frequency of 50 kHz with half-
wavelength retardation and set at 80° incident to the sample surface. Spectra for SAMs
on gold substrates were collected over 5 min (380 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. All reported IR spectra were repeated at

least twice using independent sample preparations.

Hydrolysis of Surface-Tethered Unreacted Acid Chlorides
Norbornenyl decorated SAMs were rinsed with water or ethanol for 30 s
immediately after exposure to NB(COCI),. Samples were then dried in a stream of

nitrogen. IR Spectra were collected via PM-IRRAS.

Proton Conductivity Study

Electrochemical impedance spectroscopy (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 solution of 0.1 M H,SO,. Measurements were taken using a

Ag/AgCl/saturated KCI reference electrode with evaporated gold on silicon as the
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counter electrode. Data were collected between 10™ and 10° Hz and fit using an
appropriate equivalent circuit® to determine film resistance, film capacitance and
interfacial capacitance values, where applicable. Data collected between 10* and 10° Hz
were omitted from the analysis due to inductive interference. Reported values and errors
represent the averages and standard deviations, respectively, from at least 6 different

films.

Results and Discussion

Growth of Surface-Initiated Polynorbornene

The exposure of a gold coated Si substrate to an ethanolic solution of 4-mercapto-
1-butanol results in a thin, hydroxyl-terminated SAM on gold. The high surface energy
(0a(H20) ~ 36°) of the SAM surface is consistent with that of a thin hydroxyl-terminated
SAM. Hydroxyl-terminated SAMs on gold with 6 or fewer carbons in the thiolate
backbone have been shown to exhibit a unique striped structure driven by intermolecular
hydrogen bonding.** The striped structure leads to films that are thinner and of a more
intermediate surface energy than predicted by the trans-extended, canted structure known
to SAMs on gold with 10 or more carbons in the alkyl backbone.*** The combination of
the thin structure of the SAM and the typical adventitious layer of carbon on a bare gold
substrate results in the inability to ellipsometrically distinguish the SAM monolayer
from the gold background (Table 5.1). Nonetheless, the presence of this SAM is required
to anchor the norbornenyl group and initiate polymerization (vide infra), as no polymer is

grown when this step is omitted.
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Table 5.1. Ellipsometric Thicknesses Values, Advancing and Receding Water Contact
Angles for Specified Films

Thickness 0a(water) Or(water)
Film (nm) (%) (")
-SC,OH SAM 0.06 £ 0.09 361 <10
NB decorated SAM 0.19£0.08 50+2 12+6
catalyst decorated SAM 0.77 £0.27 62+1 1714
pNB 120 £ 32 101+1 7414
sulfonated pNB 71+ 38 757 <10

The immobilization of norbornenyl functionality is accomplished by exposure of
the hydroxyl-terminated SAM to trans-3,6-endo-methylene-1,2,3,6-tetranydrophthaloyl
chloride (NB(COCI),) in dichloromethane. NB(COCI), can attach to the hydroxyl
surface by reacting to produce one or two ester linkages. = We investigated the
multiplicity of NB(COCI), attachment to the monolayer via observation of ester
formation using PMIRRAS. Immediately after the exposure to NB(COCI),, the films
were rinsed with water for 30 s to hydrolyze the acid chloride of any norbornenyl groups
only tethered by one ligand. As a control, separate samples were rinsed with ethanol to
react with untethered acid chloride to form ethyl esters. In the IR spectrum, carbonyl
stretching due to carboxylate (vc=0 ~ 1560 cm™) and carboxylic acid (vc=o ~ 1710 cm™)
functionality is differentiated from that due to ester (vc-o ~ 1735 cm™)

functionality, 23404647

allowing a relative determination of the multiplicity of norbornenyl
attachment through peak area integration. The IR spectra of the water rinsed samples
(Figure 5.2 B) indicate additional carboxylate functionality at 1560 cm™. The IR spectra
of ethanol rinsed samples (Figure 5.2 A) show a lower signal to noise ratio while
indicating a lack of carboxylate functionality at 1560 cm™. Integration of peak areas for

the carbonyl stretching due to ester and carboxylate functionality allows an estimation of

the mean multiplicity (f) of norbornenyl attachment using equation 5-1.
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The majority (~92%) of the norbornenyl groups were attached via two ester bonds to the

underlying monolayer. The resulting two ester attachment to the monolayer results in a

chelated system which should improve the stability of the bound species.*®*°

0.02

(A)

AR/R

(B)
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Figure 5.2. PM-IRRAS spectra of norbornenyl capped monolayers exposed to (A)
ethanol or (B) water.
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The increase in the advancing water contact angle (0a(H20) ~ 59°) over that of the
SAM (6a(H20) ~ 36°) is consistent with the introduction of an incomplete adlayer of
norbornenyl groups on a hydroxyl surface. We estimate the volume of the surface
tethered norbornenyl group to be ~70 A® through geometric calculations based on
crystallographic data from representative molecular fragments.®®>* On the basis of 5
different films measured at 3 different locations each, the film thickness is increased by
1.7 + 0.3 A after the exposure to NB(COCI),, corresponding to 2.7 + 0.4 norbornenyl
groups/nm?. This average compares favorably with 1.8 + 0.2 norbornenyl groups/nm? for
the packing of norbornenyl groups tethered to the surface of Si nanoparticles reported by
Jordi and Seery.?*

Upon exposure of the norbornenyl decorated surface to Grubbs first generation
catalyst, the film thickness is increased by 5.8 + 2.8 A, again based of 5 different films
measured at 3 different locations each. The added volume of the Grubbs catalyst is
approximately 570 A® as determined by geometric calculations based on crystallographic
data.>® The density of catalyst on the substrate surface (1.0 + 0.5 groups/nm?) was
determined as the ratio of the thickness of the adsorbed layer to the volume of the
catalyst.

Immersion of the catalyst-coated substrate in a solution of 1.0 M norbornene in
toluene for 15 min results in a 61 nm thick, surface-tethered film of ROMP-type
polynorbornene. Surface-initiated polynorbornene films have been previously

characterized by us®* and others.?*®

We will only highlight physical and chemical
properties of polynorbornene relevant to this study. The advancing water contact angle

(0a(H20) ~ 101°) is consistent with a hydrocarbon surface.*** The RAIRS spectra of
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polynorbornene (Figure 5.3) clearly shows crisp and intense asymmetric and symmetric
CH, (2948 cm™ and 2866 cm™) and CH stretching (2911 cm™) peaks. The position of the
CHj, scissoring peak (~1450 cm™) is indicative of purely cyclic CH, functionality.* The
olefin functionality is observed in the trans C=CH out of plane bending**** peak (968

cm™).

(A) J\«M
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<
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Figure 5.3. Reflectance-absorption infrared spectra of surface-initiated polynorbornene
(A) and sulfonated polynorbornene before (B) and after (C) a 30 min exposure to DMSO.
The spectra have been offset vertically for clarity.
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Sulfonation of Polynorbornene

Upon subsequent exposure of the pNB film to 0.1 M acetyl sulfate for 1 min and
to DMSO for 30 min (Figure 5.3 A and C), the RAIR spectrum indicates ~95% reduction
of the trans C=CH out of plane bending peak (968 cm™) and reduction of all peaks
associated with olefin functionality.  The introduction of protonated sulfonate
functionality is observed through the appearance of asymmetric and symmetric SO;
stretching (~1343 and ~1167 cm™, respectively) and S-OH stretching (923 cm™)
modes.®**** The corresponding asymmetric and symmetric SO; stretching modes for
the deprotonated species are also observed in the sulfonated spectra at ~1201 and ~1040
cm™, respectively.®® The C=CH out of plane bending peak at 810 cm™ associated with
the olefinic sulfonate product® is not present indicating the preferential formation of the
hydroxysulfonate product. The introduction of the hydroxyl functionality, observed as a
broad peak from 3700 to 3100 cm™, is further evidence of the hydroxysulfonate product.
The decrease in olefin functionality coupled with an increase in all modes associated with
sulfonate and alcohol functionality is consistent with the conversion of the olefin to the
hydroxysulfonate product. The position of the CH, scissoring peak (~1450 cm™) is
indicative of the conservation of the cyclic CH, functionality after sulfonation.®® The
crisp asymmetric and symmetric CH, (2948 cm™ and 2866 cm™) and CH stretching
(2911 cm™) peaks of the pNB spectrum? are reduced and distorted upon sulfonation.

2157 and positions® of peaks in the RAIR spectrum

While it is common for the intensities
to be altered as the chains reorganize, the complimentary decrease in ellipsometric film
thickness during sulfonation from 120 nm to 71 nm indicates a ~41% loss of polymer

chains from the film.
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Literature provides no record of or mechanism for chain scission at the olefin site

during sulfonation.3%>3

To test if sulfonation was causing chain scission, the same
procedure was performed without a sulfonating agent (acetyl sulfate) as a blank control.
Film thicknesses of the polymer samples decreased 34 + 22 % during the blank controls
to indicate that the majority of film loss, if not all, is independent of exposure to acetyl
sulfate. To test if the film was being cleaved at the thiolate linkage to the Au substrate,
polymer was grown from a silicon surface using a more stable 7-octenyl trichlorosilane
linkage and exposed to dichloromethane. Film thicknesses on the silane bound polymer
films decreased 45 + 13 % to indicate the film loss is also independent of the polymer /
substrate linkage. There are several mechanisms for cleavage of the polynorbornene
prior to sulfonation including secondary metathesis.”***° Secondary metathesis refers to
the reaction of the metathesis catalyst with the olefin functionality in the repeat unit of a
ROMP-type polymer, cleaving the polymer chain.>® Exposure of the films to ethyl vinyl
ether, an agent used to terminate the catalytic activity in Grubbs catalyst, resulted in no
reduction in ellipsometric film loss (44 £ 17%), suggesting secondary metathesis is not
the primary mechanism for film loss. ~ Since the controls indicate the film loss is not due
to the sulfonation agent, the polymer/substrate linkage, or secondary metathesis activity,
it is likely the film loss occurs at the olefin site in the polymer backbone prior to

sulfonation and the cleaved chain fragments are rinsed away during subsequent

processing.
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Figure 5.4. Optical Microscope images (250 pm x 250 pm) of surface-initiated
polynorbornene before sulfonation (A), after sulfonation (B), and sulfonated
polynorbornene after 5 min (C) and 30 min (D) exposure to DMSO.

Inspection of the polynorbornene films immediately after exposure to acetyl
sulfate through optical microscopy (Figure 5.4B) reveals a non-uniform surface with
polymer aggregates. These aggregates were shown via atomic force microscopy to be in
excess of 500 nm tall. This unique surface morphology is a result of the contrasting
solvation behavior of polynorbornene and sulfonated polynorbornene.  During
sulfonation, the polynorbornene chains are well solvated and likely stretched away from
the substrate in dicholoromethane,**® but the sulfonation product is not well solvated in

dichloromethane.®*  As the reaction proceeds, the sulfonated polynorbornene forms
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clusters to minimize polymer-solvent interactions, resulting in a highly non-uniform
surface morphology. Through exposure to DMSO, a good solvent for sulfonated

polynorbornenes,*

the polymer chains relax into a less constrained conformation,
providing a more uniform surface morphology (Figure 5.4 C and D). As the polymer
relaxes, the average orientation of the backbone becomes less normal to the surface, and
the average orientation of the sulfonate groups becomes more normal to the surface. This
shift in orientation results in the SO; asymmetric stretching being less aligned with the
RAIR induced electric field normal to the surface. As a result, the relaxation of the
sulfonated ionomer film is observed in the RAIR spectra (Figure 5.3 B and C) through
diminution of the asymmetric SO stretching modes of the protonated and deprotonated
state (1343 and 1201 cm™, respectively). Most importantly, the exposure of the
sulfonated films to DMSO resulted in no reduction in symmetric SO3 stretching modes
(1167 and 1040 cm™) or CH stretching modes (2800 - 3000 cm™), indicating the stability

of the sulfonated film due to the persistence of the SAM-based linkage of the film to the

gold surface.

Proton Conduction in Sulfonated Polynorbornene Films

We used electrochemical impedance spectroscopy (EIS) with a 0.1 M sulfuric
acid (aq) electrolyte solution to probe the resistance of the polymer films against proton
transport. Characteristic impedance spectra in the form of Bode plots for the gold-coated
substrate, the NB-decorated monolayer (initiator), a ~120 nm polynorbornene film, and a
~71 nm sulfonated polynorbornene film after a 30 min exposure to DMSO are shown in

Figure 5.5. Values of film resistance (Rf) and interfacial capacitance (C;) were
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determined by fits to equivalent circuit models (Figure 3.1 D and E) and are provided in

Table 5.2.

10’
e Au
106 V Initiator
» ¢ pNB

105 ’ + Sulfonated
&g pNB
210
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Njo

10°

10*
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Frequency (Hz)

Figure 5.5. Electrochemical impedance spectra obtained in 0.1 M H,SO4 (aq) for the
indicated films on gold. Solid curves represent fits of the data using appropriate
equivalent circuit models.

Table 5.2. Film Resistance and Interfacial Capacitance for Indicated Films

log(Ry) Ci
Film (Q-cm?) (uF)
bare gold a 63.4 + 3.6
NB decorated SAM 2 73+1.1
pNB 6.5+0.8 0
sulfonated pNB 0.21+£0.11 6.6 £0.7

2 These systems are not modeled with a film resistance (see Figure 3.1 D)**
® heyond measurable range of instrument
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In Chapter IV, we showed that surface-initiated polynorbornene films have a
resistance to the transport of KsFe(CN)s and K4Fe(CN)g redox probes that is comparable
to that of other surface-initiated hydrocarbon films.*®  Similarly, surface-initiated
polynorbornene films also offer an excellent resistance against proton transport (R; ~ 10°°
Q-cm?). The polynorbornene film is the only film studied here in which the film
resistance is sufficiently high to ascertain the film capacitance (C; = 110 + 50 nF), which
is comparable to values reported previously for polynorbornene in alternate electrolytes.*
The charge separation at the gold / organic interface results in an interfacial capacitance.
This capacitance probes the nature of the gold / organic interface and remains largely
unchanged by the film growth and sulfonation procedure. The interfacial capacitance is
comparable for the initiator (C; ~ 7.3 uF) and sulfonated polynorbornene (C; ~ 6.6 uF).
The interfacial capacitance of the surface-initiated polynorbornene film is obscured in the
available frequency range by the large impedance due to the film.

Upon sulfonation and exposure to DMSO, the film resistance drops by over 5
orders of magnitude to 1.6 Q-cm? The film resistance of the sulfonated film is
comparable to that of the solution resistance measured for the norbornenyl-decorated
SAM and for bare gold (~ 6.9 Q-cm?). Exposure of the sulfonated polynorbornene to
DMSO has a negligible effect on the impedance properties of the film. The low
resistance to proton transfer in the sulfonated polynorbornene is encouraging for future

investigation into these ionomer-modified interfaces.
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Figure 5.6. Reflectance-absorption infrared spectra of surface-initiated poly(n-

butylnorbornene) before (A) and after sulfonation (B). The spectra have been offset
vertically for clarity.

Absorbance

Sulfonation of Poly(n-butylnorbornene)

To demonstrate the versatility of this approach toward sulfonated films, we
prepared and sulfonated surface-initiated poly(butylnorbornene) in a manner analogous to
that of the polynorbornene films. These films were also exposed to DMSO for 30 min, in
a manner consistent with polynorbornene  samples. The reaction of
poly(butylnorbornene) with acetyl sulfate was monitored via RAIRS (Figure 5.6). The
spectrum of poly(butylnorbornene) is thoroughly described in our previous work.®

Exposure to acetyl sulfate reduced the peak area corresponding to trans C=CH out of
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plane bending (968 cm™) over 96%. Asymmetric and symmetric SOs stretching peaks at
1355 and 1168 cm™, respectively, indicate the additional sulfonate functionality.3*>*>
The corresponding asymmetric and symmetric stretching modes for the deprotonated
species are ~1200 and ~1038 cm™, respectively.”® The C=CH out of plane bending peak
at 810 cm™ associated with the olefinic sulfonate product® is not present indicating the
preferential formation of the hydroxysulfonate product. The cyclic and linear CH,
stretching modes are reduced and shifted 1-2 cm™ towards higher wavenumbers,
indicative of a disruption of the original methylene packing.** The sulfonation of
poly(butylnorbornene) exhibits similar film loss to that observed in the polynorbornene
system. The ratio of total methylene functionality (3000-2800 cm™) to sulfonate
functionality is higher in the sulfonated poly(butylnorbornene) films than the sulfonated
polynorbornene films due to in additional butyl side chain. Sulfonated
poly(butylnorbornene) films exhibit a higher surface energy (6a(H20) = 95 + 2°) than that
of the poly(butylnorbornene) film (6a(H20) = 109 + 2°). The additional butyl
functionality increases the advancing contact angle for sulfonated poly(butylnorbornene)
beyond that of sulfonated polynorbornene (6a(H.0) ~ 75%). The exceptionally high

contact angle hysteresis in the sulfonated poly(butylnorbornene) film (6a - 6r > 85°) is

consistent with that of a chemically heterogeneous surface.®

Conclusions
Surface-tethered sulfonated polymer films are easily prepared through the

exposure of excess acetyl sulfate to surface-initiated polynorbornene films. The
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sulfonated films are thinner than their polynorbornene precursors, due to some chain loss
that is independent of the sulfonation reagent and likely occurs at the olefin site in the
chain backbone. Sulfonation of surface-initiated polynorbornene results in a highly non-
uniform surface morphology which can be relaxed to a more uniform surface through
exposure to DMSO. Sulfonated polynorbornene films have an intermediate surface
energy, and the film resistance to proton transfer due to the sulfonated polymer is very
small. The ability to generate sulfonated films from functional polynorbornenes is
demonstrated through the sulfonation of poly(butylnorbornene). We have highlighted a
novel approach towards a norbornenyl-decorated SAM for the immobilization of a
metathesis catalyst on a surface. The ability to create uniform sulfonated films on
complex geometries has potential application in high surface area electrode assemblies,

which we will highlight in Chapter VI.
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CHAPTER VI

ENABLING TECHNOLOGIES FOR HIGH SURFACE AREA ELECTRODES

Introduction

Since the power output of fuel cells is proportional to the electrochemically active
catalyst surface area, the use of high surface area nanoporous electrodes and materials is
an attractive approach to increase the power output of these electrochemical systems.'
The use of submicrometer dimensions in carbon supports also provides short transport
distances which lead to a higher utilization of Pt catalyst.> Both Tanaka Kikinzoku
International K.K. and Johnson Matthey have recently introduced high surface area
carbon supports coated with Pt specifically for fuel cell use.* Incorporation of the
ionomer into highly porous substrates remains a challenge in developing support
architectures, as current ionomer deposition techniques are often unable to access the
high fraction of catalyst surface area that is within small pores.*”

Ideally, a nanoscale porous electrode would be uniformly coated by a thin,
uniform layer of ionomer, which will provide proton transport functionality while not
inhibiting transport from the gas feed to the catalytically active site (Figure 6.1).
Experimentally, a uniform coating at low thicknesses is difficult to achieve through
solution casting methods.® In a porous PEM fuel cell cathode, poor ionomer
incorporation into the pores will lead to poor catalyst utilization due to a proton
deficiency,’ while excess ionomer in the pores will lead to poor catalyst utilization due to

reduced oxygen transport.’
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Figure 6.1. Schematic illustration of the deposition of catalyst and ionomer onto an
idealized porous gold substrate.

Surface-initiated polymerization is a commonly used method for coating complex,

three dimensional substrates.”®%’

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. We employ the sulfonation of surface-initiated ring
opening metathesis polymerization of polynorbornenes as a route towards a conformal
coating of tunable thickness within the porous support structure (see Chapter V for details
on sulfonated films).

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 the electrode assembly process.

79



The expense of platinum mandates 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.
Underpotential deposition (UPD) is a convenient way of electrochemically depositing a
monolayer of atoms on surfaces of more noble electrode materials. The nobility of
platinum excludes its deposition through UPD onto a gold surface. Nonetheless,
Brankovic and Adzic developed a process of depositing adlayers of platinum onto gold
surfaces through a two step process.'’ They utilize 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
planar arrangement of the platinum adlayer allows for nearly 100% utilization of the Pt
catalyst. ~ This platinum deposition approach has been previously exploited by
Kongkanand and Kuwabata to deposit platinum monolayer islands onto Au(111)
electrodes.!” Platinum islands were deposited in void spaces created via the selective
desorption of a thiolate species in a thiol-based mixed self-assembled monolayer.
Through control of the monolayer composition, the platinum island size was varied, and a
5 to 10 nm Pt island was demonstrated as having the highest specific activity for oxygen
reduction. While the formation of Pt islands allows for additional control over catalysis
at the cathode, the additional processing steps required to form discrete islands are
unattractive for our initial investigation into the utility of our ionomer system.

We will demonstrate this electrode assembly first on a planar gold support, and
then on a high surface area, nanoporous gold support. Recent work by Erlebacher and

coworkers has shown that dealloying gold leaf, a thin sheet of gold alloyed with silver, is
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. . . 12,13
a simple and inexpensive route towards nanoporous gold supports. =

Upon exposure to
nitric acid, the silver is selectively etched and the gold remains as a nanoporous network.

The pore size of these networks are tunable with varying etch times. Longer etching

times allow the nanoporous gold structure to coarsen and larger void domains are created.

Experimental Section

Preparation of Nanoporous Gold Substrates
Gold mesh electrodes were prepared by a method similar to that of Erlebacher and

1213 Gold leaf was floated on deionized water, and then transferred to

coworkers.
concentrated nitric acid with a microscope slide. The dealloyed gold sample was
transferred to deionized water after 3 hours for neutralization. Distinct from Erlebacher’s
approach, a two-dimensional gold substrate was immersed in a 1.0 mM hexane-1,6-
dithiol solution in ethanol overnight, producing a thiol-terminated monolayer. The thiol-
terminated SAM-coated substrate is used to remove the dealloyed gold sample from the

deionized water / air interface. The sample is allowed to dry into a stable nanoporous

electrode film.

Polymerization

Gold substrates were placed in a 1.0 mM ethanolic solution of 4-mercapto-1-
butanol for at least 60 min 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 5.0 mM solution of trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride in
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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 nitrogen.
The norbornenyl decorated substrates were exposed to a 5 mM solution of Grubbs
catalyst in dichloromethane for 15 min. The catalyst-coated films were rinsed with
dichloromethane and immediately placed in a monomer solution containing 1.0 M
norbornene in toluene for 15 min to achieve ~60 nm polymer films. The films were

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

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 at 0°C. Polynorbornene coated substrates were exposed to the
0.1 M solution of acetyl sulfate for 60 s to yield a surface-tethered polynorbornene
sulfonate coating. Samples were rinsed with dichloromethane and ethanol and dried in a
nitrogen stream. The resulting polymer films were exposed to dimethyl sulfoxide

(DMSO) for 30 min.

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
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20 mV/s between 500 and 50 mV vs Cu”'" in 1.0 mM CuSO, in 0.1 M H,SO, (aq,
nitrogen saturated) using a polycrystalline gold coated counter electrode. After at least
two cycles, the potential was held just negative of the UPD peak on the 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 nitrogen-saturated
solution of 1.0 mM K,PtCly in 0.1 M H,SOy4 (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 taken using a Ag/AgCl/saturated KCl
reference electrode with a Pt mesh as the counter electrode in an oxygen saturated,
aqueous solution of 0.1 M H,SO4. Samples were first cycled over potentials between
1000 and -200 mV vs. Ag/AgCl/saturated KCl to remove any remaining chloride from
the electrode surface. Samples were then cycled at 50 mV/ s over potentials from 800 to
0 mV in an oxygen saturated H,SO4 aqueous solution. We define the onset potential as

the potential of half the maximum current.
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Results and Discussion

Planar Gold Electrode Assembly

We deposit a submonolayer of copper onto a polycrystalline gold-coated substrate
via underpotential deposition (UPD)."”> Gold-coated substrates were exposed to an
aqueous solution containing 1.0 mM copper sulfate and 0.1 M sulfuric acid, and the
system potential was cycled between 500 and 50 mV vs. a copper wire reference in a
specialized cell that only exposed 1.0 cm” of the electrode’s geometric surface area
(Figure 6.2). The position of the anodic Cu UPD peak (220 mV) and cathodic Cu UPD
peak positions (170 mV) are consistent with previous reports,'> and signify the stripping
and deposition, respectively, of a submonolayer of copper on the gold surface.

On the cathodic sweep, the potential of the system was held just negative of the
UPD peak (~100 mV), and the sample was emersed from the solution under constant
potential. Polycrystalline gold substrates modified in this manner have been previously
reported as having 55 + 10 % coverage of copper atoms on polycrystalline gold
substrates.'® The presence of copper on the gold surface was confirmed through the
copper 2p3» peak at 932 eV in the XPS spectra (Figure 6.3A). The shoulder on the Cu
2p3n peak extending towards higher binding energies is indicative of copper oxide
species likely formed between the removal of the sample from the electrochemical cell
and the introduction of the sample into the vacuum environment of the XPS system (~15

min).

84



15 H(A)

AN
(6)]
1

-25 I I I 1

0 100 200 300 400 500
Potential (mV vs Cu2*/0)

Current Density (LA/cm?)

200 q(B)

-300 . . . .

0 100 200 300 400 500
Potential (mV vs Cu?+/0)

Figure 6.2. Cyclic voltammograms for planar gold coated substrates (A) and nanoporous
gold structures (B) in 0.1 M H,SO4 and 1.0 mM CuSOy4 (aq). A flat cell was used to
selectively expose 1.0 cm? of geometric surface area.
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Copper coated samples were immediately placed in a solution of 1.0 mM K,PtCl,
in 0.1 H,SO4 (aq) for 5 min while the underpotentially deposited Cu layer was
stoichiometrically exchanged with Pt. XPS spectra (Figure 6.3) show the complete
diminution of Cu 2p3,; peak at 932 eV and the introduction of the Pt 4f;,, peak at 71.2
eV.""!® The replacement of copper with platinum has been previously demonstrated to
occur at a 1:1 stoichiometry.'” Assuming a 1:1 exchange, the original 55 + 10 %
coverage of copper would equate to an estimate of 64 + 12 % surface coverage of
platinum due to the larger atomic radius of platinum. This coverage estimate agrees well

with the reported 70 + 6 % coverage on a similarly prepared platinum coated substrate on
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Figure 6.3. XPS spectra of gold-coated substrates after the underpotential deposition of
copper (grey line) and after the subsequent exchange with platinum (black line). The
spectra have been offset vertically for clarity.
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a Au(111) surface."" This corresponds to a cathode catalyst loading of 0.14 pg/cm? a

three order of magnitude reduction over conventional MEA cathode loadings of 0.5

21
mg/cm?>."?
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Figure 6.4. Representative potential sweeps of Pt coated planar gold substrates with
(thick black) and without (thin black) a sulfonated pNB coating in O, saturated 0.1 M
H,SO4 (aq). A cathodic sweep of unmodified planar gold substrates (grey) in O,
saturated 0.1 M H,SO4 (aq) is given as reference.

Current Density (LA/cm?)

Evaluation of ORR catalytic activity for this Pt/Au surface was monitored through
cyclic voltammetry in an oxygen saturated 0.1 M H,SO4 (aq) solution. Samples were
first electrochemically cleaned through potential sweeps between 1000 and -200 mV vs.
Ag/AgCl/saturated KCI. Then ORR data for planar gold and platinum coated planar gold
substrates and were collected between 800 and 0 mV vs. Ag/AgCl/saturated KCI and are

1

shown in Figure 6.4. Consistent with previous reports,'' the planar gold substrate

exhibits poor ORR catalytic activity (330 pA/cm?® 150 mV vs. Ag/AgCl). The addition
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of a submonolayer of platinum on the planar gold substrate increases the reduction
potential from 150 mV to 560 mV and doubles the maximum current density (700
uA/ecm?). Previously reported platinum monolayers deposited on Au(111) have similar
ORR potentials (550 mV)."!

After depositing a platinum submonolayer onto the planar gold substrate, we grow
~70 nm of polynorbornene sulfonate as an ionomer coating through the surface initiated
growth of polynorbornene and subsequent sulfonation (discussed in detail in Chapter V).
We have shown in Chapter V that surface-initiated sulfonated polynorbornene is a
uniform, surface-tethered film. We also demonstrated through electrochemical
impedance spectroscopy in 0.1 M H,SO4 (aq) that surface-initiated sulfonated
polynorbornene has a low resistance to proton transport. Here, we have examined
surface-initiated polynorbornene sulfonate as an ionomer coating for a fuel cell cathode
by monitoring the oxygen reduction reaction. The addition of ~70 nm of sulfonated
polynorbornene over the platinum-coated substrate resulted in a 6% decrease in ORR
current density (660 pA/cm?). While currents are comparable, the onset potential for
ORR is 40 mV lower with the ionomer overlayer. While there is a low resistance to
proton transport in sulfonated polynorbornene films, the transport of oxygen through
these films has not been discussed. The permeability of oxygen in commercial ionomer
membranes is lower than that of oxygen in water."”” Furthermore, oxygen transport is
believed to occur within hydrophobic domains formed through the self-organization of
the ionomer upon exposure to water.'” The large concentration of sulfonate groups and
hydroxyl groups in sulfonated polynorbornene should cause the film to be so hydrophilic

20,21

that it lacks hydrophobic domains. Without hydrophobic domains, the oxygen

88



permeability in sulfonated polynorbornene is expected to be low. The lack of oxygen
transport thought the ionomer would lower the reductive currents seen in ORR as well as
the potential at which the reaction occurs, due to a deficiency of oxygen (the species to be

reduced in equation 3-6).

Nanoporous Gold Electrode Assembly

We have used a nanoporous gold substrate to transfer technologies and concepts
from a planar gold substrate to a three dimensional system without changing the surface
chemistry of the system. As in the planar system, we use the underpotential deposition of
copper as the first step in catalyst immobilization. The potential was cycled between 500
mV and 50 mV vs. a copper wire reference in a 1.0 mM CuSO4 and 0.1 M H,SO4
aqueous solution. The potential was held at ~ 100 mV as the samples were emersed from
solution. Figure 6.2 shows the underpotential deposition and removal of copper at the
nanoporous gold substrate using a flat cell to selectively expose 1.0 cm” of geometric
surface area. The anodic and cathodic copper UPD peak positions (250 mV and 210 mV,
respectively) are higher than those observed in UPD onto planar substrates. A similar
trend was observed in a more thorough study of the dependence of the silver UPD peak
position on gold substrate feature size. Silver UPD peak positions were recorded on
polycrystalline gold substrates and nanoporous gold substrates coarsened for times
between 15 min and 3 h. We observed a systematic increase in Ag UPD peak potential
with an increase in porosity (in order of increasing potential: Au(111),** polycrystalline
planar gold, nanoporous gold coarsened 3h, 1 h, and 15 min). The shift towards higher

UPD potentials for both copper and silver is indicative of a stronger bond between the
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substrate and the adatom that results from a difference in the surface structure of the
nanoporous gold substrate.

Since the current is proportional to the amount of copper deposited and removed,
the ratio of the anodic UPD peak area of the nanoporous substrate to that of the same
peak on the planar substrate corresponds to the ratio of the electrochemically active
surface area in the nanoporous substrate to that on the planar substrate. The nanoporous
gold substrate was found to have ~ 10 fold greater surface area than the planar substrate
through comparison of the UPD peak areas.

Analogous to the planar system, the copper-coated gold samples were placed in a
solution of 1.0 mM K,PtCly in 0.1 H,SO4 (aq) for 5 min to stoichiometrically exchange
the underpotentially deposited Cu layer for a Pt adlayer. Zeis et al. have previously
estimated the platinum loading of a monolayer of platinum coated nanoporous gold
substrates to be 5.0 pg/cm?”" equating to a 23 fold increase over a monolayer loading on
a planar substrate (0.23 pg/cm’). The lower surface area in our nanoporous gold
substrate, as determined by UPD peak ratios, is attributed to a longer dealloying time
which results in coarsening of the substrate.'”> We also note that the monolayer used to
bond the nanoporous gold substrate to the planar support should prevent the deposition of
catalyst onto the surface area of the planar support as well as the bottom surface of the
nanoporous gold, rendering it virtually inactive to ORR."'

The resulting nanoporous gold supported Pt structure is catalytically active for
ORR (Figure 6.5). The onset potential for Pt on the nanoporous support (590 mV) is
comparable to that of the Pt on the planar gold structure (560 mV). While there is an

increase in current density of 21% in the oxygen reduction reaction on platinum for the
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Figure 6.5. Representative potential sweeps of Pt-coated nanoporous gold substrates with
(thick black) and without (thin black) a sulfonated pNB coating in O, saturated 0.1 M
H,SO4 (aq)
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3D system (850 pA/cm?) over the planar system (700 pA/cm?), the increase in current is
not comparable to the ~10 fold increase in current seen in the UPD of copper onto the
same substrates. The difference in the current density increase between the UPD and
ORR is due to the transport of the consumed species. The Cu UPD system is not
depleted of the reactive species (Cu’") during the experiment as the Cu®" species is
regenerated on the anodic sweep. In addition, the regeneration of the Cu®" species at the
site of consumption negates any diffusion limitations. In the ORR reaction, the oxygen in
the aqueous electrolyte is quickly consumed through higher current densities than in UPD

and must be replenished through a constant bubbling of oxygen. The transport of the
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oxygen to the catalyst sites within the pores of the support is likely limited by the rapid

consumption of the reactants at the outermost surface of the nanoporous support.

10°
‘ e AU
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Figure 6.6. Electrochemical impedance spectra obtained in 0.1 M H,SO4 (aq) for the
indicated films on the 3D gold substrate. Solid curves represent fits of the data using
appropriate equivalent circuit models.

We used electrochemical impedance spectroscopy (EIS) in 0.1 M H,SO,4 (aq) with
a Ag/AgCl/saturated KClI reference electrode to probe the resistance to proton transfer of
the polymer films grown from the nanoporous gold substrate (Figure 6.6). At high
frequencies, the unsulfonated polynorbornene (pNB) film provides an additional 1.5
order of magnitude impedance to proton transport over that of the sulfonated

polynorbornene film. The barrier properties of the unsulfonated film are markedly lower
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on the nanoporous support than on the planar gold support, which may indicate regions of
poor film coverage within the porous support. As observed in the EIS spectra for planar
gold substrates, the sulfonated pNB film offers little resistance to proton transfer (4.3
Q-cm?®). As in the planar substrate (see Chapter V), the interfacial capacitance of the
sulfonated polynorbornene (98 pF) and the initiator layer (68 pF) are comparable,
indicating a similar environment for both films at the gold/organic interface. The
addition of the ionomer film to the nanoporous substrate decreases the current density to
420 pA/em?®, a 51% decrease from that of the electrode without the ionomer film (Figure
6.5). As in the planar electrode, the onset potential and current density of the three-
dimensional gold structure is likely limited by oxygen transport. Distinct to the
nanoporous support, the sulfonated polynorbornene film will impede the oxygen
transport not only through an additional resistance to oxygen transfer,” but also through a
reduction of available space for solution phase oxygen diffusion by partially filling of the
nanoporous support. A lack of oxygen would lower the oxygen reduction potential and
decrease ORR currents (vide infra). In the future, this oxygen deficiency may be
alleviated by using more hydrophobic, self-organizing ionomers and by lowering the
thickness of the film to shorten the oxygen diffusion path. In addition, the future use of a
testing apparatus which uses gaseous O, fed directly to the nanoporous electrode would
be more consistent with the actual fuel cell environment and would alleviate O, transfer
limitations of aqueous O, delivery. The incorporation of fluorinated ionomers as well as

O,-backfed electrochemical cells are described in detail in Chapter VIIL
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Conclusions

A planar polycrystalline gold support was used to investigate the deposition of the
catalyst and ionomer systems. A monolayer of platinum was deposited through
electroless replacement of an underpotentially deposited submonolayer of copper atoms.
The platinum deposited was catalytically active in the oxygen reduction reaction, as
demonstrated through cyclic voltammetry. Deposition of the ionomer over the platinum-
coated substrate left the underlying platinum catalytically active. We demonstrated the
use of nanoporous gold as a catalyst support. We used underpotential deposition to
demonstrate the nanoporous support had a 10-fold greater electrochemically active area
at a constant geometric surface area. The platinum-coated nanoporous support allowed a
21% increase in ORR current density over that of the planar gold substrate. Oxygen
transport due to ionomer flooding appears to lower ORR potentials and currents. Further
refinements through ionomer design should lower oxygen transport limitations. We have
demonstrated an effective method for modifying electrode interfaces with proton
conducting films while preserving catalytic activity in both planar and nanoporous gold

substrates.
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CHAPTER VII

LOOSELY-PACKED, HYDROXYL-TERMINATED SAMS ON GOLD

Introduction

In Chapter IV, we demonstrated the significant contribution of the self-assembled
monolayer (SAM) in the overall resistance to transport of our surfaced-tethered films.
The development of SAMs with diminished lateral packing density would allow us to
decrease the impedance due to the polymer linkage to the underlying substrate and
increase the overall efficiency of proton transport. In addition, loosely-packed SAMs
allow for changes in molecular level conformation that are precluded in crystalline,
densely packed monolayers. The additional freedom of chain motion within the SAM
allows additional applications as biological interfaces' and as responsive films.> For
example, some proteins adsorb with faster kinetics and have a higher steady-state surface
concentration on loosely packed monolayers than on densely packed monolayers due to
the unique conformation of the chains within the monolayer that allows partial
penetration of the protein into the outer monolayer surface.'” The use of spaced
monolayers also allows for conformational changes within a film to create stimuli
responsive interfaces.

Several approaches have been used to prepare loosely packed monolayers. A
common approach is to expose silicon oxide substrates to adsorbates containing
trifunctional silane head groups for a short time. This method has been successful in

1,34

creating SAMs with diminished packing or lateral packing gradients. Unfortunately,

97



this method does not readily translate to SAMs prepared from thiols on gold as thiols will
adsorb to form macroscopic islands of dense functionality at submonolayer coverages.™
A similar approach is to coadsorb long and short chain thiols to prepare a mixed SAM,
but this method has also been ineffective due to phase segregation of the adsorbates into
macroscopic islands of common functionality.” The use of asymmetric disulfides with
one long and one short chain is an approach which offers a variety of functionalities in a

1 .. . -1 .
However, conflicting evidence” " exists

presumably well-mixed, 1:1 molar ratio.*"
regarding the extent of surface diffusion of these chains upon adsorption, allowing for
nanoscopic phase segregation similar to that observed in the coadsorption of long and

short chain thiolates. While significant surface diffusion is unlikely, '

strong evidence
supports preferential surface exchange that causes a disproportionate amount of the
longer chained moiety to be present in the monolayer.'” Lee and co-workers have
synthesized chelating dithiols and trithiols that contain bulky head groups with short side
chains. These adsorbates form well packed regions at the metal surface but leave loosely
packed hydrocarbon chains exposed at the film surface.'*'” These approaches have been
effective in producing a loosely packed monolayer but are currently limited to methyl-
terminated chains.'*'®

Lahann et al.” have prepared loosely packed, carboxylate-terminated monolayers
through a two-step process. First, they formed a SAM by adsorption of a thiol that
contains a bulky, ester-linked triphenyl terminal group. Next, the terminal ester was

hydrolyzed to produce a loose carboxyl-terminated monolayer. These loose SAMs

resulted in a negatively charged interface that served as a model for an electrically
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induced, reversibly switching surface. Applied potentials resulted in conformational

changes which exposed different functionalities at the surface.

@!;){W
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Figure 7.1. Schematic illustration of the possible arrangement of (a) -SC;,;0,F; and (b)
loosely packed -SC;;OH on gold substrates.

Here, we report the formation of hydroxyl-terminated self-assembled monolayers

with diminished lateral packing density on gold surfaces. Our strategy is inspired by the
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two-step approach of Lahann et al.” and prior work from Lee and co-workers'® on the
formation of SAMs from partially fluorinated alkanethiols. We begin by preparing a
SAM from bis(11,11°-dithioundecyl) perfluoroheptanoate [(S(CH;);;OC(O)(CF;)7F);]
where an undecyl tether is attached to a fluorocarbon tail group through an ester linkage.
In an ideal case, the larger lateral dimension of the fluorocarbon helix (~5.6 A)”° dictates
the chain structuring and forces the smaller alkyl chains (~4.6 A)*' into a less dense state.
A previous AFM study estimates a chain packing of ~3.4 x 10'* chains cm™ for a similar
Au/SC,,0,F, monolayer compared to ~4.6 x 10'* chains cm™ for n-alkanethiolate SAMs,
which translates to 35% greater lateral area occupied by the partially fluorinated chain.?
These monolayers are stable at room temperature,” and the exposed fluorinated surface is
low-energy to resist the adsorption of adventitious carbon. The fluorocarbon group can
then be cleaved via base-mediated hydrolysis to yield a highly non-crystalline, hydroxyl-
terminated monolayer (see Figure 7.1). We have demonstrated that this base-mediated
hydrolysis rapidly reverts fluorinated ester groups back to alcohols in surface-initiated
films of fluorocarbon-modified poly(hydroxyethyl methacrylate).”> Our approach
exploits the slow surface diffusion (~10"* cm’s™)** for thiolates on gold to inhibit
aggregation of the chains into densely packed domains.

Loosely packed, hydroxyl-terminated monolayers should have an intermediate
surface energy due to exposure of methylene and hydroxyl functionality. These
monolayers may be ideal for the adsorption of proteins such as Photosystem I, which
preferentially adsorbs to surfaces of intermediate energy.”> Other possibilities for loosely
packed monolayers have yet to be investigated. As a potential use, conformational

changes within a monolayer may facilitate surface reactions that would ordinarily be
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sterically inhibited by a dense SAM. Schonherr and coworkers have shown the surface
confinement of an ester linkage hinders the kinetics of hydrolysis.%’27 A monolayer of
adsorbates with more freedom of movement should also improve the kinetics of other
surface reactions over a conformationally constrained adsorbate.

The loosely packed monolayer will contain significant interchain spacing for the
penetration of water, ions, solvents, and other adsorbates. We discuss several examples
of how this monolayer behaves in a manner consistent with that of a loosely packed
monolayer.'® Improved penetration of water, ions, and solvents into this loosely packed
monolayer over densely packed monolayers is demonstrated through electrochemical
impedance spectroscopy. We assess the unique exchange characteristics of these SAMs
by exposing the monolayer to n-docosanethiol in THF and contrasting the results against
those of well packed SAMs. The dynamics of surface bound thiolate exchange is of great
importance in the design of functionalized alkanethiolate monolayer protected gold
clusters.”® Current thiolate exchange processes are kinetically localized to monolayer

28-31

defect sites. The development of monolayers with uniformly spaced packing may

hold the key to a non-localized method of thiolate exchange and cluster functionalization.
Experimental Procedures
Synthesis of bis (11,11°-dithioundecyl) perfluoroheptanoate ((SC;;0,F7), adsorbate)
Procedures followed to make bis (11-hydroxyundecyl) disulfide are similar to

those reported by Shah et al.** Bis (11-hydroxyundecyl) disulfide (0.412 g, 1.01 mmol)

and perfluorooctanoyl chloride (0.9744 g, 2.25 mmol) were added to dichloromethane
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(15 mL) in a round bottom flask. The solution was stirred for 1 h at room temperature.
Solvent was removed via rotary evaporation to yield a white solid. Approximately 8 mL
of hexane at 35°C was added to solvate the solid. The solution was filtered, then chilled
to -10°C. The remaining solution was decanted, and the white crystals were dried and
weighed (1.098 g, 0.889 mmol; 87.8%). 'H NMR (400 MHz, CDCl): & = 1.3 (o-
methylene, 28H), 1.65 (B-disulfide, 4H), 1.75 (B-ester, 4H), 2.68 (a-disulfide, 4H), 4.37

(a-ester, 4H).

Formation of SAMs

Au/SC;;0H monolayers were prepared via immersion of gold substrates in a 0.5
mM bis (11-hydroxyundecyl) disulfide solution in ethanol for 24 h.  Au/SC,;0,F;
monolayers were prepared via immersion in a 0.5 mM bis (11,11’-dithioundecyl)
perfluoroheptanoate solution in THF for 24 h. The samples were then removed, rinsed
with ethanol and dried in a stream of nitrogen. Au/SC;;0,F; monolayers were exposed

to 0.1 M KOH (aq) for 5 min to form loosely packed monolayers of Au/SC;;OH.

Exchange Study

Loosely and densely packed Au/SC;;OH monolayers were immersed in a 1.0 mM
solution of n-docosanethiol (HSC,, adsorbate) in THF. The exchange process was
monitored ex situ with RAIRS, ellipsometry, and contact angle goniometry before and

after a 24 h exposure.
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Results and Discussion

Au/SC;10,F7 Monolayer Composition and Structure

We used RAIRS to investigate the composition and conformation of SAMs
prepared from bis (11,11’°-dithioundecyl) perfluoroheptanoate. Figure 7.2 shows the
hydrocarbon and fluorocarbon regions of the IR spectra for all monolayers studied. The
fluorocarbon region of the Au/SC;;0,F; RAIR spectra consists mainly of peaks due to C-
F stretching with the transition dipole moments perpendicular (vpq 1190-1270 cm™) or
parallel (v,x 1300-1380 cm'l) to the axis of the fluorocarbon helix.'® The Au/SC;,;0,F;
monolayer exhibits a vpq stretching peak at 1255 cm™ and a vy stretching peak at 1335
cm™. These positions compare well with those observed for SAMs prepared from
partially fluorinated alkanethiols with similar chain lengths."”” The relative intensity of
the vax to Vg intensities implies that the fluorocarbon segments are, on average, canted
beyond that observed by us for a SAM prepared from a partially fluorinated alkanethiol
(F(CF,)s(CH)10SH) with similar chain length.””  Well-packed, trans-extended
hydrocarbon monolayers typically exhibit characteristic asymmetric (v,(CH;)) and
symmetric (vy(CH,)) methylene absorbances at 2919 and 2850 cm™, respectively.'’
Au/SC;,0,F7; monolayers exhibit distinct v,s(CH;) and vg(CH;) peaks at 2927 cm’ and
2856 cm™ (Table 7.1), indicative of a significant deviation from a trans-extended,
crystalline hydrocarbon monolayer. This shift is consistent with reports of v,s(CH;) =
2929 ¢cm™ and vy(CH,) = 2855 cm™ by Schonherr and Ringsdorf for the ester linked
bis(2,2’-dithioethyl) dodecanoate.® Ryswyk et al. reported a similar ester disruption of

the hydrocarbon packing, v,(CH,) = 2928 cm™, in SAMs formed from 11-
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mercaptoundecyl isonicotinate on gold.> Previous results'® suggest that the larger size of

the fluorocarbon helix alone does not destroy the crystallinity of the underlying
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Figure 7.2. Reflectance-absorption infrared spectra of the (a) C-H and (b) C-F stretching
regions for the indicated SAMs. The spectra have been offset vertically for clarity. The
dashed lines in (a) represent the position of v,s(CH,) at 2919cm™ and vy(CH,) at
2849¢cm™, those observed in the dense Au/SC;;OH monolayer.
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hydrocarbon region, v,s(CH) = 2919 cm'l, based on hexadecanethiols that were partially
fluorinated in the outer region but did not contain an ester linkage. Thus, the v,5(CHy)
and vy(CHy) shifts are consistent with a poorly structured hydrocarbon region due to a
disruption of hydrocarbon packing by the ester or a combined influence from the ester

and the fluorocarbon terminal group.

Table 7.1. Peak Positions from RAIR Spectra

Wavenumber (cm™)

Mode SC1;0H - dense SC;10H - loose SC110,F~
Vas - CHy 2919 2931 2927
vs - CH, 2849 2860 2856
Vax — CF - - 1335
Upd — CF - - 1255

The thickness of the Au/SC;;0,F; monolayer (20 A, Table 7.2) agrees well with
the 21 A thickness™* of Au/S(CH,),1(CF)oF monolayer. The experimental thickness is
lower than that reported for a 20 equivalent carbon monolayer prepared from
eicosanethiol (25 A).*> The discrepancy in thickness is likely due to the estimation of
refractive index for both the Au/SC;,0,F; and the Au/S(CH;);1(CF,);0F monolayers as
that for a purely hydrocarbon monolayer (1.45). The true refractive index of the partially
fluorinated monolayer is most likely between that of a hydrocarbon and a fluorocarbon
film (1.37).° For our Au/SC;;O,F; monolayer, a highest possible experimental
thickness was found to be 23 A by fitting the ellipsometric data using a refractive index

of 1.37.
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We used contact angle measurements to qualitatively assess the surface
composition of Au/SC;;0,F; monolayers (Table 7.2). Advancing contact angles of water
(127°) and hexadecane (78°) indicate hydrophobic and oleophobic surface properties and
are consistent with a predominate perfluoromethyl (-CFs) surface.””> The advancing
contact angle of hexadecane, which is ~3° lower than that measured on a partially
fluorinated SAM prepared from HS(CH,);o(CF;)¢F, suggests that some -(CF)-
functionality is exposed at the outermost interface and is consistent with the increased
average cant of the fluorocarbon terminal groups here.'” This difference in contact angle
and fluorocarbon cant is likely due to structural perturbations caused by the fluorinated
ester linkage. The combined analyses imply a structure for the Au/SC;;0,F; SAM in
which the fluorocarbon chains are slightly canted on average to expose a predominate -
CF; surface, and the hydrocarbon chains underneath are disordered and in a loosely

packed state.

Table 7.2. Water and Hexadecane Advancing and Receding Contact Angles (deg) and
Ellipsometric Film Thicknesses for Monolayers on Gold

water hexadecane
Monolayer Oa Or Oa Or thickness (A)
SC;OH - dense 20+ 4 <10 <15 ~0 11+1
SC;;0OH - loose 68£3 43+ 7 <15 ~0 10+1
SC110,F; 127+2 109 £2 78 £2 65+2 20+ 1

Influence of SC;;OH Packing Density on Monolayer Structure
Exposure of the Au/SC;;0,F; SAM to 0.1 M KOH(aq) for 5 min results in
complete removal of the fluorocarbon helix via base-mediated hydrolysis, as evidenced

by the complete diminution of peaks in the fluorocarbon region of the spectrum (Figure
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7.2b). This hydrolysis yields a loosely packed Au/SC;;OH monolayer. The loose
packing is confirmed by the position of v,s(CH,) and vs(CH;) peaks at 2931 and 2860
cm'l, indicating significant shifts from those of the Au/SC;;0,F; SAM. The poor
packing inferred via RAIRS demonstrates the lack of formation of densely packed
domains due to surface diffusion. In addition, the increase in v,(CH;) and vs(CH;)
intensities for the loosely packed Au/SC;;OH monolayer indicates a greater average
chain cant as compared to the hydrocarbon segment within the Au/SC;;0,F; SAM. This
relaxation of the hydrocarbon chains, likely motivated by intermolecular hydrogen
bonding,’” provides further support that the fluorocarbon terminal group governs the
packing in the pre-cleaved Au/SC;;0,F; SAM.

From Figure 7.2a and Table 7.1, the densely packed Au/SC;;OH monolayer
prepared by direct adsorption of (S(CH,);;OH), exhibited asymmetric and symmetric
methylene peak positions at 2919 and 2849 cm™, indicative of a crystalline monolayer.
The enhancement in the methylene peak intensity for the loosely packed Au/SC;;OH
monolayer over that for the densely packed monolayer is attributed to the increased cant
of the hydrocarbon chains in the loosely packed state, which increases the surface normal
component of the transition dipole moment of the CH; stretching vibration and hence, its
absorbance.™

The average cant angle can be estimated from the RAIRS intensity via the
relationship of peak intensity (/) to the average angle between the transition dipole

moment and the surface normal (6,,,) 38

| oc cos®(@,,) (7-1)
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From equation 1, we estimate 6, for both the v,((CH;) and vy(CH,) peaks and
determine an average all-trans alkyl chain cant of 59° from the surface normal for the
loosely packed Au/SC;;OH SAM by assuming a 30° cant for the densely packed
monolayer.”® This estimation of cant angle corresponds to a 40% lower thickness for the
loosely packed monolayer as compared to the densely packed monolayer and is in
agreement with a theoretical estimation of a 33% lower thickness than the densely packed
monolayer, based solely on the lateral area occupied by a fluorocarbon helix versus a
hydrocarbon chain. The agreement between RAIR results and theory draws attention to
the small change in ellipsometric thickness (~1 A; 9%) between the well packed and
loosely packed Au/SC;;OH SAMs and more notably, the low thickness of the well
packed Au/SC;;OH (11 A). While other authors have also reported comparable
thicknesses values®>*** for well packed Au/SC;;OH monolayers, the actual thickness is
likely more comparable to that of a well packed monolayer prepared from n-
dodecanethiol (16 A).* If the thickness for the densely packed SAM is indeed 16 A,
RAIRS estimations yield a thickness for the loosely packed SAM of 11 A, which is
comparable to our ellipsometric thickness of 10A. Despite the disagreement between
RAIRS and ellipsometric thickness results, both methods quantitatively demonstrate the
cleaved Au/SC;;OH SAM in a less dense state when compared to that of a well packed
monolayer prepared by adsorption of (S(CH;);;0OH),.

The advancing water contact angles for the loosely packed Au/SC; OH
monolayer were not consistent with that of a well packed, pure hydroxyl surface. The
low packing density of the monolayer likely exposes methylene functionality at the

surface in addition to the hydroxyl terminal group, resulting in a mixed surface yielding
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an intermediate surface energy. The most widely adopted method for determination of

composition at surfaces with mixed functionality is the Cassie equation **

C0S B, =Popy COS Oy, +(1— g, ) COS B,y (7-2)

meas

where ¢y denotes the fraction of the surface with hydroxyl functionality, 6, is the
measured contact angle (68°), oy is the measured contact angle on a pure hydroxyl
surface (~20°), and Oy, is the reported contact angle on a methylene-terminated surface
(~107°).** From eq 2, we estimate that 54% of the surface is covered by hydroxyl groups

and the remainder by methylene groups due to the loosely packed nature of the SAM.

Barrier Properties

We used electrochemical impedance spectroscopy (EIS) to investigate the barrier
properties of the monolayers in the presence of K;Fe(CN)gs and K4Fe(CN)g in 0.1 M
Na,SO04 (aq). Representative impedance spectra in the form of Bode plots are presented
in Figure 7.3. The symbols indicate experimental data, where the solid lines represent the
fits of the data using appropriate equivalent circuit models.*’

Based on the fits of impedance spectra by equivalent circuit models, mean charge
transfer resistances and film capacitances for each of the monolayers are compiled in
Table 7.3. The Au/SC;;0,F; monolayer (R = 1.26x10* Q cm?®) is a markedly poorer
barrier than monolayers of similar composition without an ester linkage
(HS(CH,)o(CF,)F) (R = 1.4x10° Q cm?) that we have previously studied.” The lower

resistance for the Au/SC;,;0,F; SAM implies that this monolayer contains a much higher
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density of defects than the SAMs prepared from partially fluorinated thiols and is

qualitatively consistent with the structure (fluid-like hydrocarbon, canted fluorocarbon)

Bare Gold
Loose SC110H
Dense SC110H
SC1102F7

L1 L IAIL
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Figure 7.3. Electrochemical impedance spectra obtained in 1 mM K;Fe(CN)g and 1 mM
K4Fe(CN)s in 0.1 M Na,SO4 (aq) for monolayers on gold. Spectra are shown for -
SC;105F5, densely packed -SC;;0OH and loosely packed -SC;;OH, and bare gold (for
reference). Solid curves represent fits of the data using appropriate equivalent circuit
models.

and wettability (more -CF,- groups exposed) of the monolayer. These defects are most
likely distributed across the surface and result from inefficient monolayer packing caused

by the fluorinated ester linkage. Thus, while steric effects due to inefficient filling of
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defect sites may play a role, that effect is expected to be smaller than the two order of
magnitude decrease in resistance that we observe here. This large effect is more likely
due to the ester linkage between the hydrocarbon and fluorocarbon, which may work in
two ways to weaken barrier properties. First, the ester region is a layer of ion affinity
within the monolayer. This layer could act as an ion “stepping stone” across the
hydrophobic hydrocarbon and fluorocarbon regions. The second affect of the ester is to
perturb the monolayer chain packing in both the hydrocarbon and fluorocarbon regions,
leading to defects and free space for water and ion transfer. The perturbation of the
hydrocarbon chain packing can be seen in the RAIR spectra (Figure 7.2a) in the shift of
the v,5(CH») and vy(CH,) peaks towards higher wavenumbers. The perturbation of the
fluorocarbon region is most apparent in the increased cant of the fluorocarbon termini
and the lower hexadecane contact angles as compared to CF;-terminated monolayers
without the ester linkage.'”

When the ester in the Au/SC;;0,F; is cleaved, the resulting loosely packed
Au/SC;;OH monolayer has a higher capacitance than the pre-cleaved state due to the
decrease in monolayer thickness,*® but surprisingly, both the cleaved and pre-cleaved
monolayers have similar resistances against ion transfer. This impedance behavior
suggests either that the fluorocarbon terminal group has a negligible effect on the
resistance or more likely, that the relaxation of the hydrocarbon upon cleaving reduces
some of the pathways for ion transfer that existed in the less canted, pre-cleaved state to
yield a comparable resistance, even in the absence of the fluorocarbon terminus. Either
of these interpretations implies that the free volume in the hydrophobic region near the

Au surface is a dominant factor in film resistance. Consistent with this conclusion, a
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densely packed Au/SC;;OH monolayer exhibits a factor of 5 higher resistance and 46%
lower capacitance than that of the loosely packed Au/SC;;0OH monolayer. The resistance
is higher in the well packed monolayer due to a higher density of the hydrocarbon chains
at the Au surface that reduce pathways for ion transfer. The enhanced thickness of the
densely packed monolayer, combined with the lower free volume for water uptake, also
results in significantly lower capacitance as compared with the loosely packed

monolayer.

Table 7.3. Values for Monolayer Capacitance and Resistance In Water and
THF/Water

water THF/water
Cdl lOg (Rf) Cdl IOg (Rf)
monolayer (uF/cm?) (Q-cm?) (uF/cm?) (Q-cm?)
SC;;0OH - dense 24+0.3 47+04 24+0.6 50+£0.2
SC;10H - loose 3.5+0.7 40+04 41+0.6 44+0.3
SC;10,F; 2.2+0.3 41+04 - -

Barrier Properties with a THF Cosolvent

The alteration of the barrier properties of a film by cosolvent addition provides
insight into the ability of the cosolvent to penetrate into the film. In a similar cosolvent
study, French et al.*’ proposed a explanation for an observed enhancement of well-
packed monolayer barrier properties through the use of 1-octanol as an aqueous
cosolvent. They attributed the increase in barrier properties to octanol filling the defect
sites within alkanethiolate SAMs. We studied the influence of a THF cosolvent on the
impedance behavior of the loose and well packed SC;;OH monolayers due to its strong
solvation of the SC;;OH adsorbate. THF was added (1:3 vol., THF:water) as a cosolvent

to the aqueous ferrocyanide and ferricyanide solution. In the dense monolayer, the film
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capacitance remained unchanged while the charge transfer resistance doubled. While in
the loosely packed monolayer, the film capacitance increased by 19 + 5 % and the charge
transfer resistance also doubled. The increases in capacitance and resistance were
observed in all six runs of this experiment. An increase in both resistance and
capacitance is unusual and is plausibly attributed to an intercalation of THF into the
monolayer. In the dense monolayer, the THF would only be able to intercalate into the
film at defect sites in the monolayer. The filling of the defect sites would increase the
charge transfer resistance, which is greatly affected by defect density, while, the
capacitance of the well-packed film would be relatively unaffected, represented by the
dense THF-impenetrable domains. In the loose monolayer, THF could conceivably
intercalate into the entire film, increasing ion transfer inhibition in a similar manner and
magnitude to that of the dense monolayer. The 19% increase of the capacitance is
attributed to the intercalated THF (¢ = 7.6)* increasing the dielectric constant of the film

from near that of polyethylene (¢ = 2.3 )*' to a higher value.

Table 7.4. Water and Hexadecane Contact Angles and Ellipsometric Film Thicknesses
after 24 h Exchange with HSC22

water hexadecane
monolayer Oa Or Oa Or thickness (A)
SC;1OH - dense 82+ 8 46 + 7 <15 ~0 22+2
SC;;0H - loose 112 +4 88+ 6 41 £2 18+1 27+2
SC22 (control) 114 +2 98 £1 48 £1 371 27+1

Exchange of the Monolayer with HS(CH;),,H
Exchange or displacement of adsorbates within a SAM by competing adsorbates

in solution is an important step in the preparation of complex, multifunctional
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interfaces.”® Several prior studies agree that the most rapid exchange in well packed
SAMs occurs at isolated defect sites;”>" thus, loosely packed SAMs that exhibit a high
density of defect sites may enable a more uniform and rapid exchange. Here, we expose
both loose and dense Au/SC;;OH monolayers, in addition to a bare gold surface
(control), to a I mM solution of C,,SH in THF for 24 h to assess the extent of exchange
or incorporation of the long-chained thiol (Table 7.4). The 24 h exposure to C,SH
results in a nearly complete exchange of the loosely packed monolayer based on
thicknesses and contact angles that approach those values for the complete Au/SCs;
monolayer. In contrast, the dense Au/SC;;OH monolayer is only partially exchanged. In
particular, the hexadecane contact angle for the loosely packed surface after a 24 h
exchange (41°) is approaching that of a well packed Au/SC,; surface (48°), whereas that
of the densely packed surface after exchange (<15°) remains low, indicating large areas
of poor -SC,, coverage. Contact angle hysteresis is commonly used as a measurement of
surface homogeneity, where a low hysteresis is consistent with highly uniform,
homogeneous surfaces. The relatively high water contact angle hysteresis (36°) and low
advancing water contact angle (82°) observed on the densely packed Au/SC;;OH
monolayer after exchange are indicative of a mixed, heterogeneous surface. The lower
contact angle hysteresis in the loosely packed SC;;OH monolayer after exchange
supports our assertion that the loosely packed monolayer fosters a more rapid and
extensive exchange process that provides a more uniformly exchanged surface. We
attribute the more extensive exchange in the loosely packed system to engineered defect
sites located more uniformly across the monolayer, as opposed to the localized defect site

propagation®’ for the well packed monolayers. In the loosely packed Au/SC;,OH
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monolayer, these defect sites, which have been shown above to allow for water, ion, and
solvent penetration, allow for rapid thiolate insertion into the monolayer, resulting in a
faster exchange and a more homogeneous surface. A more uniform and rapid exchange,
as demonstrated here, can be powerful in the preparation of complex interfaces through

.2
place exchange reactions.”®

Conclusions

The preparation of fluid-like, hydroxyl-terminated SAMs on gold is easily
achieved via base-mediated cleavage of an ester bound fluorocarbon terminal group. The
resulting loosely packed films have greater chain spacing and defect density, reduced
thicknesses, and intermediate surface energy. The larger alkyl chain spacing, when
compared to its well packed analogue, creates a more permeable SAM with decreased
barrier properties against water, ion, and solvent transport. The additional chain spacing
in the loose SAMs enabled more uniform and extensive thiolate exchange behavior
unlike the defect-mediated exchange propagation of well packed SAMs. These hydroxyl-
terminated SAMs should prove useful in the preparation of polymer/gold linkages with a

reduced resistance to proton transfer.
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CHAPTER VIII

CONCLUSIONS AND FUTURE WORK

Conclusions

In this body of work, we aimed to take initial steps toward the development of
technologies which allow for a more controlled, idealized integration of the elements of
the membrane electrode assembly (MEA) in proton exchange membrane (PEM) fuel
cells. The MEA is traditionally prepared from bulk solution casting methods'™ which
lead to poorly defined interfaces and low utilization of catalyst.”> Our bottom up approach
integrates the cathode, gas diffusion layer, catalyst layer and ionomer (Figure 1.2).

The results presented in Chapter IV demonstrate the sequential and rapid
reactions used in the preparation of surface-initiated ROMP-type poly(n-
alkylnorbornene) films. Uniformity in surface coverage is dependent upon the length of
the n-alkyl side chain on the monomer. Films prepared from butylnorbornene and
hexylnorbornene yield dense films whereas decylnorbornene polymerizes into discrete
polymer clusters. The length of the monomer side chain is inversely proportional to the
reactivity of the monomer and limits the maximum possible film thickness using Grubbs
first generation catalyst. The surface energy of the polyalkylnorbornene films is
decreased beyond that of a polynorbornene film by the methyl terminus of the alkyl side
chain. With the exception of the clustered polydecylnorbornene film, the
polyalkylnorbornene films offer greater resistance against redox probes as compared to

polynorbornene films.
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The internal olefin groups of ROMP-type films enable further reactive processing
including sulfonation to provide proton conductivity to the films. In Chapter V, surface-
tethered sulfonated polymer films are prepared through the exposure acetyl sulfate to
surface-initiated ROMP-type films. Film loss is observed through ellipsometric thickness
measurements and was independent of the sulfonation agent. Film loss likely occurs as a
result of cleavage at the olefin site which is present in the backbone of all ROMP-type
polymers. The sulfonation process results in a non-uniform surface morphology which
can be relaxed to a more uniform surface through exposure to DMSO. The component of
the sulfonated film’s resistance to proton transfer is small and attributed to the polymer
linkage to the metallic support. The developed ionomer system is promising for inclusion
into the proposed integrated electrode network.

Loosely-packed hydroxyl terminated self assembled monolayers (SAMs) are
prepared in an effort to reduce the resistance at the ionomer / gold interface. Loosely
packed SAMs are achieved through the cleavage of an ester-bound fluorocarbon group.
The resulting films have larger interchain spacing and defect density, as well as lower
film thickness and an intermediate surface energy. The loosely packed film has a lower
impedance to redox probes than of its traditionally prepared anologue.

The deposition of a platinum-based catalyst for oxygen reduction was investigated
on a planar gold substrate. Platinum is deposited through a two-step process requiring
the underpotential deposition of a sub-monolayer of copper followed by the electroless
replacement of the copper adlayer with platinum. The platinum adlayer is catalytically
active in the oxygen reduction reaction. The activity of the catalyst is preserved during

the deposition of a sulfonated polynorbornene ionomer overlayer.
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Nanoporous gold substrates can be prepared through the exposure of an alloy of
gold and silver to nitric acid. The nanoporous gold substrate demonstrates a 10x
improvement in surface area available for copper underpotential deposition. Platinum is
deposited onto the nanoporous gold substrate in a fashion analogous to the planar gold
substrate. The platinum-coated nanoporous support has a marginally improved oxygen
reduction current than that of the platinum coated planar substrate. The incorporation of
the sulfonated polynorbornene into the platinum coated support decreases the oxygen
reduction capacity of the electrode, likely due to poor oxygen permeability in the ionomer

as well as reduced volume for oxygen transport within the nanoporous support.

Future Work

Development of a Fluorinated Surface-Initiated [onomer

Fluorinated ionomers offer many advantages over purely hydrocarbon ionomers.
The nature of proton transport through traditional ionomers is based on the reorganization
of the ionomer into hydrophilic and hydrophobic domains.> The greater hydrophobicity
of fluoropolymers would result in a larger driving force for reorganization and lower
resistances to proton transport.’ Fluorinated ionomers also have greater oxygen
permeability than current hydrocarbon ionomers.” Poor oxygen transport is the likely
cause of reduced catalytic activity in our integrated electrode structures, and a fluorinated
ionomer should increase power output in our electrode assemblies.

While norbornene monomers with fluoroalkyl side chains are not commercially

available, they can be synthesized though a Diels-Alder approach (Figure 8.1). The
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Diels-Alder reaction is class of cycloaddition reactions between an alkene and a
conjugated diene. The reaction applicable to this research is the reaction of
cyclopentadiene and a partially fluorinated 1-alkene to form a mixture of endo and exo
isomers of the appropriate alkyl-norbornene. While the endo product is predominant in
the Diels-Alder reaction due to a favorable overlap of p orbitals,® it is the exo product
that is more ROMP active. If the activity of the exo isomer is desired, isolation of the

isomers is possible via low pressure distillation.’

+Rv/ QR-FQ

R
“endoﬂ “eXO”

Figure 8.1. Diels-Alder reaction to generate functionalized norbornenes. R represents a
partially fluorinated 1-alkene.

Preparation of Alternative Nanoporous Electrodes

Porous electrodes with high surface area offer the ability to greatly enhance power
per geometric area and seamlessly integrate catalyst, gas diffusion channels, and proton
conducting ionomer into a single network. We have demonstrated preparing such porous
electrodes, where commercially available Ag/Au alloy leaf structures (100 nm thick)
were dealloyed and deposited onto a substrate. A greater control over the processing of
these electrodes could be obtained by preparing our own alloy structures for subsequent
dealloying and porosity development. Jia et al.'® have recently shown that Zn can be

electrodeposited atop Au, Ag, and Cu films and heated at low temperatures (150 °C) to
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induce alloy formation. Dealloying of this system produces porous Au, Ag, or Cu

electrodes.

° HNO.
ED of Zn 150 °C NG,

Au Au

Figure 8.2. Proposed approach for preparing NPG films by electrodeposition of Zn,
annealing to alloy, and dealloying by etching to produce a porous gold film.

Inspired by the method of Jia et al.’

(Figure 8.2), we can use the dealloying
process to prepare nanoporous gold electrodes in which thickness (50 — 300 nm), pore
diameter (20-100 nm), and porosity (30 — 70%) are controlled to investigate fundamental
interfacial issues including surface area, catalyst integration, and ionomer
attachment/composition on the cathodic reaction. The thickness of the nanoporous
electrode film is proportional to the thickness of the deposited gold (vacuum deposition
or electroless) and the ultimate porosity after dealloying, which is dependent on the initial
amount of Zn electrodeposited atop the gold surface up to thermodynamic saturation
limits. Average pore size can be varied from ~20 nm to ~100 nm by exposure time of the
alloy to the dealloying solution. Through this process, we could fabricate porous
electrodes to enable tremendous control over further processing, including catalyst and
ionomer deposition. These electrodes could be grown onto any surface that supports a

thin gold film, and alternately, could be transferred from one surface to another through

interfacial bonding and detachment.
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Extension to Carbon Supports

Surface-initiated ROMP can be performed from virtually any surface provided
that an appropriate metathesis catalyst can be attached in a preceding step. To extend the
ionomer to carbon supports (carbon cloth, carbon black, etc.), we would first generate
alcohol functionality on the carbon surface by exposure to formaldehyde or through

oxidation in nitric acid (Figure 8.3)."!

The resulting alcohol groups will then be exposed
to a norbornene containing di(acid chloride) groups to generate a covalent ester linkage
of the norbornene to the carbon surface. If the surface alcohols are sufficiently spaced
that only one ester linkage is created, then the unreacted acid chloride will be converted
to a carboxylic acid by rinsing in water. We have performed analogous chemistry by
using alcohol-modified gold surfaces. The surface-attached norbornene will bind

Grubbs’ first generation catalyst, which can then be used to grow the target polymer from

the carbon surface.

LRI H AR,

Figure 8.3. Modification of carbon supports to allow for SI-ROMP. The attached
norbornene will bind Grubbs’ First generation catalyst to enable polymerization of the
various monomers described herein.

Based on the research of others, we expect to graft from 1 in ~250 surface

carbons,'? but the degree of polymerization for surface-initiated ROMP is such that the
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carbon surface should be well coated. A selective feature of this ionomer growth is that it
will occur only from carbon so that any Pt present as catalyst, such as adsorbed onto a
carbon nanoparticle, will not be functionalized.  Surface-initiated ROMP offers
advantages in kinetics, composition, and internal structuring when compared to other

approaches for growing ionomer from carbon supports.***?

New Electrochemical Characterization of lonomers

Figure 8.4 shows a schematic of a test cell that we could use to measure the
performance of our integrated 3-D cathodes. Protons are conducted through a bulk
membrane (Nafion®) to the top of the 3-D cathode while oxygen is fed through the
bottom. 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 thickness, average pore size, and porosity of the
electrode, in addition to the ionomer composition, thickness, and attachment to
investigate these pertinent interfacial effects on the oxygen reduction reaction and on the
overall impedance of the system. For each ionomer composition and attachment, we seek
to measure the limiting current by continually increasing the flux of protons in excess O,
until the electrode interface can no longer provide an increase in current. This would
enable us to quantify performance benefits for the following effects: fluorocarbon versus
hydrocarbon side groups, ion channel orientation, chemisorbed versus non-bound, and
extent of pore filling. 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.
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Figure 8.4. Experimental setup to test performance of catalyst-ionomer integrated 3-D
cathodes through voltammetry or impedance.
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APPENDIX A

PROPERTIES OF POLYNORBORNENE FILMS GROWN USING NORBORNENE
FROM DIFFERENT COMMERCIAL SOURCES

There are several suppliers for norbornene. In the preparation of this manuscript,
we used norbornene from two sources and observed differences between norbornene
supplied from MP Biomedicals (99%) and norbornene supplied from Acros (99%).
Monomers were used as received. Features similar to those seen in the Acros material
have been observed by other research groups' in norbornene (purity not specified by

authors) supplied by Aldrich.

50 nm

0 nm

Figure A.1. AFM images (25 pm x 25 pum) of pNB films grown from norbornene from
MP Biomedicals (A) and Acros (B).
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Table A.1. Film Capacitance, Resistance and Ellipsometric Thickness Values for pNB
films

thickness log(Ry) Cr Z

film (nm) (Qecm?) (nF/cm?) (Qes?)
pNB - MP Biomedicals 49 £ 2 43+0.6 250+ 170 11000 + 17000
pNB — Acros 41+5 29+04 790 + 300 490 + 260
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