ABSTRACT
QUAN, LAN TU. Electrochemistry of Cytochrome c on Self-Assembled Phosphonic
Acid Terminated Alkanethiols on Gold. (Advised by Professor Edmond F. Bowden)

The synthesis of 10-mercaptodecanylphosphonic acid (C10PA) and self-assembly
of C10PA on gold electrodes are reported. The electrochemical characterization of
cytochrome c (cyt c) adsorption on the C10PA self-assembled monolayer (SAM) and on
mixed hydroxyl(OH)/phosphonic acid (PA) terminated SAMs is also described, and a
comparison is made to the pure carboxylic acid (COOH) SAM. On the pure C10PA
SAM, no electroactivity for adsorbed cyt c was obtained. This lack of electroactivity
could be due to a lack of adsorption resulting from hydrogen binding among the diprotic
phosphonic acid groups, which could act to limit ionization needed for electrostatic cyt c
binding at the interface. Alternatively, it could be that cyt c does bind strongly to this
SAM, but becomes denatured or oriented in an unfavorable position for electron transfer
to take place. On the other hand, cyt c electroactivity was obtained on the mixed OH/PA
SAMs. In the mixed SAM, the OH terminated alkanethiol serves as a hydrophilic
diluent, spacing out the phosphonic acid groups and thus limiting their ability to engage
in mutual hydrogen bonding. Studies undertaken to examine the effects of OH
alkanethiol chain length, the mole ratio of OH/PA, and self-assembly time yielded an
optimal set of conditions for cyt c electroactivity, namely a 10:1 ratio C11OH/C10PA
mixed SAM prepared with a 2 hour assembly time. Under those conditions, the redox
properties of adsorbed cyt c were determined and compared with results for the widely
studied COOH SAM. The formal potentials obtained for horse cyt c for both the
C11OH/C10PA mixed SAM and the C10COOH pure SAM were approximately 230 mV vs

NHE. The surface coverage for both types of monolayer were ~ 10 pmol/cm2. The
electron transfer rate constants obtained were 17.7 s-1 and 12.7 s-1 for C11OH/C10PA
mixed SAM and C10COOH pure SAM, respectively. Overall, the redox properties of cyt
c on C11OH/C10PA mixed SAM were found to be similar to those obtained for a pure
C10COOH SAM of comparable thickness.
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CHAPTER 1

Introduction and Background
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1.1. INTRODUCTION AND BACKGROUND

Self-assembled monolayers (SAMs) are stable single molecule layers of
reasonably well-defined chemical composition formed on solid or liquid substrates by
self-assembly methods. Since Nuzzo and Allara1 reported that organosulfur molecules
such as octadecanethiol, HS(CH2)17CH3, and other alkane thiols can spontaneously
assemble into stable and highly organized molecular layers on gold surfaces in 1983, the
study of SAMs has expanded tremendously. Organosulfur molecules, usually thiols or
disulfides, bond to gold surfaces through the sulfur atom resulting in an organic surface
defined by the terminal group. This monolayer system is widely studied because it is
relatively simple, highly stable, and easy to prepare. A simple model of a SAM is
depicted in Figure 1.1.

Figure 1.1. Model of self-assembled monolayer on gold electrode.
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The ability to tailor both the chain length and the terminal functionality of the
constituent molecules makes the SAM an excellent candidate for modeling natural
processes such as transmembrane electron transfer, cellular recognition, and
immunological protection2, and also in areas such as wetting3,4 , lubrication5, adhesion6 ,
corrosion7,8 , and chemical sensing9. Changing the functional group at the terminal end
of the thiol alters the chemical as well as physical characteristics of SAM surfaces. Such
functional group control allows the composition of SAM surfaces to be tailored for
specific applications.

There have been many studies conducted using SAMs as biological surface
mimics to investigate the electron transfer reactions of redox proteins. Proteins adsorbed
directly on metal electrodes are typically not stable and tend to undergo irreversible
denaturation10,11. To eliminate surface-induced denaturation, SAMs have been used to
impart surface chemistry compatible with stable protein adsorption12. The most
extensively studied protein/SAM combination has been cytochrome c (cyt c) on
carboxylic acid (COOH) terminated SAMs13-15. The first report on the direct electron
transfer between cytochrome c and any type of modified gold electrode was by Eddowes
and Hill16 in 1977. Also at the same time, Yeh and Kuwana’s17 work on cyt c at tindoped indium oxide electrodes was reported. Both groups obtained quasi-reversible
diffusional cyclic voltammetry for solution-resident cyt c. Since then cyt c has been the
most popular choice for studying redox proteins on SAMs. Cytochrome c is a wellcharacterized electron transfer (ET) protein with a notably asymmetric distribution of
surface charge. A number of positively charged lysine amino acid residues reside near
the exposed heme edge, which is the binding site for negatively charged protein partners.
3

The positively charged lysine patch of cyt c interacts electrostatically with negatively
charged SAMs12, thus providing a model electrochemical system for studying
fundamental properties of biological electron transfer processes.
A particularly important molecular group in biology is the phosphate group.
Phosphates serve essential roles in membrane structure, cellular signal transduction,
energy metabolism, genetic information storage, and bone structure18. It is a key building
block for many essential intracellular compounds such as nucleic acids, phospholipids,
and enzymes. Oxyphosphorus based compounds have been examined by different
method for the different use and fundamental knowledge. Most oxyphosphorus
compounds (phosphates and phosphonates) studies are related to biological systems due
to that phosphorus present in the biological macromolecules such as DNA, RNA, and
ribozymes19.
To date, most studies of redox proteins adsorbed on SAMs that are terminated
with carboxylic acid or other functional groups have been carried out20, but none on
organophosphate or phosphonate terminated SAMs. There exists one study in which
phosphonic acid alkanethiol SAMs were used for investigating blood compatibility2.
However, there are no reports of successful redox protein electrochemistry using
organophosphate or phosphonate terminated surfaces.
In this thesis, phosphonate compounds served as a starting point. Phosphonates
and organophosphates are structurally similar. An organophosphate has 4 oxygens with
an alkyl group connected via a phosphoester bond. Phosphonates have 3 oxygens with a
carbon attached directly to phosphorus (Figure 1.2). The lack of a hydrolyzable P-O-C
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linkage makes phosphonate compounds more stable in aqueous solution and easier to
make than organophosphate compounds.

O

O
P
RO

P

OH
OH

R

OH
OH

Phosphonate

Organophosphate

Figure 1.2. Structure of organophosphate and phosphonate compounds.

The main focus of this research is to gain a deeper understanding of interfacial
interactions and charge transfer between proteins and phosphate modified SAM surfaces.
It is proposed that surface with phosphorus containing groups such as phosphate or
phosphonate can give some insight as to the role of phosphorus based groups on
interfacial biological processes with cyclic voltammetry technique.

The specific tasks comprising this research are as follows: (1) synthesis and selfassembly of phosphonate terminated thiols on gold electrodes; (2) electrochemistry of
adsorbed cyt c on phosphonate terminated SAMs on gold electrode; (3) electrochemistry
of adsorbed cyt c on mixed SAMs of phosphonate and hydroxyl terminated thiols.
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1.2. SELF-ASSEMBLED MONOLAYERS

The self-assembled monolayer (SAM) has become a widely studied model system
for investigating electron transfer between surfaces and redox molecules. SAMs were
not given much attention until the 1980s. In the self-assembly method, alkanethiols,
HS(CH2)nX, usually in the form of thiols, disulfides, or sulfides are spontaneously
assembled onto gold or other metals upon exposure of the metal surface. SAMs can be
prepared that are highly stable, densely packed and ordered. The SAM-metal electrode
system shown in Figure 1.1 shows that attachment occurs through the sulfur atom. The
sulfur is strongly bonded to the working metal electrode surface. The binding energy of
sulfur to gold is approximately 160 kJ/mol21. Thiolate SAMs have been formed on
electrodes such as gold14, silver13, copper22, platinum23, tin oxide24, and mercury25. Gold
is the most popular choice of substrate since SAMs formed on platinum are less stable
and both silver and copper are air sensitive. Silver and copper tend to form an oxide
layer when exposed to air.

Upon exposure to an alkanethiol containing solution, molecules rapidly attach to
the metal substrate through the sulfur end. In a polar solvent, the alkane chains become
attract to each other due to dispersion forces and solubility differences. Then, over a
longer time frame, the alkane chains can undergo rearrangement and become aligned in a
roughly parallel and upright orientation on the electrode surface to maximize the
dispersion interactions26. The chain tilt angle depends on the terminal group and the
substrate that is used20. An angle of approximately 30o has been reported for
unsubstituted alkanethiols self-assembled on Au(111)20. One advantage of using SAMs
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is that the alkane chain length can also be easily modified, thus creating films of variable
thickness. Longer alkane chains will have greater dispersion interactions than shorter
chains, thus leading to a lower free energy and a more ordered monolayer20. Another
advantage of SAMs is that the terminal group can be modified to realize specific binding
of target redox molecules. Some examples of terminal groups reported in the literature
include carboxylic acid, alcohol, ester, amide, amine, and nitrile.

1.3. CYTOCHROME c

Mitochondrial cytochrome c (cyt c) is the most studied electron transfer protein
and it has been extensively characterized12, 15. The cytochrome c from horse is composed
of 104 amino acids27, , is water soluble and weighs approximately 12,500 Daltons. Its
shape is roughly ellipsoidal with dimensions of 30 Å x 34 Å x 30 Å. Cyt c plays an
important role as an electron carrier in the mitochondrial intermembrane space between
two membrane bound protein complexes, cyt c reductase and cyt c oxidase12. Its redox
center is a heme group positioned off-center with one edge partially exposed to solution.
The heme iron is complexed with four nitrogen atoms of the porphyrin ring while two
amino acids, histidine-18 and methionine-80, serve as axial ligands (Figure 1.3).
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Figure 1.3. Structure of cytochrome c heme with two axial ligands, histidine-18 and
methionine-80.

The heme iron of cyt c is normally in a low spin six-coordinate state and cycles between
the ferrous (Fe2+) and ferric (Fe3+)12 oxidation states (Reaction 1.1).

3+

Fe

+e

-

Fe 2+
(Reaction 1.1)
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As mentioned earlier, the cyt c surface charge distribution is asymmetric (Figure 1.4).
Cyt c has 21 positively charged residues (19 lysines and 2 arginines) distributed over
most of the protein surface including the heme edge region. The backside of cyt c,
opposite the heme edge, however, serves as the primary location of the12 glutamate and
aspartate residues, which act to neutralize the backside cation charges. This give rise to
an exposed heme edge region with an excess positive charge12.

Figure 1.4. Crystal structure of cytochrome c depicting the excess positive charged
on the heme side of the molecule. Positively charged lysine and arginine amino acids
(blue) and negatively charged glutamate and aspartate amino acids (red) are depicted.
The heme is noted in green. The structure was obtained from the Protein Data Bank
under the protein code 1HRC28.
9

Because of this charge distribution, negatively charged functionalities on an
electrode surface can have strong electrostatic interactions with the positively charged
heme edge side of cyt c14, 29, 30. This makes cyt c an excellent choice to study protein
electron transfer on negatively charged electrode surfaces that feature carboxylate groups.
Surface distribution of charges is depicted in Figure 1.5.

Figure 1.5. Structure of cyt c illustrating the surface charge distribution. Blue represents
positively charged lysine and arginine. Red represents the negatively charged glutamate
and aspartate. The heme is represented in green. The structure was obtained from the
Protein Data Bank under the protein code 1HRC28
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Niki and coworkers proposed that lysine-13 specifically controls the interfacial
electron transfer kinetics of horse cyt c31. They found that the interfacial electron transfer
rate was 5 orders of magnitude lower when lysine-13 was replaced with alanine. Figure
1.6 shows the location of lysine-13 relative to the heme group.

Figure 1.6. Space filled model of horse cytochrome c showing the positively charged
lysine and arginine, shown in blue, near the to the heme, shown in green. Lysine 13
is shown in yellow and negatively charged glutamate and aspartate are shown in red.
The structure was obtained from the Protein Data Bank under the protein code
1HRC28.
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CHAPTER 2

Synthesis and Characterization of
10-Mercaptodecanylphosphonic Acid
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2.1. INTRODUCTION

The first major step in this longer term study has targeted the creation of
phosphonate rather than phosphate SAMs due to the more straightforward synthesis.
The 10-mercaptodecanylphosphonic acid (C10PA) synthetic strategy followed a
previously established procedure by Tsai et al1 (scheme I).

Cl(CH2)10Cl

1. P(OC2H5)3
Reflux 20 hrs

O
Cl(CH2)10P(OC2H5)2

2. H2O
Reflux 2 hrs

O
HS(CH2)10P(OC2H5)2

1) (NH2)2CS, H2O
Reflux 6 hrs
2) excess NH4OH
Reflux 2 hrs

1. TMSBr
Reflux 19 hrs
2. H2O
Reflux 2 hrs

O
HS(CH2)10P(OH)2

Scheme I. The steps for synthesizing 10-mercaptodecanylphosphonic acid.

15

2.2. MATERIALS AND SYNTHETIC PROCEDURES

2.2.1. Synthesis of Diethyl-10-Chlorodecanylphosphonate

Cl(CH2)10Cl

O

1. P(OC2H5)3
Reflux 20 hrs

Cl(CH2)10P(OC2H5)2

2. H2O
Reflux 2 hrs
Reaction 2.1

The synthetic procedure for diethyl-10-chlorodecanylphosphonate is shown in
Reaction 2.1. This simple Michaelis-Arbuzov reaction was kept under argon gas.
Thirteen milliters (75.9 mmol) of triethyl phosphite was gradually added with a syringe
into an argon-purged 100 mL 3-neck round bottom flask that already contained 12.73 g
(60.3 mmol) of 1,10-dichlorodecane and a stir bar. The middle mouth of the 3-neck
round bottom flask was attached to a reflux condenser and the two side mouths were
covered with septa. The reaction mixture was refluxed for 20 hr in a 160 oC oil bath.
The reaction mixture was then cooled to approximately 70o C, 20 mL of water was
added, and the contents were refluxed for another 2 hr. The reaction mixture was then
extracted with approximately 150 mL of dichloromethane. The dichloromethane layer
was washed with water, then brine (saturated NaCl), and dried over sodium sulfate. The
filtered solution was concentrated in vacuo to a crude oil. The mass of the crude product
obtained was 16.69 g (88% yield).
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Purification

The crude product was purified on a chromatography column. A 1000 mL
reservoir column of 300 mm length and 40 mm I.D. was packed with approximately 150
g of silica gel. The packing solvent was a 2:1 ratio of hexane to ethyl acetate. The
expected Rf value is 0.531. The target compound was monitored on a thin layer
chromatography (TLC) plate. Since the diethyl 10-chlorodecanylphosphonate is not UV
active, potassium permanganate solution was used to stain the TLC plate to visualize the
spots.
For the first three column volumes, the elution solvent was a 2:1 mixture of
hexane to ethyl acetate. Subsequent elution was carried out using a 1.5:1 ratio of hexane
to ethyl acetate. The first two fractions collected contained 100 mL each, after which 50
mL fractions were collected. After combining the fractions containing the target
compound as determined by TLC, the solvent was removed by rotary evaporation under
vacuum to yield an oil product. The yield of the compound obtained was 6.34 g (34%
yield).
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2.2.2. Synthesis of Diethyl-10-Mercaptodecanylphosphonate

O
Cl(CH2)10P(OC2H5)2

1) (NH2)2CS, H2O
Reflux 6 hrs

O
HS(CH2)10P(OC2H5)2

2) excess NH4OH
Reflux 2 hrs

Reaction 2.2

The synthetic procedure for diethyl-10-mercaptodecanylphosphonate is shown in
Reaction 2.2. A solution of 8.54 g (27.3 mmol) of diethyl-10-chlorodecanylphosphonate
dissolved in 5 mL of ethanol was added to a 250 mL round bottom flask that contained
9.35 g (122.9 mmol) of thiourea. The reaction mixture was refluxed in an oil bath for 6
hr with stirring at 100 oC. The temperature was lowered to about 60o C, approximately
15 mL of concentrated ammonium hydroxide was added with a syringe, and the mixture
was heated for an additional 2 hr at 75 oC. After cooling to room temperature, the
mixture was acidified with 10 wt % (3M) of aqueous HCl and refluxed for another 2 hr.
The reaction mixture was then extracted with approximately 150 mL of ethyl acetate.
The ethyl acetate layer was washed with 150 mL of water, brine (saturated NaCl), and
then dried over sodium sulfate. The filtered solution was concentrated in vacuo to a
crude oil with a mass of 6.04 g (95% yield).
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Purification

The crude product was purified on a 1000 mL chromatography column packed
with approximately 150 g of silica gel. The packing solvent used was a 7:1 ratio of
hexane to ethyl acetate. The target compound was monitored on a thin layer
chromatography plate and has an expected Rf value of 0.271. Iodine vapor was used to
visualize the eluted spots.
For the first three column volumes, the elution solvent was the 7:1 mixture of
hexane to ethyl acetate. The polarity of the solvent was subsequently increased slowly to
a 1:1 ratio of hexane: ethyl acetate. The first two fractions collected were 100 mL each,
and after that, 50 mL fractions were collected. After combining the fractions containing
the target compound as determined by TLC, the solvent was removed by rotary
evaporation under vacuum to yield an oil product. The yield of the compound obtained
was 3.10 g (50% yield).

2.2.3. Synthesis of 10-Mercaptodecanylphosphonic Acid

O
HS(CH2)10P(OC2H5)2

1. TMSBr
Reflux 19 hrs
2. H2O
Reflux 2 hrs

O
HS(CH2)10P(OH)2

Reaction 2.3
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The synthetic procedure for 10-mercaptodecanylphosphonic acid is shown in
Reaction 2.3. To a 100 mL round bottom flask containing 3.08 grams (9.80 mmol) of
diethyl-10-mercaptodecanyl phosphonate and a stir bar was added 3.83 mL (29 mmol) of
bromotrimethylsilane using a syringe. Before adding any reagents to the round bottom
flask, the flask was purged with argon gas for about 10 minutes. After stirring the
reaction mixture at room temperature for 18 hours under argon gas, it was then refluxed
for 1 hour. The reaction mixture was transferred to a 250 mL round bottom flask and
excess reagent and solvent were removed in vacuo. The reaction mixture was then
transferred into a 100 mL three-neck round bottom flask and 25 mL of deionized water
was added. After hydrolyzing under argon gas for two hours, the reaction mixture was
extracted with approximately 150 mL of methylene chloride. The methylene chloride
layer was washed with water, brine (saturated NaCl), and then dried over sodium sulfate.
The solvent was removed in vacuo and a flaky white crude product was obtained. The
solid was redissolved with 5 mL of methylene chloride and recrystallized from hexane by
storing in the refrigerator overnight. A pure, flaky, pearl white solid was obtained by
suction filtration with a mass of 2.032 g (82% yield).
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2.3. RESULTS

Analysis of Diethyl-10-Chlorodecanylphosphonate
1

H-NMR spectrum in CDCl3 at 400 MHz: 1.35-1.210 ppm (overlapped, 18H),

1.58 (m, 2H), 1.65- 1.77 ppm (overlapped, 4H), 3.50 ppm (t, 2H), 4.11- 4.01 ppm (m,
4H).

Analysis of Diethyl-10-Mercaptodecanylphosphonate
1

H-NMR spectrum in CDCl3 at 400 MHz: 1.26-1.70 ppm (overlapped, 25H),

2.46-2.53 ppm (q, 2H), 4.03-4.1 ppm (m, 4H).
Infrared (IR) spectrum features CH stretches at 2976.7 cm-1, 2927.3 cm-1, 2854.3
cm-1 in addition to the HS stretch at 2545.0 cm-1. The IR spectrum was acquired
primarily to confirm the formation of thiol in the reaction.
Elemental analysis yielded weight percents of [C] 54.16% and [H] 10.07%, which
are consistent with the calculated composition of C14H31O3PS: [C] 53.75%, [H] 10.25%.

Analysis of 10-Mercaptodecanylphosphonic Acid
1

H-NMR spectrum in CDCl3 at 400 MHz: 1.27-1.62 ppm (overlapped, 19H),

2.49-2.55 ppm (q, 2H), 6.8 ppm (s, broad, 2H).
Elemental analysis yielded weight percents of [C] 47.23% and [H] 9.12%, which
are consistent with the calculated composition for C10H23O3PS: [C] 47.34% and [H]
9.14%.
FAB-MS m/z (nitrobenzyl alcohol matrix): High-resolution mass spectroscopy
was carried out on the 10-mercaptodecanylphosphonic acid sample and the expected
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molecular ion was observed at 255.1181 m/z (MH+). The theoretical mass was 255.1184
m/z.
The melting point was determined to be 91.5 - 92o C.

2.4. CONCLUSIONS

The synthesis and characterization of 10-mercaptodecanylphosphonic acid has
been achieved. Results from proton NMR, infrared spectroscopy, mass spectroscopy and
elemental analysis indicated that the compound was obtained in a highly pure form.
Molecular weight was confirmed by high resolution mass spectroscopy. Data collected
were consistent with the literature.1
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CHAPTER 3

Surface Electrochemical Characterization of Cytochrome c
Adsorbed on a Pure Phosphonic Acid Terminated SAM

24

3.1. INTRODUCTION
The goal of this research was to develop and study an electrochemical interfacial
system that is closely related to biological interfaces. Bowden and coworkers1-4 and
other research groups5,6 have previously studied cytochrome c (cyt c) adsorption and
electroactivity using carboxylic acid (COOH) terminated SAMs. At physiological pH,
some of the COOH terminal groups deprotonate forming a negatively charged surface,
which makes it possible for electrostatic adsorption of positively charged redox species
such as cyt c to occur. A pKa value of approximately 6 is usually observed for pure
COOH SAM3 on microscopically rough gold surfaces. The surface pKa can, however, be
much higher on atomically flatter gold substrates, and this effect has been attributed to
stronger hydrogen bonding between COOH groups3. Carboxylic acid terminated
alkanelthiols adsorb on gold (specifically Au(111)) with a tilt angle of approximately 30o
and exhibit greater disorder compared to unsubstituted akanelthiols SAMs7,8.
Researchers have proposed that hydrogen bonding between COOH termini occurs at an
early stage of SAM assembly and leads to the observed disorder7,8.
Figure 3.1 pictures 10-mercaptodecanylphosphonic acid (denoted as C10PA), the
molecule of interest in this thesis, while 11-mercapto-1-undecanoic acid (denoted as
C10COOH), the molecule that C10PA will be compared with, is pictured in Figure 3.2.
Both molecules feature the same C10 chain length.
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Figure 3.1. Structure of 10-mercaptodecanylphosphonic acid, HS(CH2)10PO(OH)2.

Figure 3.2. Structure of 11-mercapto-1-undecanoic acid, HS(CH2)10COOH.
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It is anticipated that the thiol group of C10PA will attach to gold substrates
leading to the formation of a self-assembled monolayer with the phosphonate group
exposed to the solution. In neutral aqueous solutions some of the phosphonic acid groups
are expected to ionize, which would make the modified surface negatively charged, as is
the case for COOH SAMs. One can therefore expect that the positively charged region
of a cationic protein like cyt c would be electrostatically attracted to a negatively charged
phosphonic acid surface, much like the COOH SAM.
Cyclic voltammetry (CV) has been shown to be a useful technique for
determining the electrochemical properties of biological redox proteins. This chapter will
focus on the use of cyclic voltammetry to study the adsorption and redox properties of cyt
c on phosphonic acid terminated SAMs on gold surfaces. The following properties are of
interest: surface coverage, Γ (pmol cm-2), standard electron transfer rate constant, keto
(s-1), formal potential, Eo′(mV), double layer capacitance, Cdl (uF cm-2), and an
assessment of adsorbate dispersion as indicated by the peak width at half height, also
known as the full width at half maximum, FWHM (mV).
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3.2. EXPERIMENTAL PROCEDURES
3.2.1. Materials and Reagents
Horse heart cytochrome c (Type VI) was purchased from Sigma Chemical
Company. The protein was purified on a cation exchange column9 (Whatman C-52,
Clifton, NJ) at 4oC. Water for all experiments was purified on a Milli-Q/Organex-Q
system. 6-Mercapto-1-hexanol (C6OH) and 11-Mercapto-1-undecanol (C11OH) were
purchased from Aldrich Chemical Company and used as received. 13-Mercapto-1tridecanol (C13OH) was synthesized previously by Russell Linderman’s group at NCSU.
10-Mercaptodecanylphosphonic acid (C10PA) was synthesized and purified according to
previously established procedures10. The structure of C10PA was confirmed using proton
NMR, infrared spectroscopy, elemental analysis, and high-resolution mass spectrometry
(see Chapter 2).

3.2.2. Electrochemical Measurements
Electrochemical measurements were made with an EG&G (Princeton Applied
Research) model 273A scanning potentiostat and a three-electrode system. A platinum
wire served as the auxiliary electrode, Ag/AgCl (3M KCl) electrode (+0.207 V vs NHE)
served as the reference electrode, and a monolayer modified gold electrode served as the
working electrode. Cyclic voltammograms were acquired and used to determine double
layer capacitance, surface coverage, formal potential and electron transfer rate constants.
The standard electron transfer rate constant was calculated using software created by Jim
Willit based on Laviron’s simplest theory11.
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3.2.3. Electrode Preparation
The gold working electrodes consisted of 1000 to 3000 Å of evaporated gold
bonded to 50 Å titanium on glass slides and was bought from Evaporated Metal Films in
Ithaca, NY. The gold electrodes were subjected to a thorough cleaning process prior to
SAM assembly on the electrodes. The first step of the cleaning process consisted of a 10minute ultrasonication in 1% Liqui-Nox detergent followed by two 10-minute sonications
in Milli-Q water. The gold electrode was then assembled into the electrochemical cell
shown in Figure 3.3.

Figure 3.3. Diagram of the electrochemical cell. (a) Ag/AgCl reference
electrode (glass barrel filled with 3M KCl); (b) buffered electrolyte solution; (c) viton Oring; (d) glass cell body; (e) SAM modified gold electrode; (f) platinum wire auxiliary
electrode.
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The electrochemical cell was held together by a Lucite retainer. The surface area of the
electrode (0.32 cm2) corresponds to the area of the hole in the O-ring upon compression.
For the second step of the cleaning process, the cell was filled with approximately 0.5 mL
of 0.1 M H2SO4/ 0.01 M KCl solution. The reference and auxiliary electrodes were
placed in closed proximity to the working electrode and the electrode was pretreated
electrochemically by cycling the potential ten times between 0.0 mV to 1.5 mV vs
Ag/AgCl9,12. The electrochemically pretreated gold electrode was rinsed 10 times with
Milli-Q water, followed by rinsing 10 times with 95% ethanol.

3.2.4. Modification of Gold Electrode Surfaces

The cell was filled with a 5 mM pure C10PA solution. The 5 mM homogenous
solution of C10PA was made by dissolving C10PA solid in 95% ethanol solution. The
SAM was then allowed to assemble at room temperature for 10 minutes to 3 days,
depending on the experimental time desired.

3.2.5. Electrochemistry of Cytochrome c

After adsorption of thiols on gold substrate, the electrode was rinsed 10 times
with 95% ethanol, follow by 10 times with Milli-Q water. The electrochemical cell was
filled with 4.4 mM, pH 7 potassium phosphate buffer solution, which has an ionic
strength of 10 mM, and a background scan was obtained. The buffer solution was then
exchanged with a 12 µM cyt c solution prepared in the same buffer. Cytochrome c was
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allowed to adsorb for 15 minutes, and the cell was then rinsed and filled with the
phosphate buffer. Cyclic voltammograms were obtained at various scan rates.
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3.3. RESULTS AND DISCUSSIONS
The background CV’s obtained for a gold electrode before and after the formation
of a pure C10PA SAM are shown in Figure 3.4. The large decrease in charging current is
typical for a well-formed SAM. The interfacial capacitance (double layer capacitance),
Cdl (uF cm-2), is obtained by dividing the total charging current, Itot (amps), sum of the
absolute values of the anodic and cathodic currents (⏐Ianodic⏐+ ⏐Icathodic⏐), by the scan
rate, ν (V/s), and electrode area, A (cm2), at a specific potential (Equation 3.1). The Cdl
value calculated for the pure C10PA monolayer at a potential of 78 mV is 3.9 µF cm-2.

Cdl = Itot/ (2υA) x 106

Equation 3.1

Current (uA)
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1.1
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0

-0.05
-0.9
-1.9
-2.9

Bare Gold Electrode
Pure Phosphonic Acid SAM on Gold
El
d

Potential (V vs Ag/AgCl)

Figure 3.4. Cyclic voltammetry of background current of bare gold substrate and C10PA
SAM/gold substrate. The scan rate is 100 mV/s. The electrolyte solution is 4.4 mM
potassium phosphate buffer, pH 7.0.
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Following the acquisition of the background scan for the pure C10PA SAM, the
electrode was immersed in a cyt c adsorption solution for 15 minutes. The solution was
then replaced with cytochrome-free, pH 7.0, 4.4 mM potassium phosphate electrolyte and
CVs were obtained. The results are shown in Figure 3.5. Surprisingly, there are no
observable voltammetric peaks between –0.2 V and 0.2 V vs Ag/AgCl that would
indicate the presence of adsorbed cyt c.
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-0.05

-0.1

-0.15

-0.2

-0.25

-0.05
-0.1
-0.15
-0.2

Potential (V vs Ag/AgCl)

Phosphonic acid SAM

Phosphonic acid SAM + Cyt. c

Figure 3.5. Cyclic voltammetry of a pure C10PA SAM before and after exposure to a
horse heart cytochrome c adsorption solution. The scan rate is 100 mV/s. The electrolyte
solution is 4.4 mM potassium phosphate buffer, pH 7.0.
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Figure 3.6 shows additional CVs at other scan rates for the same C10PA
monolayer after exposure to the cyt c adsorption solution. Again, no electroactive cyt c
peaks were observed. Even at scan rates as low as 1 mV/s (not shown in figure), no
faradaic response due to adsorbed cyt c was observed.

0.5
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Figure 3.6. Cyclic voltammetry of a pure C10PA SAM after exposure to a horse heart
cytochrome c adsorption solution. The scan rate is 100 mV/s. The electrolyte solution is
4.4 mM potassium phosphate buffer, pH 7.0.
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There are a few possible explanations for this observation. One possibility is that
the surface of the monolayer is very cohesive due to strong hydrogen bonding and does
not present a suitable binding environment for cyt c. This explanation would be similar to
that previously proposed for the lack of cyt c response on pure COOH SAMs on
atomically flat gold3. In that case, it was proposed that the pKa shifted to a significantly
more basic value, resulting in minimal ionization of the COOH and therefore minimal
adsorption of cyt c. X-ray photoelectron spectroscopy (XPS) results supported that view.
In the present case, however, phosphonic acid groups are more acidic by approximately
two pKa units and it would be surprising if the SAM surface were not extensively
ionized. Thus adsorption of cyt c may be in fact occurring due to electrostatic
interactions but not resulting in an electroactive state. Two possibilities to consider are
denaturation of the adsorbed protein and/or poor electron communication between the cyt
c heme and the gold electrode. Poor electronic communication might result from
unfavorable orientation of cyt c on the SAM. Chen and co-workers13 have reported that
cyt c does adsorbed on sulfonate SAMs, but not in an electroactive state. However, their
results are questionable because they determined that a bilayer of cyt c was present, a
highly unusual result that may be related to impurities in their samples.
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CONCLUSIONS
10-Mercaptodecanylphosphonic acid (C10PA) forms stable and compact selfassembled monolayers on evaporated gold substrates. When C10PA SAMs were exposed
to cyt c solution, however, no electroactivity was observed even though favorable
electrostatic interactions are expected. It is not clear whether cyt c is adsorbing in a
nonelectroactive state or not adsorbing at all. Future experiments will address that issue.
Because prior studies have shown that mixed SAMs with hydroxyl and carboxylic acid
terminated thiols enhance the favorable binding of cyt c2,4, similar studies were
undertaken in this thesis using hydroxyl (OH)/phosphonic acid (PA) mixed SAMs. The
results are presented in the next chapter.
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CHAPTER 4

Surface Electrochemical Characterization of Cytochrome c
Adsorbed on Hydroxyl/Phosphonic Acid Mixed SAMs
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4.1. INTRODUCTION
SAMs composed of two different chain lengths and/or end groups, i.e., mixed
SAMs, have been widely studied1-3. By using mixed SAMs, surface properties can be
better controlled by employing two different terminal functionalities. Also, controlling
the two chain lengths can affect the surface properties of mixed SAMs, with the shorter
chain acting as a spacer while the longer chain protrudes with its end group exposed for
possible binding interactions with redox proteins4. Cytochrome c (cyt c) adsorbed on
gold electrodes modified with hydroxyl (OH)/carboxylic acid (COOH) mixed SAMs has
been found to retain its electroactivity5. Faster rates of electron transfer were found when
cyt c was adsorbed on OH/COOH mixed SAMs compared to adsorption on pure COOH
SAMs4-6. Kasmi and Leopold 6, 7 from Bowden’s group concluded that the electronic
coupling between cyt c and SAMs can be enhanced through the use of SAMs composed
of COOH terminated alkanethiols diluted with shorter OH terminated alkanethiols.
These mixed monolayers have an advantage in that they allow the control of the degree
and the charge on the monolayer surface.
Initial work in this thesis based on pure phosphonic acid (C10PA) terminated
monolayers showed no electroactivity for adsorbed cyt c (See Chapter 3). This lack of
electroactivity could be due to: (1) the sp3 hybridized, diprotic phosphonic acid terminal
group hydrogen bonding extensively, perhaps limiting ionization needed for cyt c binding
and/or rigidifying the interface; (2) cyt c binding so strongly to the SAM that it becomes
denatured or oriented in an unfavorable position for electron transfer to take place. In
this chapter, results of experiments utilizing mixed SAMs composed of hydroxyl
alkanethiols (CnOH; n = 6, 11, 13) and a phosphonic acid alkanethiol (C10PA) are
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presented. The hydroxyl alkanethiol serves as a hydrophilic diluent, spacing out the
phosphonic acid groups and expected for feasible ionization with miminal hydrogen
bonding. Thus can lead to electrostatic interaction between cyt c negatively charged
mixed SAM interface at a favorable orientation for electron transfer to take place.
Hypothetical models of a pure C10PA SAM and a C11OH/C10PA mixed SAM are
presented in Figure 4.1 and 4.2 respectively.

Figure 4.1. A proposed model of a pure C10PA SAM on gold with a cytochrome c
molecule positioned in a possible orientation assuming electrostatic binding. The
possibility of significant interactions between phosphonic acid groups is evident in this
schematic.
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Figure 4.2. A proposed model of a C11OH/C10PA mixed SAM on gold with a
cytochrome c molecule positioned in a possible orientation assuming electrostatic
binding. In this model, phosphonic groups can interact with hydroxyl groups but not with
each other.
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4.2. EXPERIMENTAL PROCEDURES

The experimental steps were preformed as described in Chapter 3. However, the
gold electrode surfaces were modified with a 5 mM mixed CnOH/C10PA (n = 6, 11, or
13) solution instead of the pure C10PA solution. The mixed thiol solutions were made by
mixing the desired volume ratios of 5 mM C10PA and 5 mM CnOH in 95% ethanol.
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4.3. RESULTS AND DISCUSSION
The results and discussion section of this chapter will address voltammetric data
obtained for adsorbed cytochrome c on a variety of hydroxyl/phosphonic acid mixed
SAMs. The first three sections (4.3.1 - 4.3.3) describe results of a more qualitative nature
in which the hydroxyl alkanethiol chain length, the mole ratio of hydroxyl thiol to
phosphonic acid thiol, and the self-assembly time were systematically varied. From these
experiments, an optimized system was determined, namely, a 10:1 ratio C11OH/C10PA
mixed SAM prepared with a 2-hour assembly time. In the final section (4.3.4), the
results from a more detailed and quantitative characterization of the 10:1 C11OH/C10PA
mixed SAM will be presented. Determination of thermodynamic and electron transfer
kinetic properties of adsorbed cyt c were obtained and compared to those obtained for a
pure C10COOH SAM, which is of similar thickness.

4.3.1. Hydroxyl/Phosphonic Acid Mixed SAMs: Effect of Hydroxyl Thiol
Chain Length
One has to consider the mole ratio of thiols, the terminal groups, and the chain
lengths when making a mixed SAM. In this work, three different OH terminated
alkanethiols (HS(CH2)nOH; n = 6, 11, 13) were mixed with 10mercaptodecanylphosphonic acid (C10PA). Figure 4.3 shows CVs of adsorbed cyt c on
these three mixed SAMs; i.e., C6OH/C10PA, C11OH/C10PA, and C13OH/C10PA, in 4.4
mM potassium phosphate buffer, pH 7.0. The C13OH/C10PA mixed SAM CV reveals
very little adsorbed cyt c electroactivity. This result is undoubtedly related to the longer
chain length of C13OH , which would result in the C10PA phosphonic acid group being

43

buried within the monolayer and thus less accessible to cyt c. The lowered dielectric
environment would also be expected to result in a more basic shift of the pKa, thus
decreasing ionization further. On the other hand, C6OH/C10PA and C11OH/C10PA yield
excellent cyt c electrochemistry, but the Cdl is much greater for the shorter hydroxyl
chain. The Cdl for C6OH/C10PA is almost twice as big as for C11OH/C10PA, which makes
it more difficult to determine accurate baselines for background subtraction. Of the three
different hydroxyl chain lengths that were mixed with C10PA, the C11OH is clearly the
best choice due to its smaller background and good cyt c coverage.
Other hydroxyl chain lengths (such as C8OH, C9OH, C10OH, etc.) might give
even better results with C10PA. However, these are not readily available and need to be
synthesized.
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Figure 4.3. Cyclic voltammograms of cytochrome c adsorbed on C6OH/C10PA,
C11OH/C10PA, and C13OH/C10PA mixed SAMs at scan rate 100 mV/s.
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4.3.2. C11OH/C10PA Mixed SAM: Effect of Thiol Mole Ratio

Not only the terminal group and the chain length are important in self-assembly
but also the thiol mole ratio in the self-assembly solution. Data presented here are for
various mole ratios of C11OH and C10PA. Mole ratio variation was also examined for
C6OH, C13OH, and diethyl 10-mercaptodecanylphosphonate (C10PE) thiols mixed with
C10PA, but the CV results were always inferior to the C11OH/C10PA SAM and are not
shown here. Figure 4.4 shows CVs of cyt c adsorbed on C11OH/C10PA mixed SAMs
prepared from solutions ranging from 2:1 to 50:1 ratios of C11OH : C10PA. The 50:1
C11OH/C10PA ratio gave the worst results in terms of surface coverage. Other ratios
evaluated, i.e., 2:1, 4:1, 10:1, resulted in similar electroactive coverage. However, the 2:1
ratio resulted in somewhat greater background current, which is undesirable from a data
analysis perspective. Furthermore, the 2:1 ratio results in larger peak splitting and
broader peaks than observed for the 4:1 and 10:1 ratios. Thus the ratios of 2:1 and 50:1
are clearly not optimal choices.
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Figure 4.4. Comparison of cytochrome c responses on C11OH/C10PA mixed SAMs
assembled from various ratios of C11OH and C10PA. All CVs were recorded at 100 mV/s.
Overnight assembly was used.

Figure 4.5 presents a closer look at just the 4:1 and 10:1 C11OH/C10PA results.
Both CVs have similar adsorption peaks and background currents; however, the peak
splitting is slightly smaller for the 10:1 ratio. The background current for the 10:1 ratio
furthermore is slightly smaller than for the 4:1 ratio. The 10:1 ratio C11OH/C10PA mixed
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SAM is thus concluded to provide the optimal electrochemical response of those ratios
evaluated and therefore was selected for further, more in-depth, characterization.
When there is too much C11OH relative to C10PA, the SAM surface will have
decreased negative charge density, which is the probable explanation for the poor results
obtained with the 50:1 ratio. At the other extreme, when there is too little C11OH, the
SAM surface becomes too highly enriched in the C10PA component, and more closely
approaches the structures of the pure phosphonic acid terminated SAM, which is a poor
cyt c substrate as shown in the previous chapter.
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Figure 4.5. Cyclic voltammograms of 4:1 and 10:1 C11OH/C10PA mixed SAMs. All
CVs were recorded at 100 mV/s. Overnight assembly was used.
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-0.4

4.3.3. C11OH/C10PA (10:1) Mixed SAM: Effect of Assembly Time

The time allowed for self-assembly can markedly affect the structure and
properties of the resulting SAMs. In this experiment, 10:1 C11OH/C10PA mixed SAMs
were prepared at various assembly times, followed by a 15-minute adsorption of cyt c.
Figure 4.6 shows CVs of adsorbed cyt c for self-assembly times of 10 minutes, 2 hours, 1
day, and 3 days. At 10 minutes, the background current is high and rises sharply for
potentials below –0.05 V. This increased tailing is probably due to oxygen reduction. It
is concluded that a 10-minute self-assembly does not result in a densely packed
monolayer. However, CV results for 2 hours, 1 day, and 3 days are almost identical,
which demonstrates that mixed SAMs of C11OH and C10PA form densely packed
monolayers within a 2-hours of assembly time. Therefore, 2 hours was adopted as an
adequate and efficient self-assembly time for further studies.
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Figure 4.6. Cyclic voltammograms of cytochrome c responses for C11OH/C10PA mixed
SAMs showing the effect of self-assembly time.
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4.3.4. Detailed Characterization of Adsorbed Cyt c on 10:1 C11OH/C10PA Mixed SAM

In the previous sections, chain length, mole ratio, and self-assembly time were
evaluated to determine an optimized set of conditions for a more quantitative
characterization of adsorbed cyt c. From those studies, it was determined that a 10:1
C11OH/C10PA mixed SAM prepared with a 2-hour self-assembly time was the best
choice. All the results presented in this section were obtained using those conditions.
Figure 4.7 shows a typical 100 mV/s CV of adsorbed cyt c on a 10:1
C11OH/C10PA mixed SAM in 4.4 mM phosphate buffer (pH = 7.0). The background
obtained prior to cyt c adsorption is also shown. As expected, there were no
voltammetric peaks observed within the potential window of interest prior to adsorption
of cyt c on the modified gold electrode. After cyt c adsorption, a stable, well-behaved
voltammetric response characteristic of an electroactive adsorbate appeared. This result
indicated that cyt c adsorbs on these C11OH/C10PA mixed SAMs with an orientation
favorable for electron transfer.
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Figure 4.7. Cyclic voltammogram of horse heart cytochrome c adsorbed on 10:1
C11OH/C10PA mixed SAM in 4.4 mM potassium phosphate buffer at 100 mV/s scan rate.
Electrode area is 0.32 cm2.
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Figure 4.8 displays a series of cyclic voltammograms obtained at various scan
rates for cyt c adsorbed on the C11OH/C10PA mixed SAM. This behavior was
reproducible and stable over a period of several hours. The CVs are comparable in
quality to those observed on carboxylic acid SAMs4, 8, 9 and can be used to determine
redox properties for the adsorbed cyt c.
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Figure 4.8. Cyclic voltammograms of adsorbed cytochrome c on the 10:1 C11OH/C10PA
mixed SAM at different scan rates.
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Figure 4.9 shows the background-subtracted cathodic peak current, ipc, as a
function of scan rate. An approximately linear dependence of peak current on scan rate is
consistent with the presence of cyt c immobilized on the surface.
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Figure 4.9. Plot of cathodic peak current (ipc) versus scan rate.
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250

CVs such as shown in Figures 4.7 and 4.8 can be analyzed for a number of
important properties, including electroactive surface coverage (Γ), formal potential (Eo′),
and the standard electron transfer rate constant (keto) along with double layer capacitance
(Cdl) and the peak full width at half-maximum (FWHM). The middle column in Table
4.1 presents those properties that were determined for 10:1 C11OH/C10PA mixed SAMs
that experiment through multiple repetitions, three data sets were obtained. Averages and
standard deviations resulting from the three different electrodes are the numbers shown in
Table 4.1. Also shown in the right hand column of the table, are results obtained in a
similar manner for the well-studied C10COOH SAM. These are new data obtained for
comparison with the mixed SAM results.
Before turning to the cyt c properties, we note that the dielectric properties of the
C11OH/C10PA and C10COOH SAMs are similar. Using equation 3.1 (See Chapter 3), the
double layer capacitances were found to be 3.6 ± 0.3 uF cm-2 and 3.9 ± 0.3 uF cm-2
respectively at a potential of 78 mV. Considering the similar lengths of the thiols used to
make these two SAMs, this result is not surprising. In both cases, well formed, densely
packed SAMs, appear to be present.
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Table 4.1. Electrochemical properties of adsorbed cytochrome c: 10:1 C11OH/C10PA
mixed SAM vs pure C10COOH SAMa.

Property

C11OH/C10PA

C10COOH SAMb

Mixed SAMb
Eo’ (mV vs. Ag/AgCl)c

23 ± 1

21 ± 2

FWHM (mV)

103 ± 2

124 ± 2

Γ (pmol cm-2)d

9.7 ± 1.4

10.3 ± 1.1

Cdl (uF cm-2)

3.6 ± 0.3

3.9 ± 0.3

keto (s-1)e

17.7 ± 3.6

12.7 ± 1.3

a) All measurements made in pH 7.0, 4.4 mM potassium phosphate buffer, following 15
minute cyt c adsorption period. Results shown with one standard deviation.
b) SAMs were assembled for 2 hours.
c) Formal potential is given versus Ag/AgCl (3 M KCl).
d) Surface coverage calculated from integrated charge under the cathodic peak.
e) Electron transfer rate constants were determined from cyclic voltammetric peak
separations using Laviron’s simplest model10.

56

The electroactive surface coverage of cyt c was determined by integrating the
charge under the cathodic peak after background subtraction. Using Faraday’s Law11:

Q = nFAΓ

Equation 4.1

Where Q is the total charge in coulombs, n is the number of electrons transferred, F is
Faraday’s constant, A is the area of the working electrode in cm2, and Γ is the surface
coverage in mol/cm2. A value of 9.7 ± 1.4 pmol/cm2 was obtained for the C11OH/C10PA
mixed SAM. This represents an estimated 65% of a monolayer, assuming 15 pmol/cm2 is
the value for full monolayer coverage8. A value of 10.3 ± 1.1 pmol/cm2 was obtained for
the pure C10COOH SAM, which is an acceptable result based on previous studies8, 12.
Electroactive cyt c seems to adsorb to the same degree on both the C11OH/C10PA mixed
monolayer and the pure COOH monolayer.
The formal redox potential, Eo′(mV), of adsorbed cyt c was calculated as follows:

Eo′ = (Epa + Epc)/2

Equation 4.2

Where Epa and Epc are the anodic and cathodic peak potentials in mV, respectively. A
value of 23 ± 1 mV vs Ag/AgCl (3 M KCl), or approximately 230 mV vs NHE, was
obtained for C11OH/C10PA mixed SAMs. This value agrees well with the formal
potential of 21 ± 2 mV (~ 228 mV vs NHE) found for the C11COOH SAM. These two
surface formal potentials are negatively shifted by –30 mV and –32 mV, respectively,
from the solution value (~260 mV vs NHE) for horse cyt c. Shifts of this direction and
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magnitude have been commonly observed for adsorbed cyt c on pure C11COOH SAM6, 13
indicating that the oxidized ferri (Fe3+) form of cyt c binds more strongly than does the
reduced ferro (Fe2+) form.
The theoretical peak full width at half maximum height, FWHM (mV), for a
reversible adsorbate is 90.6 mV at 25 oC for a simple one electron process11. The FWHM
value calculated for adsorbed cyt c on the mixed SAM is 103 ± 2 mV, which is only
some 10 mV larger than the theoretical value. On the other hand, the FWHM observed
for the C10COOH SAM is 124 ± 2 mV, which is significantly higher. Thermodynamic
peak broadening for adsorbed proteins indicates the presence of a distribution of formal
potential13, 14. From these results, the surface presented by the C11OH/C10PA mixed SAM
can be concluded to be more homogeneous than the C10COOH surface.
Laviron developed extensive theory for extracting electron transfer rate constants
from CV data of redox adsorbates. In his simplest model, he assumes the equivalence of
all adsorption sites, the absence of any adsorbate-adsorbate interactions, and an electron
transfer rate that obeys Butler-Volmer kinetics10. Using this model, rate constants of 17.7
± 3.6 s-1 and 12.7 ± 1.3 s-1 were obtained for the 10:1 C11OH/C10PA mixed SAM and the
C10COOH SAM, respectively, from evaluation of CV peak separation, ∆Ep (mV).
Although the rate constant for the mixed SAM is slightly larger, there is not much
contrast between the SAMs with regard to electron transfer kinetic behavior. Figure 4.10
is a plot of ∆Ep as a function of scan rate for three separate experiments. These ∆Ep
values correspond to quasi-reversible electron transfer kinetics, which have splitting of <
200 mV.
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Figure 4.10. Peak separation (∆Ep) vs scan rate for adsorbed cytochrome c on 10:1
C11OH/C10PA mixed SAM for three different electrochemical cells.
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600

Figure 4.11 is a plot of log keto as a function of scan rate for three replicates. If
Laviron’s simplest model was completely valid, the rate constant should be independent
of scan rate. In the figure, this is true but only at scan rate ≥ 400 mV/s, from which the
rate constants reported above were obtained. At slower scan rate, Laviron’s theory give
rise to increasingly smaller values for the apparent rate constant. This type of behavior,
which has been described previously, has been referred as unusual quasi-reversibility
(UQR). The essential feature of UQR is a persistent, non-zero ∆Ep at the low scan rate
limit that cannot be attributed to electron transfer kinetics. Since Laviron’s model treats
peak separation as arising entirely from electron transfer kinetics, it thus calculates
erroneously small values of keto. Laviron’s simplest model is inadequate to describe the
data obtained at scan rates ≤ 400 mV/s.
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Figure 4.11. Standard electron transfer rate constant versus scan rate for adsorbed horse
heart cytochrome c on 5 mM, 10:1 ratio C11OH/C10PA mixed SAM.

To summarize, cytochrome c adsorbed on the C11OH/C10PA mixed SAM exhibits
redox properties that are comparable to those obtained for pure carboxylic acid
terminated SAM of similar thickness, i.e., C10COOH. The fact that cyt c adsorbs
electroactively on C11OH/C10PA mixed SAMs is a good initial step for investigating
phosphate self-assembled monolayer.
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4.4. CONCLUSIONS
The immobilization of horse heart cyt c on phosphonic acid self-assembled
monolayers was investigated through electrochemical means. Attempts to adsorb cyt c
electroactively on a pure C10 phosphonic acid SAM were completely unsuccessful.
However, by combining phosphonic acid terminated alkanethiols with hydroxyl
terminated alkanethiols, mixed SAMs were prepared onto which cyt c could be
immobilized in a native electroactive state. A series of optimization experiments were
conducted in which hydroxyl thiol chain length, mole ratio, and self-assembly time were
varied. From those experiments, a 10:1 C11OH/C10PA mixed SAM prepared with 2-hour
self-assembly was selected for a more detailed characterization. On this mixed SAM, cyt
c adsorbed in a stable, reproducible state. Overall, the redox properties of cyt c on the
C11OH/C10PA mixed SAM are quite similar to those obtained for a pure C10COOH SAM
of similar thickness. It is concluded that C11OH/C10PA mixed SAMs offer promising
prospects for further investigations of electron-transfer behavior at the protein/electrode
interface.
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CHAPTER 5

Future Directions
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5.1. Future Directions
To further investigate the role of cyt c on 10-mercaptodecanyphosphonic acid
SAMs, there is a need to better define the SAM structures and the interfacial interactions.
Many techniques have been used to characterize SAM surfaces. Spectroscopy techniques
such as surface infrared (IR) spectroscopy1,2 , surface-enhanced Raman scattering (SERS)
3,4

surface plasmon resonance (SPR) spectroscopy5,6, and X-ray photoelectron

spectroscopy (XPS)7 have been used to provides the orientation of the thiol chains, the
thickness of the SAM, and surface coverage. Since no cyt c electroactivity was absent on
pure C10PA SAMs, it is important to gain molecular understanding of this SAM/protein
interface. Scanning tunneling microscopy (STM)8 and atomic force microscopy (AFM)9
provide direct imaging of SAM structures, including defects or mixture of different
structures during growth. Different CV results for adsorbed cyt c were observed for pure
phosphonic acid SAM and hydroxyl/phosphonic acid mixed SAM suggesting that there
could be extensive hydrogen bonding at the surface of the pure phophonic acid SAMs. In
order to test this hypothesis, the use of other techniques is needed. In particular, the use
of wetting contact angle10 can be use to characterize the acid/base properties (pKa) of the
surface. Ellipsometry11 can be used to test for the presence of adsorbed cyt c.
As seen in the Results Section in Chapter 4, the C13OH/C10PA mixed SAM CV
exhibits very little cyt c adsorption electroactivity. The longer C13OH chain length may
bury the C10PA groups below the SAM surface, thus making it difficult for cyt c to bind.
On the other hand, C6OH/C10PA mixed SAM CVs display comparable voltammetry to
C11OH/C10PA, but the double-layer capacitance is much greater than the C11OH/C10PA
SAM. Since it is known that chain length can dramatically affect SAM properties, it
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would be desirable to test other chain length diluents such as C8OH, C9OH, and etc. The
idea is to have OH thiols slightly shorter than C10PA to allow the phosphonic acid group
to protrude out while minimizing the magnitude of the double-layer capacitance. These
thiol molecules however need to be synthesized.
Results from preliminary tests of protein adsorption time (not shown in this
thesis) suggested that longer cyt c adsorption leads to better surface coverage. More
experiments need to be conducted to confirm this result.
As mentioned above, determining pKa value of the PA monolayers is an
important objective. Contact angle measurements or infrared spectroscopy can be used
for this task. Learning the pKa value is the key to understanding the charge state of the
monolayer and its dependence on electrolyte composition, pH, and ionic strength.
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