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Introduction 
 

 
1.1 The search for better catalysts 

Catalysts are of great value to mankind, since they enable reactions that would 

otherwise not occur or would occur at a very slow rate. The best-known example of a 

catalyst is the catalytic converter located in the exhaust of a car. It converts toxic gases 

such as carbon monoxide (CO), nitric oxide (NO) and nitrogen dioxide (NO2), which are 

formed in the car engine, into the relatively harmless gases nitrogen (N2) and carbon 

dioxide (CO2). In this way the catalytic converter contributes to the improvement of the 

air quality in urban areas, which in turn has a positive influence on public health. The 

catalytic converter consists of a support with small metal particles, on which the reaction 

occurs in three steps (Figure 1.1). Firstly, the toxic gas molecules are adsorbed on the 

metal particles, next the reaction occurs, and finally the molecules are desorbed from the 

particles. The metal particles play an important role in the reaction, but they are not 

consumed. Therefore, the metal particles can in principle be used to convert an infinite 

number of toxic molecules and do not have to be replaced over the lifetime of a car. 

Without the metal particles the reaction would either not occur or occur at a very slow 

rate. This is the essence of every catalyst, which is defined as a substance that increases 

the rate of a reaction without being consumed. Although less known to the general 

public, catalysts are being used in many other processes. These include oil refinery, 

production of fertilizers, production of plastics and the production of drugs.   

 
Figure 1.1 The catalytic converter in a car. The figure depicts its location (top left), its 

macroscopic shape (bottom left) and a schematic representation of the reactions that 

occur on the small metal particles of the catalytic converter (right). 
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Catalysis is big business, as reflected in the fact that the global catalyst market is 

worth $ 210 billion annually.1 Finding the right catalyst for an industrial process can 

determine whether such a process is economically feasible. Therefore, there is a 

continuous search for better and cheaper catalysts to improve the competitiveness of 

chemical processes. When considering the use of a catalyst for a particular reaction, one 

has to take into account the following important properties: 

• Activity. This corresponds to the rate of the reaction that occurs on the 

catalyst. Ideally, a catalyst should be very active, which means that only a 

small amount of catalyst is needed to convert many molecules in a relatively 

short time.  

• Selectivity. The selectivity of a catalyst indicates what products are formed 

in the reaction. In many chemical reactions more than one product can be 

formed and normally only one of the products is desired. Selectivity is of 

particular importance in the drug industry, where one reaction product might 

be a good drug and another product might be toxic. 

• Stability. This relates to the lifetime of a catalyst. Ideally, a catalyst should 

be able to catalyze an endless number of reactions, but in practice the 

catalyst becomes inactive after a certain time. The lifetime of a catalyst 

depends on its specific properties, but also on the temperature and pressure 

of the reaction.  

• Ease of separation. This corresponds to the ease of separation of the catalyst 

from the final reaction products. Catalysts that are dissolved in solutions are 

more difficult to separate compared to catalysts immobilized on a support, 

such as the catalyst used in a car.  

• Cost. Many industrial catalysts are made of relatively expensive noble 

metals, such as platinum and palladium. These metals generally determine 

the overall cost price of a catalyst. Replacing these metals by cheaper 

materials with similar catalytic properties, can improve the economic 

competitiveness of a process. 
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1.2 Nature’s catalysts 

Catalysts also play an important role in many natural processes. These natural 

catalysts are called enzymes and are found in every living cell. Enzymes catalyze a wide 

variety of reactions that enable vital biological processes such as respiration, processing 

of food, building of organs and photosynthesis. Most enzymes are proteins, which are 

complex organic molecules made of amino acids. The catalytic reaction occurs at a 

particular place in the enzyme, the so-called active site. At this place the reacting 

molecules interact with the enzyme. As an example the enzyme cytochrome c oxidase is 

depicted in Figure 1.2. This enzyme catalyzes the reaction of oxygen to water and is part 

of the respiration process.  Apart from the enzyme’s amino acids, the active site of 

cytochrome c oxidase has incorporated iron and copper atoms, which play an important 

role in the reaction. Therefore cytochrome c oxidase is a so-called metalloenzyme.  

Similar to the industrial catalysts enzymes increase the rate of a reaction without 

being consumed. However, compared to industrial catalysts enzymes show very high 

activity and selectivity, meaning that they are able to make the desired product at a very 

high rate without producing any byproducts. This is the result of millions of years of 

evolution. On the other hand, most enzymes are less stable than industrial catalysts. As a 

result of this they stop catalyzing the reaction after a certain amount of time, which is 

called deactivation. The lifetime of the enzyme depends on the conditions under which 

they work. In nature deactivated enzymes are automatically replaced by new enzymes. 

The high activity and selectivity of enzymes has always encouraged mankind to use 

them as catalysts in industrial processes. An ancient example of such a biocatalytic 

process is the brewing of beer, in which the conversion of sugar to alcohol is catalyzed 

by yeast. Yeast is a microorganism and the enzymes in this microorganism catalyze the 

reaction. Nevertheless, the use of enzymes in industrial processes has been rather limited 

until now. They are used mainly in applications where selectivity is of the utmost 

importance such as the production of drugs. The main reasons for their limited use are 

their low stability and the costs involved in separating them from the reaction products. 

Therefore they are generally less economical than manmade catalysts.  
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Figure 1.2 Cartoon representation of the enzyme cytochrome c oxidase and its active 

site. This enzyme catalyzes the reduction of oxygen to water and is part of the respiration 

cycle.  

 

 
Figure 1.3 Schematic representation of an enzyme immobilized on a conducting support 

with a connected external circuit. The active site of the enzyme is indicated by a red 

circle. The external circuit connects the enzymatic reaction to another reaction that 

consumes the electrons. The depicted enzyme is a hydrogenase, which catalyzes the 

reaction of hydrogen to protons. In the external circuit a voltage source, which can be 

used to switch the reaction on and off, and a current measurement, which can be used as 

a detection method in a biosensor, have been incorporated.  
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1.3 Immobilization of enzymes 

One possibility to tackle the disadvantages of using enzymes in industrial processes is 

attachment of the enzymes to a support (Figure 1.3). This so-called immobilization 

enables an easy separation of the products from the catalyst, since the enzyme is not in 

solution. Once the enzyme has been deactivated, replacement of the catalyst can easily 

be achieved by replacing the obsolete support (e.g. a grid) with a new support loaded 

with active enzymes. In case the catalyzed reaction is a redox reaction, immobilization 

on a conducting support has an additional advantage. Redox reactions are reactions that 

involve a number of electrons. Examples are the reduction of oxygen catalyzed by 

cytochrome c oxidase depicted in Figure 1.2 and the oxidation of hydrogen, as depicted 

in Figure 1.3. Enzymes that catalyze redox reactions are called redox enzymes. In order 

for the redox enzyme to function electrons have to be transported to or from the enzyme. 

Natural processes make use of so-called electron donors and acceptors, which are 

relatively large molecules. These molecules are expensive and it is generally not 

economically feasible to use them in industrial processes. However, if the enzyme is 

immobilized on a conducting support, this support can function as an electron source or 

drain, removing the need to use electron donors and acceptors. The support with the 

immobilized enzyme has to be coupled to another reaction via an external circuit. This 

other reaction can consume or release the electrons and in this way close the electronic 

circuit. An example is given in Figure 1.3, in which the electrons released in the 

hydrogen oxidation are taken up by the electrode surface and released in another 

reaction. 

 Research into the immobilization of enzymes on conducting supports is also valuable 

for the development of biosensors. Biosensors are sensors that can monitor the 

concentrations of toxic or vital molecules in our environment and in our body. If one of 

the concentrations is outside the desired range, the biosensor should raise an alarm, to 

which people can then respond. An example is the glucose biosensor, which is used by 

diabetics to monitor their blood sugar levels. Biosensors have to be sensitive, which 

means that they should be able to detect molecules at low concentrations, and specific, 

which means that they should only respond to one particular molecule out of many 

molecules present in the human body. As enzymes are generally sensitive and specific 

towards the binding of their reacting molecules, they are particularly suitable for use in 

biosensors. However, an enzyme alone is not a biosensor. It is necessary that the binding 

of the enzyme with the molecule to be detected is translated into a measurable external 

signal. This can be done by immobilizing redox enzymes on conducting surfaces. Once 

the enzyme binds and reacts with the molecule to be detected, electrons are exchanged 

with the conducting surface. This current can be detected with the use of an external 

circuit (Figure 1.3). 

 In order to successfully immobilize an enzyme on a surface certain challenges have 

to be overcome. Firstly, immobilization should not result in structural changes to the 

enzyme, since this could affect the selectivity and activity of the enzyme. However, in 
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order to immobilize an enzyme on a surface, interactions between the enzyme and the 

surface are needed. These interactions can affect the structure and function of the 

enzyme. Therefore, immobilization should be carried out using relatively mild 

interactions that are sufficient to retain the enzyme on the surface, but that do not affect 

the enzyme’s structure. Secondly, in case a redox enzyme is immobilized on a 

conducting surface, direct electron transfer between the surface and the active site of the 

enzyme is a prerequisite. Whether electron transfer to the surface occurs, depends on the 

distance between the surface and the active site of the enzyme. The maximum distance 

the electrons can jump is about two nanometer.2,3  If the distance is longer, electron 

transfer will not occur. Since the diameter of an enzyme is generally significantly larger 

than two nanometer, the enzyme should be immobilized on the surface in such a way 

that the active site is relatively close to the surface. 

 

1.4 Bio-inspired catalysts 

Another possibility to tackle the disadvantages of using enzymes in industrial 

processes is to make use of bio-inspired catalysts. These catalysts are synthetic 

complexes designed based on the structure of the active site of the enzyme, which 

catalyzes the desired reaction. An example is given in Figure 1.4, which shows a 

synthetic complex for the active site of cytochrome c oxidase (Figure 1.2).4 The 

advantage of these synthetic catalysts is that they are potentially more stable than 

enzymes and can therefore be used at higher temperatures and pressures. Additionally, 

immobilization of these complexes on surfaces is much easier than in the case of 

enzymes. However, the complexes remain models, and therefore their catalytic 

properties are not the same as the properties of the enzymes. Since enzymes have 

evolved over millions of years, it is unlikely that the properties of the model complexes 

will be as good as the properties of the enzymes. Another issue regarding the model 

complexes is their synthesis, which can be very expensive. Whether model complexes 

can replace existing catalysts in industrial processes depends on whether they can 

outperform existing catalysts with regard to activity, selectivity or cost. 

 

 

Figure 1.4 A synthetic model complex for the active site of cytochrome c oxidase.4 
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A class of reactions that seems particularly suitable for the investigation of catalysis 

by model complexes is the interconversion of nitrogen containing molecules (Figure 

1.5). Some of the depicted reactions are part of large-scale industrial processes, such as 

the synthesis of nylon (NH3 to NH2OH) and the cleaning of ground water (NO3
- to N2). 

For these industrial applications highly selective catalysts resulting in minimal byproduct 

formation are preferred. The noble metal catalysts used do date do not display the 

desired selectivities and are expensive. Model complexes might provide an increased 

selectivity at lower cost. The design of the model complexes can be based on the 

structures of the active sites of the enzymes that are involved in the conversion of 

nitrogen compounds, which are indicated in Figure 1.5.  

 

 

Figure 1.5 Overview of the most important nitrogen containing molecules. The enzymes 

that catalyze the redox reactions from one molecule to another have been indicated in 

the figure. The numbers above the molecules indicate the oxidation state of nitrogen. 

 

1.5 Heme proteins and enzymes 

In this thesis we focus on immobilization methods and model complexes for one 

particular class of proteins and enzymes, namely the heme proteins. In their active site 

heme proteins and enzymes have an embedded heme group (Figure 1.6), which consists 

of an iron atom inside an organic ring. The best-known heme protein is hemoglobin, 

which facilitates oxygen transport through the human body. However, there are many 

other heme proteins, which perform a wide variety of functions, including oxygen 

reduction (cytochrome c oxidase, Figure 1.2) and electron transport (cytochrome c). The 

particular function of a heme protein depends on the particular way, in which the heme 

group is embedded in the active site of the protein. Some examples are shown in Figure 
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1.6 and Figure 1.2. Not all heme proteins are enzymes, since proteins are only enzymes 

if they catalyze a reaction. For example, cytochrome c oxidase is an enzyme, since it 

reduces oxygen to water, but hemoglobin is not, since it only transports oxygen.  

Figure 1.6 The structure of a heme group (left) and the coordination of heme groups in 

the proteins myoglobin and cytochrome c (right). The view of the heme groups in the 

proteins is side-on, which means that they are tilted 90° compared to the heme structure 

on the left. The depicted amino acids (His and Met) determine the properties of the 

protein. Myoglobin is an oxygen storage protein and cytochrome c is an electron 

transfer protein.  

 

1.6 Scope of this thesis 

In the first part of this thesis (Chapter 2 and part of Chapter 3A) we investigate a bio-

inspired catalytic reaction, namely electrochemical nitric oxide (NO) reduction by 

immobilized heme groups. A heme group can be regarded as a simple model complex 

for the active site of NO reducing heme enzymes. The goal of this part of the thesis is to 

compare NO reduction by immobilized heme groups to NO reduction by NO reducing 

enzymes and metal catalysts. The focus of the chapters is especially on determining the 

selectivity of the reaction, since the reaction can result in the formation of more than one 

product (Figure 1.5), namely nitrous oxide (N2O), nitrogen (N2), hydroxylamine 

(NH2OH) and ammonia (NH3). This also makes the reaction of industrial relevance, 

since hydroxylamine is a raw material in the nylon production and is synthesized from 

nitric oxide. In Chapter 2 and part of Chapter 3A we determine the mechanisms by 

which immobilized heme groups reduce NO and also determine how these mechanisms 

are influenced by pH, potential and the way in which the heme group are immobilized. 

The difference between chapter 2 and chapter 3A is in the way in which the heme groups 

are immobilized. Chapter 2 discusses adsorbed heme groups on graphite, whereas 
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Chapter 3A discusses heme groups incorporated in a surfactant (detergent) film on 

graphite. 

In the second part of this thesis (Chapter 3 to 6) different immobilization methods for 

heme proteins and enzymes on conducting surfaces are investigated. The goals of these 

chapters are to understand to what extent the particular immobilization method affects 

the properties of the protein, to understand the electron transfer between the active site of 

the protein and the electrode, and to understand how the protein is adsorbed on the 

electrode. These goals are achieved by studying the electrochemical properties of the 

immobilized proteins and comparing these to the properties of the proteins in solution. 

The conclusions not only teach us whether a particular immobilization method is 

suitable, but also provide insights that should make it easier to immobilize other proteins 

and enzymes in the future. In the different chapters a number of immobilization methods 

are discussed, all of which are commonly employed protein immobilization methods.5 

The first discussed methods are incorporation in a surfactant film on pyrolitic graphite 

(Chapter 3A and 3B) and incorporation in a layer-by-layer assembly on pyrolitic 

graphite (Chapter 4). Our results show that these methods can induce the release of heme 

from heme proteins, and therefore these methods are unsuitable for protein 

immobilization. The other discussed method is immobilization via electrostatic 

interactions on a self-assembled monolayer on gold (Chapter 5 and 6). It is already 

known that this is a good immobilization method for the protein cytochrome c, but so far 

it has not been used to immobilize other heme proteins. In Chapter 5 we investigate the 

immobilization of the more complex protein cytochrome c’ and study its orientation and 

electron transfer properties. In Chapter 6 we investigate the influence of pH and ligand 

binding on the electron transfer properties and orientation of immobilized horse and 

yeast cytochrome c. Catalysis using immobilized enzymes is not discussed within these 

chapters. The reason for this absence is that it desirable to first obtain a good 

understanding of the interactions between relatively small proteins and conducting 

surfaces, before moving to enzymes that are generally larger and therefore more difficult 

to immobilize and study.  

Since this thesis deals with heme groups and heme proteins, it is desirable to obtain a 

more fundamental understanding of the chemical and catalytic properties of a heme 

group. This is the aim of the last part of this thesis (Chapter 7), in which heme is 

compared to molecules that resemble heme, but that have chromium, manganese, cobalt 

or nickel instead of iron in the center of the molecule. The comparison is made based on 

both experiments and theoretical calculations. 

 

1.7 Experimental approach 

In this thesis we have mainly employed electrochemical techniques to investigate the 

immobilized heme groups and heme proteins. These techniques are particularly useful in 

the investigation of redox reactions, since the activity of a reaction is directly related to 

the current measured. Also, from the dependence of current on potential it is possible to 

determine the reaction mechanisms. In case of the immobilized proteins, the 

electrochemical techniques allow us to determine whether electrons are able to move 
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from the electrode surface to the active site of the immobilized protein. They also enable 

us to indirectly determine whether the immobilization process affects the properties of 

the protein, as we can deduce from protein specific properties. Obviously, the techniques 

also have their limitations. Therefore we have sometimes made use of other techniques, 

such as mass spectroscopy, UV/vis spectroscopy and density functional theory (DFT) 

calculations. 
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———————————————————————————————————————————— 
Abstract: The mechanism of the electrochemical reduction of nitric oxide (NO) by hemin 

adsorbed at pyrolitic graphite was investigated. The selectivity of NO reduction was 

probed by combining the Rotating Ring Disk Electrode (RRDE) technique with a newly 

developed technique called On-Line Electrochemical Mass Spectroscopy (OLEMS). 

These techniques show that NO reduction by adsorbed heme groups results in 

production of hydroxylamine (NH2OH) with almost 100% selectivity at low potentials. 

Small amounts of nitrous oxide (N2O) were only observed at higher potentials. The rate 

determining step in NO reduction most likely consists of an electrochemical equilibrium 

involving a proton transfer, as can be derived from the Tafel slope value of 62 mV/dec 

and the pH dependence of −42 mV/pH. The almost 100% selectivity towards NH2OH 

distinguishes this system both from NO reduction on bare metal electrodes, which often 

yields NH3, and from biological NO reduction in cytochrome P450nor, which yields N2O 

exclusively.  
———————————————————————————————————————————— 
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2.1 Introduction 

Reduction of nitric oxide (NO) to nitrous oxide (N2O) is a key step in denitrification, 

the five-electron reduction of NO3
-
 to N2 that is used by many microorganisms to respire 

anaerobically and gain energy for cell growth.
1,2
 Enzymes involved in NO reduction 

direct the selectivity of this reaction towards N2O (fungal cytochrome P450nor) and 

circumvent reduction to NH2OH and NH3, products that are observed in NO reduction on 

transition metals such as platinum
3,4
 and palladium.

5
 Understanding what controls the 

selectivity of NO reduction is not only interesting from a fundamental point of view, but 

such knowledge may also be applied to develop new catalysts for the removal of 

pollutants from exhaust gases, the purification of ground water or the more efficient 

production of NH2OH, which is a raw material in nylon production.
6
 

The mechanism of electrocatalytic reduction of NO by transition metals and adsorbed 

inorganic complexes has been extensively studied. On transition metals like Pt
3,4
 and Pd

5
 

it was found that the mechanism and the selectivity of the NO reduction depend on the 

kind of metal used and on the applied potential. In general, N2O and N2 are formed at 

positive potentials, while NH2OH and NH3 are formed at more negative potentials. 

Electrochemical NO reduction on adsorbed inorganic complexes such as iron-

phthalocyanine,
6
 cobalt-phthalocyanine,

7
 vitamin B12,

8
 Prussian blue

9
 and a cobalt 

porphyrin
10
 primarily leads to the formation of NH2OH and NH3, with the actual 

selectivity depending on the specific system studied and the applied potential. 

Biological NO reduction catalyzed by NO reductases such as cytochrome P450nor 

results in the selective formation of N2O. This enzyme is found in the denitrifying fungus 

Fusarium oxysperum
11
 and contains one heme group as cofactor. Reduction of NO by 

cytochrome P450nor
12,13
 occurs by binding of NO to the heme group, which is followed 

by a direct hydride transfer from NADH to the heme group
14,15
 leading to the formation 

of an Fe
II
-HNO adduct. The Fe

II
-HNO adduct reacts with another NO molecule to form 

N2O exclusively. Interestingly, a similar Fe
II
-HNO intermediate has been proposed for 

the 6-electron reduction of nitrite to NH3 by the enzyme cytochrome c’ nitrite reductase. 

In contrast to cytochrome P450nor, in this multiheme enzyme (5 hemes per protein) the 

Fe
II
-HNO is further reduced to hydroxylamine and finally dehydrated to form ammonia.

16
 

In order to understand the factors that govern activity and selectivity in NO reduction 

by enzymes and inorganic systems, it would be interesting to study the behavior of NO 

reducing enzymes or their cofactors that are directly adsorbed on electrodes. In these 

systems the oxidation state of the cofactor can be controlled directly by the potential 

applied to the electrode,
17,18
 which is very helpful in gaining mechanistic understanding 

of NO reduction. Unfortunately, until now no successful immobilization of P450nor has 

been achieved, but immobilization has been reported for other heme proteins such as 

myoglobin and hemoglobin.
19-22
 Although these heme proteins are not NO reductases, 

they are capable of electrochemically reducing NO when they are immobilized. N2O was 

reported as the major product of electrochemical NO reduction by myoglobin,
23
 

hemoglobin
24
 and cytochrome P450 CYP119

25
 as was shown by analysis of the head gas 
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above the solution with a mass spectrometer.
23,25
 Analysis of the solution after NO 

reduction showed that NH2OH and NH3 were not formed in NO reduction by 

immobilized myoglobin.
23
 In general, the mechanisms proposed for electrochemical NO 

reduction by immobilized myoglobin, hemoglobin and cytochrome P450 CYP119 

resemble the NO reduction mechanism for cytochrome P450nor, the only difference 

being that electrons for the NO reduction are not provided by NADH, but by the 

electrode. 

To provide an intermediate system between NO reduction on bare metal electrodes 

and enzymes immobilized on electrodes, we decided to study the electrochemical NO 

reduction by adsorbed heme groups (iron protoporphyrin IX). This system combines the 

cofactor used by enzymatic systems with the direct electronic contact between the 

electroactive group and the electrode typical of an (inorganic) electrochemical system. 

Heme groups are known to adsorb rapidly on graphite surfaces and their electrochemical 

and spectroscopic properties on these surfaces have been studied extensively.
26-36
 They 

form an ordered structure
26
 in which the heme groups are slightly tilted

27
 and catalytic 

reactivity has been reported towards oxygen,
28,29
 hydrogen peroxide,

29,30
 organohalides,

31
 

nitrite
32,33
 and NO.

33-36
 Previous papers on NO reduction by heme adsorbed on graphite 

mainly focused on the development of a biosensor, however, and did not address the 

mechanism and the selectivity of the NO reduction. Given the importance of selectivity 

issues in NO reduction we have applied two techniques that are able to directly determine 

the selectivity of the NO reduction: On-line Electrochemical Mass Spectrometry 

(OLEMS) and the Rotating Ring Disk Electrode (RRDE). OLEMS is a new technique 

recently developed in our laboratory that is able to measure gases formed at an immersed 

electrode. It resembles Differential Electrochemical Mass Spectrometry (DEMS),
37
 but 

has the advantage that it can be applied to electrodes of any shape and any material. 

OLEMS can be used very effectively in NO reduction to follow the formation of N2O 

and N2 as well as the consumption of NO, whereas the RRDE can detect the formation of 

NH2OH. These techniques have a short response time, a low detection limit, are 

generally not influenced by reactions in solution, and can give quantitative information. 

Therefore they are more effective than ex-situ determinations such as sampling of the 

head gas or analysis of the solution, techniques that have high detection limits and can be 

influenced by homogeneous reactions.  

 

2.2 Experimental Procedures  

Materials. Hemin (Fluka, 98%) was used as received. All other chemicals were p.a. 

grade (Merck). Pyrolitic graphite (Carbone-Lorraine) was fabricated into home-made 

rotating ring-disk electrodes.
38,39
 The geometric surface area of the electrodes was 0.5 

cm
2
. Buffer solutions were prepared with sodium acetate (pH 4-6), sodium dihydrogen 

phosphate monohydrate (pH 2-3, 6-8, 11-12)) or boric acid (pH 9-10) combined with 

concentrated solutions of hydrochloric acid or caustic soda and Millipore MilliQ water 

(resistivity >18.2 MΩ cm). The concentration of the buffer was 0.5 M in experiments 

involving NO or NH2OH reduction and 0.1 M in all other experiments. Prior to entering 

the electrochemical cell nitric oxide 2.5 (Linde AG) was bubbled through two washing 
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flasks filled with a 3 M KOH solution, a procedure that was found to be important in 

order to remove NO2.
3,38
 Purging the solution with NO for 10 minutes resulted in a 

saturated NO solution, which corresponds to a concentration of 2 mM as can be 

calculated from Henry’s law constant of 2.0x10
-3
 mol atm

-1
 at 21°C.

40
 

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 

was used for cyclic voltammetry. A homemade three-electrode cell consisting of a 

platinum flag counter electrode, a Hg|Hg2SO4 or Ag|AgCl reference electrode, and a 

rotating ring disk electrode were used. All potentials in this chapter are relative to the 

standard calomel electrode (SCE). The rotating ring disk electrode consisted of a 

pyrolitic graphite (PG) disk and a Pt ring. Experiments with rotation were conducted 

using a Motomatic

 motor generator. All solutions were deaerated by purging with argon 

for 10 minutes. All electrochemical experiments were performed at room temperature  

(21 ± 2°C).  

Immobilization of hemin.  A 0.5 mM hemin solution was prepared by dissolving 1.6 

mg hemin in 5 ml of a 0.01 M pH 10 buffer solution, since hemin only dissolves in 

alkaline solution. Prior to use, the PG electrodes were abraded using 40 µm Al2O3 

sandpaper and ultrasonicated in Millipore MilliQ water for 5 minutes. The electrode was 

dried in a N2 stream for 10 seconds. The electrode was immersed in the hemin solution 

for 10 minutes to saturate the surface with hemin,
41,42
 after which the electrode was 

rinsed with water.  

Rotating Ring Disk Electrode (RRDE) experiments. Rotating Ring Disk Electrodes 

were constructed as described previously
38,39
 and have a collection efficiency of 0.27 ± 

0.03. Prior to the measurements, the Pt ring was abraded together with the PG disk on 40 

µm Al2O3 sandpaper and was also immersed in the 0.5 mM hemin solution. Subsequently 

the Pt ring was cleaned by electro-polishing: alternately a potential in the hydrogen 

evolution region (−0.8 V vs. SCE) and a potential in the oxygen evolution region (1.5 V 

vs. SCE) were applied for 5 seconds, which was repeated 25 times. 

On-Line Electrochemical Mass Spectrometry (OLEMS). OLEMS measurements 

were performed on a Balzers Prisma QMS 200 mass spectrometer. The connection 

between the mass spectrometer and the cell was established through a steel capillary 

connected to a glass tube onto which a porous Teflon tip was attached. This tip was 

placed at approximately 10 µm from the PG-heme electrode surface as shown by the 

photograph in Figure 2.1. Details of the setup have been published elsewhere.
43
 The 

electrode could not be rotated and hence NO was continuously bubbled through solution 

to enhance NO mass transfer. Baseline values measured in a solution without NO were 

subtracted in NO reduction experiments. 
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Figure 2.1 Photograph of OLEMS setup: a porous teflon tip is in close contact (d ~ 10 

µm) to the PG-heme electrode. 

 

2.3 Results 

Prior to studying electrochemical NO reduction, we investigated the electrochemical 

properties of adsorbed heme groups on pyrolytic graphite. Figure 2.2a shows a 

voltammogram of a freshly prepared PG-heme electrode. The observed redox couple 

corresponds to the Fe
III
/Fe

II
 couple of the adsorbed heme groups. The redox couple has a 

midpoint potential Em = −0.42 V vs. SCE, which is the same as values of Em previously 

reported for heme adsorbed on gold
44
 and highly ordered pyrolitic graphite (HOPG).

27
 

Em is not dependent on the pH of the solution below pH 4, but shows a dependence of -

59 mV/pH above pH 5 (Figure S2.1, which can be found at the end of this chapter). This 

dependence can be ascribed to a proton transfer accompanying the electron transfer of 

the Fe
III
/Fe

II
 couple, possibly due to a ligand change from H2O to OH

-
 upon oxidation of 

the iron center.
29,44
 A linear relation between the current density Jp and the scan rate ν 

was observed (Figure S2.2), which indicates that the voltammetric response is due to a 

surface-confined species. Electron transfer between the graphite and the adsorbed heme 
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groups is fast, since the cathodic and anodic peak potentials do not depend on the scan 

rate ν for scan rates up to 10 V/s. As can be calculated from Laviron’s theory
45
 this is in 

line with the previously obtained electron transfer rate of 4.9x10
3
 s
-1
.
27,46
 The amount of 

adsorbed hemin that can be calculated from the anodic peak charge is 1.5x10
-10
 mol cm

-2
. 

This is higher than for hemin adsorbed on HOPG (7.7x10
-11
),
27,46
 which can be explained 

by the roughness of the pyrolitic graphite used.  
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Figure 2.2 Cyclic voltammograms of a hemin-modified PG electrode in an NO free () 

and in a saturated NO solution at 16 rps (- - -) and 49 rps (⋅⋅⋅⋅⋅). Note that (a) and (b) 

have different current scales. Buffer: 0.5 M phosphate, pH 7; scan rate = 500 mV/s.  

 

Upon saturation of the solution with NO a new reduction wave is observed starting at 

potentials around −0.75 V vs. SCE (Figure 2.2b), which can be assigned to NO reduction 

by the adsorbed heme groups. Below −0.9 V vs. SCE the reaction rate of this reaction is 

limited by NO mass transfer, as can be deduced from the fact that the observed current is 

strongly dependent  on the rotation rate of the electrode. It is important to note that the 

observed reduction waves are not influenced by nitrite, which is often observed in 

concentrated NO solutions. PG-heme electrodes are only able to reduce nitrite at low 

pH
32,33
 and are unable to do so at pH 7 (Figure S2.3). Another effect of the saturation of 
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the solution with NO is the disappearance of the Fe
III
/Fe

II
 couple from voltammetry 

(Figure 2.2a). This can be explained by NO binding to the heme group, which affects the 

reduction potentials of the Fe
III
/Fe

II
 couple. Both the Fe

III
 and the Fe

II
 state of the heme 

can bind NO.
47,48
  

The selectivity of the electrochemical NO reduction, which is the main focus of this 

chapter, cannot be directly derived from a voltammogram such as Figure 2.2. Therefore, 

voltammetry was combined with On-Line Electrochemical Mass Spectroscopy (OLEMS) 

and the Rotating Ring Disk Electrode (RRDE), techniques that can determine selectivity 

in situ. The OLEMS results are displayed in Figure 2.3, which shows the voltammetric 

response as well as the ion current intensities for m/z = 30 (NO) and m/z = 44 (N2O) for 

electrochemical NO reduction. The observed voltammetric response is similar to NO 

reduction in other voltammetric experiments (Figure 2.2), even though the electrode 

could not be rotated. As soon as NO reduction occurred (around –0.8 V), a sharp 

decrease in the ion current intensity for m/z = 30 was observed, indicating that NO is 

consumed. A small increase in the ion current intensity for m/z = 44 was also observed, 

indicating the formation of a small amount of N2O. However, contrary to the 

consumption of NO, the formation of N2O was only observed at the start of the NO 

reduction and was not observed during continuous NO reduction at lower potentials. As 

was shown previously, the OLEMS setup is able to detect the formation of very small 

amounts of N2O and since the cell is purged with argon, CO2 from air does not interfere 

with N2O detection.
43
 This is also evidenced by the small amount of CO2 that can be 

detected during methanol oxidation on a platinum single-crystal electrode,
43
 and by the 

very small amounts of N2O measured during hydroxylamine oxidation on a 

polycrystalline platinum electrode utilizing a similar DEMS setup, in complete 

accordance with results from independent FTIR measurements.
49
 As the sensitivities for 

NO and N2O are similar in the mass spectrometer, the relatively small N2O signal that is 

observed implies that N2O is only a minor byproduct at the start of the NO reduction. N2 

(m/z = 28), another possible product of NO reduction by PG-heme, was never observed 

in our OLEMS experiments, indicating that the main reaction product of the NO 

reduction is either NH2OH or NH3. These products are difficult to observe with OLEMS, 

because they are not gaseous and their fragmentation products have ion current 

intensities close to those of water. 
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Figure 2.3 OLEMS measurements of adsorbed hemin in saturated NO solution. Top: 

cyclic voltammogram of adsorbed hemin. Middle: ion current intensity for m/z = 30 

(NO) measured in the mass spectrometer as a function of potential. Bottom: ion current 

intensity for m/z = 44 (N2O) measured in the mass spectrometer as a function of 

potential. Measurement were done in 0.5 M phosphate, pH 7.0 under continuous NO 

bubbling through the solution using a scan rate of 10 mV/s.  

 

RRDE
50
 was employed to detect the possible formation of NH2OH and NH3. For the 

ring to be used for selectivity measurements, the voltammetric responses of the possible 

products (NH2OH and NH3) and of the reactant (NO) on Pt have to be known. Therefore 

cyclic voltammetry was performed with NO, NH2OH and NH3 in solution (Figure 2.4). 

NH3 could not be oxidized within our potential window, which agrees with previous 

observations that ammonia oxidation on Pt only occurs in alkaline solution.
51
 NH2OH 

exhibits an oxidation wave starting at 0 V vs. SCE and NO exhibits a reduction wave 

starting at 0 V vs. SCE. The fact that reduction of NH2OH occurs at much lower 

potentials and that oxidation of NO occurs at much higher potentials, allows for a 

straightforward distinction between NO and NH2OH on the Pt ring. 
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Figure 2.4 Cyclic voltammograms of a Pt-ring in the absence (⋅⋅⋅⋅⋅⋅), and in the presence 

of 2 mM NO () or 1 mM (NH3OH)2SO4 (- - -). Buffer: 0.5 M phosphate, pH 7.0; scan 

rate = 50 mV/s; 16 rps. 

 

Figure 2.5 shows the voltammetric response of the Pt ring during NO reduction on the 

PG-heme disk as compared to the voltammetric response of the Pt ring in saturated NO 

solution without NO reduction on the disk. When NO is reduced on the disk (at Edisk = 

−0.9 V, idisk = −1.5 mA) a decrease of approximately 0.14 mA was observed in the NO 

reduction wave on the ring. On the Pt ring NO is reduced via a one electron process to 

N2O
3
 at potentials between −0.2 V and −0.4 V vs. SCE. Assuming that NO is reduced to 

NH2OH on the disk, the observed decrease in current of 0.14 mA corresponds to a 

collection efficiency of 0.28, which is in agreement with the collection efficiency of 0.27 

± 0.03 previously reported for this electrode.
38,39
 This also confirms that N2O is not the 

main product of NO reduction on the disk, since this would imply an unrealistically low 

collection efficiency of only 0.09. The decrease in the NO reduction wave is 

accompanied by an increase of ca. 0.21 mA at potentials above 0 V. Comparison of 

Figure 2.4 and 2.5 suggests that this increase is due to the oxidation of NH2OH, implying 

that NH2OH is formed as a product on the PG-heme disk. It is difficult to determine 

quantitatively from these measurements whether NO reduction is 100% selective towards 

NH2OH, since for this we need to know the number of electrons transferred in NH2OH 

oxidation on the Pt ring. However, the oxidation of NH2OH on Pt in neutral media is 

known to result in the formation of more than one product (NO, N2O, N2)
52-54
 and 

therefore this number can range between 1 and 3. In our case, assuming that NH2OH is 

the only product of NO reduction on the disk, the increase in current of 0.21 mA 

corresponds to a calculated number of electrons of approximately 1.5. This is plausible 

and suggests that NH2OH on the ring is oxidized to a combination of N2 and N2O.  
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Figure 2.5 Cyclic voltammograms of Pt-ring in saturated NO (2 mM) solution () and 

in saturated NO solution with a potential of –0.9 V (---) applied to the PG-heme disk. 

Buffer: 0.5 M phosphate, pH 7.0; scan rate = 50 mV/s; 16 rps. The recorded current on 

the disk was -1.5 mA. 

 

OLEMS and RRDE strongly suggest that NH2OH is the main reaction product of NO 

reduction at a PG-heme electrode and this can be confirmed by indirect but quantitative 

evidence from voltammetry. One such experiment is comparing NO reduction on a PG-

heme electrode to NO reduction on a Pt electrode constructed in exactly the same way, 

such that both electrode geometries exhibit the same NO mass transfer behavior. It is 

known that NO reduction on Pt leads to N2O as the only product at potentials between 

−0.2 V and −0.4 V vs. SCE
3
 and that the reaction rate is limited by NO mass transfer. On 

a PG-heme disk NO mass transfer also limits the NO reduction at potentials below –0.9 

V. Both mass transfer limited currents are compared in Figure 2.6. On the Pt-disk a 

current of 1.63 mA cm
-2
 was observed, whereas on the PG-heme disk a current of 4.92 

mA cm
-2
 was observed, which is almost exactly three times the mass transfer limited 

current observed on Pt. Since the reduction of NO to N2O on Pt corresponds to a one-

electron transfer, the reduction on the PG-heme disk must correspond to a three-electron 

transfer. This implies that NO is reduced to NH2OH and the selectivity is very close to 

100%. 
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Figure 2.6 Cyclic voltammograms of adsorbed hemin on PG () and Pt (- - -) in 

saturated NO solution. Electrodes have the same geometry. Buffer: 0.5 M phosphate, pH 

7.0; scan rate = 50 mV/s; 49 rps. 

 

Calculation of the number of electrons transferred in a so-called NO “stripping” 

experiment also confirms the almost 100% selective formation of NH2OH. Such an 

experiment is performed by reducing the Fe
II
-NO adduct of the adsorbed heme groups 

without NO present in solution. The Fe
II
-NO adduct was formed by performing 

continuous NO reduction on the PG-heme electrode for a short time (5 seconds) and 

transporting it to a buffer solution without NO. The Fe
II
-NO adduct formed is stable in 

aerobic buffer solution for at least 10 minutes. The first two voltammetric scans recorded 

after transfer to the NO free buffer solution, are shown in Figure 2.7. A reduction peak is 

observed in the first scan, which coincides with the reduction peak for continuous NO 

reduction (Figure 2.2). After this reduction peak the Fe
III
/Fe

II
 couple reappears and in the 

second scan no NO reduction peak is observed. The area under the reduction peak 

corresponds to a charge equivalent to 5.4x10
-10
 mol cm

-2
. From the Fe

III
/Fe

II
 couple a 

heme coverage of 1.8x10
-10
 mol cm

-2 
can be calculated. The ratio of ~ 3:1 again indicates 

that three electrons are transferred per heme group, implying that NH2OH is the main 

reaction product. The fact that the NO stripping peak coincides with the continuous NO 

reduction wave suggests similar mechanisms for continuous NO reduction and the NO 

stripping experiment. 
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Figure 2.7 NO stripping voltammetry of adsorbed hemin. Scan 1 () and scan 2 (- - -). 

Buffer: 0.5 M phosphate buffer, pH 7.0; scan rate = 500 mV/s. 

 

The observation that the selectivity of NO reduction on PG-heme towards NH2OH is 

very close to 100% suggests that the heme group is not able to break the N-O bond in 

NH2OH. We investigated NH2OH reduction by PG-heme, which showed that NH2OH 

could be reduced by PG-heme (Figure S2.3), but that the rate is much slower than NO 

reduction. This indicates that breaking the N-O bond is indeed difficult although not 

impossible. 

The fact that NH2OH and not N2O is the main product of the electrochemical NO 

reduction by PG-heme prompts a more detailed study of the reduction mechanism. To 

this end, we constructed Koutecky-Levich and Tafel plots
50
 from the voltammetric RDE 

experiments to provide information about the rate determining step in the mechanism and 

the possible involvement of reaction equilibria (Figure 2.8 and 2.12). We also 

investigated pH dependence. Data for the Koutecky-Levich plots can be obtained by 

performing chronoamperometric measurements at different rotation rates at potentials 

between –0.7 V and –0.9 V. At these potentials, the reaction rate is determined by both 

reaction kinetics and NO mass transfer. A Tafel plot was constructed from the kinetically 

limiting currents at different potentials, which were determined by extrapolating the 

Koutecky-Levich plots to infinite rotation rate, i.e. ω
-1/2
 → 0. Kinetically limiting 

currents could only be determined for potentials of –0.81 V and higher, since accurate 

determination at more negative potentials is hampered by non-linear Koutecky-Levich 

plots, which are probably related to saturation of the heme groups by NO. At full 

saturation, the current will not increase with higher rotation rate (ω
-1/2
 → 0). The rotation 

rate at which the nonlinearity sets in depends on the applied potential, since reduction of 

the heme-NO adduct becomes faster with decreasing potential. At high potentials (> −0.8 

V) the heme group is almost saturated for all rotation rates, which makes it relatively 
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straightforward to extrapolate the kinetically limiting current. At lower potentials 

nonlinear Koutecky-Levich plots are observed, indicating that the heme groups become 

saturated with increasing rotation rate. 

The slope determined from the Tafel plot (Figure 2.9) is 62 mV/dec, which can be 

interpreted in terms of a mechanism in which an electrochemical equilibrium is followed 

by a chemical rate-determining step (EC-mechanism).
55
 The slope of the Tafel plot does 

not depend on the pH of the solution, indicating that the rate-determining step does not 

change with pH. Since the kinetically limiting current is directly related to the turnover 

number (number of reacted molecules per reactive center per second), the exponential 

relation between the kinetically limiting current and the potential in the Tafel plot implies 

that the turnover number depends exponentially on potential. 
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Figure 2.8 Koutecky-Levich plots of adsorbed hemin in saturated NO solution at E = 

−0.77 V (�), E = −0.79 V(�), E = −0.81 V(▲), E = −0.83 V (□), E = −0.85 V (■), E = 

−0.87 V (○) , E = −0.89 V (●). Buffer: 0.5 M phosphate buffer, pH 7.0 . Kinetically 

limiting currents were determined by drawing a line through the four points with the 

highest rotation rates and extrapolating to the j 
-1
-axis as indicated in figure. 
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Figure 2.9 Tafel plot of adsorbed hemin in saturated NO solution. Buffer: 0.5 M 

phosphate, pH 7.0 . 

 

The pH dependence of the NO reduction was determined by plotting the potential at 

which a steady state current of 0.6 mA cm
-2
 was measured versus the pH of the solution 

(Figure 2.10). This value of 0.6 mA cm
-2
 was chosen as it is relatively small compared to 

the current observed when the reaction is completely limited by NO mass transfer (3 mA 

cm
-2
) so that the influence of different diffusion parameters in the different buffer 

solutions was avoided. In contrast to the Tafel slope, the NO reduction rate is pH 

dependent indicating that proton transfer plays an important role in the rate-determining 

step of the reaction. Surprisingly, however, the observed slope of −42 mV/pH 

significantly differs from the value of  –59 mV/pH that is expected for one proton 

transfer per electron transfer. 
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Figure 2.10 Potential at which a steady state current of 0.6 mA cm

-2
 is measured as a 

function of pH in saturated NO solution. Buffer: 0.5 M acetate, phosphate or borate; 16 

rps. 

 

2.4 Discussion 

Electrochemical NO reduction by adsorbed heme groups results in the formation of 

NH2OH as the main product.  This can be concluded from (i) the OLEMS measurements 

that did not show the formation of significant amounts of N2O and N2, (ii) the RRDE 

experiments that showed the oxidation of NH2OH on the Pt ring, (iii) the comparison to 

NO reduction on Pt that showed that three electrons are consumed in the NO reduction 

on the PG-heme electrode, and (iv) the stripping experiments that also showed that three 

electrons are involved in the reduction of heme-bonded NO. 

N2O was observed as a minor product in the OLEMS experiment. This suggests that 

there are two competing pathways for NO reduction, one leading to the formation of 

NH2OH and one leading to the formation of N2O. The mechanism by which the N2O is 

formed is probably similar to the mechanism previously reported for NO reduction by 

immobilized myoglobin and hemoglobin: it proceeds via a Fe
II
-HNO adduct, which has 

been observed for myoglobin in solution,
12,56,57

 and subsequently reacts with NO to form 

N2O (Reaction 1). 

 

Fe
II
-HNO + NO + H

+
→ Fe

III
 + N2O + H2O    (1) 

 

The main reaction pathway in our system, however, leads to the formation of NH2OH 

and hence occurs via another mechanism. The Tafel slope of 62 mV/dec and the pH 

dependence of −42 mV/pH suggest an EC mechanism i.e. an electrochemical equilibrium 
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followed by a chemical step, combined with a proton transfer. On the basis of this 

information we postulate a mechanism for the NH2OH formation (Reactions 2-4).  The 

first two steps are identical to the mechanism in which N2O is formed and also result in 

the formation of an Fe
II
-HNO intermediate. Subsequently, the Fe

II
-HNO adducts reacts 

further to NH2OH (Reaction 4). Note that reaction 4 is an overall reaction – in the EC 

mechanism the rate-determining step is chemical and should not involve electron 

transfer.  It would be premature to speculate on the nature of the chemical step and how 

the involvement of proton transfer could lead to the unusual pH dependence. 

 

Fe
II
 + NO → Fe

II
-NO       (2) 

Fe
II
-NO + e

-
 + H

+
 � Fe

II
-HNO      (3) 

Fe
II
-HNO + 2H

+
 + 2e

-
→ Fe

II
 + H2NOH     (4) 

 

This mechanism suggests that the Fe
II
-HNO adduct is the branching point between the 

pathway leading to N2O and the pathway leading to NH2OH. This raises the question 

why our system favors the pathway to NH2OH and other systems such as NO reduction 

by cytochrome P450nor favor the pathway to N2O. This question is difficult to answer, 

since most likely there are a number of factors that can influence the preference for one 

or the other pathway. These probably include the residues surrounding the heme group, 

the mode of electron transfer to the heme group, the way in which a second NO molecule 

can bind to the active site and the pH of the solution.  

A comparison to enzymatic NO reduction shows that the way in which the electrons 

are provided to the catalytic centre of the enzyme can have a profound influence on 

selectivity. The reason that NO reduction catalyzed by cytochrome P450nor leads to N2O 

and not NH2OH may be tentatively related to the fact that the electron donor NADH can 

only provide two electrons. The transfer of more electrons from a second NADH is 

unlikely, since only one NADH can bind close to the heme.
58
 This implies that NH2OH 

formation is impeded due to lack of electrons and therefore the Fe
II
-HNO can only react 

to N2O. Interestingly, the nitrite reduction by cytochrome c’ nitrite reductase also 

proceeds via a Fe
II
-HNO intermediate, which reacts via NH2OH to NH3,

16
 showing that 

reduction of the Fe
II
-HNO adduct to NH2OH by an enzyme is possible. Cytochrome c’ 

nitrite reductase has 5 heme groups that can provide more electrons and further reduction 

of the Fe
II
-HNO adduct is therefore not impeded by a limited availability of electrons. 

However, sufficient availability of electrons does not necessarily imply that NH2OH is 

the reaction product. NO reduction by immobilized heme proteins results in the 

formation of N2O, even though further reduction of the Fe
II
-HNO adduct should be 

possible in these systems, since the electrode can provide an unlimited number of 

electrons. In contrast to NO reduction by adsorbed heme groups the pathway to N2O is 

apparently favored over the pathway to NH2OH. This implies that the specific 

surroundings of the heme group also have a profound influence on selectivity.  
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Another important observation from this study is that NH3 was not observed as a 

product in NO reduction by adsorbed heme groups. Our experiments show that 

electrocatalytic reduction of NH2OH is possible, but it is much slower than NO 

reduction, which suggests that NO bond breaking by adsorbed heme groups is very 

sluggish. This is in contrast to transition metals like Pt
3,4
 and Pd,

5
 on which NO reduction 

has been shown to result in the formation of N2O, N2, NH2OH and NH3 depending on 

both the kind of metal used and the potential applied. Significantly, NO adsorbed on Pt 

without NO in solution can only be reduced to NH3 and not to N2O and NH2OH.
59
 

Interestingly, NH2OH was also observed as the main product in electrocatalytic reduction 

of NO by adsorbed iron-phthalocyanine,
6
 which suggests that adsorbed iron complexes 

are poor catalysts for reducing NO to NH3. An explanation could be that N-O bonds can 

only be broken at significant rates when at least two adjacent adsorption sites are 

available. This is supported by the fact that NH3 formation on most metals is only 

possible if the adsorbed NO has space to tilt to a bridging configuration (as illustrated in 

Figure 2.11).
60
 Since a heme group has only one iron center such a bridging confirmation 

cannot be achieved and therefore N-O bond breaking is very sluggish.  

The selectivity of NO reduction by adsorbed heme confirms that this is an 

intermediate system between NO reduction on bare metal electrodes and enzymes, 

whether immobilized on electrodes or not. Figure 2.11 gives a schematic representation 

in which NO reduction by cytochrome P450nor, adsorbed heme complexes and metal 

electrodes are compared.  

 
Figure 2.11 Schematic overview of the selectivity of NO reduction by P450nor, 

adsorbed heme, and metal surfaces. 

 

2.5 Conclusion 

We have shown that adsorbed heme groups reduce NO to NH2OH with a selectivity of 

almost 100%. A small amount of N2O was also observed at high potentials, indicating 

that there is competition between a NO reduction pathway to NH2OH and a pathway to 

N2O. However, the pathway to NH2OH is clearly favored at low potentials. Adsorbed 
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heme provides an interesting new system for mechanistic study of NO reduction that can 

help in obtaining a better understanding of the factors that govern selectivity in both 

biological NO reduction and inorganic NO reduction.  

 

2.6 Supporting information 
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Figure S2.1 Midpoint potentials of adsorbed hemin as a function of pH. Buffer: 0.1 M 

acetate, phosphate or borate; scan rate = 500 mV/s. 
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Figure S2.2 Average of absolute cathodic and anodic peak currents of adsorbed hemin 

as function of scan rate. Buffer: 0.1 M  phosphate, 5 M NaCl, pH 7.0. 
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Figure S2.3 Cyclic voltammograms of adsorbed hemin in the absence () and presence 

of 1 mM (NH3OH)2SO4 (- - -) or 2 mM KNO2 (⋅⋅⋅⋅⋅) . Buffer: 0.5M phosphate, pH 7.0; 

scan rate = 500 mV/s; 16 rps. 
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Heme release in myoglobin-
DDAB films and its role in 
electrochemical NO reduction 

 

 

 

 
 

 
———————————————————————————————————————————— 
This chapter consists of two parts. 

 

In part A myoglobin-DDAB films and their electrocatalytic behavior in NO reduction 

are discussed. This was published in J. Am. Chem. Soc. 2005, 127, 16224-16232. One of 

the main conclusions of this part is that heme release can occur in myoglobin-DDAB 

films. This conclusion was challenged by Guto and Rusling in Electrochem. Commun. 

2006, 8, 455-459. They claim that heme release does not occur in myoglobin-DDAB 

films. As a response to this article and as a further support of the heme release 

hypothesis part B was written and published in Electrochem. Commun. 2006, 8, 999-

1004. 
————————————————————————————————————————————
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Heme release in myoglobin-
DDAB films and its role in 

electrochemical NO reduction* 
 
 
 
 
 

———————————————————————————————————————————— 
Abstract: Electrochemical nitric oxide (NO) reduction by heme groups incorporated in 

films of didodecyldimethylammonium bromide (DDAB) on pyrolitic graphite was 

investigated. It is shown that DDAB most likely induces the release of the heme group 

from myoglobin and therefore myoglobin-DDAB and heme-DDAB films give the same 

voltammetric responses. This is confirmed by UV/Vis spectroscopy showing a clear shift 

in the Soret band of myoglobin in a DDAB solution. The electrochemical NO reduction 

on a heme-DDAB film at different pH reveals the presence of a pH dependent and a pH 

independent NO reduction pathway. The selectivity of these pathways is probed by 

combining the rotating ring disk electrode technique with on-line electrochemical mass 

spectroscopy showing that the product of the pH independent pathway is N2O and the 

product of the pH dependent pathway is NH2OH. The preference for one or the other 

pathway seems to depend on whether a proton or a NO molecule is transferred to a Fe
II
-

NO
-
 reaction intermediate and is influenced by pH, NO concentration and potential. 

———————————————————————————————————————————— 
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3A.1 Introduction  

Selective reduction of nitric oxide (NO) is a challenging catalytic problem, since four 

stable products can be formed: nitrous oxide (N2O), dinitrogen (N2), hydroxylamine 

(NH2OH) and ammonia (NH3). Enzymes such as cytochrome P450nor
1,2
 are able to 

selectively reduce NO to N2O, without formation of the other possible reduction 

products. On the other hand, on transition metals such as Pt
3-5
 NO reduction often leads 

to a combination of N2O, NH2OH and NH3. Understanding the factors that govern 

selectivity in NO reduction is interesting from both a fundamental and a more applied 

point-of-view, since developing catalysts that are selective for either one of these 

products would be valuable. 

The study of NO reducing enzymes or their cofactors adsorbed on electrodes can 

provide important insights in the factors that control selectivity in NO reduction by 

enzymes and inorganic catalysts. In these systems the oxidation state of the enzyme or its 

cofactor can be directly controlled by the potential applied to the electrode. In Chapter 2 

we have studied NO reduction by heme groups directly adsorbed on pyrolitic graphite 

(PG)
6
 and monitored its selectivity using a combination of on-line electrochemical mass 

spectroscopy (OLEMS)
7
 and the rotating ring disk electrode (RRDE) technique. 

Remarkably, NH2OH was observed as the main reaction product and N2O was observed 

only as a minor byproduct. This is in sharp contrast to the selectivity observed for NO 

reduction by heme proteins in films of didodecyldimethylammonium bromide (DDAB) 

on graphite. DDAB films have been employed in the immobilization of many heme 

proteins, notably myoglobin,
8-22

 hemoglobin,
21-26

 catalase,
27
 cytochrome P450cam,

28
 

cytochrome P450 CYP119,
29
 cytochrome P450st

30
 and cytochrome P450BM3

31
 and are 

known to increase the electrochemical response of these proteins compared with bare 

electrodes. The increased electrochemical response has been ascribed to the fact that 

proteins are able to diffuse rapidly though the DDAB layer and to the fact that DDAB 

inhibits the adsorption of macromolecular adsorbates that block electron transfer.
10,15

 

Selective N2O formation has been reported for NO reduction by myoglobin
8
 and 

cytochrome P450 CYP119
29
 immobilized in DDAB films. Two NO reduction pathways 

therefore seem possible for heme based catalysts, one leading to the formation of N2O 

and another one leading to the formation of NH2OH. Which pathway is favored 

apparently depends on the specific surroundings of the heme group. 

 In order to resolve the puzzling differences in selectivity between adsorbed heme 

groups and heme protein-DDAB films, we decided to study the selectivity of 

electrochemical NO reduction by myoglobin-DDAB and heme-DDAB films as a 

function of potential and pH. Comparing the voltammetric and catalytic responses of 

these films we noted to our surprise that no significant differences between the two 

systems could be discerned. An explanation for this striking similarity could be the 

DDAB induced release of heme from myoglobin, which would transform the myoglobin-

DDAB film into a heme-DDAB film. This is discussed in the first part of this chapter. In 

the second part of this chapter the selectivity of electrochemical NO reduction by heme-

DDAB films as a function of potential and pH is investigated employing both OLEMS 
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and RRDE. A new mechanism is presented that can explain our present results and is in 

accordance with previous results obtained with heme-protein DDAB films. This 

mechanism assumes a pH dependent and a pH independent route that yield NH2OH and 

N2O, respectively, via a common Fe
II
-NO

-
 intermediate. 

 

3A.2 Experimental procedures  

Materials. Hemin (Fluka, 98%), equine skeletal muscle myoglobin (95%-100%, 

Aldrich), human hemoglobin (Aldrich), horse heart cytochrome c (95%, Fluka), 

horseradish peroxidase (Fluka) and didodecyldimethylammonium bromide (DDAB, 

98%, Aldrich) were all used as received. All other chemicals were p.a. grade (Merck). 

Pyrolitic graphite (Carbone-Lorraine) was fabricated into homemade rotating ring-disk 

electrodes.
32,33

 The geometric surface area of the electrodes was 0.5 cm
2
. Buffer solutions 

were prepared with sodium acetate (pH 4-6), sodium dihydrogen phosphate monohydrate 

(pH 2-3, 6-8.5, 11-12)) or boric acid (pH 8.5-10) combined with concentrated solutions 

of hydrochloric acid or caustic soda and Millipore MilliQ water (resistivity >18.2 MΩ 

cm). The concentration of the buffer was 0.5 M in experiments involving NO, NH2OH or 

NO2
-
 reduction and 0.1 M in all other experiments. Prior to entering the electrochemical 

cell, nitric oxide (purity 2.5, Linde AG) was bubbled through two washing flasks filled 

with a 3 M KOH solution, a procedure that was found to be important in order to remove 

NO2.
4,32

 Purging the solution with NO for 10 min resulted in a saturated NO solution, 

which corresponds to a concentration of 2 mM as can be calculated from the Henry’s 

Law constant of 2.0 × 10
-3
 mol atm

-1
 at 21 °C.

34
 

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 

was used for cyclic voltammetry. A homemade three-electrode cell consisting of a 

platinum flag counter electrode, a Hg|Hg2SO4 or Ag|AgCl reference electrode, and a 

rotating ring disk electrode was used. All potentials in this chapter are relative to the 

standard calomel electrode (SCE). The rotating ring disk electrode consisted of a 

pyrolitic graphite (PG) disk and a Pt ring. Experiments with rotation were conducted 

using a Motomatic motor generator. All solutions were deaerated by purging with argon 

for 10 min. All electrochemical experiments were performed at room temperature  (21 ± 

2 °C).  

Preparation of protein-DDAB and heme-DDAB films. Protein-DDAB and heme-

DDAB solutions were prepared by mixing 0.5 mM protein in a 0.01 M acetate solution 

(pH 5) or 0.5 mM hemin in a 0.01 M borate solution (pH 10) with an equal volume of 

0.01 M DDAB in a 0.1 M acetate solution (pH 5). The DDAB suspension was prepared 

by ultrasonication for 3 hours.  Prior to use, the PG electrodes were abraded using 40 µm 

Al2O3 sandpaper and ultrasonicated in Millipore MilliQ water for 5 min. The electrode 

was dried in a N2 stream for 10 s. Subsequently, 5 µl of the heme/protein-DDAB solution 

was applied to the electrode. The electrode was dried for approximately 15 min in air, 

after which it was used for electrochemical experiments. Film preparation techniques, 

which differ from this technique, were also employed to determine their influence on the 

voltammetric response of the film. The differences of these techniques compared to the 
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technique described here will be listed in the corresponding figure captions. In some 

cases myoglobin filtered through an YM30 filter (Amicon, 30000 MW cutoff) was used 

for these films. 

UV/Vis spectroscopy. UV/Vis spectroscopy was performed on a Shimadzu 

Multispec-1501. Heme-DDAB and protein-DDAB solutions were incubated overnight 

using the same conditions that were used for preparing the films on PG. To allow 

accurate absorbance measurements, the solutions were diluted to a heme/protein 

concentration of 10 µM just before measuring. 

Rotating ring-disk electrode (RRDE) experiments. Rotating ring disk electrodes 

were constructed as described previously
32,33

 and have a collection efficiency of 0.27 ± 

0.03. Prior to the measurements the Pt ring was abraded together with the PG disk on 40 

µm Al2O3 sandpaper and a protein-DDAB or heme-DDAB film was cast onto it. To 

remove the film the Pt ring was cleaned by electro-polishing: alternately a potential in the 

hydrogen evolution region (-0.8 V versus SCE) and a potential in the oxygen evolution 

region (1.5 V versus SCE) were applied for 5 s, a procedure which was repeated 25 

times. 

On-line electrochemical mass spectrometry (OLEMS). OLEMS measurements 

were performed on a Balzers Prisma QMS 200 mass spectrometer. The connection 

between the mass spectrometer and the cell was established through a steel capillary 

connected to a glass tube onto which a porous Teflon tip was attached. This tip was 

placed at approximately 10 µm from the electrode surface. The electrode could not be 

rotated and hence NO was continuously bubbled through solution to enhance NO mass 

transfer. Baseline values measured in a solution without NO were subtracted in NO 

reduction experiments. A more detailed description of the setup has been published 

elsewhere.
6,7
 

 

3A.3    Results 

Comparison of myoglobin-DDAB and heme-DDAB films. Figure 3A.1 shows the 

voltammetric responses of a film cast from a myoglobin-DDAB solution and of a film 

cast from a heme-DDAB solution.  The responses of both films resemble each other in 

the similarity of their peak potentials and their comparable peak sizes, which is surprising 

considering the differences between a large protein molecule and a small heme group. 

The results suggest that the peaks in both films are caused by the same species, namely a 

heme group in a DDAB environment. In the Mb-DDAB film this species could be 

formed by dissociation of the heme group from myoglobin.  
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Figure 3A.1 Cyclic voltammogram of a film cast from a solution of myoglobin-DDAB in 

0.1 M sodium acetate pH 5 () as compared to a film cast from a solution of heme-

DDAB in 0.1 M sodium acetate pH 5 (⋅⋅⋅⋅⋅). Films were cast on PG and were measured 

in 0.1 M phosphate, pH 7.0, at a scan rate of 500 mV/s. 

 

No evidence indicating that the similarity of the Mb-DDAB film to the heme-DDAB 

film is a result of our particular film preparation technique was found. Results reported in 

the literature on differently prepared Mb-DDAB films
8,14,21,22,28

 show similar peak 

potentials and peak sizes. To ensure that the film preparation technique does not have a 

significant effect on the voltammetric response we employed different film preparation 

techniques with differences in protein purification (Figure S3A.1), salt concentration 

(Figure 3A.4, below), pH (Figure S3A.2), solution equilibration time (Figure S3A.1) and 

film drying time. Apart from some differences in peak size, all films yielded a similar 

voltammetric response, suggesting that none of these parameters has a significant 

influence on the nature of the Mb-DDAB film.  

The peaks in the voltammograms are due to different redox couples of the heme 

group. The redox couple at E = -0.21 V versus SCE corresponds to the Fe
III
/Fe

II
 

transition of the heme group and the redox couple at E = -1.12 V versus SCE has been 

tentatively assigned to the Fe
II
/Fe

I
 transition of the heme group.

14
 The Fe

III
/Fe

II
 transition 

is partly irreversible, which could be related to a potential-induced phase transition 

occurring in the DDAB film, which has been observed with AFM.
17
 Interestingly, the 

transition becomes more reversible with increasing scan rate and at a scan rate of 5 V/s 

the couple is reversible.  

To investigate further the similarities between myoglobin-DDAB and heme-DDAB 

films, we determined the midpoint potential of the Fe
III
/Fe

II
 couple as a function of pH 

(Figure 3A.2a) and performed electrocatalytic reduction of NO and NO2
-
 (Figure 3A.2b-

c) on both films. The pH dependence of the midpoint potential is identical for both films 
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and in agreement with a previous study on myoglobin-DDAB films.
19
 Both films also 

exhibit similar electrocatalytic behavior in both NO and NO2
-
 reduction.

16,21
 The lower 

activity in NO2
-
 reduction for a myoglobin-DDAB film can be explained by the lower 

heme coverage of a myoglobin-DDAB film as compared to a heme-DDAB film (Figure 

3A.1). For NO reduction this lower heme coverage does not significantly affect the 

catalytic wave, since NO reduction is limited by NO mass transfer. These results confirm 

that both films are very similar and therefore again strongly suggest that the voltammetric 

peaks are caused by the same species. Since it is known that DDAB forms vesicles in 

aqueous solution,
10
 this species probably consists of a heme group incorporated in a 

DDAB vesicle, which can be formed after DDAB induced heme release from the protein. 
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Figure 3A.2 (a): pH dependence of midpoint potentials of redox peaks of a myoglobin-

DDAB film (○) as compared to a heme-DDAB film (■). Measurements were performed 

in 0.1 M acetate (pH 4.0-6.0), phosphate (pH 6.0-8.5) or borate (pH 8.5-10.5) at a scan 

rate of 500 mV/s. (b) and (c): Cyclic voltammograms of a myoglobin-DDAB film () 

and a heme-DDAB film (⋅⋅⋅⋅⋅) in 0.5 M sodium acetate, pH 5.0, saturated with NO (b) 

and in 2 mM KNO2 in 0.5 M phosphate, pH 7.0 (c). Measurements were performed at a 

scan rate of 50 mV/s and a rotation rate of 16 rps. 
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Spectroscopic evidence for DDAB induced heme release from myoglobin can be 

obtained by collecting UV/Vis spectra of myoglobin-DDAB and heme-DDAB solutions 

that were allowed to stand overnight at pH 5. Figure 3A.3 shows that the Soret band of a 

myoglobin-DDAB solution is decreased and shifted (from 409 to 406 nm) as compared 

to a myoglobin solution without DDAB. The UV/Vis spectrum of a heme-DDAB 

solution is similar to the UV/Vis spectrum of a myoglobin-DDAB solution showing the 

Soret (∼395 nm), Q (∼569 nm) and CT1 (∼600 nm) bands at similar wavelengths, which 

suggests that the species in both solutions are equivalent. This species most likely is a 

heme group in a micellar environment, since similar wavelengths were found for the 

Soret, Q and CT1 bands of heme groups incorporated in cetyltrimethylammonium 

(CTAB) (400, 576 nm and 600 nm) and Triton X-100 (398, 576 nm and 600 nm) 

micelles.
35,36

 In the case of DDAB this micellar environment probably does not consist of 

micelles, but of vesicles.
37
 These results show that DDAB can induce heme release from 

myoglobin and therefore support our voltammetric results.  
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Figure 3A.3  UV/Vis spectra of solutions of myoglobin (), heme-DDAB (▬), 

myoglobin-DDAB (⋅⋅⋅⋅⋅⋅) and myoglobin-DDAB with 25 mM NaBr (- - -) solution after 

overnight incubation at 4 °C in 0.1 M sodium acetate pH 5.5, 0.25 mM myoglobin/heme, 

and 5 mM DDAB. Solutions were diluted 1:50 in 0.1 M sodium acetate pH 5.5 

immediately before UV/Vis measurement. 

 

Our UV/Vis spectra also show that no shift of the Soret band occurs for a myoglobin-

DDAB solution if 25 mM NaBr is present. Apparently the presence of salt prevents the 

release of heme from myoglobin in solution. This stabilizing effect of salt has also been 

observed for Mb-DDAB films cast on quartz and glass
8,13-15,24,27

. Interestingly, the 
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voltammetric response of a myoglobin-DDAB film on graphite cast from a solution with 

salt does not significantly differ from a myoglobin-DDAB film on graphite cast from a 

solution without salt (Figure 3A.4) or a heme-DDAB film on graphite. In our view it is 

unlikely that native myoglobin and heme give such similar voltammetric peaks in a 

DDAB film and therefore we think that the graphite surface is able to enhance the DDAB 

induced release of heme from myoglobin.  Unfortunately, we cannot prove this with 

spectroscopic evidence, since pyrolitic graphite strongly adsorbs light, which makes is 

difficult to perform UV/Vis or other forms of spectroscopy.  
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Figure 3A.4 Cyclic voltammograms of myoglobin-DDAB films prepared according to 

the procedure described in the experimental section (), prepared using a Mb-DDAB 

solution of pH 5.5 with 25 mM NaBr (⋅⋅⋅⋅⋅⋅) and prepared using a Mb-DDAB solution of 

pH 5.5 with 25 mM NaBr and slow overnight drying (- - -). Films were cast on PG that 

was abraded using 40 µm Al2O3 sandpaper and were measured in 0.1 M phosphate pH 

7.0, at a scan rate of 500 mV/s. 

 

Increasing the pH of the myoglobin-DDAB solution gives an effect similar to the 

effect of salt. At pH 7 the UV/Vis spectrum of the solution does not exhibit a shift in the 

Soret band, even in the absence of salt (Figure S3A.2a). This shows that the DDAB 

induced release of heme also depends on the pH of the solution. Nevertheless, on 

graphite the voltammetric response of the film is very similar to a heme-DDAB film 

(Figure S3A.2b), which again suggests that the peaks are caused by heme groups, the 

release of which is enhanced by the graphite surface. Interestingly, there is a strong 

influence of film drying time on the height of the peaks. A short drying time results in 

only small peaks, whereas a long drying time results in peak sizes similar to a film cast 

from a pH 5 solution. This effect could be explained in terms of a relatively slow process 

in which graphite enhances the DDAB induced release of heme. Short drying times 

abruptly abort this process, since the process cannot occur in dry films. This can explain 
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why a similar effect of drying time was observed for a film cast from a pH 5.5 solution 

with salt (Figure 3A.4), but was not observed for a film cast from a pH 5.5 solution 

without salt (for which heme is already released in solution). 

In order to investigate whether our findings also apply to other heme proteins, we also 

studied the voltammetric responses of hemoglobin-DDAB, cytochrome c-DDAB and 

horseradish peroxidase-DDAB films (Figure 3A.5). Voltammetric peaks for the 

hemoglobin-DDAB film were found at similar potentials as for the myoglobin-DDAB 

and heme-DDAB films, which suggests that DDAB induced heme release occurs for 

hemoglobin. For cytochrome c and horseradish peroxidase (HRP) the peaks are much 

smaller. This suggests that DDAB induced heme release does not readily occur for 

cytochrome c and HRP. A plausible reason for this is that the heme group is more tightly 

bound to the protein in HRP and cytochrome c than in myoglobin and hemoglobin.
38
 

UV/Vis spectra for solutions of myoglobin, HRP and cytochrome c in the presence of 

DDAB indeed show that cytochrome c and HRP are not affected by DDAB, whereas 

hemoglobin is (Figure S3A.3). 
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Figure 3A.5 Cyclic voltammograms of a hemoglobin-DDAB film (), a cytochrome c-

DDAB film (- - -) and a HRP-DDAB film (⋅⋅⋅⋅⋅⋅). Films were cast on PG from protein-

DDAB acetate solutions of pH 5. Measurements were performed in 0.1 M phosphate, pH 

7.0, at a scan rate of 500 mV/s.  

 

NO reduction by heme-DDAB films. Given the similarity in voltammetric response 

between myoglobin-DDAB and heme-DDAB films, it is remarkable that N2O formation 

has previously been reported for NO reduction by myoglobin-DDAB films and NH2OH 

formation for NO reduction by  hemin directly adsorbed to pyrolitic graphite. To 

understand the influence of the DDAB vesicles on the selectivity, we investigated NO 

reduction by heme-DDAB films as a function of pH and potential. Figure 3A.6 shows the 



44                                                  Chapter 3A 
———————————————————————————————————————————— 

 

NO reduction waves for a heme-DDAB film at different pH’s. The data suggest the 

presence of two NO reduction pathways, which can most clearly be discerned from the 

measurement performed at pH 10.2. At this pH reduction of NO starts around E = -0.7 V 

versus SCE, after which a plateau is reached between -0.9 V and -1.0 V. A second NO 

reduction wave starts at E = -1.05 V, after which another plateau is reached. These NO 

reduction waves can be assigned to different pathways of NO reduction, which we will 

refer to as pathway I and pathway II, respectively. Pathway I starts around E = -0.7 V and 

is pH independent. Pathway II, on the other hand, is clearly pH dependent: at high pHs it 

is not observed at all and with decreasing pH, it shifts to less negative potentials. 

Pathway I may therefore be referred to as the pH independent pathway and pathway II as 

the pH dependent pathway. 
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Figure 3A.6 Cyclic voltammograms of a heme-DDAB film in 0.5 M acetate, pH 5.0, 0.5 

M phosphate, pH 7.0, 0.5 M borate, pH 10.2 and 0.5 M phosphate, pH 11.9. 

Measurements were performed in saturated NO solution at a scan rate of 50 mV/s and a 

rotation rate of 16 rps. 

 

The voltammetry also suggests that the pH independent pathway and the pH 

dependent pathway have a different selectivity in NO reduction. The dependence of 

current on rotation rate (Figure S3A.4) shows that the plateau currents are limited by NO 

mass transfer. The plateau currents for the pH dependent pathway are considerably 

higher than for the pH independent pathway, which implies that more electrons are 

involved in the pH dependent pathway than in the pH independent pathway. The small 

differences between plateau currents at the different pH’s can be explained by the 

dependence of the NO diffusion coefficient on the composition of the buffer solution. 

The products of both pathways were determined employing on-line electrochemical 

mass spectroscopy (OLEMS)
7
 and the rotating ring disk electrode (RRDE),

39
 techniques 

that can determine selectivity in situ. Since our voltammetric results suggested a strong 
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influence of pH on the selectivity of NO reduction, OLEMS measurements were 

performed at different pHs. As was shown previously, the OLEMS setup is able to detect 

the formation of very small amounts of N2O and since the cell is purged with argon, CO2 

from air does not interfere with N2O detection.
7
 Figure 3A.7 shows the ion current 

intensity for m/z = 44 (N2O) as a function of potential at different pHs. The voltammetric 

response and the ion current intensity for m/z = 30 (NO) that were recorded 

simultaneously can be found in Figure S3A.5. Even though the electrode could not be 

rotated, the observed voltammetric response at different pHs is similar to Figure 3A.6. 

Figure 3A.7 shows that the amount of N2O produced increases with increasing pH. At pH 

5.1 N2O is only produced at the start of the NO reduction and not during continuous NO 

reduction at lower potentials. Apparently, at these lower potentials N2O is not a reaction 

product. On the other hand, at pH 11.9 N2O is observed at all potentials. When the pH 

independent pathway is dominant in voltammetry, N2O is observed in the OLEMS 

measurements. When the pH dependent pathway becomes dominant, N2O is no longer 

observed. This suggests that N2O is the product of the pH independent NO reduction 

pathway. The product of the pH dependent pathway cannot be determined using 

OLEMS. The formation of N2 (m/z = 28) was not observed and NH2OH and NH3 are 

difficult to observe with OLEMS, because they are not gaseous and their fragmentation 

products have ion current intensities close to those of water. 
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Figure 3A.7 OLEMS measurements on a heme-DDAB film in saturated NO solution at 2 

mV/s. The ion current intensity for m/z = 44 (N2O) in the cathodic scan is plotted as a 

function of potential. Films were cast on PG and measurements were performed in 0.5 

M acetate, pH 5.1 (), 0.5 M phosphate, pH 7.0 (), 0.5 M borate, pH 10.2 () and 

0.5 M phosphate, pH 11.9 (). Measurements were performed under continuous NO 

bubbling through the solution. Recorded current and ion current intensity for m/z = 30 

(NO) can be found in Figure S3A.5. 
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RRDE was employed to detect the product of the pH dependent pathway. In order to 

use the Pt ring for selectivity measurements, the voltammetric responses of the possible 

products (NH2OH and NH3) and of the reactant (NO) on Pt have to be determined. 

Figure 3A.8a shows that NH2OH and NO can be easily distinguished by their respective 

oxidation and reduction waves. NH3 oxidation on the Pt ring is negligible in comparison 

to NH2OH oxidation. The voltammetric response of the Pt ring was determined during 

NO reduction on the heme-DDAB disk at Ed = -0.93 V and Ed = -1.13 V (Figure 3A.8b). 

The measurements were performed at pH 10.2, which implies that at Ed = -0.93 V only 

the pH independent pathway occurs, whereas at Ed = -1.13 V the pH dependent pathway 

also occurs. For Ed = -0.93 V a decrease of approximately 0.14 mA was observed in the 

NO reduction wave on the ring, while the current on the disk was –0.51 mA. It is known 

that on Pt NO is reduced via a one electron process to N2O
4
 and combined with the 

collection efficiency of 0.27 ± 0.03 previously reported for this electrode
32,33

 this 

confirms that the pH independent pathway also occurs via a one electron process. Hence 

N2O is the product, which is in agreement with the OLEMS results. No NH2OH 

oxidation wave was observed on the ring, which confirms that NH2OH is not a product of 

the pH independent pathway. It also shows that N2O cannot be oxidized on the Pt ring at 

potentials between 0 and 0.3 V versus SCE. At Ed = -1.13 V a clear NH2OH oxidation 

wave is observed.  This suggests that NH2OH is the main product of the pH dependent 

pathway. Since at Ed = -1.13 V part of the NO is probably still reduced by the pH 

independent pathway, no quantitative information can be derived. RRDE measurements 

at different pH’s strongly suggest that NH2OH is the product of the pH dependent 

pathway (Figure S3A.6). At lower pH’s, for which the pH dependent pathway starts at 

less negative potentials, an increase in the NH2OH oxidation wave on the ring is 

observed already at Ed = -0.93 V. At high pH, for which the pH dependent mechanism is 

not observed in voltammetry, no NH2OH oxidation wave is observed, even not at Ed = -

1.13 V. A comparison to Figure 3A.6 shows that NH2OH formation has a pH dependence 

similar to the pH dependent pathway, suggesting that NH2OH is the product of the pH 

dependent pathway. 
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Figure 3A.8 (a) anodic scans of a Pt ring in saturated NO solution (), 1 mM 

(NH3OH)2SO4 (- -), and 2 mM NH4Cl (⋅⋅⋅⋅⋅). (b) anodic scans of a Pt ring in saturated 

NO solution without a potential applied to the heme-DDAB disk (⋅⋅⋅⋅⋅), with a potential of 

–0.93 V applied to the heme-DDAB disk () and, with a potential of –1.13 V applied to 

the heme-DDAB disk (---). Measurements were performed in 0.5 M borate, pH 10.2 at a 

scan rate of 50 mV/s and a rotation rate of 16 rps. The recorded current on the heme-

DDAB disk was -0.51 mA at Ed = -0.93 V and -1.1 mA at Ed = - 1.13 V. 

 

Neither OLEMS nor RRDE can detect the formation of NH3, when NH2OH is also 

formed. To deduce whether NH2OH can react further to form NH3, the electrochemical 

reduction of NH2OH by heme-DDAB films was investigated. Since no reduction of 

NH2OH was observed (Figure S3A.7), N-O bond breaking by heme-DDAB films 
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appears to be very sluggish, making it unlikely that NH3 is a product in NO reduction by 

heme-DDAB films. This is in accordance with our previous study of NO reduction by 

adsorbed heme groups, in which we deduced that the selectivity toward NH2OH was 

100% for a pathway with a similar pH dependence.
6
 

It is known that for NO reduction on metals, N2O formation only occurs with NO 

present in solution.
3,4
 To investigate whether this is also the case for a heme-DDAB film, 

so-called NO “stripping” experiments were performed by reducing the Fe
II
-NO adduct of 

the heme-DDAB film without NO present in solution. This Fe
II
-NO adduct was formed 

by performing continuous NO reduction on the heme-DDAB film electrode for a short 

time (5 s), and subsequently transporting it to a buffer solution without NO. Figure 3A.9 

shows that NO stripping of the heme-DDAB film starts at more negative potentials than 

continuous NO reduction. The area under the stripping peak is 4.7 × 10
-10
 mol cm

-2
 

which corresponds to 2.6 electrons per heme group and implies that NH2OH is the main 

product. The fact that NH2OH and not N2O is the product suggests that NO is stripped by 

the pH dependent pathway. Apparently the pH independent pathway does not occur 

without NO present in solution similar to NO stripping on Pt, in which N2O is also not 

observed.
40
 The absence of the pH independent pathway also explains why the NO 

stripping peak starts at more negative potentials than continuous NO reduction. 
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Figure 3A.9 NO stripping voltammetry of a heme-DDAB film, scan 1 () and scan 2   

(- -), as compared to continuous NO reduction by a heme-DDAB film (⋅⋅⋅⋅⋅). 

Measurements were performed in 0.5 M phosphate, pH 7.0 at scan rate of 500 mV/s. 

 

The fact that the two NO reduction pathways result in the formation of two different 

products makes it interesting to study their respective mechanisms in more detail. Tafel 

slopes
39
 were determined for both pathways by plotting the absolute currents measured in 
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cyclic voltammetry on a logarithmic scale (Figure 3A.10). The Tafel slope for the pH 

dependent pathway was determined at pH 2.5 to minimize the influence of the pH 

independent pathway and the Tafel slope of the pH independent pathway was determined 

at pH 13.7 to minimize the influence of the pH dependent pathway. Figure 3A.10 shows 

that the pH dependent pathway has a Tafel slope of -59 mV/dec. A similar Tafel slope 

was previously observed for NO reduction by heme groups directly adsorbed on PG.
6
 

The Tafel slope of the pH independent pathway is -108 mV/dec, which is reasonably 

close to -118 mV/dec and therefore can be interpreted in terms of a mechanism in which 

an electrochemical step is rate-determining.
41
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Figure 3A.10 Absolute current density plotted on a logarithmic scale as a function of 

potential for NO reduction by a heme-DDAB film. The Tafel slope of the pH dependent 

pathway (right) was determined in 0.5 M phosphate, pH 2.5, at 64 rps (- - -) and 4 rps 

(⋅⋅⋅⋅⋅).The Tafel slope of the pH independent pathway (left) was determined in 0.5 M 

KOH, pH 13.7, at 64 rps (- - -) and 4 rps (⋅⋅⋅⋅⋅⋅). Plots are deduced from cathodic scans 

of cyclic voltammograms. Measurements were performed in saturated NO solution at a 

scan rate of 50 mV/s.  

 

The Tafel slope of -59 mV/dec observed for the pH dependent pathway suggests the 

presence of an electrochemical equilibrium prior to the rate-determining step (EC-

mechanism).
41
 This electrochemical equilibrium could be a redox couple involving the 

nitrosyl (NO) to nitroxyl (NO
-
) transformation as was observed before.

8
 We tried to 

detect the reversible peaks of such a redox couple by scanning at high scan rates to 

minimize NO reduction. At low pH we were unable to find a reversible couple for scan 

rates up to 50 V/s, which implies that the nitroxyl state is very unstable in acidic media. 

At high pH, however, a redox couple could clearly be observed for NO reduction by the 

heme-DDAB film (Figure S3A.8). The midpoint potential of this redox couple is 
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independent of pH and its value of E = -0.91 V versus SCE is in reasonable agreement 

with the value of E = -0.87 V reported by Bayachou et al.
8
 

 

3A.4 Discussion and conclusions 

Two main conclusions can be drawn from our study of myoglobin-DDAB and heme-

DDAB films and their catalytic activity for NO reduction. Firstly, immobilization of 

myoglobin and hemoglobin-DDAB films on pyrolytic graphite induces the release of 

heme resulting in the formation of heme-DDAB vesicles. Secondly, NO reduction by 

these heme-DDAB vesicles can proceed via a pH dependent and a pH independent 

pathway, resulting in the formation of NH2OH and N2O, respectively.  

Our conclusion that DDAB induces release of heme in myoglobin-DDAB films is 

based on (i) the similar voltammetric peaks observed for myoglobin-DDAB and heme-

DDAB films, (ii) the similar pH dependence of the Em of the Fe
III
/Fe

II
 couple for the 

heme-DDAB and myoglobin-DDAB films, (iii) the similar catalytic response in NO 

reduction for myoglobin-DDAB and heme-DDAB films, (iv) the shift in wavelength of 

the Soret band for myoglobin in a DDAB solution and the similar wavelengths observed 

for the Soret, Q and CT1 bands for a myoglobin-DDAB solution as compared to a heme-

DDAB solution, and (v) the observation that the voltammetric peaks are much smaller 

for DDAB films of heme proteins such as cytochrome c and HRP, in which the heme 

group is more tightly bound to the protein. 

Various other studies also showed that interactions between surfactants and myoglobin 

can induce the release of heme groups
42-44

 resulting in the incorporation of the heme 

groups in micelles.
43
 In addition, it is known that heme groups incorporated in micelles 

can exhibit a strong voltammetric response.
45-47

 Furthermore, similar redox potentials for 

the Fe
III
/Fe

II
 couple have been reported for different heme proteins incorporated in 

DDAB films
21
 and often these potentials do not correspond to the redox potentials of the 

proteins in solution.
28
 In addition, the charge under the voltammetric peaks corresponds 

to more than one protein monolayer, which combined with the fact that the peaks are 

reversible up to scan rates of more than 100 mV/s
23,28

 would suggest an almost 

improbably fast protein diffusion within the DDAB layer.  

Our results indicate that the use of UV/Vis spectroscopy on films cast on quartz or 

glass can sometimes be insufficient to determine whether the voltammetric peaks 

observed are caused by the native protein. A valuable extra control experiment is the 

comparison of the voltammetric response of the protein incorporated in the film to the 

voltammetric response of the cofactor incorporated in the same film. This control 

experiment is not only useful for heme proteins in DDAB films, but might also be of 

value for heme proteins incorporated in other films.
48-53

 

Our results show two NO reduction pathways on heme-DDAB films: a pH 

independent pathway resulting in the formation of N2O and a pH dependent pathway 

resulting in the formation of NH2OH. Although it is tempting to relate the pH dependent 

pathway to the possible Fe
II
/Fe

I
 couple, the potential of this Fe

II
/Fe

I
 couple is independent 
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of pH (data not shown) and therefore this is unlikely.  Therefore we postulate different 

mechanisms for both pathways in Figure 3A.11 based on their products and the observed 

Tafel slopes. For the pH independent pathway the Tafel slope of -108 mV/dec suggests 

that the first electron transfer is rate determining. Most likely this is the reduction of the 

Fe
II
-NO adduct formed by reaction of Fe

II
-heme with NO. Since the pathway is pH 

independent, a proton transfer is not involved in this step and hence Fe
II
-NO

-
 must be the 

product. However, a change in rate-determining step might occur at lower NO 

concentrations and under conditions where NO mass transfer is rate limiting. In these 

cases the reaction of the Fe
II
-NO

-
 adduct with NO might become rate determining. Such a 

change in rate-determining step would explain why the Fe
II
-NO/Fe

II
-NO

-
 couple can be 

observed at high scan rates at high pH. A similar change of rate-determining step with 

NO concentration has also been reported for the enzyme cytochrome P450nor.
1
 For the 

pH dependent pathway the Tafel slope of -59 mV/dec suggests an electrochemical 

equilibrium followed by a chemical rate-determining step. The electrochemical 

equilibrium could be the Fe
II
-NO/Fe

II
-NO

-
 couple and the chemical rate-determining step 

that follows might be the proton transfer that results in the formation of Fe-HNO. This is 

supported by the pH dependence of the pathway. Based on this mechanism, one would 

expect to be able to observe a Fe
II
-NO/Fe

II
-NO

-
 couple at high scan rates. Unfortunately, 

our maximum scan rate (1000 V/s) was too slow to observe the couple. This suggests that 

even though the proton transfer is rate determining, it is still very rapid at low pHs.  

 

 

Figure 3A.11. Mechanisms of the two pathways for NO reduction observed for a heme-

DDAB film casted on PG.  

 

Figure 3A.11 suggests that there are three factors that govern which NO reduction 

pathway occurs. These are the pH of the solution, which determines whether a proton 

transfer occurs to the Fe
II
-NO

-
 adduct, the NO concentration in solution, which 

determines the rate of the reaction of the Fe
II
-NO

-
 adduct with NO and the potential of 

the electrode, which determines the concentration of the Fe
II
-NO

-
 adduct. Even though 

the Fe
II
-NO

-
 adduct is an intermediate in both pathways, an increase in the concentration 
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of the Fe
II
-NO

-
 adduct can result in a change from the pH independent pathway to the pH 

dependent pathway under conditions where the reaction is limited by NO mass transfer. 

An attractive feature of the mechanisms we propose for NO reduction by heme-DDAB 

films is that they can explain the results for NO reduction by myoglobin-DDAB films 

obtained by other groups.
8,26

 We consider this as another confirmation of our conclusion 

that myoglobin-DDAB films and heme-DDAB films are equivalent. Previous studies on 

myoglobin-DDAB films show a similar interpretation of results in terms of the pH 

independent pathway, but they could not clearly explain certain parts of the results, 

which we would now ascribe to the pH dependent pathway. Firstly, it was observed in 

these studies that the reversible Fe
II
-NO/Fe

II
-NO

-
 couple could only be found at high pHs 

and that the lifetime of the Fe
II
-NO

-
 adduct decreases with pH.

8
 We can now ascribe this 

to the fact that the Fe
II
-NO

-
 adduct reacts further to NH2OH. Secondly, a second NO 

reduction wave was also observed in previous studies.
26
 This peak was ascribed to a 

second electron transfer, but we can now readily ascribe it to the pH dependent pathway. 

The fact that NH2OH was not previously reported as a product in NO reduction by a 

protein-DDAB film
8
 is probably due to the fact that the electrolysis experiments in which 

the selectivity of the reaction was determined were performed at a potential where the pH 

independent pathway dominates. 

The presence of two different NO reduction pathways has also been observed for 

heme enzymes. The cytochrome P450nor selectively reduces NO to N2O
1
, whereas the 

cytochrome c’ nitrite reductase
54
 selectively reduces nitrite to NH3. Although the 

substrate of cytochrome c’ nitrite reductase is nitrite instead of NO, the reaction occurs 

via a heme-NO intermediate similar to NO reduction by the cytochrome P450nor.  The 

different selectivity of both enzymes therefore confirms that there are at least two 

pathways in heme-NO reduction.  

The two different pathways can also explain the remarkable difference in selectivity 

previously reported for NO reduction by adsorbed heme (NH2OH) as compared to NO 

reduction by heme protein-DDAB films (N2O). For the heme-DDAB film our results 

demonstrate that NO reduction does not necessarily result in the formation of N2O, but 

can also result in the formation of NH2OH. For adsorbed heme we previously reported 

NH2OH as the main product, but we did observe N2O as a minor byproduct.
6
 This 

suggests that in both systems the two NO reduction pathways presented in Figure 3A.11 

can occur. However, both systems are also distinctly different. At pH 7 the amount of 

N2O we observed for a heme-DDAB film is more than ten times larger than the amount 

of N2O reported previously for adsorbed heme. This suggests that the specific 

surroundings of the heme group influence important parameters such as the potential of 

the Fe
II
-NO/Fe

II
-NO

-
 couple, the rate of protonation of the Fe

II
-NO

-
 intermediate, and the 

local NO concentration (which has been suggested to be higher in DDAB films than in 

aqueous buffer solutions
8
), parameters that determine the preference for one or the other 

pathway.   
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Figure S3A.1 Cyclic voltammograms of myoglobin-DDAB films prepared according to 

the procedure described in the experimental section (), prepared using 25 µl of a fresh 

solution of DDAB and filtered myoglobin (⋅⋅⋅⋅⋅⋅) and prepared using using 25 µl of a 

fresh solution of DDAB and filtered myoglobin with slow overnight drying (- - -). Films 

were cast on PG that was abraded using 40 mm Al2O3 sandpaper and were measured in 

0.1 M phosphate pH 7.0, at a scan rate of 500 mV/s.  
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Figure S3A.2 (a): UV/Vis spectra of a myoglobin (⋅⋅⋅⋅⋅⋅) and a myoglobin-DDAB () 

solution after overnight incubation at 4 °C in 0.1 M phosphate pH 7.0, 0.25 mM 

myoglobin/heme, and 2 mM DDAB. Solutions were diluted 1:25 in 0.1 M sodium acetate 

pH 7.0 immediately before UV/Vis measurement. (b): Cyclic voltammograms of a film 

cast from a myoglobin-DDAB phosphate solution of pH 7 that was dried over a period 

of 15 min () as compared to a film that was dried over a period of 2 hours (⋅⋅⋅⋅⋅⋅). 

Films were cast on PG and were measured in 0.1 M phosphate, pH 7.0, at a scan rate of 

500 mV/s. 
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Figure S3A.3 UV/VIS spectra of hemoglobin, cytochrome c and horse radish peroxidase 

in the absence (- - -) and presence of 5 mM DDAB () after incubation overnight at 4 

°C in 0.1 M sodium acetate, pH 5.0. Protein concentration: 0.25 mM. Solutions were 

diluted 1:25 in 0.1 M sodium acetate pH 5.0 immediately before UV/VIS measurement. 
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Figure S3A.4 Cyclic voltammograms of a hemin-DDAB film in 0.5 M borate, pH 10.2, 

at a rotation rate of 4 rps, 16 rps, 36 rps, and 64 rps. Measurements were performed in 

saturated NO solution at a scan rate of 50 mV/s. 
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Figure S3A.5 OLEMS measurements on a hemin-DDAB film in saturated NO solution 

at 2 mV/s. The voltammetric response, the ion current intensity for m/z = 30 (NO), and 

the ion current intensity for m/z = 44 (N2O) recorded in the cathodic scan are plotted as 

a function of potential. Films were cast on PG and measurements were performed in 0.5 

M acetate, pH 5.1 (- -), 0.5 M phosphate, pH 7.0 (⋅⋅⋅⋅⋅), 0.5 M borate, pH 10.2 () and 

0.5 M phosphate, pH 11.9 (▬). Measurements were performed under continuous NO 

bubbling through the solution.  



56                                                  Chapter 3A 
———————————————————————————————————————————— 

 

-0.8 -0.4 0.0 0.4 0.8
-1.0

-0.5

0.0

0.5 b pH 6.9

i 
/ 
m
A
 

-0.8 -0.4 0.0 0.4 0.8
-1.0

-0.5

0.0

0.5 c pH 11.9

i 
/ 
m
A
 

E /V vs. SCE

-0.4 0.0 0.4 0.8 1.2
-1.0

-0.5

0.0

0.5 a

 E
d
 = off

 E
d
 = -0.93 V

 E
d
 = -1.13 V

pH 5.1

i 
/ 
m
A
 

 
Figure S3A.6 anodic scans of a Pt ring in saturated NO solution without a potential 

applied to the heme-DDAB disk (⋅⋅⋅⋅⋅), with a potential of –0.93 V applied to the heme-

DDAB disk () and, with a potential of –1.13 V applied to the heme-DDAB disk (- - -) 

in 0.5 M acetate, pH 5.1 (a), in 0.5 M phosphate, pH 6.9 (b) and in 0.5 M phosphate pH 

11.9 (c). Measurements were performed at a scan rate of 50 mV/s and a rotation rate of 

16 rps. For pH 5.1 the cathodic scan was taken instead of the anodic scan, since NH2OH 

oxidation is partly inhibited in the anodic scan. 
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Figure S3A.7 Cyclic voltammograms of a hemin-DDAB film in the absence () and 

presence of 1 mM (NH3OH)2SO4 (⋅⋅⋅⋅⋅⋅). Measurements were performed in 0.5 M 

phosphate, pH 7.0, at a scan rate of 500 mV/s and a rotation rate of 16 rps. 
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Figure S3A.8 Cyclic voltammograms of a hemin-DDAB film in 0.5 M phosphate, pH 

11.9 (), and 0.5 M KOH, pH 13.7 (- - -) showing the existence of a [Fe-NO]
2+
/[Fe-

NO
-
]
+
 redox couple. Measurements were performed in saturated NO solution at a scan 

rate of 10 V/s. 
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Additional evidence for heme 

release in myoglobin-DDAB 

films on pyrolitic graphite* 

 

 

 

 
————————————————————————————————————————————

Abstract: In Chapter IIIA
1
 we claimed that heme release can occur in myoglobin-DDAB 

films under certain conditions. Our conclusion was based on the similar voltammetric 

response and electrocatalytic behavior of myoglobin-DDAB and heme-DDAB films. Our 

findings were challenged by Guto and Rusling,
2
 who claim that heme release does not 

occur in the pH 5-7 range. In this chapter we present additional evidence for our heme 

release hypothesis and comment on the points put forward by Guto and Rusling. Firstly, 

we show that the UV/Vis spectrum of a myoglobin-DDAB solution is virtually identical 

to that of a heme-DDAB solution. Secondly, we show that the presence of apomyoglobin 

can explain the small differences in voltammetric response between a heme-DDAB and a 

Mb-DDAB film. Thirdly, we show that the electron transfer rate properties of Mb-DDAB 

and heme-DDAB films are similar. The thin layer behavior observed in these 

experiments cannot be rationalized for intact myoglobin. All these results are in 

concordance with our heme release hypothesis. 
———————————————————————————————————————————— 
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3B.1   Introduction 

Over the last fifteen years DDAB films have been employed in the electrochemical 

study of various heme proteins.
3-9
 In Chapter IIIA

1
 we compared myoglobin-DDAB 

films to heme-DDAB films on pyrolitic graphite and noticed remarkable similarities 

between these films. From our experiments we ultimately concluded that heme release 

occurs in myoglobin-DDAB films on graphite. We based this conclusion on the 

following arguments: 

• The voltammetric responses for myoglobin-DDAB films and heme-DDAB 

films on PG are similar. 

• The pH dependence of the midpoint potential of a myoglobin-DDAB film is 

identical to the pH dependence of a heme-DDAB film over a pH range of 3-10. 

• The electrocatalytic properties of both films towards NO and NO2
-
 reduction are 

essentially identical. In both cases, we observe selective reduction of NO to 

hydroxylamine at low pH and to nitrous oxide at high pH. Also, the observed 

potential dependencies (Tafel slope etc.) are identical for both films. 

• The UV/Vis spectrum of a myoglobin-DDAB solution of pH 5.5 in the absence 

of NaBr is very similar to the UV/Vis spectrum of a heme-DDAB solution. 

• Much smaller voltammetric signals were observed for other heme proteins such 

as cytochrome c and HRP, in which the heme group is more tightly bound to 

the protein. Consistent with this observation, UV/Vis experiments showed no 

shift in Soret bands for these proteins in DDAB solution. 

The literature shows that surfactants are indeed able to induce the release of heme 

from myoglobin,
10-12

 resulting in the incorporation of these heme groups in micelles.
11
 It 

is also known that heme groups incorporated in micelles can exhibit a strong 

voltammetric response.
13-15

 

In our view the above findings provide sufficient evidence to conclude that heme 

release can occur in myoglobin-DDAB films. However, our conclusions were challenged 

by Guto and Rusling in a recent communication.
2
 They claim that heme release does not 

occur in myoglobin-DDAB films and solutions in the pH 5-7 range under any condition, 

substantiating their claim by providing additional evidence, on which we will comment 

in this chapter. To further underscore our own heme release hypothesis we present 

additional spectroscopic measurements on myoglobin-DDAB solutions and additional 

electrochemical measurements on myoglobin-DDAB films.  

 

3B.2   Experimental 

Materials. Hemin (Fluka, 98%), equine skeletal muscle myoglobin (95%-100%, 

Aldrich), equine skeletal muscle apomyoglobin (Sigma), horseradish peroxidase (Fluka) 

and didodecyldimethylammonium bromide (DDAB, 98%, Aldrich) were all used as 

received. All other chemicals were p.a. grade (Merck). Pyrolitic graphite (Carbone-
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Lorraine) was fabricated into homemade rotating disk electrodes. The geometric surface 

area of the electrodes was 0.5 cm
2
. Buffer solutions were prepared with sodium acetate 

(pH 4-6), sodium dihydrogen phosphate monohydrate (pH 2-3, 6-8.5, 11-12)) or boric 

acid (pH 8.5-10) combined with concentrated solutions of hydrochloric acid or caustic 

soda and Millipore MilliQ water (resistivity >18.2 MΩ cm).  

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 

was used for cyclic voltammetry. A homemade three-electrode cell consisting of a 

platinum flag counter electrode, a Hg|Hg2SO4 reference electrode, and a rotating ring 

disk electrode was used. All potentials in this chapter are relative to the standard calomel 

electrode (SCE). All solutions were deaerated by purging with argon for 10 min. All 

electrochemical experiments were performed at room temperature  (21 ± 2 °C).  

Preparation of protein-DDAB and heme-DDAB films. Protein-DDAB and heme-

DDAB solutions were prepared by mixing 0.5 mM protein in a 0.01 M acetate solution 

(pH 5) or 0.5 mM hemin in a 0.01 M borate solution (pH 10) with an equal volume of 

0.01 M DDAB in a 0.1 M acetate solution (pH 5). The DDAB suspension was prepared 

by ultrasonication for 3 hours.  Prior to use, the PG electrodes were abraded using 40 µm 

Al2O3 sandpaper and ultrasonicated in Millipore MilliQ water for 5 min. The electrode 

was dried in a N2 stream for 10 s. Subsequently, 5 µl of the heme/protein-DDAB 

solution was applied to the electrode. The electrode was dried for approximately 15 min 

in air, after which it was used for electrochemical experiments. 

UV/Vis spectroscopy. UV/Vis spectroscopy was performed on a Shimadzu 

Multispec-1501. Heme-DDAB and protein-DDAB solutions were incubated for a certain 

time to allow equilibration of the solution. To allow accurate absorbance measurements, 

the solutions were diluted to a heme/protein concentration of 10 µM just before 

measuring. 

 

3B.3   Results and discussion 

The effect of DDAB on myoglobin in solution as evidenced by UV/Vis 

spectroscopy.In chapter IIIA we observed that the UV/Vis spectrum of a myoglobin-

DDAB solution of pH 5.5 was practically identical to that of a heme-DDAB solutions. In 

our view this indicated that heme was released from myoglobin. On the other hand, Guto 

and Rusling claim that UV/Vis spectroscopy of myoglobin-DDAB solutions shows that 

the Soret band is always at 409 nm. They did observe shifts in the Q and CT1 bands of 

myoglobin-DDAB solutions, but these shifts were reversible upon the addition of salt. In 

their view such reversibility excludes the possibility of heme release from myoglobin 

and hence myoglobin would stay in a near-native state. 

We have not been able to reproduce Guto and Rusling’s observation that the Soret 

band always remains at 409 nm. Figure 3B.1 shows that in our experiments the Soret 

band of a myoglobin-DDAB solution of pH 5 shifts to a wavelength of 396 nm. The 

entire spectrum is essentially identical to that of a heme-DDAB solution of pH 5, which 

implies that the heme group in the myoglobin-DDAB solution is in the same 
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environment as in the heme-DDAB solution. A straightforward explanation for this 

observation is heme release from the protein. For a myoglobin-DDAB solution of pH 6 

the situation is different. The Soret band has decreased in intensity, but can still be found 

at 409 nm. We also see several CT1 and Q bands. This suggests that both native and 

heme-released myoglobin are present in solution. Results at this pH are similar to the 

results published by Guto and Rusling, which were measured at the same pH.
2
 This 

shows that the pH of the solution has a strong effect on the heme-release process as we 

already stated in chapter IIIA.
1
 In Chapter IIIA measurements were performed at pH 5.5, 

and the Soret band was found at 406 nm, which is indicative of the presence of a small 

amount of native myoglobin. 
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Figure 3B.1  UV/Vis spectra of myoglobin (⋅⋅⋅⋅⋅), myoglobin-DDAB (▬) and heme-

DDAB () after 1.5 hour incubation at 4 °C in 0.05 M sodium acetate pH 5.0, using 

0.25 mM myoglobin/hemin, and 5 mM DDAB. Another myoglobin-DDAB solution was 

incubated at pH 6.0 (- - -). Solutions were diluted 1:50 in 0.01 M sodium acetate pH 5.0 

immediately before UV/Vis measurement. 

 

It was argued by Guto and Rusling that the observed reversibility in the shifts of the Q 

and CT1 bands upon the addition of salt would exclude the possibility of heme release. 

However, it is known from the literature that heme can recombine with apomyoglobin to 

form myoglobin.
16-19

 The addition of salt can be the driving force to trigger this 

recombination. This is shown in Figure 3B.2 where we have added apomyoglobin to a 

heme-DDAB solution and subsequently added salt. For the solution without salt, the 

presence of apomyoglobin does not significantly change the spectrum compared to a 

heme-DDAB solution, which indicates that under these conditions the heme released 

state is thermodynamically the most stable. However, upon the addition of salt the Soret, 

Q and CT1 bands start to shift resulting in a spectrum that is similar to that of 
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myoglobin. This indicates that the addition of salt makes heme-recombined myoglobin 

the thermodynamically most stable state. These results confirm the observations in 

Chapter IIIA that salt is able to stabilize myoglobin and also show that heme release is 

reversible. We do not claim that myoglobin unfolds or denatures, since heme release 

does not have to be accompanied by unfolding of apomyoglobin.
20,21

 The presence of 

apomyoglobin in a native conformation can explain why circular dichroism signals were 

observed for myoglobin-DDAB films.
2
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Figure 3B.2  UV/Vis spectra of myoglobin (⋅⋅⋅⋅⋅), heme-DDAB with added apomyoglobin 

(▬) and heme-DDAB with added apomyoglobin and 50 mM NaBr () after overnight 

incubation at 4 °C in 0.05 M sodium acetate pH 5.0, using 0.25 mM myoglobin/hemin, 

0.25 mM apomyoglobin and 5 mM DDAB. The myoglobin-DDAB solution was also 

incubated at pH 6.0 (- - -). Solutions were diluted 1:50 in 0.01 M sodium acetate pH 5.0 

immediately before UV/Vis measurement. 

 

Electrochemical measurements of myoglobin in DDAB films on pyrolitic 

graphite. In Chapter IIIA the conclusion that heme release occurs in myoglobin-DDAB 

films was drawn primarily on the observation that myoglobin-DDAB films and heme-

DDAB films behave similar electrochemically. Guto and Rusling challenged this 

conclusion by claiming that there are significant differences between the voltammetric 

response of myoglobin-DDAB films and heme-DDAB films. 

There are indeed small differences in redox potential and peak shapes between 

myoglobin-DDAB and heme-DDAB films. However, these small differences can be 

explained by the presence of apomyoglobin in the heme-released myoglobin-DDAB 

films. It is known from literature that the presence of myoglobin affects the structure of 

aggregates of cationic surfactants,
12
 and hence it might also have an influence on the 

midpoint potentials. Figure 3B.3 shows the voltammogram of a film cast from a heme-
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DDAB solution with added apomyoglobin compared to the voltammograms of a heme-

DDAB film and a myoglobin-DDAB film. The solutions from which the films were cast 

were pH 5 without salt and hence no heme-apomyoglobin recombination takes place 

(Figure 3B.2). The heme-DDAB with added apomyoglobin film gives essentially the 

same result as the myoglobin-DDAB film, which confirms that the differences between 

Mb-DDAB films and heme-DDAB films can be explained by the presence of 

apomyoglobin.  

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
-0.15

-0.10

-0.05

0.00

0.05

0.10

 Heme-DDAB

 Heme-DDAB+apo-Mb

 Mb-DDAB

i 
/ 
m
A
 

E /V vs. SCE

 
Figure 3B.3 Cyclic voltammograms for films cast from a heme-DDAB solution (- - -), a 

heme-DDAB solution with apomyoglobin () and a myoglobin-DDAB solution (⋅⋅⋅⋅⋅⋅).  

Solutions contain 0.25 mM myoglobin or hemin and 5 mM DDAB in 0.05 M sodium 

acetate pH 5.0 and 0.25 mM apomyoglobin where applicable. Films were dried over a 

period of 15 min. Films were cast on PG and were measured in 0.1 M acetate, pH 5.0, at 

a scan rate of 500 mV/s. 

 

To provide additional evidence for the similarity between myoglobin-DDAB films 

and heme-DDAB films and hence for the heme release hypothesis we have determined 

the electron transfer rate constants between the electrode and the heme group for both 

films. This was done by measuring voltammograms at varying scan rates, as shown in 

Figure 3B.4. From the anodic and cathodic peak potentials of the Fe
III
/Fe

II
 redox 

transition of these voltammograms Trumpet plots
22
 were constructed (Figure 3B.5). 

From these plots the electron transfer rate constants between the heme group and the 

electrode can be extracted employing Laviron’s theory.
23
 The rate constants are 97 s

-1
 

and 68 s
-1
 for Mb-DDAB and heme-DDAB, respectively.  
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Figure 3B.4 Cyclic voltammograms for films cast from a Mb-DDAB solution at 5 V/s 

(⋅⋅⋅⋅⋅⋅), 20 V/s (- - -) and 70 V/s (). The casting solution contained 0.25 mM 

myoglobin/hemin and 5 mM DDAB in 0.05 M sodium acetate pH 5.0. Films were cast on 

PG and were measured in 0.5 M acetate, pH 5.0, at a scan rate of 500 mV/s. Measured 

currents were divided by scan rate to allow for comparison between different scan rates. 
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Figure 3B.5 Trumpet plots for heme-DDAB (▼) and Mb-DDAB (●) films on pyrolitic 

graphite. Films were cast from solutions containing 0.25 mM myoglobin or hemin and 5 

mM DDAB in 0.05 M sodium acetate, pH 5.0, and were dried over a period of 15 min. 

Cathodic and anodic peak potentials were determined from voltammograms that were 

recorded in 0.5 M acetate, pH 5.0, at a scan rate of 500 mV/s. The corresponding 

electron transfer rates are also reported. One of the Mb-DDAB films (○) was cast from a 

Mb-DDAB solution in 0.05 M phosphate, pH 7. This film was dried slowly over a period 

of 4 hours. The voltammograms for this film were recorded in 0.5 M phosphate, pH 7.0. 
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The similar rate constants for the myoglobin-DDAB and heme-DDAB films indicate 

that both films behave similarly and hence support the heme release hypothesis. 

Additionally, the observed behavior is typical of a thin film, as is reflected in the peak 

shape (Figure 3B.4) and the linear dependence of peak potential on the logarithm of scan 

rate (Figure 3B.5), and this behavior cannot be rationalized for a film containing native 

myoglobin. Thin layer behavior implies that no diffusion of protein molecules is 

involved. The charge under the voltammetric Fe
III
/Fe

II
 corresponds to a protein coverage 

of approximately 0.4 nmol cm
-2
, consistent with results reported by Nassar.

24
 If one takes 

into account that a monolayer of small protein molecules corresponds to approximately 

10-15 pmol cm
-2
 as has been reported for cytochrome c on gold,

25-28
 we can deduce that 

at least 30 monolayers of myoglobin with a thickness of at least 100 nm have to be in 

direct electronic contact with the electrode. Since electrons can only tunnel at significant 

rates through proteins over a distance of approximately 1.4 nm,
29
 this seems highly 

unlikely. One could argue that the electrons hop from one myoglobin to the next; 

however this explanation can be discarded, since this behavior would be equivalent to 

diffusion in voltammetry.
30
 On the other hand, heme release readily explains the high 

coverage and the high electron transfer rate constant. Heme is a relatively small 

molecule (compared to a protein) and hence much higher coverages per monolayer can 

be obtained. This implies that only 1-2 monolayers of heme have to be in direct contact 

with the electrode. This is supported by the fact that the observed total coverage is of the 

same order of magnitude as coverages observed for adsorbed heme.
31
 Hence the distance 

between the electrode and the heme groups remains below 1.4 nm, which allows for 

rapid electron transfer.  

We have to add that the thin layer behavior we observe is different from the diffusion 

controlled behavior previously reported for thick Mb-DDAB films,
8
 but seems to be 

consistent with the behavior reported for thin Mb-DDAB films.
24
 Currently we have no 

explanation for the apparent discrepancy between thin and thick films. For this a more 

detailed understanding about the structural properties of DDAB films on pyrolitic 

graphite is necessary. It has been suggested that there are potential-induced phase 

transitions occurring in the film,
32
 which could explain observations such as the 

irreversibility in the Fe
III
/Fe

II
 couple.

1
  

The discussion above concerns films, which are cast from solutions for which we are 

convinced that heme release occurs (pH 5, no salt). In our view the evidence that heme 

release occurs in these films is conclusive. However, does heme release also occur in 

films cast on pyrolitic graphite from solutions where myoglobin retains a native 

conformation (solutions of high pH (>7) or solutions containing salt)? In Chapter IIIA 

we concluded that heme release does indeed also occur for these films, which we based 

on the similar electrochemical response of films cast from solutions with or without salt. 

As additional evidence for this hypothesis we have determined the electron transfer rate 

constant for a film cast from a myoglobin-DDAB solution of pH 7 (Figure 3B.5), which 

is 78 s
-1
. Based on the similarity of this rate constant to the rate constant of a heme-

DDAB film we conclude that heme release also occurs in this film. 
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Apparently pyrolitic graphite is able to enhance the heme release process in the 

presence of DDAB. This can be rationalized based on the strong affinity of pyrolitic 

graphite to adsorb heme. Our UV/Vis measurements indicate that heme release is a 

reversible process, which implies that heme release occurs under all conditions. 

However, in solutions that are of high pH or that contain salt heme-apomyoglobin 

recombination keeps most of the myoglobin in its native state. On graphite the small 

amount of released heme can be adsorbed irreversibly to the electrode, which impedes 

heme-apomyoglobin recombination. Hence, heme will be slowly released from 

myoglobin and will adsorb on the electrode as is also reflected in the influence of film 

drying time on peak height (Figure 3B.6). No recombination with apomyoglobin occurs 

as the adsorbed heme is highly stable; heme release therefore only occurs on surfaces 

that have a strong affinity to adsorb heme. On surfaces such as quartz and glass 

spectroscopy has shown that myoglobin retains a native conformation in the DDAB 

films.
8
 Spectroelectrochemical results on tin-doped indium oxide (ITO) also show that 

native ferric myoglobin can be converted to the native ferrous form in myoglobin-DDAB 

films.
33
 In the studies in which these experiments were performed it was assumed that 

the fact that myoglobin retains its native conformation in DDAB films on these surfaces 

would imply that myoglobin also retains its native conformation in DDAB films on 

pyrolitic graphite, an assumption which we consider untenable in the light of the above 

observations. 
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Figure 3B.6 Cyclic voltammograms of a film cast from a myoglobin-DDAB phosphate 

solution of pH 7 that was dried over a period of 15 min () as compared to a film that 

was dried over a period of 2 hours (⋅⋅⋅⋅⋅⋅). Films were cast on PG and were measured in 

0.1 M phosphate, pH 7.0, at a scan rate of 500 mV/s. 
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HRP-DDAB films on pyrolitic graphite. There has been some controversy about 

HRP-DDAB films on pyrolitic graphite. In Chapter IIIA we reported our inability to 

obtain significant voltammetric peaks for HRP-DDAB films, which we ascribed to the 

fact that the heme is more tightly bound in HRP than in Mb. Guto and Rusling found 

reversible voltammetric peaks for HRP-DDAB films. In their view this new observation 

contradicts our heme release hypothesis. 

As shown in Figure 3B.7, we have been able to obtain voltammetric peaks for HRP-

DDAB films that are comparable to the peaks observed by Guto and Rusling.
2
 Based on 

the similar peak potentials compared to a heme-DDAB film, we think that heme release 

also occurs for this HRP-DDAB film. The peaks are larger than in Chapter IIIA due to 

longer drying times, which is another indication that slow heme release occurs. 

However, compared to the peaks we observe for a myoglobin-DDAB film, the peaks for 

the HRP-DDAB film are almost negligible, with a heme coverage of approximately 15 

pmol cm
-2
. This is an indication that heme release from HRP is more difficult than from 

myoglobin. 
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Figure 3B.7 Cyclic voltammograms of a film cast from a HRP-DDAB acetate solution of 

pH 5 that was slowly dried overnight. Film was cast on PG and was measured in 0.01 M 

phosphate, pH 5.0, at a scan rate of 500 mV/s. 
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3B.4 Conclusions 

In conclusion, we are still convinced that heme release has occurred in all the 

myoglobin-DDAB films on pyrolitic graphite we investigated. We believe heme release 

provides a straightforward and consistent explanation for the electrochemical data in this 

chapter.
1
 However, we do not claim that heme release occurs in all protein-DDAB films, 

or that only released heme can give a voltammetric response. Whether heme release 

occurs depends on many factors which include the protein properties, the electrode 

material, the pH and salt concentration of the casting solution, the drying time and 

possibly also the DDAB and protein concentrations. Heme release is a process that can 

occur and that should be reckoned with when working with heme-protein-DDAB films. 

Therefore the performance of control experiments is essential. In the case of pyrolitic 

graphite only electrochemical control experiments can be employed, since it is difficult 

to do spectroscopy on a strongly light absorbing surface. These control experiments 

include the comparison of the midpoint potentials, the electrocatalytic behavior and the 

electron transfer rate constant to a heme-DDAB film.  

 

3B.5 References 
1.  de Groot, M. T.; Merkx, M.; Koper, M. T. M., J. Am. Chem. Soc. 2005, 127, 

16224-16232. 

2.  Guto, P. M.; Rusling, J. F., Electrochem. Comm. 2006, 8, 455-459. 

3.  Chen, X.; Xie, H.; Kong, J.; Deng, J., Biosens. Bioelectron. 2001, 16, 115-120. 

4.  Fleming, B. D.; Tian, Y.; Bell, S. G.; Wong, L.-L.; Urlacher, V.; Hill, H. A. O., 

Eur. J. Biochem. 2003, 270, 4082-4088. 

5.  Immoos, C. E.; Chou, J.; Bayachou, M.; Blair, E.; Greaves, J.; Farmer, P. J., J. 

Am. Chem. Soc. 2004, 126, 4934-4942. 

6.  Lu, Z.; Huang, Q.; Rusling, J. F., J. Electroanal. Chem. 1997, 423, 59-66. 

7.  Oku, Y.; Ohtaki, A.; Kamitori, S.; Nakamura, N.; Yohda, M.; Ohno, H.; 

Kawarabayasi, Y., J. Inorg. Biochem. 2004, 98, 1194-1199. 

8.  Rusling, J. F.; Nassar, A. E. F., J. Am. Chem. Soc. 1993, 115, 11891-7. 

9.  Zhang, Z.; Nassar, A.-E. F.; Lu, Z.; Schenkman, J. B.; Rusling, J. F., J. Chem. 

Soc., Faraday Trans. 1997, 93, 1769-1774. 

10.  Blauer, G.; Harmatz, D.; Zvilichovsky, B., FEBS Lett. 1973, 34, 344-6. 

11.  Kanti Das, T.; Mazumdar, S.; Mitra, S., Journal of the Chemical Society, 

Chemical Communications 1993, 1447-8. 

12.  Tofani, L.; Feis, A.; Snoke, R. E.; Berti, D.; Baglioni, P.; Smulevich, G., 

Biophys. J. 2004, 87, 1186-1195. 

13.  Das, D. K.; Bhattaray, C.; Medhi, O. K., J. Chem. Soc., Dalton Trans. 1997, 

4713-4718. 

14.  Das, D. K.; Medhi, O. K., J. Inorg. Biochem. 1998, 70, 83-90. 

15.  Das, D. K.; Medhi, O. K., J. Chem. Soc., Dalton Trans. 1998, 1693-1698. 

16.  Sono, M.; Smith, P. D.; McCray, J. A.; Asakura, T., J. Biol. Chem. 1976, 251, 

1418. 

17.  Sono, M.; Asakura, T., J. Biol. Chem. 1975, 250, 5227. 



72                                          Chapter 3B 
———————————————————————————————————————————— 

 

18.  Smith, M. L.; Ohlsson, P. I.; Paul, K. G., Dev. Biochem. 1982, 23, 601. 

19.  Alston, K.; Storm, C. B., Biochemistry 1979, 18, 4292. 

20.  Hargrove, M. S.; Krzywda, S.; Wilkinson, A. J.; Dou, Y.; Ikeda-Saito, M.; 

Olson, J. S., Biochemistry 1994, 33, 11767. 

21.  Barrick, D.; Baldwin, R. L., Biochemistry 1993, 32, 3790. 

22.  Armstrong, F. A., J. Chem. Soc., Dalton Trans. 2002, 661-671. 

23.  Laviron, E., J. Electroanal. Chem. 1979, 101, 19. 

24.  Nassar, A.-E. F.; Zhang, Z.; Hu, N.; Rusling, J. F.; Kumosinski, T. F., J. Phys 

Chem. B 1997, 101, 2224-2231. 

25.  Avila, A.; Gregory, B. W.; Niki, K.; Cotton, T. M., J. Phys Chem. B 2000, 104, 

2759. 

26.  Chen, X.; Ferrigno, R.; Yang, J.; Whitesides, G. M., Langmuir 2002, 18, 7009. 

27.  Clark, R. A.; Bowden, E. F., Langmuir 1997, 13, 559. 

28.  Feng, Z. Q.; Imabayashi, S.; Kakiuchi, T.; Niki, K., J. Chem. Soc., Faraday 

Trans. 1997, 93, 1367. 

29.  Page, C. C.; Moser, C. C.; Chen, X.; Dutton, P. L., Nature 1999, 402, 47. 

30.  Bard, A. J.; Faulkner, L. R., Electrochemical Methods: Fundamentals and 

Applications. In Electrochemical Methods: Fundamentals and Applications, 2 

ed.; John Wiley & Sons: New York, 1980; pp 311-367. 

31.  de Groot, M. T.; Merkx, M.; Koper, M. T. M., J. Am. Chem. Soc. 2005, 127, 

7579-7586. 

32.  Boussaad, S.; Tao, N. J., J. Am. Chem. Soc. 1999, 121, 4510-4515. 

33.  Nassar, A.-E. F.; Bobbitt, J. M.; Stuart, J. D.; Rusling, J. F., J. Am. Chem. Soc. 

1995, 117, 10986-93. 

 

 



————————————————————————————————————————————— 

Chapter 4 
————————————————————————————————————————————— 

* The contents of this chapter have been published: de Groot, M.T.; Merkx, M.; Koper, M.T.M., J. 
Biol. Inorg. Chem. 2007, in press 

 
Evidence for heme release in 
layer-by-layer assemblies of 

myoglobin and 
polystyrenesulfonate on pyrolitic 

graphite* 

 

 

 
 

———————————————————————————————————————————— 
Abstract:  Layer-by-layer assemblies of myoglobin and polystyrenesulfonate (PSS) on 

pyrolitic graphite have been investigated with the goal of determining the origin of the 

voltammetric response of these films. Based on the similar midpoint potential, coverage 

and electron transfer behavior compared to adsorbed heme, it was concluded that the 

observed voltammetric peak is due to heme adsorbed at the electrode surface. This 

suggests that the interactions between the pyrolitic graphite electrode, PSS and 

myoglobin can result in heme release from the protein followed by heme adsorption on 

the electrode. 
———————————————————————————————————————————— 
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4.1 Introduction 

The immobilization of redox proteins on electrodes is a topic of active research both 
for obtaining a better mechanistic understanding of enzyme catalysis1 and for the 
development of biosensors.2 However, for the successful immobilization of a redox 
protein certain challenges have to be overcome. Firstly, the interactions between the 
protein and the electrode should be sufficient for immobilization, but should not 
significantly affect the tertiary structure of the protein. Secondly, in order to obtain 
electron transfer between the electrode and the redox group of the protein, the distance 
between them should not be much greater than 14 Å, the maximum observed for electron 
transfer between two redox centers in proteins.3 To overcome these challenges a wide 
variety of methods using covalent, electrostatic or hydrophobic interactions on numerous 
electrode materials including gold, silver, indium oxide and pyrolitic graphite have been 
investigated.4  

The extent to which an immobilization method affects the protein’s properties can be 
probed in different ways. On gold, silver and indium oxide electrodes spectroscopic 
techniques such as Surface-Enhanced Resonance Raman Spectroscopy (SERRS)5 and 
Surface-Enhanced Infrared Difference Adsorption Spectroscopy (SEIDAS) can be 
employed.6 With these techniques it has e.g. been shown that cytochrome c retains a 
near-native conformation on carboxylic acid-terminated self-assembled monolayers,7 
whereas it undergoes significant conformational changes on bare metal electrodes.5,8,9 On 
“dark” materials such as graphite spectroscopic measurements are difficult and therefore 
one has to rely largely on indirect electrochemical evidence. This includes the 
comparison of properties such as midpoint potential and enzymatic activity to the protein 
in solution10-12 and the determination whether the observed coverage and electron transfer 
behavior are typical of a protein.13,14 Using this kind of indirect evidence we have shown 
that myoglobin in films of didodecyldimethylammonium bromide (DDAB) on pyrolitic 
graphite can undergo heme release under certain conditions,15,16 although our conclusions 
were disputed by Guto and Rusling.17 Another case in which partial or complete heme 
removal from myoglobin has been suggested is for myoglobin in agarose hydrogel films 
in ionic liquids.18 

In this chapter we investigate layer-by-layer assemblies19 of myoglobin and 
polystyrenesulfonate (PSS) on pyrolitic graphite.20 It has been claimed that there is fast 
direct electron transfer between the electrode and the protein molecules in these 
assemblies and therefore these assemblies are interesting for mechanistic studies of redox 
enzymes and for use as biosensors.  They can be made by alternately adsorbing 
negatively charged PSS and positively charged myoglobin.21-25 Our goal was to 
determine whether the observed electrochemical response of these assemblies is due to 
the native protein or to a partially or completely denatured protein. We did this by 
comparing the electrochemical properties of the immobilized myoglobin to the properties 
of myoglobin in solution and to immobilized heme, a possible denaturation product.  

 



Evidence for heme release in layer-by-layer assemblies                    75 
————————————————————————————————————————————— 

 

4.2 Materials and Methods 

Materials. Horse heart myoglobin (>90%, Aldrich), poly(sodium styrenesulfonate) 
(MW ∼ 70,000, Aldrich), poly(diallyldimethylammoniumchloride) (MW ∼ 200.000-
350.00, Aldrich) and hemin (Fluka, 98%) were used as received. All other chemicals 
were p.a. grade. Buffer solutions were prepared with sodium acetate (pH 5.5), sodium 
dihydrogen phosphate monohydrate (pH 6-8) and boric acid (pH 9-10) combined with 
concentrated solutions of hydrochloric acid or sodium hydroxide and Millipore MilliQ 
water (resistivity > 18.2 MΩ cm). The concentration of the buffer was 0.1 M in all 
experiments, except for the electron transfer rate constant experiments where the buffer 
concentration was 3.0 M. Pyrolitic graphite (Carbone-Lorraine) was fabricated into 
homemade rotating ring-disk electrodes.26,27 The geometric surface area of the electrodes 
was 0.5 cm2. In the electron transfer rate constant experiments the surface area of the 
electrode was reduced by taping off part of the surface, in order to reduce the ohmic 
drop. 

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 
was used for cyclic voltammetry. A homemade three-electrode cell consisting of a 
platinum flag counter electrode, a Hg|Hg2SO4 reference electrode and a pyrolitic graphite 
rotating disk working electrode was employed. All potentials in this paper are relative to 
the standard hydrogen electrode (SHE). All solutions were deaerated by purging with 
argon for 15 min. All electrochemical experiments were performed at room temperature. 

Preparation of (Mb-PSS)n multilayer on pyrolitic graphite. Prior to use, the 
pyrolitic graphite (PG) electrode was abraded using P1000 SiC sandpaper and 
ultrasonicated in Millipore MilliQ water for 1 min. The electrode was dried in a N2 
stream for 5 sec. Subsequently, the electrode was immersed in 120 µM Mb in a 0.1 M 
acetate solution, pH 5.5, for 10 min. After being washed with water the electrode was 
then immersed in 3 mg/ml PSS in a 0.1 M acetate solution, pH 5.5, containing 0.5 M 
NaCl for 10 minutes. This cycle was repeated to make multilayer assemblies.  

Preparation of adsorbed heme on pyrolitic graphite. A 0.5 mM hemin solution was 
prepared by dissolving 1.6 mg hemin in 5 ml of a 0.01 M borate solution, pH 11, since 
hemin only dissolves in alkaline solution. Prior to use, the pyrolitic graphite (PG) 
electrode was abraded using P1000 SiC sandpaper and ultrasonicated in Millipore MilliQ 
water for 1 min. The electrode was dried in a N2 stream for 5 sec. The electrode was 
immersed in the hemin solution for 10 min to saturate the surface with hemin,28,29 after 
which the electrode was rinsed with water. 

Preparation of a PDDA-PSS-heme-PDDA-PSS later on pyrolitic graphite. Prior 
to use, the pyrolitic graphite (PG) electrode was abraded using P1000 SiC sandpaper and 
ultrasonicated in Millipore MilliQ water for 1 min. The electrode was immersed in 3 
mg/ml poly(diallyldimethylammoniumchloride) (PDDA) in 0.1 M acetate solution, pH 
5.5, containing 0.5 M NaCl for 10 min.. After being washed with water the electrode was 
then immersed in a 3 mg/ml PSS 0.1 M acetate solution, pH 5.5, containing 0.5 M NaCl 
for 10 min. Subsequently, the electrode was immersed in a 0.5 mM hemin 0.01 M borate 
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solution, pH 11, for 30 min. This was followed by 10 min immersion in the PDDA 
solution and 10 min immersion in the PSS solution. 

 

4.3 Results  

Figure 4.1 shows the voltammetric response of a layer-by-layer assembly of PSS and 
myoglobin on pyrolitic graphite, which has been grown by alternately adsorbing 
negatively charged PSS and positively charged myoglobin, both buffered at pH 5.5. The 
voltammetric peak corresponds to the FeIII/FeII redox transition of the protein’s heme 
group. The charge under the voltammetric peaks increases with the number of layers, 
corresponding to a coverage of approximately 2.6 × 10-10 mol⋅cm-2 for a {Mb-PSS}6 
multilayer. The midpoint potential is -0.04 ± 0.01 V versus SHE and the peak separation 
is 120 ± 10 mV. All these properties are in reasonable agreement with results in the 
literature24 and show that we have prepared similar films.  
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Figure 4.1 Cyclic voltammograms of a pyrolitic graphite electrode after alternate 

adsorption from a 120 µM Mb solution and a 3 mg/ml PSS solution, both buffered at pH 

5.5. Voltammetry at a scan rate of 500 mV/s was performed in 0.1 M acetate, pH 5.5. 

The number of Mb-PSS layers is indicated by the number in the graph.   

 

The determined midpoint potential significantly differs from the midpoint potential of 
myoglobin in solution, which is 0.06 V vs. SHE at pH 5.5.30,31 This could be related to 
either a change in the heme environment of the protein or to a local electric field, as has 
been reported for cytochrome c immobilized on carboxylic acid-terminated SAMs.32-35 
To obtain more insight into the effect of the immobilization, we determined the midpoint 
potential over a broad pH range and compared it to myoglobin in solution (Figure 4.2). 
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The figure reveals large differences between immobilized Mb and Mb in solution of 
more than 250 mV above pH 9. This is significantly more than the maximum shift of 70 
mV reported between immobilized cytochrome c and cytochrome c in solution. It is 
unlikely that such a large shift is solely due to an electric field, suggesting that at least 
part of the difference is due to an altered heme environment.  
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Figure 4.2 Midpoint potentials of a {PSS/Mb}6 multilayer film on pyrolitic graphite (▼) 

as a function of pH compared to myoglobin in solution (●) 
30
 and adsorbed hemin on 

pyrolitic graphite (∆). Buffer: 0.1 M acetate, phosphate or borate; scan rate = 500 mV/s. 

 

In previous studies on myoglobin-DDAB films on pyrolitic graphite we discovered 
that heme release can occur in these films, and that the observed electrochemical 
response was in fact due to isolated heme.15,16 To determine whether a similar process 
occurs in the {Mb-PSS}6-multilayer film we compared the voltammetric response of the 
multilayer film to the voltammetric response of adsorbed hemin at pH 5.5 (Figure 4.3) 
and to the voltammetric response of heme in a film of positively and negatively charged 
polymers. Direct comparison to a heme-PSS film is not possible, since the negatively 
charged PSS only adsorbs on the electrode when there is an electrostatic interaction with 
a positively charged polymer such as myoglobin. Figure 4.3 shows similarities and 
differences between the {Mb-PSS}6-multilayer and adsorbed heme.  The coverage (4.0 × 
10-10 mol⋅cm-2) and midpoint potential (-0.03 V ± 0.01 vs SHE) of adsorbed heme are 
comparable to a {Mb-PSS}6 multilayer. Especially the latter is striking, since the 
midpoint potential is determined by the heme environment and this is significantly 
different in adsorbed heme compared to myoglobin. To further investigate this similarity, 
we determined the midpoint potentials of both films over the pH 5-10 range (Figure 4.2). 
A very close correspondence was found, which suggests that the voltammetric response 
of the {Mb-PSS}6 multilayer is caused by an electroactive group that closely resembles 
adsorbed heme. However, Figure 4.3 also shows a distinctly different peak shape and 
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lower peak separation (20 mV) for adsorbed heme compared to the {Mb-PSS}6 
multilayer. To determine whether this might be related to the presence of PSS in the 
{Mb-PSS}6 multilayer, we incorporated heme in a multilayer of positively charged 
poly(diallyldimethylammoniumchloride) (PDDA) and negatively charged PSS. It 
appeared that the presence of both charged polymers induces a peak separation of 115 
mV, which is comparable to the peak separation of 120 mV observed for a {Mb-PSS}6 
multilayer. This suggests that the presence of PSS can indeed cause an increased peak 
separation. The PDDA-PSS multilayer also induces a 30 mV shift in midpoint potential 
compared to adsorbed heme. Nevertheless, the pH dependence of the midpoint potential 
of heme incorporated in the PDDA-PSS multilayer is comparable to adsorbed heme (data 
not shown). 
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Figure 4.3 Cyclic voltammograms of adsorbed heme (—), a {Mb-PSS}6 multilayer (▬) 

and a PDDA-PSS-heme-PDDA-PSS layer (⋅⋅⋅⋅⋅) on pyrolitic graphite. Voltammetry at a 

scan rate of 500 mV/s was performed in 0.1 M acetate, pH 5.5.  

 

To learn more about the properties of a {Mb-PSS}6 multilayer, we tried to determine 
the electron transfer rate constant between the electrode and the heme group. This was 
done by measuring voltammograms at increasing scan rates. The anodic and cathodic 
peak potentials should start to shift with increasing scan rate, since the electron transfer 
cannot “keep up” with the high scan rate. From the dependence of peak separation on 
scan rate it is possible to calculate the electron transfer rate constants employing 
Laviron’s theory.36 However, Figure 4.4 shows that in the case of a {Mb-PSS}6-
multilayer, the peak separation does not shift with increasing scan rates. At 50 V s-1 the 
peak separation is still the same as at 500 mV s-1, namely 130 mV. Measuring at higher 
scan rates is possible, but due to a significant ohmic drop it becomes difficult to 
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accurately determine the peak potentials. Therefore, we were unable to determine the 
exact electron transfer rate constant. However, based on the fact that no significant 
increase in peak separation is observed at 50 V s-1 we can deduce that the electron 
transfer rate constant is at least 500 s-1. Such a high electron transfer rate constant is not 
expected for a multilayer system where the large size of the myoglobin molecules implies 
that electrons have to tunnel over long distances in order to enable electron transfer 
between two protein molecules. Also, direct electron transfer between the electrode and 
the outer protein layers at this high rate seems unlikely, since the distance well exceeds 
14 Å, the maximum for fast electron transfer between two redox centers in proteins.3 
Moreover, one would expect diffusion controlled behavior, similar to what has been 
observed for layer-by-layer assemblies of cytochrome c and poly(anilinesulfonic) acid 
(PASA).37,38 Therefore, it seems more likely that the electroactive response is caused by 
a redox-active group which is close to the electrode, possibly adsorbed heme. We tried to 
determine the electron transfer rate constant for adsorbed heme, but similar to the {Mb-
PSS}6-multilayer, the peak separation did not increase with increasing scan rate up to 50 
V s-1 (data not shown). This implies that the electron transfer rate constant again exceeds 
500 s-1. This agrees with a previous study for heme adsorbed on glassy carbon, in which 
a rate constant of 4.9 x 103 s-1 was found employing potential-modulated UV-vis 
reflectance spectroscopy.39 The similarity between the {Mb-PSS}6-multilayer and 
adsorbed heme again suggests that part of the myoglobin in the multilayer system 
undergoes heme release, which is followed by subsequent heme adsorption. 
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Figure 4.4 Cyclic voltammograms of a {Mb-PSS}6 multilayer on pyrolitic graphite in 3.0 

M acetate, pH 5.5 at 10 V/s (—), 20 V/s (▬) and 50 V/s (⋅⋅⋅⋅⋅). Measured currents were 

divided by scan rate to allow for comparison between different scan rates.  
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Although the poor reflection of the pyrolitic graphite electrode makes it difficult to do 
spectroscopy, one can gain interesting information by simple visible inspection. During 
the layer-by-layer formation, the color of the electrode becomes more brownish as can be 
seen in Figure 4.5. This is due to the combination of multiple myoglobin layers which 
adsorb visible light. The darkening can therefore be used as a crude tool to determine 
whether the {Mb-PSS}n multilayer formation indeed occurs. In contrast, no significant 
darkening is observed when free heme is adsorbed on the electrode, since the monolayer 
coverage is too low to be visually observed. 

 

 

Figure 4.5 Photos of the pyrolitic graphite electrode before and after a {Mb-PSS}6 

multilayer has formed on the electrode. A photo of the electrode after a 10 minute 

immersion in a 0.1 M pH 9 borate solution is also given. 

 

Interestingly, when a {Mb-PSS}6 multilayer electrode is immersed in a 0.1 M borate 
solution of pH 9 for 10 minutes, the brownish color disappears from the electrode 
(Figure 4.5). This indicates that the multilayer is desorbed from the electrode, which can 
be explained by the fact that at pH 9 myoglobin becomes negatively charged (pI = 
7.35)40 and hence the electrostatic interaction with the negatively charged PSS becomes 
repulsive. If the voltammetric response were due to the myoglobin in the multilayer, one 
would expect that this would also result in the disappearance of the voltammetric peaks. 
However, Figure 4.6, which shows the voltammetric response after immersion in a pH 
9.0 solution and subsequent reimmersion in a pH 5.5 solution, shows that this is not the 
case. The coverage decreases, but large voltammetric peaks remain. This is an indication 
that the voltammetric response is not due to myoglobin in the Mb-PSS multilayer, but 
instead due to a redox active group close to the electrode, of which only a small fraction 
is desorbed from the electrode when the pH is increased. Heme that is either directly 
adsorbed on the electrode or embedded in the first layer of PSS is the most likely 
candidate for this redox active group. It is interesting to see that the peak separation has 
decreased to 70 mV in the second measurement at pH 5.5. Probably, this is related to the 
fact that a large fraction of the PSS polymer has desorbed from the electrode, and hence 
the peak separation caused by this polymer decreases. 
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Figure 4.6 Cyclic voltammograms of a {Mb-PSS}6 multilayer on pyrolitic graphite in a 

0.1 M pH 5.5 acetate solution (—) and in a 0.1 M pH 9.0 borate solution (▬). The 

voltammetric scan that is obtained after reimmersion in a 0.1 M pH 5.5 acetate solution 

is also plotted (⋅⋅⋅⋅⋅) . Scan rate = 500 mV/s 

 

Our heme release hypothesis would imply that free heme is formed by interactions 
between PSS, myoglobin and pyrolitic graphite. This suggests that it should be possible 
to obtain a voltammetric response by immersing the electrode in a mixture of PSS and 
myoglobin, and that formation of a multilayer by alternate adsorption of PSS and 
myoglobin is not necessary. Figure 4.7 shows that immersion in a Mb-PSS mixture 
indeed results in a large voltammetric peak, which is found at the same potential as for a 
{Mb-PSS}6 multilayer and also has a similar shape. Apart from the midpoint potential, 
the Mb-PSS-mixture film also has a coverage (4.0 × 10-10 mol⋅cm-2) that is comparable to 
the coverage of adsorbed heme. One could argue that it is possible to directly adsorb a 
multilayer or mixture of Mb and PSS from this solution, but this seems unlikely since 
there are no interactions that favor adsorption in this case. Also, the electrode does not 
undergo a significant darkening after immersion in the Mb-PSS mixture, whereas one 
would expect a darkening comparable to a {Mb-PSS}6 multilayer (Figure 4.5), if a thick 
Mb-PSS film had adsorbed. Therefore, it seems more likely that the voltammetric 
response is due to free heme.  
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Figure 4.7 Cyclic voltammograms of a {Mb-PSS}6 multilayer (—) and a Mb/PSS mixture 

(⋅⋅⋅⋅⋅) on pyrolitic graphite. Voltammetry at a scan rate of 500 mV/s was performed in 0.1 

M acetate, pH 5.5. The Mb/PSS mixture film was made by immersing a freshly sanded 

pyrolitic graphite electrode in a solution of 60 µM Mb and 1.5 mg/ml PSS in 0.05 M pH 

5.5 acetate solution with 0.25 M NaCl for three hours. 

 

4.4 Discussion and conclusions 

Our results indicate that the voltammetric response of a {Mb-PSS}n multilayer on 
pyrolitic graphite can be ascribed to free heme, which is either directly adsorbed on the 
electrode or embedded in the PSS layer. We base this on (i) the large difference in 
midpoint potential of a {Mb-PSS}n multilayer on pyrolitic graphite compared to 
myoglobin in solution, (ii) the similar pH dependence of the midpoint potential of a 
{Mb-PSS}n multilayer on pyrolitic graphite compared to adsorbed heme, (iii) the similar 
coverage of a {Mb-PSS}6 multilayer on pyrolitic graphite compared  to adsorbed heme 
(iv) the similar peak separation of a {Mb-PSS}6 multilayer compared to a PDDA-PSS-
heme-PDDA-PSS film (v) the high electron transfer rate constants of a {Mb-PSS}n 
multilayer, which is unlikely for electron transfer to protein molecules, but in line with 
the electron transfer expected for a layer of adsorbed heme, (vi) the fact that desorption 
of the multilayer induced by high pH does not results in a disappearance of the 
voltammetric peaks, and (vii) the fact that a large voltammetric response can be obtained 
by direct immersion in a Mb-PSS mixture showing that the formation of multilayers is 
not necessary.  

Our conclusion is in apparent disagreement with previous studies on {Mb-PSS}n 
layer-by-layer films on pyrolitic graphite,22-25 in which it was concluded that myoglobin 
retains a near-native conformation in the layer-by-layer films. This was concluded mainly 
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on the basis of spectroscopic data, which consistently show that myoglobin retains a 
near-native conformation. However, these spectroscopic measurements were carried out 
on {Mb-PSS}n multilayers on transparent or reflective surfaces and not on pyrolitic 
graphite. Therefore they fail to take into account possible specific interactions between 
the pyrolitic graphite electrode, PSS and myoglobin. As we reported for myoglobin-
DDAB films these interactions with the electrode can sometimes enhance heme 
release.15,16 The spectroscopic data therefore only show that myoglobin retains a near-
native conformation in the absence of interactions with the electrode, corresponding to 
the myoglobin present in the layers far away from the electrode. On the other hand, our 
voltammetric results are a measure of the state of the protein near the electrode. Hence 
the spectroscopic data are not in disagreement with our conclusion that heme release 
followed by heme adsorption can occur in {Mb-PSS}n multilayers on pyrolitic graphite. 
We therefore emphasize that we do not claim that all myoglobin molecules in the layer-
by-layer assembly undergo heme release. Only a small fraction near the pyrolitic graphite 
electrode may be involved, but it is this small fraction that nevertheless determines the 
electrochemical response of the assembly. 
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Electron transfer and ligand 
binding to cytochrome c’ 

immobilized on self-assembled 
monolayers* 

 
  
 

———————————————————————————————————————————— 
Abstract: We have successfully immobilized Allochromatium vinosum cytochrome c’ on 

carboxylic acid-terminated thiol monolayers on gold and investigated its electron 

transfer and ligand binding properties. Immobilization could only be achieved for pH’s 

ranging from 3.5 to 5.5, reflecting the fact that the protein is only sufficiently positively 

charged below pH 5.5 (pI = 4.9). Upon immobilization the protein retains a near-native 

conformation, as is suggested by the observed potential of 85 mV vs. SHE for the heme 

Fe
III
/Fe

II
 transition, which is close to the value of 60 mV reported in solution. The 

electron-transfer rate to the immobilized protein depends on the length of the thiol 

spacer, displaying distance-dependent electron tunneling for long thiols and distance-

independent protein reorganization for short thiols. The unique CO-induced dimer-to-

monomer transition observed for cytochrome c’ in solution also seems to occur for 

immobilized cytochrome c’. Upon saturation with CO a new anodic peak corresponding 

to the oxidation of a Fe
II
-CO adduct is observed. CO binding is accompanied by a 

significant decrease in protein coverage, which could be due to weaker electrostatic 

interactions between the self-assembled monolayer and cytochrome c’ in its monomeric 

form compared to its dimeric form. The observed CO binding rate of 24 M
-1
 s

-1
 is slightly 

slower than the binding rate in solution (48 M
-1
s
-1
), which could be due to electrostatic 

protein-electrode interactions or could be the result of protein crowding on the surface. 

This study shows that the use of carboxyl acid-terminated thiol monolayers as a protein 

friendly method to immobilize redox proteins on gold electrodes is not restricted to 

cytochrome c, but can also be used for other proteins such as cytochrome c’. 
———————————————————————————————————————————— 
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5.1 Introduction  

Over the last two decades the immobilization of redox proteins on conducting surfaces 
has been actively pursued.  Protein immobilization on electrodes allows one to probe 
electron-transfer mechanisms in proteins with electrochemical techniques.1 From a more 
practical point of view electrodes with immobilized redox enzymes can potentially be 
employed as biosensors2,3 or as a new approach in biocatalysis, in which expensive 
electron donors and enzyme-product separation steps are no longer necessary.4 A wide 
variety of methods using covalent, electrostatic or hydrophobic interactions have been 
employed to immobilize redox proteins on both metal surfaces such as gold and silver as 
well as carbon surfaces such as pyrolitic graphite and glassy carbon.5   

An important question is to what extent immobilization of a protein affects its 
properties. Detailed knowledge about the interactions between proteins and electrodes 
and the way electron transfer occurs between them is still lacking for most immobilized 
proteins. In some cases the proteins have been shown to retain a near-native 
conformation as reflected in its enzymatic activity,6-8 but in other systems significant 
conformational changes9-11 or even cofactor release from the protein were observed after 
immobilization.12,13 

Probably the best characterized immobilized protein system is horse heart cytochrome 
c on gold and silver, either bare or covered with ionic or hydrophobic self-assembled 
monolayers (SAM).14-16 Surface-Enhanced Resonance Raman Spectroscopy (SERRS)17 
and Surface-Enhanced Infrared Difference Absorption Spectroscopy (SEIDAS)18 have 
shown that cytochrome c undergoes significant conformational changes on bare metal 
electrodes,9,11 whereas it retains a near-native conformation on carboxylic acid-
terminated SAMs.17 SEIDAS18 and protein engineering19,20 studies have been used to 
identify the residues on cytochrome c that bind to the negatively charged carboxyl groups 
of the self-assembled monolayer. Additionally, detailed electron-transfer rate studies 
have been presented for SAMs of different lengths showing rate limitation by electron 
tunneling and protein reorganization.21-25 Although immobilization via hydrophobic 
interactions on SAMs of alkanethiols has also been shown to be suitable for certain 
proteins (azurin),26,27 the studies on cytochrome c suggest that electrostatic 
immobilization is a relatively mild method that enables direct electron transfer between 
protein and electrode, but does not seem to significantly affect its structure and 
properties. Hence it could be a suitable method for protein immobilization in general.  

In this study we investigate whether electrostatic immobilization on carboxylic acid-
terminated SAMs can be extended to a more complex protein system. For this purpose 
the protein cytochrome c’ from Allochromatium Vinosum was chosen. This particular 
cytochrome c’ displays a unique reversible dimer-to-monomer transition upon binding of 
NO, CO and CN-.28 This monomerization has been attributed to the displacement of 
Tyr16 from the distal site upon ligand binding, which results in a conformational change 
in one of the α-helices present at the dimer interface.29 This cytochrome c’ thus provides 
an attractive model system to understand how binding of small diatomic ligands can 
induce large conformational changes.30  Similar ligand induced conformational changes 
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are observed in heme-based sensor proteins such as guanylate cyclase (NO), CooA (CO) 
and FixL (O2).

31-34  Here we show that cytochrome c’ immobilized on carboxylic acid-
terminated SAMs displays fast electron transfer between the protein and the electrode 
and discuss the orientation of the protein on the electrode. In order to test whether the 
ligand-induced conformational changes are impeded by the immobilization, the influence 
of CO and NO binding on the immobilized cytochrome c’ was studied. 

 

5.2 Experimental Procedures  

Materials. Cytochrome c’ (Allochromatium vinosum) was expressed and purified as 
described previously.35 Horse heart cytochrome c (95%, Fluka), 3-mercaptopropionic 
acid (99%, Aldrich) (MPA), 4-mercaptobutyric acid (95%, Pfaltz & Bauer) (MBA), 6-
mercaptohexanoic acid (97%, Dojindo) (MHA), 8-mercaptooctanoic acid (97%, 
Dojindo) (MOA), 11-mercaptoundecanoic acid (95%, Aldrich) (MUA), and 16-
mercaptohexadecanoic acid (90%, Aldrich) (MHDA) were all used as received. All other 
chemicals were p.a. grade (Merck). Buffer solutions (pH 3.5-6) were prepared by 
combining sodium acetate with concentrated solutions of hydrochloric acid and Millipore 
MilliQ water (resistivity > 18.2 MΩ cm). The concentration of the buffer solutions 
ranged from 1 to 100 mM. 

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 
was used for cyclic voltammetry. A homemade three-electrode cell consisting of a gold 
working electrode, typically a wire with an attached bead, a platinum wire counter 
electrode and a Hg|Hg2SO4 reference electrode was employed. All potentials reported in 
this paper are relative to the standard hydrogen electrode (SHE). All solutions were 
deaerated by purging with argon for 15 min. For voltammograms at high scan rates (>5 
V/s) that were used in the determination of electron-transfer rate constants, ohmic drop 
compensation was applied. Ligand binding experiments were performed in saturated 
solutions of carbon monoxide (purity 4.7) or nitric oxide (purity 2.5, Linde AG) by 
purging the solution for 10 minutes. Prior to entering the electrochemical cell, NO was 
bubbled through two washing flasks filled with a 3 M KOH solution, a procedure that 
was found to be important in order to remove NO2.

36,37 The saturated solutions contained 
2.1 mM NO or 1.1 mM CO at 20 °C.38 All electrochemical experiments were performed 
at room temperature.  

Preparation of gold electrodes with COOH-terminated thiols. Prior to use the gold 
wire electrodes were flame-annealed and subsequently quenched in water. The electrodes 
were then immersed in a 1 mM solution of one of the COOH-terminated thiols for 
approximately 10 minutes. For 3-mercaptopropionic acid and 4-mercaptobutyric acid 
these solutions were prepared by mixing the thiol with water. The other thiol solutions 
were prepared by mixing with ethanol. The gold electrodes were rinsed and subsequently 
immersed in the electrochemical cell. The protein concentration in the cell was 100 nM. 
Protein adsorption was enhanced by argon or CO bubbling and continued until the 
voltammetric peak reached a maximum, which was after approximately 5 minutes in a 
solution of pH 4.5. 
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Determination of protein coverages. Coverages were determined by subtraction of a 
natural cubic splines baseline39 from the anodic or cathodic scan of the voltammogram 
and subsequent division by area of the gold electrode. For the baseline subtraction the 
program “Utilities for Data Analysis” developed by Dr Dirk Heering was employed.40 
The surface area of the gold electrodes was determined from an oxygen adsorption 
experiment in 0.5 M H2SO4.

41 

UV-vis spectroscopy. UV-vis spectra were obtained at room temperature on a 
Shimadzu Multispec-1501 using a quartz cuvette with a rubber septum. Cytochrome c’ 
was diluted from a concentrated stock solution to a concentration of 1 µM in 50 mM 
acetate, pH 4.5. The solution was saturated with CO by flushing with CO. Cytochrome c’ 
was reduced by the addition of ∼15 mM Na2S2O4. Subsequently the increase in 
absorption at 418 nm with time was measured.  

 

5.3 Results 

Adsorption of cytochrome c’. Figure 5.1 shows the adsorption of cytochrome c’ 
from a 100 nM solution on a gold electrode with a SAM of mercaptohexanoic acid at pH 
4.5. The peak size gradually increases with the number of scans, with full coverage being 
reached after approximately 100 scans, corresponding to 2000 s. The shape of the peaks 
is typical of an adsorbed species and does not display any diffusion limitation, which is a 
strong indication that the peaks are only caused by adsorbed cytochrome c’. When argon 
is bubbled through solution to enhance convection, the maximum coverage is obtained 
within 15 scans, corresponding to 300 s.  
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Figure 5.1 Cyclic voltammograms of a gold electrode with a SAM of mercaptohexanoic 

acid (MHA) after immersion in 100 nM Allochromatium vinosum cytochrome c’ in a 10 

mM acetate solution, pH 4.5. Scan 2, 10, 20, 40, 80 and 140 are displayed. Scan rate = 

50 mV/s. 



Electrochemical study of immobilized cytochrome c’                          89 
—————————————————————————————————————————————         

 

Figure 5.2 shows baseline-subtracted voltammograms for cytochrome c’ and 
cytochrome c adsorbed at pH 4.5. Potentials of 85 mV and 275 mV were determined for 
the FeIII/FeII transitions of cytochrome c’ and cytochrome c, respectively. The 190 mV 
difference between both proteins reflects the different coordination of the heme, being 
five coordinate mixed-spin for cytochrome c’ and six-coordinate low-spin for 
cytochrome c.42-44 A difference of 190 mV has also been observed between the midpoint 
potentials of the two proteins in solution, which are 60 mV for cytochrome c’45,46 and 
250 mV for cytochrome c at pH 4.5.47 The difference of 25 mV between the midpoint 
potentials of the immobilized proteins compared to the proteins in solution is probably 
related to the negative charge of the carboxyl thiol and the electric field created by the 
gold electrode.25 

Half-height widths (δ) are 97 mV for cytochrome c’ and 94 mV for cytochrome c. 
Both δ’s are close to the theoretical δ of 89 mV at 21 °C for Nernstian behavior48 and are 
similar to δ’s observed for proteins immobilized on edge plane pyrolitic graphite.49 This 
implies that the immobilized protein molecules display almost ideal electron-transfer 
behavior, which is also reflected in the small peak separation between the anodic and the 
cathodic peaks, being 4 mV for cytochrome c’ and 2 mV for cytochrome c.  
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Figure 5.2 Baseline subtracted voltammograms of a gold electrode coated with 

mercaptohexanoic acid (MHA) after immersion in 100 nM Allochromatium vinosum 

cytochrome c’ or 200 nM horse heart cytochrome c in a 10 mM acetate solution, pH 4.5. 

Scan rate = 50 mV/s. 

 

Based on the charge under the voltammetric peaks and the surface area of the gold 
electrodes, the heme coverage can be determined. Since cytochrome c’ is a dimer, the 



90                                                           Chapter 5 
————————————————————————————————————————————— 

 

actual protein coverage is half the heme coverage. It appeared from the voltammograms 
that there was a strong influence of pH on heme coverage (Figure S5.1, which can be 
found at the end of this chapter). Therefore the maximum heme coverage for cytochrome 
c’ and cytochrome c was determined as a function of pH. Figure 5.3 shows that there is a 
gradual increase in coverage up to pH 4.5 for both proteins. At pHs above 4.5, the 
coverage of cytochrome c’ decreases and becomes zero at pH 5.5. The maximum heme 
coverage for cytochrome c’ is 5 pmol cm-2 at pH 4.5. The  coverage of cytochrome c 
keeps increasing above pH 4.5 and does not reach a maximum.  The value of 8.5 pmol 
cm-2 at pH 6 is in line with previously reported values of 10-15 pmol cm-2 at pH 
7.14,21,22,50 
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Figure 5.3 Heme coverages of cytochrome c’ (■) and cytochrome c (▲) determined at 

different pHs on SAMs of mercaptohexanoic acid on gold. Coverages were determined 

from the charge under the voltammetric peaks of base-line subtracted voltammograms 

divided by the surface area of the gold electrodes. These surface areas were determined 

from oxygen adsorption experiments.
41
 The voltammograms were recorded in 10 mM 

acetate solutions containing 100 nM cytochrome c’ or 200 nM cytochrome c at a scan 

rate of 50 mV/s. The actual protein coverage for cytochrome c’ is half the heme 

coverage. 

 

Our results can be rationalized, taking into account the fact that high coverages are 
only obtained if the thiol is sufficiently negatively charged and the protein is sufficiently 
positively charged. Cytochrome c has a pI of 10.0 and is therefore sufficiently positively 
charged over the whole pH range. Cytochrome c’ has a pI of 4.9 and hence is only 
positively charged below pH 4.9, which explains the sharp decrease in coverage above 
pH 4.5. The increase in coverage observed in the pH 3.5-4.5 range for both proteins can 
be related to an increase in the negative charge on the carboxylic acid-terminated SAM. 
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Carboxylic acids have a pKa around 4.8,38 but higher pKa’s have been reported for 
SAMs of carboxylic acid-terminated thiols.18,51-60  

The electrostatic binding of cytochrome c’ is also reflected in the fact that the 
coverage depends on both the length of the carboxylic acid-terminated thiol and the ionic 
strength of the solution. Figure 5.4 shows different coverages on thiols of different 
length, which may be related to a difference in pKa between the SAMs.51 Significantly 
higher coverages for all SAMs are obtained in a 1 mM buffer instead of a 10 mM buffer, 
which is also indicative of electrostatic binding. The binding of cytochrome c’ is weaker 
than that of cytochrome c, since the coverage of electrostatically bound cytochrome c 
does not decrease until the buffer concentration is raised over 25 mM (Figure 
S5.2).21,50,61 50 
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Figure 5.4 Cyclic voltammograms and heme coverages for a gold electrode coated with 

a SAM of 3-mercaptopropionic acid (MPA), 4-mercaptobutyric acid (MBA), 6-

mercaptohexanoic acid (MHA), 8-mercaptooctanoic acid (MOA) or 11-

mercaptoundecanoic acid (MUA) in 100 nM Allochromatium vinosum cytochrome c’ in 

10 mM acetate solution of pH 4.5. Scan rate = 50 mV/s. Coverages obtained in buffer 

solutions of 1 mM acetate solution of pH 4.5 are also listed. 

 

Electron transfer to immobilized cytochrome c’. Having established proper 
conditions for electrostatic immobilization of cytochrome c’ on SAM’s, we next studied 
the rate of electron transfer as a function of thiol length. Studies on electrostatically 
immobilized cytochrome c previously showed a distinct influence of the length of the 
carboxylic acid-terminated thiol on the electron-transfer rate (Figure 5.6),22,23 displaying 
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rates limited by electron tunneling for long thiols and rates limited by protein 
reorganization for short thiols. Electron-transfer rate constants on the different thiols 
were determined employing the method described by Laviron.62 This involves measuring 
the cathodic and anodic peak potentials of voltammograms at different scan rates (Figure 
S5.3) and subsequent plotting of these potentials in so-called Trumpet plots (Figure 
5.5).63 From these plots rate constants at midpoint potential of 140 s-1, 140 s-1, 36 s-1, 3.9 
s-1 and 0.18 s-1 were determined for SAMs of respectively 3-mercaptopropionic acid 
(MPA), 4-mercaptobutyric acid (MBA), 6-mercaptohexanoic acid (MHA), 8-
mercaptooctanoic acid (MOA) and 11-mercapundeanoic acid (MUA).62,63 The 
determined rate constants are plotted in Figure 5.6 as a function of chain length. For 
comparison electron-transfer rate constants were also determined for horse heart 
cytochrome c under the same conditions. The determined values of 845 s-1, 1098 s-1, 536 
s-1, 69.5 s-1 and 0.42 s-1 for respectively MBA, MHA, MOA, MUA and 16-
mercaptohexadecanoic acid (MHDA) are in close correspondence with values previously 
reported for cytochrome c at pH 7.22    
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Figure 5.5 Trumpet plots for cytochrome c’ immobilized on gold with a SAM of 3-

mercaptopropionic acid (MPA), 4-mercaptobutyric acid (MBA), 6-mercaptohexanoic 

acid (MHA), 8-mercaptooctanoic acid (MOA) or 11-mercaptoundecanoic acid (MUA). 

Cathodic and anodic peak potentials were determined from voltammograms that were 

recorded in 10 mM acetate, pH 4.8 containing 100 nM cytochrome c’ at scan rates 

ranging from 5 mV s
-1
 to 40 V s

-1
. Peak potentials were corrected for ohmic drop at high 

scan rates. The corresponding electron-transfer rate constants are also reported.  
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Figure 5.6 Electron-transfer rate constants for cytochrome c’ and cytochrome c as a 

function of the number of methylene groups in the mercaptocarboxyl thiols 

(HS(CH2)nCOOH). The electron-transfer rates were determined from Trumpet plots 

(Figure 5.5). The voltammograms for these Trumpet plots were recorded in 10 mM 

acetate, pH 4.8 containing 100 nM cytochrome c’ or 200 nM cytochrome c at scan rates 

ranging from 5 mVs
-1
 to 300 Vs

-1
. For cytochrome c on SAMs of MBA, MHA and MOA a 

50 mM acetate solution was used to avoid large ohmic drops. Increasing ionic strength 

does not affect rate constants, as was evidenced by values of 70 s
-1
 and 75 s

-1
 for 

cytochrome c on MUA in respectively 10 mM and 50 mM acetate. 
 

Figure 5.6 shows that cytochrome c’ and cytochrome c exhibit a similar kind of 
electron-transfer behavior. For long thiols the electron-transfer constant decreases with 
increasing length of the thiol, corresponding to long range electron tunneling.64 The slope 
of this decrease is the same for both cytochrome c and cytochrome c’ and corresponds to 
an exponential decay coefficient β of 1.06 per methylene unit, in line with electron-
transfer rates through alkanethiols reported for other systems.65-67 For short thiols, the 
electron-transfer rate constants become independent of chain length for both proteins. 
This has been ascribed to a rate limiting conformational change or proton transfer.68 

However, there are some distinct differences between immobilized cytochrome c’ and 
immobilized cytochrome c. For short thiols the electron-transfer rate constant of 
immobilized cytochrome c’ (≈150 s-1) is a factor 7 slower than the rate constant of 
immobilized cytochrome c (≈1000 s-1). This difference implies that the conformational 
change or proton transfer accompanying the electron transfer is slower for cytochrome c’ 
than for cytochrome c, which is not surprising since cytochrome c is an electron transfer 
protein optimized to efficiently undergo redox changes, whereas the function of 
cytochrome c’ is still unclear.42,43 For long thiols the rate constants for immobilized 
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cytochrome c’ are even 500 fold slower than for immobilized cytochrome c. This 
suggests that the heme group of immobilized cytochrome c’ is further away from the 
electrode than the heme group of immobilized cytochrome c. 
Ligand binding to cytochrome c’. The efficient electron transfer between the 

electrode and the heme groups in cytochrome c’ also allowed us to study the effects of 
ligand binding on cytochrome c’. CO, NO and CN- have all been reported to induce 
protein monomerization, which is caused by a conformational change in one of the α-
helices present at the dimer interface that occurs upon displacement of Tyr16 by ligand 
binding.29 We focused on CO because this ligand is easily handled and redox inactive. 
CO only binds to the protein in its FeII state and was previously reported to bind 
relatively slowly.44 Indeed, voltammograms recorded at high scan rates in a saturated CO 
solution do not show an apparent influence of CO, which is consistent with slow CO 
binding. However, when lowering the scan rate we observed a decrease in the intensity of 
the original anodic peak and the formation of a new anodic peak at potentials about 250 
mV more positive (Figure 5.7). This new peak can be assigned to the oxidation of FeII-
CO cytochrome c’. Since FeII-CO cytochrome c’ has a six coordinated heme it has a 
much more positive potential. The reactions that occur are described by equations 1-4. 
The fact that the size of the new anodic peak strongly depends on the scan rate, implies 
that binding of CO to the FeII state of cytochrome c’ is a relatively slow process. Since no 
new cathodic peak is observed at high potentials for any scan rate, we can also deduce 
that release of CO after oxidation of the FeII-CO cytochrome c’ is fast. 

 
FeIII + e- � FeII       (1) 

FeII + CO → FeII-CO       (2) 

FeII-CO → FeIII-CO + e-      (3) 

FeIII-CO → FeIII + CO (fast)      (4) 



Electrochemical study of immobilized cytochrome c’                          95 
—————————————————————————————————————————————         

 

 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

 20 mV/s

 10 mV/s

 5 mV/s

jν
−

1

 /
 µ
A
c
m

-2
V
-1
s

E /V vs. SHE

 
Figure 5.7 Cyclic voltammograms at 20 mV/s (), 10 mV/s (- - -) and 5 mV/s (⋅⋅⋅⋅) of a 

gold electrode with a SAM of 6-mercaptohexanoic acid in a saturated CO solution (∼1.1 

mM) with 100 nM cytochrome c’ in 1 mM acetate, pH 4.5. For comparison 

voltammograms are divided by scan rate. 

 

Binding of CO does not only result in a shift of the anodic peak, but also results in 
significant conformational changes of the protein on the surface. This can be derived 
from Figure 5.8, where a voltammetric scan at 100 mV/s is plotted after the electrode is 
held at E = -0.02 V vs. SHE for 100 s. At this potential the immobilized cytochrome c’ is 
in its FeII state, which means that it is slowly binding CO. Accordingly, in the 
voltammetric scan following the incubation period the original anodic peak has largely 
disappeared and the new anodic peak corresponding to oxidation of FeII-CO is observed 
at higher potentials. This peak is found at approximately 0.38 V, which given the 
Nernstian behavior of the protein would imply that almost all CO bound protein 
molecules should be oxidized by the time the voltammetric scan reaches its anodic limit 
of 0.53 V. However, there seems to be some tailing of the anodic peak, which could 
indicate limited electronic coupling between the protein and the electrode and hence 
suggests that part of the CO bound cytochrome c’ has reoriented or desorbed. This is 
confirmed by the fact that the charge under the subsequent cathodic peak has 
significantly decreased, which implies that there is a decrease in coverage of 
electroactive protein. Experiments in the absence of CO did not show any loss in protein 
coverage when the electrode was held at E = -0.02 V vs. SHE. A plausible explanation 
for the decrease in protein coverage is that the interactions between cytochrome c’ and 
the SAM are weaker in its monomeric form than in its dimeric form resulting in a lower 
protein coverage. Another explanation is that the monomerization induced by CO 
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binding causes the protein to reorient on the surface impeding the electron transfer 
between the electrode and the protein. This is also suggested by the fact that the position 
of the new anodic peak shifts positively with increasing scan rate, which indicates that 
electron transfer is relatively slow (Figure S5.4). This makes it difficult to investigate the 
new anodic peak of the CO bound cytochrome c’ at high scan rates, since it shifts outside 
our potential window. Both explanations are consistent with the CO-induced 
monomerization observed in solution and suggest that protein monomerization is not 
impeded by the fact that the protein is immobilized. Denaturation of the protein does not 
occur, as is reflected in the fact that both the cathodic and anodic peak are recovered 
after continued scanning. 
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Figure 5.8 Cyclic voltammograms of a gold electrode with a SAM of 6-

mercaptohexanoic acid in a saturated CO solution with 100 nM cytochrome c’ in 10 mM 

acetate, pH 4.5. The dotted line (⋅⋅⋅⋅) is obtained after continuous scanning at 100 mV/s. 

The solid line () is obtained in the first scan (100 mV/s) after incubation at E = -0.02 

V vs. SHE for 100 sec.  

 

To determine the rate of CO binding to the adsorbed cytochrome c’ we measured the 
binding of CO as a function of time. Analogous to Figure 5.8, the potential of the 
electrode was held at –0.02 V vs. SHE for a certain time and subsequently a scan at 1 V/s 
was recorded. A high scan rate was used to avoid readsorption of cytochrome c’ from 
solution during the scan. The voltammograms are displayed in Figure S5.5. Direct 
determination of CO binding employing the area under the new anodic peak is not 
possible, since not all CO bound cytochrome c’ is oxidized within our potential window 
at this high scan rate. Therefore we determined the amount of adsorbed cytochrome c’ 
that had not reacted with CO by integration of the low potential anodic peak. The area 
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under this peak was divided by the area under the anodic peak before incubation at E = -
0.02 V resulting in the fraction of cytochrome c’ that has not reacted with CO. In Figure 
5.9 the natural logarithm of this fraction is plotted as a function of the incubation time. A 
linear relationship is observed, which means that binding of CO to cytochrome c’ is a 
first-order process. Such a process can be described by equation 5. Given the saturation 
concentration for CO of 1.1 mM, a k of 24 ± 1 M-1 s-1 can be deduced.  
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Figure 5.9 Plot of the natural logarithm of the fraction of Fe

II
 that has not reacted with 

CO versus the time at which the potential has been kept at E = - 20 mV vs. SHE. 

Fractions were determined by dividing the low potential anodic peak area after 

incubation by the anodic peak area before incubation. Voltammograms were recorded 

at 1 V/s. The experiments were performed on cytochrome c’ immobilized on a self-

assembled monolayer of mercaptohexanoic acid in a 10 mM acetate solution, pH 4.5. 

All points were measured at least three times and standard deviations are indicated by 

bars. T = 22 °C. 

 

In order to determine whether immobilization of the protein affects its CO binding rate 
we also measured the CO binding to cytochrome c’ in solution under identical 
conditions. For this the absorption maximum at 418 nm typical of CO bound cytochrome 
c’ was monitored by UV/Vis spectroscopy.35 Figure 5.10 shows a gradual increase in the 
absorbance at this wavelength after reduction of ferric to ferrous cytochrome c’ by 
dithionite in a CO saturated solution. The data can be fitted with a first order exponential 
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decay, which implies that the reaction is first order in cytochrome c’ with a k of 48 ± 1 
M-1 s-1. The measured rate is lower than the previously reported value of 140 M-1 s-1,44 
which is probably due to the difference in pH between both measurements (pH 7.4 vs. 
pH 4.5). The fact that the CO binding rate in solution is of the same order as for 
immobilized cytochrome c’ suggests that that the protein retains near-native behavior on 
the surface.  
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Figure 5.10 CO binding to cytochrome c’ measured by UV/Vis spectroscopy. Absorption 

at 418 nm (typical of CO bound cytochrome c’) is followed in time after ferric 

cytochrome c’ is reduced to ferrous cytochrome c’ by dithionite in a CO saturated 

solution. The solution contained 1 µM cytochrome c’ in 50 mM acetate solution, pH 4.5. 

T = 22 °C. The data were fitted with a first order exponential decay (black line).
 

 

The NO binding properties of immobilized cytochrome c’ are distinctly different from 
the CO binding properties. Bubbling NO through solution for just one second resulted in 
an immediate disappearance of the anodic and cathodic peaks (Figure 5.11). We could 
not detect a new anodic peak below 400 mV, but were able to recover a small fraction of 
the original protein peaks if we cycled at high scan rates to potentials as high as 800 mV 
vs. SHE (Figure S6). This is in line with the behavior of iron porphyrins, which can also 
only be oxidized at high potentials.69,70 Due to anodic oxide formation on the electrode 
we could not detect the location of a new anodic peak. Also the NO binding rate is too 
fast to determine it voltammetrically, so we can only say that NO binding is much faster 
than CO binding. This is consistent with data reported for Alcaligenes xylosoxidans 
cytochrome c’ in solution, which is the only cytochrome c’ for which NO binding rates 
have been reported. For this cytochrome c’ NO and CO binding rates were determined to 
be 4400 M-1 s-1 and 92 M-1 s-1, respectively.44,71  
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Figure 5.11 Cyclic voltammograms of cytochrome c’ immobilized on a SAM of 

mercaptohexanoic acid before () and after 1 s of NO bubbling (⋅⋅⋅⋅) through an 10 mM 

acetate solution, pH 4.8 containing 100 nM cytochrome c’. Scan rate = 50 mV/s. 

 

5.4 Discussion and Conclusions 

We have successfully immobilized Allochromatium vinosum cytochrome c’ on 
carboxylic acid-terminated SAMs. The immobilization does not seem to induce large 
conformational changes or denaturation of the protein. We base this on the fact that (i) 
the potential for the FeIII/FeII heme transition is in reasonable accordance with values 
reported for the protein in solution, (ii) the coverage is similar to the coverage of 
immobilized cytochrome c and is typical of a protein, (iii) the voltammetric peaks display 
almost ideal Nernstian behavior, which is typical of a protein, but uncommon for e.g. 
adsorbed porphyrins,72,73 (iv) the narrow pH range in which successful adsorption can be 
achieved is in accordance with the pI of the protein (v) the observed electron-transfer 
behavior is typical of an immobilized protein (vi) the unique ligand binding properties 
observed for cytochrome c’ in solution (slow CO binding, fast NO binding) are also 
observed for immobilized cytochrome c’.  

Our results on immobilized cytochrome c’ from Allochromatium vinosum distinctly 
differ from previous immobilization studies of cytochromes c’ from different 
organisms.74-76 In these studies peak separations of over 50 mV74 and much lower 
electron-transfer rate constants were reported.76 Additionally, protein adsorption rates 
were more than 10000 fold slower than in our work.76 Taking into account that that no 
dependence of ionic strength on protein coverage was observed,76 it seems that the 
binding of cytochrome c’ in these studies was not electrostatic. This is also suggested by 
the fact that the measurements were reported at pH 7 (where the protein is negatively 
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charged) on a negatively charged SAM. It is likely that the way cytochrome c’ was bound 
in these studies induced conformational changes to the proteins structure, which impedes 
the comparison with our results. Moreover, no electron transfer on thiols of different 
length and ligand binding kinetics were reported in these studies. 

Based on our results and the structure of the protein we can make a rough estimate of 
the way in which cytochrome c’ adsorbs on the carboxyl thiol layer. Binding of 
cytochrome c’ to the negatively charged SAMs occurs via positively charged residues 
(arginine and lysine) on the surface of the protein. Given the high heme coverage 
observed with cytochrome c’, we can assume that both hemes in the protein are in 
electronic contact with the electrode. It is unlikely that direct electron transfer occurs 
between the two hemes in cytochrome c’ due to the fact that the edge-to-edge distance 
between both hemes is 19 Å (the iron-to-iron distance is 23 Å), which is well above the 
maximum of 14 Å reported for feasible biological electron transfer.77 Since we observe a 
single electron-transfer rate, we can conclude that both hemes are probably at an equal 
distance from the electrode. This leaves only two possible orientations by which the 
protein can bind to the SAM (Figure 5.12). Since the positively charged residues are 
mostly located on one particular side of the protein (View A), it is likely that the protein 
is bound to the electrode via this side. The hemes are located close to this positive 
surface, explaining why efficient electron transfer was observed between the electrode 
and the protein.  

Based on the differences in electron-transfer rate constants between immobilized 
cytochrome c’ and cytochrome c, we can roughly estimate the difference in the heme-
electrode distance between both systems. For this, we assume that the difference in 
reorganization energy upon reduction of both proteins is reflected in the difference 
between the maximum electron-transfer rate constants observed at short thiols. Given the 
differences in electron-transfer rate constants of approximately 500 and 7 for long and 
short thiols, respectively, we can deduce that a 70 fold decrease is caused by the extra 
distance. Assuming that the exponential decay coefficient β through both proteins is 
approximately 1.2 Å-1,78,79 we can estimate that this distance is about 3.5 ± 1 Å.64 This 
agrees with the distance predicted from an analysis of the most likely orientation of both 
cytochrome c’ and cytochrome c immobilized on an electrode (Figure 5.13). 
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Figure 5.12 Charge distribution on cytochrome c’ at pH 5.0, observed from opposite 

sides of the protein. Positive groups (lysine and arginine) are depicted in blue, whereas 

negative groups (aspartic acid and glutamic acid) are depicted in red. The heme groups 

are depicted in green. Different colors are used for the two monomers forming the 

dimeric protein. PDB code: 1BBH. 

 

Figure 5.13 Schematic representation of Allochromatium vinosum cytochrome c’ (left) 

and horse heart cytochrome c (right) immobilized on a SAM of mercaptohexanoic acid. 

The heme groups in both proteins have been accentuated. The representation is 

approximately to scale. PDB codes: 1BBH and 1HRC. 
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An important reason to study cytochrome c’ was to probe whether ligand-induced 
conformational changes are impeded when a protein is immobilized. In the case of 
cytochrome c’ these conformational changes can be induced by CO binding, which 
results in the monomerization of the protein. In voltammetry we observed the formation 
of a new anodic peak at high potentials reflecting the oxidation of a newly formed FeII-
CO adduct. Additionally, we observed a decrease in the cathodic peak indicating the loss 
of electroactive protein. This suggests that the protein indeed undergoes monomerization, 
which influences the binding of the protein to the electrode. The protein either reorients 
on the surface with a possible temporal loss of electron transfer or desorbs. Although the 
difference in CO binding kinetics is relatively small, CO binding is slower for surface 
immobilized cytochrome c’ by a factor 2. This could be due to either the electrostatic 
interactions between the electrode and the protein or due to steric hindrance on the 
surface hindering monomerization. 

In conclusion, we have shown that cytochrome c’ immobilized on carboxylic acid-
terminated SAMs retains a near-native conformation, exhibits fast electron transfer to the 
electrode and probably undergoes the same conformational changes upon ligand binding 
as in solution. Our results suggest that carboxylic acid-terminated SAMs are suitable for 
the study of immobilized proteins in general, since the electrostatic interactions are 
sufficient to confine the protein to the surface, but do not significantly affect its 
properties. Successful immobilization requires that the protein is sufficiently positively 
charged and that the distance between the electrode and the proteins redox groups is not 
too long. Whether these requirements are met can be deduced from the pI of the protein 
and an analysis of the most likely conformation of the protein on the SAM.  
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Figure S5.1 Cyclic voltammograms of an Au electrode coated with mercaptohexanoic 

acid (MHA) in 200 nM Allochromatium vinosum cytochrome c’ in 10 mM acetate 

solution of pH 3.8 (), pH 4.5 (- - -) and pH 5.1 (⋅⋅⋅⋅). Scan rate = 50 mV/s. 
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Figure S5.2 Cyclic voltammograms of adsorbed cytochrome c on Au with a SAM of 

mercaptohexanoic acid in 200 nM cytochrome c (a) in 10 (▬), 25 (⋅⋅⋅⋅), 50 () and 100 

(- - -) mM acetate solution, pH 4.8. Scan rate = 50 mV/s.  
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Figure S5.3 Cyclic voltammograms of an Au electrode with a 6-mercaptohexanoic acid 

(MHA) SAM in 200 nM Allochromatium vinosum cytochrome c’ in 10 mM acetate 

solution of pH 4.8 at 500 mV/s (), 2 V/s (- - -) and 7 V/s (⋅⋅⋅⋅). 
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Figure S5.4 Cyclic voltammograms at 10 (), 20 (- - -), 50 (⋅⋅⋅⋅) and 100 (▬) mV/s of a 

gold electrode with a SAM of 6-mercaptohexanoic acid in a saturated CO solution with 

100 nM Allochromatium vinosum cytochrome c’ in 10 mM acetate, pH 4.5 after 

incubation at E = -0.02 V vs. SHE for 100 sec.   
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Figure S5.5 Cyclic voltammograms at 1 V/s of a gold electrode with a SAM of 6-

mercaptohexanoic acid in a saturated CO solution with 100 nM Allochromatium 

vinosum cytochrome c’ in 10 mM acetate, pH 4.5 after incubation at E = -0.02 V vs. 

SHE for 0 (), 10 (⋅⋅⋅⋅), 20 (- - -),  or 30 (▬) sec.  
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Figure S5.6 Cyclic voltammograms of an Au-MHA-cytochrome c’ electrode after one 

second of NO bubbling through an 10 mM acetate solution, pH 4.8 with 200 nM 

cytochrome c’. Scan rate = 500 mV/s. Part of the voltammogram (between -0.07 V and 

0.23 V) is enlarged four times to show the presence of the protein’s redox couple.  
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induced by pH changes or nitric 

oxide binding* 

 
 

 

 

 
———————————————————————————————————————————— 
Abstract: The redox properties of horse and yeast cytochrome c electrostatically 

immobilized on carboxylic acid-terminated self-assembled monolayers (SAMs) have 

been determined over a broad pH range (pH 3.5−8) in the absence and presence of 

nitric oxide. Below pH 6, both proteins exhibit comparable midpoint potentials, 

coverages, and electron-transfer rate constants, which suggests that they are adsorbed 

on the SAM in a similar fashion. Above pH 6, a sharp decrease in electron-transfer rate 

constants is observed for immobilized yeast cytochrome c, which is indicative of a 

change in the electron tunneling pathway between the heme and the electrode and hence 

suggests that the protein reorients on the surface. Such a decrease is not observed for 

horse cytochrome c, and therefore must be related to the specific charge distribution on 

yeast cytochrome c. Apart from the charge distribution on the protein, the reorientation 

also seems to be related to the charge on the SAM surface. The presence of nitric oxide 

causes a decrease in electron-transfer rate constants of both yeast and horse cytochrome 

c at low pH. This is probably due to the fact that nitric oxide induces a conformational 

change of the protein and also changes the reorganization energy for electron transfer. 
———————————————————————————————————————————— 
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6.1 Introduction  

The number of papers devoted to the electrochemical investigation of redox proteins 
has rapidly increased over the past few decades. Experiments can be performed with the 
protein in solution or with the protein immobilized on an electrode surface. The latter 
method is most informative, if direct electron transfer between the electrode and the 
protein’s redox centers is possible. This enables the probing of fast processes that occur 
upon a redox transition in the protein.1-4 To derive valuable conclusions from these 
experiments, one has to ensure that immobilization of the protein does not significantly 
affect its conformation. This can be determined directly by spectroscopic methods5-7 or 
indirectly by checking its electrochemical properties such as enzymatic activity, redox 
potential, Nernstian behavior, and electron-transfer rates.8-11   

The most widely studied immobilized protein is horse cytochrome c. When 
electrostatically immobilized on carboxylic acid-terminated self-assembled monolayers 
(SAMs), rapid electron transfer is observed between cytochrome c and the electrode.12,13  
Surface spectroscopy methods have shown that the electrostatic immobilization does not 
significantly affect the conformation of the protein.5-7  This is in contrast to 
immobilization on bare gold or silver electrodes or hydrophobic SAMs, on which horse 
cytochrome c undergoes significant conformation changes.14-16  Using a combination of 
spectroscopy, and protein engineering the protein residues that interact with the 
negatively charged SAM have been identified, and from this the most probable 
orientation of horse cytochrome c on these carboxylic acid-terminated SAMs at pH 7 has 
been determined.5,17-19  The electrode coverage of immobilized cytochrome c has been 
determined with STM.20  

The extensive characterization of immobilized horse cytochrome c on carboxylic acid-
terminated SAMs makes it a good model system to gain a more fundamental 
understanding of the properties of immobilized proteins. The system was, e.g., used to 
study long−distance electron transfer between the protein and electrode,6,21-23  and the 
influence of interfacial electric fields and the ionic strength of the solution on the 
properties of the protein.24,25  

Although the studies mentioned above have yielded a detailed understanding of the 
properties of immobilized horse cytochrome c on these SAMs, some observations remain 
poorly understood. One of these is the large difference in electron-transfer rate constants 
between horse and yeast cytochrome c,26 which is striking given the 64% sequence 
identity and similar function of both proteins.27 Another unresolved issue is the more than 
50 mV difference in midpoint potential between immobilized horse cytochrome c and 
horse cytochrome c in solution at pH 7.24,28  This difference has been tentatively ascribed 
to the influence of an electric field and the charge on the SAM. A third interesting 
observation is the decrease in the electron-transfer rate constant between immobilized 
horse cytochrome c and the electrode with increasing pH, which suggests a change in the 
electron transfer mechanism.29  

This study aims to provide explanations for these observations based on a careful 
experimental study of the properties of immobilized horse and yeast cytochrome c as a 
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function of pH. The properties we investigate include midpoint potential, electroactive 
coverage, and electron-transfer rate. The results will be related to the structural 
properties of horse and yeast cytochrome c, and the probable orientations of both 
proteins on the electrodes will be discussed.  

In addition, we also present the first nitric oxide binding study to immobilized horse 
and yeast cytochrome c. Nitric oxide is a biologically important signaling molecule that 
binds to heme proteins in both ferrous and ferric states.30 The binding of NO to 
cytochrome c results in structural changes of the protein, since NO replaces either 
methionine or histidine in the heme pocket.31,32  In this study we determine the influence 
of NO binding on the midpoint potential and electron-transfer rate constants for both 
horse and yeast cytochrome c.  

 

6.2 Experimental Procedures  

Materials. Horse heart cytochrome c (95%, Fluka) and yeast (Saccharomyces 

cerevisiae) cytochrome c (>85%, Fluka), 3-mercaptopropionic acid (99%, Aldrich) 
(MPA), 4-mercaptobutyric acid (95%, Pfaltz & Bauer) (MBA), 6-mercaptohexanoic acid 
(97%, Dojindo) (MHA), 8-mercaptooctanoic acid (97%, Dojindo) (MOA), 11-
mercaptoundecanoic acid (95%, Aldrich) (MUA), and 16-mercaptohexadecanoic acid 
(90%, Aldrich) (MHDA) were all used as received. All other chemicals were p.a. grade 
(Merck). Buffer solutions were prepared with sodium acetate (pH 3.5-6) or sodium 
dihydrogen phosphate monohydrate (pH 6-8)) combined with concentrated solutions of 
hydrochloric acid or caustic soda and Millipore MilliQ water (resistivity >18.2 MΩ cm). 
The concentration of the buffer solutions was either 10 or 50 mM. 

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 
was used for cyclic voltammetry. A homemade three-electrode cell consisting of a gold 
working electrode, typically a wire with an attached bead, a platinum wire counter 
electrode and a Hg|Hg2SO4 reference electrode was employed. All potentials reported in 
this paper are relative to the standard hydrogen electrode (SHE). All solutions were 
deaerated by purging with argon for 15 min. Voltammograms at high scan rates (>5 V/s) 
that were used in the determination of electron-transfer rate constants were corrected for 
ohmic drop. Nitric oxide binding experiments were performed in saturated solutions of 
nitric oxide (purity 2.5, Linde AG) by purging the solution for 10 min. Prior to entering 
the electrochemical cell, NO was bubbled through two washing flasks filled with a 3 M 
KOH solution, a procedure that was found to be important to remove NO2.

33,34  Since NO 
readily reacts with oxygen, the cell was purged with argon for 20 min prior to bubbling 
of NO and was kept closed during the experiments. The saturated solutions contained 2.1 
mM NO at 20 °C.35 All electrochemical experiments were performed at room 
temperature.  

Preparation of Gold Electrodes with COOH-Terminated Thiols. Prior to use the 
gold wire electrodes were flame-annealed and subsequently quenched in water. The 
electrodes were then immersed in a 1 mM solution of one of the COOH-terminated thiols 
for approximately 10 min. For 3-mercaptopropionic acid and 4-mercaptobutyric acid 
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these solutions were prepared by mixing the thiol with water. The other thiol solutions 
were prepared by mixing with ethanol. The gold electrodes were rinsed and subsequently 
immersed in the electrochemical cell. The protein concentration in the cell was 400 nM. 
Protein adsorption was enhanced by argon bubbling and continued until the voltammetric 
peak reached a maximum, which was after approximately 5 min in a solution of pH 4.5. 

Determination of Protein Coverages. Coverages were determined by subtraction of 
a natural cubic splines baseline36 from the anodic or cathodic scan of the voltammogram 
and subsequent division by area of the gold electrode. For the baseline subtraction the 
program “Utilities for Data Analysis” developed by Heering was employed.37 The area of 
the gold electrodes was determined from an oxygen adsorption experiment in 0.5 M 
H2SO4.

38  

 
6.3 Results 

Figure 6.1 shows typical voltammograms for immobilized horse and yeast cytochrome 
c at pH 5.4, pH 7.0, and pH 8.0. Clear peaks for the heme FeIII/FeII transition in 
cytochrome c are observed at all three pH values for both proteins, but there are distinct 
differences in midpoint potential, coverage, and peak separation between the 
voltammograms recorded at different pH values. Additionally, there are significant 
differences between horse and yeast cytochrome c, especially in peak separation. To 
accurately determine the influence of pH on the properties of immobilized cytochrome c, 
voltammograms were recorded over a broad pH range (3.5-8) for both horse and yeast 
cytochrome c. The midpoint potentials and coverages determined from these 
voltammograms are plotted in Figures 6.2 and 6.3. We focus on the pH 3.5–8 region, 
where both cytochromes c retain the same conformation as at neutral pH. The behavior at 
higher pH values, where both cytochromes c undergo a conformational change to an 
alkaline form,39-41  was not investigated, since this change would significantly complicate 
the interpretation of the results.  The values determined at pH 7 are in line with previous 
studies.21,25,28,29,42 
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Figure 6.1 Cyclic voltammograms of a gold electrode with a SAM of mercaptohexanoic 

acid (MHA) in 400 nM horse or yeast cytochrome c in a 10 mM acetate solution, pH 5.4 

(▬), a 10 mM phosphate solution, pH 7.0 (), or a 10 mM phosphate solution, pH 8.0 

(⋅⋅⋅⋅) . Scan rate = 500 mV/s. 

 

Figure 6.2 shows that the dependence of the midpoint potential on pH is similar for 
horse and yeast cytochrome c between pH 3.5 and pH 7.  For both proteins there is a 
gradual decrease in midpoint potential of about 100 mV over this pH range. The small 
difference of approximately 20 mV between the proteins is consistent with the difference 
in midpoint potential in solution, being 270 mV for horse cytochrome c41,43-46 and 290 
mV for yeast cytochrome c.37,40,46,47  
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Figure 6.2 Midpoint potentials of horse (•) or yeast (o) cytochrome c immobilized on a 

gold electrode with a SAM of mercaptohexanoic acid (MHA) as a function of pH. 

Midpoint potentials were determined from baseline-subtracted voltammograms recorded 

in 10 mM buffer solutions containing 400 nM protein at a scan rate of 500 mV/s. Acetate 

(pH 3.5-6.1) and phosphate (pH 6.1-8.0) buffers were employed. The midpoint potentials 

of horse and yeast cytochrome c in solution are indicated by dotted lines.
40  

 

The observed pH dependence of the immobilized proteins is significantly different 
from the pH dependence of the proteins in solution. In solution the midpoint potentials of 
both horse and yeast cytochrome c do not depend on pH between pH 4 and pH 7.40,41,45,48  
Therefore, the decrease in midpoint potential we observe must be related to the fact that 
cytochrome c is immobilized. Since horse cytochrome c does not reorient on the surface 
in this pH range (which we will discuss later), the change in midpoint potential is most 
likely caused by a change in the interfacial electric field.24 This change is probably 
related to the increasing negative charge on the carboxylic acid-terminated SAM with 
increasing pH. This is consistent with the finding that the midpoint potential of 
cytochrome c immobilized on a positively charged SAM is 90 mV higher than on a 
negatively charged SAM.28  

Figure 6.3 shows the electroactive coverage of both proteins as a function of pH. Both 
proteins display a comparable increase in coverage between pH 3.5 and pH 6. This 
increase in coverage can be related to an increased electrostatic interaction between the 
protein and the SAM due to increased negative charge on the carboxylic acid-terminated 
SAM, which has a pKa around 5-7.49-53  On the other hand, there is a distinct difference 
in the coverages of both proteins between pH 6 and pH 8, which suggests some intrinsic 
differences in binding to the SAM. 
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Figure 6.3 Maximum coverages of horse (•) or yeast (o) cytochrome c immobilized on a 

gold electrode with a SAM of mercaptohexanoic acid (MHA) as a function of pH. 

Coverages were determined from the charge under the voltammetric peaks of baseline-

subtracted voltammograms divided by the surface area of the gold electrodes. The 

voltammograms were recorded in 10 mM buffer solutions containing 400 nM protein at 

a scan rate of 500 mV/s. Acetate (pH 3.5-6.1) and phosphate (pH 6.1-8.0) buffers were 

employed.  

 

A third property that can be determined from the voltammograms is the electron-
transfer rate constant between immobilized cytochrome c and the electrode. This rate 
constant is related to the dependence of the peak separation between the anodic and the 
cathodic peaks in the voltammograms on the scan rate. Figure 6.4 shows voltammograms 
for yeast and horse cytochrome c at different pH values and at different scan rates. Both 
proteins display similar behavior at pH 5. This suggests that both proteins are 
immobilized on the electrode in a very similar way. However, at pH 7 yeast cytochrome 
c displays significant peak separations at much lower scan rates, indicative of a lower 
electron-transfer rate constant, whereas horse cytochrome c behaves the same as at pH 5. 
This decrease in rate constant for yeast cytochrome c can be related to a change in the 
length and nature of the electron-tunneling pathway and hence a reorientation of the 
protein on the electrode or to a change in the reorganization energy of the protein to 
accommodate electron transfer. Changes in the electron-transfer behavior also occur for 
horse cytochrome c as is shown by the measurement at pH 8, but these changes occur at 
much higher pH values than for yeast cytochrome c.   
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Figure 6.4 Cyclic voltammograms at different scan rates of a gold electrode with a SAM 

of mercaptoundecanoic acid (MUA) in 400 nM yeast or horse cytochrome c in a 10 mM 

acetate solution, pH 5.0, a 10 mM phosphate solution, pH 7.0, or a 10 mM phosphate 

solution, pH 8.0. 

 

Electron-transfer rate constants can be determined employing Laviron’s method,54 
which involves plotting the cathodic and anodic peak potentials of voltammograms as a 
function of the scan rate in so-called Trumpet plots.1 For horse cytochrome c at pH 5 and 
pH 7 and yeast cytochrome c at pH 5 and pH 8 this has been done in Figure 6.5. 
Employing Laviron’s method, the corresponding electron-transfer rate constants can be 
deduced from these plots. These are given in both Figures 6.4 and Figure 6.5. The rate 
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constants could not be determined for yeast cytochrome c at pH 7 and horse cytochrome 
c at pH 8, due to difficulties in peak potential determination. In these cases the peaks 
seem to consist of two overlapping peaks, which is indicative of two different peak 
separations and hence of two different protein orientations on the surface. 
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Figure 6.5 Trumpet plots for horse and yeast cytochrome c on a SAM of 

mercaptoundecanoic acid (MUA). Cathodic and anodic peak potentials were determined 

from voltammograms that were recorded in 400 nM yeast or horse cytochrome c in a 10 

mM acetate solution, pH 5.0, a 10 mM phosphate solution, pH 7.0, or a 10 mM 

phosphate solution, pH 8.0.  Scan rates ranging from 2 mV s
-1 

to 40 V s
-1
 were employed. 

Voltammograms at high scan rates were corrected for ohmic drop. 

 

A more complete understanding of the electron-transfer behavior between the 
electrode and cytochrome c can be obtained by determining the electron-transfer rate 
constants with varying SAM thickness. This thickness can be varied by changing the 
length of the carboxylic acid-terminated thiol. Figure 6.6 shows the electron-transfer 
constants as a function of SAM thickness for yeast cytochrome c at pH 5.0 and pH 8.0 
and for horse cytochrome c at pH 5.0 and pH 7.0. The rate constants have been 
determined employing Trumpet plots (Figure S6.1, which can be found at the end of this 
chapter) and are also given in Table 1. The figure shows very similar behavior of horse 
cytochrome c at pH 5 and pH 7 and of yeast cytochrome c at pH 5, and the results are in 
close agreement with results reported previously for horse cytochrome c at pH 7.21 The 
results show that for long thiols (n > 8) the rate constants decrease with increasing length 
of the thiol, which corresponds to long-range electron tunneling through alkanethiols.55-57 
For short thiols (n < 8) the rates become independent of the thiol length, which is due to 
the fact that electron transfer becomes limited by protein reorganization. For horse and 
yeast cytochrome c these reorganization-limited electron-transfer rate constants are 
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respectively approximately 1000 and 600 s-1. For yeast cytochrome c at pH 8, lower rate 
constants are observed for both short and long thiols. However, compared to pH 5 the 
general behavior is still the same. Decreasing rate constants reflecting electron tunneling 
are observed for long thiols (in this case n > 4) and approximately constant rate constants 
reflecting limitation by reorganization are observed for very short thiols (n < 4). A word 
of caution has to be expressed about the measurements on these very short thiols, since it 
is known that short thiols (n < 5) do not form monolayers that are as well organized as 
longer thiols.58 Therefore, the value of 40 s-1 for the reorganization-limited electron-
transfer rate constant is only a rough estimate. From the measurements we can deduce 
that there is an approximately 10-fold decrease in the reorganization energy of 
immobilized yeast cytochrome c on going from pH 5 to pH 8. The approximately 1000-
fold decrease observed for long thiols (n > 8) must be caused by both a change in 
reorganization energy and a change in the nature and length of the electron tunneling 
pathway. Since the change in reorganization energy is responsible for a 10-fold decrease, 
we can deduce that the change in electron tunneling pathway is responsible for a 100-fold 
decrease.  
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Figure 6.6 Electron-transfer rate constants for yeast cytochrome c at pH 5.0 (o) and pH 

8.0 (∆) and horse cytochrome c at pH 5.0 (•) and pH 7.0 (▲) as a function of the 

number of methylene groups in the mercapto carboxyl thiols (HS(CH2)nCOOH) at 

different pH values. The electron-transfer rates were determined from Trumpet plots. 

The voltammograms for these Trumpet plots were recorded in 10 or 50 mM acetate, pH 

5.0, 10 or 50 mM phosphate, pH 7.0, or 10 mM phosphate, pH 8.0, and contain 400 nM 

cytochrome c. Scan rates ranging from 2 mV s
-1
 to 300 V s

-1
 were used. High scan rate 

measurements of cytochrome c on SAMs of MOA, MHA, MBA, and MPA were 

performed in a 50 mM acetate or 50 mM phosphate solution to avoid large ohmic drops. 

This does not affect the rate constants, as was evidenced by values of 70 s
-1
 and 75 s

-1
 for 

horse cytochrome c on MUA in respectively 10 and 50 mM acetate. 
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Table 6.1 Electron-transfer rate constants (s
-1
) determined for horse and yeast 

cytochrome c immobilized on carboxylic acid-terminated SAMs under different 

conditions
a  

 horse cytochrome c yeast cytochrome c 
Thiol pH 5 pH 5, 

NO 
pH 7 pH 7, 

NO 
pH 5 pH 5, 

NO 
pH 7 pH 7, 

NO 
pH 8 pH 8, 

NO 
MPA  9.9     46  41  
MBA 850 7.2 940 5.2 620  49 1.2 26 0.044 
MHA 1100 1.0 1040 0.67 610 0.42 16 0.25 6.8  
MOA 540 0.15 430 0.081 460 0.079 b 0.031 0.75  
MUA 70 0.0079 64 0.006 46 0.0035 b  0.059  
MHDA 0.42  0.52  0.35      
Em (mV) 259 251 213 206 284 298 239 249  228c 238c 

a
 Midpoint potentials (vs  SHE) under the same conditions on a SAM of MOA are also 

given. 
b
 could not be determined due to presence of more than one peak. 

c
 values determined on MBA. 

  
The electron-transfer rate constants between the electrode and the immobilized protein 

can also be affected by ligand-induced conformational changes in the protein. A ligand 
that can bind to both yeast and horse cytochrome c is nitric oxide.59,60  Since binding of 
NO to cytochrome c requires replacement of either methionine or histidine,31,32  it results 
in conformational changes of the protein. Figure 6.7 shows voltammograms of horse 
cytochrome c immobilized on a SAM of mercaptooctanoic acid in the absence and 
presence of NO. The figure shows a large increase in peak separation upon NO binding, 
which is indicative of a decrease in the electron-transfer rate constant between the protein 
and electrode. Employing Trumpet plots (Figure S6.2) rate constants were determined 
for thiols of different lengths, and these are plotted in Figure 6.8. The figure shows that 
upon NO binding the electron-transfer rate constants decrease by a factor of 100 for very 
short thiols (n < 3) and a factor of 10000 for long thiols (n > 8). Again we have to remark 
that, due to the poor organization of the short thiols, the reorganization-limited electron-
transfer rate constant of 10 s-1 is only a rough estimate. The results suggest that the 
conformational changes induced by NO binding affect both the reorganization energy 
and the electron tunneling pathway between the protein and the electrode. On the other 
hand, nitric oxide binding does not result in a large change in midpoint potential of the 
FeIII/FeII redox couple. Only an 8 mV negative shift in midpoint potential is observed 
(Figure S6.2). This behavior is significantly different from that of soluble iron 
porphyrins, where NO binding results in a 400 mV positive potential shift,61,62  which is 
due to a stabilization of the FeII state by NO. The absence of a large shift for horse 
cytochrome c implies that binding constants of NO to immobilized cytochrome c in its 
FeIII and FeII state must be comparable. This observation is in slight disagreement with 
the literature, where binding constants of 1.63 × 104 M-1 and 3.0 × 105 M-1 have been 
reported for respectively the FeIII and FeII states,31,32  which would correspond to a 75 mV 
positive potential shift. This suggests that protein immobilization does affect NO binding 
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constants. Changes in pH do not seem to affect NO binding, as was deduced from the 
comparable results obtained at pH 5 and pH 7 (Figure S6.2). 
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Figure 6.7 Cyclic voltammograms of immobilized horse cytochrome c on a SAM of 

mercaptooctanoic acid (MOA) in a saturated Ar solution (⋅⋅⋅⋅) or in a saturated NO 

solution () in 400 nM horse cytochrome c in 10 mM acetate, pH 5.0. Scan rate = 50 

mV/s. 
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Figure 6.8 Electron-transfer rate constants for horse cytochrome c in an Ar solution (•) 

or saturated NO solution (▼) as a function of the number of methylene groups in the 

mercapto carboxyl thiols (HS(CH2)nCOOH). The electron-transfer rate constants were 

determined from Trumpet plots (Figure S6.2). The voltammograms for these Trumpet 

plots were recorded in 10 mM acetate, pH 5.0, and contain 400 nM cytochrome c. Scan 

rates ranging from 2 mV s
-1
 to 300 V s

-1
 were used. 
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Similar results were obtained for yeast cytochrome c at pH 5 (Table 6.1), but there are 
some differences. Analogous to horse cytochrome c, a 10000-fold decrease in rate 
constants was observed for long thiols. Again the rate constants for yeast cytochrome c 
are somewhat lower than for horse cytochrome c, analogous to the behavior in the 
absence of NO. Yeast cytochrome c displays a 14 mV positive shift in midpoint potential 
upon NO binding, which differs from the 8 mV negative shift for horse cytochrome c. 
This indicates that both cytochromes c have slightly different NO binding affinities in 
their FeII and FeIII-states. We also determined rate constants for NO-bound yeast 
cytochrome c at pH 7 and pH 8 (Table 6.1). These are much lower than for NO-bound 
horse cytochrome c at pH 7 and yeast cytochrome c at pH 5, which suggests that yeast 
cytochrome c reorients on the surface, analogous to its behavior in the absence of NO. 

 

6.4 Discussion and Conclusions 

Before analysis of our results, it is important to establish that the conditions we 
employ do not induce significant conformational changes or denaturation of either 
cytochrome c. On the basis of (i) the fact that cytochrome c in solution does not undergo 
denaturation under the same conditions, (ii) the fact that the potential always stays 
reasonably close to the potential in solution (<70 mV difference), (iii) the fact that the 
voltammetric peaks display Nernstian behavior, (iv) the fact that the coverage is typical 
of a protein, and (v) the fact that the observed electron-transfer behavior is typical of a 
protein, we can conclude that both horse and yeast cytochrome c retain a near-native 
conformation over the whole pH range. For the same reasons NO binding to immobilized 
cytochrome c seems to result in the same conformational changes that occur when NO 
binds to cytochrome c in solution. 

Below pH 6 immobilized horse and yeast cytochrome c display similar dependencies 
of the midpoint potential on pH, similar coverages, and comparable electron-transfer rate 
constants. This suggests that, up to pH 6, horse and yeast cytochrome c adsorb on the 
electrode in a comparable orientation, creating a similar electron tunneling pathway 
between the electrode and the protein. A previous surface spectroscopy study has shown 
that the binding of horse cytochrome c to the carboxylic acid-terminated SAMs likely 
occurs via certain lysine residues, namely, Lys13, Lys72, and Lys86.5  This previous 
study was performed at pH 7.0, but since there is no apparent change in electron-transfer 
rate constants between pH 5.0 and pH 7.0, horse cytochrome c does not seem to reorient 
in this pH range. A representation of the side of horse cytochrome c containing the 
particular lysine residues is shown in Figure 6.9, which also shows the homologous side 
of yeast cytochrome c. The figure shows that horse and yeast cytochrome c closely 
resemble each other. This explains why both proteins adsorb on the electrode in a similar 
fashion and display similar properties. This particular side of cytochrome c is known to 
interact with enzymes such as cytochrome c oxidase and cytochrome c peroxidase and is 
closely conserved throughout the cytochromes c.27,63  
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Figure 6.9 Charge distribution on horse and yeast cytochrome c at pH 5 on the side that 

binds to the carboxyl acid-terminated SAM. Positively charged groups (lysine, arginine 

and histidine) are depicted in blue, whereas negatively charged groups (aspartic acid 

and glutamic acid) are depicted in red. The heme groups are depicted as sticks in green. 

Prepared with PyMOL.
64
 PDB codes: 1HRC and 1YCC. 

 
Figure 6.10 Charge distribution on horse and yeast cytochrome c of the side of the 

protein that is likely to bind to the SAM at pH 8 for yeast cytochrome c. Positively 

charged groups are depicted in blue, whereas negatively charged groups are depicted in 

red. Prepared with PyMOL.
64
 PDB codes: 1HRC and 1YCC. 

 

Figure 6.11 Plausible orientations of yeast cytochrome c on the SAM at pH 5 and pH 8. 

The representation is approximately to scale. The heme groups have been accentuated. 

Prepared with Gaussview.
66
 PDB code: 1YCC. 
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Whereas horse cytochrome c retains the same orientation at the electrode at both pH 5 
and pH 7, immobilized yeast cytochrome c seems to reorient with increasing pH. This is 
suggested by the large decrease in the electron-transfer rate constant of yeast cytochrome 
c at pH 8. This decrease is due to changes in the reorganization energy and the electron 
tunneling pathway of yeast cytochrome c and hence suggests that the protein has another 
orientation compared to that at pH 5. On the basis of the decrease in the electron-transfer 
rate constant and the crystal structure of yeast cytochrome c, we can make a rough 
estimate of the new orientation of the protein. Assuming an exponential decay coefficient 
β through cytochrome c of approximately 1.2 Å-1,65 we can estimate that the 100-fold 
decrease, which we ascribe to a change in the electron tunneling pathway, is caused by an 
increase in the electrode−heme distance of approximately 4 Å. From the positions of the 
positively charged residues in the crystal structure of yeast cytochrome c we can deduce 
sides of the protein that are likely to interact with the negatively charged SAM. In 
combination with the extra heme−electrode distance we can estimate which side of the 
protein, is most likely to bind to the SAM at pH 8. This particular side is depicted in 
Figure 6.10, and the resulting orientation of the protein on the electrode is depicted in 
Figure 6.11. 

The cause of the reorientation must be either a change in the conformation of the 
protein, the charge distribution on the protein, or the charge distribution on the 
carboxylic acid-terminated SAM with increasing pH. The first explanation seems 
unlikely, since yeast cytochrome c does not undergo a conformational change between 
pH 5 and pH 8 in solution.40 The second explanation is also unlikely, since there are no 
large changes in the charges on the protein between pH 5 and pH 8. Only histidine 
changes its charge over this pH range, and no histidine is present on the side of 
cytochrome c that binds to the SAM. Therefore, the most probable explanation is that the 
reorientation is caused by a change in the charge distribution on the SAM. Over the pH 
5–8 range the density of negative charges increases significantly, since the SAM has a 
pKa of around 5−7.49-53  The hypothesis that such an increase in the density of negative 
charges can affect the orientation of yeast cytochrome c is supported by a previous study, 
in which mixed SAMs consisting of carboxylic acid-terminated thiols and hydroxyl-
terminated thiols were employed.26 In this study it was shown that higher electron-
transfer rates were obtained for mixed SAMs than for pure carboxylic acid-terminated 
SAMs. Possibly the higher density of negative charges on the SAM makes it more 
favorable to bind to a side of yeast cytochrome c that has a higher density of positive 
charges. Figure 6.10 indeed shows more positively charged residues than Figure 6.9. 

The difference in orientation of horse and yeast cytochrome c in the pH 6-8 region 
must be related to a different charge distribution on both proteins. Figure 6.10 indeed 
shows significant differences between horse and yeast cytochrome c for the side by 
which yeast cytochrome c is likely to bind to the SAM at pH 8. Apparently these 
differences in charge distribution make it favorable to reorient for yeast cytochrome c, 
but not so for horse cytochrome c. Nevertheless, Figure 6.4 suggests that at pH 8 horse 
cytochrome c also starts to change its orientation. This is in line with results from a 
previous study, which showed decreasing electron-transfer rate constants with increasing 
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pH.29 However, it is also possible that the decrease in rate constants is caused by a 
conformational change of the protein that occurs at high pH.41  

The electron tunneling pathway can be influenced not only by a reorientation of the 
protein, but also by a conformational change of the protein, as occurs in the case of NO 
binding. The physiological function of NO binding to cytochrome c is still unclear, but it 
might play a role in the inhibition of mitochondrial cytochrome c oxidase by NO.67 Upon 
binding of NO, the electron-transfer rate constants for both horse and yeast cytochrome c 
on long thiols (n > 8) decrease by a factor of 10000. Our results on short thiols suggest 
that a factor of 100 of this decrease is related to a change in reorganization energy for 
electron transfer and hence the other factor of 100 may be related to a change in the 
electron tunneling pathway. The relatively large decrease in reorganization energy is 
probably related to the strength of the NO binding. This binding deepens the potential 
energy wells of cytochrome c in both its FeII and FeIII states, but also the reorganization 
energy for electron transfer (λ) is increased, and correspondingly the electron-transfer 
rate constants decrease (Figure 6.12).68  

 

 

Figure 6.12 Profile of the potential energy surface of immobilized cytochrome c with 

() and without (---) bound nitric oxide. The reorganization energies are λNO/4 and λ/4, 

respectively. 

 

 The factor of 100 decrease related to the change in the electron tunneling pathway 
can be translated into an extra heme−electrode distance of 4 Å. No crystal structure for 
nitric oxide-bound cytochrome c is available, and therefore, we do not know what exact 
conformational changes are caused by NO binding. However, a crystal structure is 
available for cyanide-bound cytochrome c, and since cyanide and nitric oxide are both 
strongly binding diatomic ligands, they probably induce similar conformational changes. 
The cyanide-bound crystal structure shows that cyanide coordinates to the heme by 
replacing methionine 80, which as a result is moved from the heme pocket to the surface 
of the protein (Figure 6.13).69 This happens on the side of the protein that binds to the 
SAM at low pH, and therefore this methionine 80 is likely to change the way the protein 
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binds to the SAM. Apparently this results in an increase of the electron tunneling 
pathway. On the basis of the similar behavior of yeast and horse cytochrome c at pH 5, 
we can deduce that both proteins have a comparable orientation on the electrode, similar 
to their behavior in the absence of NO. Since the side of the protein depicted in Figure 
6.9 is the only side where the proteins closely resemble each other, it seems that nitric 
oxide binding does not change the side by which both proteins bind to the electrode, as 
does  increasing the pH in the case of yeast cytochrome c. 

 
Figure 6.13 Charge distribution on cyanide bound horse cytochrome c at pH 7. Positive 

groups (lysine and arginine) are depicted in blue, whereas negative groups (aspartic 

acid and glutamic acid) are depicted in red. Methionine 80 has been depicted in green 

for accentuation. The heme groups are depicted as sticks in green. Prepared with 

PyMOL. PDB codes: 1I5T 

 

In conclusion, we have shown that several electrochemical properties of immobilized 
horse and yeast cytochrome c can be influenced by changing the pH and binding of nitric 
oxide. The pH-induced changes seem to be related to the charging of the self-assembled 
monolayer, since both proteins do not undergo large changes in surface charge or 
conformation in the investigated pH range. In the case of yeast cytochrome c increasing 
the pH causes a large decrease in electron-transfer rate constants, which is indicative of a 
reorientation of the protein on the electrode. Such a reorientation is not observed for 
horse cytochrome c, which is probably related to a different charge distribution on both 
proteins. Binding of nitric oxide causes decreases in electron-transfer rate constants for 
both cytochromes c. This is probably related to changes in the reorganization energy for 
electron transfer and changes in the conformation for NO-bound cytochrome c compared 
to cytochrome c. 
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6.5 Supporting information 
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Figure S6.1 Trumpet plots for horse and yeast cytochrome c immobilized on gold with a 

SAM of 3-mercapto propionic acid (MPA), 4-mercaptobutyric acid (MBA), 6-

mercaptohexanoic acid (MHA), 8-mercaptooctanoic acid (MOA), 11-

mercaptoundecanoic acid (MUA) or 16-mercaptohexadecanoic acid (MHDA). Cathodic 

and anodic peak potentials were determined from voltammograms that were recorded in 

either 10 or 50 mM acetate, pH 5.0 or 10 or 50 mM phosphate, pH 7.0 containing 400 

nM cytochrome c at scan rates ranging from 2 mV s
-1
 to 300 V s

-1
. Peak potentials were 

corrected for ohmic drop at high scan rates. High scan rate measurements of 

cytochrome c on SAMs of MOA, MHA, MBA and MPA were performed in a 50 mM 

acetate or 50 mM phosphate solution to avoid large ohmic drops. This does not affect 

the rate constants, as was evidenced by values of 70 s
-1
 and 75 s

-1
 for horse cytochrome 

c on MUA in respectively 10 mM and 50 mM acetate. 
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Figure S6.2 Trumpet plots for horse cytochrome c immobilized on gold with a SAM of 

MPA, MBA, MHA, MOA, MUA or MHDA in saturated NO solution. Cathodic and 

anodic peak potentials were determined from voltammograms that were recorded in 10 

mM acetate, pH 5.0 containing 200 nM cytochrome c at scan rates ranging from 2 mV s
-

1
 to 300 V s

-1
. Peak potentials were corrected for ohmic drop at high scan rates. The 

corresponding electron transfer rate constants, which were calculated using Laviron’s 

theory are also reported. 
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Redox transitions of chromium, 
manganese, iron, cobalt and 

nickel protoporphyrins in aqueous 
solution* 

 

 

 

 

———————————————————————————————————————————— 
Abstract: The electrochemical redox behavior of immobilized chromium, manganese, 
iron, cobalt, and nickel protoporphyrins IX has been investigated over the pH 0-14 
range. In the investigated potential domain the metalloporphyrins were observed in four 
different oxidation states (MI, MII, MIII and MIV). The metalloporphyrins differ in the 
potentials at which the redox transitions occur, but the observed pH dependence of the 
redox transitions was similar for the different metalloporphyrins and revealed that the 
MII/MIII and MIII/MIV transitions were accompanied by a hydroxide transfer at high pH. 
The fact that the metalloporphyrins are immobilized on graphite does not seem to have a 
large influence on their redox behavior, as can be deduced from the comparable 
behavior of immobilized metalloporphyrins on gold and of water soluble 
metalloporphyrins in solution. We also performed Density Functional Theory (DFT) 
calculations on the metalloporphyrins in different oxidation states. The geometries and 
spin states predicted by these calculations agree well with experimentally determined 
values and suggest that there is a correlation between the spin states and the metal 
nitrogen bond distances; the calculations were also employed to predict the 
electrochemical potentials of the redox transitions, with mixed success. Relative 
potential differences between the different metalloporphyrins were reasonably predicted 
for the MII/MIII and MIII/MIV transitions, whereas prediction of the actual electrochemical 
potentials, which requires certain assumptions regarding solvation, was only reasonably 
successful for the MII/MIII redox transition.  
———————————————————————————————————————————— 
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7.1 Introduction 

Metalloporphyrins (Figure 7.1) are versatile organometallic molecules that are 
incorporated in many proteins. The most widely occurring metalloporphyrin is iron 
protoporphyrin IX, better known as heme. Heme proteins perform a wide variety of 
functions, including oxygen transport, oxygen reduction and electron transport.1 
Porphyrins and porphyrin derivatives with other metals than iron also occur. Examples 
include magnesium in chlorophyll and cobalt in vitamin B12.

2  

Metalloporphyrins are actively being investigated to better understand how they 
perform their functions in proteins.1 Apart from this, they can potentially be employed as 
biomimicking catalysts and biosensors3 and therefore it is also interesting to study them 
in their isolated form. A number of experimental techniques have been employed to 
characterize metalloporphyrins. These include X-ray diffraction to determine bond 
distances,4 ESR and NMR to determine spin states,5 Infrared and Raman spectroscopy to 
determine vibrational properties,6 and electrochemistry to determine the potentials of the 
redox transitions.7 Over the past two decades Density Functional Theory (DFT) 
calculations have also greatly helped in gaining a better understanding of the electronic 
and ligand binding properties of porphyrins.8-10 
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Figure 7.1 Structures of metalloprotoporphyrin IX (top) and of the metalloporphyrins in 
different oxidation states (bottom). The OH- and O2- subsituents for the 
metalloporphyrins in their MIII and MIV oxidation are likely to occur when adsorbed on a 
pyrolitic graphite electrode in an aqueous solution (discussed in text). All complexes are 
neutral except for the metalloporphyrins in their MI oxidation state. The notations we 
use for the different porphyrins are depicted under the structures. 
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In this paper we investigate the properties of chromium, manganese, iron, cobalt and 
nickel porphyrins in different oxidation states. Our goal is to determine the similarities 
and differences between these porphyrins, especially with regard to their redox 
transitions in an aqueous environment. We have done this by electrochemically 
determining the midpoint potentials of the redox transitions over a wide pH range (0-14). 
From the pH dependence of these midpoint potentials, it becomes possible to determine 
whether the redox transitions are accompanied by a proton or hydroxide transfer. In this 
way the nature of the redox transitions can be determined and a comparison between the 
different metalloporphyrins can be made.  

We have deliberately chosen not to perform our electrochemical measurements on 
metalloporphyrins in solution, but instead on metalloporphyrins immobilized on pyrolitic 
graphite. The reason is that the investigation of metalloporphyrins in solution has some 
disadvantages. Firstly, there is a solubility issue,  since the biochemically relevant 
metalloprotoporphyrins IX (Figure 7.1) are not soluble at low pH values.11,12 Secondly, 
metalloporphyrins that are soluble in water tend to form dimers and trimers. This results 
in complicated electrochemical behavior,13-15 which makes it difficult to correctly assign 
the redox transitions. In contrast, immobilized porphyrins have the advantage that 
reversible well-defined peaks are obtained over the whole pH range.16,17 Also, since the 
immobilization blocks one coordination site, the electrochemical behavior is not so 
complicated and can be relatively easily interpreted. However, an important question is 
whether the proximity of the immobilized metalloporphyrins to the electrode affects their 
properties compared to the metalloporphyrins in solution. In this paper we will show that 
there does not seem to be a significant “electrode” effect on the redox potentials. We do 
this by comparing different immobilization methods and by comparing the redox 
potentials to the redox potentials of water soluble metalloporphyrins. 

Apart from the electrochemical measurements, we have also performed DFT 
calculations on the metalloporphyrins in their different oxidation states. These DFT 
calculations have a dual purpose. Firstly, they are used to determine possible 
relationships between particular characteristics of the metalloporphyrins such as nature of 
metal, oxidation state, geometry, spin state, symmetry and ligand. Since it has been 
reported that DFT sometimes has difficulties at correctly describing some 
metalloporphyrins,18,19 we compare the results of the calculations to experimentally 
determined geometries and spin states. Secondly, the calculated differences in energies 
between the different metalloporphyrins can be employed to calculate the differences in 
redox potentials between the metalloporphyrins. In this way the ability of the calculations 
to correctly predict energy differences between different metalloporphyrins can be 
assessed. The calculations can even be employed to calculate the actual electrochemical 
potentials of the redox transitions, although certain assumptions that have to be made 
with regard tot the solvation of the metalloporphyrins become more stringent in this case.  
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7.2 Experimental procedures 

Materials. Hemin (Fluka, 98%), Cr(III) Protoporphyrin IX chloride (Frontier 
Scientific), Mn(III) Protoporphyrin IX chloride (Frontier Scientific),  Co(III) 
Protoporphyrin IX chloride (Frontier Scientific),  Ni(II) Protoporphyrin IX (Frontier 
Scientific), and didodecyldimethylammonium bromide (DDAB, 98%, Aldrich)  were all 
used as received. All other chemicals were p.a. grade. Buffer solutions were prepared 
with sodium acetate (pH 4-6), sodium dihydrogen phosphate monohydrate (pH 2-3, 6-8, 
11-12) and boric acid (pH 9-10) combined with concentrated solutions of hydrochloric 
acid or caustic soda and Millipore MilliQ water (resistivity > 18.2 MΩ cm). The 
concentration of the buffer was 0.1 M in all experiments. Solutions of sulfuric acid (pH 
0-1) and caustic soda (pH 13-14) were used for low and high pHs. Pyrolitic graphite 
(Carbone-Lorraine) was fabricated into homemade rotating ring-disk electrodes.20,21 The 
geometric surface area of the electrodes was 0.5 cm2. 

Electrochemical Apparatus and Procedures. An Autolab PGstat 20 potentiostat 
was used for cyclic voltammetry. A homemade three-electrode cell consisting of a 
platinum flag counter electrode, a Hg|Hg2SO4 reference electrode and a pyrolitic graphite 
rotating disk working electrode was employed. All potentials in this paper are relative to 
the standard hydrogen electrode (SHE). All solutions were deaerated by purging with 
argon for 15 min. All electrochemical experiments were performed at room temperature. 

Preparation of adsorbed metalloprotoporphyrin on pyrolitic graphite. 0.5 mM 
chromium, manganese, iron, cobalt and nickel protoporphyrin solutions were prepared by 
dissolving 1.6 mg of the particular metalloprotoporphyrin in 5 ml of a 0.01 M borate 
solution, pH 10. Prior to use, the pyrolitic graphite (PG) electrode was abraded using 
P500 and P1000 SiC sandpaper and ultrasonicated in Millipore MilliQ water for 1 min. 
The electrode was dried in a N2 stream for 5 sec. It was then immersed in the desired 
metalloprotoporhyrin solution for 5 min to saturate the surface with the 
protoporphyrin,22,23 after which the electrode was rinsed with water. 

Preparation of metalloprotoporphyrin-DDAB films on pyrolitic graphite. 
Protoporphyrin-DDAB solutions were prepared by mixing 0.5 mM 
metalloprotoporphyrin in 0.01 M borate solution, pH 10, with an equal volume of a 0.01 
M DDAB suspension in 0.1 M acetate, pH 5. The DDAB suspension was prepared by 
ultrasonication for 1 hour.  Prior to use, the PG electrodes were abraded using P500 and 
P1000 SiC sandpaper and ultrasonicated in Millipore MilliQ water for 1 min. The 
electrode was dried in a N2 stream for 5 s. Subsequently, 5 µl of the protoporphyrin-
DDAB solution was put on the electrode. The electrode was dried for approximately 15 
min in air, after which it was used for electrochemical experiments. 

Computational details. Calculations were performed with the Amsterdam Density 
Functional (ADF) program.24,25 The atomic orbitals on all atoms were described by an 
uncontracted triple-ζ valence plus polarization STO basis set (TZP). The inner cores of 
carbon, nitrogen, and oxygen (1s2) and that of iron (1s2-2s22p2) were kept frozen. The 
exchange-correlation potential is based on the newly developed GGA exchange 
functional OPTX26 in combination with the nonempirical PBE correlation functional 
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(OPBE).27 This functional is generally known to be good at calculating the correct spin 
states of iron complexes and has low computational costs.28 The calculations were 
performed on simple metalloporphyrins, which means that the substituents present on the 
metalloprotoporphyrins were replaced by hydrogens. Geometries of all metal porphyrins 
were optimized with symmetry constraints for different oxidation states of the 
metalloporphyrin, namely [MI]-, [MII], [MIII-OH] and [MIV-O] (Figure 7.1), for low, 
intermediate and high spin states using the OPBE functional. The correct symmetry of 
the ground state was determined by also performing geometry optimizations without 
symmetry constraints. If the energy of the optimization with symmetry constraints was 
found to lie within 10 meV of the optimization without symmetry constraints, the 
symmetry was assigned to the geometry. Otherwise the calculations were repeated with a 
lower symmetry. Based on the energies of the different spin states the ground state for the 
metal porphyrins for different oxidation states was determined. All reported energies in 
this manuscript are formation energies from the atoms. These formation energies were 
determined from the calculated energies for the complexes minus the calculated energies 
of the individual atoms in their lowest spin state. In case of charged molecules such as 
[MI]- and OH-, the energies of neutral individual atoms were deduced. Therefore for 
these charged molecules the reported energies correspond to the formation energy plus 
their electron affinity. In order to determine the influence of functional on our calculated 
ground state energies, we also determined the ground state energies with the hybrid 
B3LYP functional. For this we used the geometry that was calculated with the OPBE 
functional. The calculated B3LYP energies are post-SCF. 

 

7.3 Experimental Results 

Figure 7.2 shows the electrochemical response of chromium, manganese, iron, cobalt 
and nickel protoporphyrins IX at pH 7, immobized via direct adsorption from an alkaline 
solution. Based on previous electrochemical measurements for different 
metalloporphyrins in organic solvents and aqueous solution,7,13,14,29-31 it is possible to 
assign the redox peaks to different metal redox transitions, as is shown in the figure. It 
can be seen that the MIII/MII redox potential shifts to more positive potentials in the order 
chromium, manganese, iron and cobalt, the same order as these metals occur in the 
periodic table. For chromium, apart from the MIII/MII transition, also a MIV/MIII redox 
transition can be observed. No peaks were observed for the nickel protoporphyrin. 
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Figure 7.2 Cyclic voltammograms of a pyrolitic graphite electrode, with adsorbed Cr 
protoporphyrin IX (—), Mn protoporphyrin IX (⋅⋅⋅⋅), Fe protoporphyrin IX (=heme) (▬), 
Co protoporphyrin IX (- - -) and Ni protoporphyrins IX (—).Voltammograms were 
measured in 0.1 M phosphate, pH 7.0, at a scan rate of 500 mV/s.  

 
To learn more about the properties of the different metalloporphyrins we investigated 

the dependence of the midpoint potentials of the different redox transitions as a function 
of pH (Figure 7.3). These potentials were determined from voltammograms measured in 
the pH 0-14 range. As an example the voltammograms recorded for chromium are 
depicted in Figure S7.1. Figure 7.3 shows similar behavior as a function of pH for the 
MIII/MII redox transitions of the chromium, iron and cobalt protoporphyrins. This consists 
of a pH independent midpoint potential at low pH, and a pH dependent midpoint 
potential (59 mV/pH) at high pH. The value of 59 mV/pH corresponds to a hydroxide 
transfer accompanying the MIII/MII transition. This behavior has been previously 
observed for iron porphyrins and has been ascribed to reactions 1 (low pH) and 2 (high 
pH).16,32,33 In these previous studies it has been suggested that the [FeII] complex is 
coordinated by a water molecule ([FeII-H2O]), but we have deliberately omitted the water 
molecule, since a XANES study has suggested that the [FeII] remains four-coordinate, 
when adsorbed on a graphite electrode.34 As can be deduced from reaction 1 and 2, the 
pH at which transition from the pH independent to the pH dependent midpoint potential 
occurs is equivalent to the pKa of the [MIII]+ complex (reaction 3). From Figure 7.3 it can 
be seen that all metalloporphyrins have a pKa around 4. This is an indication that this 
pKa is mainly determined by the charge on the metal, and not by the specific electronic 
properties of the metal in the porphyrin. Figure 7.3 also shows that as a result of the 
similar behavior of the different metalloporphyrins, the observed difference in midpoint 
potential between the porphyrins remains similar over the whole pH range. This constant 



Redox transitions of metalloprotoporphyrins                               137 
————————————————————————————————————————————— 

 

difference is apparently related to the electronic properties of the different 
metalloporphyrins. Only the manganese porphyrin behaves different from the other 
metalloporphyrins, since it also displays a pH independent region between pH 7 and 11. 
A possible explanation could be that the manganese porphyrin adsorbs on the electrode 
as a dimer,35 which would affect its redox transitions. 

 
[MII] � [MIII]+ + e-       (1) 

[MII] + OH- � [MIII-OH] + e-      (2) 

[MIII]+ + OH- � [MIII-OH]         (3) 
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Figure 7.3 pH dependence of midpoint potentials of adsorbed Cr protoporphyrin IX 
(▼), Mn protoporphyrin IX (▲), Fe protoporphyrin IX (=heme) (�) and Co 
protoporphyrin IX (�). Apart from the MIII/MII transitions, also the observed MIV/MIII 
and MII/MI transitions have been plotted.  Measurements were performed in sulfuric acid 
(pH 0-1), 0.1 M acetate (pH 4-6), 0.1 M phosphate (2-3, 6-8, 11-12), 0.1 M borate (9-
10) and caustic soda (pH 13-14) at a scan rate of 500 mV/s. For comparison the pH 
dependence of Fe protoporphyrin IX immobilized on a self-assembled monolayer on 
gold has been plotted (○).32  
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Figure 7.3 also displays the pH dependence of some MIV/MIII and MII/MI redox 
transitions. Similar to the behavior of the MIII/MII redox transition at high pH, the 
MIV/MIII redox transitions of chromium and iron also display a pH dependence of 59 
mV/pH. This again indicates that a hydroxide transfer accompanies the electron transfer. 
Given the fact that the reduced species is [MIII-OH] and the fact that only one 
coordination site is available when the porphyrin is adsorbed, the most likely reaction 
that occurs is reaction 4. Again the behavior for the manganese porphyrin is more 
complicated, and it seems that the electron transfer is accompanied by two hydroxide 
transfers between pH 7 and 11. MII/MI redox transitions are observed for iron and cobalt. 
Since this redox transition is independent of pH, reaction 5 is most likely to occur. The 
fact that this transition is not accompanied by a hydroxide or proton transfer, such as for 
example the binding of H3O

+ to the negatively charged metalloporphyrin, is not too 
surprising, since it is unlikely that a positively charged cation can coordinate to the iron 
center, which still has a positive charge even though the overall complex is negatively 
charged. We have to remark that it is not completely clear whether the MII/MI electron 
transfer occurs on the metal for all metalloporphyrins. It is also possible that the electron 
transfer occurs on the porphyrin ring and that the metal remains in its 2+ oxidation state. 
Only in the case of iron and cobalt there is proof that the electron transfer occurs on the 
metal.7,36,37 Lastly, we would like to remark that we are not able to locate redox 
transitions at higher or lower potentials than approximately +1.3 or -1.3 V vs. SHE due 
to water decomposition on the metalloporphyrin or graphite electrode, resulting in 
decomposition of the porphyrin. 

 

[MIII-OH] + OH- � [MIV-O] + e- + H2O     (4) 

[MI]-  � [MII] + e-       (5) 

 

To determine whether there is a specific influence of our immobilization method on 
the redox behavior of the metalloporphyrins, we compared our results to the previously 
determined redox behavior of iron protoporphyrin IX immobilized on a self-assembled 
monolayer on gold (Figure 7.3).32 Direct comparison to metalloprotoporphyrins IX in 
solution was not possible, since they are not soluble in neutral solution and form 
complexes in alkaline solution.11,12 Figure 7.3 shows that the pH dependence of the 
midpoint potential of the MII/MIII transition of the iron protoporphyrin IX immobilized 
on gold corresponds very well to our results on graphite. This suggests that the surface 
on which the metalloporphyrins are immobilized does not have a strong influence on 
their electrochemical behavior. Hence, it also suggests that the behavior on the electrode 
would be similar to that in solution, if the formation of dimers was left out of 
consideration. This is indeed suggested by a pH dependence study of a watersoluble 
metalloporphyrins.13 

To further investigate the possible influences of immobilization methods on the redox 
behavior, we also immobilized the metalloprotoporphyrins by a different method, namely 
by incorporating them in films of the surfactant didodecyldimethylammoniumbromide 
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(DDAB). In aqueous solutions this surfactant forms vesicles,38 and in the bilayers of 
these vesicles the relatively hydrophobic metalloprotoporphyrins can be dissolved.  Films 
can then be formed by casting a small amount of this solution on a pyrolitic graphite 
electrode and evaporating the water. Since the porphyrins are now immobilized in a 
hydrophobic environment and not in an aqueous environment, we expect a significantly 
different voltammetric response. Figure 7.4 indeed shows some differences compared to 
Figure 7.2. Most striking is the fact that we now observe the MII/MI redox transition for 
all metalloporphyrins except manganese at pH 7. When comparing the potentials of the 
MII/MI transitions for cobalt and iron in the DDAB film compared to the adsorbed case 
we notice that they are about 500 mV more positive. We do not have a clear explanation 
for this difference, but apparently the vesicles are able to stabilize the [MI]- adduct. 
Another difference compared to Figure 7.2 is that the peaks, corresponding to the 
MIII/MII transition of Cr and Fe, display irreversible behavior. This has been tentatively 
ascribed to a potential-induced phase transition in the DDAB film,39,40 but might also be 
related to the irreversible formation of porphyrindimers in the vesicles. A last difference 
is that the redox peaks, which can be ascribed to the MIII/MII transitions of Cr, Mn and Fe 
are found at higher potentials than in the adsorbed case. 
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Figure 7.4 Cyclic voltammograms of a DDAB film with incorporated Cr protoporphyrin 
IX (—), Mn protoporphyrin IX (⋅⋅⋅⋅), Fe protoporphyrin IX (=heme) (▬), Co 
protoporphyrin IX (- - -) and Ni protoporphyrin IX (—) on a pyrolitic graphite electrode. 
Voltammograms were measured in 0.1 M phosphate, pH 7.0, at a scan rate of 500 mV/s.  

 

Apart from these differences, large similarities between the adsorbed 
metalloporphyrins and the metalloporphyrins incorporated in the DDAB film can be 
found. This can especially be seen from Figure 7.5, which shows the pH dependence of 
the redox transitions of the porphyrins in the DDAB film. The potentials were again 
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determined from voltammograms in the pH 1-14 range, and an example for the iron 
protoporphyrin is shown in Figure S7.2. Figure 7.5 shows that similar to the adsorbed 
porphyrins, the midpoint potentials of the MIII/MII transitions also display a pH 
independent midpoint potential region at low pH and a pH dependent region at high pH. 
This suggests that the same reactions occur as for the adsorbed metalloprotoporphyrins. 
Interestingly, the potential of the pH independent region is about the same as for the 
adsorbed porphyrins, which suggests that the hydrophobic environment has no significant 
influence on the MIII/MII redox transition (in apparent contrast to the MII/MI redox 
transition). A difference is that the pH dependent region starts at a more positive pH 
value (around 8) for the DDAB films and as a result the midpoint potentials at high pH 
are higher. Apparently, reaction 3 is shifted to the left in the DDAB vesicles. Most likely 
this is related to the fact that the porphyrin is incorporated in a hydrophobic environment, 
where the water concentration is similar to the water concentration in an organic solvent 
such as hexane, namely approximately 0.01 weight percent.41 Consequently, the OH- 
concentration is also a factor 10000 lower, corresponding to a potential change of 0.24 V 
or 4 pH units, which is in line with our results. Another similarity between the adsorbed 
porphyrins and the porphyrins incorporated in the DDAB vesicles is the comparable 
difference in potential between the MIII/MII redox transitions and the MIV/MIII redox 
transitions of chromium and iron. This suggests that the differences in potential between 
the different redox transitions are also largely independent of the solvent environment. 
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Figure 7.5 pH dependence of midpoint potentials of a DDAB film with incorporated Cr 
protoporphyrin IX (▼), Mn protoporphyrin IX (▲), Fe protoporphyrin IX (=heme) (�) 
and Co protoporphyrin IX (�) and Ni protoporphyrin IX (�) on pyrolitic graphite. 
Apart from the MIII/MII transitions, also the observed MIV/MIII and MII/MI transitions 
have been plotted.  Measurements were performed in sulfuric acid (pH 0-1), 0.1 M 
acetate (pH 4-6), 0.1 M phosphate (2-3, 6-8, 11-12), 0.1 M borate (9-10) and caustic 
soda (pH 13-14) at a scan rate of 500 mV/s. Due to the irreversible nature of the 
CrII/CrIII redox transitions many peaks are present in the voltammogram and therefore it 
is hard to determine the potentials. For clarity, only the potentials of the peaks that are 
most likely to correspond to the reversible CrII/CrIII transition have been plotted. 

 

Based on our electrochemical measurements, we can conclude that some of the 
properties of the metalloporphyrins are independent of immobilization method and pH 
and are hence only related to the specific electronic properties of the metalloporphyrin. 
This includes the relative differences in potential between the different 
metalloporphyrins. For example, the difference in the MII/MIII redox transition between 
iron and cobalt is approximately 0.80 V, independent of the immobilization method and 
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pH. Also, largely independent of immobilization method are the differences in potential 
between the MIV/MIII and MIII/MII redox transitions. The fact that these properties are 
apparently only related to the specific electronic properties of the metalloporphyrin 
should make it possible to calculate these differences in potential, even based on 
calculations performed without a solvent. This will be attempted in the next section. For 
ease of comparison Table 7.1 lists the redox transitions at pH 14 for the porphyrins 
immobilized in different ways.  

 

Table 7.1  Midpoint potentials at pH 14 of the different redox transitions in Cr, Mn, Fe, 
Co and Ni protoporphyrins. Potentials are given in V vs. SHE. 

 MI/MII MII/MIII MIII/MIV 
 Ads. DDAB Ads. DDAB Ads. DDAB 

Cr  -0.95 -0.85 -0.60 0.26 0.53 
Mn  -1.14 -0.41 -0.11 0.58 0.54 
Fe -1.32 -0.82 -0.56 -0.31 0.71 0.67 
Co -1.07 -0.58 0.28 0.50   
Ni  -0.99     

 

7.4 Calculations 

We calculated the geometries and formation energies of the different 
metalloporphyrins in different oxidation states, namely [MI]-, [MII], [MIII-OH] and [MIV-
O] (Figure 7.1). We deliberately chose to perform calculations on [MIII-OH] and [MIV-
O], instead of [MIII]+ and [MIV]2+, since these are the experimentally observed complexes. 
Additionally, DFT is known to perform better on neutral than on charged complexes. An 
important factor that we have to take into account in the calculations is the spin state of 
the metalloporphyrins. Metalloporphyrins are known to occur in many different spin 
states, depending on metal, ligand and oxidation state. Therefore, we have to do our 
calculations for high, intermediate and low spin states. The ground spin state can then be 
assigned to the spin state with the lowest energy. The results of our calculations are listed 
in Table 7.2. In this table the lowest energy and the corresponding spin state are given. 
The energies of the other spin states are listed in Table S7.1. Table 7.2 also lists the 
metal-nitrogen distance and point group that describe the geometry of the 
metalloporphyrins. The orbital occupations of the orbitals that have mainly d-orbital 
character are listed in Table S7.2. With regard to the [MII] complex, we would like to 
remark that we also did some calculations on a [MII-H2O] complex, but these calculations 
resulted in dissociation of the water molecule from the metalloporphyrins, indicating that 
the H2O ligand does not bind to the metalloporphyrins. 
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Table 7.2 The calculated formation energies from the atoms (in eV) of the 
metalloporphyrins in different oxidation states and their corresponding spin states, 
metal-nitrogen distance (Å) and point group (P.G.). The energies and geometries were 
calculated with the OPBE functional. Single point energy calculations of the determined 
geometries were also performed with the B3LYP functional. 

Oxidation 
state 

  Metal Energy 
(OPBE) 

Spin M-N P.G. Energy 
(B3LYP) 

[MI]- Cr -206.73 3/2 2.047 D2h -218.01
 Mn -205.15 1 2.011 D4h -215.80
 Fe -206.43 1/2 1.981 D4h -218.10b

 Co -206.49 0 1.961 D4h -219.55c

 Ni -205.56 1/2 2.026 D4h -217.82
[MII] Cr -205.33 2 2.038 D4h -216.63
 Mn -203.55a 5/2 2.088 D4h -214.60
 Fe -204.75 1 1.980 D2h -216.95
 Co -204.80 1/2 1.971 D4h -218.34
 Ni -204.11 0 1.962 D4h -216.86

[MIII-OH] Cr -212.72 3/2 2.048 Cs -225.11
 Mn -210.48 1 2.017 Cs -222.56
 Fe -212.09 5/2 2.113 Cs -225.22
 Co -211.37 0 1.977 Cs -225.69
 Ni -209.84 1/2 1.985 Cs -223.54

[MIV-O] Cr -209.48 0 2.057 C4v -221.41
 Mn -207.39 3/2 2.028 C4v -218.84
 Fe -208.56 1 2.004 C4v -221.02
 Co -207.51 3/2 2.073 C4v -221.32
 Ni -205.80 2 2.074 C4v -219.07
a the s = 3/2 spin state of the [MnII] complex has the same energy (see Table S7.1).  
b This energy corresponds to the s = 5/2 spin state of [FeI]-, which is 0.02 eV lower in 
energy than the s = 1/2 spin state.  
c This energy corresponds to the s = 1 spin state of [CoI]-, which is 0.19 eV lower in 
energy than the s = 1 spin state. 

 

The results of the calculations can be compared with experimentally determined 
values (Table 7.3), which have been determined with X-ray crystallography and NMR 
spectroscopy. Although the experimentally determined metal-nitrogen distances are for 
porphyrins with different substituents, the influence of these substituents on the metal-
nitrogen bond length is generally not larger than 0.01 Å,42,43 and therefore the values can 
be compared meaningfully. In case of the [MII] complexes all listed metal-nitrogen bond 
lengths are for crystals with planar metalloporphyrins. For iron, cobalt and nickel 
porphyrins also distorted crystal structures have been reported (so-called ruffled and 
saddled structures).43-45 However, these structures have metal-nitrogen bond lengths that 
differ up to 0.03 Å compared to the planar porphyrins and are therefore less suitable for 
comparison. 
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Table 7.3 Experimentally determined metal-nitrogen bond lengths (Å) and spin states of 
the metal porphyrins.  

Oxidation 
state 

Metal M-N Spin 

[MI]- Fe 1.98036 (1/2)36 
 Co 1.94246  

[MII] Cr 2.03347 (2)48 
 Mn 2.08249 (5/2)48 
 Fe 1.98643 (1)5 
 Co 1.97144 (1/2)44 
 Ni 1.95850 (0)50 

[MIII-OH] Fe 2.04451,52  
[MIV-O] Cr 2.03253 (0)53 

 Mn 2.0054 (3/2)55 
 Fe 2.00556 (1)56 

 

The calculated metal-nitrogen distances and spin states are in good agreement with 
experimentally determined values. Most distances are correctly predicted to within 0.01 
Å and the listed spin states are the same. Therefore, we can conclude that the OPBE 
functional is generally good at predicting spin states and geometries of 
metalloporphyrins. Only the metal-nitrogen distance in the [FeIII-OH] porphyrin is clearly 
not correctly predicted (2.113 Å vs. 2.044 Å experimentally), which is probably due to 
the fact that a wrong spin state (s=5/2) is calculated to be the ground state. Most likely 
the s=3/2 state is the actual ground state, which we base on the fact that this spin state has 
a calculated M-N bond length of 2.023 Å, which is much closer to the experimental 
value. However, according to the calculations this state is about 0.25 eV higher in 
energy. The fact that our calculations have difficulties in determining the correct ground 
state for this compound is not too surprising,19 since FeIII-porphyrins occur in both s=3/2 
and s=5/2 spin states. Even mixed spin states do exist.57,58 We cannot determine whether 
the calculations for the other [MIII-OH] are also incorrect, since no data for other [MIII-
OH] complexes are available. The reason for this is that the [MIII-OH] complexes tend to 
form oxo-bridged dimers in solution and hence no monomeric crystals can be 
formed.35,59,60  

Since the calculations give a reasonably accurate description of the metalloporphyrins, 
we can use Table 7.2 to deduce some general trends for the metalloporphyrins. A first 
observation is that for the [MI]- and [MII] porphyrins, decreasing spin states are observed 
when going from chromium to nickel. This is related to the filling up of partially filled 
orbitals, when increasing the number of electrons in the system (Table S7.2). These 
orbitals mainly have metal d orbital character, but also have some porphyrin character. A 
detailed discussion about how the orbitals of porphyrin and metal interact can be found 
in the literature.58 Interestingly, for the [MIII-OH] and [MIV-O] porphyrins the trend of 
decreasing spin state when going from Cr to Ni no longer exists. For the [MIV-O] 
porphyrin it even seems reversed. When comparing the calculated energies of the 



Redox transitions of metalloprotoporphyrins                               145 
————————————————————————————————————————————— 

 

different spin states it appears that they are relatively close to each other (Table S7.1), 
which suggests that the hydroxide and oxygen ligands are able to stabilize the spin states 
relative to each other. This would then also explain the observation of mixed spin states 
for [FeIII] porphyrins with different ligands.57,58 A second observation is that the metal-
nitrogen distance seems to depend mostly on the spin state of the metal (Figure 7.6), 
instead of on the particular metal. High spin states have relatively long metal-nitrogen 
bonds, whereas low spin states have short metal-nitrogen bonds. The short distances for 
low spin states can be rationalized in light of the fact that the isolated metals are naturally 
high spin and therefore a strong interaction between the porphyrin and metal orbitals is 
necessary to stabilize the low spin state. The long distances for high spin states imply that 
there is less overlap between the metal orbitals and the porphyrin orbitals, thereby 
stabilizing the high spin states. A third observation is that almost all reported porphyrins 
are of the highest point group possible, namely D4h for the [M

I]- and [MII] complexes, Cs 
for the [MIII-OH] complex and C4v for the [M

IV-O] complex. Only the [FeII] porphyrin 
and the [CrI]- porphyrin are of a lower point group, namely D2h, which is caused by a 
Jahn-Teller effect. Three electrons have to fill two degenerate eg orbitals (dxz and dyx) 
(Supporting information S4), and hence the geometry is distorted so that these orbitals 
are no longer degenerate. The distortion does not affect the planarity of the 
metalloporphyrins and can therefore not explain experimentally observed distortions. A 
fourth observation is that all redox transitions seem to occur on the metal centers of the 
metalloporphyrins, as is suggested by the number of d electrons (Supporting information 
S4). 
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Figure 7.6 Correlation between spin states of chromium (�□), manganese (●○), iron 
(▲�), cobalt (▼�) and nickel (��) metalloporphyrins in different oxidation states and 
metal nitrogen distances in Å. Filled symbols represent experimental data, whereas open 
symbols represent calculated data. Since the spin states of the [CoI]- and [FeIII-OH] 
complexes have not been experimentally determined, these are assumed to be 
respectively 0 and 3/2. We base this on the correspondence of metal nitrogen distances 
compared to the calculations.  
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Since it has been recently reported that the OPBE functional has some difficulties at 
predicting the energetics of the intermediate spin-states of iron porphyrins,61 we also 
calculated the formation energies and spin states of the metalloporphyrins using the 
hybrid B3LYP functional. This functional has been reported to provide a satisfactory 
description of the energies of low, intermediate and high spin states.61 Since B3LYP is a 
“more expensive” functional, and since the geometries predicted by the OPBE functional 
agree well with experimental data, we only performed a single point energy calculation, 
the results of which are listed in Table 7.2 (for the spin states with the lowest energies) 
and Table S7.3 (all spin states). When comparing the calculated energies we observe that 
B3LYP predicts lower energies (between -214 and -226 eV) than OPBE (between -203 
and -213 eV). This discrepancy suggests that both functionals are unable to accurately 
predict the formation energy of the metalloporphyrins. However, for the calculation of 
electrochemical potentials we are not interested in the absolute formation energies, but in 
the differences in energies between the different metals and oxidation states.  Comparing 
the energies of the different spin states it appears that B3LYP generally predicts the same 
ground states as OPBE, which suggests that both functionals are able to make a 
reasonable prediction of the relative energy differences. The functional also predicts that 
the ground state of the [FeIII-OH] porphyrin is s=5/2, and hence seems to make the same 
mistake as OPBE. Only in the case of the [MI]- porphyrin it predicts different spin states 
for iron and cobalt, which is not in agreement with the experimental data and therefore 
OPBE outperforms B3LYP. In the case of the [MnII] porphyrin, B3LYP outperforms 
OPBE, as can be deduced from the fact that it predicts a lower energy for the 
experimentally observed s=5/2 over the s=3/2 ground state, whereas OPBE predicted the 
same energies for both spin states. A further comparison of the functionals will follow in 
the discussion on electrochemical potentials. 

From the calculated formation energies we can now determine the potentials of the 
redox transitions. These redox potentials are directly related to the differences in energy 
between the different oxidation states. The relative differences in potential between the 
different metalloporphyrins can therefore be predicted by simply comparing the energy 
differences between the different oxidation states for the different metals. However, to 
determine the “real” redox potentials, we also have to take into account that the redox 
transitions occur in aqueous solution and that some of the transitions involve ligands such 
as hydroxide. Equation 6 gives the equation to calculate the “real” potential of the 
[MII]/[MIII-OH] redox transition, in which ∆Gform[MII] and ∆Gform[MIII-OH] are the free 
formation energies of the complexes, ∆Gsolv[MII] and ∆Gsolv[MIII-OH] their solvation 
energies, ∆Gform[OH-] and ∆Gsolv[OH-] the free formation energy and solvation energy of 
OH-, and Φm the absolute potential of the standard hydrogen electrode in water. To 
determine the “real” potential from equation 6, we have to make some assumptions. 
These assumptions are the same for the different metals and will therefore not affect the 
calculated differences in energy and hence potential between the different 
metalloporphyrins. For convenience, we will put the discussion on the capability of the 
calculations to predict the relative potential differences together with the discussion on 
the “real” potentials. Therefore we will first discuss the assumptions. 
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Since we want to use our calculated formation energies to predict the potentials, we 
must assume that these are approximately equal to the free energies as given in equation 
6. In principal, these energies are not the same, since contrary to the calculated energies 
the free energies also have an entropy contribution. Therefore we have to assume that the 
entropic contribution to the free energy is negligible or that the entropies of the different 
reactants approximately cancel.  

Since experimentally determined solvation energies for the [MII] and [MIII-OH] 
complexes are not available, we have to either calculate them or assume that the 
solvation energies of both complexes are equal. Since calculations using solvation 
models are less accurate than calculations in the gas phase, the use of a solvation model 
would increase the error in the electrochemical potential and this is not desirable. 
Therefore it seems more logical to make the assumption that both complexes have 
approximately the same solvation energy, which also seems justified. We base this on the 
fact that both complexes are neutral and have a low solubility in water and therefore they 
should both have a low solvation energy. Also, there does not seem to be a particular 
reason why one of the complexes should have a significantly higher solvation energy that 
the other.  

Equation 6 also requires values for the free energy and solvation energy of the OH- 
ligand. Therefore we calculated the formation energy of the OH- ligand employing the 
same functionals as used previously for the metalloporphyrins. A value of -6.33 eV was 
determined with the OPBE functional and a value of -7.37 eV was determined with the 
B3LYP functional. We deliberately chose to use calculated values instead of 
experimental values, since in this way the same systematic errors are made as for the 
metalloporphyrins. Hence, when calculating the potential, the systematic errors made in 
the calculation of the energy of [MII] and OH- should cancel out against the systematic 
errors made in the calculation of the energy of the [MIII-OH] complex. On the other hand, 
for the solvation energy ∆Gsolv[OH-] we chose to use the experimentally determined 
value of -4.553 eV.62-64 In this case it seems more appropriate to use the experimental 
value, since there is no cancelling out of systematic errors on the calculations due to the 
fact that ∆Gsolv[MII] and ∆Gsolv[MIII-OH] are assumed equal. For comparison we also 
calculated the solvation energies with the conductor-like screening model (COSMO).65 A 
value of -4.26 eV was found with both functionals, which is in reasonable agreement 
with the experimental value. 

With these assumptions the potentials for the [MII]/[MIII-OH] redox transitions can be 
calculated. Since the calculated differences in energy result in absolute potentials, it is 
necessary to deduct the absolute potential of the standard hydrogen electrode in water Φm 

in order to relate our results to electrochemical potentials. Φm has been estimated to be 
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4.44 ± 0.02 V at 298.15 K.66 The resulting potentials are listed in Table 7.4. Since we 
have not taken into account any concentration effect of the OH- ligand, the calculated 
potentials correspond to [OH-] = 1 M, i.e. pH 14. This is also a convenient pH for 
comparison to the experimental data, since all redox transitions observed in the pH 0-14 
range, can be observed at this pH. Also, at this pH the [MII]/[MIII-OH] redox transition is 
accompanied by a hydroxide transfer. 

Table 7.4 Calculated redox potentials (vs. SHE) for the redox transitions of the different 
metalloporphyrins at pH 14 as determined from the energies calculated with the OPBE 
and B3LYP functionals. 

 [MI]-/[MII] [MII]/[MIII-OH] [MIII-OH]/[MIV-O] 
 OPBE B3LYP OPBE B3LYP OPBE B3LYP 

Cr -3.04 -3.06 -0.95 -0.99 -0.97 -0.35 
Mn -2.84 -3.23 -0.49 -0.49 -1.12 -0.31 
Fe -2.76 -3.29 -0.90 -0.79 -0.68 0.15 
Co -2.75 -3.23 -0.13 0.13 -0.33 0.32 
Ni -2.99 -3.49 0.71 0.81 -0.15 0.42 

 

Potentials for the [MI]-/[MII] and [MIII-OH]/[MIV-O] redox transitions were calculated 
in a similar way as for the [MII]/[MIII-OH] redox transition and are also listed in Table 
7.4. Since a water molecule is involved in the [MIII-OH]/[MIV-O] redox transition 
(reaction 4), we also required values for ∆Gform[H2O] and ∆G

solv[H2O]. As we did for the 
OH- ligand, we calculated the formation energy of the water molecule and used the 
experimentally determined solvation energy. The calculated values for the formation 
energy were -10.37 eV with the OPBE functional and -11.25 eV with the B3LYP 
functional. The experimentally determined value for the solvation energy is -0.278 eV.62-
64  

Figure 7.7 shows a graphical comparison of the experimental and calculated midpoint 
potentials. It shows that the correspondence of calculated and experimental values 
strongly varies between the different redox transitions. The best predictions are made for 
the [MII]/[MIII-OH] redox transition. Firstly, the calculated values reasonably accurately 
predict the differences in potential between the different metalloporphyrins. These 
relative differences are largely independent of the assumptions made, and are therefore a 
direct measure of the quality of our calculations. A closer look reveals that the results for 
B3LYP are somewhat better than for OPBE, since the maximum error for B3LYP is 150 
mV, whereas it is 260 mV for OPBE. Secondly, the calculated potentials are close to the 
measured potentials. This suggests that the assumptions made are reasonable in the case 
of the [MII]/[MIII-OH] redox transition. 
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Figure 7.7 Comparison of experimentally determined and calculated midpoint 
potentials. 

 

For the [MIII-OH]/[MIV-O] redox transitions the predictions are less satisfactory. With 
regard to the relative differences between the metalloporphyrins, the predictions are still 
reasonable. The B3LYP functional accurately predicts the difference in potential 
between the chromium and iron porphyrin and also correctly predicts that the potential of 
the manganese porphyrin is in between the chromium and iron porphyrins. The OPBE 
functional gives less accurate results, especially for the manganese porphyrin. When 
comparing to the experimental values, both functionals predict potentials that are 
significantly lower. In the case of OPBE the deviation is about 1.2 V, whereas it is about 
500 mV for B3LYP.  OPBE even predicts that the [MIII-OH]/[MIV-O] transition is lower 
in potential than the [MII]/[MIII-OH] transition. The difference with the experimental 
results could have two causes. Either a systematic error in the calculations results in 
overestimation of the energies of the [MIV-O] adducts or an incorrect assumption has 
been made. Since the differences between the OPBE functional and the B3LYP 
functional are independent of the assumptions, we can conclude that in case of the OPBE 
functional at least 700 mV is caused by a systematic error in the calculations. The 500 
mV for the B3LYP functional could be due to a similar systematic error or due to for 
example different solvation energies of both complexes.   

For the [MI]-/[MII] redox transitions the predicted potentials are much lower than the 
recorded potentials. This is not too surprising, since the assumption that the [MI]- 
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complex has the same solvation energy as the [MII] complex is clearly incorrect, given 
the fact that a charged complex has a much higher solvation energy. As a result the 
calculated values for the potentials are approximately 2-2.5 eV too low. Assuming a 
relatively low solvation energy of the [MII] adduct, this suggests that the [MI]- adduct has 
a solvation energy of approximately 2-2.5 eV, which is in line with the range of 2.4-3.0 
eV expected for large anions.62 With regard to the relative differences between the 
metalloporphyrins, we observe that both functionals are unable to predict these 
differences and are also unable to determine the right peak order. This suggests that both 
functionals have more difficulties with this redox transition than the other redox 
transitions. This is probably related to the fact that the [MI]- complex is charged and DFT 
is known to perform worse on charged complexes than on neutral complexes. In principle 
we could convert the negatively charged complex into a neutral complex by adding a 
cation, but since the iron atom in the porphyrin is positively charged, it is unlikely that 
the cation would form a bond with the porphyrin. Therefore the porphyrin would in fact 
remain positively charged. On the other hand, the calculations do correctly predict the 
fact that the potentials of the [MII]/[MI]- redox transitions for the different 
metalloporphyrins are relatively close to each other, which is in contrast to the other 
redox transitions. 

 

7.5 Discussion and conclusions 

From our electrochemical data we can conclude that the different metalloporphyrins 
generally display similar redox behavior. This behavior as a function of pH and potential 
is displayed in the phase diagram of Figure 7.8. Only in case of the manganese porphyrin 
the redox behavior is more complicated, which might be due to interactions between the 
porphyrin molecules.  The most striking feature in the phase diagram is the different 
redox behavior for the MII/MIII redox transition at low and high pH. At high pH this 
transition is accompanied by a hydroxide transfer, whereas this is not the case at low pH. 
This is probably due to the low hydroxide concentration at low pH. The pH at which the 
transition from [MIII]+ to [MIII-OH] occurs corresponds to the pKa of the [MIII]+ complex. 
For all metalloporphyrins this pKa is around 4. 
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Figure 7.8. Phase diagram for the redox transitions of the metalloporphyrins.  

 

Although the metalloporphyrins display similar redox behavior, they differ in the 
potentials at which the redox transitions occur. These differences in potential are largely 
independent of pH and are therefore almost solely related to the specific electronic 
properties of the metalloporphyrins. For example, the difference between the MII/MIII 
transitions for chromium and iron remains approximately 0.25 V over the whole pH 
range. The potential differences between the different metalloporphyrins depend on the 
specific redox transition. It is interesting to see that for the MI/MII transition, the order in 
which the peaks are observed is manganese, nickel, chromium, iron and cobalt. This is in 
contrast to the order observed for the MII/MIII and MIII/MIV transitions, which is 
chromium, manganese/iron, cobalt and nickel as expected from the periodic table. Also, 
the peaks of the MI/MII transition are relatively close to each other in potential, in 
contrast to the other transitions. An explanation for this behavior is not straightforward 
and would require a more detailed investigation of the orbitals of the porphyrins, which 
is outside the scope of this paper. 

We can also conclude that the way in which the porphyrins are immobilized does not 
have a large influence on the overall redox behavior of the metalloporphyrins. This is 
reflected in the fact that the voltammetric response of immobilized iron protoporphyrins 
is approximately the same on graphite as on gold.32 Increasing the hydrophobicity of the 
surrounding medium does also not result in large changes in the phase diagram, as can be 
seen from the measurements on the metalloporphyrins incorporated in the DDAB 
vesicles. Only the potentials of the MI/MII transitions are shifted positively and the pKa 
of the [MIII]+ complex is increased. The latter is probably a result of the lower OH- 
concentration in the hydrophobic vesicles. The observed electrochemical behavior is also 
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similar to the behavior of water soluble porphyrins in solution.13 This suggests that the 
studied metalloporphyrins would display similar redox behavior in solution, if they were 
soluble. However, we have to remark that in case of the adsorbed metalloporphyrins one 
of the coordination sites is blocked and also that the metalloporphyrins are unable to 
form dimers. Therefore the electrochemical behavior in solution is probably more 
complicated than the behavior depicted in Figure 7.8. However, the phase diagram might 
be of particular relevance to heme proteins, in which porphyrindimers cannot be formed 
and in which the sixth coordination site is mostly occupied, leaving only one site for 
ligand changes.  

From a comparison of our DFT calculations with experimental data we can conclude 
that good predictions of metal-nitrogen bond lengths and spin states of metalloporphyrins 
can be made. This has enabled us to deduce some general conclusions on the 
metalloporphyrins, namely that there is a correlation between spin state and metal-
nitrogen distances, that hydroxide or oxo ligands stabilize the higher and lower spin 
states relative to each other, and that the metalloporphyrins are highly symmetric and do 
mostly not undergo deformations. The prediction of electrochemical potentials 
employing DFT calculations gives more mixed results. The relative potential differences 
between metalloporphyrins are reasonably predicted for the MII/MIII and MIII/MIV 
transitions, but not for the MI/MII transition. This is probably related to the inability of 
the DFT calculations to correctly predict the energies of the charged [MI]- complexes. 
We also have to take into account that the calculation of electrochemical potentials 
requires accurate calculation of energy differences (to within about 0.2 eV, which 
corresponds to 4 kcal/mol). With regard to the calculation of the “real” potentials, these 
are remarkably well predicted for the MIII/MII transitions, but not for the other transitions. 
This is an indication that it is possible to determine electrochemical potentials from gas 
phase calculations, even when ligand changes are involved. Therefore assumptions 
required with regard to solvation and entropy seem tenable. Nevertheless, great care 
should be taken as indicated by the results for the MI/MII and MIII/MIV redox transitions. 
With regard to the calculation of electrochemical potentials we can also conclude that the 
B3LYP functional outperforms the OPBE functional.  
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Figure S7.1 Cyclic voltammograms of a pyrolitic graphite electrode with adsorbed Cr 
protoporphyrin IX, in 0.1 M acetate pH 4.6 (⋅⋅⋅⋅), 0.1 M phosphate pH 7.0 (▬), 0.1 M 
phosphate pH 10.8 (—) and 0.1 M sodium hydroxide, pH 13.0 (- - -). Voltammograms 
were measured at a scan rate of 2 V/s. 
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Figure S7.2 Cyclic voltammograms of a DDAB film with incorporated Fe 
protoporphyrin IX on a pyrolitic graphite electrode, in 0.1 M HCl pH 1.0 (—), 0.1 M  
acetate pH 4.6 (- - -), 0.1 M phosphate pH 8.0 (▬), 0.1 M phosphate, pH 10.8 (⋅⋅⋅⋅) and 
0.1 M phosphate, pH 11.9 (—). Voltammograms were measured at a scan rate of 2 V/s. 
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Table S7.1 The calculated formation energies of the different metal porphyrins, for 
different spin states and different oxidation states (in eV). The corresponding symmetry 
is also given. The energies of the optimized geometries were calculated with the OPBE 
functional.  

[MI]- 
S Cr Mn Fe Co Ni 
0   -203.79a D4h   -206.50 D4h   

½ -205.28a D2h   -206.43a D4h   -205.56a D4h 
1   -205.15 D4h   -205.97 D2h   

3/2 -206.73 D2h   -206.20a D4h   -204.41 D2h 

2   
b    -205.22 D2h   

5/2 -206.50 D2h   -205.71 D2h     
 
[MII]  

S Cr Mn Fe Co Ni 
0     -203.99 D2h    -240.11 D4h 

½   -201.97a D4h   -204.80 D4h   
1 -203.84a D2h   -204.75 D2h   -203.21 D4h 

3/2   -203.55a D2h   -203.95 D4h   
2 -205.33 D4h   -204.40 D2h     
5/2   -203.55 D4h       

 
[MIII-OH]  

S Cr Mn Fe Co Ni 
0   -209.93a Cs   -211.38 Cs   

½ -211.72a Cs   -211.68 Cs   -209.84 Cs 

1   -210.48 Cs   -211.30 Cs   

3/2 -212.72 Cs   -211.82 Cs   -209.77 Cs 
2   

b    -211.19 Cs   
5/2 -210.82 Cs   -212.09 Cs   b  

 
[MIV-O]  

S Cr Mn Fe Co Ni 
0 -209.48 C4v   b 

   -205.03 C2v 
½   -207.20 C2v   -206.74 C4v   
1 -209.35 C2v   -208.57 C4v   -205.19 C2v 

3/2   -207.40 C4v   -207.51 C4v   
2 -207.70 C4v   -208.15 C4v   -205.80 C4v 

5/2   -205.44 C2v   b 
   

a Spin contaminated value (Wittbrodt et al., J. Chem. Phys. 1995, 99, 3465). Energies 
have not been corrected for this spin contamination. However, correction would not 
affect the designation of ground state spin states. Only in the case of [MI]- there would 
be some influence of spin contamination on the ground state energies. 

 b SCF does not converge. 
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Table S7.2 Occupations of metalloporphyrin orbitals that have mainly metal d-orbital 
character for the different metalloporphyrins in different oxidation states. The total 
number of d electrons and the spin states are also given. Representations of these 
orbitals and the names of the corresponding d-orbitals are shown below the table. 

Oxidation 
state 

  Metal dyz dxz dz2 dx2-y2 dxy nr. of d 
electrons 

Spin 

[MI]- Cr 2 1 1 1 0 5 3/2 
 Mn 2 2 1 1 0 6 1 
 Fe 2 2 1 2 0 7 1/2 
 Co 2 2 2 2 0 8 0 
 Ni 2 2 2 2 1 9 1/2 

[MII] Cr 1 1 1 1 0 4 2 
 Mn 1 1 1 1 1 5 5/2 
 Fe 2 1 1 2 0 6 1 
 Co 2 2 1 2 0 7 1/2 
 Ni 2 2 2 2 0 8 0 

[MIII-OH] Cr 1 1 0 0 1 3 3/2 
 Mn 1 1 0 0 2 4 1 
 Fe 1 1 1 1 1 5 5/2 
 Co 2 2 0 0 2 6 0 
 Ni 2 2 1 0 2 7 1/2 

[MIV-O] Cr 0 0 0 0 2 2 0 
 Mn 1 1 0 0 1 3 3/2 
 Fe 1 1 0 0 2 4 1 
 Co 1 1 0 1 2 5 3/2 
 Ni 1 1 1 1 2 6 2 

 
[MI]- and [MII] 

 
[MIII-OH]  

 
[MIV-O]  
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Table S7.3 The calculated formation energies of the different metal porphyrins, for 
different spin states and different oxidation states  (in eV). The corresponding symmetry 
is also given. The energies were calculated with the B3LYP functional. 

[MI]- 
S Cr Mn Fe Co Ni 
0  -214.32a  -219.36  
½ -216.68a  -218.11a  -217.82 
1  -215.80a  -219.55  
3/2 -218.01a  -218.03a 

 -217.72 
2  b    
5/2 -217.81  -218.12   

 
[MII] 
S Cr Mn Fe Co Ni 
0   -215.04  -216.87 
½  -212.63a  -218.34  
1 -215.38a  -216.95  -216.50 
3/2  -214.30  -217.81  
2 -216.64  -216.84   
5/2  -214.60    

 
[MIII-OH] 
S Cr Mn Fe Co Ni 
0  -221.58a  -225.68  
½ -224.23a  -224.67  -223.54 
1  -222.57  -225.57  
3/2 -225.10  -224.95  -223.53 
2  b  -225.63  
5/2 -223.00  -225.22  

b 

 
[MIV-O] 
S Cr Mn Fe Co Ni 
0 -221.41  b  -217.69 
½  -218.64  -220.49a  
1 -221.17  -221.02  -218.76 
3/2  -218.84  -221.32  
2 -219.10  -220.73  -219.07 
5/2  -216.88  b  

a
 Spin contaminated value (Wittbrodt et al., J. Chem. Phys. 1995, 99, 3465). Energies 
have not been corrected for this spin contamination. However, correction would not 
affect the designation of ground state spin states. Only in the case of [MI]- there would be 
some influence of spin contamination on the ground state energies.  

b SCF does not converge. 
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Conclusions and future prospects 

 
8.1 Immobilization of heme proteins 

In this thesis different methods for the immobilization of heme proteins on electrode 

surfaces have been investigated. The goals were to determine the extent to which each 

immobilization method affects the native properties of the protein, to study the electron 

transfer process between the protein and electrode and to determine how the protein is 

immobilized on the electrode. To this purpose the electrochemical properties of the 

immobilized proteins were investigated and compared to the properties of the native 

proteins in solution. The results greatly differed for the studied immobilization methods. 

For myoglobin incorporated in films of the surfactant didodecyldimethylammonium 

bromide (DDAB) on pyrolitic graphite, it was found that the hydrophobic interactions 

between the protein and the surfactant can cause heme release from the protein (Chapter 

3). Heme release can also occur in layer-by-layer films of myoglobin and 

polystyrenesulfonate (PSS) on pyrolitic graphite, probably as a result of interactions 

between the pyrolitic graphite electrode, myoglobin and PSS (Chapter 4). Therefore 

these two methods can be regarded as generally unsuitable for the immobilization of 

soluble heme proteins. On the other hand, electrostatic immobilization on carboxylic 

acid-terminated self-assembled monolayers (SAM) seems to be a suitable heme protein 

immobilization method, as is reflected in the fact that immobilized cytochrome c and 

cytochrome c’ retain properties that are similar to the properties of both proteins in 

solution (Chapter 5 and 6). Nevertheless, also for this immobilization method small 

differences between the properties of the immobilized protein and the protein in solution 

remain. These can be explained in light of the local electric fields and the binding 

interactions between the protein and the SAM. 

Although our results suggest that electrostatic immobilization is a suitable method for 

the immobilization of heme proteins, it is not necessarily successful for every heme 

protein. This also depends on some specific properties of the protein. These include the 

position of the heme group relative to the surface of the protein and the distribution of 

charges on the protein surface. Success is only achieved if the electrostatic interactions 

between the protein and the electrode are attractive, enabling its immobilization, and if 

the distance between the heme group and the electrode is not too long, enabling electron 

transfer. For example, one cannot expect that proteins with deeply buried heme groups 

such as the cytochromes P450 display fast electron transfer with an electrode. In certain 

cases varying the solution conditions can enable successful immobilization. A good 

example is cytochrome c’, for which immobilization was only possible between pH 3.5 
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and pH 5.5 due to the fact that only in this pH range the protein is sufficiently positively 

charged to bind to the negatively charged SAM (Chapter 5).  

A question that remains after this thesis is whether it is possible to immobilize 

myoglobin, the protein for which the immobilization methods described in Chapter 3 and 

4 were unsuccessful. Although not described in this thesis, we also attempted to 

electrostatically immobilize myoglobin on positively as well as negatively charged 

SAMs under different conditions. However, we were unable to obtain any voltammetric 

response corresponding to its heme group. An explanation might be that myoglobin 

adsorbs in an orientation, in which the distance between the heme group and the 

electrode is too long. It might also be of relevance that contrary to cytochrome c (and 

possibly also cytochrome c’) myoglobin is not an electron transfer protein. 

For a successful further development of the research into immobilized redox proteins, 

it is necessary to extensively study the properties of immobilized proteins both by 

electrochemical methods as well as by spectroscopic methods. Also, a larger number of 

redox proteins should be immobilized. This should lead to the development of a detailed 

understanding of protein-electrode interactions and long range electron transfer. 

Currently, the field of protein immobilization is still in a state where new immobilization 

methods are developed regularly. Not all of these methods are well-evaluated. This 

sometimes leads to speculative conclusions, which go against our common 

understanding of protein stability and long range electron transfer. Examples include 

claims to the occurrence of native myoglobin and hemoglobin under extreme conditions 

(pH 1)
1
 and claims to fast electron transfer to immobilized cytochromes P450, which 

have deeply buried hemes.
2-4
 This kind of conclusions shows that the understanding of 

protein-electrode interactions and long range electron transfer is still limited.  

Ultimately, an increased understanding of protein-electrode interactions and long 

range electron transfer should lead to the development of computer models that should 

be able to predict the orientation of a protein on an electrode, the rate of electron transfer 

between the protein’s redox group and the electrode and the effect of the immobilization 

process on the protein’s properties. These models will stimulate the use of immobilized 

enzymes in industrial processes and will also be of great value in the development of 

biosensors. 

 

8.2 Nitric oxide reduction by immobilized hemes  

In this thesis we have shown that immobilized hemes can selectively reduce nitric 

oxide (NO) to either hydroxylamine (NH2OH) or nitrous oxide (N2O). By optimizing the 

conditions (pH, immobilization method, potential and NO concentration) 100% 

selectivity toward either of these products can be obtained (Chapter 2 and 3). Especially 

the high selectivity toward NH2OH is striking, since NO reduction by enzymes and 

metal catalysts generally results in the formation of N2O and NH3. The reason that 

NH2OH and not NH3 is the product of the reduction probably lies in the fact that the 

nitric oxide molecule is only coordinated to the heme via its nitrogen atom, and this is 
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not sufficient to break the N-O bond. In the NO reducing enzymes, the NO molecule 

also interacts with the amino acids of the enzyme enabling NO bond breaking. From a 

fundamental point of view, this shows the weakness of using model complexes for 

enzymatic reactions, since a model complex remains only a model and therefore its 

catalytic properties can significantly differ from the corresponding enzyme. In this case 

the discrepancy is not too surprising, since the heme group is just a very simple model 

for a heme enzyme. It could be further “improved” to more closely resemble the 

catalytic site of a heme enzyme by adding additional groups to the heme, which could 

mimic the enzyme’s amino acids. However, from an industrial point of view, the 

formation of NH2OH can be regarded as advantageous, since NH2OH is a much more 

valuable material than NH3. 

To really understand the reactivity of heme groups and heme proteins toward different 

substrates, it is necessary to make a more detailed investigation of the electronic 

properties of a heme group. A first step has been made in Chapter 7, in which 

electrochemical measurements on different metalloporphyrins have been combined with 

density functional theory (DFT) calculations. This has led to an improved understanding 

of the redox transitions of metalloporphyrins. The potentials of some of these redox 

transitions can even be predicted with DFT calculations to within a reasonable accuracy. 

In the future, calculations in the presence of substrate molecules should be able to 

predict the reactivity of heme and heme enzymes in catalytic reactions such as NO 

reduction. 

The work described in this thesis has focused on hemes, but for future work one can 

also think about the immobilization of other biomimetic complexes. Based on the 

desired reaction, one can study the corresponding enzyme, construct a model complex, 

immobilize it on a conducting surface, and do catalysis. An interesting challenge would 

be nitrate reduction, which is catalyzed by molybdenum complexes. 
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Summary 
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Electrochemistry of Immobilized  

Hemes and Heme Proteins 
 
Enzymes, nature’s catalysts, have always been a source of inspiration for research in 

the field of catalysis. The reason is that their activities and selectivities are generally 
much better than those of industrial metal catalysts. People have been trying to use 

enzymes in industrial processes, but until now their use remains relatively limited due to 
their low stability and the difficulties involved in separating them from the reaction 
products.  

 A possibility to improve the ease of use of enzymes in industrial processes is by 
immobilizing them on supports. This enables an easy separation of the enzymes from the 
products and also enables an easy replacement of deactivated enzymes. In the case of 

redox enzymes, immobilization on a conducting support has the additional advantage 
that it removes the need to use expensive electron donors. However, in order to 
successfully immobilize an enzyme, certain challenges have to be overcome. Firstly, the 

immobilization process should not have a large influence on the structure and properties 
of the enzyme. Secondly, in the case of immobilized redox enzymes, direct electron 
transfer between the enzyme and the conducting surface should be possible. Since 

electrons can only tunnel through a protein over a limited distance (± 20 Å), this means 
that the enzyme has to be immobilized in such a way that its redox centre is relatively 
close to the electrode. Until now, a considerable number of protein and enzyme 

immobilization methods have been developed. However, for most methods relatively 
little is known on the effect of the immobilization process on the protein’s properties and 
also long range electron transfer is still poorly understood. Therefore it is still unclear 

which methods can be regarded as suitable for enzyme immobilization.  

In part of this thesis (Chapter 3-6) we have studied different immobilization methods, 
aiming to determine to what extent each immobilization process affects the protein’s 

properties, to obtain a better understanding of the electron transfer process between the 
electrode and the protein’s redox group, and to determine the orientation of the 
immobilized protein. We have done this by studying the electrochemical properties of 

the immobilized proteins. The class of proteins we have investigated are the heme 
proteins, a class known to be involved in diverse reactions such as oxygen transport, 
oxygen reduction and electron transport. 

In chapter 3 and 4 we have investigated the immobilization of the protein myoglobin 
in films on pyrolitic graphite. One of the films was made of the surfactant 
didodecyldimethylammonium bromide (DDAB), in which myoglobin was incorporated 

using hydrophobic interactions (Chapter 3). The other film was made of negatively 
charged polystyrenesulfonate (PSS), which electrostatically interacts with positively 
charged myoglobin (Chapter 4). For both films it was concluded that the interactions 
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with the film and the electrode can result in the dissociation of the heme groups from the 

myoglobin, and therefore both methods are unsuitable for protein immobilization. This 
was based on experiments, which showed that heme immobilized in the films gave 
almost the same electrochemical response as myoglobin immobilized in the films. It was 

also supported by UV/Vis experiments, which showed that the spectrum of myoglobin 
incorporated in DDAB vesicles is almost the same as the spectrum of heme incorporated 
in DDAB vesicles. 

In chapter 5 and 6 we have investigated the immobilization of the proteins 
cytochrome c’, horse cytochrome c, and yeast cytochrome c via electrostatic interactions 
on self-assembled monolayers (SAM) on gold. It was concluded that this method is 

suitable for the immobilization of these proteins, based on the similar properties of the 
immobilized proteins compared to the proteins in solution. Nevertheless, relatively small 
differences with regard to midpoint potential and ligand binding properties remain, 

which are probably related to the electric field created by the negatively charged SAM 
and the interactions between the proteins and the SAM. Based on the electron transfer 
properties we estimated the orientation of the proteins on the electrode, and determined 

how this orientation can be influenced by the protein’s surface charge distribution and 
pH. Also, the influence of ligands such as carbon monoxide (CO) and nitric oxide (NO) 
on the conformation and orientation of the proteins was determined.  

Another possibility to tackle the disadvantages of using enzymes in industrial 
processes is by making use of catalysts that mimic the active site of an enzyme. These 
synthetic complexes have the advantage that they are generally more stable and easier to 

immobilize than enzymes. However, they remain models, and therefore their catalytic 
activity and selectivity can significantly differ from the corresponding enzymes. 

In Chapter 2 and part of Chapter 3A of this thesis we have investigated the nitric 

oxide (NO) reduction by immobilized heme groups on pyrolitic graphite. A heme group 
can be regarded as a simple model complex for the NO reducing enzymes. It appeared 
that depending on the conditions (pH, immobilization method, potential and NO 

concentration) the reduction was selective to either NH2OH or N2O. This was 
determined by combining electrochemical measurements with the Rotating Ring disk 
Electrode (RRDE) and the newly developed On-Line Electrochemical Mass 

Spectroscopy (OLEMS). The high selectivity toward NH2OH distinguishes immobilized 
heme from metal catalysts and enzymes, on which NO reduction generally yields N2O or 
NH3. The reason for this difference in selectivity compared to NO reducing enzymes is 

probably that NO can only coordinate to immobilized heme via its nitrogen atom, which 
is insufficient to break the N-O bond. On the other hand, in the enzymes the amino acids 
of the enzyme can interact with the oxygen atom, which enables N-O bond breaking. 

The different selectivity confirms that simple model complexes can have catalytic 
properties that significantly differ from the corresponding enzymes. Nevertheless, from 
an industrial point of view the selectivity toward NH2OH is interesting. 

In relation to understanding the electrocatalytic behavior of immobilized heme, it is 
useful to obtain a more fundamental understanding of the nature of its redox transitions. 
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This was the aim of Chapter 7, in which the heme group, which is an iron porphyrin, is 

compared to other metalloporphyrins (chromium, manganese, cobalt and nickel). This 
was done by performing electrochemical measurements over the pH 1-14 range, as well 
as by performing density functional theory (DFT) calculations. The results show that the 

metalloporphyrins display comparable redox behavior and occur in four different 
oxidation states. It was found that most redox transitions are accompanied by a 
hydroxide transfer. Interestingly, it appeared possible to predict the electrochemical 

potentials of certain redox transitions from the calculated differences in energies 
between the redox states. 



————————————————————————————————————————————— 

Samenvatting* 

————————————————————————————————————————————— 

* Deze Nederlandstalige samenvatting geeft slechts een algemeen beeld van het werk verricht in dit 

proefschrift. Voor een meer gedetailleerde samenvatting dient u de Engelstalige samenvatting te lezen.   
 

 

Elektrochemie van geïmmobiliseerde 

hemen en heemeiwitten 
 

Als u een willekeurige voorbijganger op straat zou vragen wat een katalysator is, zal 

deze u waarschijnlijk iets zeggen als “Zo’n ding heb ik onder mijn auto, en volgens mij 

is het goed voor het milieu.”. Hoe de katalysator precies werkt weten de meeste mensen 

echter niet. Welnu, de autokatalysator zorgt ervoor dat schadelijke gassen zoals 

stikstofmonoxide en koolstofmonoxide, die in de motor worden gevormd, worden 

omgezet in relatief onschadelijke gassen zoals stikstof en koolstofdioxide. Zonder de 

autokatalysator zouden de schadelijke gassen in de atmosfeer komen, wat vooral in 

steden heel slecht zou zijn voor de volksgezondheid. De autokatalysator is echter niet de 

enige katalysator. Katalysatoren worden namelijk ook veel in industriële processen 

gebruikt, onder andere in de olieraffinage, kunstmestproductie en de productie van 

medicijnen. Net zoals de autokatalysator bestaan deze katalysatoren meestal uit kleine 

metaaldeeltjes die op een drager zitten. Het principe achter al deze katalysatoren is dat ze 

ervoor zorgen dat belangrijke reacties plaatsvinden, maar zelf niet opgebruikt worden. 

Daarom kan een katalysator vaak heel lang mee en hoeft deze in een auto bijvoorbeeld 

nooit vervangen te worden. 

Naast in door de mens bedachte processen komen katalysatoren ook heel veel voor in 

natuurlijke processen. Deze natuurlijke katalysatoren worden enzymen genoemd en het 

hele menselijke lichaam zit er vol mee.  Ze zorgen onder andere voor de omzetting van 

zuurstof en voedsel naar koolstofdioxide, de reactie waaruit de mens al zijn energie 

haalt. Deze enzymen zijn eiwitten, wat relatief grote organische moleculen zijn. Ze zien 

er dus anders uit dan de door de mens gemaakte katalysatoren en daardoor hebben ze 

ook andere eigenschappen. Zo zijn ze erg actief, wat betekent dat ze reacties erg snel 

kunnen laten verlopen. Ook kunnen ze heel ingewikkelde reacties goed laten verlopen. 

Als nadeel hebben ze echter dat ze wat sneller stukgaan (‘deactiveren’). 

Omdat een katalysator vaak bepalend is voor de economische haalbaarheid van een 

industrieel proces, valt er met het ontwikkelen van nieuwe en betere katalysatoren veel 

geld te verdienen. Vanwege hun goede eigenschappen zijn enzymen hiervoor altijd een 

bron van inspiratie geweest. Ze worden echter nog relatief weinig in industriële 

processen gebruikt vanwege hun lage stabiliteit en het feit dat ze na afloop van de reactie 

gescheiden moeten worden van de producten. 

Een oplossing waarmee een gedeelte van deze nadelen kan worden ondervangen is 

het vastzetten van de enzymen op een drager. Deze drager kan eenvoudig uit het 

reactiemengsel worden gehaald en daardoor kunnen de enzymen eenvoudig worden 

vervangen als ze gedeactiveerd zijn. Omdat ze vastzitten, hoeven de enzymen na afloop 

ook niet meer uit het productmengsel te worden gehaald. Het vastzetten van een enzym 
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op het oppervlak is echter niet zo gemakkelijk en brengt de nodige risico’s met zich mee. 

Het voornaamste risico is dat de krachten die nodig zijn om het enzym vast te zetten, de 

structuur van het enzym en daarmee zijn gunstige katalytische eigenschappen 

veranderen. Een probleem is dat het op het moment niet echt bekend is wat ‘goede’ en 

‘slechte’ methoden zijn om enzymen vast te zetten. 

In een gedeelte van dit proefschrift (Hoofdstuk 3 - 6) zijn verschillende methodes 

onderzocht om eiwitten vast te zetten, met als doel te begrijpen wat voor invloed het 

vastzetten heeft op de eigenschappen van de eiwitten. Dit bleek sterk te verschillen voor 

de verschillende methodes. Zo leidt het inbedden van eiwitten in bepaalde films ertoe dat 

de eiwitten uit elkaar vallen (Hoofdstuk 3 en 4). Het vastzetten door middel van 

elektrostatische krachten leidt echter nauwelijks tot veranderingen in de eigenschappen. 

(Hoofdstuk 5 en 6). Voor deze laatste methode is ook bepaald welke oriëntatie de 

eiwitten op het oppervlak hebben. Door dit betere begrip van de eigenschappen van 

vastgezette eiwitten zou het in de toekomst mogelijk moeten zijn om allerlei enzymen 

vast te zetten en deze te gebruiken in industriële processen.  

Naast het directe gebruik van enzymen in industriële processen kunnen enzymen ook 

als een bron van inspiratie dienen in de ontwikkeling van nieuwe katalysatoren. Zo kan 

op basis van de structuur van het enzym een synthetische katalysator worden 

ontwikkeld, die ongeveer dezelfde katalytische eigenschappen zou moeten hebben als 

een enzym. Zo’n synthetisch complex blijft echter een model, en daarom kan niet 

verwacht worden dat de katalytische eigenschappen van het complex net zo goed zijn als 

van het enzym.  Synthetische complexen hebben echter wel als voordeel dat ze over het 

algemeen stabieler zijn dan eiwitten en bovendien kunnen ze makkelijker worden 

vastgezet op een drager. 

In hoofdstuk 2 en 3 van dit proefschrift hebben we de katalytische eigenschappen van 

heemgroepen in de omzetting van stikstofmonoxide (NO) onderzocht. Heemgroepen zijn 

ijzercomplexen, die ook voorkomen in enzymen die stikstofmonoxide kunnen omzetten. 

Het bleek dat de reactie met de heemgroepen als katalysator niet hetzelfde product 

opleverde als de reactie met het enzym als katalysator. Dit toonde eens te meer aan dat 

een complex niet dezelfde eigenschappen heeft als een enzym. Het complex bleek echter 

wel een interessante katalysator, omdat het stikstofmonoxide omzet in hydroxylamine, 

wat een belangrijke grondstof is voor de productie van nylon. Tenslotte zijn in hoofdstuk 

7 van dit proefschrift nog theoretische berekeningen aan heemgroepen uitgevoerd, met 

als doel de eigenschappen van deze complexen beter te begrijpen. 
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