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Chapter 1 

General introduction 

Electron transfer processes are of importance in a broad range of fields, such as 

biosensing1 and molecular electronics.2 Gold electrodes can be readily 

functionalized using thiol chemistry3 for the formation of self-assembled 

monolayers (SAMs). SAMs constitute an excellent platform for sensing because 

of the possibilities to precisely tune the surface composition and the distance 

from the electrode surface. As such the influence of the electron transfer 

properties of a redox probe that is present in solution or attached at the SAM 

can be tuned.  

Electrochemistry utilizes redox couples in solution, where the electron transfer 

is mostly dictated by diffusion, and attached to a surface where diffusion either 

plays no role or is mediated via a flexible linker. When the redox couple is in 

solution it can be used to probe the electron transfer through a layer, and the 

layer can be designed to block the electron transfer as an insulating layer, or to 

optimize electron transfer for the use in molecular electronics. 

The work described in this thesis aims to further our understanding of the design 

and study of the electron transfer properties of two different types of 

monolayer surfaces. First, the design and characterization of several novel β-

cyclodextrin (β-CD) adsorbates is presented (Chapters 3 and 4) with the aim to 

study the influence of the distance of the β-CD core to the electrode surface on 

the electron transfer properties using different redox probes. Secondly, layers 

of linear flexible poly(ethylene glycol) (PEG) polymers end-tagged with an 

electrochemically active redox group are described in Chapters 5 and 6 to study 

the effect of polymer length and conformation on the electron transfer 

characteristics, both on macroscopic electrodes as well as in nanofluidic devices.  

Chapter 2 provides an overview of several common electrochemical methods 

and looks into their uses for the determination of the electron transfer rate 

constants. A further focus is on flexible probes such as DNA and their use in 

electrochemical biosensing devices that provide a signal upon changing the 

linker conformation. 
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Chapter 3 describes the design and characterization of six multivalent β-CD 

adsorbates that provide close contact of the β-CD cavity to the gold surface. 

Monolayers of these β-CD adsorbates were characterized and the adsorption 

kinetics, thickness, layer stability and number of anchoring groups bound to the 

surface were assessed for the different anchoring groups. 

In the work described in Chapter 4, monolayers of four of the β-CD adsorbates 

introduced in Chapter 3 were further characterized with regard to their packing 

densities using electrochemical methods. The electron transfer kinetics was 

studied using different redox probes, both in solution and reversibly 

immobilized on the host monolayers. Electron transfer rates between the novel 

adsorbates in close proximity to the surface were compared to that of a β-CD 

adsorbate further away from the surface by long thioether chains. 

Chapter 5 describes the electron transfer for linear PEG polymers attached to 

the Au electrode surface on one end and tagged with a ferrocene moiety on the 

other end. The effects of bounded diffusion on the electron transfer was studied 

and compared for different polymer lengths, together with the effect of 

conformational changes as a function of the surface density. 

In Chapter 6, the molecules described in Chapter 5 were introduced into 

nanofluidic devices with nanospaced electrodes. The effect of surface-bound 

diffusion of the ferrocene probe on the repeated shuttling of electrons between 

the two electrodes was studied. Subsequently, the effect of linker length and 

surface density was assessed in order to validate the potential for using such a 

device architecture for biosensor applications. 

1.1 References 

(1) Labib, M.; Sargent, E. H.; Kelley, S. O., Electrochemical Methods for the Analysis of 

Clinically Relevant Biomolecules. Chem. Rev. 2016, 116, 9001-9090. 

(2) Adams, D. M.; Brus, L.; Chidsey, C. E. D.; Creager, S.; Creutz, C.; Kagan, C. R.; Kamat, 

P. V.; Lieberman, M.; Lindsay, S.; Marcus, R. A.; Metzger, R. M.; Michel-Beyerle, M. E.; 

Miller, J. R.; Newton, M. D.; Rolison, D. R.; Sankey, O.; Schanze, K. S.; Yardley, J.; Zhu, X., 

Charge Transfer on the Nanoscale:  Current Status. J. Phys. Chem. B 2003, 107, 6668-

6697. 

(3) Yildiz, I.; Raymo, F. M.; Lamberto, M., Self-Assembled Monolayers and Multilayers of 

Electroactive Thiols. In Electrochemistry of Functional Supramolecular Systems, John 

Wiley & Sons, Inc.: 2010; pp 185-200.
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Chapter 2 

Electron transfer on electrode surfaces and 

applications in biosensing 

The increasing demand for diagnostic tools in personalized medicine calls for an 

increase in sensitivity and specificity for the detection devices that are developed 

to this purpose. Electrochemistry provides a range of tools which can meet these 

requirements. Metallic electrodes can be readily functionalized using thiol 

chemistry and provide an excellent basis for tuning the electrode surface for 

specific goals. This chapter reviews several common electrochemical techniques 

such as chronoamperometry, cyclic voltammetry and electrochemical 

impedance spectroscopy, and their uses for the determination of electron 

transfer rate constants. Redox-active moieties attached to long flexible linkers 

form a special group as their electron transfer partly relies on diffusion. The 

conformation of these linkers can be modified by changing the surface density, 

and in the case of DNA the stiffness can be affected upon binding with the 

complementary DNA chain. These strategies have been utilized for the 

development of biosensing devices such as E-DNA and aptamer-based detection 

schemes.  
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2.1 Introduction 

Electron transfer processes play an important role in a wide range of fields, from 

molecular electronics1, to the development of biosensors.2-4 The growing 

interest in personalized medicine and point-of-care testing demands an increase 

in sensitivity, specificity, miniaturization, affordability and ease of signal 

interpretation.5 Several of these requirements are met by electrochemical 

devices.6 As devices become smaller, chemical modification of electrodes 

provides an excellent way for control and tunabillity of the chemistry of the 

detection probe.7 

Electrochemistry is suited for sensitive and accurate measuring of molecular 

redox processes both in solution and at the surface. This chapter will focus on 

electrochemical processes on electrode surfaces, specifically with the redox 

probe covalently attached to the surface via the formation of self-assembled 

monolayers (SAMs) to eliminate the use of additional probes to the analyte 

solution. The affinity of thiols to noble metals is well known as a way to attach 

(electroactive) molecules to surfaces.8 

In the first part of this chapter, several commonly used electrochemical 

techniques will be discussed together with their uses for the determination of 

electron transfer kinetics, with a focus on ferrocene alkylthiols as a key example. 

The electron transfer plays a central part in the detection mechanism of 

biosensors as they rely on conformational changes upon detection. In the 

second part, E-DNA2, 9 and aptamer-based sensors2, 10-11 rely on this principle and 

will be discussed in further depth. 

2.2 Electrochemical techniques 

A redox-active SAM in its most basic form is a redox couple immobilized at, but 

separated from, the electrode by a short linker. The affinity of thiols for noble 

metals such as gold can be exploited for functionalization of the electrode. 

Electrochemical methods provide powerful tools for the characterization of 

these types of layers. A plethora of electrochemical techniques is available, a 

few of the more commonly used techniques will be discussed here. 

2.2.1 Chronoamperometry 

In chronoamperometry the potential is changed step-wise and the recorded 

current follows an exponential decay according to equation 2.1:12 
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𝑖(𝑡) = 𝑘𝑄𝑒−𝑘𝑡  (Equation 2.1) 

When the natural logarithm of the current i is plotted versus the time, the slope 

can be used to determine the rate constant k. In addition, this analysis can be 

performed at varying overpotentials giving a more complete picture of the 

influence of the potential on the kinetics as predicted by the Butler-Volmer 

behavior. The Butler-Volmer formulation states that the electrode kinetics at an 

electrode depends on the overpotential, E - E0’, as shown in equation 2.2, giving 

rise to the characteristic Tafel plot.12  

𝑘f + 𝑘b = 𝑘0exp(−𝛼𝑅(𝐸 − 𝐸0
′
)/𝑇) + 𝑘0exp((1 − 𝛼)𝑅(𝐸 − 𝐸0

′
)/𝑇) 

(Equation 2.2) 

Where kf and kb are the forward and backward rate constants, k0 the standard 

heterogeneous rate constant, R the gas constant, T the absolute temperature, E 

the electrode potential, E0’ the formal potential of the electroactive group and 

α the transfer coefficient. 

Chidsey was the first to use this method on SAMs of alkanethiols modified with 

ferrocene.13 These SAMs were made by mixing the ferrocene alkylthiols with 

electrochemically inactive alkylthiols to sufficiently space the ferrocene 

moieties and prevent cross-interactions. It was shown that for low 

overpotentials the Butler-Volmer formulation was followed, but curvature far 

from E0’ could not be accounted for with these formulations. This was overcome 

by fitting the data with a prefactor for electron transfer and the metallic states, 

and λ, the reorganization energy, i.e., the energy needed to distort the atomic 

positions of the reactant and its solvation shell to the atomic positions of the 

product and its solvation shell. More importantly, it showed the possibility of 

these layers to be probed systematically on the dependence of distance, 

medium and spacer structure.13 A wide variety of studies for different alkane 

chain lengths have been performed to determine the electron transfer kinetics 

using different techniques, and these have been summarized by Eckermann et 

al.7 These layers will be discussed in more detail below. 

2.2.2 Cyclic voltammetry 

In cyclic voltammetry, the potential at an electrode is varied linearly with time 

while simultaneously the current is recorded. Typically, the responses of 

electrochemically active layers that are surface confined are different than 

those of diffusion-controlled processes,12 and the former show a linear 



Chapter 2 

6 

dependence of the peak current (Ip) on the scan rate (ν) (Equation 2.3). The 

charge (Q) under the recorded anodic and cathodic peaks is proportional to the 

number of redox centers contributing to the electron transfer, and consequently 

the surface density (Γ) can be determined (Equation 2.4). 

𝑖p =
𝑛2𝐹2

4𝑅𝑇
𝜈𝐴𝛤 (Equation 2.3) 

𝑄 = 𝑛𝐹𝐴𝛤 (Equation 2.4) 

Here, n is the number of electrons involved in the electron transfer process, F 

the Faraday constant, R the gas constant, T the temperature and A the surface 

area of the electrode. The electron transfer of surface-confined electrochemical 

species has been described by Laviron14 and the rate constant for electron 

transfer (kET) can be determined from the change in peak potential (Ep) with 

increasing scan rate. When the difference between the anodic and cathodic 

peak potentials exceeds 200 mV, the electron transfer is said to be 

electrochemically irreversible and the peak potentials change linearly with the 

logarithm of the scan rate. At the intercept of the x-axis of this linear change, 

the scan rates va and vc can be determined and the kET can be determined from 

Equation 2.5: 

𝑘𝐸T =
𝛼𝑛𝐹𝜈c

𝑅𝑇
=

(1−𝛼)𝑛𝐹𝜈a

𝑅𝑇
 (Equation 2.5) 

The electron transfer in ferrocene alkylthiols has been studied using a variety of 

methods, as mentioned earlier.7 Cyclic voltammetric measurements on different 

lengths of alkylthiols at low temperatures have shown that the electron transfer 

in well-packed SAMs drops exponentially according to equation 2.6.15 This effect 

had been previously shown for pentaaminecobalt(III) anchored to gold and 

indirectly reduced via Ru(NH3)6
2+.16 

𝑘ET(𝑥) = 𝑘ET(𝑥 = 0)𝑒−𝛽𝑥 (Equation 2.6) 

Where x is the distance to the surface and β expresses the overall reaction rate 

sensitivity to distance. Cyclic voltammetry proved to be more suitable than 

potential step methods as it is not as susceptible to the effects of kinetic 

dispersion caused by structural disorder in the monolayer.17 

Since Chidsey’s first work on ferrocene alkylthiols on electrodes18 these layers 

have been studied widely. Ideal electrochemical behavior is found when these 

SAMs are diluted with electrochemically inactive alkylthiols. At high ferrocene 
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densities significant peak broadening and peak splitting has been observed.18-19 

It was found that the peak splitting observed in cyclic voltammetry was 

consistent with local effects expected from phase separation, and the two peaks 

could be attributed to ferrocene moieties surrounded by neutral alkylthiols 

(peak I in Figure 2.1b), or by other ferrocene species (peak II in Figure 2.1b).20 

This property has been utilized in order to determine the homogeneity of 

alkylthiol layers by exposing formed SAMs to a ferrocene alkylthiol solution 

providing access to different types and populations of defects. Single site defects 

would only be filled with one ferrocene alkylthiol molecule (Figure 2.1a), i.e. 

surrounded by neutral alkylthiols (corresponding to peak I), whereas collapsed 

site and pinhole defects provided room for multiple molecules, giving rise to the 

faradaic signal corresponding to ferrocene moieties surrounded by other 

ferrocene species (corresponding to peak II).21 

 
Figure 2.1: a) Three different types of defects probed by backfilling with a ferrocene alkylthiol, 

from left to right a single site defect, collapsed defect and a pinhole. Reproduced from Ref. 21 

with permission from the PCCP Owner Societies. b) Cyclic voltammetric response of ferrocene 

alkanethiols on a gold electrode for different solution ratios of electrochemically inactive (C10SH) 

and ferrocene tethered alkylthiols (FcC12SH). Reprinted with permission from Ref. 20. Copyright 

2006 American Chemical Society. 

When the kinetics of the electroactive group is controlled by diffusion, the 

Laviron method is not suitable for the determination of the kinetics. Typically, 

diffusion-controlled electron transfer applies to species in solution, but diffusion 

control has also been observed when the redox moiety is attached to long 

flexible linkers such as poly(ethylene glycol) (PEG)22-24 and DNA.25-26 In these 

cases, at sufficiently low scan rates the current was proportional to the scan 
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rate, whereas cycling at increased scan rates showed that the current became 

proportional to the square root of the scan rate, following the Randles-Sevcik 

equation for diffusing species (equation 2.7):12 

𝑖p = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝜈𝐷

𝑅𝑇
)

1

2
 (Equation 2.7) 

Here, D is the diffusion coefficient and C the concentration. For surface-attached 

species, the concentration can be transformed into surface density (Γ) using 

Γ=LAC, with L being the layer thickness. From this, information could be 

gathered about the dynamics of the flexible linker. For immobilized PEG linkers 

it was found that the time response of PEG (Mw of 3400 Da) linkers in a loose 

brush conformation, in which the surface-attached polymers are packed in a 

sufficiently high density to promote chain stretching, gave similar time 

responses as a shorter PEG (Mw of 600 Da) in a mushroom conformation, in 

which the individual polymer molecules are isolated from each other. This 

indicated that the diffusion coefficients of the longer PEGs were necessarily 

higher, which has been attributed to an increased contribution of the spring 

constant.23 

Similarly, ferrocene moieties that have been linked to single-stranded DNA show 

electron transfer that is controlled by diffusion at high scan rates, as could be 

determined both experimentally25 and by modelling.27 Upon hybridization of the 

single-stranded DNA with its complementary chain, the double-stranded DNA 

becomes more rigid which has been shown to affect the diffusional properties 

markedly. In this case the regime in which diffusion governs the electron 

transfer shifts to lower scan rates, while at higher scan rates the current 

decreases drastically, indicating that the rigidity hampers the movement of the 

ferrocene to such an extent that it does not reach the surface in the measured 

time frame.25 It has been shown that the electron transfer of the double-

stranded DNA in this case occurs via elastic bending of the entire double-

stranded linker (Figure 2.2b).26 It should be noted that this observation applies 

only when the DNA is bound to the surface via a short alkane linker (C2 in this 

instance), while in contrast, when the linker length is increased to C6 the 

electron transfer occurs via the rotational movement around the linker (Figure 

2.2c), direct electron transfer through the DNA backbone (Figure 2.2a) could be 

excluded.28 
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Figure 2.2: Possible types of electron transport mechanisms in Fc-labeled double-stranded DNA: 

(a) Direct electron transfer through the DNA backbone (can be excluded due to the presence of a 

diffusion regime). (b) Elastic bending of the double-stranded DNA backbone. (c) Rotational motion 

of the DNA rod. Reprinted with permission from Ref. 28. Copyright 2008 American Chemical 

Society. 

The conformation of molecules on the surface has a marked influence on the 

electron transport: studies with ferrocene-tagged PNA on electrodes have 

shown that increasing the surface density causes a decrease of the diffusion 

constant of two orders of magnitude with an analogous decrease of kET.29 

If diffusion plays a role in the electron transfer process, the Nicholson method 

can be used for the determination of electron transfer rate constants.30 Using 

this method, the peak separation (ΔEp) can be transformed into a dimensionless 

parameter ψ, from which the rate constant can be calculated using Equation 2.8.  

 

𝜓 =
𝑘ET (

𝐷O

𝐷𝑅
)

𝛼

2

√𝜋
𝑛𝐹𝜈

𝑅𝑇
𝐷O

⁄  (Equation 2.8) 

Where DO and DR are the diffusion coefficients of the oxidized and reduced 

species, respectively. 

If the layer thickness is known, this method can be used for the determination 

of rate constants of diffusing species attached to an electrode via a flexible 

linker. Rate constants have in this way been determined for electrochemically 

active PNA surfaces to study the effect of surface density, chain length and 

hybridization. It was shown that with an increase in surface density of a PNA 12-

mer, as shown in Figure 2.3a, the slope of the peak current vs the square root of 

the scan rate decreases, indicating a decrease in the diffusion coefficient. 

Analogously, the increase in surface density showed a decrease in the electron 
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transfer rate constants (Figure 2.3b). This was attributed to an increased 

distance of the electrochemically active ferrocene to the surface as the layer 

becomes more crowded. Similarly, this increase in distance from the surface 

resulted in a decrease in rate constants and diffusion coefficients as the linker 

length was increased (Figure 2.3c). An increase in kinetics and diffusion was 

found upon hybridization with a fully complementary DNA strand due to a 

decrease in elasticity of the linker and increased interactions between the 

positively biased surface and negatively charged PNA-DNA duplex.29 

 

Figure 2.3: a) Randles Sevcik plot of the immobilization process, a decreased slope of ip vs ν1/2 was 

found for increased reaction times (or surface densities, see b) for 12-mer PNA. b) Increase in 

surface density (circles) and the decrease in electron transfer kinetics (squares) with increased 

reaction time. c) Decrease of the rate constants vs linker length for 3-, 6-, 9-, 12- and 16-mer PNA. 

Reprinted with permission from Ref. 29. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

2.2.3 Electrochemical impedance spectroscopy 

In electrochemical impedance spectroscopy (EIS), the impedance is measured 

by applying a small AC signal over a range of frequencies at a specified 

potential.7 The obtained data can be fitted to an equivalent circuit, the easiest 

being the Randles circuit, consisting of an element for solution resistance in 

series with a parallel combination of the double-layer capacitance (CDL) and an 
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element for the impedance of a faradaic reaction, which for an electrode coated 

with an redox-active layer consists of a charge transfer resistance (RCT) and an 

element for the adsorption pseudocapacitance (CAD) (Figure 2.4).31-32 

The kET can subsequently be calculated using equation 2.9. 

𝑘ET =
1

2𝑅CT𝐶AD
   (Equation 2.9) 

Impedimetric techniques are often quite time consuming and the system needs 

to be in equilibrium, if this is not the case the equivalent circuit needs to be 

expanded.7 As a characterization tool it is often used with a redox probe in 

solution, for example to characterize the quality of monolayers by way of 

assessing the ability to block the diffusing redox probe, which increases the RCT.33 

 

 

Figure 2.4: Randles equivalent circuit for the impedance of an electrochemically active layer.31-32 

Impedimetric sensing techniques based on the change in RCT, or faradaic 

impedance, similarly rely on the presence of an electrochemically active 

probe.34-35 For example, Barton immobilized antibodies for prostate specific 

antigen (PSA, a prostate cancer marker) on an electrode surface. Upon binding 

of PSA, the increase in RCT was used as a detection signal.36 In non-faradaic 

impedance, no redox probe is necessary as changes in the dielectric properties 

on the electrode surface are detected via a change in the capacitance.34, 37 If 

upon detection the charge distribution is changed, this will result in a change in 

the capacitance. For example, a zwitterionic polymer has been used to 

immobilize an anti-insulin antibody on electrode surfaces, and the perturbation 

of the double layer caused an associated change in the capacitance 

characteristics that provided detection in the fM range in undiluted blood 

serum.38 

In order to study the kinetics of redox active surfaces, the RCT and CAD need to 

be determined (equation 2.8), and the data needs to be fitted to an equivalent 

circuit. To overcome this, Bueno has shown that for any redox active surface, 
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directly plotting the imaginary capacitance vs the frequency (resolved for the 

parasitic capacitance, measured at potentials outside of the redox window) 

shows a peak at the characteristic frequency which is equal to the rate constant. 

The electron transfer rates were determined for azurin films immobilized on 

SAMs with increasing thiol layer thicknesses and 11-ferrocene-undecanethiol on 

gold electrodes (Figure 2.5a and b, respectively). The electron transfer rates of 

azurin films showed a decrease with increased thiol layer thickness. All 

determined values were compared with rate constants determined from cyclo-

voltammetric measurements and were shown to be similar.39 

 

 

Figure 2.5: a) Imaginary capacitance of azurin films on three different supporting thiol layer 

thicknesses (hexanethiol, decanethiol and dodecanethiol) after correction for the parasitic 

capacitance. The electron transfer rate can be determined directly from the characteristic 

frequency. b) Imaginary capacitance of 11-ferrocene-undecanethiol before (red) and after (green) 

subtraction of the parasitic capacitance. Reprinted with permission from Ref. 39. Copyright 2012 

American Chemical Society.  

2.3 Electrochemical DNA sensing 

The effect of conformational changes on the electron transfer process has been 

exploited to develop  E-DNA sensors. The principle of an E-DNA sensor is based 

on that of optical molecular beacons40 in which single-stranded DNA backfolds 

upon itself at its extremities and forms a stem-loop bringing a fluorophore and 

a quencher into close proximity. This loop dissociates upon binding with a 

complementary strand. In an E-DNA sensor device the ss-DNA is bound with one 

end onto an electrode and via a similar stem-loop brings an electrochemically 



Electron transfer on electrode surfaces and applications in biosensing 

13 

active ferrocene label into close proximity of the electrode (Figure 2.6). In the 

presence of a complementary target, the ferrocene moiety is moved away from 

the surface, causing a strongly reduced electron transfer rate. For this system, 

target DNA concentrations of 10 pmol were detectable.41 

 

Figure 2.6: A DNA stem-loop bound onto itself at its extremities and attached to an electrode at 

one end, bearing a ferrocene tag on the other end. Upon hybridization with its complementary 

strand, the ferrocene tag is moved away from the surface resulting in a large change in the redox 

current. Reprinted with permission from Ref. 41. Copyright 2003 National Academy of Sciences. 

Similar to the previously mentioned ferrocene-modified PNA, which showed a 

decrease in kET for increased surface densities, crowding of the surface leads to 

an increased signal suppression if the stem-loops are hybridized, because the 

densely packed layer prevents collisions of the redox moiety with the electrode 

surface.42 The use of a stem-loop was shown not to be necessary for the 

detection of complementary DNA strands on a 27-base linear DNA probe. The 

binding of a complementary chain changed the rigidity, and with that, the 

dynamics of the probe DNA changed sufficiently to give an increased signal 

suppression over its stem-loop counterpart. The signal suppression could be 

increased even more by increasing the probe density, thereby making the 

movement (and subsequent electron transfer) of the hybridized chains more 

difficult.43 

These and similar E-DNA sensors44-47 based on the stem-loop are ‘signal off’ 

architectures and provide a decrease in signal upon detection which can give 

rise to false positives.41 Even though this can be avoided by the use of 

‘multicolor’ redox labels (electrochemically active moieties with a different 
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E0),48-49 these systems are still limited by a maximum of 100% signal 

suppression.43 ‘Signal on’ detection schemes (Figure 2.7) have been developed 

based on a variety of schemes, like the pseudoknot,50 triplex DNA interactions,51 

inverted stem-loop,52 DNA-PEG-DNA triblock,53 and electrode bound duplex,54 

in order to increase the sensitivity, resulting in decreased detection limits 

reported as low as 400 fM for the bound duplex. 

 

Figure 2.7: Several schemes for ‘signal on’ detection: (a) the pseudoknot. Reprinted with 

permission from Ref. 50. Copyright 2009 American Chemical Society. (b) Triplex DNA interactions. 

Reprinted with permission from Ref. 51. Copyright 2014 American Chemical society. (c) inverted 

stem-loop. Reprinted with permission from Ref. 52. Copyright 2011 American Chemical Society. 

(d) DNA-PEG-DNA triblock. Reprinted with permission from Ref. 53. Copyright 2004 American 

Chemical Society. (e) electrode bound duplex. Reprinted with permission from Ref. 54. Copyright 

2006 National Academy of Sciences. 
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Aptamer-based electronic sensors employ aptamers, which are short 

oligonucleotides selected for their high binding affinities with a wide variety of 

biomolecular targets ranging from cells55 to ATP.56 Aptamer-based sensors are 

similarly to E-DNA sensors based on the molecular beacon principle, and 

detection of an analyte can be based on binding of single-stranded DNA,57 a 

displacement of a complementary strand upon binding,58 or interestingly, a 

change in the conductivity of the DNA backbone upon binding with an analyte.59 

A universal aptamer-based detector has been developed, based on a neutralizer 

displacement strategy. The neutralizer is composed of PNA and cationic amino 

acids and neutralizes the negative charge of the DNA probe. Due to the presence 

of mismatches between the DNA and the neutralizer, the analyte displaces the 

neutralizer, causing a significant decrease in the current.60 Figure 2.8 shows ATP 

as the analyte, but the method has been shown to work for ATP, cocaine, DNA, 

RNA and thrombin, resulting in femto- and attomolar detection limits. 

 

 

Figure 2.8: Concept of the universal aptamer based detector, binding of the aptamer releases 

the neutralizer, thus switching on the electrochemical signal. Reprinted with permission from 

Ref. 60. Copyright 2012 Nature Publishing Group. 

2.4 Conclusions 

A wide array of electrochemical techniques is available and can be used to study 

the characteristics of electrochemically active surfaces. A short overview of 

several common techniques has been discussed here. Electron transfer rates can 

be determined using different techniques like cyclic voltammetry, 

chronoamperometry and electrochemical impedance spectroscopy. Next to the 

determination of specific electrochemical parameters, the quality of the layers 

present on the electrode can be probed. It has been shown that for flexible 

linkers like PEG and DNA, the electron transfer is dictated by diffusion of the 
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probe, which is directly influenced by the flexibility of the linker. As such, 

conformational changes of the linker, by changing the probe surface density or 

the rigidity upon binding with the complementary DNA strand, can have a 

significant effect on the kinetics and diffusion of the probe. 

The change in conformation has been exploited for a variety of electrochemical 

biosensing methods, like the detection of complementary DNA strands, or other 

analytes via binding with DNA aptamers. The resulting change in conformation 

affects the signal output in the timeframe of the measurement, resulting in 

detection limits sometimes as low as femto-molar. The systems described here 

exhibit a relatively easy way of detection and thus provide an attractive 

alternative to laborious laboratory tests. Especially in combination with the 

increased interest in personalized medicine and point-of-care testing, 

electrochemical sensing devices are an attractive candidate for diagnostics. 
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Chapter 3 

Self-assembled monolayers on gold of β-cyclodextrin 

adsorbates with different anchoring groups 

In this chapter, the design of multivalent β-cyclodextrin-based adsorbates 

bearing different anchoring groups is described, with the aim to yield stable 

monolayers with improved packing and close contact of the cavity to the gold 

surface. Towards this end the primary rim of the β-cyclodextrin was decorated 

with several functional groups, namely iodide, nitrile, amine, isothiocyanate, 

methyl sulfide and isocyanide. Monolayers formed by these adsorbates were 

characterized by contact angle measurements, surface plasmon resonance 

spectroscopy, polarization-modulation infrared reflection-absorption 

spectroscopy, X-ray photoelectron spectroscopy, and electrochemistry. The 

nature of the anchoring group influenced the adsorption kinetics, thickness, layer 

stability, number of anchoring groups bound to the surface and packing of the 

resulting monolayers. Therefore, chemical manipulation of multivalent 

adsorbates can be used to modify the properties of their monolayers. 
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3.1 Introduction 

Cyclodextrins (CDs)1 are cyclic oligosaccharides constituted of 6, 7 or 8 (α, β and 

γ-CDs respectively) D-glucopyranose units linked by α-(1→4) bonds featuring a 

basket-like structure. These have been used extensively as a platform for the 

design of adsorbates that assemble to form monolayers with recognition 

capabilities. In this sense, they have found a wide range of versatile applications 

including oriented immobilization of proteins,2 supramolecular thin film 

deposition,3 or as a valuable model for studying multivalent host-guest 

interactions.4 

Nonetheless the immobilization of the CDs, mostly based on the incorporation 

of a varying number of thiol or thioether moieties, it is far from straightforward 

and the nature of the anchoring groups and linker have a great impact on the 

coverage, orientation and packing and by extrapolation on the host-guest 

chemistry due to heterogeneous orientation of the hosts.5-13 While inclusion of 

multiple, preferably symmetrically displayed head groups increases the 

possibility of achieving orientation of the cyclodextrin core, the strong 

multivalent interaction with the substrate hampers lateral mobility and self-

healing.14 The use of multivalently exposed strong gold-binding groups such as 

thiols result in a reduced lateral mobility and thus poor packing of the resulting 

monolayers.13 Substitution of thiols with long alkyl thioethers with a lower 

affinity to gold improved the lateral mobility of the molecules.10 The increased 

mobility of the molecules and the interacting additional alkyl chains led to an 

increase of surface coverage and an improved order. However the incorporation 

of the alkyl chains creates an insulating layer that hampers their use in 

applications where electron transfer from or to the electrode is required.  

Improving and modulating the adsorption capabilities of multivalent molecules 

without hampering the electrical properties remains a challenge. In this sense, 

tuning of the affinity of the head group for the substrate might be used for 

improving the lateral mobility, although comparative information about the 

effect of their chemical nature in the self-assembly properties is in general 

scarce.14-17 Furthermore, this concept may take advantage from the fact that 

variations of the nature of the head group can change the electron transport 

characteristics of the metal-organic interface.18-19  

The synthesis of a series of β-CD adsorbates bearing different anchoring groups 

and their self-assembly on gold is described here. The anchoring groups were 
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selected based on their different affinities for gold and their facile 

implementation onto the CD scaffold to ensure the homogeneity of the final 

derivatives and eventually the electrode-head group contact. Concretely, β-CD 

adsorbates fully functionalized at their primary rim with methyl sulfide,20 

isocyanide,21 isothiocyanate,15, 22 nitrile,23 amine24 and iodide25-26 functionalities 

were chosen. These adsorbates show lower affinities for gold in comparison to 

thiols and provide a convenient set of derivatives well suited for comparative 

studies. The kinetics of the self-assembly process and the structure and 

electrochemical properties of the monolayer were studied for the presented set 

of molecules. 

3.2 Results 

Figure 3.1 shows the molecular structures of the set of β-CD adsorbates bearing 

different anchoring groups on the primary rim of the CD core. Heptaiodo β-CD 

adsorbate (1)27 provides the synthetic intermediate for the other derivatives. 

Adsorbates 228, 327 and 429 were prepared according to published routes with 

some minor modifications. 

 

Figure 3.1: Structure of the β-CD-based adsorbates used in this study. 
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The synthesis of the per-methylsulfide β-CD 5 was reported previously.9 

However the final desired product was obtained only in an inseparable mixture 

with incompletely functionalized derivatives. In other to circumvent the 

separation problem, an alternative strategy based on the temporary protection 

of the secondary rim with acetyl groups was developed (Scheme 3.1a). 

  

Scheme 3.1: Synthesis of adsorbates 5 and 6: i) methyl imidothiocarbamate hydroiodide, Cs2CO3, 

DMF, overnight, 44%; ii) MeONa/MeOH, 2.5 h, 82%; iii) formic acid, DCC, Et3N, DCM, 3 h, 88%; iv) 

PCl3, DIPA, DCM, 1 h, 63%. 

Treatment of compound 7 with methyl imidothiocarbamate hydroiodide in the 

presence of Cs2CO3 in N,N-dimethylformamide (DMF) afforded the fully 

functionalized derivative 8 after chromatographic purification in 44% yield. 

Deacetylation using conventional conditions gave adsorbate 5 in 88% yield after 

filtering off the insoluble product. The complete substitution of all seven iodines 

was confirmed by proton and carbon NMR showing a single fully symmetric 

compound due to its C7 symmetry (see Experimental section, Figure 3.8). 

Electrospray ionization mass spectrometry (ESI-MS) and elemental analysis 

further supported this conclusion. 

The preparation of the per-isocyanide-β-CD 6 was carried out according to the 

strategy shown in Scheme 3.1b, consisting of N-formylation followed by 

dehydration. The secondary rim was permanently protected as methyl ethers in 

order to avoid dehydratation of the hydroxyl groups and to facilitate the 

purification procedure. Derivative 9 was treated with a preformed mixture of 

formic acid and N,N’-dicyclohexylcarbodiimide (DCC) in dichloromethane (DCM) 

to give a mixture of rotamers 10. After dehydration with PCl3 in the presence of 
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an excess of diisopropylamine (DIPA) under careful control of the pH, adsorbate 

6 was isolated in a 63% yield. The presence of the isocyano groups was 

confirmed by a peak at 159 ppm in the 13C NMR spectrum, as well as an 

absorption band at 2148 cm-1 in the infrared attenuated total reflectance (IR-

ATR) spectrum corresponding to stretching of the isocyanide moiety (see 

Experimental section, Figures 3.10 and 3.11). 

Self-assembled monolayers of adsorbates 2, 4 and 5 were prepared by 

immersion of freshly cleaned gold substrates in 0.1 mM adsorbate solutions in 

THF-H2O 4:1 for 12-24 h at room temperature, except for adsorbates 1, 3, and 

6, which were dissolved in THF-MeOH 4:1, water (pH = 7), and dry degassed 

DCM, respectively, for solubility reasons. The resulting monolayers were 

characterized by contact angle goniometry, surface plasmon resonance (SPR) 

spectroscopy, polarization-modulation infrared reflection-absorption 

spectroscopy (PM-IRRAS), X-ray photoelectron spectroscopy (XPS), and 

electrochemistry. Table 3.1 summarizes the most relevant SAM properties, all 

values are an average of measurements on at least three samples. 

Table 3.1: Characterization of the self-assembled monolayers of the β-CD adsorbates on gold. 

Adsorbate  θa/θr (H2O, deg)a Cml 

(F/m2)b 

RCT (Ω)c Thickness 

(nm)d 

1 (I) 45/<20 0.18 82 0.6 

2 (CN) 46/<20 0.14 170 1.0 

3 (NH2) 38/<20 0.16 63 1.0 

4 (NCS) 49/<20 0.14 242 1.1 

5 (SMe) 36/<20 0.20 159 0.4 

6 (NC) 61/<20 0.12 18 0.5 

a Advancing (θa) and receding (θr) contact angles for the monolayer with water.b Capacitance of 

the monolayer determined by cyclic voltammetry at a scan rate of 0.1 V s-1 at 0.15 V.c Charge-

transfer resistance determined by electrochemical impedance spectroscopy. d Thickness 

determined by SPR. 

Advancing contact angles ranged from 36-49o for 1-5, which suggested a 

significant hydrophilicity of the substrates. In contrast, the methylated 

derivative 6 showed a contact angle of 61o reflecting the more hydrophobic 
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nature of the methylated secondary rim. Low values for the receding contact 

angle further confirm the hydrophilic character of the surfaces. As a control, 

bare gold immersed in the same solvent as the β-CD derivatives produced an 

advancing contact angle of 66°. 

The chemical composition of the monolayers and the presence of the anchoring 

groups was confirmed by observing the corresponding vibrational bands in PM-

IRRAS spectra. Figure 3.2a shows the IR-ATR spectrum of neat compound 1 as a 

representative example for the whole set of derivatives. The main features of 

the spectrum are the strong vibrational bands related to the antisymmetric 

glycosidic C-O-C stretching and the coupled C-C/C-O stretching found at 1180-

960 cm-1. Two intense bands are observed in this range. The first band, located 

at lower wavenumbers is quasi-degenerate with two components essentially 

located at the x, y plane. The other one has an important contribution along the 

z axis.30 C-H and O-H bending vibrations are also found in the IR-ATR spectra 

between 1412-1160 cm-1, as well as C-H stretching at ca 2900 cm-1 and –OH 

stretching (See Experimental section, Figure 3.11). Upon adsorption of the 

derivatives, most of the characteristic vibrational bands observed for the neat 

compounds are also visible in the PM-IRRAS spectra (Figure 3.2b). Because of 

IRRAS selection rules,31 the relative peak intensities between 1190-1010 cm-1 

that have different spatial contributions experience changes due to the different 

orientation of the CD core. Peaks corresponding to asymmetric and symmetric 

C-H stretching are found between 3000 and 2800 cm-1 respectively for 3 and 6. 

The presence of a broad band at ca 2079 cm-1 in the monolayer of compound 4 

confirms the presence of the isothiocyanate moiety. Although the shape of the 

band is changed in the monolayer, no shift was observed in comparison to the 

neat compound, which suggests that the vibrational energy does not change 

significantly upon adsorption. Monolayers of 6 showed an adsorption band at 

2217 cm-1 assignable to the isocyano group, shifted 69 cm-1 to higher 

wavenumbers in comparison to the neat compound. 
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Figure 3.2: a) IR-ATR spectra for neat 1. b) PM-IRRAS spectra of monolayers of 1-6. 

SPR gave insight into the adsorption kinetics of the molecules and the 

monolayer thickness. To a first approximation, at relatively high adsorbate 

concentrations to avoid mass transport limitation, the adsorption kinetics 

depends on the anchoring group-surface interactions, and thus it can be 

regarded as a measure of the binding affinity. Solutions of the adsorbates in 

MeOH were employed, except for 3 which was dissolved in water (pH = 7). A 

typical process of the formation and the stability of the monolayer can be found 

in Figure 3.3a for the adsorption of 6. After recording the baseline with the pure 

solvent, the solution of 6 was flowed until the signal leveled off (about 12 min), 

indicating that the adsorbate was immobilized on the surface. The sample was 

subsequently washed with the pure solvent to investigate the inherent stability 
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of the monolayer and to remove nonspecifically adsorbed molecules. The final 

angle shift indicates the presence of a stable monolayer with an angle shift that 

depends on the film thickness and dielectric constant of the adsorbate. The 

reflectivity curves of the stabilized monolayers in water were used to obtain an 

estimation of the film thickness. The experimental data were fitted to the 

theoretical curve generated for a five-layer model (prism/Ti/gold/CD/water) 

assuming an εreal = 2.332 for the CD derivatives (Figure 3.3b). 

The comparative adsorption profiles and subsequent rinsing steps are shown in 

Figure 3.3c. Adsorption of 3 was carried out in water due to solubility issues and 

therefore the angle shifts were higher (Figure 3.3d). Due to the slower kinetics 

of the adsorption of 1, 2 and 3 to the surface, more concentrated solutions (0.3 

mM) were used to achieve maximum adsorption within the same timescale as 

when using the 0.1 mM solutions of 4, 5 and 6. The adsorption of 1 did not reach 

clear saturation, even after an extended flowing time. The rinsing step for this 

compound did not provide reliable information about the  removal of the 

physisorbed material and therefore is not shown. Instead, the sample was 

washed with solvent until a stable signal SPR was observed. The higher shifts 

observed for 3, as well as longer washing times needed to achieve stabilization, 

suggests that multilayered structures are formed in the process, probably due 

to electrostatic interactions with the gold substrate.24 Adsorption curves of 5 

saturated quickly in about 40 min with low angle shifts while 4 showed a fast 

adsorption with high angle shifts indicating thicker monolayers. We found 

thickness values between 0.4 and 1.1 nm assuming that all molecular 

monolayers have the same refractive index (Table 3.1). Previous SPR 

measurements on densely packed monolayers of thiolated CDs bearing similar 

and shorter tethers yielded thicknesses between 0.7 and 1 nm.6,33 These values 

correspond well with the upper value 1.1 found for compound 4, that has the 

longest anchoring group. The lower thickness values measured for the other 

compounds are attributed to the formation of an incomplete monolayer 

although variations of the dielectric constant cannot be excluded entirely. We 

ruled out multilayer formation as a contribution to the determination of the 

thicknesses. As a negative control, the injection of native β-CD (0.3 mM) did not 

produce a signal change in the SPR adsorption curve. 

The adsorption kinetics of alkylthiols occurs in a two-step process. The first step 

is rapid, while the second is slower and is regarded as the rearrangement of 

thiols on the surface and the slow adsorption of molecules into newly exposed 
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surface in order to achieve the highest density of packing. Taking both processes 

as independent, the film growth can be described by the following expression: 

𝑇 = 𝑇1[1 − 𝑒−𝑘1∙𝑡] + 𝑇2[1 − 𝑒−𝑘2∙𝑡]    (Equation 3.1) 

Where T is the relative thickness, T1 and T2 are limiting thickness of the first and 

second step respectively, and k1 and k2 are the corresponding rate constants.33 

The adsorption curves were fitted with Equation 3.1, a representative example 

is shown in Figure 3.3e. The kinetic data obtained are presented in Table 3.2. 

Table 3.2: Rate constants and limiting SPR shift for the adsorption of adsorbates 1-6. 

Adsorbate  Conc. 

(mM) 

T1 

(nm) 

T2 

(nm) 

k1 × 10-5 (s-1) k2 × 10-5 (s-1) χ2 

1 (I) 0.3 0.2 0.6 203 ± 3 14 ± 0.4 1.94 

2 (CN) 0.3 0.2 1.1 140 ± 6 14 ± 0.5 0.68 

3 (NH2) 0.3 1.6 2.3 383 ± 6 89 ± 1 15.1 

4 (NCS) 0.1 0.8 0.4 179 ± 2 17 ± 2 1.43 

5 (SMe) 0.1 0.1 0.2 1642 ± 142 91 ± 3 0.26 

6 (NC) 0.1 0.4 0.1 3710 ± 130  74 ± 6 0.55 

 

A good fitting is observed except for adsorbate 3, probably due to the 

multilayering process, and thus the model might not be well suited to describe 

the experimental data. As expected, the second kinetic constant k2 is slower 

than k1 by about one order of magnitude which is in agreement with the fast 

adsorption, slow reorganization model.  In comparison to alkylthiol adsorbates, 

the first adsorption kinetics is much slower at comparable concentrations, while 

k2 is in the same order of magnitude. The former fact could be interpreted in 

basis of the lower affinity of the binding groups used here, as well as the slower 

diffusion from the solution to the surface because of the higher molecular 

weight of the CD-based adsorbates. On the other hand, with the exception of 

adsorbates 4 and 6, the major contribution to the final coverage is given by the 

second step as evidenced by the higher T2 values, in contrast to the self-

assembly of thiols. This underlines the importance of the lateral diffusion in the 

assembly of these monolayers to allow further binding. 
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When comparing adsorbates 1-6, while k2 is on the same order of magnitude in 

the whole set, k1 is about one order of magnitude higher in 5 and 6.  

 

Figure 3.3: a) SPR adsorption curve corresponding to the adsorption of 6: ■ injection of 0.1 mM 

solution in MeOH and ▼ washing with MeOH. b) Experimental reflectivity curve (markers) and fit 

(solid line) after adsorption of 6 in water. c) Comparative adsorption curves and rinsing steps for 

adsorbates 1-5. d) Adsorption curve and rinsing of adsorbate 3 in water. e) Experimental (dashed 

lines) and fitted (solid line) adsorption curve of 6. 

Electrochemical investigation of the samples provided information about the 

relationship between thickness and capacitance of the monolayers and their 

permeability towards an external ferro/ferri cyanide redox couple. The 

capacitance of SAM-modified electrodes is proportional to the dielectric 
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constant of the separation medium and inversely proportional to the film 

thickness, as predicted by the Helmholtz theory.34 Cyclic voltammetry of the 

modified gold electrodes in 0.1 M K2SO4 showed no redox reaction in the 

measured range 0-0.3 V. Consequently, only non-Faradaic processes contribute 

to the current flow at the electrode-solution interface. The values of the 

capacitance of the monolayers formed by 1-5 correlate inversely with the 

thickness values obtained by SPR (Figure 3.4). The monolayer of 6 produced the 

lowest Cml, probably due to a lower dielectric constant of the molecule. The 

order of magnitude found for our monolayers is in agreement with the values 

found in monolayers of CD adsorbates with short-tethers or cucurbiturils.6, 13, 35 

 

Figure 3.4: Thickness obtained by SPR experiments versus monolayer capacitance obtained by 

cyclic voltammetry at 0.15 V at a scan rate of 0.1 V s-1 in 0.1 M K2SO4 in water, the error bars are 

the standard deviation determined over measurements on three samples.  

Electrochemical impedance spectroscopy (EIS) measurements were carried out 

to further study the packing of these monolayers. Nyquist plots (Figure 3.5) 

show a semicircle at high frequencies and a straight line at lower frequencies, 

indicating difussion controlled charge transport. The charge transfer resistance 

values ranged from 18 to 240 Ω, suggesting excellent electron conduction in 

comparison to long thioether β-CD monolayers, for which the resistances values 

are in kΩ range. 10 This might be related to the packing properties but also to the 

inherent presence of unshielded cavities at the surface where the ionic species 

can permeate. 

The elemental composition of the monolayers and the binding of the adsorbates 

was revealed by X-ray photoelectron spectroscopy (XPS) measurements (Table 

3.3). For all compounds, a broad band was found for C(1s) at around 286 eV. 
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Although some carbon contamination was present in some cases, deconvolution 

of the carbon signal into three peaks (O-C*-O, C-C*-O and C-C*-C) allowed the 

calculation of the elemental ratios with respect to the other elements, as the 

majority of the signal of the CD molecules comes from the C-C*-O and O-C*-O 

carbons. Signals of the elements constituting the anchoring groups were 

observed for all SAMs. The XPS spectrum of a monolayer of per-iodide-β-CD 1 

shows the characteristic I(3d5/2) and I(3d3/2) signals. Deconvolution of the I(3d5/2) 

signal gave rise to two bands at 619.3 and 621.0 eV with areas of 87% and 13%, 

respectively (Figure 3.6a). The lower energy band is assigned to gold-bound 

iodide. The higher energy band showed a similar binding energy as unbound 

iodide. The nitrogen based adsorbates show the N(1s) nitrogen signal around 

399.4 eV (Figure 3.6b). The N(1s) signal of the monolayer based on adsorbate 2 

can be fitted with a single band with no apparent shift in comparison to the neat 

compound, suggesting that the CN-Au interaction is rather weak. 

Table 3.3: XPS binding energies, elemental ratios and fractions of headgroup moieties bound to 

gold for SAMs prepared with 1-6 

Adsorbate 

(X) 

Binding energy (eV) 
C:X ratioa 

Exp. (Theor.) 

% Head 

group 

bound 
  

C(1s) N(1s) S(2p3/2) I(3d5/2) 

1 (I) 286. 6   619.3 6:1.4 (6:1) 87 

2 (CN) 286.3 399.5   7:1.1 (7:1) n. d. 

3 (NH2) 286.5 399.4   6:0.9 (6:1) 88 

4 (NCS) 286.4 399.7 161.7  
7:1.1:0.8 

(7:1:1) 
61 

5 (SMe) 286.5  163.0  7:0.6 (7:1) 100 

6 (NC) 286.5 399.7   9:0.8 (9:1) 87 
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Figure 3.5: Representative Nyquist plots for the monolayers prepared by adsorption of 1-6 

determined by electrochemical impedance spectroscopy in 1 mM Fe(CN)6
3-/4- at its formal 

potential (0.24 V) 

The monolayers of 3 were deconvoluted into two peaks at 399.4 and 401.9 eV 

in a ratio 88:12 with the latter assignable to protonated amines.36 This indicates 

that the adsorbed molecules interact mostly by strong coordinative interactions 

with the gold substrate. The nitrogen signal in the monolayer of isocyanide 6 is 

deconvoluted into two bands, the first at 399.7 and the second at 401.5 eV, in a 
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ratio of 87:13. Since PM-IRRAS did not show unbound isocyanide (Figure 3.2), 

we expect that the major signal at 399.7 eV corresponds to bound isocyanide. 

The monolayers of 4 and 5 show S(2p) signals centered at 161.7 (broad) and 

163.0 eV, respectively (Figure 3.6c). Fitting the S(2p) signal for adsorbate 4 with 

two double peaks (for bound and unbound S(2p3/2) and S(2p1/2)) shows that 61% 

of the sulfur atoms are bound to gold. The optimal fit of the presence of sulfur 

for adsorbate 5 was achieved with two peaks (Figure 3.6c), but due to the low 

intensity it can only be considered an estimate. This, together with the energy 

shift of 0.2 eV with respect to the neat compound, suggests that all sulfur atoms 

of 5 are bound to gold. In all monolayers, a reasonable agreement between the 

theoretical and experimental elemental ratios was found for C and N, S, or I, 

suggesting that the structural integrity of the molecules is preserved in the self-

assembled monolayers. 

 

Figure 3.6: XPS spectra for (a) I(3d5/2) in monolayers of 1; (b) N(1s) signals for monolayers resulting 

from the assembly of 2, 3, 4 and 6; (c) S(2p) signals found for the adsorption of 4 and 5. 

3.3 Discussion 

There is a lack of data of self-assembled monolayers with different head groups 

other than thiols due to the low stability of these monolayers. In our case, 
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multivalent, spatially oriented exposure of the anchoring functionality can be 

exploited to enhance affinities10, 35 and increase the adsorption capabilities. 

Most of the head groups employed in this study yield rather poorly ordered  

and/or incomplete monolayers when presented in monovalent adsorbates, or 

even do not exhibit significant adsorption. For instance, amines can be adsorbed 

on gold substrates in a vapor-phase environment to give stable monolayers; 

however polar solvents such as ethanol disrupt the Au/N interaction because of 

its weak nature.37 This was overcome through the multivalent exposure of 

amino moieties to achieve stable adsorption, as reported in polyamidoamine 

(PAMAM) dendrimers.24, 38-39 Here the β-CD core offers the additional advantage 

of directional exposure of the head groups and in that way the maximization of 

the interactions does not impose an entropic penalty. 

In our comparative studies, we found different kinetics of formation and 

structures of monolayers depending on the anchoring group installed. Although 

the chemical affinity between the substrate and the head group is probably the 

most important contribution to the adsorption kinetics, there might be 

additional parameters that influence the overall phenomena, such as the gold-

head group binding geometry. In this sense, the β-CD core can also restrict the 

possible reorientation of the head groups and to limit the probability of a 

binding event. 

A remarkable effect was observed on the adsorption kinetics. In this study, 

reorganization provides the more significant contribution for the completion of 

the monolayer; for example adsorbate 2 shows slow adsorption kinetics that 

could be related to a low head group-substrate affinity. XPS seems to confirm 

such observations with no important shift of the N(1s) signal. Therefore, 

changing the nature of the head group critically determines the possibility or 

reorganization of the adsorbate. As an opposite example, adsorption of 5 is fast 

in the first stage, but the reorganization kinetics is not high enough to allow 

further adsorption, thus limiting the packing. Longer immersion times do not 

promote further  packing in this case since the capacitance measurements for 

adsorbate 5 suggest lower film thickness, probably meaning sub-monolayer 

coverage. 

Hydrophilicity of the surface increased upon adsorption of CDs as shown by 

water contact angle goniometry. This is expected due to the exposure of the 

hydrophilic secondary rim pointing upward the surface and eventually supports 
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oriented adsorption of the derivatives. PM-IRRAS and XPS further supported the 

presence and structural integrity of the adsorbates at the surfaces, since the 

most characteristic vibrational bands were observed for the whole set and the 

elemental composition was in good agreement with the expected values, 

meaning that the constitutive elements are retained at the surface after 

monolayer formation. Therefore, cleavage and adsorption of only the anchoring 

groups and concomitant release of the β-CD core was excluded. Monolayer 

thicknesses from 0.5 to 1.1 nm were comparable to the values reported before 

by SPR or AFM for cyclodextrin-based adsorbates.6, 32 Furthermore, SPR and 

capacitance measurements were in reasonable agreement. Taking into account 

the successful use of multivalent thioethers to yield good quality monolayers 

when attached to long alkyl chains,10, 40 adsorbate 5 gave surprisingly the lowest 

thickness values. This might indicate the need of interadsorbate interactions to 

make this anchoring group effective. Unreliable performance of methyl sulfides 

is not unprecedented,15 but the problem seems not to arise from the cleavage 

of the thioether on the surface, since the carbon contents found by XPS was still 

in good agreement with the theoretical values. EIS provided some information 

about packing; the higher packing densities were found for adsorbates 2 and 4. 

Interestingly, nitrile-based adsorbates usually gave rise to better quality 

monolayers even though a low affinity was observed by SPR. The low values 

found for adsorbate 6 might be attributed to a dipole effect rather than poor 

packing, since the ν(NC) values obtained are in agreement with >70% saturation 

coverages as found in bis and tridentate isocyanides.41 

In general, the majority of the anchoring groups of all compounds are used in 

the adsorption process, as revealed by XPS and PM-IRRAS. Alkanenitriles may 

undergo adsorption through two basic coordination types: η1-type that implies 

σ-coordination via the nitrogen atom, or η2-type that involves coordination of 

both atoms of the functional group. Clear information about the coordination in 

our system is not available since the absence of evident nitrile adsorption bands 

on the PM-IRRAS spectra. However, η2-coordination to a variety of metallic 

substrates usually produces high shifts on the N(1s) band in XPS spectra (~2.9 

eV).42 Fitting of the S(2p) signal for isothiocyanate-based adsorbate 4 evidenced 

that 4.3 of 7 isothiocyanato headgroups are involved in the interaction with 

gold, and thus isothiocyanates employ the sulfur with the same efficiency as in 

long thioether-βCD derivatives and in a more efficient way in comparison to the 

per-thio-β-CD.10, 43 The presence of ν(NCS) without evident shift seems to 
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corroborate the presence of unbound head groups. The other sulfur-based 

adsorbate 5 indicated 100% of bound sulfur. Finally, PM-IRRAS spectra of 

monolayers prepared with isocyanide-based adsorbate 6 exhibited the 

characteristic isocyanide stretching band with a shift compatible with a η1 

coordination where the isocyanide group is coordinated with on-top gold atoms 

through a single lineal carbon-gold bond.41 Here the presence of a single 

vibrational band for the isocyanide stretching seems to corroborate the binding 

estimation obtained by XPS, with 6 out of 7 anchoring groups bound to the 

substrate. 

3.4 Conclusions 

Modulation of the self-assembly properties of β-CD-based adsorbates was 

achieved via homogeneous decoration of the primary rim with an assortment of 

functional groups. Methyl sulfide and isocyanide head groups can be 

conveniently inserted without compromising the homogeneity of the final 

compound through temporal or permanent protection of the secondary rim. 

XPS and PM-IRRAS strongly supported the non-destructive attachment to the 

surfaces due to the good agreement between the elemental composition found 

at the surface and the theoretical value, as well as the presence of the most 

characteristic vibrational bands of the β-CD core. The effect of the head group 

was evidenced in the adsorption kinetics, amount of material adsorbed and 

order of the resulting monolayers. Interestingly, the multivalent exposure of 

weakly gold binding anchoring groups such as amines can promote the assembly 

in a significant manner and give rise to rather stable monolayers. Good 

adsorption capabilities are also achieved with nitriles and isothiocyanates. 

Adsorbates 2 and 4 provided monolayers of better quality with higher charge 

transfer resistivities and thickness in the monolayer range and constitute the 

most promising candidates for further studies in current development in our 

laboratories (see also Chapter 4). 

3.5 Experimental section 

3.5.1 Materials 

Reagents and solvents were purchased from commercial sources and used 

without further purification unless stated otherwise. 1H and 13C NMR were 

recorded at 400 and 100.6 MHz, respectively. 2D COSY and HMQC experiments 

were used to assist on NMR peak assignments. Thin-layer chromatography (TLC) 
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was carried out on aluminum sheets, with visualization by UV light and by 

charring with 10% H2SO4. Column chromatography was carried out on silica gel 

(230-400 mesh) or basic alumina. ESI-MS spectra were obtained for samples 

dissolved in DCM-MeOH, CH3CN-H2O-TFA or THF-MeOH mixtures at low μM 

concentrations. DCM and DMF were dried with molecular sieves. Methyl 

imidothiocarbamate hydroiodide,44 heptakis(6-deoxy-6-

iodo)cyclomaltoheptaose,27 heptakis (2,3-di-O-acetyl-6-deoxy-6-

iodo)cyclomaltoheptaose,45 heptakis(6-azido-6-deoxy)cyclomaltoheptaose,27 

and heptakis(6-deoxy-6-isothiocyanato)cyclomaltoheptaose29 were prepared 

according to the known procedures. The analytical data was in a good 

agreement with the described data. Heptakis(6-amino-6-

deoxy)cyclomaltoheptaose was prepared following the procedure of Ashton et 

al27 and further purified by repeated precipitation of the aqueous solution of 

hydrochloride by adding aqueous solution of NH4OH (30%) until reaching the pH 

9-10. The precipitate was then filtered off, washed with water, MeOH and 

diethyl ether and dried at vacuum.  

3.5.2 Synthesis of new adsorbates 

Heptakis(6-cyano-6-deoxy)cyclomaltoheptaose (2): 

This compound was prepared following the adapted procedure of Baer et al28. 

To a solution of heptakis (6-deoxy-6-iodo)cyclomaltoheptaose (1 g, 0.52 mmol) 

in dry DMF (17 mL), KCN (310 mg, 4.8 mmol, 1.3 eq) was added and the reaction 

mixture was vigorously stirred under Ar atmosphere at 45 oC for 1 day and 

subsequently at rt for 1 day. The solution was concentrated to 1/3 of the initial 

volume and the residue was poured into 60 mL of cold water and stirred for 30 

min. The solid was filtered off and washed with water (3 x 10 mL). The collected 

solid was suspended in EtOH (10 mL) and centrifugated (10 min, 7000 rpm) 3 

times, then dried at high vacuum to give a white solid. Yield: 354 mg (57%). The 

characterization data was according the published data, plus: 1H NMR (400 MHz, 

DMSO-d6): δ = 6.05 (bs, 7 H, OH), 5.84 (bs, 7 H, OH), 4.98 (d, 7 H, J1,2 = 3.4 Hz, H-

1), 3.91 (dt, 7 H, H-5), 3.60 (t, 7 H, J2,3 = J3,4 = 9.2 Hz, H-3),  3.40 (m, 14 H, H-2, H-

4), 3.01 (dd, 7 H, J6a,6b = 14.5 Hz, J5,6a = 2.7 Hz, H-6a), 2.90 (dd, 7 H, J5,6b = 8.9 Hz, 

H-6b); ESI-MS: m/z = 1199.4 [M + H]+, 1237.8 [M + K]+. 

Heptakis(2,3-di-O-acetyl-6-methylthio)cyclomaltoheptaose (8): 
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To a solution of heptakis (2,3-di-O-acetyl-6-deoxy-6-iodo)cyclomaltoheptaose 

(1.1 g, 0.44 mmol) and Cs2CO3 (3.6 g, 11 mmol, 3.6 eq.) in dry DMF (39 mL), 

methyl imidothiocarbamate hydroiodide (1.4 g, 6.4 mmol, 2.1 eq.) was added 

and the reaction mixture was vigorously stirred overnight under Ar atmosphere. 

The solution was poured on ice and HCl 0.5 M (200 mL) was added. The aqueous 

layer was extracted with DCM (4 x 50 mL). The combined organic layers were 

washed with  0.5 M solution of HCl (100 mL) and brine (100 mL), dried (NaSO4), 

filtered and concentrated. Traces of DMF were removed under reduced 

pressure and the residue was purified by column chromatography using DCM-

MeOH 50:1 → 40:1 as an eluent to give 8 as a white solid. Yield: 370 mg (44%); 

Rf = 0.40 (DCM-MeOH 9:1); IR-ATR: 2917, 1741, 1368, 1215, 1025, 728, 601, 466 

cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.22 (t, 7 H, H-3), 5.06 (d, 7 H, J1,2 = 3.9 Hz, 

H-1), 4.74 (dd, 7 H, J2,3 = 9.8 Hz, H-2), 4.11 (m, 7 H, H-5), 3.73 (t, 7 H, J3,4 = J4,5 = 

8.4 Hz, H-4), 2.97 (m, 14 H, H-6a, H-6b), 2.13 (s, 21 H, SCH3), 2.02, 1.99 (2 s, 42 

H, 2 COCH3); 13C NMR (100 MHz): δ = 170.9, 169.5 (CO), 96.9 (C-1), 79.1 (C-4), 

71.6 (C-5), 71.1 (C-3), 70.8 (C-2), 36.2 (C-6), 20.9 (COCH3), 17.6 (SCH3); ESI-MS: 

m/z = 1932.9 [M]+, 1954.9 [M + Na]+; Anal. Calc. for C77H112O42S7∙2 H2O: C, 46.94; 

H, 5.93; Found C, 46.97; H, 5.83. NMR spectra are shown in Figure 3.7. 
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Figure 3.7: 1H (top) and 13C NMR (bottom) spectra (400 and 100.3 MHz, CDCl3) of compound 8. 

Heptakis(6-methylthio)cyclomaltoheptaose (5): 

To a solution of 8 (370 mg, 0.19 mmol) in MeOH (32 mL), NaOMe 1 M (0.3 mL) 

was added and the reaction was stirred at rt. After 30 min a white solid 

precipitate appeared and the solution was further vigorously stirred for 2 h. The 

solvent was evaporated under reduced pressure and the residue suspended in 

water (10 mL), filtrated and further washed with water (3 x 5 mL) and MeOH (5 
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mL), then dried at high vacuum with P2O5 to give a white solid. Yield: 211 mg 

(82%); IR-ATR: 3322, 2913, 1038, 585 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 

5.96 (d, 7 H, JH,H = 6.6 Hz, OH), 5.85 (d, 7 H, JH,H = 1.8 Hz, OH) 4.90 (d, 7 H, J1,2 = 

3.4 Hz, H-1), 3.78 (m, 7 H, H-5), 3.60 (t, 7 H, J2,3 = J3,4 = 9.6 Hz, H-3), 3.44-3.35 (m, 

14 H, H-2, H-4), 3.14 (d, 7 H, J6a,6b = 12.6 Hz, H-6a), 3.60 (dd, 7 H, J5,6b = 8.6 Hz, H-

6b), 2.09 (s, 21 H, SCH3); 13C NMR (100 MHz): δ = 102.1 (C-1), 85.3 (C-4), 72.6 (C-

3), 72.3 (C-2), 71.0 (C-5), 35.1 (C-6), 15.9 (SCH3); ESI-MS: m/z = 1366.9 [M + Na]+; 

Anal. Calc. for C49H84O28S7: C, 43.71; H, 6.29. Found C, 43.69; H, 6.41. NMR 

spectra are shown in Figure 3.8. 

 

Figure 3.8: 1H (top) and 13C NMR (bottom) spectra (400 and 100.3 MHz, CDCl3) of compound 5. 
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Heptakis(6-deoxy-6-formamido-2,3-di-O-methyl)cyclomaltoheptaose (10): 

A solution of DCC (1.16 g, 5.6 mmol, 2.5 eq.) in dry DCM (15 mL) under Ar 

atmosphere was cooled down in an ice-bath. 2 M solution of formic acid in dry 

DCM (6.7 mL, 13.4 mmol, 6 eq.) was added dropwise to give a white suspension, 

and the mixture was further stirred for 15 min. A suspension of heptakis(6-

amino-6-deoxy-2,3-di-O-methyl)cyclomaltoheptaose46-47 (500 mg, 0.32 mmol) 

and Et3N (0.31 mL, 2.2 mmol, 1 eq.) in dry DCM (10 mL) was sonicated for 15 

min and then added dropwise to the previous solution, and the mixture was 

vigorously stirred at 0 oC → rt for 3 h. The suspension was filtered off and the 

solid washed with portions of DCM (4 x 5 mL). The organic solvent was washed 

with brine (3 x 10 mL) and the organic layer was dried, filtered and concentrated. 

The residue was purified by chromatography in DCM-MeOH 2:1 → MeOH to give 

a white powder. 10 was isolated as a mixture of rotamers. Yield: 430 mg (88%); 

Rf = 0.45 (MeOH); IR-ATR: 3295, 2929, 2832, 1657, 1530, 1382, 1014 cm-1; 1H 

NMR (400 MHz, CD3OD): δ = 8.12, 8.09, 8.07, 8.05, 7.97  (5 s, 7 H, CHO), 5.20 (m, 

7 H, J1,2 = 3.6 Hz, H-1), 4.20-3.95 (m, 7 H, J6a,6b = 13.8 Hz, J6a,6b = 2.3 Hz, H-6a), 

3.88 (m, 7 H, H-5), 3.67 (m, 21 H, OCH3), 3.51 (m, 28 H, H-3, OCH3), 3.45-3.35 (m, 

14 H, H-4, H-6b), 3.18  (dd, 7 H, J2,3 = 9.8 Hz, H-2); 13C NMR (100 MHz): δ = 164.2 

(CO), 99.9 (C-1), 83.4, 83.2, 82.4 (C-2, C-3, C-4), 71.8 (C-5), 62.0, (OCH3), 54.2 

(OCH3), 40.4 (C-6); ESI-MS: m/z = 1542.3 [M + Na]+. NMR spectra are shown in 

Figure 3.9. 
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Figure 3.9: 1H (top) and 13C NMR (bottom) spectra (400 and 100.3 MHz, CDCl3) of compound 10. 

Heptakis(6-deoxy-6-isocyano-2,3-di-O-methyl)cyclomaltoheptaose (6): 

An oven dried three-neck flask was cooled down under a steam of dry N2, then 

filled with a solution of 10 (150 mg, 0.1 mmol) in dry DCM (5 mL) and DIPA (0.26 

mL, 2.6 mmol, 3.8 eq.) under Ar atmosphere. The flask was cooled down in an 

ice-bath and PCl3 (0.075 mL, 0.26 mmol, 1.1 eq.) was added dropwise. The 

reaction mixture was stirred for 1 h. 0.2 mL of DIPA and 0.025 mL of PCl3 were 

added and stirred for 30 min. Then 5% aqueous solution of NaHCO3 was slowly 

added (5 mL) and the mixture was stirred for 10 min. DCM was added (30 mL) 

and the organic layer was washed with 5% aqueous solution of NaHCO3 (3 x 10 

mL) and the organic layer was dried, filtered and concentrated.  The residue was 
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purified by flash column chromatography on dry basic alumina in EtOAc to give 

6 as a white solid. The compound was stored at -30 oC under N2. Yield: 86 mg 

(63%); Rf = 0.59 (EtOAc); IR-ATR: 2928, 2830, 2148, 1108, 1040, 966, 934, 840 

cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.14 (d, 7 H, J1,2 = 3.8 Hz, H-1), 3.87 (m, 7 H, 

J6a,5 = 5.3 Hz, H-6a), 3.87 (m, 7 H, H-5), 3.72 (d, 7 H, J6a,6b = 13.8 Hz, H-6b), 3.63 

(s, 21 H, OCH3), 3.52 (s, 21 H, OCH3), 3.52-3.47 (m, 14 H, H-3, H-4), 3.21 (dd, 7 H, 

J2,3 = 9.2 Hz, H-2); 13C NMR (100 MHz): δ = 159.0 (NC), 98.5 (C-1), 81.5, 81.1, 80.5 

(C-2, C-3, C-4), 69.3 (C-5), 61.6 (OCH3), 59.1 (OCH3), 44.1 (C-6); ESI-MS: m/z = 

1394.8 [M + H]+, 1416.8 [M + Na]+; Anal. Calc. for C63H91O28N7∙2 H2O: C, 52.90; H, 

6.69; N, 6.85. Found C, 52.73; H, 6.38; N, 6.68. NMR spectra are shown in Figure 

3.10. 

 

Figure 3.10: 1H (top) and 13C NMR (bottom) spectra (400 and 100.3 MHz, CDCl3) of compound 6. 
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Figure 3.11: IR-ATR spectra of compounds 2-6. 

3.5.3 Methods 

Monolayer preparation: 

All glassware used to prepare monolayers was immersed in piranha solution 

(conc. H2SO4-H2O2 3:1, warning: piranha should be handled with caution; it can 

detonate unexpectedly), washed with copious amount of water and dried in an 

oven. Gold substrates were cleaned by an oxygen plasma for 10 min and the 

resulting oxide layer was removed by leaving the substrates immersed in EtOH 

for 20 min and finally transferred rapidly to 0.1 mM solutions of β-CD adsorbates 

in THF-H2O 4:1 (2, 4 and 5), THF-MeOH 4:1 (1), H2O (pH = 7, 3) or DCM (6) for 12-

24 h at room temperature. Isocyanide monolayers were prepared using 

degassed DCM under Ar atmosphere. Subsequently, the substrates were 
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removed from the solution and rinsed with the solvent used in the monolayer 

formation, EtOH and dried with a steam of N2. 

Monolayer characterization: 

Contact angles were measured on a Krüss G10 contact angle setup equipped 

with a CCD camera.  

Surface Plasmon Resonance Spectroscopy was carried out on glass-supported 

gold substrates for SPR (50 nm gold, 2 nm Ti adhesion layer) obtained from 

SSENS (Hengelo, The Netherlands). SPR measurements were performed on a 

two-channel vibrating mirror angle scan set-up based on the Kretschmann 

configuration. 48 The instrument consist of a HeNe laser (JDS Uniphase, 10 mW, 

λ = 632.8 nm) whose light passes through a chopper that is connected to a lock-

in amplifier. The light was coupled via a high index prism (LaSFN 9) to an optically 

matched glass-supported gold substrate with an index matching oil (Cargille; 

series B; nD
25 = 1.700 ± 0.002). A Teflon cell was placed on the monolayer via an 

O-ring to avoid leakage. SPR experiments were performed in a flow cell system 

with Teflon tubing at a continuous flow of 0.15 mL min-1). Solutions  of 

adsorbates were dissolved in water, MeOH or by adding the minimal amount of 

DMSO (2% except in the per-iodide β-CD 1 solution, 10%) and diluted with 

MeOH. If DMSO was used, baseline and washing steps were carried out with 

MeOH containing the same amount of DMSO. Prior to and after the formation 

of the monolayer, reflectivity curves were recorded in MilliQ water after 

stabilization of the signal and used to obtain the film thickness. Winspall Version 

3.0249 developed by Prof. Dr. W. Knoll’s group was used to simulate and fit 

reflectivity curves by generating a 5-layer model system (Prism/Ti/Au/β-CD 

film/water), taking the film thickness as fitting parameter and assuming a 

dielectric constant of 2.30 for cyclodextrin derivatives.32 The following dielectric 

constants were used to simulate the reflectivity curves: LaSFN 9 prism, εreal = 

3.42; Ti: εreal = -3.44, εim = 10.2550 and water, εreal = 1.78 The dielectric constants 

of gold were obtained by fitting the SPR curve before monolayer formation and 

were on average: εreal = -12.80 ± 0.11, εimg = 1.94 ± 0.13. 

PM-IRRAS measurements were conducted on a Nicolet FT-IR 6700 and a TOM 

optical module (Thermo Scientific) equipped with a Photo Elastic Modulator 

(PEM, Hinds Instruments). Spectra were recorded with the p-polarized light 

incidence at 82o relative to the surface normal, with the PEM wavenumber set 
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to 1500, 2100 or 2900 cm-1. 200 scans with a resolution of 4 cm-1 at room 

temperature were collected in each experiment.  

XPS measurements were performed on a Quantera Scanning X-ray Multiprobe 

instrument from Physical Electronics, equipped with a monochromatic Al Kα X-

ray source producing approximately 25 W of X-ray power. Spectra were 

referenced to the main C 1s peak set at 284.0 eV. A surface area of 1000 μm x 

300 μm was scanned with an X-ray beam about 10 μm wide. 

All electrochemical measurements were performed on a CH instruments 

bipotentiostat 760D. All solutions used during electrochemical measurements 

were deaerated with N2 for at least 30 minutes. Cyclic voltammetry 

measurements were performed in a three-electrode setup using the SAM-

covered gold plate as the working electrode (area = 0.44 cm2), a platinum disc 

as the counter electrode and a Ag/AgCl reference electrode in aqueous 0.1 M 

K2SO4. Electrochemical impedance measurements were performed using 2 mm 

diameter (CH Instruments) and 1.6 mm diameter (BASi) gold disk electrodes. 

Before modification the electrodes were polished using 50 nm alumina particles 

(CH Instruments), followed by extensive rinsing with ethanol and 5 minutes of 

ultrasonic treatment in ethanol and 5 minutes in MilliQ water. Subsequently the 

electrodes were cleaned electrochemically in 0.5 M H2SO4 by applying an 

oxidizing potential of 2 V for 5 seconds  followed by a reducing potential of -0.35 

V for 10 seconds. Then the electrode potential was scanned from -0.25 V to 1.55 

V and back for 40 cycles at a scan rate of 100 mV/s. After cleaning the electrodes 

were rinsed with MilliQ water and ethanol and dried under a flow of N2 and 

placed immediately in the appropriate solution. The measurements were 

performed in an aqueous solution of 1 mM Fe(CN)6
3-/4- in 0.1 M K2SO4 as 

supporting electrolyte and measured at the formal potential of the Fe(CN)6
3-/4- 

couple (0.24 V) and an amplitude of 10 mV. 
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Chapter 4 

Electron transfer rates in host-guest assemblies at 

β-cyclodextrin monolayers 

The effect of the distance between a β-cyclodextrin (β-CD) host core and a 

conductive substrate on the electron-transfer rate of complexed guests as well 

as of free-diffusing electrochemically active probes has been studied. First we 

have evaluated a set of short-tethered β-CD adsorbates bearing different 

anchoring groups in order to get a reliable platform for the study of short-

distance electron transfer. An electrochemically active trivalent guest was 

immobilized on these host monolayers in a selective and reversible manner, 

providing information about the packing density. Iodine- and nitrile-

functionalized β-CD monolayers gave coverages close to the maximum packing 

density. Electron transfer in the presence of Fe(CN)6
3-/4- studied by impedance 

spectroscopy revealed that the electron transfer of the diffusing probe was 3 

orders of magnitude faster than when the β-CD cores were separated from the 

surface by undecyl chains. When an electrochemically active guest was 

immobilized on the surface, electron-transfer rate measurements by cyclic 

voltammetry and capacitance spectroscopy showed differences of up to a factor 

of 8 for different β-CD monolayers. These results suggest that increasing the 

distance between the β-CD core and the underlying conductive substrate leads 

to a diminishing of the electron-transfer rate. 
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4.1 Introduction 

Electron transfer processes1 are of great importance in a broad range of fields 

encompassing biochemistry2-3 and nanoelectronics.4 The understanding of 

mechanisms involved in such processes can unveil fundamental information 

which is of relevance in, among others, the performance of sensors,5 

information storage devices6 or artificial photosynthesis.7-8 Monolayers on solid 

substrates offer a versatile platform for the study of such processes because 

most of the critical parameters can be tuned by the design of the interfacial 

architecture, i.e. length and chemical nature of the bridge.9 Typically, covalent 

anchoring of electroactive groups has been employed because homogeneous 

monolayers and a high degree of spatial control can be achieved.10 Ferrocene 

bound to the surface, normally through alkyl chains, has been broadly used as 

an electroactive self-assembled monolayer in order to study and to control 

electron transfer processes in a variety of surfaces.11-16 However, covalent 

assemblies can only partially model the complex dynamics observed in systems 

of high interest, such as biological machinery, where supramolecular 

interactions are found ubiquitously. For instance, supramolecular organization 

of photosynthetic reaction centers enables electron transfer processes with a 

quantum yield close to unity.17 

The design of building blocks that can be assembled in a supramolecular fashion 

to build up electroactive architectures is a way to mimic biological systems. 

Supramolecular complexes have attracted attention as potential constituents of 

molecular electronics.18-20 A key point in this sense is the modularity, which 

allows structural modifications through non-covalent interactions in a selective, 

but reversible manner. This can be exquisitely tuned by the use of 

multivalency,21 which has been used for the development of molecular 

printboards onto which electroactive dendrimers can be reversibly anchored.22-

25 However, while the distance-dependent electron transfer rate in surface-

confined probes has been broadly addressed in covalently built-up monolayers, 

similar effects in host-guest structures have been generally disregarded. This is 

especially important if we take into account that when an electrochemically 

active guest is recognized, an additional timescale, involving host-guest 

complexation, is coupled with the electron transfer process.26-27 Such host-guest 

complexation rates have been studied even at the single molecule level.28-30 The 

surface architecture could thus become the rate limiting step for a variety of 
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processes, i.e. by limiting electron transfer rates.31 Therefore, the design of 

platforms, which require a reliable multivalent supramolecular host-guest 

assembly and efficient electron transfer, needs a careful evaluation of the 

boundaries in which such a limitation may occur. 

The aim of the study in this chapter is to evaluate the effect of the distance of 

the β-cyclodextrin (β-CD) cavity on the electron transfer rate when the host core 

is positioned in close proximity to or distanced from the metallic substrate. For 

the latter, we used long alkyl thioether tethers32 as a reference because of their 

known good packing capabilities. On the other hand, assembling well-packed 

homogeneous β-CD monolayers close to the surface is not trivial because 

classical thiol-functionalized β-CDs in general yield limited coverages and 

order.33-34 First, we evaluate the packing of several of the β-CD adsorbates 

described in Chapter 3. This is critical because the presence of defects on the 

structure will influence the electron transfer capabilities. Second, electron 

transfer processes are investigated by using diffusing and supramolecularly 

anchored electrochemical probes. 

4.2 Results and discussion 

We have selected an assortment of β-CD-based adsorbates described in Chapter 

3. Adsorbates 1-4 feature short tethers on the cyclosaccharidic core and contain 

iodine (1, I), isothiocyanate (2, NCS), nitrile (3, CN) and methyl sulfide (4, SMe) 

anchoring groups. Adsorbate 5 (C11SC12) is constituted by thioether anchoring 

groups embedded in a long alkylic chain (Chart 4.1). 

Depending on the anchoring group employed, different layer architectures such 

as depicted in Figure 4.1a-c are considered. For short tethers, the varying 

affinities to the gold surface will translate into different host coverages on the 

surfaces, where low (Figure 4.1a) or high (Figure 4.1b) densities of hosts could 

be possible. On the other hand, a high density of adsorbates has been shown for 

compound 5 (C11SC12),32 where the β-CD core is separated from the electrode 

through alkyl chains (Figure 4.1c). It should be noted that lattice order of the CD 

cavities is difficult to prove and that the cartoons depicted in Figure 4.1 are 

meant to indicate only differences in density (and concomitantly in the fraction 

of exposed bare gold area) and in the distance of the cavity from the surface. 

For derivatives 1-4, a detailed analysis described in Chapter 3 has confirmed 

multipodal binding, and therefore oriented immobilization, of the host cavities, 

albeit with different packing densities and layer quality.35 The packing order of 



Chapter 4 

56 

the monolayer has not been observed for these monolayers. In contrast, 

monolayers of 5 have been shown to be well-packed, and a very similar 

methylated derivative has been shown by AFM to pack in an ordered fashion.36 

 

Chart 4.1: Chemical structures of β-CD-based adsorbates (1-5) and electrochemical guest probe 6 

employed in this study. 

Anchoring a ferrocene (Fc) derivative in a supramolecular fashion has a limited 

applicability because of a low binding constant to the β-CD cavity (e.g. 

ferrocenecarboxylate is complexed by β-CD with a binding constant of Ka = 2.1 × 

103 M-1),37 which in combination with the low solubility of ferrocene derivatives, 

allows only partial coverage. To enhance the stability of the supramolecular 

complexes on the surface, we prepared trivalent guest 6 (Chart 4.1), which 

consists of two strong-binding adamantane moieties linked through 

tetra(ethylene glycol) spacers to a benzene ring functionalized with a ferrocene 

moiety. It is known that the bis-adamantane motif possesses sufficient length to 

bind to two different β-CD hosts (Figure 4.1d),38 therefore allowing divalent 

binding on β-CD monolayers at micromolar concentrations, even in the presence 

of β-CD in solution. Our evaluation of space-filling models show that the distance 

between the adamantane moieties can range from 1.7 nm up to 3.3 nm, while 

the ferrocene moiety is less flexible, with the distance to the adamantane 

moieties increasing up to 2 nm. Since the diameter of β-CD is ca 1.53 nm, guest 

6 could in principle bind trivalently (Figure 4.1e) when the host on the surface is 
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organized in a close-packed structure. Yet monolayers of 5 have been shown to 

pack with a periodicity of 2.1 nm,36 which could be sterically problematic for 

binding the Fc moiety together with the adamantane moieties. 

 

Figure 4.1: Different monolayers employed in this chapter: a) short tethered, low densely 

assembled β-CDs; b) short tethered, high densely assembled β-CDs; c) long tethered, high densely 

assembled β-CDs; d) monolayers with divalent binding or (e) monolayers with trivalent binding of 

guest 6. 

SPR titrations with increasing concentrations of guest 6 in the presence of 1 mM 

β-CD were carried out. SPR sensograms showed guest binding that was 

reversible after rinsing with aqueous 1 mM β-CD in the absence of the guest (a 

titration example is shown in Figure 4.2a), thus regenerating the surface. 

Monolayers made from 1 (I), 2 (NCS) and 5 (C11SC12) were studied in this way 

(Figure 4.2b). As is evident from the graphs, nonspecific adsorption was 

observed for 1 (I) and 2 (NCS) at high guest concentrations, which was also 

evidenced by the incomplete removal of the guest by competition with 1 mM 

native β-CD. In contrast, guest binding remained fully reversible for adsorbate 

5.  
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Figure 4.2: a) Titration of monolayers of 5 (C11SC12) with increasing concentrations of guest 6 in 

the presence of 1 mM  β-CD (▲). In between guest concentration changes, the surface was rinsed 

with 1 mM  β-CD (Δ). b) SPR titrations with guest 6 in the presence of 1 mM β-CD for monolayers 

prepared with adsorbates 1 (I, ▲), 2 (NCS, ▪) and 5 (C11SC12, □). Dotted lines represent fittings to 

a thermodynamic multivalent model which considers the surface binding of ferrocene and 

adamantane moieties in competition with free host on solution. 

A thermodynamic model for the binding of the trivalent guest to the surface in 

the presence of a competing guest in solution was elaborated on.39 Briefly, this 

model contains the affinity constants of β-CD-ferrocene and β-CD-adamantane 

guests both in solution (Ki,Fc,l, Ki,Ad,l) and on the surface (Ki,Fc,s, Ki,Ad,s), as well as 

two effective concentration terms, accounting for the binding of ferrocene 

(Ceff,Fc) and adamantane (Ceff,Ad) on the surface (for more detail, see Experimental 

section). The curves in Figure 4.2b very strongly resemble the binding of a 

divalent bisadamantyl calixarene to a β-CD monolayer of 5 described before.38 

Simulations of SPR sensograms for monolayers constructed with adsorbates 1 

(I), 2 (NCS) and 5 (C11SC12) using equal affinities for binding of a guest (Ad or Fc) 

moiety in solution or to a surface β-CD site and using effective concentrations 

of 0.1 M showed predicted adsorbed masses that were too high when assuming 

trivalent binding to the surface. Proper fits were obtained only when assuming 

an order of magnitude lower affinity for Ad at the surface or an order of 

magnitude lower Ceff for binding of both the Ad and Fc units or when effective 

divalent binding was assumed (Ki,Fc,s < 10 M-1 or Ceff,Fc < 1 mM). Of these options, 

the first is unlikely because  of the way that the Ad group has been attached to 

the guest scaffold in comparison to earlier guest molecules used. The second 

could indicate a lower packing density, but earlier data on monolayers of 5 

always gave Ceff values in the range of 0.1-0.4 M. Therefore, we conclude that 
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the Fc group is not contributing to the overall affinity of the complex with the β-

CD monolayer, making the binding primarily divalent in nature, via both Ad 

groups. This is in line with the steric problems of the Fc group noted above. It 

does, however, not rule out that part of the Fc groups can show some 

interaction with neighboring empty β-CD sites, but only as a minor fraction 

(<30%). 

Qualitatively, the binding of trivalent 6 to monolayers of adsorbates 1 (I), 2 (NCS) 

and 5 (C11SC12) as shown in Figure 4.2 indicates highly comparable binding, both 

in affinities and in amounts of adsorbed guests. The different apparent limiting 

SPR values could be attributed to differences in packing density, which would 

correspond to an order of 2 (NCS) > 5 (C11SC12) > 1 (I), but the higher value for 2 

could also come from the higher apparent nonspecific adsorption. Overall, we 

conclude that the binding of 6 to the here studied β-CD monolayers is very 

similar and essentially divalent. This makes this guest an ideal candidate for 

probing the distance variation between the β-CD core and the substrate 

imposed by the different β-CD adsorbates and at the same time probing the 

effect of a guest, which can only transiently interact with a β-CD cavity, on its 

electron-transfer rate to the substrate. 

Subsequently, self-assembly of guest 6 was probed electrochemically. Guest 6 

was immobilized onto monolayers of 1-5, after which cyclic voltammograms 

were measured in the absence of the guest in solution. As a representative 

example for short-tethered monolayers, Figure 4.3a shows a cyclic 

voltammogram of guest 6 bound to monolayers of 1 (I) which clearly reveals the 

presence of both oxidation and reduction peaks of the ferrocene/ferrocenium 

couple. The area of both peaks is comparable in a wide range of scan rates (up 

to 500 V/s), which indicates that the divalent adamantane anchor prevents the 

dissociation of the electroactive moiety from the surface, thus keeping the 

electroactive moiety in close proximity. This is in contrast with the observation 

of irreversible ferrocene oxidation on β-CD-modified electrodes after the 

dissociation from the host cavity.24, 26 After immersion of the guest-

functionalized monolayer in an aqueous solution of 10 mM β-CD, the measured 

faradaic signal decreased greatly, suggesting that the binding is reversible upon 

competition with a host in solution, which agrees with the SPR experiments 

described above. Figure 4.3b shows the data for monolayers of the long-

tethered 5 (C11SC12), which data resemble the observations for 1. The current 

increases linearly with the scan rate, as shown for monolayers of 1 in Figure 4.3c, 
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which confirms that the redox process takes place at the surface of the electrode 

and no diffusion of the guest in solution is involved. This was observed for all 

monolayers described here. Table 4.1 summarizes the formal apparent 

potential, peak separation and full width at half maximum (FWHM) for the 

monolayers prepared at room temperature (1, I and 4, SMe), 50 oC (2, NCS and 

3, CN) or 60 oC (5, C11SC12), which are the optimized conditions (vide infra). 

 

Figure 4.3. Cyclic voltammograms at 0.1 V/s in 1 M NaClO4, after functionalization with guest 6; a) 

monolayers of 1 (I)  before (solid line) and after (dashed line) incubating with 10 mM β-CD, and b) 

monolayers of adsorbate 5 (C11SC12) before (solid line) and after (dashed line) incubation with 10 

mM β-CD. c) Current versus scan rate for monolayers of 1 (I) functionalized with guest 6. 

As a general trend, the apparent formal potential E0’ measured in short tethered 

hosts is smaller value in comparison with the long tethered adsorbate 5 

(C11SC12), and the peak separation at 0.1 V/s is below 59 mV, as expected for 

surface-confined species. Full width at half maximum (FWHM) values varied 

from 90 to 126 mV. Remarkably, the voltammogram for 5 (C11SC12) shows the 

characteristics for an ideal nernstian reaction,40 with a small peak separation (5 

mV) and a narrow FWHM (98 mV). The higher values of FWHM found in the case 

of guests adsorbed on monolayers of 2 (NCS) might indicate structural disorder 

of the host assembly, which results in a broader distribution of the formal 

potential.41 Indeed, XPS measurements of monolayers of 2 (NCS) revealed an 
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important fraction of unbound sulfur, and therefore higher levels of disorder in 

this monolayer (see Chapter 3).35 

Table 4.1: Apparent formal potential, peak separation, FWHM for anodic peak at 0.1 V/s in NaClO4 

for monolayers of guest 6 in monolayers prepared with compounds 1-5. Potentials are referenced 

versus Ag/AgCl reference electrode. 

Adsorbate E0’(mV) Ea-Ec (mV) FWHM 

(mV) 

1 (I) 496 ± 6 18 ± 2 107 ± 9 

2 (NCS) 506 ± 4 55 ± 1 126 ± 12 

3 (CN) 525 ± 6 21 ± 6 90 ± 8* 

4 (SMe) 482 ± 8 18 ± 5 103 ± 16 

5 (C11SC12) 516 ± 6 5 ± 2 98 ± 2 

*At room temperature. 

We employed compound 6 as an electrochemical probe to quantify the 

coverage achieved by the host adsorbate series 1-5. It has been reported that 

monolayer formation of macrocyclic, multidentate structures at elevated 

temperatures can improve the packing and increase the coverage.42 By 

increasing the desorption rate, only adsorbates with higher binding affinities 

remain on the surface, while structures showing poor binding affinities tend to 

experience desorption, leaving space for new binding events. This has resulted 

in an optimal adsorption temperature of 60 oC for adsorbate 5 (C11SC12).36 After 

host monolayer formation, the adsorption of guest 6 was carried out at a 

concentration of 10 µM guest in the absence of native β-CD by solubilization of 

6 in MeOH and dilution in water (the fraction of MeOH v/v is less than 1%), in 

order to maximize the fraction of bound hosts. As rationalized above, we 

assume the binding to be divalent. We compared coverages for monolayers 

prepared at room temperature and at 50 oC by measuring (at room 

temperature) the peak areas of ferrocene in cyclic voltammograms at 0.1 V s-1. 

The results are shown in Figure 4.4, where we include adsorbate 5 (C11SC12), 

adsorbed at 60 oC, as a reference.    



Chapter 4 

62 

 
Figure 4.4: Comparative coverage of adsorbates 1-5 by using the electrochemical probe 6, 

assuming divalent binding of the guest. Different conditions of preparation were employed: gray 

bars denote preparation at room temperature, and white bars denote heated samples (50 ºC for 

1-4, 60 ºC for 5 (C11SC12)). The thick gray line at 45 pmol cm-2 denotes maximum coverage 

determined for adsorbate 5 (C11SC12) based on the experimental lattice constant (2.06 nm).36 

Symbol* denotes statistical difference determined by Student´s t-test (p < 0.05). Error margins 

indicate standard deviations based measurements of at least 3 independent samples  

We observed that the achieved coverage depended both on the nature of the 

anchoring group as well as on the preparation procedure. The maximum 

coverage expected for adsorbate 5 (C11SC12), based on the experimental lattice 

length determined by AFM, is about 45 pmol cm-2.36 Reference compound 5 

(C11SC12), assembled at 60 oC, showed high packing densities, even higher (about 

30%) than the maximum expected. However, this calculation does not take into 

account the surface roughness, which might partially explain this over-

estimation. Coverages of 1-4 assembled at room temperature varied from 23 to 

53 pmol cm-2 in comparison to the maximum packing of 5 (C11SC12); these values 

range from quasi-higly packed to half-packing coverages. An increase in the 

guest coverage on the surface was measured for 2 (NCS) and 3 (CN) when using 

an elevated assembly temperature. No significant change was found for 1 (I), 

and a decrease in the coverage was observed for 4 (SMe). This confirms that the 

good binding properties of 5 (C11SC12) are evidently imposed by the alkyl chains, 

since compound 4 (SMe), based also on the thioether motif, desorbs upon 

heating, suggesting a rather low binding affinity. Addition structural parameters, 

such as heterogeneous orientation of the saccharidic core, could induce a source 
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of error in our quantification of coverage. In Chapter 3, it was described that 

adsorbate 2 (NCS) shows about 60% of bound sulfur to the surface,35 which 

indicates a disordered structure, combined with a higher film thickness than for 

the rest of the adsorbates. This might also suggest that tilted adsorption is 

involved; therefore, the binding ability of guest 5 can be strongly influenced by 

an irregular host distribution. We therefore conclude that adsorbates 1 (I) and 

3 (CN) gave the more reliable short-tethered monolayers.  

Electron transfer rates for diffusing and anchored probes. Electrochemical 

experiments were carried out at the optimized monolayer preparation 

conditions: at increased temperatures for 2 (NCS), 3 (CN) and 5 (C11SC12) and 

room temperature for 1 (I) and 4 (SMe). We set out to examine how the 

passivation of the surface by the assembly of a host monolayer influences the 

electron transfer rate of a freely diffusing electrochemical probe, such as 

ferrocene or the [Fe(CN)6]3-/4- redox couple. For ferrocene, the heterogeneous 

rate of electron transfer is determined using the Nicholson method,43 for quasi-

irreversible electron transfer dynamics. The peak separation in cyclic 

voltammograms can be related to the kinetic parameter Ψ from which k0 can be 

calculated using Equation 4.1: 

𝛹 = (
𝐷𝑂

𝐷𝑅
)

𝛼

2 √
𝜋𝜈𝐹𝐷𝑂

𝑅𝑇
⁄   (Equation 4.1) 

Where DO and DR are the diffusion coefficients for the oxidized and reduced 

species, respectively, α is the electron-transfer coefficient, F is the Faraday 

constant, ν is the scan rate, R is the gas constant and T is the temperature. 

When using 126 μM 1,1'-ferrocene-dimethanol (FDM) in aqueous 1 M NaClO4 as 

the electrolyte, the peak separations were recorded for scan rates up to 200 V/s 

at the various β-CD adsorbate layers from which the kinetic data were extracted 

(Table 4.2). The results show that the heterogeneous electron transfer kinetics 

for compounds 1-4 are somewhat higher than for compound 5 (C11SC12). This 

low difference is attributed to FDM accessing the cavity. On the other hand, the 

[Fe(CN)6]3-/4- redox couple cannot diffuse to the electrode through densely 

packed monolayers since it is larger than the β-CD core. Cyclic voltammograms 

were recorded between 0.1 and 5 V/s and showed significant peak separation 

in this region for compounds 1-4, indicative of quasi-irreversible electron 

transfer. Adsorbate 1 showed lower values than the others, which is in line with 

the better observed packing whereas 2 showed the highest values and a high 
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deviation indicative of poor (and uncontrolled) packing. The peak separations 

recorded for 5 (C11SC12) for these scan rates were too large (ΔEp > 212 mV) 

meaning that the electron transfer is irreversible and no kinetic data could be 

extracted using this method.   

 
Table 4.2: Comparison of electron transfer rate on monolayers prepared with 1-5.  

Adsorbate k0 (cm/s)a k0 (10-3 cm/s)b kET,s (10-3 cm/s)c 

1 (I) 0.088 ± 0.013 2.42 ± 1.09 25.4 ± 29.3 

2 (NCS) 0.11 ± 0.02 12.4 ± 11.9 19.6 ± 11.7  

3 (CN) 0.15 ± 0.02 10.2 ± 6.5 20.8 ± 18.6 

4 (SMe) 0.14 ± 0.04 11.9 ± 3.8 100 ± 59.3  

5 (C11SC12) 0.062 ± 0.011 - 0.0012 d 

 
a In the presence of FDM, using the Nicholson method. b For the [Fe(CN)6]3-/4- redox couple at 1 

mM concentration using the Nicholson method. c For the [Fe(CN)6]3-/4- redox couple at 1 mM 

concentration using our previous electrochemical impedance spectroscopy measurements 

analyzed as for the determination of kET,s.35 d Calculated from the literature.36 

In order to make a better comparison with compound 5 (C11SC12), kET,s values 

were calculated from EIS measurements. EIS data was fitted a Randles 

equivalent circuit and the kET,s values were obtained from Equation 4.2:44 

𝑘𝐸𝑇,𝑠 =
𝑅𝑇

𝑛2𝐹2𝐴𝑅𝑐𝑡𝐶
  (Equation 4.2) 

where R and T are the ideal gas constant and the temperature, n is the number 

of electrons transferred, F is the Faraday constant, A the surface area of the 

electrode, Rct the electron transfer resistance obtained from the fit, and C the 

concentration of [Fe(CN)6]3-/4-. Values for the electron transfer rate obtained in 

this way are shown in Table 4.2, the value obtained for 5 (C11SC12) was calculated 

from the Rct = 49.2 kΩ.36 

These measurements clearly confirmed that the electron transfer rate is 

decreased by three orders of magnitude, when the β-CD core is distanced from 

the surface through long alkyl chains.  Complexing the cavities with an anionic 

guest (1-anilinonaphthalene-8-sulfonic acid, 1,8-ANS) gave rise to an increase of 

the resistance of the monolayer determined by impedance spectroscopy,45 as 
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shown in Figure 4.5. The magnitude of the increase depended on the coverage 

of the host, where clear differences are observed when comparing good (1, I) or 

poorly (4, SMe) packed monolayers, which is in agreement with the kET,s trend 

described above. Adsorbates 1 (I), 2 (NCS) and 3 (CN) achieved comparable 

coverages, which translates in similar electron transfer rates, while adsorbate 4 

(SMe), which gives poorly packed monolayers and therefore a higher fraction of 

pinholes, showed a higher electron transfer rate. 

 

Figure 4.5: Resistance of the monolayers determined by impedance spectroscopy at increasing 

concentrations of 1,8-ANS for monolayers of 1 (I) (black dots) and 4 (SMe) (white boxes). 

Experiments were carried out in the presence of 1 mM Fe(CN)6
3/4- in 0.1 M K2SO4. 

We took advantage of the high binding affinity of guest 6 to carry out electron-

transfer measurements of a probe strongly anchored to the surface. In this case, 

diffusion from the solution to the surface is not involved. We used cyclic 

voltammetry at different scan rates to obtain electron-transfer rates of the 

ferrocene moiety, as described by Laviron.46 To minimize the possibility of 

having physisorbed material, we immersed monolayers of adsorbates 1-5 in 10 

μM solutions of guest 6 in the presence 1 mM of β-CD, and the functionalized 

substrates were rinsed and measured in 1 M aqueous NaClO4. Under these 

conditions we expect about half the coverage as under the conditions used 

above in the absence of β-CD in solution, so approximately half of the β-CD  sites 

remain unbound. Figure 4.6a shows the peak separation at different scan rates 

of guest 6 immobilized on monolayers of 1 (I) and 5 (C11SC12). While increasing 

the scan rate, we found higher peak separations for monolayers of 2 (NCS) and 

5 (C11SC12), which indicates slower electron-transfer rates. The increase of 

anodic and cathodic peak potentials with scan rate is only slightly asymmetric in 
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most of the range (<200 V/s), which suggest that the kinetics for ferrocene 

oxidation and reduction are comparable. For long-tethered adsorbate 5 

(C11SC12),  at  sufficiently high scan rates (> 200 V s-1), the increase of cathodic 

peak potential with scan rate was greater than that of the anodic peak potential, 

and in addition, the peak corresponding to the reduction of ferrocene broadens.  

 

Figure 4.6: a) Cathodic and anodic currents of guest 6 in monolayers of 1 (I, red circles) and 5 

(C11SC12, blue squares) at different scan rates (in V/s) in 1 M NaClO4 (absence of guest in solution). 

b) Electron transfer rate of guest 6 obtained by the Laviron method for monolayers prepared with 

short tethers: 1 (I), 2 (NCS), 3 (CN), 4 (SMe) and long tethers 5 (C11SC12). Different points for each 

adsorbate corresponds to different substrates.  

By application of the Laviron formalism, we obtained the electron transfer rates 

(kET) and the transfer coefficients. An average transfer coefficient of 0.41 ± 0.07 

(short tethered, 1-4) and 0.33 ± 0.11 (5, C11SC12) confirmed a little asymmetry in 

the activation energy for the redox process which is more pronounced in long 

tethered adsorbates. Electron transfer rates were compared to the coverage of 

guest 6, since it is known that differences in coverage might induce differences 

in the electron transfer rate due to the different orientation of ferrocene (Figure 

4.6b).47 We observed that in general the electron transfer rate for the long-

tethered adsorbate 5 (C11SC12) is in average of 870 s-1 while short-tethered 

monolayers 1-4 gave average values of 1124, 715 and 984 s-1 for 1 (I), 2 (NCS) 

and 3 (CN) respectively), which is in the range of the values found for ferrocene 

anchored to a distance of about 12 methylene units to the surface.48 Adsorbate 

4 (SMe) gave higher kET values (1500 s-1), although this measurement was not 

highly reliable because of the weakness of the ferrocene signal in this case. In 

addition the presence of uncovered host areas might facilitate the electron 

transfer. When disregarding adsorbate 2 (NCS), the trend in electron kinetics is 
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similar to the one found for the ferrocyanide couple described above. It is worth 

to notice in this respect: i) there is a trend with guest coverage in the kET values 

if we compare short-tethered adsorbates 1-4 (since all of the monolayers were 

immersed in the same solution, differences in surface coverage of 6 could be 

attributed to differences in the packing), ii) this difference is lost in some 

substrates for long-tethered 5 (C11SC12), and iii) the magnitude of the difference 

is relatively low, 2 (NCS) being the adsorbate showing the lowest electron 

transfer rates. However, data obtained by the Laviron method suffer from some 

drawbacks, such as nonfaradaic noise or an iR drop. Additionaly, poor definition 

of the peaks at higher scan rates makes a reliable analysis difficult.  

Table 4.3: Fitted equivalent circuits of impedance data shown in Figure 4.9a-c. Percentages in 

parentheses represent the error of the fitting. 

 At formal potential Outside redox window 

Adsorbate RSAM (kΩ) CSAM (µF) RSAM (kΩ) CSAM (µF) 

1 (I) 5.9 (9%) 6.8 (0.8%) 14 (28%) 2 (2.5%) 

3 (CN) 0.092 (80%) 6 (38%) 5.6 (12%) 3.7 (0.4%) 

5 (C11SC12) 0.89 (9.2%) 2.3 (1.6%) 2.3 (232%) 0.9 (22%) 

 

     

a  b  

  
Figure 4.7: Equivalent circuits used in the fitting of impedance spectra at the formal potentials; a) 

used for short tethered adsorbates 1 and 3; b) used for long tethered adsorbate 5. 

We employed capacitive spectroscopy49 in order to solve the limitations of the 

Laviron method. For molecules directly adsorbed to the surface, the imaginary 

component C'' of the complex capacitance C*(ω) measured within the redox 

potential window contains contributions from the parasitic nonfaradaic and 

faradaic charging of the monolayer. The nonfaradaic contribution can be 

identified by measuring outside of the redox window and later subtracted to C''.  
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This corrected C'' function is free from effects from SAM polarization and iR 

drops and therefore contains solely information from characteristic frequencies 

of the electron transfer of the redox charging49  by assuming that the resistance 

of the monolayer does not change importantly with the applied potential. 

Fittings of the impedance data taken in and out of the redox window to an 

equivalent circuit revealed small changes of the capacitance of the monolayer 

(Table 4.3 and Figure 4.7) and might include a source of error. However, these 

values as well as the changes in resistance are smaller than observed for the 

adsorption of dendrimers.24  

As an example, Figure 4.8 shows the transition from non-faradaic (300 mV vs 

Ag/AgCl) to mixed faradaic and non-faradaic charging (508 mV vs Ag/AgCl) of 

guest 6 complexed on monolayers of 5 (C11SC12) when the potential window is 

moved. Figure 4.9a-c shows plots for raw, parasitic and parasitic-corrected C'' 

for host-guest complexes of 6 in monolayers of 1 (I), 3 (CN) and 5 (C11SC12).  

 
Figure 4.8: Capacitance spectroscopy measurements of guest 6 adsorbed on monolayers of 5 

(C11SC12) at different potentials, ranging from outside de redox potential window (300 mV vs 

Ag/AgCl) to the redox formal potential (508 mV vs Ag/AgCl). 

The observed electron-transfer rates decrease in the order kET in 1 (I) > 3 (CN) > 

5 (C11SC12), the latter being up to 6-8 times slower.  We notice that these lower 

values are comparable to those obtained for monolayers of 

ferroceneundecanethiol by the same technique.50 This is an indication of a well-

packed monolayer for 5. In addition, the magnitude of C'' was higher than in 

short-tethered adsorbates, probably due to a higher guest coverage. In general, 

the ratio between the faradaic and non-faradaic contributions was less than one 
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order of magnitude, which might suggest poor electronic coupling, as observed 

for metalloproteins adsorbed on monolayers.50 The differences observed 

between the values obtained by the Laviron formalism and the capacitance 

method have been attributed to polarization effects that cannot be corrected in 

the former.49  

 

Figure 4.9: Electron transfer rates determined by capacitance spectroscopy for the electron 

transfer of guest 6 in monolayers of a) 1 (I); b) 3 (CN); c) 5 (C11SC12). Data was collected at the 

redox potential (blue lines), outside the redox potential (red  lines) and the subtraction gives the 

parasitic corrected C' (black line). The electron transfer rate is indicated within the graph. d) kET 

measurements for monolayers of 1 (I, red triangles), 3 (CN, white circles) and 5 (C11SC12, blue  

squares). 

Several reports have shown a decrease of the electron transfer rates of 

ferrocene alkyl chains upon increase of the surface coverage. At higher alkyl 

ferrocene surface densities, the chains tend to stand up, increasing the distance 

between the surface and the ferrocene moieties.51 We varied the surface 

coverage in order to compare electron-transfer rates at different surface 

densities. Immersion in solutions were performed for guest 6 at 1, 3, 7 and 10 
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µM for 1 (I) monolayers and 1, 5 and 10 µM for 3 (CN) and 5 (C11SC12). Figure 

4.9d shows a set of measurements plotted versus the corresponding ferrocene 

coverage. 

We observed a trend of increased electron transfer rates at lower guest 

coverages, and when  coverages are comparable in different adsorbates, the 

trend is similar to the mentioned above (kET in 1 (I) > 3 (CN) > 5 (C11SC12)), which 

is roughly coherent with our observations using the Laviron method. A possible 

explanation is that higher host coverages (reflected in higher guest coverage) 

decrease the number of surface defects, therefore reducing the fast electron 

transfer through pinholes. This might explain that host samples showing similar 

guest coverages can present different electron-transfer rates. Additionally, the 

increase in guest packing might require that the Fc moieties orient in a vertical 

fashion rather than horizontally, therefore increasing the distance between the 

surface and the probe, as reported.51  

The small differences observed in the electron transfer rates of adsorbed guest 

6 when comparing short and long-tethered adsorbates with both methods 

employed is in principle surprising. When a redox moiety is anchored to a 

surface separated at a distance d, which is sufficiently short to allow tunneling, 

the dependence of the electron-transfer rate kET on d is given by: 

kET = kET,0 exp(-βd)  (Equation 4.3) 

where kET,0 includes the effect of the covalent connection on the electronic 

coupling and β is the exponential decay constant, typically about 10 nm-1 for 

saturated alkyl chains.52 Therefore the ratio between short-tethered and long-

tethered electron transfer rates (kET,long/kET,short) will be proportional to 

exp(β·(dshort – dlong)), which predicts orders of magnitude of difference if dshort is 

importantly different from  dlong.. Therefore, although distances imposed by the 

host adsorbate have an influence on the electron-transfer rate, they do not 

provide a complete picture of the charge transport across these host-guest 

systems. In this sense, both host and guest coverage as well as other structural 

or chemical features of the interfacial layer, for example, the disorder observed 

for 2 (NCS) host layers, might play an important role as well. Moreover, as 

described above, guest 6 is primarily bound in a divalent fashion, whereby the 

Fc moiety is, for most of the time, not close to the host layer. Thus, we can 

expect that the divalent binding of 6, with the concomitantly larger distances of 

the Fc moiety to the surface possibly mitigated by transient moments of 
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interaction between the Fc moiety and the host cavities, diminishes the relative 

contribution of the host layer thickness to the observed differences in electron-

transfer rates.  

4.3 Conclusions 

We have measured electron transfer rates of probes both in solution and 

immobilized on monolayers of β-CD hosts bound directly to the gold surface or 

spaced through an alkyl chain layer. For freely diffusing probes, we observed a 

decrease in the electron-transfer rate for long-tethered adsorbates of up to 3 

orders of magnitude. We have successfully immobilized a trivalent, bis-

Ad/mono-Fc guest on short- and long-tethered β-CD adsorbates by host−guest 

interactions. Thermodynamic modeling suggests that the binding of this guest is 

predominantly divalent via the stronger-binding Ad moieties. Guest binding is 

reversible upon competition with free host in solution, which suggests specific 

binding of the multivalent probe to the surface hosts. Electron-transfer rate 

measurements revealed faster kinetics in comparison to freely diffusing probes 

and a less pronounced difference between short- and long-tethered structures. 

While the first could be attributed to a better electronic coupling between the 

probe and substrate, the second might be due to the variation in the packing 

density (providing the presence of pinholes with facilitated electron-transfer 

rates) and the dynamic nature of the assembly, which influences the average 

position of the electrochemical probe relative to the surface and thus affects the 

transfer rates. This ensemble of results shows that various structural features of 

surface host−guest assemblies determine the temporal frame where the 

electron transfer takes place. These findings are of importance in the fields of 

electronic sensing and molecular electronics because device optimization relies 

on strategies to improve the kinetics of the electron transfer, which, to the best 

of our knowledge, has not been addressed before in multivalent host−guest 

systems. The dynamic nature of host−guest interactions might be an adequate 

tool for the future development of architectures with regulated (i.e., externally 

switched or induced by conditions) electron-transfer rates by modulating the 

affinity of the host−guest binding.  

4.4 Experimental section 

Materials. Reagents and solvents were purchased from commercial sources and 

used without further purification unless stated otherwise. 1H and 13C NMR were 

recorded at 400 and 100.6 MHz, respectively. 2D COSY and HMQC experiments 
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were used to assist on NMR peak assignments. Thin-layer chromatography (TLC) 

was carried out on aluminum sheets, with visualization by UV light. Column 

chromatography was carried out on silica gel (230-400 mesh). ESI-MS spectra 

were obtained for samples dissolved in dichloromethane (DCM)-MeOH, at low 

μM concentrations. Adsorbates 1-435 and 536 were prepared by reported 

procedures.  

We additionally developed an alternative procedure for the preparation of 5 

based on click thio-ene chemistry: Heptakis{6-deoxy-6-[undec-10-

enamido]}cyclomaltoheptaose53 was prepared as described in the literature and 

further purified by column chromatography in DCM-MeOH 9:1 → 5:1 to give the 

heptasubstitued β-CD alkene in 42 % yield. A solution of this derivative (185 mg, 

0.08 mmol), AIBN (45 mg, 0.28 mmol, 0.5 eq.) and dodecanethiol (392 mg, 1.9 

mmol, 3.5 eq.) in dry, degassed THF (5 mL) was refluxed overnight under argon. 

The solvent was evaporated and the residue was dissolved in a little portion of 

DCM, then slowly dropped over acetone (50 mL) to give a white precipitate. The 

precipitate was filtered off and washed thoroughly with acetone, then dried to 

give a white solid (220 mg, 74%). 1H NMR spectra analysis is in agreement with 

one reported in the literature (Figure 4.10). Before monolayer preparation, the 

product was further purified by column chromatography in DCM-MeOH 20:1 → 

9:1. Monolayers showed similar contact angle as the ones prepared following 

the reported synthetic procedure.  
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Figure 4.10: 1H NMR spectra (400 MHz, CDCl3) of adsorbate 5. 

Synthesis of guest 6: To a solution of the amine precursor54 (194 mg, 0.26 mmol) 

in dry DCM (2.5 mL) under Ar, ferrocenoyl chloride (82 mg, 0.33 mmol, 1.3 eq.) 

in dry DCM (2.5 mL) and Et3N (45 µL, 0.33 mmol, 1.3 eq.) was added and the 

solution was stirred for 2 h. under inert atmosphere. The solvent was 

evaporated and the crude was purified twice by chromatography by elution with 

EtOAc-petroleum ether 3:1 → 2:1 → EtOAc to give compound 5 as brown syrup. 

Yield: 145 mg (57%). Rf = 0.57 (DCM-MeOH 9:1); IR-ATR: 2904, 2851, 1633.5 (CO 

amide), 1595, 1534, 1450, 1353, 1293, 1106, 1089, 731cm-1; 1H NMR (400 MHz, 

CDCl3): δ = 6.51 (d, 2 H, 4JH,H = 2.2 Hz, Hd), 6.40 (t, 1 H, Hf), 6.06 (t, 1 H, 3JH,H = 5.3 

Hz, NH), 4.69 (t, 2 H, JH,H = 1.8 Hz, Fc), 4.47 (d, 2 H, CH2NH), 4.33 (t, 2 H, Fc), 4.18 

(s, 5 H, Fc), 4.08 (t, 4 H, 3JH,H = 5.0 Hz, CH2,g), 3.81 (t, 4 H, CH2,h), 3.66-3.53 (m, 24 

H, CH2O), 2.12 (bs, 6 H, CHq), 1.73 (d, 12 H, JH,H = 2.7 Hz, CH2,p), 1.59 (m, 12 H, 
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CH2,r); 13C NMR (100 MHz): δ = 171.2 (C=O), 160.3 (Ce), 107.0 (Cd), 100.6 (Cf), 

72.4, 71.4, 71.2, 71.0, 70.7, 69.8, 67.8, 59.3, 43.5 (Cb), 41.6 (Cp), 36.5 (Cr), 30.6 

(Cq); ESI-MS: m/z = 972.0 [M]+, 994.0 [M + Na]+; Anal. Calc. for C54H77FeNO11: C, 

66.72; H, 7.98; N, 1.44; Found C, 66.52; H, 7.76; N, 1.21. NMR spectra are shown 

in Figure 4.11. 

 

 
Figure 4.11: 1H and 13C NMR spectra (400 and 100.7 MHz, CDCl3) of guest 6. 

Monolayers were prepared as described elsewhere.35-36 Gold substrates were 

cleaned with piranha, (conc. H2SO4-H2O2 3:1, warning: piranha should be 

handled with caution; it can detonate in contact with organic compounds), then 

washed with copious amount of water, immersed in EtOH for 20 min and finally 

transferred rapidly to 0.1 mM solutions of β-CD adsorbates in THF-H2O 4:1 (2, 3 

and 4), THF-MeOH 4:1 (1) or chloroform-EtOH 2:1 (5) for 12 h at room 

temperature or 50 oC (1-4) and at 60 oC (5). Subsequently, the substrates were 
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removed from the solution and rinsed with the solvent used in the monolayer 

formation, EtOH and dried with a stream of N2. Monolayers of 5 were rinsed 

with DCM, EtOH and water at least two times. 

Functionalization with guest was carried out in two ways: For host coverage 

determination, the guest was dissolved in MeOH and diluted with H2O to give 

10 µM solutions (MeOH <1% (v/v)). Substrates were incubated for 10 min with 

the guest, then rinsed with H2O, 2 mL β-CD 1 mM, H2O and dried with a stream 

of nitrogen. For the rest of the experiments the guest was dissolved in aqueous 

β-CD 1 mM solutions with the help of sonication. Substrates were incubated for 

10 min with the guest, then rinsed with H2O and dried with a stream of nitrogen. 

Competition experiments were carried out by immersion of the substrates in β-

CD 10 mM (twice 15 min). 

Surface Plasmon Resonance Spectroscopy was carried out on glass-supported 

gold substrates for SPR (50 nm gold, 2 nm Ti adhesion layer) obtained from 

SSENS (Hengelo, The Netherlands). SPR measurements were performed on a 

two-channel vibrating mirror angle scan set-up based on the Kretschmann 

configuration.  The instrument consists of a HeNe laser (JDS Uniphase, 10 mW, 

λ = 632.8 nm) whose light passes through a chopper that is connected to a lock-

in amplifier. The light was coupled via a high index prism (LaSFN 9) to an optically 

matched glass-supported gold substrate with an index matching oil (Cargille; 

series B; nD
25 = 1.700 ± 0.002). A Teflon cell was placed on the monolayer via an 

O-ring to avoid leakage. SPR experiments were performed in a flow cell system 

at a continuous flow of 0.15 mL min-1. All the solutions were prepared in the 

presence of β-CD 1 mM. Baseline and rinsing steps were carried out with 

aqueous β-CD 1 mM. 

All electrochemical measurements were performed on a CH instruments 

bipotentiostat 760D. All solutions used during electrochemical measurements 

were deaerated with N2 for at least 30 minutes. Unless otherwise indicated, all 

the measurements were performed in a three-electrode setup using the SAM-

covered gold plate as the working electrode (area = 0.44 cm2), a platinum disc 

as the counter electrode and an Ag/AgCl reference electrode in aqueous 1 M 

NaClO4. Scan rates used in cyclic voltammetry experiments were 0.1 V s-1 for 

coverage determinations and 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 300, 

400 and 500 V s-1 for determination of electron transfer rates. All the 

measurements were carried out after a first complete scan of preconditioning. 
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Host coverage quantifications were carried out by determining the charge under 

the peak and multiplying by the binding valency determined by the 

thermodynamic model. The first 10 scans were averaged for each sample. 

Electrochemical impedance measurements for capacitative spectroscopy were 

carried out from 1 x 106 - 0.1 Hz and with amplitude of 10 mV at the formal 

potential of the measured species after a preconditioning step of 10 s.  

Impedance data was converted to capacitance values taking into account Z* = 

1/jωC*, and C’’ = φZ’ and C’ = φZ’’, where φ = (ω|Z|2)-1.50 To extract the non-

faradaic contribution to C’’ data was acquired outside the redox potential 

between 0.1 - 0.3 V vs Ag/AgCl. Electrochemical impedance measurements were 

performed using 2 mm diameter (CH Instruments) and 1.6 mm diameter (BASi) 

gold disk electrodes. Before modification the electrodes were polished using 50 

nm alumina particles (CH Instruments), followed by extensive rinsing with 

ethanol and 5 minutes of ultrasonic treatment in ethanol and 5 minutes in MilliQ 

water. Subsequently the electrodes were cleaned electrochemically in 0.5 M 

H2SO4 by applying an oxidizing potential of 2 V for 5 seconds followed by a 

reducing potential of -0.35 V for 10 seconds. Then the electrode potential was 

scanned from -0.25 V to 1.55 V and back for 40 cycles at a scan rate of 100 mV/s. 

After cleaning the electrodes were rinsed with MilliQ water and ethanol and 

dried under a flow of N2 and placed immediately in the appropriate solution. 

Thermodynamic model for the binding to the surface of guest 6. The overall 

thermodynamic model for the binding of guest 6 in the presence of competing 

native β-CD is showed in Figure 4.12: 

 

Figure 4.12: Overall thermodynamic host-guest equilibrium for adsorption of guest 6 in β-CD 

monolayers from a solution containing native β-CD. 
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To simplify the computational cost, first the equilibrium in solution was 

considered (Figure 4.13): 

 

Figure 4.13: Thermodynamic host-guest equilibria of guest 6 in a solution of native β-CD. 

The total concentration of guest, [Ad-Ad-Fc]tot and total native β-CD on solution 

[CD]l,tot are related with the individual species by following mass balance: 

[Ad-Ad-Fc]tot = [Ad-Ad-Fc] + [Ad-Ad·CDl-Fc] + [Ad-Ad-Fc·CDl] + [Ad·CDl-Ad·CDl-Fc] 

+ [Ad-Ad·CDl-Fc·CDl] + [Ad·CDl-Ad·CDl-Fc·CDl]  (1) 

[CD]l,tot = [Ad-Ad·CDl-Fc] + [Ad-Ad-Fc·CDl] + 2 ·[Ad·CDl-Ad·CDl-Fc] +                                 

2 [Ad-Ad·CDl-Fc·CDl] + 3 [Ad·CDl-Ad·CDl-Fc·CDl]  (2) 

Where 

[Ad-Ad·CDl-Fc] = 2·Ki,Ad,l [Ad-Ad-Fc][CD]l   (3) 

[Ad-Ad-Fc·CDl] = Ki,Fc,l [Ad-Ad-Fc][CD]l   (4) 

[Ad·CDl-Ad·CDl-Fc] = Ki,Ad,l
2

 [Ad-Ad-Fc][CD]l
2  (5) 

[Ad-Ad·CDl-Fc·CDl] = 2·Ki,Ad,l Ki,Fc,l [Ad-Ad-Fc][CD]l
2  (6) 

[Ad·CDl-Ad·CDl-Fc·CDl] = Ki,Ad,l
2 Ki,Fc,l [Ad-Ad-Fc][CD]l

3 (7) 

Where Ki,Ad,l and Ki,Fc,l denote the thermodynamic host-guest binding constants 

for adamantane- native βCD and ferrocene-native βCD in solution for guest 6.  

Inserting equations (3-7) into equations (1) and (2) gives: 

[Ad-Ad-Fc]tot = [Ad-Ad-Fc] (1 + [CD]l (2Ki, Ad,l + Ki, Fc,l + Ki, Ad,l [CD]l (Ki, Ad,l + 2Ki, Fc,l (1+ 

½ Ki, Ad,l [CD]l))))      (8) 

[CD]l,tot = [CD]l (1+ [Ad-Ad-Fc](2Ki, Ad,l + Ki, Fc,l + 2Ki, Ad,l [CD]l(Ki, Ad,l + 2Ki, Fc,l(1 + 3/4 Ki, 

Ad,l [CD]l))))      (9) 

We implemented in a spreadsheet equations (3-9) to retrieve the fraction of 

bound species (f). Figure 4.14 shows the results of the solution speciation 
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assuming Ki,Ad,l and Ki,Fc,l  equal to 3 × 105 M-1 and 1.2 × 103 M-1, respectively, at 

[CD]l,tot = 1 mM. 

 
Figure 4.14. Thermodynamic host-guest equilibrium of guest 6 in a solution of native β-CD 

assuming Ki,Ad,l and Ki,Fc,l  equal to 3 × 105 M-1 and 1.2 × 103 M-1, respectively. 

The total concentration of guest is given by the following expression: 

[Ad-Ad-Fc]tot =[Ad-Ad-Fc] + [Ad-Ad-Fc·CDs] + [Ad-Ad·CDl-Fc] + [Ad-Ad-Fc·CDl] + 

[Ad-Ad·CDs-Fc] + [Ad-Ad·CDl-Fc·CDs] + [Ad-Ad·CDs-Fc·CDs] + [Ad·CDl-Ad·CDl-Fc] + 

[Ad·CDs-Ad·CDs-Fc] + [Ad-Ad·CDl-Fc·CDl] +  [Ad-Ad·CDs-Fc·CDl] + [Ad·CDl-Ad·CDs-

Fc] + [Ad·CDl-Ad·CDs-Fc·CDs] + [Ad·CDl-Ad·CDl-Fc·CDs] + [Ad·CDs-Ad·CDs-Fc·CDs] + 

[Ad·CDl-Ad·CDl-Fc·CDl] + [Ad·CDs-Ad·CDs-Fc·CDl] + [Ad·CDl-Ad·CDs-Fc·CDl] (10) 

Where the concentration of the individual species can be expressed as a 

function of [Ad-Ad-Fc], [CD]s and [CD]l : 

[Ad-Ad-Fc·CDs] = Ki:Fc,s [Ad-Ad-Fc][CD]s   (11) 

[Ad-Ad·CDl-Fc] = 2∙Ki:Ad,l [Ad-Ad-Fc][CD]l   (12) 

[Ad-Ad-Fc·CDl] = Ki:Fc,l [Ad-Ad-Fc][CD]l   (13) 

[Ad-Ad·CDs-Fc] = 2∙Ki:Ad,s [Ad-Ad-Fc][CD]s   (14) 

[Ad-Ad·CDl-Fc·CDs] = 2∙Ki:Ad,lKi:Fc,s [Ad-Ad-Fc][CD]s[CD]l  (15) 

[Ad-Ad·CDs-Fc·CDs] =  2∙Ceff,FcKi:Ad,sKi:Fc,s [Ad-Ad-Fc][CD]s
 2/[CD]s,tot (16) 

[Ad·CDl-Ad·CDl-Fc] =  Ki:Ad,l
2[Ad-Ad-Fc][CD]l

2  (17) 



Electron transfer rates in host-guest assemblies at β-cyclodextrin monolayers 

79 

[Ad-Ad·CDl-Fc·CDl] = 2∙Ki:Fc,lKi:Ad,l [Ad-Ad-Fc][CD]l
2  (18) 

[Ad·CDl-Ad·CDs-Fc] = Ki:Ad,sKi:Ad,l [Ad-Ad-Fc][CD]l[CD]s (19) 

[Ad-Ad·CDs-Fc·CDl] =2∙Ki:Ad,sKi:Fc,l [Ad-Ad-Fc][CD]l[CD]s (20) 

[Ad·CDs-Ad·CDs-Fc] =  Ceff,AdKi:Ad,s
2 [Ad-Ad-Fc][CD]s

2/[CD]s,tot (21) 

[Ad·CDl-Ad·CDs-Fc·CDs] =  Ki:Ad,lKi:Ad,sKi:Fc,sCeff,Fc [Ad-Ad-Fc][CD]s
2[CD]l /[CD]s,tot (22) 

[Ad·CDl-Ad·CDl-Fc·CDs] = Ki:Ad,l
2Ki:Fc,s [Ad-Ad-Fc][CD]s[CD]l

2 (23) 

[Ad·CDs-Ad·CDs-Fc·CDs] = Ceff,AdCeff,FcKi:Ad,s
2Ki:Fc,s [Ad-Ad-Fc][CD]s

 3/[CD]s
2

tot (24) 

[Ad·CDl-Ad·CDl-Fc·CDl] = Ki:Fc,lKi:Ad,l
2[Ad-Ad-Fc][CD]l

3 (25) 

[Ad·CDs-Ad·CDs-Fc·CDl] = Ki:Fc,lKi:Ad,s
2 Ceff,Ad[Ad-Ad-Fc][CD]s

2[CD]l /[CD]s,tot (26) 

[Ad·CDl-Ad·CDs-Fc·CDl] = Ki:Ad,sKi:Fc,lKi:Ad,l [Ad-Ad-Fc][CD]l
2[CD]s (27) 

Mass balance of the total βCD on surface [CD]s is given by: 

[CD]s,tot = [Ad-Ad-Fc·CDs] + [Ad-Ad·CDs-Fc] + [Ad-Ad·CDl-Fc·CDs] + 2 [Ad-Ad·CDs-

Fc·CDs] + 2 [Ad·CDs-Ad·CDs-Fc] + [Ad-Ad·CDs-Fc·CDl] + [Ad·CDl-Ad·CDs-Fc] + 2 

[Ad·CDl-Ad·CDs-Fc·CDs] + [Ad·CDl-Ad·CDl-Fc·CDs] + 3 · [Ad·CDs-Ad·CDs-Fc·CDs] + 2 

· [Ad·CDs-Ad·CDs-Fc·CDl]  + [Ad·CDl-Ad·CDs-Fc·CDl] (28) 

By combining equations (28) and (11-27) 

[CD]s =[CD]s,tot/(1+ [Ad-Ad-Fc](Ki:Fc,s + 2 · Ki:Ad,s + [CD]l (2 · Ki:Ad,sKi:Fc,l + Ki:Ad,sKi:Ad,l + 

2 · Ki:Ad,lKi:Fc,s +Ki:Ad,l [CD]l (Ki:Fc,s + Ki:Ad,sKi:Fc,l ) + 2 · Ki:Ad,s [CDs] /[CDs]tot (Ki:Ad,lKi:Fc,sCeff,Fc 

+ Ki:Fc,lKi:Ad,sCeff,Ad)) + 2 · Ki:Ad,s [CDs]/[CDs]tot (2 · Ceff,FcKi:Fc,s + Ceff,AdKi:Ad,s + 3/2Ceff,FcKi:Fc,s 

Ceff,AdKi:Ad,s [Cds]/[CDs]tot))) (29) 

Fittings of the model to the experimental data are presented in the main text. 

Speciation in the experimental conditions is shown in Figure 4.14. 
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Chapter 5 

Electron transfer processes in ferrocene-modified 

poly(ethylene glycol) monolayers on electrodes 

Electrochemistry is a powerful tool to study self-assembled monolayers. Here, 

we modified electrodes with different lengths of linear poly(ethylene glycol) 

(PEG) polymers end-functionalized with a redox-active ferrocene (Fc) group. The 

electron transport properties of the Fc probes were studied using cyclic 

voltammetry. The Fc moiety attached to the shortest PEG (Mn=250 Da) behaved 

as a surface-confined species, and the homogeneous electron transfer rate 

constants were determined. The electron transfer of the ferrocene group on the 

longer PEGs (Mn=3.4, 5 and 10 kDa) was shown to be driven by diffusion. For low 

surface densities, where the polymer exists in the mushroom conformation, the 

diffusion coefficients (D) and rate constants were increasing with polymer 

length. In the loose brush conformation, where the polymers are close enough 

to interact with each other, the thickness of the layers (e) was unknown and a 

parameter D1/2/e was determined. This parameter showed no dependence on 

surface density and an increase with polymer length. 
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5.1 Introduction 

Understanding conformations of (bio)polymers at surfaces is important since 

such layers are widely used for electrochemical detection methods, for example 

for DNA sensing.1-7 The mechanism of so-called E-DNA sensors relies on changes 

in conformation upon binding with the analyte, and this conformational change 

results in a change in signal.3 As such, the flexibility of the linker plays an 

important role in the signal output. 

The configuration of end-tethered polymers on surfaces is dictated by the 

surface density and the length of the polymers.8-9 The transition between the 

mushroom and brush conformation, where the polymers begin to overlap has 

been modelled10-11 and observed experimentally12-13 with different results for 

the onset of the brush formation. If the molecules are tethered with an 

electrochemical probe, the behavior of the end-group can be studied using 

electrochemical methods. Several studies have been performed with 

poly(ethylene glycol) (PEG) layers end-tethered with ferrocene, both with an 

atomic force/scanning electrochemical microscope setup14 and on single 

electrodes.15-16 The polymer behavior in the mushroom configuration, where the 

polymer chains exist as isolated entities, has been modelled.17 These studies 

have shown that the electrochemical response of the end-group involves 

diffusion to the surface. As the surface density is increased, which brings about 

conformational changes, changes in bounded diffusion and kinetics can be 

expected, as have indeed been observed for DNA and PNA layers.18 A detailed 

experimental study on a well-defined model system in which the length and 

density of surface-attached PEG chains are varied is however currently lacking. 

Herein we study the effect of polymer length and surface density of end-

tethered PEG layers immobilized on electrodes, in order to study the electron 

transfer behavior of the end-group. The surface densities are varied to achieve 

the mushroom and loose brush conformations, and the influence of the varying 

surface density on the electrochemical properties of the ferrocene group is 

established using cyclic voltammetry.  

5.2 Results and discussion 

PEG chains bearing on one end a ferrocene (Fc) moiety, used for electrochemical 

detection, and on the other end a reactive succinimide (NHS) group, used for 

surface attachment, were synthesized according to known procedures.15, 19 Fc-
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PEG-NHS derivatives of four molecular weights (Mn = 0.25, 3.4, 5 and 10 kDa, i.e. 

Fc-PEG250-NHS, Fc-PEG3k-NHS, Fc-PEG5k-NHS, and Fc-PEG10k-NHS, respectively) 

were separately grafted onto gold electrodes that were pretreated with 

cystamine. The PEGs (with the exception of PEG250) used here were reported to 

have a polydispersity index of 1.08, and their average molecular weights 

correspond to fully extended lengths of  L= 2.1 nm, 27 nm, 40 nm and 79 nm 

(Table 5.1) for PEG250, PEG3k, PEG5k and PEG10k, respectively. The conformation 

of the polymers is dictated by the surface density (Figure 5.1). If the density is 

sufficiently low (Table 5.1), the polymers exhibit a mushroom conformation. As 

the surface density increases and the chains start to interact, the polymers 

extend outwards into the solution and form a loose brush. 

  
Figure 5.1: Surface density effect on polymer conformation. If the surface density is sufficiently 
low, i.e. when the Flory radius (Rf) is smaller than the distance between the grafting points (s), the 
polymers are in the mushroom conformation (left). When the surface density is increased, the 
polymers start to overlap, and a loose brush is formed (right). 

Table 5.1: Overview of the used polymers, their molecular weights and standard deviations 
calculated from the reported polydispersity (1.08), calculated Flory radius, Rf, fully extended chain 
length (L), and the calculated surface density at which the chains start to interact and move into 
a loose brush regime (for the calculations of these densities, see the Experimental). 

Mn (kDa) Rf (nm) L (nm) Mushroom to brush transition 

density (mol/cm2) 

0.25* 1.0 2.1 1.6 × 10-10 

3.4 ± 1.0 4.7 27 7.4 × 10-12 

5.0 ± 1.4 6.0 40 4.6 × 10-12 

10 ± 2.8 9.1 79 2.0 × 10-12 

*Polydispersity not reported. 
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Cleaned gold electrodes were modified with cystamine, resulting in a monolayer 

with free amine groups onto which the Fc-PEG-NHS polymers were grafted via 

their succinimide groups. Cyclic voltammetry measurements of the modified 

electrodes were performed in a 1 M NaClO4 solution. The results, see Figure 5.2a 

for a cyclic voltammogram of a the Fc-PEG250 layer, were typical for surface-

attached species, with a small peak separation (<59 mV) and a peak current that 

was linearly dependent on the scan rate, indicating that all the redox couples 

have sufficient time to contribute to the electron transfer. In this regime, the 

charge determined from the peak area remains constant independent of scan 

rate, and the surface density (Γ) of the PEG molecules can be determined 

according to Equation 5.1. 

Γ = Q/nFA    (Equation 5.1) 

In Equation 5.1, Q is the charge of the integrated peak area, A the microscopic 

surface area as determined from sulfuric acid cleaning scans, F the Faraday 

constant, and n the number of electrons involved (n=1 for ferrocene). At scan 

rates above 200 V/s a significant peak separation became apparent for Fc-

PEG250, resulting in a characteristic trumpet plot (Figure 5.2b) when plotting the 

peak separation, η, versus the logarithm of the scan rate, ν.  

 

Figure 5.2: a) Cyclic voltammogram of a Fc-PEG250 monolayer, obtained upon a reaction time of 5 

min, recorded in 1 M NaClO4 at 2 V/s vs a Hg/Hg2SO4 reference electrode. b) Trumpet plot of the 

peak separation, η, versus the logarithm of the scan rate, ν. 

When the peak separation increased past 200 mV and the electron transfer 

became electrochemically irreversible, the peak potentials changed linearly with 

the logarithm of the scan rate. In that case, a standard rate constant, k, can be 

determined using Laviron’s formulation, Equation 5.2.20  
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k=
𝛼𝑛𝐹𝜈c

𝑅𝑇
=

(1−𝛼)𝑛𝐹𝜈a

𝑅𝑇
  (Equation 5.2) 

In Equation 5.2, α is the transfer coefficient, taken as 0.5, and R and T are the 

ideal gas constant and the temperature, respectively, while νc and νa are the 

cathodic and anodic scan rates, respectively. From this treatment, rate 

constants k of 2.4 × 103 s-1 and 1.7 × 103 s-1 were found for the anodic and 

cathodic processes, respectively. These values are significantly larger than the 

standard rate constants determined for ferrocene moieties on well packed 

alkane monolayers of similar length,21 thus indicating a loosely packed layer in 

the case of PEG layers. This is confirmed by the measured surface densities, for 

which values between 2 and 3 × 10-10 mol/cm2 were obtained when using a 

surface functionalization time of 5 min.  

The peak separation for the longer PEGs was less pronounced and was mostly 

caused by a shift of the cathodic peak and a smaller shift of the anodic peak 

combined with significant peak broadening (Figure 5.3a and d). At increased 

scan rates, the current became linear with the square root of the scan rate 

(Figure 5.3c) following the Randles-Sevcik equation,22 indicating an additional 

dependence of the electron transfer rate on the diffusion of the ferrocene head 

groups to and from the surface. Since the effect of diffusion on the electron 

transfer excludes the use of the Laviron method for the determination of rate 

constants, these were determined using the Nicholson method for diffusing 

species adjusted for surface-confined species.18, 23-24 In order to do this, the 

diffusion constants of ferrocene and oxidized ferrocenium species (DFc and DFc+, 

respectively) were determined from the anodic and cathodic peak currents 

using the Randles-Sevcik equation (Equation 5.3). 

𝑖p = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝜈𝐷

𝑅𝑇
)

1

2
  (Equation 5.3) 

In Equation 5.3, the concentration, C, can be replaced by Γ/e, with e being the 

layer thickness. Normalizing the anodic peak current densities (ja = ia/A) to ν1/2 

showed that at higher scan rates ja/ν1/2 became independent of the scan rate, 

thus reaching a plateau (Figure 5.3c). From the height of this plateau the 

diffusion coefficients DFc and DFc+ were determined using the Randles-Sevcik 

equation for the polymers in the mushroom conformation. When the surface 

density is sufficiently low so that the polymers on the surface can be assumed 

to exist in the mushroom conformation (see Table 5.1) and do not interact with 
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each other, the average thickness of the polymer layer, e, can be taken as the 

Flory radius.  

  

  

Figure 5.3: a) Cyclic voltammogram of a 1.5 x 10-11 mol/cm2 monolayer of Fc-PEG10k (obtained 

from a reaction time of 90 min) in 1 M NaClO4 at 10 V/s. b) Anodic peak current, ia,  plotted versus 

the square root of the scan rate ν; the line is a linear fit to the data. c) Anodic peak current density 

(ja = ia/A), normalized to the square root of the scan rate, vs the logarithm of the scan rate. d) Peak 

separation vs the logarithm of the scan rate. e) The obtained surface densities as a function of the 

reaction time, t. 

As can be seen in Table 5.2, the determined diffusion coefficients show that the 

bound ferrocenium cation diffuses faster (2.5 - 4 times) than the reduced 

ferrocene, which is also visible from the peak asymmetry (Figure 5.3a), the 

cathodic peak being sharper than the anodic peak.15 This effect is not present 

for ferrocene species in solution25-26 but has been noted before for surface-

bound Fc-PEG, and has been attributed to the positively charged Fc+ being 
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‘propelled away’ from the surface, caused by electrostatic repulsion between 

the surface and the Fc+ moiety directly after the oxidation step.15 

The diffusion coefficients increased with increasing polymer length, which is 

counterintuitive. For the mushroom configuration, the concentration of 

ferrocene can be represented by a Gaussian distribution with the highest 

concentration close to the surface. The longer molecules have a higher local 

density due to the amount of polymer surrounding the ferrocene head, which is 

expected to slow down diffusion. Indeed, the opposite trend has been observed 

for different lengths of Fc-modified PNA strands tethered on electrodes, with 

the diffusion coefficients decreasing and the system becoming more surface 

confined as the strand length decreased.18 On the other hand, it has been shown 

that the diffusion coefficient for tethered PEG3k is higher than for PEG600 in 

dichloromethane, even with the PEG3k being in a loose brush conformation and 

the PEG6k in a mushroom conformation, which has been attributed to an 

increased influence of the spring constant on the diffusion coefficient.15 

Table 5.2: Diffusion coefficients and homogeneous electron transfer rate constants determined 

for Fc-PEG3k, Fc-PEG5k and Fc-PEG10k in the mushroom regime. 

polymer DFc (× 10-12 

cm2/s) 
DFc+ (× 10-12 

cm2/s) 

k0 (s-1) 

Fc-PEG3k 1.4 ± 1.0 6.0 ± 1.3 88 ± 23 

Fc-PEG5k 1.9 ± 0.4 6.2 ± 0.4 114 ± 104 

Fc-PEG10k 9.1 ± 6.3 29.8 ± 9.7 228 ± 54 

As mentioned above, using the diffusion coefficients, the homogeneous 

electron transfer rate constants could be determined using the Nicholson 

method for diffusing species when the peak separation is between 61 and 212 

mV. In short, the peak separation is related by a kinetic parameter ψ, from which 

the rate constant can be calculated.23 As can be seen in Table 5.2, the 

determined rate constants are lower than the value (approx. 2 × 103 s-1) 

determined for PEG250, in which case the electron transfer is not affected by 

diffusion. Furthermore, the rate constants increased with increasing polymer 

length, which could indicate that for the longer molecules the ferrocene end 

groups are on average closer to the surface.18 
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As the surface density was increased by employing longer reaction times of Fc-

PEG-NHS on the cystamine surfaces (Figure 5.4a), the average distance between 

the anchoring points became smaller than the Flory radius, and consequently 

the polymer conformation moved from a mushroom into a loose brush regime. 

In the brush regime, the polymer chains stretch outward into the solution, 

therefore, the layer thickness (e) is no longer related to the Flory radius, but 

instead becomes proportional to the average number, N, of monomers per 

chain, by e ~ pNaσ1/3,8 where a is the monomer size, σ the graft density and p a 

proportionality coefficient. Since the actual layer thickness is unknown in this 

case, the diffusion and rate constants cannot be directly determined.  

 

Figure 5.4: a) The obtained surface densities as a function of the reaction time, t. b) and c) The 

anodic (ja) and cathodic (jc) peak current densities normalized to the square root of the scan rate, 

vs surface density, for Fc-PEG3k, Fc-PEG5k and Fc-PEG10K. d) The Gaussian fully extended chain 

length distribution for PEG3k, PEG5k and PEG10k (represented in all graphs by the colors red, blue 

and black, respectively). 

The anodic and cathodic peak current densities normalized to the square root 

of ν, jc/ν1/2, showed a linear increase upon increasing surface density (Figure 5.4b 
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and c). Since the slope of this line is now solely dependent on the parameter 

DFc+1/2/e (see Equation 5.3), this parameter was determined for all three PEG 

lengths in the brush conformation. The values for DFc+1/2/e were found to be 10.6 

± 1.7, 9.2 ± 0.6 and 9.1 ± 0.8 s-1/2 for Fc-PEG3k, Fc-PEG5k, and Fc-PEG10k, 

respectively, when using the cathodic peak current densities. The DFc
1/2/e values, 

determined from the anodic peak current densities, were again lower, 4.5 ± 1.4, 

6.6 ± 0.7, and 6.1 ± 1.5 s-1/2 . The similarity between the PEGs can partly be 

attributed to the broad size distributions, which show that a large proportion of 

the size distributions overlap (Figure 5.4d), despite the difference in Mn and a 

relatively small polydispersity of 1.08. The fact that the D1/2/e values remain 

constant implies that, as the layer thickness increases, the diffusion constants 

must increase as well. An increase of the diffusion constant with increased 

surface density can be explained with an increased proximity of the redox 

centers to the surface.27 For a surface density of 1.5 × 10-12 mol/cm2, and a layer 

thickness of 40 nm (half of the fully extended length of PEG10k), the ferrocene 

concentration inside that layer can be calculated to be 3.8 mM, which is of the 

same order of magnitude as electrochemical mediators in solution.28 This cannot 

be the sole contribution to the diffusion process, since the diffusion constant is 

greater for PEG10k, which must mean that the local ferrocene concentration is 

lower than for shorter PEGs, as the layer thickness is larger. 

5.3 Conclusions 

Surfaces were modified with different lengths of poly(ethylene glycol) (PEG) 

end-tethered with a ferrocene moiety and studied using cyclic voltammetry. The 

shortest Fc-PEG, Fc-PEG250, behaved as a surface-confined layer for which 

homogeneous rate constants could be determined using the Laviron method. 

These results suggest that a loosely packed layer was formed. For longer Fc-

PEGs, diffusion coefficients and homogeneous electron transfer rate constants 

could be determined when the layers were present in the mushroom 

conformation, both of which increased with the polymer length. As the surface 

density was increased, and the polymer layers entered the loose brush regime, 

the determination of these parameters was not possible due to the unknown 

layer thickness. Instead, D1/2/e values were determined for both ferrocene and 

ferrocenium, and were shown to be constant for increasing surface densities, 

implying an increase in diffusion coefficient with surface density. This increase 

is attributed to an increased chance of electron hopping as the local ferrocene 
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concentration increases. However, the diffusion coefficient also appears to 

become larger for longer PEGs, while these form a thicker layer and thus a lower 

Fc concentration. More information is needed to fully explain this increase. 

Overall, the data presented here highlight that redox-modified polymers 

attached to an electrode surface show a rich and complex electrochemical 

behavior, that leads to currents that depend on a multitude of parameters. 

Unraveling these dependencies will assist in the development of 

electrochemical sensors that rely on redox behavior of surface-tethered probe 

molecules. 

5.4 Experimental section 

5.4.1 Materials 

Reagents and solvents were purchased from Sigma-Aldrich, high-purity water 

(MilliQ) was used (Millipore, R = 18.2 Ω). All bis-NHS-functionalized PEGs were 

purchased from Nanocs and have a reported dispersity of 1.08. The Fc-PEG-NHS 

molecules were synthesized according to known procedures.15 Fc-PEG250-NHS 

was further purified by column chromatography with dichloromethane as 

eluent. After the first fraction was removed, the eluent was changed to 

DCM/EtOH (95:5). Fc-PEG3k-NHS, Fc-PEG5k-NHS, and Fc-PEG10k-NHS was further 

purified by size exclusion chromatography (Biobeads SX-1) with DCM as eluent. 

2-Ferrocene-ethylamine 

2-Ferrocene-ethylamine was synthesized by the reduction of ferrocene 

acetonitrile by LiAlH4 as described in the literature,19 with some modifications. 

An amount of 0.25 g (6.5 mmol) LiAlH4 and 0.6 g (4.5 mmol) AlCl3 were carefully 

added to 10 mL dry THF while stirring in an ice bath.  Ferrocene acetonitrile (0.5 

g, 2.25 mmol) was dissolved in 5 mL dry THF and subsequently added to the 

cooled mixture and refluxed overnight under an argon atmosphere. After 

cooling, water was added drop wise to decompose the excess LiAlH4. A volume 

of 0.25 mL of concentrated NaOH was added to destroy the formed AlCl3/2-

ferrocene-ethylamine complex. The aqueous phase was extracted three times 

with diethylether. The combined organic phases were dried with MgSO4 and 

filtered, and the solvent was removed by rotary evaporation. The product was 

purified by column chromatography with dichloromethane as the eluent. After 

drying in vacuo a brown solid was obtained (0.13 g; 26%). 1H NMR (300 MHz, 

CDCl3): δ(ppm) 4.2 (m, 9H, Fc), 2.82 (t, 2H, CH2-Fc), 2.48 (t, 2H, CH2-N). 
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PEG250-(NHS)2  

The bis-NHS ester of the PEG250 diacid was prepared according to a procedure 

described earlier.15 An amount of 0.44 g (3.8 mmol) of N-hydroxysuccinimide 

(NHS) and 0.78 g (3.8 mmol) dicyclohexylcarbodiimide (DCC) were added to a 

stirred solution of 0.4 g (1.6 mmol) poly(ethylene glycol) bis(carboxymethyl) 

ether in 30 mL 1,4-dioxane. After stirring over night at room temperature under 

an argon atmosphere, the mixture was filtered to remove the 1,3-

dicyclohexylurea precipitate. The solvent was removed by rotary evaporation 

and the residue was further dried under vacuum. 1H NMR (300 MHz, CDCl3): 

δ(ppm) = 4.56 (s, 4H, CH2C=O), 366 (s, 12H, C2H4-O), 2.81 (s, 8H, NHS). 

5.4.2 Surface functionalization and electrochemistry 

All electrochemical measurements were performed on a CH Instruments 

bipotentiostat 760D. Cyclic voltammetry measurements were performed in a 

three-electrode setup using 2 mm diameter (CH Instruments) or  1.6 mm 

diameter (BASi) gold disk electrodes, a platinum wire as the counter electrode 

and a Ag/AgCl reference electrode in aqueous 1 M NaClO4. 

Before modification the electrodes were polished using 50 nm alumina particles 

(CH Instruments), followed by extensive rinsing with ethanol and 5 min of 

ultrasonic treatment in ethanol and 5 min in MilliQ water. Subsequently, the 

electrodes were cleaned electrochemically in 0.5 M H2SO4 by applying an 

oxidizing potential of 2 V for 5 seconds followed by a reducing potential of -0.35 

V for 10 s. Then the electrode potential was scanned from -0.25 V to 1.55 V and 

back for 40 cycles at a scan rate of 100 mV/s, the surface area of the electrodes 

was determined from the Au-O reduction peak, using a value of 386 µC/cm2 to 

convert the charge into surface area.29-30 

After cleaning, the electrodes were rinsed with MilliQ water and ethanol and 

dried under a flow of N2 and placed immediately in a 2 mM cystamine solution 

and left over night. Subsequently, the electrodes were rinsed with MilliQ water 

and dried under a flow of N2 and placed in a 0.2 mM Fc-PEG-NHS solution. The 

surface densities were varied by changing the reaction time between 5-120 min. 

The prepared electrodes were copiously rinsed with MilliQ water and 

subsequently cycled electrochemically at 100 mV/s in 1 M NaClO4 until a stable 

signal was obtained. 
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5.4.3 Calculations 

The Flory radii (Rf) in Table 5.1 were calculated with Rf = aN3/5
 where a is the size 

of the individual ethylene glycol monomer (a = 0.35 nm31) and N the degree of 

polymerization (N = 6, 77, 114 and 227 for PEG250, PEG3k PEG5k and PEG10k, 

respectively). When the distance between the grafting points (s) of the PEG 

molecules approaches the Rf, the chains start to overlap and form a polymer 

brush at the critical dimensionless coverage σcritical = (a/Rf)2 = (NaΓ)a2, where Na 

is Avogadro’s constant. From this the critical surface densities as shown in Table 

5.1 can be determined.14 
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Chapter 6 

Electron transfer mediated by surface-tethered redox 

groups in nanofluidic devices  

Electrochemistry provides a powerful sensor transduction and amplification 

mechanism that is highly suited for use in integrated, massively parallelized 

assays. Here we demonstrate the cyclic voltammetric detection of flexible, linear 

poly(ethylene glycol) polymers that have been functionalized with redox-active 

ferrocene (Fc) moieties and surface-tethered inside a nanofluidic device 

consisting of two microscale electrodes separated by a gap of <100 nm. Diffusion 

of the surface-bound polymer chains in the aqueous electrolyte allows the redox 

groups to repeatedly shuttle electrons from one electrode to the other, resulting 

in a greatly amplified steady-state electrical current. Variation of the polymer 

length provides control over the current, as the activity per Fc moiety appears to 

depend on the extent to which the polymer layers of the opposing electrodes can 

interpenetrate each other and thus exchange electrons. These results outline the 

design rules for sensing devices that are based on changing the polymer length, 

flexibility and/or diffusivity by binding an analyte to the polymer chain. Such a 

nanofluidic enabled configuration provides an amplified and highly sensitive 

alternative to other electrochemical detection mechanisms.  
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6.1 Introduction 

Biosensing plays an increasingly important role, in particular in the development 

of personalized medicine.1 This growing importance also puts new demands on 

the performance of such devices, which ranges from higher sensitivities and 

selectivities, to the use of smaller sample volumes, the use of body fluids, an 

easy readout and signal processing, and the option to use disposable devices. 

Electrochemical devices have particular advantages that meet several of these 

requirements.2 The combination with electrochemistry opens pathways for a 

multitude of benefits for biosensing strategies that allow their use in 

personalized medicine.3-5 A key opportunity offered by electrochemistry is an 

enhanced sensitivity based on signal amplification, which can be achieved when 

multiple electrons, e.g. in cyclic redox processes, amplify a single molecular 

recognition event. 

Prime examples of sensitive electrochemical detection are redox-activated DNA 

(E-DNA) biosensors, which rely on conformational changes that modulate the 

motion and the distance of the redox moiety to an electrode, resulting in a 

change in signal.6-8 By default, the nature of the linker and the surface density 

of the redox-labeled polymer chains play a pivotal role in the optimization of the 

sensitivity of such a sensor. Long linear molecular chains such as synthetic 

polymers9-11 and DNA strands end-capped with an electrochemically active 

label12-14 have been shown to give faradaic currents dictated by the diffusional 

motion of the redox moiety. This is in contrast with surface-immobilized systems 

in which the redox center is located at a fixed distance from the surface and the 

electron transfer rate depends exponentially on the distance to the surface.15-17 

A further increase in sensitivity can be achieved by the use of electrochemical 

mediators which replenish the oxidized surface layer.18 Re-activation of the 

diffusing species in the presence of a second electrode providing an opposing 

reducing or oxidizing potential, as is performed in scanning electrochemical 

microscopy (SECM) and in nanofluidic devices,19 provides a significant 

amplification of the faradaic current due to redox cycling. This concept has been 

exploited for biodetection with increased sensitivity.20-21 Alternatively, if the 

second electrode is sufficiently close to the surface to get in contact with the 

electrochemically active layer, the electrode can take the role of the mediator 

by replenishing the oxidized/reduced species directly. Such a strategy has been 

employed using a conductive atomic force microscopy (AFM) tip positioned on 
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top of poly(ethylene glycol) (PEG)22 and DNA23 layers, which allows the direct 

measurement of the redox cycling current provided by the bounded diffusion of 

the electrode-attached redox labels.  

Nanodevices with nanometric electrode spacings, comparable to the molecular 

lengths of the surface-attached polymer chains, provide an excellent basis for 

electrochemical devices in which electron shuttling can occur in the absence of 

a mediator. This approach further promises the well-controlled and 

reproducible architecture of a closed solid-state device as well as integration 

with microfluidics, sample handling, and signal processing.24 Several device 

architectures have been demonstrated that lend themselves to miniaturization 

down to the nanometer scale, including interdigitated electrode arrays,25-27 

recessed ring electrodes28 and thin-layer cells.19, 29-30 As of yet, however, no such 

system has been reported in a device configuration where surface-attached 

redox couples are directly replenished due to the effect of the second electrode 

without the need of a mediator.  

In this chapter we report nanofluidic devices with two opposing microscale 

electrodes spaced by a sub-100 nm gap and their functionalization with 

electrochemically active end-capped polymers in order to study their ability to 

transfer electrons between the electrodes across the nanogap in the absence of 

a mediator. We compare the effects of different polymer length and length 

distribution, as well as the effect of changes in surface density, on the measured 

current.  

6.2 Results and discussion 

The nanogap devices used in this chapter (Figure 6.1a) consist of two planar 

rectangular platinum electrodes that are separated by a distance of 65 nm. To 

fabricate the nanofluidic channel, a sacrificial chromium layer was sandwiched 

between two platinum electrodes followed by wet etching of the chromium to 

open up the nanochannel. Two access holes acted as the inlets to the 

nanochannel. The active region for redox cycling is defined by the overlapping 

area of the two electrodes, as indicated in Figure 6.1b. Two different types of 

nanofluidic devices were used (Type I and Type II), the devices differing solely in 

the area of the active region (30 μm2 for Type I and 300 μm2 for Type II). A larger 

active region is expected to trap a likewise larger number of redox molecules 

between the electrodes, leading to a linear scaling of the current with the area 

of the active region. This was confirmed in practice, as described further below. 
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The platinum electrodes were modified with cystamine, resulting in a monolayer 

with exposed amine groups. Onto this monolayer, bifunctional PEG chains were 

grafted via a reactive succinimide group present on one end of the chain. The 

other end bore a redox-active ferrocene label which was used for 

electrochemical detection. Three lengths of PEG, “long” (PEG10k; Mn = 10 ± 2.8 

kDa; single standard deviation, polydispersity index PDI = 1.08; average, fully 

extended chain length L of 79 nm), “intermediate” (PEG5k; Mn = 5.0 ± 1.4  kDa, 

equal PDI; L = 40 nm), and “short” (PEG3k; Mn = 3.4 ± 0.96  kDa, equal PDI; L = 27 

nm), were used in this study to probe the possible effects of chain length and 

surface density on the current. The PDI causes the polymers to have a rather 

broad length distribution (see Chapter 5, Figure 5.4d). Electron transfer is 

expected to occur from the reducing electrode onto an oxidized Fc 

(ferrocenium) group that, upon diffusion, can transfer the electron to another 

Fc group of another PEG chain. Because the polymer lengths used here allow 

interpenetration of the chains immobilized at the opposing electrodes, the Fc-

Fc electron transfer may occur from a moiety attached to the reducing electrode 

onto one that is immobilized at the oxidizing electrode. Finally, diffusion of a 

reduced Fc to the oxidizing electrode allows the transfer of the electron 

between them. These electron transfer steps are schematically shown in Figure 

6.1c. Differences in polymer length and their coverage on the electrodes are 

expected to influence the surface density of polymer and Fc moieties, the 

degree of interpenetration of the opposing immobilized layers in the nanogap 

device, and possibly the diffusion rate of the Fc moieties within the polymer 

layer. These aspects all contribute to the frequencies of electrode-Fc and Fc-Fc 

electron transfer events that together define the current.  

The nanogap electrodes were initially functionalized with PEG for at least 3 h in 

order to obtain maximum surface densities. To make sure that all physisorbed 

PEG molecules were removed from the electrodes, the device was held in a 

beaker with MilliQ water and vigorously stirred for at least 10 min. Without this 

procedure, the redox signal decreased during flow, while the rinsing procedure 

resulted in signals that were stable for the duration of the experiments. 

Additionally, control experiments, using mercaptoethanol instead of cystamine 

thus prohibiting the attachment of the Fc-modified PEG, showed complete 

removal of redox activity upon applying the same rinsing method (see 

Experimental section, Figure 6.6), and thus confirmed the suitability of this 

method. 
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Figure 6.1: a) Schematic diagram of the cross-section of the nanodevice prior to sacrificial layer 

etching (not drawn to scale), where z = 65 nm represents the height of the nanogap. b) Optical 

microscopy image of the top view of a Type II device before the sacrificial layer was etched. The 

dotted white rectangle represents the active area. c) The nanogap electrodes were functionalized 

with ferrocene end-capped PEG chains. The PEG layers at opposing electrodes are expected to 

interpenetrate to allow a current to flow from the reducing to the oxidizing electrode by a 

sequence of electrode-Fc, Fc-Fc, and Fc-electrode electron transfer steps. Reduced ferrocene 

groups are depicted in purple, oxidized ferrocenium cation moieties in red, and electron transfer 

steps in green. 

In order to measure the surface densities at the electrodes, the top and bottom 

electrodes were connected and cycled as one electrode as shown in Figure 

6.2a.31 The results are illustrated in Figure 6.2b, which shows a cyclic 

voltammogram measured on a Type I device grafted with PEG10k. The recorded 

voltammogram is characteristic for surface-attached species, with a peak 

separation of less than 59 mV for all scan rates employed, a formal potential 

(E0ˊ) of 0.3 V vs. Ag/AgCl, and a peak current (Ip) that increases linearly with the 

scan rate (Figure 6.2c).32 For surface-attached species, the charge under the 

peak is proportional to the total number of electrons transferred and can be 

used to calculate the surface density Γ using Γ = Q/nF(Atop + Abottom). Here Q is 

the measured charge (as shown in Figure 6.2b), n the number of electrons 

transferred per ferrocene moiety (n = 1), F the Faraday constant, and Atop and 

Abottom are the geometric surface areas of the two electrodes exposed to the 
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solution. A surface density of 19 pmol cm-2 was calculated in this case, 

corresponding to an average spacing of 3 nm between the polymer chains. The 

latter value is smaller than the calculated Flory radius (Rf = 9.1 nm) of the 

polymer coils; the value of Rf  for good solvents can be calculated from Rf = aN3/5, 

where a = 0.35 nm is the monomer length33 and N = 227 is the degree of 

polymerization. Therefore it can be concluded that the polymer was attached to 

the surface in a loose brush conformation, extending upwards from the 

electrode surface.22, 34  

Figure 6.2: a) Schematic diagram of the measurement configuration when both electrodes are 

cycled together as one electrode. b) Cyclic voltammogram of ferrocene end-capped PEG10k 

functionalized electrodes measured in a Type I device at both electrodes simultaneously in a 1 M 

NaClO4 solution (scan rate 20 mV s-1). The inset shows the baseline-corrected anodic peak, the 

area of which was integrated to extract the surface charge Q and the corresponding surface 

density (Γ = 19 pmol cm-2 in this case). c) Plot of the peak current vs. scan rate, indicating a linear 

increase of the peak current with the scan rate. 

Subsequently, the two electrodes were addressed separately: a reducing 

potential (0 V) was applied to the bottom electrode, while the potential of the 

top electrode was cycled between 0 and 0.6 V (Figure 6.3a). When the potential 

of the sweeping electrode passed E0ˊ, oxidized ferrocenium species attached to 

the PEG molecules could regain an electron, either by diffusion to the reducing 

electrode or by electron transfer from a Fc group attached to this electrode; the 

opposite being true for reduced species contacting the oxidizing electrode. 

Combined with Fc-Fc electron transfer between moieties attached to opposite 

electrodes caused by layer interpenetration (Figure 6.1c), these electron 

transfer events gave rise to a redox cycling current. The redox cycling currents 

measured at the two electrodes are expected to have the same magnitude but 

opposite signs. The resulting cyclic voltammograms for PEG10k, measured on a 
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Type II device with a surface density of 8.8 pmol cm-2, are shown in Figure 6.3b, 

where the simultaneously measured currents through each of the two working 

electrodes are plotted. The current at the electrode being cycled includes a large 

capacitive contribution which is marked by a pronounced hysteresis (Figure 

6.3b, red curve). This capacitance results in part from the electrical double layer 

in regions where the electrode is exposed to the solution as well as from the 

capacitance of the connecting wires, which have a relatively large area and are 

only protected from the solution by a thin passivating layer of SiN/SiO2/SiN. For 

this reason we concentrate our analysis below on the current measured at the 

electrode held at a fixed potential, which nicely isolates the redox cycling 

component.  

 

Figure 6.3: a) Schematic diagram of the measurement configuration showing that the top 

electrode is cycled (red) while the bottom electrode is fixed at 0 V (black). b) Simultaneously 

recorded voltammograms for PEG10k (Type II device; Γ = 8.8 pmol cm-2). c) Comparison of the redox 

cycling current obtained from PEG10k (data from panel b), PEG5k (Type I device; Γ = 25 pmol cm-2) 

and PEG3k (Type II device; Γ = 70 pmol cm-2). All measurements were performed at a scan rate of 

50 mV s-1 and the currents were normalized by the area Aactive to facilitate comparison.   

Additionally, in order to probe the effect of PEG length, a Type I device was 

functionalized with PEG5k and a Type II device with a tenfold larger active area 

was used for PEG3k. Figure 6.3c shows the obtained redox cycling currents 

normalized to the area of the active region, Aactive, for the three different devices. 

The steady state redox cycling current obtained for PEG10k is nearly an order of 

magnitude higher than that obtained for PEG5k. This is attributed to the PEG5k 

layers at the opposing electrodes having less layer interpenetration and thus a 

less frequent Fc-Fc electron transfer between Fc-PEGs immobilized at opposite 

electrodes. Only the ferrocene on the sweeping electrode is expected to oxidize, 

but since the ferrocene moieties on both electrodes can extend half-way 
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through the nanogap, the ferrocenes attached to the opposing reducing 

electrode can donate electrons and act as a mediator. Since the amount of 

ferrocene moieties attached to the electrodes is known (Γ = 25 pmol cm-2 in this 

case), a concentration of 7.4 mM ferrocene can be calculated to be present 

inside the active region. This is a concentration comparable to mediators used 

in SECM for measurements on monolayers.35 PEG3k is even shorter and was not 

expected to be able to exchange electrons as the average, fully extended length, 

L = 27 nm, does not allow the ferrocene labels attached to the electrode to reach 

halfway across the channel. However, at the present PDI of 1.08, corresponding 

to a standard deviation of 0.96 kDa (or a total of 4.4 kDa) the length of a 

significant fraction of the polymer chains can extend beyond 34 nm, which 

exceeds half the gap separation. This makes it plausible that also in this case a 

fraction of polymer chains is capable of participating in electron transfer. 

Combined with the higher coverage for PEG3k (70 pmol cm-2), this explains the 

observed similar current values obtained for PEG5k and PEG3k. 

The experiments of Figures 6.2 and 6.3 were repeated in several additional 

devices for all three chain lengths, and the results are summarized in Figure 6.4. 

The measured surface densities decreased with increasing polymer length 

(Figure 6.4a), as expected since the increased Flory radius leads to steric 

hindrance. Some scatter is observed in the data, which we attribute primarily to 

surface roughness: the area values are based on the geometric surface area and 

averaged over both electrodes, whereas the surface roughness is not the same 

for both electrodes (see Experimental section) and can vary between devices. 

The corresponding redox cycling currents were recorded simultaneously and 

were similar to the examples shown in Figure 6.3. To get a clear picture of the 

effect of the linker length, the redox cycling currents were normalized to the 

surface density according to v = IRC/(eNactive) (with e the charge of an electron 

and Nactive the amount of PEG-Fc molecules in the active area) – yielding the rate 

of electron transfer per available ferrocene group – as presented in Figure 6.4b 

(real currents normalized for the active area are shown in Figure 6.4c). This 

analysis shows that a single PEG10k chain functionalized with a ferrocene end-

group is able to transfer on average 6 electrons to the opposing electrode per 

second, whereas the electron transfer rate drops to 1 s-1 per ferrocene for PEG5k, 

reflecting the decrease in polymer length and the lower frequency of Fc-Fc 

electron transfer events between oppositely immobilized chains. It also 

becomes clear that, although the measured redox cycling currents for PEG3k are 
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not significantly lower than for PEG5k, the rate of electrons transferred per 

ferrocene available is only 0.3 s-1 for PEG3k, and thus the measured redox cycling 

currents for PEG3k compared to PEG5k are the result of a higher surface density 

while a smaller fraction of the polymer chains is long enough to contribute to 

electron transfer. 

 

Figure 6.4: a) The effect of linker length on the obtained maximum surface density after 3 h 

functionalization, and b) the corresponding redox cycling currents, presented as the rate of 

electrons transferred per PEG chain. The measurements were performed on both types of devices, 

Type I = ■, Type II = ᴏ.  

When considering the mechanism by which the electrons are transferred, it was 

anticipated that the polymer length of PEG10k is long enough to enable the 

attached ferrocene moiety to travel to the opposing electrode, whereas the 

chain length for PEG5k can only provide for electron transfer between the 

ferrocene moieties itself inside the channel in the zone where layer 

interpenetration and Fc-Fc electron transfer events between oppositely 

immobilized chains occur. Not taking into account the dispersity of the 

polymers, the length of 40 nm of PEG5k gives rise to a 15 nm exchange zone 
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inside the 65 nm channel where the polymer chains from both electrodes can 

overlap and the ferrocene moieties can exchange electrons. For the PEG10k 

chains to reach the opposing electrodes they have to stretch outwards and 

penetrate through the polymer layer resulting in an exchange zone of 65 nm 

(the entire channel). Next to larger exchange zone by a factor 4, the 

concentration of ferrocene inside the channel is on average a factor 2 lower for 

PEG10k than for PEG5k due to the lower surface densities, which corresponds to 

an overall expected higher activity of a factor 2 for PEG10k. Additionally, for PEG-

10k there is no need to stretch fully to reach an opposing PEG chain. Taking all 

these factors into account, we attribute the observed 5-fold higher activity of 

PEG10k compared to PEG5k to electron transfer dominated by exchange between 

the diffusing and interpenetrating ferrocene moieties in both cases, rather than 

direct transfer to the opposing electrode. We expect the same mechanism to 

hold for PEG3k as well, when taking the dispersity into account. In this case, only 

a fraction of the molecules is sufficiently long to allow some interpenetration of 

the chain ends from opposing electrodes which, combined with the higher 

surface density, leads to the observed 3 times lower activity compared to PEG5k. 

When taking the polymer chain length dispersities into account for all polymers, 

the interpenetration and exchange zones do not have sharply defined 

boundaries, but the exchange extends outside of the given borders with 

decreasing probabilities. Since proper electron transfer rate calculations would 

have to take into account the polymer length distributions, probability 

distributions of the distance between the Fc end group and the electrode, 

collision frequencies, polymer surface densities, diffusion rates, and Fc-Fc and 

Fc-electrode electron transfer rates, we did not attempt this here. From the 

almost linear behavior observed for the electron transfer per Fc moiety for the 

polymers studied here (Figure 6.4b) and the arguments given above, we 

conclude that the interpenetration and Fc-Fc exchange model (as depicted in 

Figure 6.1c) holds for all polymer lengths studied here. 

The conformation of polymers grafted to the surface depends on the surface 

density, with the polymers existing in a mushroom conformation at low surface 

densities, where the polymers are isolated from their neighboring chains, and 

becoming more brush-like with increasing surface density as the surface 

concentration passes a critical surface density.34 In order to study a possible 

effect of the PEG density and conformation regime on the redox cycling 

currents, Type I devices were functionalized with different surface densities of 
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PEG10k, by changing the time the molecules were allowed to react with the 

cystamine monolayer. The resulting redox cycling currents were plotted vs. the 

incubation time, as shown in Figure 6.5. The surface densities, especially for 

short reaction times, were too low to give clearly distinguishable peaks in the 

cyclic voltammograms, and no reliable surface densities could be recorded. 

Therefore the redox cycling currents were compared with surface densities 

determined from experiments on macro electrodes. As can be seen in Figure 

6.5a, the obtained surface densities on the macro electrodes reach a plateau 

around 40 pmol cm-2, which is more than a factor 2 higher than the values 

obtained inside the nanogap devices (Figure 6.4a). Therefore it is expected that 

the surface densities inside the nanogap devices are still in the linear regime (left 

side of Figure 6.5a) for all incubation times used, probably due to slower mass 

transport compared to the macro electrodes. Indeed, it can be seen (Figure 

6.5b) that the recorded redox cycling currents increase linearly with the 

incubation time. It can thus be concluded that the increase in current with 

increasing reaction times is mostly the result of the increase of ferrocene density 

and not of a change in polymer conformation. Due to the bulky nature of the 

PEG10k molecule, all used reaction times result in polymers present in a loose 

brush conformation (the maximum surface density for the mushroom 

configuration for PEG10k is calculated as 2 pmol cm-2),34 and no dramatic change 

of behavior could be observed.  

 
Figure 6.5: a) Surface densities on macro electrodes, and b) redox cycling currents in nanogap 

devices for PEG10k as a function of the incubation time. 

6.3 Conclusions 

We have shown that surface-tethered PEG polymer chains with redox-active 

end groups allow the transfer of electrons between the electrodes in nanogap 
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devices in the absence of an electrochemical mediator. The primary condition 

that needs to be met is that the polymer chains of the opposing electrodes can 

interpenetrate so that oxidized and reduced ferrocene moieties can exchange 

electrons. The activity per Fc unit, as defined by the average number of electrons 

transferred per Fc moiety, is strongly dependent on the chain length, but not on 

the chain density in the loose brush density range studied here. The chain length 

effect is interpreted primarily by the increasing thickness of the channel zone in 

which exchange can occur and the increasing fraction of the polymers that can 

reach this exchange zone. The overall measured cycling currents are additionally 

dependent on the surface density, which is lower for longer polymers and thus 

counteracts to some extent the enhanced activities observed for the longer 

PEGs. All polymer lengths studied here were found to obey this same 

interpenetration and electron exchange model. 

The findings of this study can contribute to an enhanced understanding and 

improved performance of biosensing devices that use redox cycling in surface-

tethered receptor devices as the main amplification mechanism, such as in DNA 

hairpin-like detection schemes. For example, if a probe DNA molecule that 

allows hairpin formation is inserted in an immobilized polymer chain, binding of 

a complementary target DNA can break up the hairpin leading to an apparent 

lengthening of the polymer chain and thus to an increased layer penetration and 

enhanced current. A single binding event is thus affecting the electron transfer 

of many electrons, hence causing amplification. An increase in current, and with 

that an increase in sensitivity, can be expected if the height of the nanochannel 

is more finely tuned towards the length of the linker. At the same time, the 

selectivity between bound and unbound receptors can be improved when the 

polymer length distribution is more narrow and when the extended chain length 

is close to half of the channel width, so that small changes in polymer stiffness 

and length have large effects on the probabilities of chain interpenetration and 

electron exchange. 

6.4 Experimental section 

Materials  

Reagents and solvents were purchased from Sigma-Aldrich, high-purity water 

(MilliQ) was used (Millipore, R = 18.2 MΩ). All bis-NHS-functionalized PEGs were 

purchased from Nanocs and have a reported dispersity of 1.08. The Fc-PEG-NHS 

molecules were synthesized according to known procedures.10 The obtained Fc-
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PEG3k-NHS, Fc-PEG5k-NHS, and Fc-PEG10k-NHS was further purified by size 

exclusion chromatography (Biobeads SX-1) with DCM as eluent. The synthesis of 

the Fc-tethered adsorbates with different lengths of PEG is described in Chapter 

5.  

Device fabrication  

A 4-inch Si wafer was isolated with 500 nm thick thermally grown SiO2. A Pt 

bottom electrode, a Cr sacrificial layer and a Pt top electrode were then 

consecutively deposited by electron-beam evaporation of 20 nm, 60 nm and 100 

nm of metal, respectively, and patterned using a lift-off process based on a 

positive photoresist (OIR 907-17, Arch Chemicals). Thereafter, a passivation 

layer consisting of 90 nm / 325 nm / 90 nm thick PECVD SiO2/Si3N4/SiO2 was 

deposited. Access holes were then etched through the passivation layer in by 

reactive ion etching, reaching the Cr sacrificial layer. Lastly, the sacrificial layer 

was etched by placing a drop of chromium etchant (BASF, Chromium Etch 

Selectipur) at the inlets of the nanochannel. Additional details of the fabrication 

process have been described elsewhere.36-37 

Electrochemical experiments in the nanodevice  

The electrodes were cleaned prior to the measurements by cycling their 

potential in 0.5 M H2SO4 between -0.15 and 1.2 V at 50 mV/s until a stable 

voltammogram was obtained. The devices were rinsed with MilliQ water and a 

polydimethylsiloxane (PDMS) reservoir was positioned above the device which 

and was filled with a 2 mM solution of cystamine and left overnight. 

Subsequently, the devices were rinsed with a copious amount of water and filled 

with a 0.2 mM Fc-PEG-NHS solution in water for 3 h or the incubation times 

indicated in Figure 6.5, after which the device was immersed in a beaker with 

MilliQ water which was vigorously stirred for at least 5 min (control 

measurements have shown that this is sufficient time to remove all physisorbed 

PEG chains from the channel, see Figure 6.6). Before measurements, the devices 

were filled with a 1M NaClO4 supporting electrolyte solution, and a standard 

Ag/AgCl electrode (BASi, MF 2079, RE-5B) inserted in the PDMS reservoir was 

used as the reference electrode. No counter electrode was used as the current 

through the reference is minimal in this configuration. Two transimpedance 

amplifiers (Femto, DDPCA-300) were used to apply potentials to the two 
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working electrodes with respect to the reference electrode and monitor the 

currents through these electrodes.  

 

Figure 6.6: Redox cycling currents of a nanodevice before (black) and after (red) rinsing in water, 

after functionalization with PEG10k and 2-mercaptoethanol instead of cystamine. Measurements 

were performed at a scan rate of 10 mV/s. 

Assessment of electrode surface roughness 

Devices were functionalized overnight with 2 mM 11-(ferrocenyl)undecanethiol 

in ethanol. Due to the high surface densities and suppression of the capacity by 

the long alkyl chains, surface densities could be determined for the top and 

bottom electrodes separately. The surface densities of the top and bottom 

electrodes were calculated as Γ =  1.9 and 0.59 nmol/cm2, respectively. Given 

that the surface density of a full ferrocene layer is 0.45 nmol/cm2,1 and assuming 

that both the electrodes are similarly functionalized,  the determined surface 

densities imply a higher surface roughness for the top electrode than the 

bottom (4.2 and 1.3, respectively, for this particular device). 

Macro electrode functionalization  

The Fc-PEG surface densities at different incubation times were measured on 

macro electrodes (2 mm diameter gold disc electrodes; CH Instruments). Before 

modification the electrodes were polished using 50 nm alumina particles (CH 

Instruments), followed by extensive rinsing with ethanol and 5 min of ultrasonic 

treatment in ethanol and 5 min in MilliQ water. Subsequently the electrodes 

were cleaned electrochemically in 0.5 M H2SO4 by applying an oxidizing potential 
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of 2 V for 5 s followed by a reducing potential of -0.35 V for 10 s. Then the 

electrode potential was scanned from -0.25 V to 1.55 V and back for 40 cycles at 

a scan rate of 100 mV/s. After cleaning the electrodes were rinsed with MilliQ 

water and ethanol and dried under a flow of N2 and placed immediately in a 2 

mM cystamine solution and left overnight. The surface densities of PEG were 

varied by changing the incubation time with a 0.2 mM PEG solution and 

determined from by cyclic voltammograms measured at scan rates between 50 

and 100 mV/s, using a CH instruments bipotentiostat 760D, with 1 M NaClO4 as 

electrolyte vs. a Ag/AgCl reference electrode and a platinum counter electrode. 
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Summary 

Electron transfer processes play an important role in the development of 

nanoelectronics and biosensors. Therefore it is important to understand and to 

optimize these processes. Self-assembled monolayers (SAMs) provide a highly 

tunable platform which can be implemented on metallic electrodes for the use 

of electrochemical techniques. The research described in this thesis considers  

two different types of monolayer surfaces with the aim to tune and study their 

electron transfer properties. 

Chapter 2 provides a general overview of several electrochemical techniques 

and how they can be used in the determination of electron transfer rate 

constants. A further focus is on flexible linear probes such as DNA for the use in 

sensors, in which their flexibility is altered upon binding of a complementary 

sequence and the resulting conformational changes affect the signal output. 

In the first part of this thesis (Chapters 3 and 4) six multivalent β-cyclodextrin (β-

CD) adsorbates have been described. The effect of the different functional 

groups on the adsorption kinetics, thickness, layer stability has been evaluated 

(Chapter 3). Even weakly binding anchoring groups gave rise to rather stable 

monolayers and several of these compounds were selected for further study. 

These novel β-CD adsorbates were designed with their cavity in close contact to 

the gold electrode. The effect of this small distance on the electron transfer 

rates, when compared to placing the β-CD core at a distance from the surface 

by long alkyl tethers, was studied using different electrochemical probes 

(Chapter 4). Decreasing the distance between the β-CD core and the underlying 

substrate led to an increase in the electron transfer rates. 

In the second part of this thesis (Chapters 5 and 6), the electron transfer to/from 

ferrocene (Fc) moieties tethered to long linear poly(ethylene glycol) (PEG) 

molecules attached to a gold electrode was studied. In Chapter 5, the Fc-PEGs 

were attached to macro electrodes. The electron transfer to/from the Fc 

moieties was shown to be governed by bounded diffusion, and the effects of 

conformational changes by means of tether length and surface density were 

probed. The introduction of the Fc-PEG molecules between two nanospaced 

electrodes (Chapter 6) showed that the bounded diffusion made it possible to 
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shuttle electrons between two electrodes. This provides a powerful mechanism 

for signal-enhanced biosensor devices. 

The results described in this thesis show that the versatility of SAMs makes it 

possible to tune the properties of these layers to enhance or modify the electron 

transfer properties. Electrochemistry provides a powerful tool for the 

characterization of these layers. The results presented here provide a 

contribution to the development of electrochemical biosensing devices. 
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Samenvatting 

Elektronenoverdrachtsprocessen spelen een belangrijke rol in de ontwikkeling 

van nanoelektronica en biosensoren. Daarom is het belangrijk om deze 

processen te begrijpen en te optimaliseren. Zelf-assemblerende monolagen 

(SAMs) vormen een veelzijdig platform dat toegepast kan worden op 

metallische elektroden voor het gebruik van elektrochemische technieken. Het 

in dit proefschrift beschreven onderzoek beschouwt twee verschillende typen 

monolaagoppervlakken met als doel de elektronoverdrachtseigenschappen te 

kunnen controleren en te bestuderen. 

Hoofdstuk 2 geeft een algemeen overzicht van verschillende elektrochemische 

technieken en hoe deze gebruikt kunnen in de bepaling van 

elektronenoverdrachts-constanten. Verder ligt er een focus op flexibele lineaire 

moleculen zoals DNA voor het gebruik in sensoren, waarin de flexibiliteit 

verandert na binding met een complementaire sequentie. De  resulterende 

conformationele veranderingen beïnvloeden daardoor het uitgangssignaal. 

In het eerste deel van dit proefschrift (hoofdstukken 3 en 4) worden zes 

multivalente β-cyclodextrine- (β-CD-)adsorbaten beschreven. Het effect van de 

verschillende functionele groepen op de adsorptiekinetiek, laagdikte en 

stabiliteit is geëvalueerd (hoofdstuk 3). Zelfs zwak bindende functionele 

groepen bleken een redelijk stabiele monolaag te geven en een aantal van de 

ontwikkelde β-CD-adsorbaten werden geselecteerd voor verdere studie. Deze 

nieuwe β-CD-adsorbaten zijn ontworpen zodat hun holte vlakbij de goud-

elektrode gepositioneerd kon worden. Het effect van deze kleine afstand op de 

elektronoverdrachtssnelheid, vergeleken met een β-CD-holte op afstand van 

het oppervlak gefaciliteerd door lange alkylketens, werd bestudeerd door 

middel van verschillende elektrochemische sondes (hoofdstuk 4). Het 

verminderen van de afstand tussen de β-CD-kern en het onderliggende 

substraat veroorzaakte een stijging in de elektronenoverdrachtssnelheid. 

In het tweede deel van dit proefschrift (hoofdstukken 5 en 6) werd de 

elektronenoverdracht van en naar ferroceen- (Fc-)groepen, vastgezet op goud-

elektroden via lange lineaire poly(ethyleenglycol)- (PEG-)moleculen, 

bestudeerd. In hoofdstuk 5 werden de Fc-PEGs vastgezet aan macro-elektroden. 

De elektronenoverdracht van en naar de Fc-groepen werd gestuurd door 
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gebonden diffusie, en de effecten van conformationele veranderingen aan de 

hand van het aanpassen van de PEG-lengte en de oppervlaktedichtheid werden 

bestudeerd. Het aanbrengen van de Fc-PEG-moleculen tussen twee elektroden 

met een onderlinge afstand van 65 nm (hoofdstuk 6) liet zien dat de gebonden 

diffusie het mogelijk maakte om elektronen tussen de twee elektroden te laten 

bewegen. Dit biedt een krachtig mechanisme voor signaalversterkende 

biosensor-apparaten. 

De in dit proefschrift beschreven resultaten laten zien dat de veelzijdigheid van 

SAMs het mogelijk maakt de eigenschappen van deze lagen aan te passen om 

de elektronenoverdrachtseigenschappen te versterken of aan te passen. 

Elektrochemie biedt krachtige methodes voor de karakterisering van deze lagen. 

De hier beschreven resultaten leveren een bijdrage aan de ontwikkeling van 

elektrochemische biosensor-apparaten. 
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